Vol. 17 2024 No. 04

GEOGRAPHY
ENVIRONMENT

SUSTAINABILITY

Special issue «CATCHMENT EROSION AND POLLUTION PROBLEMS»



«The journal GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY was founded in 2008 by Russian Geographical Society,
the Lomonosov Moscow State University Geography Department, and the Russian Academy of Sciences Institute of
Geography. Since that time the journal publishes 4 issues per year, containing original research papers and reviews. The
journal issues are open source and distributed through subscriptions, library exchanges of leading universities, and via
the website through the world»

FOUNDERS OF THE JOURNAL: Russian Geographical Society, Faculty of Geography, Lomonosov Moscow State University and
Institute of Geography of the Russian Academy of Sciences

The journal is published with financial support of the Russian Geographical Society.

The journal is registered in Federal service on supervision of observance of the legislation in sphere of mass communications
and protection of a cultural heritage. The certificate of registration: [ Ne ©C77-67752, 2016, December 21.

PUBLISHER

Russian Geographical Society
Moscow, 109012 Russia
Novaya ploshchad, 10, korp. 2
Phone 8-800-700-18-45
E-mail: press@rgo.ru
www.rgo.ru/en

EDITORIAL OFFICE

Lomonosov Moscow State University
Moscow 119991 Russia

Leninskie Gory, 1,

Faculty of Geography, 1806a

Phone 7-495-9391552

Fax 7-495-9391552

E-mail: ges-journal@geogr.msu.ru
WWW.ges.rgo.ru

DESIGN

Layout designer: Tereshkin Anton
Moscow, 115088,

26 Simonovsky Val str, bldg. One
Phone: +7 (903) 108-04-44
E-mail: smile.tai@gmail.com

DOI prefix: 10.24057
Format A4 (210x297mm)

"GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY" is the only original English-language journal in the field of geography and
environmental sciences published in Russia. It is supposed to be an outlet from the Russian-speaking countries to Europe
and an inlet from Europe to the Russian-speaking countries regarding environmental and Earth sciences, geography and
sustainability. The main sections of the journal are the theory of geography and ecology, the theory of sustainable development,
use of natural resources, natural resources assessment, global and regional changes of environment and climate, social-
economical geography, ecological regional planning, sustainable regional development, applied aspects of geography and
ecology, geoinformatics and ecological cartography, ecological problems of oil and gas sector, nature conservations, health and
environment, and education for sustainable development.

OPEN ACCESS POLICY. "GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY” is an open access journal. All articles are made freely
available to readers immediately upon publication. Our open access policy is in accordance with the Budapest Open Access
Initiative (BOAI) definition - it means that articles have free availability on the public internet, permitting any users to read,
download, copy, distribute, print, search, or link to the full texts of these articles, crawl them for indexing, pass them as data to
software, or use them for any other lawful purpose, without financial, legal, or technical barriers other than those inseparable
from gaining access to the internet itself.

Date of publication: December 31, 2024.

© Russian Geographical Society, 2024



EDITORIAL BOARD

EDITORS-IN-CHIEF:

Kasimov Nikolay S.

Lomonosov Moscow State University,
Faculty of Geography, Russia

DEPUTY EDITORS-IN-CHIEF:

Solomina Olga N. - Russian Academy of Sciences,
Institute of Geography, Russia

Tikunov Vladimir S. - Lomonosov Moscow State
University, Faculty of Geography, Russia

Alexeeva Nina N. - Lomonosov Moscow State University,
Faculty of Geography, Russia

Baklanov Alexander - World Meteorological Organization,
Switzerland

Chubarova Natalya E. - Lomonosov Moscow State
University, Faculty of Geography, Russia

De Maeyer Philippe - Ghent University, Department of
Geography, Belgium

Dobrolubov Sergey A. - Lomonosov Moscow State
University, Faculty of Geography, Russia

Ferjan J. Ormeling - University of Amsterdam, Amsterdam,
Netherlands

Sven Fuchs - University of Natural Resources and Life
Sciences

Haigh Martin - Oxford Brookes University, Department of
Social Sciences, UK

Golosov Valentin N. - Lomonosov Moscow State
University, Faculty of Geography, Russia

Golubeva Elena I. - Lomonosov Moscow State University,
Faculty of Geography, Russia.

Gulev Sergey K. - Russian Academy of Sciences, Institute
of Oceanology, Russia

Guo Huadong - Chinese Academy of Sciences, Institute of
Remote Sensing and Digital Earth, China

Jarsjo Jerker - Stockholm University, Department of
Physical Geography and Quaternary Geography, Sweden
Jeffrey A. Nittrouer - Rice University, Houston, USA
lvanov Vladimir V. - Arctic and Antarctic Research
Institute, Russia

Karthe Daniel - German-Mongolian Institute for Resources
and Technology, Germany

Kolosov Vladimir A. - Russian Academy of Sciences,
Institute of Geography, Russia

Kosheleva Natalia E. - Lomonosov Moscow State
University, Faculty of Geography, Russia

Konecny Milan - Masaryk University, Faculty of Science,
Czech Republic

EDITORIAL OFFICE

ASSOCIATE EDITOR

Maslakov Alexey A.

Lomonosov Moscow State University,
Faculty of Geography, Russia

ASSISTANT EDITOR

Komova Nina N.

Lomonosov Moscow State University,
Faculty of Geography, Russia

Kotlyakov Vladimir M.
Russian Academy of Sciences
Institute of Geography, Russia

Vandermotten Christian - Université Libre de Bruxelles
Belgium

Chalov Sergei R. - (Secretary-General) Lomonosov
Moscow State University, Faculty of Geography, Russia

Kroonenberg Salomon - Delft University of Technology,
Department of Applied Earth Sciences, The Netherlands
Kulmala Markku - University of Helsinki, Division of
Atmospheric Sciences, Finland

Olchev Alexander V. - Lomonosov Moscow State
University, Faculty of Geography, Russia

Malkhazova Svetlana M. - Lomonosov Moscow State
University, Faculty of Geography, Russia

Maslakov Alexey A. - Lomonosov Moscow State
University, Faculty of Geography, Russia

Minkina Tatiana M. - Southern Federal University, Russian
Federation

Moreido Vsevolod M. - Russian Academy of Sciences,
Water Problems Institute, Russia

Meadows Michael E. - University of Cape Town,
Department of Environmental and Geographical Sciences
South Africa

O’Loughlin John - University of Colorado at Boulder,
Institute of Behavioral Sciences, USA

Paula Santana - University of Coimbra, Portugal

Pedroli Bas - Wageningen University, The Netherlands
Pilyasov Alexander N. - Institute of Regional Consulting,
Moscow, Russia

Radovanovic Milan - Serbian Academy of Sciences and
Arts, Geographical Institute "Jovan Cviji¢”, Serbia
Samsonov Timofey E. - Lomonosov Moscow State
University, Faculty of Geography, Russia

Sebentsov Alexander B. - Russian Academy of Sciences,
Institute of Geography, Russia

Sokratov Sergei A. - Lomonosov Moscow State University,
Faculty of Geography, Russia

Tishkov Arkady A. - Russian Academy of Sciences,
Institute of Geography, Russia

Wuyi Wang - Chinese Academy of Sciences, Institute of
Geographical Sciences and Natural Resources Research,
China

ASSISTANT EDITOR

Mozolevskaya Irina V.

Lomonosov Moscow State University,
Faculty of Geography, Russia

PROOF-READER

Denisova Irina S.

Lomonosov Moscow State University,
Faculty of Geography, Russia



CONTENTS

SPECIAL ISSUE
«CATCHMENT EROSION AND POLLUTION PROBLEMS»

Part 1. Catchment erosion and management

Sergey R. Chalov, Vsevolod Moreido, Marko Urosev, Valentin Golosov,
Miodrag Zlatié, Nikolay Kasimov
ADVANCES IN CATCHMENT AND RIVER EROSION AND POLLUTANTS' TRANSPORT STUDIES:
FROM MONITORING TO MODELLING TO MANAGEMENT ...ttt 6

Oleg P. Yermolaev, Nurgul S. Sihanova, Yerlan A. Shynbergenov, Roman O. Yantsitov
ASSESSMENT OF NATURAL RESOURCE POTENTIAL AND ANTHROPOGENIC LOAD IN
THE MACROREGION OF NORTHERN EURASIA BASED ON A BASIN APPROACH .....ooiiiiiiit e 10

Jelena Kovacevi¢-Majkic, Dragoljub Strbac, Jelena Cali¢, Marko V. Milosevic,
Milovan Milivojevic, Sinisa Polovina
FLUVIAL PROCESSES AND LANDFORMS AS INDICATORS
IN TORRENTIAL FLOOD HAZARD ASSESSMENT ..oooo oo e 26

Ana Milanovié Pesi¢, Dejana Jakovljevi¢, Golub Culafi¢, Milovan Milivojevi¢
WATER REGIME VARIABILITY OF SELECTED RIVERS ON THE BALKAN PENINSULA:
A COMPARATIVE STUDY OF CENTRAL SERBIA AND NORTHERN REGION OF MONTENEGRO .....vooioieeeee e, 35

Bozhin Trenddafilov, Ivan Minchev, Aleksandar Trendafilov, Ilvan Blinkov
COMPARISONOFEPMWITHRUSLEFORSOILEROSIONMODELINGINTHESTRUMICARIVERBASIN. ....eeoeeeeeeeeeee e 44

Ivan Minchev, Bozhin Trendafilov, Ilvan Blinkov, Aleksandar Trendafilov, Dragan Ivanovski
MEASURING AND MODELING EROSION IN TWO SUCCESSIVE RESERVOIR CATCHMENTS ON

THE DRIM RIVER IN NORTH MACEDONIA. ... oo e e e e 50
Branislava B. Mati¢

INTEGRATED TRANSBOUNDARY TISZA RIVER BASIN MANAGEMENT REINFORCEMENT
BY NATURALWATERRETENTION MEASURES. ... oo e e 58

Ekaterina D. Pavlyukevich, Inna N. Krylenko , Ivan V. Krylenko
MODERN EVOLUTION AND HYDROLOGICAL REGIME OF THE BASHKARA GLACIER
LAKES SYSTEM (CENTRAL CAUCASUS, RUSSIA) AFTERTHE OUTBURST ON SEPTEMBER 1, 2017 ..o 66

Boris I. Gartsman, Dimitri P. Solomatine, Tatiana S. Gubareva
A METHOD OF MULTI-SITE CALIBRATION OF DISTRIBUTED HYDROLOGICAL
MODELS BASED ON THE NASH-=-SUTCLIFFE EFFICIENCY ..o e 76

Part 2. Channel processes and river hydrogeochemistry

Emese Nyiri, Gergely T. Torok
IMPACT ASSESSMENT OF RIVER REGULATIONS USING 1D MORPHODYNAMIC
MODELING ONTHE UPPER HUNGARIAN DANUBE ...ttt 88

Mohammad Reza Salami, Ebrahim Fataei, Fatemeh Nasehi,
Behnam Khanizadeh, Hossein Saadati
WATER QUALITY MONITORING USING MODELING OF SUSPENDED SEDIMENT ESTIMATION
(A CASE STUDY: SEFIDROUD RIVER IN NORTHERN TRAN) <. ..ot 101



Inna N. Krylenko, Ekaterina D. Pavlyukevich (Kornilova), Aleksandr S. Zavadskii,
Pavel P. Golovlyov, Eugenia A. Fingert, Natalya M. Borisova, Vitaly V. Belikov
MODELLING OF POTENTIAL IMPACT OF CLIMATE CHANGE ON WATER REGIME AND CHANNEL
PROCESSES IN THE RIVER LENA NEAR CITY YAKUTSK: POSSIBILITIES AND LIMITATIONS ... 112

M. Lychagin*, S. Porsheva, D. Sokolov, O. Erina, E. Krastyn,
V. Efimov, T. Dubrovskaya, D. Kotov, N. Kasimov

LEVELS, D,S-PATTERNS AND SOURCE IDENTIFICATION OF METALS AND METALLOIDS
IN RIVER WATERS OF THE GAS-PRODUCING REGION IN THE NORTH

OF WESTERN SIBERIA (PUR RIVER BASIN) ..ottt 121
Aida Korjeni¢

PHYSICAL-GEOGRAPHICAL CHARACTERISTICS OF THE UNA RIVER BASIN — CONTRIBUTION TO
THE ANALYSIS OF THE STATE AND POSSIBILITIES OF RADIOACTIVE WASTE DISPOSAL INTHE BORDER ZONE......ccooviiiinnne. 146

REGULAR ISSUE

Andrei M. Dregulo
INTERNAL RESERVES OF CITIES: A NEW APPROACH TO ASSESSING THE TRANSFORMATION
OF URBAN SPACE UNDER THE INFLUENCE OF BROWNFIELDS .....oiiiiiieiiiiiee e 159

Aprizon Putra, Dedi Hermon, Yulius, Widya Prarikeslan, Azhari Syarief, Nia N.H.Ridwan,
Taslim Arifin, Febriandi, Harfiandri Damanhuri, Teguh Widodo, Andri Dermawan
ASSESSMENT OF SEAWATER QUALITY AND ENVIRONMENTAL SUSTAINABILITY FOR SHIPWRECK

DIVING TOURISM: A CASE STUDY OF MV BOELONGAN NEDERLAND IN MANDEH BAY, INDONESIA......oooieoieoeeeee e 171
Maria E. Skachkova
URBAN GREEN INFRASTRUCTURE ASSESSMENT: IDENTIFICATION OF PUBLIC GREEN SPACES MISUSE ....ooovioieiiieie 183

Aliaksandr N. Chervan, Yury S. Davidovich, Arkadzy L. Kindeev
MODELING OF THE 50-YEAR DYNAMICS OF THE RECLAIMED LANDS VULNERABILITY TO WIND
SOIL EROSION INTHE REGION OF PRIPYAT POLESYE ...t 198

Raisa G. Gracheva, Vera V. Vinogradova, Alexander V. Sheludkov, Shakhmardan S. Muduev
AGRICULTURAL TERRACES OF DAGESTAN: ANCIENT LEGACY FOR CLIMATE CHANGE
ADAPTATION AND BUILDING RESILIENCE OF MOUNTAIN COMMUNITIES ... 205

Marya Y. Kropacheva, Anna V. Repina, Yulia S. Vosel
GAMMA-EMITTING ISOTOPES SPECIATION IN FLOODPLAIN SOILS OF
THE BALCHUGOVSKAYA CHANNEL TEMPORARY STREAM (THE YENISEIRIVER) ......ooviiiiicieeeeeee e 217

Tatyana G. Krupnova, Olga V. Rakova, Valeria I. Simakhina,
Ekaterina A. Vykhodtseva, Valeriy M. Kochegorov
SURFACE OZONE INTHE INDUSTRIAL CITY OF CHELYABINSK, RUSSIA ..o 223

Noorhurul A. Othman, Muhammad F. Pa’suya, Ami H. Md Din, Mohamad A. Che Aziz,
Nurul S. Hazelin Noor Azmin, Mohd A. Abd Samad, Mohd A. Abdullah
EVALUATION OF NEW RELEASE GLOBAL GEOPOTENTIAL MODEL (GGMS) OVER EAST MALAYSIA ..o 235

Disclaimer:

The information and opinions presented in the Journal reflect the views of the authors and not of the Journal or its Editorial Board
or the Publisher. The GES Journal has used its best endeavors to ensure that the information is correct and current at the time of
publication.



’ '.) Check for updates ‘

[@)er |

EDITORIAL PAPER

ADVANCES IN CATCHMENT AND RIVER EROSION AND
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ABSTRACT.Catchmenterosion,channelerosion and sedimenttransportare connected processes within fluvial system forming
a sediment cascade. Studies related to connectivity between a specific source and its multiple sinks within catchment, and
rivers, and their multiple impacts have expanded in scope and sophistication during the last two decades, and were recently
broadly presented at numerous international conferences and workshops. The International conference on transboundary
catchment erosion and pollution problems was held in Belgrade, Serbia, in July 2023. The outcome of this conference as
comprehensive literature review on the topic initiated this review which is aimed at classification the functional scheme of
soil erosion, channel processes and sediment transport, and their impacts which include natural hazards, river pollution and
hydrogeochemistry, catchment management, and hazards prevention, and technologies. We summarize established and
emerging papers related to both regional studies on catchment erosion and management, as well as channel processes
modelling and hydrogeochemical impact in streams and rivers. Finally, we discuss future directions and challenges to bridge
scientific and management gaps by promoting a holistic understanding of river systems and catchment conditions.

KEYWORDS: sediment transport, river pollution, catchment science
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INTRODUCTION

In a river, sediments and particulate pollutants go
through erosion, transport, and deposition by flowing
water. Connectivity between a specific source and its
multiple sinks in which the output of one process is the
input of another is a dominant feature of catchment-
river interaction. Various terms have been proposed to
this phenomena such as sediment cascade (Burt and
Allison 2010) or integrated erosion-deposition processes
(Alekseevskiy et al. 2008). A plethora of studies in this area
are motivated by various impacts associated with erosion
and particulate transport phenomena. The International
conference on transboundary catchment erosion and
pollution problems was held in Belgrade, Serbia, in July
2023. 1t was organized by the University of Belgrade, Center
of Russian Geographical Society in Serbia, Lomonosov
Moscow State University, Geographical Institute “Jovan

Cvijic” SASA, University of Banja Luka, and under auspices
of World Association of Soil and Water Conservation
(WASWACQ), and International Association of Hydrological
Sciences (IAHS). It encompassed around 50 presentations
addressing numerous aspects of hydrological studies in
catchments ranging from bed erosion to transboundary
river systems'management.

Here, based on the outcomes of this conference,
we reveal two major categories of studies according to
spatial scale of research (Table 1): catchment erosion
and channel processes. For each of the categories we
reviewed potential impacts related to the focus of the
particular research: natural hazards, hydrogeochemistry
and water pollution, catchment management and hazard
mitigation, technologies underlined by technologies in
erosion, sediment and pollutants transport monitoring
and modelling. We assume that catchment and river
management is generally complex, such that continual
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research is needed, ranging from improved sediment
and pollutants mobilization models to large-scale river
experiments (Rheinheimer and Yarnell 2017). The aim of
this paper is to provide classification of the erosion and
channel processes studies based on the contribution of
the International conference on transboundary catchment
erosion and pollution problems with a focus on the
different aspects of its contributions.

CATCHMENT EROSION

Quantifying catchment erosion under different conservation
practices is crucial for watershed management framework. The
reviewed collection of papers includes two chapters in soil
erosion problems: Management and hazard mitigation and
Technological advances.

Management and hazard mitigation issues are
observed by (Kovacevi¢-Majki¢ et al. 2024) for extreme
flood events due to torrential rainfall in three catchments
of Morava tributaries in Serbia. The catchments are zoned
according to the potential exposure to flood impact
without river runoff observation data, only based on
satellite images, digital elevation model analysis and slope
geomorphology.

Catchment erosion due to delivery of sediment into
the rivers system is the main global threat to sustainability
of reservoirs (Vorésmarty et al. 2003) which requires
catchment management plans. In the paper (Minchev
et al. 2024) results of soil erosion calculations using the
Gavrilovich method (or EPM) for two contrasting river
basins in North Macedonia are presented. One of the river
basin, the Globocica River, belongs to the territories with
high projective slopes covered with vegetation, while
there are several hot spot with high rates of water erosion
in the other river basin (Spilje). The obtained calculation
data were compared with the results of field evaluation of
the total sedimentation in reservoirs located in the lower
reaches of each of the basins. In general, the calculation
results coincide very well (error of the order of 10%) for the
Globocica river basin. However, in the case of the Spilje
catchment, where the average annual sedimentation
volumes in reservoir are an order of magnitude higher, the
calculations based on the EPM model underestimate the
volumes of sediment inflow by 30%.

Technological advances in catchment science and
soil erosion include development of novel approaches
to attempt more methods and perform comparative
studies to attain accurate results for assessing soil erosion
vulnerability (Pandey et al. 2021). In (Gartsman et al 2024)
a new method for parameter calibration of distributed
hydrological models in river catchments with a complex
structure and a large number of gauges is considered.
While the search for a local minimum of the optimization
function is a complex multicriterial problem, using the

principal component analysis, the most representative
gauge or gauges are selected for optimization, and the
rest are considered as information noise and removed.
A fundamentally new concept for river catchment
description, the catchment‘compactness’, is introduced as
a measure of the consistency of water content fluctuations
within the river network.

A comparison of the results of calculations of water
erosionratesinthebasinofthetransboundaryriver Strumica,
obtained on the basis of the RUSLE and the regional EPM
model is presented in the article by (Trendafilov et al. 2024).
The authors come to the conclusion that the accuracy of
calculations undertaken with application of the RUSLE is
higher than EPM model. Therefore, they recommend using
RUSLE approach to assess erosion in this region.

RIVER EROSION AND POLLUTANTS TRANSPORT

Rivers have been manipulated by humans for
millennia, with built structures resulting in significant
impacts to water flow, sediment transport, and channel
stability (Nittrouer et al. 2012). The driving factors of the
ongoing changes in channel processes include climate-
related water flow changes and engineering projects
which carry the potential for unintended consequences,
including endangering human lives and infrastructure, and
disrupting the commercial and ecological viability of river
channels, floodplains, and deltas.

Erosion processes especially in mountain areas are
typically associated with natural hazards. Example of
these studies is given by (Pavlukevich et al. 2024) with
the monitoring and assessment of Bashkara Glacier Lakes
system after their outburst on September 1%, 2017. The
Bashkara Glacier Lakes are located in the most glaciated and
populated part of the Central Caucasus of Russia, in the Mt.
Elbrus region. This area has been chosen as a polygon for
international research in terms of sediment transport (e.g.
(Rets et al. 2019; Tsyplenkov et al. 2020)). Studies highlight
necessity to take measures to reduce the level of Bashkara
Lake to prevent it from re-outburst.

In (Milanovic¢ Pesi¢ et al. 2024) the flow patterns of rivers
in Serbia and northern Montenegro are considered, and
differences and trends in the current climate conditions
are discussed. With no significant trends in precipitation
an increase in air temperature has led to flow reduction in
both winter and summer months. However, only climatic
factors were analyzed as drivers for flow alteration, and not
land use change in the catchment.

Technological advances in riverine sediment
transport relate both to in situ automated measurements
of water quality constituents, including both solutes
and particulates (Bieroza et al. 2023), as well as novel
modelling approaches (Gautier et al. 2021). Some recent
examples include extended 1- and 2-dimensional models

Table 1. Classification of the erosion and channel processes impacts presented at the International conference on
transboundary catchment erosion and pollution problems (Serbia, Belgrade, 2023)

Impacts

Catchment erosion

Channel processes

Natural hazards

Pavlyukevich et al. 2024
Milanovi¢ Pesi¢ et al. 2024

Hydrogeochemestry and pollution

Lychagin et al. 2024
Korjeni¢, 2024

Management and hazard mitigation

Kovacevi¢-Majkic et al. 2024
Minchev et al. 2024

Mati¢, 2024

Technological advances

Trendafilov et al. 2024
Gartsman et al. 2024

Krylenko et al. 2024
Nyiri and Torok 2024
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of large rivers which enable to provide long-scale temporal
estimate the impact of interventions. In (Nyiri and Torok,
2024), the upper Hungarian reach of Danube River is
analyzed to quantify the impact of structural measures
on sediment transport, such as: wing dam fields, water
dams, artificial cutoffs. In (Krylenko et al. 2024) a novel
approach in hydrodynamic 2D modelling and channel
evolution forecasting of the most comprehensive channel
patterns types strongly impacted by climate change is
discussed on a case study of flow distribution and climate
related projections of bed level changes of the Lena river
anabranching channel.

These models’ outputs are typically used to develop
management plans for management schemes. In
(Mati¢ 2024) the integrated water management plan
for the transboundary Tisza River (shared by Ukraine,
Slovakia, Hungary, Romania and Serbia) is discussed.
Methods for flood risk reduction through ecosystem
services are considered, such as flood risk management
by incorporating natural retention basins (floodplains,
marshes).

Finally, in-channel processes are related to water and
constituents’ fluxes from the continents to the Ocean and
highlights the topic of hydrogeochemistry and pollutants
transport in riverine studies. In Polar regions snow and
ice melting are associated with dramatic changes in the
hydrological regime and significantly enhance erosional
processes. Such changes are the most important driver
of the hydrological cycle of Polar rivers and dominate the
fluxes of dissolved and particulate substances from land
to the Arctic Ocean. In (Lychagin et al. 2024) the results of
long-term observations of metals and metalloids migration
in dissolved and suspended forms in the Pur River system
located in the oil and gas province in Western Siberia are
discussed. The dynamics of element concentration in
three groups — dissolved, transitional and suspended — by
hydrological seasons are analyzed. This paper significantly
enhances existing databanks on Artic Polar geochemistry
mostly presented by dissolved modes of pollutants
transport (e.g. (Szuminska et al. 2023; Savenko and Savenko
2024)) and underlie studies to estimate background,
baseline, and anthropogenic levels of dissolved and
suspended metal(loid)s.

Another aspect of pollution problem in relation to
channel behavior is migration of radioactive waste disposal
(Bonavigo et al. 2009). Due to deposition in channel and
floodplain sediment and secondary resuspension, studies
of radionuclides fate in rivers is strictly related to sediment
transport approaches (Chalov et al. 2017). In the paper
by (Korjeni¢ 2024) the potential impacts of the planned
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ABSTRACT. The environmental component of Sustainable Development for large regions of the Earth can be assessed
through the evaluation of the natural resource potential of the territory. The methodological challenge of such assessments is
always determined by the type of operational-territorial unit within which the geodatabase is formed. This article details the
possibilities of using the basin approach as such units. This approach is one of the most important in humid climate regions
where a river network has been developed. Using the example of the Ob'river basin in Northern Eurasia, the article illustrates
the application of the basin approach to assess the environmental determinants of Sustainable Development. The studies were
conducted in three stages: formation of an GIS database of basin geosystems of the Ob'river basin; creation of a geospatial
database on the natural resource potential in the small river basins; selection of criteria and assessment of anthropogenic load
on the basin geosystems of the Ob’ A total of 30,738 small river basins were delineated automatically based on GMTED DEM,
with a mean area of 66 km?. GIS integrated geoinformation represents the natural and anthropogenic characteristics of river
basins. The assessment of the environmental state of the territory should considerthe types and strengths of anthropogenic
loads. For this purpose, the integral indicators used, which directly or indirectly reflect anthropogenic impact: population
density, road network density, and the percentage of arable land in the total area. The final indicator of anthropogenic load
was calculated as a linear combination of specific variables and ranked into six categories. Thematic and complex maps
were created, allowing us to identify the natural background in which the geosystems of small river basins are formed and
function, as well as the types and strength of anthropogenic loads on the territory.
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INTRODUCTION

The scale of human economic activity has led the
biosphere in many regions of the planet to the brink of pre-
crisis ecological states. The resistance and compensatory
reactions of the abiotic environment are often insufficient
to counteract degradation and mitigate negative external
impacts on the Earth’s biosphere (lvanov et al. 2020).
Currently, in many regions of the planet, especially where
economic growth isdriven by the involvement of significant
natural resource flows with deep processing, the ecological
capacity of the environment is exceeded'. The cumulative
impact of anthropogenic activities poses a significant

threat to the regenerative capabilities of regional biosphere
sections.Anthropogenic interactions and processes can
trigger mechanisms within natural-technical geosystems,
potentially leading to cumulative effects that amplify
anthropogenic changes in the natural environment.
Therefore, prioritizing environmentally safe sustainable
development is paramount in the global community’s
Sustainable Development concept. Within this paradigm,
the ecological aspect plays a crucial role in shaping
strategies for global economic development. However,
effective implementation requires tailored programs
adapted to specific regions. The selection of appropriate
territorial units for data aggregation and spatial analysis of

' Florczyka AJ., Corbanea Ch,, Ehrlich D. (2019). GHSL - GlobalHumanSettlementLayer [online]. Available at: https://ghsl.jrc.ec.europa.eu/index.

php [Accessed 31 Aug. 2024].
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ecological aspects is fundamental. In our view, river basins
can serve as the best unit in humid climate conditions of
extensive land areas, as they are natural, geosystem units
(Yermolaev et al. 2017a, b, 2023a). The river basin, being a
unified natural-territorial complex with natural boundaries
in the form of orographic watersheds, within which the
accumulation, transformation, and movement of solid
and liquid substances occur, is a spatial unit that allows
for the most objective characterization of the territory
(Yermolaev, 2002; Korytnyj, 2001; Lisetskii et al, 2014;
Osipov & Dmitriev, 2017). The advancement of Geographic
Information Systems (GIS), enhanced availability of remote
sensing data, and improved computational capabilities
have elevated geographic and ecological studies to new
heights.The establishment of a detailed vector database
covering river basins and their inter-basin areas across
a large region of Russia, coupled with comprehensive
geospatial data encompassing natural resource potential,
landscape diversity, and land use patterns, enables
thorough spatial analysis (Gordeev et al. 1996; Ivanov et
al. 2022). This infrastructure not only facilitates ecological
studies but also supports environmental management,
hydrological assessments, and spatial planning (Yermolaev
et al., 2023Db).

The aim of this study is to assess the natural
resource potential and anthropogenic impact in Russia’s
macroregion, located in the Asian part of the country
- the Ob' river basin. This assessment is based on a basin
approach. The study area is characterized by a lack of data
on the natural resource potential and economic loads
in small rivers geosystems, as well as by fact that the Ob’
river, running in a north-south direction, crosses a wide
range of landscape zones, including tundra and forest-
tundra in the north, steppes and semi-deserts in the south,
lowland wetlands, mountainous areas, and high-altitude
Alpine meadows and snowfields, all experiencing diverse
anthropogenic pressures.

Brief Characterization of the Territory

The Ob'river basin is located in the northern part of the
Eurasian continent and is considered the main waterway of
Western Siberia. The river Ob'originates in the city of Biysk,
in the Altai, at the confluence of the Katun and Biya rivers.
The river flows from south to north through vast lowland
areas of the West Siberian Plain, resulting in a slow flow.
Approximately 85% of the Ob' basin is situated on this
plain, often featuring forests and swamps. The river flows
through the territories of the Altai Krai, Novosibirsk, Tomsk
regions, the Khanty-Mansi Autonomous Okrug (Yugra), and
the Yamalo-Nenets Autonomous Okrug. The river flows
into the Arctic Ocean, specifically into the Kara Sea. There,
the river forms a large estuary with numerous branches
and islands, creating the Gulf of Ob’ The Ob'river is listed
among the largest rivers in the world, ranking 7t in length
in Eurasia and 16" globally. The total area of the Ob’ basin
is 2,026,457.05 km?. It is 3680 km long. The Ob'river, along
with the Irtysh river, ranks 1st among the rivers of Russia
in terms of length and basin area, and 3 in the Russian
Federation (after the Lena and Yenisei rivers) in terms of
annual streamflow.

RESEARCH METHODOLOGY
Creation of a Cartographic Model of Small River Basins
The development of a problem-oriented GIS

combined with mathematical-statistical methods allows
the assessment of the environmental status of small basins

and the determination of the causes and intensity of their
changes over a wide territory. The foundation of such a
geoinformation system is the creation of a GIS layer (GIS
database) of river basins. In this case, the river basin serves
as the basic operational-territorial unit that allows the
formation of a geospatial database (Yermolaev, 20173, c).

The availability of a GIS database for delineating basin
geosystems facilitates a wide range of tasks. These include
assessing the natural conditions under which various processes
and phenomena develop, the formation of water and sediment
runoff in rivers, various types of thematic and complex zoning
(e.g., climatic, geomorphological, agro-climatic, anthropogenic,
landscape), and evaluating anthropogenic impacts on
geosystems. Automated delineation of basin boundaries
was conducted using global Digital Elevation Models (DEMs)
available in openaccess. The Ob'river basin’s topography can be
represented by several well-known and publicly available global
models, including:: GTOPO30 with a spatial resolution of 1000 m
(30 arc seconds); GEBCO2023 with a spatial resolution of 500 m
(15 arc seconds); GMTED2010 with a spatial resolution of
250 m, 500 m, 1000 m (7.5 arc seconds, 15 arc seconds, and 30
arc seconds respectively; spatial coverage 84°N - 56°S (Danielson
& Gesch, 2011); SRTM with a spatial resolution of 30 m and 90 m
(1 arc second and 3 arc seconds respectively, spatial coverage
60°N - 56°S (Rodriguez et al,, 2005), etc. All these models utilize
the World Geodetic System 1984 (WGS84) coordinate system
and are provided by the United States Geological Survey
(USGS). For the creation of the river basin boundary layer, the
GMTED2010 model (Global Multi-resolution Terrain Elevation
Data 2010) (Danielson & Gesch, 2011, Yermolaev, 2017¢) with a
spatial resolution of 250 m (7.5 arc seconds) was selected, along
with the hydrographic network model from 1:1,000,000 scale
maps. The Albers Equal Area projection is chosen coordinate
system. These parameters correspond to the accepted level of
spatial resolution used in the study, adhering to the cartographic
principle of scale consistency. The methodology for identifying
basins is detailed in our previous work (Yermolaev et al,, 2003a).A
total of 30,738 small river basins were delineated within the
Ob'river basin. In the next stage, a geodatabase and GIS were
created for the natural resource potential and anthropogenic
load indicators in the basins. Open data sources were used, with
characteristics detailed in the thematic sections below. The set
of indicators was determined based on data availability and
their relevance for characterizing natural potential, assessing
environmental favourability for humans, and understanding the
conditions for geo- and ecosystem formation.

RESULTS AND DISCUSSION
Geospatial Database of Small River Basins

A geospatial database of small river basins was developed
based on several indicators, including morphometric indicators
of relief (Table 1) and hydroclimatic factors. The types of land
cover and anthropogenic impacts were also taken into account.
All these indicators were added as attributes to small river basins
(Fig. 1)

Basin Area

The area of a basin is an important characteristic that reflects
the complexity of the hydrographic network, the intensity of
fluvial processes, and the volume of water flow (Fig. 3a). The
average basin area is 65.9 km?. Only ten basins have the smallest
area (0.25 km?). The largest basin, located in the southeastern
part of the Ob! has an area of 10,449.7 km’. According to the
calculations, about 62% of the basins have areas up to 50 km?
(16%) and are evenly distributed across the entire small basin.
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Fig. 1. Fragment of a GIS database of small river basins of the Ob’River

Table 1. Terrain characteristics determined for each basin

Data Field name
Small basin ID Dimensionless Id
Area km? Area
Mean, m Hmean
Maximum, m Hmax
Minimum, m Hmin
Height
2% - percentile, m CMRobi_Q2
98% - percentile, m CMRobi_Q98
Verticaldissection, m Rel_Elev
Surface slope steepness Mean steepness, deg. Slope
Slope length Mean, m _FI_Path_lenmean

Slightly more than 19% of the basins have areas of 50-100
km? (20.8%). Larger basins (100-500 km?) are densely grouped
throughout the Ob'basin (5,377 basins), covering 47.9% of the
study area. Basins with a maximum area (>1000 km?) are mainly
located in the southern and southeastern parts of the Ob'(in the
steppe regions) and number 73, covering 9.1% of the basin area.

Morphometric Analysis

Morphometric analysis is widely used in dynamic
geomorphology for assessing hazardous exogenous processes
and ecology. In this study, we calculated the following
morphometric characteristics of the relief: average height and
slope steepness (Fig. 3¢, d), aspect, flow line length, and depth
of relief dissection. The average values of these indicators were
calculated in the Quantum GIS (v.3.10) application using the
"Zonal statistics” tool. In SAGA GIS, the 2" and 98" percentiles
of heights were calculated. Thematic maps based on the
morphometric characteristics of the relief were created using
the Maplnfo ProV. 15.0 GIS application. The Statgraphics package
was used for statistical analysis and distribution of the indicators.
Below are examples of evaluating some relief parameters.

Average Height
When distributing the basins according to their average

height (Table 2), a standard classification of terrain by absolute
height was used. A more detailed gradation was applied to the

thematic map in order to ensure readability (Fig. 3b). Lowlands
account for 81.2% of basin geosystems with an average height
of less than 200 m). This category occupies 78.4% of the area of
the Ob'basin. Highlands comprise 11.5% of all basins and cover
14.1% of the Ob'basin area. They are mainly located in the south
(the Altai and Kuznetsk-Salair mountain regions) and north parts
(along the Ural Mountains). Low, medium, and high mountains
account for 3%, 2.6%, and 1.6%, respectively, of basins located
in northern Altai, covering 7.4% of the total small basin area.
The basin with the maximum height (3,151 m) is located in this
region.

Various schemes can be used to classify the distribution
of average slope steepness within basins. For this study, we
classified the small rivers of the Ob’ basin according to slope
steepness based on Braude's classification (Braude, 1965). The
thematic map (Fig. 2) was created with expert input to ensure
appropriate gradation.

For the studied area, basins with a slope steepness of up to
10° are predominant, comprising 95.5% of the small river basins
and covering 95.3% of the Ob' basin area. The steepest slopes
(10° and above) account for 4.5% of the Ob’ basins. These are
found in the basins of small rivers located in the upper reaches
of the Ob; at the sources of the Tom'River, and along the Biya,
the Katun; and the Charysh rivers. Basins with very steep slopes
(20-30°) occur sporadically in the upper reaches of the Biya and
Katun' rivers (210 basins). Extremely steep slopes are found in
only four basins, located in the extreme southern part of the Ob’
basin, in the Altai Mountains (Table 3).
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Table 2. Classification of small basin by height

Meanheight, m Landform Nurgabjr: ogcssmall Share to percentage Area, km? Share to percentage
0-200 Lowlands 24,972 81.2 1,582,519.02 784
200-500 Hills 3,548 115 285,566.9 14.1
500-1000 Lowmountains 924 3 63,542.68 3.15
1000-2000 Middle mountains 809 26 56,734.04 2.8
>2 000 High mountains 485 1.6 29,643.48 147
Total 30,738 100 2,026,457.05 100
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Fig. 2. Distribution of small basin by morphometric characteristics
Table 3. Basic statistics of morphometric characteristics of basin
Indicator Min. Max. Mean Median Mode Std. dev.
Area, km? 0.25 10449.7 65.9 31.7 0.31 182.2
Height, m 1 31506 198.7 89.7 6 3843
Slope steepness, degrees 0.0 332 1.7 0.6 04 34
Slope length, m 0 1096.6 203.8 198.6 0 477

Flow Line Length

Flow line length refers to the distance over which any
material can move downslope under the influence of gravity.
This indicator was classified in the Maplnfo Pro application using
the “equalcount”function.

For the basin geosystems, the average flow line length is
204 m. The most common basins have flow line lengths in the
ranges of 0-180 m, 180-200 m, and 220-500 m (27.2%, 24.6%, and
28.8% of all basins, respectively). These categories collectively
cover 80.6% of the territory. Basins with flow line lengths of 0-180
and 180-200 m are densely distributed in the middle course of
the Ob; as well as along both banks of the Irtysh and Tobol rivers.
The upper, middle, and lower courses of the Ob' scatter small

river basins with flow line lengths of 200-220 m in groups. Basins
with the longest flow line lengths (220-500 and >500 m) are
located along the Ural Mountains to the west, in the Kuznetsk-
Salair mountain region to the south and southeast, and partially
in the northern part of the basin (along the 60°N parallel).

Climate
Climatic  characteristics of river basins were
obtained from the All-Russian Research Institute of

Hydrometeorological Information — World Data Center
(RIHMI-WDCQ), which is publicly accessible?. Data from 73
weather stations is used for the period 1966-2021. In this
section, the following climate parameters are considered

2Vserossijskijnauchno-issledovatel'skijinstitutgirometeorologicheskojinformacii - MirovojCentrDannyh (All-Russian

Research Institute of Gyrometeorological Information - World Data Center) (VNIIGMI-MCD). (2023).

Federal'nyjcentr po gidrometeorologiiimonitoringuokruzhajushhejsredy. Temperaturavozduhaikolichestvoosadkov
(ezhednevnyedannye) [online]. Available at: http://meteo.ru/data/162-temperature-precipitation#opisanie-massivadannyh.

(in Russian) [Accessed 31 Aug. 2024].
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Fig. 3. Maps of morphometric characteristics of small river basins

and analyzed: average air temperature, average January
temperature, average July temperature, climate “severity”
(expressed as the recurrence of severe frosts below
-30° in %), sum of active temperatures, average annual
precipitation, average precipitation during the cold period,
and average precipitation during the warm period.

Corresponding thematic maps for these parameters were
created in MaplInfo Pro (Fig. 4), their distribution (Table 4), and
statistical analysis was performed (Fig. 5).

The National Atlas of Russia® was used as a reference for
creating thematic maps, especially for scales and gradations. In
the absence of reference maps, values were ranked by expert
judgment. Examples of evaluating several climate parameters
are provided below.

Mean Annual Air Temperature

The average annual air temperature ranges from -7.7°C
in the Ob’ River delta (Yamal-Nenets Autonomous Okrug) to
4.1°Cin the southern (Altai Krai) and southwestern (Chelyabinsk
region) parts of the Ob'basin. This indicator varies in a latitudinal
direction. For the lower course of the Ob, the temperature
range is from -7.7°C to -2°C (from the Ob' delta to almost the
62" parallel). Basins with the minimum average annual air
temperature values (25 basins) are located in the Ob'River delta
near Salekhard. For the middle (from 56-60°N) and upper (from
51-56°N) courses of the Ob, temperatures range from -2-0°C and
0-4.1°C, respectively. The upper course includes basins with the
maximum average annual air temperature values (5 basins). The
southern and southeastern extremities of the basin (near the

mountain structures of the Altai and Sayan mountains) have a
temperature range of -2-0°C. The average value of the studied
indicator for the entire Ob'river basin is -0.1°C (see Fig. 4).

Mean temperature in January

This indicator moves in a latitudinal direction. Basins with
minimum temperatures (from -27.9°C to -22°C) are located
in the lower course of the Ob' (the northern and northeastern
extremities of the basin) and the southernmost extremity of the
Ob'basin. There are minimal values of the analyzed indicator in
only four basins (in the upper course of the Ob, near mountain
structures). Here, basins with maximum January average
temperatures (in the form of areas) are also located, totaling
4. Most small river basins have an average temperature in the
range of -22 to -14°C (81.7% of basins), covering 85.9% of the Ob’
watershed area. For the entire Ob'river basin, the average value
of the studied indicator is -19.4°C.

Mean temperature in July

For this indicator, a pattern similar to the average January
temperature is observed. The values range from 7.1 to 20.2°C,
with 87.2% of the basins falling within the 16-20.2°C range
(covering 90.3% of the Ob'basin area). These basins are located
from 64°N latitude up to the mountain structures in the southern
part of the basin. Due to the right-skewed distribution of the
histogram, the average July temperature for the Ob'river basin is
17.2°C, which is relatively high for this region.

*National Atlas of Russia, tom 2, (2007). [online]. Available at: https://nacional’nyjatlas.rf/cd2/territory.html (in

Russian) [Accessed 31 Aug. 2024].
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Climate Severity

The intensification of winter frosts, the increased duration
of the cold period, and similar factors all contribute to climate
severity. It largely determines the suitability of the environment
for human habitation. In this study, this indicator is expressed
as the number of days (%) with temperatures < -30°C during
the cold period (with an average monthly temperature < 0°C).
The analyzed indicator varies from 0-14%. In this case, a different
pattern is observed compared to the previously mentioned
indicators: in the Ob’ delta near the Gulf of Ob the climate is
“milder” (0-4%). Then, the climate severity increases up to 64°N
latitude, after which it becomes milder again in a latitudinal
direction up to the Altai Mountains, where, due to the altitudinal
zonation, the climate becomes more severe. Here are the basins
with the most severe climate (31 basins). Basins with no days of
temperatures < -30°C are located in the steppe regions of the
southern part of the Ob'basin (207 basins). The average climate
severity for the Ob' basin is 6.2%. 52.7% of the basins have a
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climate severity indicator in the range of 0-6% (covering 69.1%
of the Ob'river basin area).

Precipitation

For the Ob' river basin, the mean annual precipitation
is 463 mm. In most basin ecosystems (69% of basins), the
average annual precipitation ranges from 400 to 500 mm. The
minimum mean annual precipitation (59 mm) is recorded only
in one basin, located at the beginning of the Altai Mountains.
The highest value (1545 mm) is also recorded in only one basin,
located in the southern part of the Ob' basin, in the interfluve
of the Tom’and Biya rivers. This is where a cluster of basins with
the maximum mean annual precipitation (800-1545 mm) is
located. Additionally, the extreme northern end of the Ob'basin
hosts a small cluster of basins with relatively high mean annual
precipitation (600-800 mm). 69% of small river basins have
mean annual precipitation in the range of 400-500 mm and
cover 57.9% of the studied area.
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Fig. 5. Distribution of basins by climatic characteristics
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Land use is expressed through the predominant types of land

cover

The main source of data for creating a geospatial database
on land cover types is the raster layer TerraNorte RLC, built based
on satellite observations from the MODIS spectroradiometer on
the Terra satellite (Bartalev et al, 2012) (Table 5). According to

Table 5, the predominant land cover type in the Ob'river basin

is deciduous forests (16.5% of the total area of the Ob' basin).
This is followed by swamps (15%), meadows (14.2%), and light

Table 4. Basic statistics of climatic characteristics

coniferous evergreen forests (14.1%). The less common are
eternal snow and ice (0.04%), deciduous shrubs (0.1%), shrub
tundra (0.3%), shrub tundra (0.4%), urbanized areas (0.2%), and
deciduous coniferous trees (0.4%).

Indicators Min. Max. Mean Median Mode Std. dev.

Mean annual air temperature, °C -7.7 4.1 -0.1 -10 -1.0 2.1

Mean temperature in January, °C -27.9 -7.8 -194 -19.7 213 26

Mean temperature in July, °C 7.1 20.2 17.2 175 17.8 20.2
Climateseverity, % 0 13 6.2 6.0 8.0 2.8

Sum of active temperatures, °C 249.7 2476.0 1583.9 1590.4 14453 3302
Meanannualprecipitation, mm 59 1545 463 456 472 114
Mean precipitation for the cold season, mm 2 886 153 151 169 71
Mean precipitation for the warm season, mm 55 701 310 303 313 63

Table 5. Land cover types in the Ob’river basin

Code Typesoflandcover Area, km? Share to percentage
1 Dark coniferousevergreens 120,163.8 59
2 Light coniferousevergreens 284,842.1 14.1
3 Deciduous 3343113 16.5
4 Coniferousdeciduous (larch) forests 56,275.6 28
6 Swamps 304,957.7 15
8 Meadows 288,682.5 14.2
9 Deciduousshrubs 1,771.9 0.1
10 Mixed forests with a predominance of conifers 117,6214 58
11 Mixedforests 89,1336 44
12 Mixed forests with a predominance of deciduous trees 108,427.9 54
13 Open soils and rock outcrops 16,943.6 0.8
14 Steppes 24,729.5 1.2
15 Coastalvegetation 65,755.9 32
16 Shrubtundra 6,810.2 03
17 grassytundra 20,9354 1
18 Shrubtundra 8,426.8 04

20 Riversandreservoirs 29,038.9 14
23 Deciduousconiferoustrees (larch) 8,994.3 04
24 Freshburning 15,757.7 038
31 Urbanizedareas 43848 0.2
32 Eternalsnowandice 845 0(0.04)
33 Arableland 117,647.2 5.8
Total 2,026,4571 100
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For simplifying the construction of a thematic map of
land cover types in the Ob'river basin, they were grouped
as follows: coniferous forests (dark coniferous evergreens,
light coniferous evergreens, coniferous deciduous
(larch) forests); deciduous forests; shrubs (deciduous
shrubs); aquatic and marsh complexes (swamps, rivers
and reservoirs); other vegetation (meadows, coastal
vegetation, deciduous coniferous trees, fresh burnings);
mixed forests (mixed forests with a predominance of
conifers, mixed forests, mixed forests with a predominance
of deciduous trees); lands without vegetation cover (open
soils and rock outcrops (projected coverage of all plant
species less than 20%); steppes; tundra (shrub tundra,
grassy tundra, shrub tundra); settlements (urbanized
areas); eternal snow and ice; arable land (Fig. 6).

In the upper reaches of the Ob'River, coniferous and
mixed forests are fragmented, mainly along the right bank
of the basin, closer to the mountainous areas.In the middle
and lower reaches of the river, a uniform distribution is
observed, but with a prevalence of coniferous forests (see
Fig. 6). The area of urbanized areas is 4,384.8 km? (0.2%).

Assessment Of Anthropogenic Load On Basin Systems

Human activities have always impacted the
surrounding natural environment, but until the 20th
century, this influence was not so noticeable due to the
Earth's biosphere’s ability to regenerate. In the second
half of the 20" century, the Earth’'s population growth and
intensified economic activities have led to substantial
anthropogenic pressure on the Earth's biosphere,
resulting in significant and often detrimental alterations
to natural environments. Anthropogenic load is defined
as a measure (quantitative and qualitative) of the impact
of human economic activity on the surrounding natural
environment, leading to its direct or indirect alteration.
The impact affects both individual natural components

and elements (such as landscapes, biota, river basins, etc.)
and natural complexes as a whole. At the same time, their
significant transformation occurs (Didenko et al., 2018).
The mostimportant elements of the natural environment,
including atmospheric air, soil environment, vegetation
cover, surface, and groundwater, biotic complexes, are
objects of anthropogenic impact exerted by human
activity (Miller, 1993). In this study, anthropogenic load was
considered based on the definition proposed by Rejmers
(Rejmers, 1990). The environmental aspects of sustainable
regional development were evaluated through a
guantitative assessment of anthropogenic load on basin
systems using GIS technologies (lvanov, 2019; Ivanov
et al,, 2020; Yermolaev et al., 2023b). For this purpose, a
selected range of integral indicators was used, reflecting
anthropogenic load directly or indirectly: 1. population
density in the basin; 2. road network density (taking into
account road type); 3. agricultural development of basins
(without ploughing). These indicators comprehensively
reflect the degree of economic development in a given
area, as they provide a constant impact that is not
significantly subject to spatial or temporal fluctuations.
Another criterion for selecting these indicators was their
availability and potential for data updates over time. The
methodology used to calculate the integral indicator
of anthropogenic load requires the transformation of
selected indicators into a single numerical scale. In
scientific literature, logarithmic transformations of the
form log(x+1) are widely used for a comprehensive
assessment of anthropogenic load. This transformation is
used for each individual indicator that affects any natural
environmental object. Logarithmic transformation is
applied to avoid excessive dominance of extreme values
on the resulting cumulative map of anthropogenic
impact and to adjust frequency distributions, which are
usually distorted (Andersen et al, 2013). To ensure the
comparability of different indicators, it is necessary to
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standardize data on a scale of 0 — 1 according to Eq. (1)
(Allan et al.,, 2013):

(xi - xmin) / (xmax - xmin)

Population density. Population density is an important
measure that indirectly shows how much and what kind of
land development (industrial and agricultural) is happening.
It also shows how much human activity is affecting natural
geosystems.

The primary source of information used is the freely
available data from the Global Human Settlement Layer
(GHSL) project'. This project provides global spatial
information about the population over time in the form of
built-up area maps, population density maps, and settlement
maps. The information is generated using scientifically
grounded analytics and advanced technologies for
intelligent spatial data analysis. The processing structure of
GHSL utilizes heterogeneous data, including global archives
of small-scale satellite imagery, census data, and geographic
information provided by volunteers. The data are processed
fully automatically, resulting in analytical and objective
reports on population presence and infrastructure creation.

The project offers a range of products for different time
periods, resolutions, and coordinate systems. In our study, the
raster grid with population data GHS-POP for the year 2015
was used, with a resolution of 250 m (9 arc-seconds) and
the WGS-84 coordinate system. This spatial raster product
consists of a set of raster “tiles”depicting the distribution and
population density expressed in the number of people per
cell (Fig. 7). GHS-POP provides raster grids with population
figures for key years: 1975, 1990, 2000, and 2015, provided
by the Center for International Earth Science Information
Network (CIESIN) Gridded Population of the World (GPW
v4.10).
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BARD SR

For the Ob' river basin, several raster tiles were
downloaded, merged into a single raster, and clipped
according to the common boundary of the Ob' river
basin and the boundaries of small river basins in the GIS
application QGIS. Using the field calculator in QGIS, the total
population for each basin was determined. The resulting
values were then divided by the area of each basin.

For basins with non-zero density, basic statistics were
calculated (Table 6) and a frequency distribution histogram
was plotted (Fig. 8).

To account for population density in calculating
anthropogenic pressure, this indicator was normalized to
a dimensionless form with a range of values from 0 to 1.
Therefore, basins with a population density greater than or
equal to 1000 people/km? were assigned a value of 1 (the
maximum possible value). For the remaining basins, the
indicator was normalized using the following Eq. (2):

(log(P s +1)=0)/ (log(1000+1) =0) @

where P is the population density, people/km?.

As a result, we obtained the normalized indicator (see
Fig. 8, Table 7):

We created a corresponding thematic GIS database
based on the transformed population density indicator
(Fig. 9), where the following pattern is observed: basins
with the highest population density are located along the
industrial centers of the Urals region (western part of the
basin); in the southwest, in the Kurgan, Omsk, and partially
in the Tyumen regions. Basins with relatively high population
density are concentrated around the oil production centers in
the Khanty-Mansi Autonomous Okrug (northeast of the basin).
In the south of the basin, the highest population density is
observed in the Novosibirsk and Kemerovo regions, in the Altai
Republic, and in Altai Krai. Overall, most basins have zero or

Product GHSPOP, epoch: 2015, resolufion: 8 arcsec, coordinate system: WGSBS

{0 Tio e el VAT S0umhe VN0 gl 8 Bvaatalie anfy o 8 Ceriain product (8 g I 30Mm reSoRBion 1 anky avadatee for the

Dewnload by tiles (click on each bax to download & single tha |

Epoch
s o 1559
1975
Fig. 7. Population raster grid from the GHS-POP project of GHSL
Table 6. Basic statistics of population density in basins (people/km?)
Percentile, %
Quantity(basin) Min. Max. | Mean | Mode | StDev.
1 5 10 25 50 75 90 95 99
5507 1 4467 46.96 1 204.78 1 1 1 1 4 14 69 199 967
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Table 7. Basic statistics of the population density indicator in basins with population density >0 (people/km?)
Percentile, %
Quantity (basin) Min. Max. | Mean | Mode | St Dev.
1 5 10 25 50 75 90 95 99
5507 0.1 1 03 0.1 0.21 0.1 0.1 0.1 0.1 04 14 061 0.77 | 0.99
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very low population density due to harsh climatic conditions,
vast marshlands (middle reaches of the Ob’), and mountainous
terrain (extreme southern part of the basin).

The density of the road network

A well-developed road network is an essential component
of any modern state. The road network is a basic component
of infrastructure. Roads serve as fundamental infrastructure
components, reflecting territorial and industrial development
while contributing to anthropogenic pressure. The type
and development of the road network largely determine
anthropogenic loads of both linear and areal types. Thus, roads

*OpenStreetMaps. (2023). [online]. Available at: https://www.open

nsity in basin geosystems of the Ob'river basin

passing through various parts of the basin slopes can have
anthropogenic effects due to the transformation of surface
runoff. It can both interrupt and concentrate. As a result,
significant restructuring occurs in erosion, transport, and
pollutant accumulation processes. Railways require large land
clearances, and in forested areas, they require clear-cutting.

To calculate the road network density in the basins, data
from* (Haklay& Weber, 2008), as of 2023 was used. During the
work, roads and railways were processed. Roads were classified
based on their type, with expert-assigned scores ranging from
1 to 5, indicating increasing levels of importance and impact.
The scoring system for roads was derived from discussions and
consensus within the Russian OSM community?). In addition,

streetmap.org [Accessed 31 Aug. 2024]

*OpenStreetMapWiki -RU:Key: highway. (2018). [online]. Available at: https://wiki.openstreetmap.org/wiki/RU:Highway_classification (in

Russian) [Accessed 31 Aug. 2024].
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load scores were assigned for railways based on the
“railway”attribute field. The railway tag is used to denote all
types of railways or other transport using rails®.

Before performing the calculations, the OSM road and
railway layers were merged into one layer. All calculations
were carried out in the ArcGlIS software package (v. 10.4.1).
First, in each layer, polylines with the same load score were
merged using the “Merge by Attribute” geoprocessing
tool. In the next step, the roads were intersected with the
boundaries of the small river basins using the “Identify”
tool,.Total lengths of roads and railways with the same
load score within each basin were calculated using the
“Calculate Geometry” tool. As a result, fields with total
lengths of two layers of OSM roads with load scores from
1 to 5 were added to the geospatial database of basin
geosystems in the Ob watershed.

The density of roads for each category in the basin is
calculated as the ratio of length to basin area (km/km?)
(Table 8). The overall indicator (Rpress) for assessing the
impact of road density was calculated using the following
Eq. (3):

— * * * *

press—R1+2 R2+3 R3+4 R4+5 R5 (3)

where R, represents road density with a score of 1 for
anthropogenic impact, R, represents road density with a
score of 2, and so forth.

They adjusted the indicator based on statistical analysis.
As a result, it was found that 95% of basins exhibit a road
density value below 4. Consequently, a maximum score of
1 was assigned to basins exceeding this threshold. For the
remaining basins, the indicator was normalized using Eq. (4):

—0)/(4—0) (@)

where R e —the overall road density indicator.

Because of this normalization, the indicator ranged
from 0 to 1. Here is the corresponding thematic GIS
database (Fig. 10) and Table 9 with the normalized values.

The thematic map constructed using the final road
density indicator, shown in Fig. 11, reflects its spatial

press

distribution. The findings are as expected and rational:
basins with the highest road density indicators are
predominantly located in urbanized areas, mirroring the
patterns observed in population density.Additionally,
basins with relatively high road density indicators are those
intersecting highways and railway lines connecting major
cities, regional administrative centers, industrial areas, and
major oil production centers. About 56% (17,381) of basins
lack road networks due to challenging terrain conditions
(e.g., extensive marshlands, etc.). These basins are scattered
along the middle course of the Ob'River and in the northern
and southern parts of its basin.

Agricultural Land Use

The extent of agricultural land use serves as the
foundation upon which any country’s agricultural sector
grows and develops. It also serves as a crucial indicator
of anthropogenic pressure. In this study, the plowed of
basins serves as the key characteristic of agricultural land
use, reflecting the primary activity of the agro-industrial
complex. Often, primary cultivation leads to the complete
destruction of native vegetation, which is replaced by
agrocenoses or pasturelands. Soils under cultivation,
where various crops are grown, undergo disruptions in
horizon structure, leading to soil degradation, accelerated
anthropogenic erosion, and the movement of organic and
mineral pollutants in dissolved form with surface runoff
into small rivers and soil-groundwater.

At the initial stage, arable lands were identified
separatelyseparately from the TerraNorte RLC raster
layer in ArcGIS using the “reclassification by table” tool.
The resulting raster layer was vectorized, and the freely
available data in each basin was calculated as the ratio of
the area of cultivated lands to the total area of the basin.
For basins containing arable lands, a frequency histogram
was constructed (Fig. 12), and basic statistical indicators
were calculated (Table 10), forming the resulting layer of
plowed land map (Fig. 13).

Table 8. Basic Statistics of Road Density Indicator in Basins (km/km?)

Percentile, %
Quantity (basin) Min. Max. | Mean | Mode | St. Dev.
1 5 10 25 50 75 90 95 99
13357 0000003 | 827 | 114 | 057 206 | 0006 | 003 | 007 | 019 | 047 | 106 | 225 | 386 | 13.02
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Fig. 10. The distribution of basins according to road density

Table 9. The basic statistics of the normalized road density in the basins (km/sq.km)

Percentile, %
Quantity (basin) Min. Max. | Mean | Mode St.Dev.
1 5 10 25 50 75 90 95 99
30738 0 1 0.09 0 0.20 0 0 0 0 0 0.09 0.28 0.50 1

¢OpenStreetMapWiki - RU:Key:railway. (2016). [online]. Available at: https://wiki.openstreetmap.org/wiki/RU:Key:railway (in Russian)

[Accessed 31 Aug. 2024].
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Table 10. Basic Statistics and Percentiles of Agricultural Land Use in Basins(%)

Percentile, %
Quantity (basin) Min. Max. | Mean | Mode | St Dev.
1 5 10 25 50 75 90 95 99
3493 0 100 21 8 247 0.0002 | 0.003 | 0.008 | 0.04 | 013 | 034 | 056 | 067 | 082

Anthropogenic Load

The final indicator of anthropogenic load is calculated
as the average of three integral indicators: population
density, road network density, and agricultural land use, i.e.,
a simple linear assessment is used.

The final indicator of anthropogenic load is ranked
as follows: very low, low, moderate, high, and very high
anthropogenic load (Table 11).

For spatial visualization of the final anthropogenic
load indicator, a corresponding thematic map (Fig. 14) has
been created, and key statistics have been determined
(Fig. 15, Table 12).

Basin ecosystems that do not contain arable land,
road networks, or population are classified as basins
with zero anthropogenic load (54.3% of basins). These
basins, by area, cover 35% of the territory. Basins with a

very weak anthropogenic load (35.7%) have a very low
population density, averaging 0.73 people/km?, low road
density (measured in hundredths and thousandths of
km/km?), and consequently a very low percentage of
arable land, averaging 1.8%. Basins in this category cover
almost half of the entire Ob’ River basin, accounting
for 49.5% of it. Basins of small rivers experiencing weak
anthropogenic load (6.6%) have an average population
density of 10.7 people/km? arable land percentage of
19.4%, predominantly containing field roads (4.68 km/km?),
and cover 6.6% of the territory. Basins with a moderate
anthropogenic load form the outer “ring” of urbanized
areas, where the average population density reaches 63.4
people/km?, arable land percentage is 19.4%, and road
density begins to increase (0.05 - 0.24 km/km?). Basin
ecosystems with strong and very strong anthropogenic
loads (summing up to just over 1% of the total number
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Table 11. CategoriesofAnthropogenicLoad

Anthropogenicload Absent | Veryweak Weak Mean Strong Verystrong
Interval 0 0-0.2 02-04 0.4-0.6 0.6-0.8 >0.8
Min. 0 0 0 0 0 583
Ploughness, % Mean 0 1.76 194 16.3 12.5 74.5
Max. 0 66.7 100 100 100 100
R, Mean 0 0,11 4.68 045 1.14 0.62
R, Mean 0 0,08 0.30 0.97 333 372
Roading, km/km? R, Mean 0 0,04 0.15 0.24 0.57 0.06
R, Mean 0 0,003 0.017 0.0 0.16 0.24
R, Mean 0 0,006 0.06 0.19 0.67 0.019
Min. 0 0 0 0 11 322
Populationdensity, people/km? Mean 0 0.73 10.7 634 589.8 5257
Max. 0 043 415 505 4467 750

of basins) constitute the inner “core” of urbanized areas,
characterized by high population densities averaging 589.8
and 525 people/km? respectively, noticeable increase in
road density including highways and railways. The average
arable land percentage in these areas is 12.5% and 74.5%
respectively. Together, they cover approximately 1% of the
entire Ob'River watershed.

Overall, the situation is as follows: basins with zero,
weak, and very weak anthropogenic loads are evenly
distributed throughout the entire Ob' river basin territory
(totaling 95.1% of the total area). Basins with moderate,
strong, and very strong loads are located in the western,
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northwestern, southwestern (agricultural and industrially
developed regions of the Urals), southern (Kuzbass),
central, and eastern parts of the Ob' river basin (areas of
intensive coal, gas, and oil extraction).

The obtained results effectively reflect the differences in
anthropogenic pressure in the spatial aspect. The indicators
usedtoassessanthropogenic pressure on geosystems reflect
how much human activity affects the territory , as well as
the significant influence of each category of anthropogenic
load. The data obtained can be used to address a range of
spatial development tasks in this macro-region of Russia and
to develop compensatory measures within river basins.
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Table 12. Basic statistics and percentiles of anthropogenic load on basins

Percentile, %
Quantity Min. Max. | Mean | Mode | StDev.
1 5 10 25 50 75 90 95 99
30738 0 091 0.06 0 0.12 0 0 0 0 0 005 | 02 | 032 | 06

CONCLUSIONS

For the macro-region of Russia within the Ob'river basin,
a GIS database of small river basins has been created for
the first time, allowing the implementation of a geosystem
(basin) approach to territorial assessment. Additionally, a
geospatial database has been developed for the first time,
detailing the natural-resource potential and indicators of
economic development in this territory with the formation
of a specialized GIS. The total number of parameters in the
database amounts to 12, including morphometric and
climatic characteristics, land use types, and anthropogenic
load.

The geospatial database enabled an assessment of the
territory based on key morphometric relief characteristics,
hydro-climatic parameters, types of land cover, and human
economic activity. Thematic GIS databases were created
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for all parameters, the main statistical indicators were
determined, and a spatial analysis of the most general
patterns of their development in the Ob’ river basin was
conducted.

Through the system of integrals (population
density, road density, and arable land), an assessment
of anthropogenic pressure on the geosystems of the
small rivers of the Ob’ was carried out. According to
this assessment, basins with no anthropogenic load
predominate (54.3%), due to the low population density
in the northern territories, while 35.7% are subject to very
weak pressure and 6.6% to weak pressure. Only 3.4% of
the territory, located around urbanized areas, is subject to
moderate, strong, and very strong anthropogenic pressure.

Theresults obtained can be used in the implementation
of Government Programs for the spatial development of
the Western Siberia and Arctic regions within of Russia. [l



Yermolaev O. P, Sihanova N. S., Shynbergenov Y. A. et al. CATCHMENT APPROACH IN ASSESSMENT OF NATURAL RESOURCE ...

REFERENCES

Allan J.D., McIntyre PB, Smith S.D. Halpern B.S., Boyer G.L, Buchsbaum A, Steinman A.D. (2013). Joint analysis of stressors and
ecosystem services to enhance restoration effectiveness. Proceedings of the National Academy of Sciences, 110 (1), 372-377. DOL:10.1073/
pnas.1213841110

Andersen JH,, Stock A, Mannerla M., Heindnen S, Vinther M. (2013). Human uses, pressures and impacts in the eastern North Sea.
Technical Report from DCE - Danish Centre for Environment and Energy, 18, 136. http://www.dmu.dk/Pub/TR18.pdf

Bartalev S.A, Egorov VA, EfremovV.Ju, Loupian E.A,, Stycenko FV, Flitman EV. (2012). Assessment of the area of fires based on integration
of satellite data of various spatial resolutions MODIS and Landsat-TM/ETM+. Sovremennye problemy distancionnogo zondirovanija Zemli iz
kosmosa, 9(2), 9-27 (in Russian).

Bartalev S.A, Egorov VA, Loupian E.A, Khvostikov S.A. (2014). A new locally-adaptive classification method LAGMA for large-scale land
cover mapping using remote-sensing data. Remote Sensing Letters, 5(1), 55-64. DOI:10.1080/2150704X.2013.870675

Braude D.I. (1965). Soil erosion, drought and their control in the CBER. M., Nauka, 140 (in Russian).

Danielson J.J. Gesch D.B. (2011). Global multi-resolution terrain elevation data 2010 (GMTED2010) U.S. Geological Survey Open-File
Report, 26. DOI:10.3133/0fr20111073

Didenko PA.,, Vodopjanova D.S., Skripchinskaja E.A. (2018). Assessment of the stability of landscapes of the Stavropol Territory to
anthropogenic load. Nauka. Innovacii. Tehnologii, 2, 127-138 (in Russian).

Ermolaev O.P Vedeneeva E.A, Mal'cev KA, Mozzherin V.V, Muharamova S.S., Harchenko S.V,, Shynbergenov E.A. (2017¢). Mapping basin
geosystems of Russia. Treshnikovskie chtenija-2017, Sovremennaja geograficheskaja kartina mira | tehnologii geograficheskogo obrazovanija,
Mat. nauch.-prakt. konf, 266-268 (in Russian).

Ermolaev O.P, Malcev KA, Muharamova S.S., Harchenko S.V, Vedeneeva E.A. (2017a). Cartographic model of river basins of European
Russia. Geografija | prirodnye resursy, 2, 27-36 (in Russian).

Ermolaev O.P, Mal'cev KA, Muharamova S.S., Ivanov M.A,, Shynbergenov E.A. (2017b). Creation of the GIS «River Basins of Russia». Mat.
VI Mezhd. nauch.-prakt. konf. «<Aktual’nye voprosy geoderzii | geoinformacionnyh sistem», 50-53 (in Russian).

Gordeev V.V, Martin J.M, Sidorov 1.S,, Sidorova M.V. (1996). A reassessment of the Eurasian river input of water. Sediment, major elements,
and nutrients to the Arctic ocean. Amer. J. of Science, 296, 664-691.

Haklay M. Weber P. (2008). Openstreetmap, User-generated street maps. IEEE Pervasive computing, 7(4), 12-18. DOI:10.1109/
MPRV.2008.80.

Ivanov M.A. (2019). Geography and geoecology of basin geosystems of the Volga Federal District, dis. ...kand. geogr. nauk. Kazan; 197
(in Russian).

Ivanov M.A,, Muharamova S.S., Ermolaev O.P. (2020). Assessment of anthropogenic load on the territory of the Volga Federal District
using the basin approach. Cifrovaja geografija, materialy Vseros. nauch.-prakt. konferencii s mezhdunar. uchastiem. [online]. Available at,
https,//dspace.ncfu.ru/bitstream/20.500.12258/4067/1/127138%20%5BSKFU%5Dnit-2-2018.pdf (in Russian).

Ivanov V., Milyaev |, Konstantinov A, Loiko S. (2022). Land-use changes on Ob River floodplain (Western Siberia, Russia) in context of
natural and social changes over past 200 years. Land, 11(12), 2258. DOI:10.3390/land 11122258

Korytnyj L.M. (2001). Basin concept in environmental management, monografija. Irkutsk, 1zd-vo IG SO RAN, 163. (in Russian)

Criteria and parameters of permissible anthropogenic loads on agricultural landscape components (2005). Kursk, VNIIZiZPJe RASHN, 58
(in Russian).

Lisetskii EN., Buryak J.A, Zemlyakova AV, Pichura V.I.(2014). Basin organizations of nature use, Belgorod region. Biogeosystem Technique,
2(2),163-173.DOI:10.13187/bgt.2014.2.163.

Miller T. (1993). Living in the environment. - M., Progress (in Russian).

O'Callaghan J,, Mark D.M. (1984). The extraction of drainage networks from digital elevation data. Comput. Vis., Graph., Image Process,,
28(3),323-344.

Osipov GK., Dmitriev V.V. (2017). Basin-landscape approach to territorial planning. Informacija | kosmos, 3, 112-117. (in Russian with
English summary)

Pogorelov AV, Dumit Zh.A. (2009). Relief of the river basin Kuban, morphological analysis. M., GEOS, 218 (in Russian).

Rejmers N.F. (1990). Environmental Sciences. Slovar’-spravochnik. M., Mysl; 637 (in Russian).

Rodriguez E.,, Morris C.S,, Belz J, Chapin E., Martin J,, Daffer W,, Hensley S. (2005). An assessment of the SRTM topographic products.
Technical Report JPL D-31639. Pasadena, Jet Propulsion Laboratory, 143.

Serbenjuk S.N. (1990). Cartography and geoinformatics - their interaction. Moskva, Izd-vo MGU, 157 (in Russian).

Shynbergenov Y.A, Sihanova N.S. (2017). Identification of Large Rivers of Siberia (Ob, Yenisei, Lena) by using GIS technology based on
remote sensing of Earth from Cosmos. Astra Salvensis, 5(10-1), 541-545.

Vogt J.V, Colombo R, Bertolo F. (2003). Deriving drainage networks and watershed boundaries. A new methodology combining digital
elevation data and environmental characteristics. Geomorphology, 53, 281-298. DOI:10.1016/5S0169-555X(02)00319-7

Yermolaev O.P. Erosion in the basin’s geosystems. Kazan, Publishing House of KSU, 2002, 264 p.

Yermolaev O.P, Mukharamova S.S., Maltsev KA, Ivanov M.A, Gafurov AM,, Saveliev A.A, Shynbergenov YA, Yantsitov R.O. (2023a).
Geography and Geoecology of Russia in the Mosaic of River Basins. Geography and Natural Resources, 44(3), 208-214 (in Russian with English
summary), DOI:10.1134/51875372823030046.

Yermolaev O.P, Shynbergenov Y.A, Mukharamova S.S. (2023b). Geoinformation system “River Basins of Russia” InterCarto. InterGIS. Gl
support of sustainable development of territories, Proceedings of the Int. conf. Moscow, MSU, Faculty of Geography, 29(1), 546-559 (in
Russian with English summary), DOI:10.35595/2414-9179-2023-1-29-546-559 (in Russian)

25



’ '.) Check for updates ‘ Kc

RESEARCH PAPER

FLUVIAL PROCESSES AND LANDFORMS AS INDICATORS
IN TORRENTIAL FLOOD HAZARD ASSESSMENT

Jelena Kovacevi¢-Majki¢™, Dragoljub Strbac’, Jelena Cali¢', Marko V. Milosevi¢', Milovan Milivojevi¢’,
Sinisa Polovina?

'Geographical Institute "Jovan Cviji¢" Serbian Academy of Sciences and Arts, Dure Jaksica 9/Ill, Belgrade, 11000, Serbia
2University of Belgrade — Faculty of Forestry, Kneza Viseslava 1, Belgrade, 11000, Serbia

*Corresponding author: j.kovacevic@gi.sanu.ac.rs

Received: May 1% 2024 / Accepted: November 22" 2024 / Published: December 31 2024
https://doi.org/10.24057/2071-9388-2024-3378

ABSTRACT. Torrential flood hazard assessment is always a challenge, especially if the aim is to do it on the level of the
whole watershed. When there are no required data available, there are traces in nature, morphological indicators, that show
the extent of previous floods, in period longer then instrumental period. Therefore, in this paper we deal with fluvial and
slope both erosional and accumulation processes and landforms, which doubtlessly indicate torrential flood prone areas.
We have selected eight indicators and grouped them into three segments: erosional process, morphometric characteristics
of watershed, and accumulation processes and landforms. Selected indicators serve for fluvial processes determination
and therefore could be used for proper water and flood risk management. The research was done in three middle-sized
watersheds in Serbia which belong to the Velika Morava River basin, showing that integrative approach is necessary for
rational watershed management, meaning for selection of measures for torrential flood hazard mitigation.
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INTRODUCTION the global level are evident, especially in the atmosphere
and hydrosphere (Arnell 2002; Shiklomanov and Rodda
Life by the rivers, either lowland or mountainous, 2003; National Research Council 2011; Hartmann et al.
has always attracted people, offering a bare necessity —  2013; Gosling and Arnell 2013). On the other hand, the
available water. The growth of population density and the  studies of disasters have changed from the perspective
resulting human impact (e.g. concreting the riverbanks,  mainly focused on a physical or natural event towards the
thus preventing natural processes; introduction of large  integration to the social system (Alcdntara-Ayala 2002).
amounts of wastewater into streams, etc.) disturbed the In order to assess flood hazard, determination of flood
human-nature relation, thus in countless cases the nature  zones is the first and complex task to be done. Directive of
made a sharp counter-strike. In these circumstances,  the European Parliament and of the Council establishing
floods become a threat that endangers the population  a framework for Community action in the field of water
living on the riversides and get the character of a natural policy —=WFD (Directive 2000), as well as the directive on the
disaster. Water pollution also leads to consequences  European Parliamentand of the Council on the assessment
(acute hydric diseases, but also other diseases with long- and management of flood risks — Flood Directive (Directive
term consequences that can be characterized as chronic). 2007) recommend the determination of the extent of a
Large number of studies dealing with natural disasters  flood zone for different scenarios (for high, common and
begin with devastating statistics which show that their  low probability of occurrence), which are important for the
intensity and frequency are increasing, with consequences  preparation of hazard and risk maps, and subsequently for
increasing both in terms of damage and the number of  risk management, including spatial planning. Therefore,
victims (EM-DAT 2024). The reason for this, on one hand, the basic task in this paper is to determine the indicators
lies in natural processes that have their own dynamicsand  for defining the food zone in torrential watersheds and
trends of intensity and frequency. Although the scientists ~ subsequently to assess flood hazard. Existing maps of
argue about the causes that lead to changes in the timing  floodplains at the global level are characterized by lower
of hydrometeorological processes and phenomena, the  data resolution, while higher data resolution maps were
direction in which they take place and the significance  made for smaller spatial units, created for river regulation
of these changes, most of them agree that changes at  in certain sections (hydro-engineering approach and
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method), while in mountainous areas there are no data
on flood zones. In this sense, the aim of this paper is to
use geographical method and an aspect that connects
hydrological and geomorphological processes.

Inaccordancewiththe characteristics of torrential floods
as two-phase fluid (maximum flow and high sediment
concentration) as described by Coussotand Meunier (1996),
the terms “debris flows” “torrent flows” “mudflows” “debris
floods” "torrent floods” “flash floods” “lave torrentielle” are
used in the literature and it is very difficult to precisely
distinguish these phenomena. Therefore, in this paper we
will deal primarily with torrential floods, as a natural process
of increased intensity, which is the outflow of water with a
high concentration of sediments in the riverbed. Torrential
floods are associated with small streams that drain basins
up to 100 km? (Wang et al. 1996). They refer to occasional,
periodic and permanent watercourses whose watersheds
are affected by erosion processes. They appear suddenly
after intense rains and sudden melting of snow, have a high
speed of the flood wave and last relatively short. Torrential
floods often occur with other natural disasters, most
often hurricanes, typhoons and their combinations with
earthquakes and volcanic eruptions, and in these cases
they occur as secondary disasters (Jakob and Hungr 2005),
i.e.they are a consequence of multihazard (Zhou et al. 2015;
Varazanashvili et al. 2012). They can also occur together
with other slope processes, most often with landslides,
and Jakob and Hungr (2005) state that torrential floods
occur as triggers of large landslides. Kovacevi¢-Majkic¢ et
al (2013) selected indicators for torrential risk assessment
and for hazard component they selected discharge regime
and erosion as segments of hazard, which is in accordance
with the fact that there are two key factors that determine
torrential floods:

1) The key factor and at the same time the trigger for
the occurrence of torrential floods is the intense short-term
precipitation (usually less than 24 hours), whereby in that
time the total amount can reach several tens of millimeters
per hour, e.g. 42 mm/h (Radovi¢ and Todorovi¢ 1989), 80
mm/h (Shimizu et al. 2002), 35-40 mm/ 30 min (Brajkovi¢
and Gavrilovi¢ 1989), up to several hundred mm (320
mm/24h; Kompare and Rismal 1989). High soil moisture,
caused by previous precipitation or melting snow, is also
important for the occurrence of sudden floods, due to
which the soil cannot receive new amounts of water (Jakob
and Hungr 2005; Risti¢ and MaloSevi¢ 2011).

2) Another key factor for the occurrence of torrential
floods is the high prevalence of erosion in the basin and
high sediment transport during torrential floods, which
reaches more than ten times higher values than the
average sediment transport (Costa 1988; Shimizu et al.
2002).

In addition to the two mentioned basic factors, there
are also the conditions for the occurrence of torrents: a)
physical-geographical: climatic (which in addition to
precipitation includes air temperature), geological (type
of rock), pedological (type of substrate), morphometric
related to the basin (slope and shape of the basin),
morphometric related to the riverbed (slope of the
riverbed), vegetation (type, structure, age of vegetation)
and b) anthropogeographic (land use). Their influence
was assessed by Jakob and Hungr (2005), as well as by
Risti¢ and Malosevi¢ (2011). Land use changes as urgent
issue are pointed out by Gradel et al (2019). The authors
appeal that forests are crucial for hydrological balance
and land degradation prevention. Nolos et al. (2022) also
write about the importance of good forest management.
Generally, the trend in research of erosional processes is to
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put them in the context of environment and ecology, as
well as sustainability. Researches expanded in the sphere
of modelling and estimation of erosion processes. By
the analyses of Zhuang et al. (2015) before 2001 the soil
erosion research was mainly distributed across the USA
and Europe, and afterwards the research was spread in Asia
(dominantly in China and India) and Australia.

Considering the spatial distribution of mentioned
erosional and accumulation processes, there are usually
three characteristic zones in the torrential watersheds: 1)
the “collection zone” that covers the upper parts of the
watershed, where the process of soil erosion takes place
to a greater or lesser extent, depending on the physio-
geographical and anthropogeographical conditions in
the watershed, 2) the “transit zone” or “torrent throat’,
represented by riverbeds in which the transport of torrent
material primarily takes place or, as explained by Mazzorana
et al. (2013), one-dimensional (1D) flow processes are
active, the valleys are often gorge-like, with pronounced
vertical erosion, and 3) “flood zone” which represents
the part of the basin where the sedimentation material
settles and most often has the shape of a fan, the space
where two-dimensional (2D) flow occurs (Mazzorana et al.
2013). This zone is important as morphological indicator
or “trace” of flooding (Milosevi¢ et al. 2015) which testifies
about previous cases of torrential floods. Therefore, fluvial
erosional and accumulation processes and the resulting
landforms, as well as morphometric characteristics
of watersheds presented by selected indicators, are
appropriate for torrential flood hazards assessment.

Even though torrential floods are characteristic of
the relatively small and middle-sized watersheds, they
manifest and have impact on large-scale river basins as
well, which is also stressed by Borga et al (2014). Therefore,
it is difficult and almost impossible to determine the exact
boundary where one or another type of flood occurs. Thus,
the question is whether it is necessary to draw the exact
line between river floods in the lower parts of large river
basins and torrential floods that occur at higher elevations.
Furthermore, the integral approach and work are the only
correct and purposeful options. The results obtained are
useful for numerous users, responsible and interested
stakeholders, such as decision makers, spatial planners,
researchers, insurance companies etc.

MATERIALS AND METHODS
The study area

Floods are among the most common disasters in
Serbia causing the greatest damage (Official Gazette 2011;
Dragicevi¢ et al. 2011; Gavrilovi¢ et al. 2012). In addition,
torrential floods are the most common disaster, since 86.4%
oftheterritory of Serbia (hilly and mountainous areas mainly
south of the Sava and Danube River) is exposed to erosion
processes (Risti¢ et al. 2012). The torrential floods inventory
in Serbia was made by Petrovi¢ et al. (2014), and contains
register of 848 torrential floods in which 133 people lost
their lives in the period 1915-2013. The largest number of
torrential floods occurred in the Juzna Morava River basin,
most commonly in May and June. In this paper we have
selected three watersheds (the SkrapeZ River watershed,
Belica River watershed and LuZnica River watershed) that
belong to the Velika Morava River basin (Fig. 1).

The Skrapez River watershed (647 km?) belongs to the
upper part of the Zapadna Morava River basin. It is located
in a mountainous region where the average elevation of the
basinis 600.76 m. About 65% of the watershed lies between
400 and 700 m asl, less than 2% above 1000 m asl. (the
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Fig. 1. Location of the Skrapez, Belica and Luznica watersheds in Serbia

slopes of Povlen Mt. and Maljen Mt.), and about 10% below
400 m asl. (alluvial plains of the Skrapez River watershed and
its largest tributary LuZnica River) (Kovacevi¢-Majki¢, 2009).
Since most of the basin is built of metamorphites prone to
decomposition and Miocene clastic rocks and sediments,
this has resulted in increased erosion.

The Belica River watershed (233 km?) is located in central
Serbia and is one of the watersheds on the left side of the
Velika Morava basin. The average elevation of the basin
is 229.5 m. The basin of the Belica River consists of three
morphological units: plains (with slopes up to 3°), hilly areas
(with slopes up to 10°) and mountainous parts (with slopes
up to 40°). The plains are the most represented, followed
by hilly landscapes, and areas above 500 m asl. - the slopes
of Crni vrh (708 m asl). Lithologically, the basin consists
of clastic sediments of considerable thickness (sands,
siltstones, sandy clays, clayey sands, clays) and regoliths
composed of compact rocks, most often metamorphites
(gneisses, mica-schists, dolomite marbles and amphibole
shales) (Vujisi¢ et al. 1981). Considering the mentioned
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lithological composition, which is subject to decay, and the
slopes, areas with intensive erosion are poorly represented,
and processes with medium and weak erosion dominate,
while the lower part of the watershed is characterised by
accumulation process.

The LuZnica River watershed (325 km?) is located in
southeastern Serbia. It belongs to the watershed of the
Vlasina River, which is a right tributary of the Juzna Morava
River. Among the morphological units, the most represented
are hilly (51%) and mountainous areas (46%) with the
highest peak of 1385 m asl, while the plains cover the
smallest area of the basin (3%). The lithological composition
of the watershed consists of (1) limestones and dolomites
of Suva Planina Mt, whose slopes represent the right valley
side; (2) flysch, conglomerates and sandstones that form the
left valley side, while (3) the Luznica Miocene basin, located
in the middle part of the basin, consists of conglomerates,
gravel, sand and clay (Vujisi¢ et al. 1980). Considering the
spatial distribution of lithological units, the left valley side is
more characterized by erosion than the right side.
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Defining indicators for the flood hazard assessment

Floods about which there are no written sources happened
in watersheds where there are potentials or conditions that
lead to the occurrence of torrential floods. In accordance with
character of torrential floods, we have selected the indicators
that describe them. The challenge of proper indicators selection
(thematically adequate, spatially and temporally available,
and approved by scientific community) was elaborated by
Kovacevi¢-Majki¢ et al. (2013) and Kovacevi¢-Majki¢ (2018).
After meeting all of the mentioned criteria, we have grouped
the indicators to: (1) segment on erosional fluvial processes, (2)
watersheds morphometry segment; as well as traces in nature
that testify that torrential floods occurred (morphological
indicators), evidenced by (3) segment of landforms of fluvial and
slope accumulation (floodplains, alluvial plains, fans). Selected
indicators are presented in Table 1.

Data on erosional fluvial processes testify on erosion intensity
and are described through four indicators: Areas affected by
erosion processes of |, Il and Ill category (H1a and H1b), Erosional
coefficient Z (H1c) and Watercourses' density (H1d). Required
data were collected from topographical maps 1:25000, Shuttle
Radar Topography Mission (SRTM), pedological maps 1:50000,
pedlogical map of Serbia (Mrvi¢ et al, 2013), and Corine Land
Cover (2018). Erosion was calculated by the method of Gavrilovi¢
(1972) in which the first class means the most intensive erosion.
The method is widely used in the region and in countries of
former Yugoslavia.

For selected morphometric characteristics of watersheds data,
sources were the topographical maps 1:25000, SRTM, and Google
Earth Service (2019). Module of watershed divide line development
explains the role of the shape of the watershed in the formation of
a torrential flood wave, meaning more rounded watershed means
smaller Module of watershed divide line development, and subsequently
higher probability of rapid water concentration. Whereas we need
the indicator that is directly proportional to flood hazard, we have
used the variation of the mentioned module, Reciprocal module
of watershed divide line development, as indicator, whereby more
rounded watershed means higher Reciprocal module of watershed
divide line development.

Data on the landforms of fluvial and slope accumulation originate
from the process of flooding and thus represent data on past floods,
ie. the area they covered. These landforms are alluvial plains and fans
(Fig. 2), and based on their identification and spreading, the extent of
the flood zone is determined. To determine the flood zone as a source
of data on traces of torrential floods from the past, it is possible to use
geomorphological maps 1:100,000 archived by the Geological Survey
of Serbia. Selected torrent watersheds are presented on the maps by
Menkovi¢ and Koscal (1981), Menkovi¢ and Kosc¢al (1982), Menkovi¢,
Koscal and Mijatovi¢ (1988). An example of a map is presented in
Fig. 2. For a flood zone determined in that way, we use the term
“‘geomorphological flood zone” (Geomorphological flood zone as
indicators H3a and H3b in Table 1).

In purpose of obtaining the results, the following software
packages were used: Microstation, Global Mapper, QGIS, and Microsoft
Excel.

Table 1. Torrential flood hazard indicators

Indicators Segment
Area affected by erosion of |, Il and lll category (km?) Hla
Area affected by erosion of I, Il and Il category (%) H1b
Erosional fluvial processes
Erosion coefficient Z Hic
Watercourses density (km/km?) H1d
Main course slope (%0) H2a
Watersheds morphometry
Reciprocal module of watershed divide line development H2b
Geomorphological flood zone (km?) H3a
Accumulation fluvial and slope landforms
Geomorphological flood zone (%) H3b

sheet Uzice (Menkovi¢ and Koscal, 1982)
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RESULTS

The results used are obtained for three watersheds in
Serbia. They were selected following several criteria.

First criterion was presence of erosion of |, Il and Ill
categories. According to the results of the calculation of
erosion and sediment production by the method of S.
Gavrilovi¢ (1972), which refers to the period 2012-2016,
in all three watersheds there was a decrease in erosion
processes, the most significant in the Luznica watershed,
which moved from the category of strong (Il) erosion to
the category of very weak (V) erosion (Kovacevi¢-Majkic¢
2018). The erosion processes are presented in Fig. 3. In
the selected basins, the characteristics of erosion and
river regime are such that they represent the conditions
for the formation and occurrence of torrential floods.
Moreover, with a large amount of sediment they endanger
the accumulations in the higher order basins to which
they belong, and according to Gavrilovi¢ et al. (2009)
they belong to the | and Il category of areas affected by
extreme torrential floods. Second criterion was detected
floods. According to the torrential floods inventory in
Serbia made by Petrovi¢ et al. (2014) in all three watersheds
the torrential floods have happened and been registered.
Larger floods in the SkrapeZ River basin occurred in 1910,
1926, 1938, 1965, 1975, 2001, 2006 and 2014; in the Belica
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River basin in 1929, 1964, 1965, 1976, 1999, 2002, 2010 and
2014; and in the Luznica River basin in 1976, 1988, 2003
and 2007. (Gavrilovi¢, 1981; Petrovi¢ et al, 2014; UN, EU
& World Bank, 2014). Third criterion was morphometric
characteristics of watershed which are described above in
the Study area. All selected watersheds are positive to these
criteria. Additionally, onomastic indicators (hydronyms)
in selected watersheds and described cases of torrential
floods (literature sources, case studies containing data on
victims and other consequences of torrential floods, torrent
inventory, newspaper articles) were criteria for torrential
watershed selection and at the same time verification that
selected indicators are the proper ones.

Based on geomorphological maps of 1:100,000
scale, 50 floodplains were identified in the Skrapez River
watershed, 10 in the Belica River watershed, and 8 in the
Luznica River watershed. Mili¢ (1984) dealt with a more
detailed analysis of fans in the LuzZnica River watershed and
identified 60 fans. They differ in type and age, but also in
size. Those less than 100 m in range were also identified.
Regardless of the characteristics, they undoubtedly testify
that torrential floods occurred. The SkrapeZ River watershed
has the largest geomorphological flood zone, while the
percentage share of the geomorphological flood zone is
the largest in the Belica River watershed (Fig. 4).
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Fig. 3. Spatial distribution of erosional processes in Skrapez River watershed (a),
Belica River watershed (b) and Luznica River watershed (c)
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Fig. 4. Geomorphological flood zone in watersheds of the Skrapez River (a),
Belica River (b) and Luznica River (c)

The values of all selected indicators are shown in Table
2.Six of eight indicators are the highest in the Skrapez River
watershed. Areas under erosion of |, Il and Ill categories
are the largest in the Skrapez River watershed, while they
are almost equally represented in the Belica and Luznica
watersheds in absolute measure units and in relation to
the size of watershed. The erosion coefficient is slightly
higher in the SkrapeZ River watershed than in the other
two basins. The Skrapez River has the most developed
river network, as well as the largest watercourse slope, and
the Belica River has the smallest. The development of the
watershed divide line is unique, but the greatest for the
Belica River watershed.

DISCUSSION

The motivation for starting the research process on
torrential flood assessment was based on difficulty in
determiningthefloodzone atthelevel of the entire watershed.
Despite the fact that flood hazard could be assessed using
hydrological data and geomorphological data, hydrological
data have the relatively short series related to instrumental
data collection. They are usually analysed using probability
in order to obtain data on discharge and water levels for
certain return periods. Also, there is a problem that generally
there are no hydrological stations on small watercourses.

31

Many hydrological and hydraulic models are developed in
order to obtain the extent and depths of floods. Assessing
flood hazard also includes other characteristics such as
water velocity and for torrential floods erosion processes
and deposits (except water, second important phase) are
necessary to obtain and have in flood hazard assessment.
Therefore the geomorphological data — landforms resulting
from the processes of fluvial accumulation (alluvial plains
and fans) — are distributed over the whole watershed and
testify about floods that happened long time before the
instrumental period. The solution to the problem of torrential
flood hazard assessment was in detection of traces that
point to large and as many floods in history as possible. Such
data and their sources may be geomorphological maps that
present the flooding-derived landforms, originating within
the process of fluvial and slope accumulation. Arnaud-
Fassetta et al (2009) point out that fluvial geomorphology
can make a significant contribution to understanding the
spatio-temporal distribution of flood hazard and flood risk
management. Since the only correct water management is
at the level of the entire watershed, then for determination
of the flood zone, in addition to the landforms of the fluvial
accumulation of the main river (alluvial plains), the landforms
of fluvial accumulation of tributaries, must be observed.
If tributaries have torrential character, then fans are the
landforms we must determine as well.
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Table 2. Flood hazard indicators in the Skrapez, Belica and Luznica Rivers watersheds

Indicators Skrapez River Belica River Luznica River
Area affected by erosion of |, Il and lll category (km?) 181.06 21.87 27.02
Area affected by erosion of |, I and Il category (%) 27.95 9.37 8.32
Erosion coefficient Z 0.269 0.215 0.176
Watercourses' density (km/km?) 2.04 1.52 1.63
Main course slope (%o) 15.01 8.99 1240
Reciprocal module of watershed divide line development 0.63 0.74 0.68
Geomorphological flood zone (km?) 65.20 45.53 15.16
Geomorphological flood zone (%) 10.06 19.50 467

The choice of methods for determining the flood zone
also depends on the level of detail, i.e. the size of the area for
which the flood zone is determined. The nature of torrential
floods, i.e. the area they cover and the consequences they
have, implies that it is best to work on risk assessment
studies at the regional and local level (UNDP 2004). This is
supported by the statement of Stojkov et al. (1998) that the
causes of natural hazards such as landslides and torrents
are developing at the regional level, and that they should
be considered in this way. However, their participation in
the total risk of disasters is also significant at the macro
(national) level because it is accumulated at the local level
and increases the risk at both the national and global level
(UNDP, 2004).

Limitations of geomorphological method are the
problem of intrazonality and the fact that this method
determines the horizontal extent of the flood zone, while
the vertical extent or depth of flooding is not detected.
Geomorphological flood zone is not registered in areas
where fluvial erosion processes dominate, and fluvial
accumulation processes are absent. These are narrowed
river valleys (canyons, gorges, epigenetic valleys) on
whose steep valley sides there are elements exposed to
floods (most often they are infrastructural objects - roads,
railways). Such areas, depending on the water level, can be
directly endangered by floods (with consequences such as
casualties and material damage), or indirectly endangered
by floods when they become isolated and have difficulty
functioning because the flood affected the surrounding
areas (Kovacevi¢-Majki¢ 2018; Kovacevi¢-Majkic et al. 2020).

In that sense, it is necessary to upgrade this method, i.e. to
solve the problem when there is only a vertical extent of
the flood.

Presence of selected indicators could serve for
fluvial and slope processes determination. In Table 3 we
determined the fluvial and slope processes considering the
presence of erosional, accumulation and morphometric
indicators. If there are both erosional and accumulation
processes, torrential floods are possible and certain, even
if do not have data on flood events (registered floods). In
watersheds without erosional processes and river network
and flood zone are detected, floods are possible, but their
character is not torrential (Table 3).

Therefore, type of present fluvial processes is an
eliminatory factor for flood type determination. This fluvial
process determination is important for water and flood
management, meaning for the selection of measures that
should be used for flood hazard mitigation.

CONCLUSIONS

Almost everyday cases of torrential floods with
significant consequences around the world indicate that
permanent water and flood management is necessary.
This implies constant data collection and research of all risk
components, including hazard, more precisely determining
the extent of flood prone areas. The assumption in this
research is that fluvial and slope processes and landforms
in the watershed are relevant indicators for torrential flood
hazard assessment. Eight selected indicators were grouped

Table 3. Possible fluvial and slope processes

Fluvial erosion Fluvial accumulation | Watershed morphometry Fluvial and slope process
+ + + Torrential flood
+ + - There is no such process!
- + + Flood
, + - There is no such process?
+ - + Proluvial and/or colluvial slope processes®
+ - - There is no such process”
_ - + Potential flood

1 — It is not possible that there are erosion and accumulation indicators and that there are no selected morphometric indicators of

watershed

2 —This means that the erosion process is finished and that we have plain without slope
3 —These processes are present in upper parts of the watershed, i.e. in collection and/or transport zone of the watershed
4 — It is not possible that there are erosion indicators and that there are no selected morphometric indicators of watershed
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into three segments: erosional process, morphometric
characteristics of watershed, and accumulation processes
and landforms. In three middle-sized watersheds in Serbia
(Skrapez River, Belica River and Luznica River watersheds),
which belong to the Velika Morava River basin, selected
indicators were detected, proving that rivers and their
tributaries have torrential character. They indicate that
torrential floods happened, and that there is probability
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ABSTRACT. River discharge and its variations are often the subject of research from different aspects. This study aims to
examine the discharge variability of selected rivers in central Serbia and the northern part of Montenegro, which belong to
the Danube River basin (Black Sea Drainage basin). In general, all these rivers have uneven water regimes, a large share of
evaporation in the water balance during the year, and very low values in discharges in the summer. In this regard, an analysis
of mean annual and monthly discharge changes in ten hydrological stations from nine rivers in the 1961-2020 period was
made. By using the t-test, a comparison of two 30-year periods (1961-1990 and 1991-2020) was made to examine if there
were significant changes in the discharges. The obtained results indicate that in all rivers, annual discharge decreased in the
second period compared to the earlier one, and a statistically significant decrease is recorded in 3 rivers, Lepenica, Lugomir
and Lim. Changes in monthly discharges between the two 30-year periods are statistically very significant in the summer
period in the selected rivers of Montenegro. In contrast they are not statistically significant in selected rivers of Serbia, with
several exceptions in spring and autumn. The obtained results indicate mainly a statistically significant discharge decreasing
in the second period, which is primarily correlated with a significant increase in air temperature. As discharge changes
influence water resource management, the results obtained in this study are important for decision-makers.
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INTRODUCTION 2020; Botero-Acosta et al. 2017; DiBiase and Whipple 2011;
Larsen et al. 2006) and an augmented risk of flooding,
Water resources are the subject of various hydrological ~ especially in the regions where climate change induced
studies worldwide, mainly due to potential water scarcity.  increase in precipitation quantity is expected. According
Water quantity is usually analysed throughout discharge  to Langovic¢ et al. (2021), variations of discharge values
changes and variability. Long-term changes in discharges  (extremely high or low discharges) are the most important
are often estimated by comparing two periods (Georgiadi natural factor of riverbank erosion intensity and soil loss.
et al. 2023). Changes in discharges (both increase and Increased discharges often lead to floods, which further
decrease) cause many consequences. Temporal and spatial ~ cause infrastructure damage, transportation disruption,
variations in discharges impact on river morphology (Miao  and loss of human lives and property (Souza and Reis 2022;
et al. 2010). Discharge decrease affects water supply, Petrovic¢ 2015).
reduces crop production, and causes problems in river Mean annual and seasonal discharge trends were
transportation and hydroelectric production (Souza and  analysed on 94 hydrological stations in Serbia from 1961
Reis 2022; Balistrocchi et al. 2021), while its prolonged  to 2010. Results of this study show negative annual, spring,
duration leads to hydrological drought (Les¢esen et al.  winter and summer trends and positive trends on most
2020; Urosev et al. 2016). On the other hand, discharge  stations in autumn and at a small number of stations in
increase often contributes to river bank erosion (Kérkkdinen winter (Kovacevi¢-Majki¢ and Urosev 2014). Bordevic et al.
and Lotsari 2022; Moody 2022; Gao et al. 2021; Brown et al. (2020) forecasted decreasing average annual discharges in
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the river basins of Velika, Zapadna and Juzna Morava, Ibar,
Timok and Drina with especially negative distribution of
seasonal discharges in the vegetative period, from July to
October for the following three periods: 2011-2040, 2041-
2070,and 2071-2100, comparing with the reference period
1971-2000. Haddeland et al. (2013) projected increased
maximum values of discharges in the Kolubara River basin
and no increase in the peak annual discharges in the
Toplica River basin for the periods 2001-2030 and 2071-
2100, compared with the reference period 1961-1990.
Also, this study forecasted an increase in drought events
in both the Kolubara and Toplica river basins at the end
of the 215" century (Haddeland et al. 2013). Dragicevi¢ et
al. (2013) determined the maximum discharge probability
for the Kolubara River and its tributaries in order to assess
future flood impacts on bank erosion. Kolubara River has
the highest coefficient of discharge variation among the
Serbian rivers, which causes a significant impact on river
bank erosion (Dragicevic et al. 2017). Radulovi¢ et al. (2014)
analysed the river regime of the Temstica River basin in
south-east Serbia for the period 1980-2012. Results of
this study showed that maximum discharges occurred
in April, while the minimum discharges were recorded in
September (Radulovi¢ et al. 2014). Milanovi¢ Pesi¢ (2019)
analysed the water regime and discharge trends of rivers
in the Sumadija Region for the period 1961-2019 and
concluded that these rivers have low amounts of water,
especially in summer, with the lowest discharges in August
and September and the highest discharges in March and
April.

Despite the richness of water, due to the influence
of geological features (karst terrains cover over 60% of
the territory), rivers in Montenegro have a significantly
uneven distribution of water regimes during the year. In
rainy seasons, discharges could reach a thousand times
higher values compared with the dry seasons (Sekuli¢ and
Radulovi¢ 2019). Rajovi¢ and Bulatovi¢ (2014) also stated
spatial and temporal discharge variability in north-eastern
Montenegro. According to this study, the maximum
discharge of Lim River, which occurs in May, is about six
times higher than the minimum discharge in September
(Rajovi¢ and Bulatovi¢ 2014).

This study aims to address discharge changes in annual
and monthly discharges of rivers in the Sumadija Region
in Serbia and the Lim River basin in Montenegro for the
periods 1961-1990 and 1991-2020. Also, the paper aims
to analyse the impact of various factors (climate changes,
land cover and use, anthropogenic impacts), as well as to
explain how discharge changes impact on erosion and
human activities.

MATERIALS AND METHODS
The study area

The study area includes seven rivers in the central part
of Serbia and two rivers in the northern part of Montenegro
(Fig. 1). All rivers belong to the Black Sea Drainage Basin
and are characterized by a natural regime with no or minor
hydropower and hydromorphological alteration, which
makes them suitable for comparative analysis of changes
in discharge trends. In Serbia, the following rivers were
selected: Kubrsnica (48 km, 743.2 km?), Lepenica (55.4 km,
638.9 km?), Belica (36.8 km, 222.7 km?), Lugomir (19.5 km,
4477 km?), Cemernica (41 km, 625 km?), Pestan (32.1 km,
171 km?) and Ljig (31.3 km, 559.4 km?). These rivers are
located in the Sumadija Region, one of the central areas of
Serbia. The high abundance of Neogene sediments causes
landslides and erosion in this area. Sumadija Region is a
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lowland area because 91.6% of this territory is below 500
m a.s.l. (Milanovi¢ Pesi¢ 2015). This area is characterized
by a moderate continental climate with a continental
pluviometric regime, which indicates that the maximum
precipitation is registered in May and June. In the period
1961-2010, the mean annual temperature was 11-11.6 °C
at most meteorological stations in this area (Milanovic Pesi¢
and Milovanovic¢ 2016), and the mean annual precipitation
ranged between 700 and 800 mm (Milovanovi¢ et al.
2017a). According to Milovanovi¢ et al. (2017b), who
modified Képpen's classification for Serbia, Cfag climate
is present in the largest part of the Sumadija Region, and
Dfbg on lowland terrains. The selected rivers have a pluvio-
nival regime, with frequent occurrence of extreme water
discharges.

In Montenegro, the Lim River (123 km, 2807 km?) and
its tributary Ljubovidja (35.8 km, 351 km?) were selected
(Hrvacevi¢, 2004). Hydrologically, the Lim River is the most
significant river in Montenegro. Its total length is 219
km, of which 123 km are in the territory of Montenegro
(Culafi¢, 2020). The rest of this river basin is located in
Serbia, and a small part of it is in Bosnia and Herzegovina.
In this study, only the data of Lim River was analysed in
Montenegro because four hydropower plants were built
in the Lim River basin in Serbia, which affects the river
regime. In Montenegro, the Lim River basin is located in
the northeastern part of the country (600-1500 m a.s.l.)
(Fig. 1), framed by high mountains (Komovi, Prokletije
and Bjelasica). These mountains are dissected by streams
and rivers that are Lims tributaries. Considerable parts of
the area are underlain by clastic and flysch, clayey-sandy-
marly sediments. Therefore, landslides and degradation
processes often occur in this territory (Radojic¢i¢ 2008). The
Lim River basin has a moderate continental climate, which
belongs to the following types by Kdéppen's classification:
Cfsb, Cfb, Cfws"bx’ and Dfbx., with cold winters (-1.2°C)
and mild summers (17.7-19.1°C) (Buri¢ et al. 2012). Mean
annual air temperature values rangesfrom 8.4 to 9.4°C,
while precipitation ranges from 900 to 1004 mm. Maximum
precipitation occurs in November and minimum in August.
The Lim River and its tributaries have the nival-pluvio
regime (Duki¢ and Gavrilovi¢ 2008), with the highest water
discharge in May, April and June, and the lowest in August
and September.

Data

The discharge dataset for the selected rivers was
analysed based on mean annual and monthly values in
the 1961-2020 period from seven hydrological stations
in Serbia and three hydrological stations in Montenegro.
They are: Bogovada (Ljig River), Zeoke (PeStan River),
Preliina  (Cemernica River), Smederevska Palanka
(Kubrsnica River), Batocina (Lepenica River), Jagodina
(Belica River) and Majur (Lugomir River) in Serbia; and
Plav (Lim River), Bijelo Polje (Lim River) and Ravna Rijeka
(Ljubovida River) in Montenegro. The criteria for selecting
the hydrological stations implied that they are located on
rivers with almost natural regimes and had continuity in
long-term measurements of the discharge. Data were
collected from hydrological yearbooks of the Republic
Hydrometeorological Service of Serbia (RHSS) and the
Institute of Hydrometeorology and Seismology (IHMS)
of Montenegro. At the stations where small recording
gaps were observed during 60-year measurements (for
a particular month or year), the data were obtained from
neighbouring stations the best correlation on a monthly
basis.
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Fig. 1. Study area

Methodology

Previous analysis of the discharge datasets by using the
non-parametric Mann-Kendall test and Sen’s slope showed
water regime variation in some rivers in the Sumadija
Region in Central Serbia (Milanovic Pesi¢ 2019). In addition,
it was observed that a significant change in annual and
seasonal discharge occurred around 1990. Hence, the
discharge datasets can be divided into two 30-year
periods (1961-1990 and 1991-2020) for further analysis.
These two data subsets can be used to assess whether
there were statistically significant changes in annual and
monthly discharge, as well as the level of difference in the
two time periods. By using a t-test, discharge values were
compared in these two periods to estimate differences in
distributions. Calculations were performed for statistical
significance specified at the 99% (p value<0.01) and 95%
(0.01<p value<0.05) levels applying Paired-Samples t-tests
within the SPSS Statistics 20.

As the t-test enables to examine whether the means
of two subsamples are statistically different (Zheng et
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al. 2007), it is commonly accepted and often used in
hydrological studies. Among others, it was applied for
trend analysis in annual maximum, mean and 1-day and
7-day low discharge of rivers in 24 hydrological regions of
Turkey (Cigizoglu et al. 2004), for identifying the trends and
change points in discharge, precipitation and potential
evapotranspiration in Taoer River in China (Li et al. 2010), to
examine trend and abrupt changes in discharge regime of
the Yellow River (Zheng et al. 2007) and East River in China
(Zhang et al. 2012), to determine the statistical significance
of the daily discharge variability and trends of Mackenzie
River in Canada (Yang et al. 2015) and for analysing runoff
variability due to land use changes in Puhe River Basin in
China (Zhang and Yu 2020).

RESULTS

Annual discharge variability

In this study, rivers of various mean discharges are
selected for analysis. For all selected rivers in Serbia, results
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showed a decrease in mean annual discharge in the latter
period compared to the earlier one (Fig. 2). This decrease
in the Lepenica and Lugomir rivers is statistically very
significant (Table 1). These findings are in line with some
other studies. Kovacevi¢-Majki¢ and Radovanovi¢ (2006)
stated that discharge decrease of the Ljig River in the
period 1993-2003 compared with the period 1961-1989.
Milanovi¢ Pesi¢ (2019) found a decreasing trend in the
annual discharge of the Lepenica River for 55-year periods.

The results in Montenero showed a decrease in annual
discharge in the latter period compared to the earlier
one (Fig. 3). This decrease in the Lim River is statistically
significant (Table 3). These results are similar to those of
Spalevi¢ et al. (2016) findings, who concluded that the
discharge peak of the Seoski Potok in Lim River basin
decreased from 1975 to 2015, due to changes in vegetation
cover. Forest increase in the period from 1975 to 2020 also
caused discharge decrease in Miocki Potok basin in the
upper Lim River basin (Spalevic¢ et al. 2020).

Monthly discharge variability

The inter-annual distribution of discharges shows that
the maximum discharge in the rivers in Serbia is recorded
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mainly in March and the minimum discharge mainly in
September. In general, river discharge decreases from
March to September and increases from October to March.
Itis interesting to note that, in the first period, in two rivers
(Ljig and Pestan) the maximum discharges were recorded
in February, while in the second period, they were recorded
in  March, and the lowest discharge recording moved
from the autumn months (September and October) to
August. The possible reason for the maximum discharge
move could be the result of increased amount of monthly
precipitation and heavy rainfall in March and the minimum
discharge move by extremely high air temperatures and
the absence or little precipitation. At the meteorological
station Kragujevac, located in Sumadija Region, amount
of precipitation in March increased from 44.4 mm in the
first period to 46.6 mm in the second period. At the same
station, temperature in February increased from 2.2 °C in
the first period to 3°C in the second period (Jovanovi¢ et
al. 2023). Sudden snow melt, followed by heavy rainfall in
early spring, mainly in March, also contributed the highest
discharges in this month (Petrovi¢ et al. 2024). The shift of
the lowest discharge from autumn to August is caused by
increased temperatures in July and August and decreased
precipitation from May to July in the second period. At
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Fig. 2. Mean annual discharges (m?/s) at the selected rivers in Serbia in 1991-2020 relative to 1961-1990
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Fig. 3. Mean annual discharges (m?3/s) at the selected rivers in Montenegro in 1991-2020 relative to 1961-1990
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the meteorological station Kragujevac, temperatures
increased from 20.6 °C in the first period to 22.6 °C in the
second period in July and from 20.2 °C to 22.3 °C in the
second period in August. Comparing these two periods,
the amount of precipation decreased in the second period
from: 73.8 mm to 70.3 mm in May, 84.7 mm to 77.2 mm in
June, and 68 mm to 65.8 mm in July (Jovanovi¢ et al. 2023).

In the 1991-2020 period, all rivers experienced a
discharge decrease from January to June and a slightly
increased from July to December compared to the 1961-
1990 period (Table 1).

According to the results obtained in Table 1, the
changes in monthly discharges between two thirty-year
periods are generally not statistically significant, but there

are some exceptions. A significant decrease (p<0.01) in
discharge was observed on the Lepenica River in February
and May and on the Lugomir River in June and September.
In addition, a significant decrease (p<0.05) was registered
at Lepenica River in January and March. Contrary to that,
a significant increase (p<0.05) in discharge was observed
on the Kubridnica River in September and October and
Pestan River in October, which can be related to significant
precipitation. For example, at rain gauge Mihajlovac, near
Kubrsnica River, daily amount of precipitation recorded 15
September, 2014 were 180.3 mm, which was the absolutely
maximum for the whole period of measurement of 57
years (Petrovic¢. 2021).

Table 1. Mean monthly and annual discharges (m3/s) at the selected rivers in 1991-2020 relative to 1961-1990

Station Period I [ M1l \Y \% Vi Vil VIl IX X X Xl Year
Ljig River
1961-1990 | 533 | 986 | 961 | 685 | 688 | 581 | 256 | 1.09 | 093 | 097 | 220 | 432 | 47
Bogovada
1991-2020 | 430 | 6.82 | 9.03 553 | 460 | 390 | 258 1.22 1.28 1.55 224 | 383 391
Difference | 1.03 | 3.04 | 058 132 | 228 191 | -0.02 | -0.13 | -0.35 | -0.58 | -0.04 | 049 0.8
Pestan River
1961-1990 | 0.82 1.50 1.35 074 | 097 | 095 | 032 | 036 | 0.15 0.13 027 | 055 | 0.68
Feoke 1991-2020 | 068 | 091 104 | 079 | 076 | 048 | 041 020 | 024 | 025 040 | 066 | 057
Difference | 0.14 | 059 | 131 | -005 | 021 | 047 | -009 | 0.16 | -0.09 | -0.12 | -0.13 | -0.11 | 0.1
Cemernica River
) 1961-1990 | 4.39 | 7.25 7.71 516 | 658 | 468 | 2.29 1.48 1.30 149 | 232 363 | 402
rreline 1991-2020 | 3.78 | 623 | 880 | 587 | 503 | 373 | 289 | 165 | 1.71 | 200 | 258 | 367 | 3.99
Difference | 0.61 1.02 | -1.09 | -0.71 1.55 | 0.95 -06 | 017 | -141 | -051 | -026 | -0.04 | 0.02
Kubrsnica River
1961-1990 | 1.76 | 433 | 371 228 | 222 | 235 | 077 | 037 | 032 | 040 | 067 1.16 1.7
Smed. Palanka
1991-2020 | 2.05 3.21 357 | 201 1.77 1.52 147 | 062 | 049 | 063 | 0.79 1.65 1.65
Difference | 0.29 112 114 | 027 | 045 0.83 -0.7 | 025 | 017 | 023 | -0.12 | -049 | 0.05
Lepenica River
1961-1990 | 198 | 3.71 4.45 288 | 295 | 272 143 143 1.08 112 1.39 182 | 225
Batocina
1991-2020 | 145 217 | 249 | 226 1.65 193 1.80 1.22 1.11 1.08 1.15 1.45 1.65
Difference | 0.53 1.54 196 | 062 130 | 079 | 037 | 021 | -003 | 004 | 024 | 037 | 0.60
Belica River
1961-1990 | 0.67 117 1.35 088 | 095 067 | 030 | 019 | 018 | 023 | 033 | 050 | 062
Jagodina
1991-2020 | 0.59 | 0.87 1.07 102 | 083 | 066 | 042 | 026 | 017 | 025 | 031 0.51 0.58
Difference | 008 | 030 | 028 | -0.14 | 012 | 001 | -012 | -007 | 001 | -002 | 002 | -0.01 | 004
Lugomir River
‘ 1961-1990 | 2.01 3.62 | 453 3.01 290 | 251 093 | 066 | 053 054 | 087 1.51 197
el 1991-2020| 148 | 258 | 367 | 284 | 222 127 | 089 | 042 | 031 050 | 059 1.24 1.50
Difference | 0.53 104 | 086 | 017 | 068 124 | 004 | 024 | 022 | 004 | 028 | 027 | 047

Statistical significance — p<0.01 and p<0.05
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On Lim River in Montenegro, the maximum discharge
is observed in May and in its tributary Ljubovida in April.
The minimum discharges were recorded mainly in August.
Generally, river discharge decreases from December to
February, increases from March to April or May, then
decreases by August, and increases from September to
December. By comparing two thirty-year periods, it was
noted that at the upstream hydrological station Plav,
the minimum discharge was moved from September to
August in the later period. At the downstream hydrological
station Bijelo Polje, the maximum discharge moved from
May to April. The recording of maximum discharge in
April at this station coincides with secondary maximum
of precipitation amount, contributed by the earlier snow
cover melting in the downstream sector of the Lim River
basin due to the increased trend in air temperature. The
lowest discharges coincide with the lowest amount of
precipitation and highest air temperatures (Culafi¢ and
Krstaji¢, 2024).

According to the inter-annual distribution, discharge
generally decreased in almost all months, except March
(@and April in one station) and December in 1991-2020
compared to 1961-1990.

According to the results, the decrease in monthly
discharges between two thirty-year periods is statistically
very significant from May to August in the Lim River and
August on the Ljubovidja River. Also, a significant decrease
(p<0.05) was registered at Ljubovida River in July. During
the other months, changes in monthly discharges are not
statistically significant (Table 2).

DISCUSSION

Studies worldwide found discharges correlation with
climate variation, such as air temperature, precipitation,
snow cover melting, as well as anthropogenic activities.
General decrease of discharges is caused by global change,
such as precipitation, land use change and increase of
water consumption (Billi and Fazzini, 2017). The discharge
decrease resulting from this study indicate its correlation
with the variability of climatic elements, especially with
air temperature. In the Sumadija Region, for instance, a

statistically significant increase in air temperature was
recorded in the 50 year period. According to Milanovic¢
Pesi¢ and Milovanovi¢ (2016), the calculated trends of
mean annual air temperatures in the Sumadija Region for
1961-2010 indicate a statistically significant increase in
almost all meteorological stations and ranges from 0.02
to 0.04 °C/year. The absolute maximum air temperature
trends have a statistically significant increase in half of
the analyzed stations and range from 0.05 to 0.07 °C/year.
At the monthly level, the calculated trends of mean air
temperatures in July and August showed that almost all
stations have a statistically significant increase (0.04 to 0.07
°C/year), while the trends of the mean air temperatures in
January are not statistically significant, although is recorded
slight temperature increasing.

Regarding precipitation, the calculated changes in
Serbia ranged from -2 mm to +2 mm/year from 1961-2010,
and there is no statistically significant trend (Milovanovic et
al. 2017a). In the Sumadija Region, a decrease in the mean
annual precipitation was observed in parts of the Zapadna
Morava River basin (from Kraljevo to Prokuplje). At the
same time, in the rest of the area, there was an increase in
the mean annual precipitation. As regards the spring and
summer precipitation, there were no statistically significant
changes in the observed period. In the entire territory of
Serbia, a slight decrease in precipitation in spring and a
slightincrease in precipitation in summer were observed. In
addition, a slightincreasein precipitation is recorded during
autumn and winter (Milovanovi¢ et al. 2017a). Analyzing the
water balance in Serbia, it was calculated that about 75% of
the precipitation evaporates. Considering air temperature
increasing, evaporation is even more pronounced, which
has an unfavourable effect on discharge. This trend is also
observed in Region Sumadija, and it was calculated that
about 81.4% of precipitation evaporates in the Lepenica
River basin (Milanovi¢ 2007). Therefore, it can be concluded
that the discharge decrease in the selected river of Region
Sumadija is mainly influenced by significant air temperature
increases. In addition, a decrease in discharge could be
caused by human activities, including land cover change,
urbanization, and population increase. As it was stated
by Vuksanovi¢-Macura et al. (2018), in the 20" century,

Table 2. Mean monthly and annual discharges (m3/s) at the selected rivers in 1991-2020 relative to 1961-1990

Station Period I I If \Y v Vi VI VIl IX X X XII Year

Lim River
1961-1990 | 1562 | 14.08 | 1564 | 3246 | 46.04 | 31.18 | 1545 | 8.17 791 14.78 | 2267 | 21.33 | 2044
e 1991-2020 | 15.07 | 1257 | 1667 | 3143 | 37.09 | 2091 | 9.78 4.90 6.70 | 1281 | 2260 | 2417 | 17.89
Difference | 0.55 149 | -1.03 | 1.03 895 | 10.27 | 5.67 327 1.21 1.97 007 | -284 | 255

Lim River
) [ 1961-1990 | 61.05 | 61.72 | 7234 | 12060 | 13632 | 77.99 | 3646 | 2069 | 2277 | 3877 | 6488 | 7627 | 6582
elopole 1991-2020 | 5262 | 5049 | 77.92 | 11945 | 109.23 | 53.07 | 23.54 | 1527 | 2040 | 33.89 | 62.02 | 77.70 | 57.97
Difference | 843 | 1123 | -558 | 1.15 | 27.09 | 2492 | 1292 | 542 | 237 4.88 286 | -143 | 785

Ljubovida River

Ravna 1961-1990 | 993 | 11.16 | 1271 | 17.02 | 1347 | 7.75 429 296 3.26 561 939 | 1187 | 912
Rijeka 1991-2020 | 9.03 850 | 1355 | 1706 | 1226 | 665 338 203 263 4.78 983 | 1323 | 859
Difference | 0.90 266 | -084 | -0.14 | 1.21 1.1 091 093 | 063 083 | -044 | -136 | 053

Statistical significance — p<0.01 and p<0.05
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the population in the Sumadija Subregion of the capital
Belgrade area increased from 68,480 to 930,000, forest and
agricultural areas gradually decreased, and artificial land
cover increased from 6.0% to 34.6% of the subregion area,
which was an increase of 479.7%. Based on the results of
Drobnjakovi¢ et al. (2021), changes in the population of the
Sumadija Region and the type of settlement took place in
favour of urban settlements from 1948 to 2011. The most
intensive migrations occurred in 1961-1981 when the
urban population of several municipalities increased by up
to 50%. Demographic changes and intensive urbanization
also caused changes in the land cover.

Our results and interpretations are in line with several
studies provided for other areas of Serbia. These studies
examined the connection of discharges with precipitation,
air temperatures and human influence, as well as the
consequences of discharge changes on human activities.
Krtolica et al. (2024) concluded that decreasing annual
discharge trends were observed in many rivers in Serbia,
including Velika Morava, Nisava, Juzna Morava, Timok
and Toplica rivers, as a consequence of climate variables
(increased air temperatures and decreased precipitation),
land use changes and natural vegetation changes, as well
as increased water demand for irrigation. On the other
side, Bokic¢ et al. (2022) found that discharge decreased
due to vegetation growth during June, with the highest
precipitation in the Nisava River basin. Idrizovi¢ et al. (2020)
have projected changes in discharges, precipitation and
temperature for two periods: 2021-2050 and 2071-2100
compared with the reference period 1971-2000 in the
Toplica River basin. The authors forecasted no notable
changes on an annual scale but an increase in discharge,
air temperature and precipitation during the winter months
and a decrease in discharges during the warm season.
Discharges in Juzna Morava River and Zapadna Morava River
basins are determined by air temperature and precipitation,
terrain slope and geological structure, pedological and
vegetation cover and human impact (Langovi¢ 2019;
Langovi¢ et al. 2017). Manojlovi¢ et al. (2021) found a
significant decrease in discharge for the Juzna Morava River
basin in the 1961-2007 period but no significant changes
in precipitation. Decreased discharge has been caused by
human activities and interventions such as water extraction,
agricultural irrigation, industrial and urban use, engineering
works, and conservation measures in the 1960s and 1970s
(Manojlovi¢ et al. 2021).

Inthe selected rivers of the northern part of Montenegro,
the statistically significant decrease in discharge from May
to August is a direct consequence of climatic elements
variability, especially the air temperature increasing trend.
Culafic etal. (2017) analysed the impact of climate change in
the Lim River basin and concluded that there was a tendency
for the mean annual discharge to decrease in in 1948-2014,
along with an increase in air temperature, especially with
high oscillations during the winter months. Analysing the
relationship between discharge and precipitation in the Lim
River basin for the 1966-2014 period, Culafi¢ (2020) found
that there is a decrease in discharge during the summer
(July and August), especially from 1989, while on the other
hand, a constant increase in air temperature is recorded, as
well as a slight decrease in the amount of precipitation.

The decreasing trend in the discharge of the selected
rivers in 1991-2020 compared to 1961-1990 carries
significance in water resources management, especially
through the negative effect on water supply, water quality,
agriculture, biodiversity, etc. Although the studied rivers in
Sumadija Region are not directly used for the water supply
of settlements, they have multiple purposes, and preserving

their good water quality is important. Continuous
monitoring is necessary to analyse the correlation of
discharge variability and the impact on water quality.
Unfortunately, some of these rivers do not have water quality
monitoring, and others are not continuously monitored. By
analysing data in the water quality of the Lepenica River
in 2001-2005, Milanovi¢ and Kovacevi¢ (2007) concluded
that the Lepenica River is a polluted watercourse. The
highest level of water pollution is during the summer and
early autumn, when the discharge rate is the lowest, and
it is mainly polluted by wastewater from industrial facilities.
In recent years, water quality testing of Lim River has been
carried out 3 to 4 times per year. Reports indicate that the
water quality in the upstream sector near Andrejevica is
good. The water quality is moderate in the downstream
sector near Bijelo Polje and on its tributary Ljubovida (IHMS,
2024). However, it is necessary to provide continuous water
quality measurements in the Lim River basin to research the
impact of discharge change on its water quality.

Discharge variability also has an impact on erosion
processes in watersheds. Until now, no studies have dealt
with the influence of discharge changes on erosion intensity
in this study area. Risti¢ et al. (2013) analysed the impact of
land-use changes in the Dic¢ina River basin from 1966 to 2012
and concluded that maximal discharges had been reduced
since 2002 due to land-use changes, including erosion and
control torrent works. Spalevi¢ et al. (2020) analysed land-
use changes and theirimpact on erosion, primarily on fluvial
erosion in the Miocki Potok basin, Lims tributary. They found
that changes in land use in the last 50 years have reduced
soil erosion intensity by 14%.

According to the Erosion Map of Serbia (1983), made
in the 1966—1971 period, 86.39% of Serbia was affected by
varying erosion intensities, and excessive and very strong
erosion covered about 14.3% of the territory. However,
during that time, the relationship between erosion
categories changed, and according to data from 2009, the
area under excessive erosion decreased by 50—-70%, and
the areas under severe erosion were reduced by about 75%
and moved into the medium erosion category (Lazarevic
2009). According to Dragicevi¢ et al. (2011), areas with
strong erosion potential cover about 3.76% of the territory
in Serbia. Numerous factors influenced the change in
erosion intensity, and it would be significant to examine the
correlations between the discharge decrease and erosion
intensity changes in specific river basins.

CONCLUSIONS

In this study, discharge changes during sixty years
on selected rivers of the Danube basin in central Serbia
and northern Montenegro were analysed. The maximum
discharge on the rivers in Serbia is recorded mainly in March,
and the minimum discharge is mainly in September, while
on the analysed rivers in Montenegro, maximum discharges
were in May (or April) and minimum in August.

By using a t-test, it is concluded that in all the study
rivers, a decrease in mean annual discharge was recorded
in the 1991-2020 compared to the 1961-1990 period. This
discharge decrease is statistically very significant (p<0.01)
in rivers Lepenica and Lugomir in Serbia and statistically
significant (p<0.05) in Lim in Montenegro. The monthly
discharges decrease observed in the 1991-2020 period is
statistically very significant (p<0.01) from May to August on
Lim River and in August on its tributary Ljubovida River in
Montenegro, in February and May on Lepenica River and
in June and September on Lugomir River in Serbia, and
statistically significant (p<0.05) in July Ljubovida River in
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Montenegro and in January and March on Lepenica River
in Serbia. In contrast a statistically significant (p<0.05)
discharge increase is registered in September and October
on the Kubrsnica River and in October on the Pestan River in
Serbia. In other months, no statistically significant changes
in monthly discharges were observed between the two 30-
year periods.

Discharge decreases in selected rivers correlate with a
statistically significant air temperature increase in the entire
region, whereas it is barely influenced by precipitation,
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ABSTRACT. The most recent climate change scenarios indicate an increase in extreme climate events (rainfall) and therefore
an increase in soil loss. Strumica River is a tributary of river Struma/Strimon — a transboundary basin in North Macedonia
(Strumica), Bulgaria and Greece that flows to the Aegean Sea. Most of the models incorporated in several software packages,
use the USLE (Universal Soil Loss Equation). USLE-based models (RUSLE, MUSLE) are designed to model soil loss on gentler
slopes and in agricultural areas. Furthermore, the model considers soil removal, but not the mass movement processes. On the
other hand, the EPM (Erosion Potential Method by Gavrilovic), considers all soil particles (including rocks and mass movement)
as well as all slope topography. The EPM considers the whole basin area. The aim of this research is to assess the differences
between the two methods in the case study of the Strumica river basin. The results show differences in the quantities of the
produced sediment. On the basin level, according to EPM, the quantity of annual produced sediment is 3.38 m? ha year' while
RUSLE depicted an annual soil loss at 1.59 t ha''year'. When observing just the agricultural land, according to EPM, the annual
produced sediment is 4.22 m® ha year" while according to RUSLE, the annual produced sediment is 2.84 t ha'year!. The EPM
yields higher quantities because it takes into account the gully erosion and mass movement processes.
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INTRODUCTION an affluent area of the world, accelerated water erosion’s
on-site effects upon agricultural soils can be mitigated by
A Hazard is something that has the potential to harm  increased use of artificial fertilizers; however, this is not an
you. Risk is the likelihood of a hazard causing harm (EFSA,  option for much of the earth’s population (Favis-Mortlock,
online). A hazard is a situation or potential condition to 2017).
harm or threat to life, health or damage to property or Off-site effects, caused by erosion, transport the
environment, social and economic disruption. The mass  sediment through the watershed drainage pattern, are less
movement of soil is an indicator of a soil erosion hazard.  visible and less studied. In the process of runoff on eroded
This includes gully erosion, riverbank erosion, rock falls,  slopes, along with soil particles (erosion sediment), all the
debris-falls and landslides that can create damage to the  other substances contained in the eroded soil layer are
environment and livelihoods (Senanayake et al., 2020). also removed. These substances can be natural, organic,
Erosion hazard refers to the threat of channel migration inorganic, or artificial. Natural substances vary depending
and/or down cutting, due to erosion during times of  on the slope’s or eroded region’s geologic and pedologic
flooding, or erosion of the ground around a structure in properties. Most often, various fertilizers and pesticides are
such a manner as to threaten the stability of the structure. It applied inagricultural production, and they reach the lower
depicts the susceptibility of a site to erosion, based on soils,  hydrographic network along with the eroded sediment.
conditions and steepness of a slope, rock type, vegetation, After reaching the streams and reservoirs, erosion sediment
and other site factors. has the following ecological (and other) adverse effects: a)
Soil erosion is one of the major environmental threats mechanical pollution of the stream and reservoir water, b)
(Amundson et al, 2015) that is forecasted to diffusely  chemical pollution of water by manures and fertilizers, and
increase under the impact of climate change (Borrellietal,  ¢) chemical pollution by pesticides (Kostadinov, 2002).
2022; Panagos et al., 2022, Bezak et al., 2024). Various methods for erosion vulnerability assessment
Erosion risk assessment is a much more complex task  are used by various countries in the world. Development
since it considers various adverse effects that occur both of erosion vulnerability assessment methods, soil loss
on-site and off-site. The main on-site impact of soil erosion  estimation and erosion intensity estimation, have a long—
is the reduction in soil quality which results from the  term tradition and a large number of methods and models
loss of the nutrient-rich upper layers of the soil, and the  have been developed in the past 100 years.
reduced water-holding capacity of many eroded soils. In
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Generally, three types of approaches exist to identify
areas at risk: qualitative approach, quantitative approach,
and model approach. All these methods vary in their
characteristics and applicability (Eckelmann et al, 2006).
On the territory of the Republic of North Macedonia, the
most practiced method is EPM by Gavrilovic. Considering
the worldwide use of the USLE/RUSLE methods globally, it
has also been applied in the country (Blinkov et al., 2020).

The Erosion Potential Method (EPM) is a complex
methodology designed for use in the field of Integrated
Water Resources Management and was originally
developed for Yugoslavia by Slobodan Gavrilovic in
1972. EPM is factor-based, which means that a series of
factors, each quantifying one or more processes and their
interactions, are combined to yield an overall estimation of
soil loss. The EPM method gives a quantitative estimation
of erosion intensity as well as the estimation of sediment
production and transportation (Gavrilovic et al., 2006).

The Universal Soil Loss Equation (USLE) predicts the
long-term average annual rate of erosion on a field slope
based on rainfall pattern, soil type, topography, crop
system and management practices. USLE only predicts the
amount of soil loss that results from sheet or rill erosion on a
single slope and does not account for additional soil losses
that might occur from gully, wind or tillage erosion. This
erosion model was created for use in selected cropping
and management systems but is also applicable to non-
agricultural conditions such as construction sites. The USLE
can be used to compare soil losses from a particular field
with a specific crop and management system to “tolerable
soil loss” rates. Alternative management and crop systems
may also be evaluated to determine the adequacy of
conservation measures in farm planning. The Revised
Universal Soil Loss Equation (RUSLE) is an upgrade of
USLE that is independent of land use. It can be used on
cropland, disturbed forestland, rangeland, construction
sites, mined land, reclaimed land, military training grounds,
landfills, waste disposal sites, and other lands where rainfall
and its associated overland flow cause soil erosion. RUSLE
maintains the same empirically based equation as USLE to
compute sheet and rill erosion (FAO, online).

The first erosion map of the Republic of Macedonia
was finished in 1993 by the Institute for water economy

(orig: Zavod za vodostopanstvo) in a process that lasted
eleven years with extensive field validation and traditional
mapping techniques. Thirty years later, in 2020, it was
updated with contemporary mapping techniques (GIS
and Remote sensing, including field mapping using an
expert judgment approach as control of the modelling
results). The erosion map EPM and RUSLE were developed
in a project funded by UNEP (UN Environmental program)
for the Ministry of Environment and physical planning
of Republic of North Macedonia. The latest erosion map
(update of the first erosion map) was used in the analyses
of this paper (Blinkov et al., 2020). There are several other
erosion maps developed for research purposes (Milevski,
2015).

In the scope of this research, an erosion map using the
two methods, EPM by Gavrilovic and RUSLE was produced.
Conceptually, EPM was intended to be used for the whole
country and RUSLE was intended mainly for the agriculture
area.

The aim of this paper is to show the difference between
two models for soil erosion estimation: EPM and RUSLE.
The separate objectives are: (1) to estimate the produced
sediment in the basin using EPM, (2) to estimate the soil
loss in the basin using RUSLE, and (3) to compare the
modeled values on different land uses.

MATERIALS AND METHODS
Study area

Struma/Strymon is a transboundary river with a basin of
18,078 km? (290 km and 10,797 km? in southwest Bulgaria;
710 km and 7,281 km? in northern Greece), its tributaries
even extending into four countries (small parts are in
Serbia and Republic of North Macedonia) (INWEB, online).

Theriver Strumicais a tributary of Struma River. Strumica
river basinis 1,649 km? which is 6.4% of the territory of North
Macedonia. A major part of the total watershed (75%) is in
North Macedonia, while the remaining is in Bulgaria and
Greece. River Strumica takes its source from the Plackovica
Mountain at an altitude of 1,540 m asl running south in a
deep valley and known as the Stara Reka (Popovska and
Geshovska, 2014).

Fig. 1. Location of the basin of Strumica river in North Macedonia
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The basin area of the Strumica River is situated in the
south-eastern part of North Macedonia (Fig. 1). In this paper,
only the part of the basin which is located in North Macedonia
is considered. The basin has a total area of 1485 km? The land
coverisdominated by broad-leaved forests in the higher parts
of the basin with 38.9% and transitional woodland 19.7%. On
the other hand, agricultural land is present at 35.2% of the
total (Fig. 2).

The specific geographical and topographical position of
the Strumica region is characterized by two zonal climates:
sub-Mediterranean and continental. Sub-Mediterranean
withlong hot summers, with high average daily temperatures
and reduced annual rainfall, decreased winter temperatures
and winds from all directions (Lazarevski, 1993).

The climatic characteristics of the basin are strongly
influenced by the location, orography, vegetation, and
hydrological conditions of the region. The lowest parts of
the basins are affected by the sub-Mediterranean climate,
hilly and upland areas are affected by moderate continental
and mountainous climate and highland areas are affected
by typical mountain climate. Within the analysed period
(1981-2010), the average annual air temperature for the
basin is 11.2°C. The average annual rainfall sum is 626 mm,
and in the higher parts of the basin, it can get up to 1014
mm (Aksoy et al., 2020).

The basin area of the Strumica River is part mountainous
with 2/3 of the area and the flat valley with a dominant
agriculture area. The average slope of the catchment is 27%,
with maximal value of 230%; most of the mountainous area
is with steep slopes in the range of 45-100%.

The dominant soil type in the mountainous part of the
basin area is cambisol with 34.4%, on the other hand, in the
valley the most dominant are the alluvial soils (12.7%) and
colluvial fans (11.8%). Also, in the basin there are regosols
(6.8%), complex of cambisol and regosol (6.5%), complex of
humic eutric and umbric regosol (6.1%), complex of chromic
luvisol on saprolite and regosol (5.6%) and leptosol (4.5%)
(Markovski et al., 2018).

The geology of the investigated area is very diverse. In
the northern and east-northern parts prevail Proterozoic

gneisses and shales. In the central part, along the Strumica
river, prevail Quaternary alluvial sediments and Neogene
clastic sediments.Inthe central-eastern partandinthe south-
eastern part magmatic rock are present, while in the south-
western part prevail Paleozoic shales with the inclusion of
Paleozoic carbonates (Stafilov & Sajn, 2016, Cancalova et. al,
2017). The basin area is dominated by double mica gneiss
(15.3%), alluvium (14.9%), biotite granite (10.6%), mica schist
and leptynolite (10.3%), deluvium-proluvium 9.1% and marl
clay, sandstone and gravel (8.8%).

Modeling produced sediment (soil loss) in the basin of
Strumica river with the Erosion Potential Method (EPM)

There are many methodologies which are used for soil
erosion estimation. Blinkov and Kostadinov (2010) provide a
review of applicability for various usage scenarios of several
models for estimation of erosion: EUROSEM, USLE, PESERA,
KINEROS, WEP, WEPP and EPM.

The EPM was developed in the Balkan region, south
Serbia, which is very similar in climatic conditions to North
Macedonia, and therefore it is well adapted to the study area.
Also, the model has the ability to predict sediment transport
and deposition and it was developed by calibration with the
measurement of the deposited sediments in the existing
reservoirs. The EPM was validated using bathymetric
measurements of several water reservoirs and it show similar
results of the model and the measurements (Mincev, 2018).

It was observed that the use of this model increased
from 2011 to 2019, and very few studies were conducted in
the preceding decade (2000-2010). This method has been
widely used in the European continent making it the third
(6.7%) most used quantitative method
(Pandey et al,, 2021).
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Fig. 2. Land cover/use map of the Strumica River basin
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Where:

7 — coefficient of erosion by Gavrilovic (dimensionless)

y - the reciprocal value of resistance of soils/rocks on
erosion processes

Xa - protection of the basin in natural conditions and after
erosion control

o - coefficient of visible processes of erosion

Jsr- mean slope of the basin

W — quantity of produced sediments [m? year']

T - temperature coefficient

H — total annual precipitations [mm]

- Ludolph number

F — basin area [km?]

The EPM (by Gavrilovic) was originally designed to
be used with hardcopy maps, and the mapping process
itself was carried out on a basin level. With the advent of
GIS tools and the large variety of geographic data available
(Corine LC/LU, soil maps, geology maps, elevation data —
DEM, rainfall models, etc.), the mapping process evolved
on much smaller mapping units. These datasets can be of
good quality, but the production scale should be taken
into account, and they could be reclassified according to
the given classes in the methodology. The use of a global
dataset is recommended due to the easy transferability
and comparability of the results (Mincev, 2015).

The input parameters used for the EPM and RUSLE were
as follows: National soil map (scale 1:50,000); Land cover:
Corine LC/LU 2018 (developed by European Environmental
Agency, scale 1:100,000), later improved using visual photo-
interpretation of aerial imagery with spatial resolution of
0.3 m (2019) (Fig.2); DEM spatial resolution of 5 m; climatic
parameters developed in spatial resolution of 20 m,
analysed period (1981-2010) (Aksoy et al. 2020).

Modeling soil loss in the basin of Strumica river with
RUSLE

The main factors affecting the rates of soil erosion by
water are precipitation, soil type, topography, land use
and land management. In a recent inventory, Karydas et
al. (2014) identified 82 water-erosion models classified
on different spatial/temporal scales with various levels of
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complexity. The most used erosion model is the Universal

Soil Loss Equation (USLE) (Wischmeier and Smith, 1978)

and its revised version (RUSLE) (Renard et al., 1997) which

estimates long-term average annual soil loss by sheet

and rill erosion. It should be noted that soil loss caused

by (ephemeral) gully erosion is not predicted by RUSLE

(Poesen et al., 2003). Despite its shortcomings, RUSLE is still

the most frequently used model at large scales (Renschler

and Harbor, 2002; Kinnell, 2010) as it can process data

input for large regions and provides a basis for carrying out

scenario analysis and taking mitigating measures against

erosion (Lu et al,, 2003; Panagos et al., 2015e). The equation

of USLE (RUSLE) is:
E=R*K*C*LS*P (3)

Whetre:

E - annual average soil loss (t ha™ yr),

R - rainfall erosivity factor (MJ mm ha™ h™ yr),

K - soil erodibility factor (t ha h ha™ MJT mm),

C- cover-management factor (dimensionless),

LS - slope length and slope steepness factor (dimensionless)

and

P - support practices factor (dimensionless).

Each parameter is estimated and defined in detail, in
separate papers by Panagos et al,, published in 2015 (Panagos
et al, 2015a, 2015b, 2015¢, 2015d, 2015e). Also, a modification
and development of the R factor for North Macedonia was
published by Blinkov et al. (2022). More detailed description of
the both methods used it can be found in Tavares et al,, 2019.

RESULTS AND DISCUSSION

The main difference between RUSLE (and similar to USLE
methods) and EPM is different terminology that represents
different processes and conditions. Soil loss is in fact loss
of consolidated material. Sediment production refers to
unconsolidated material. The difference is in bulk density
because in situ soil bulk density is higher then bulk density
of unconsolidated or partially consolidated erosive material
(Blinkov, 2014). Apart from that, the main difference between
EPM is that USLE (RUSLE) are limited on sheet and inter-rill
erosion. On the other hand, EPM recognizes deep erosion —

Fig. 3. Comparison of soil loss/produced sediment of EPM vs. RUSLE in the basin of Strumica river
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Table 1. Comparison of soil loss/produced sediment of EPM vs. RUSLE on different land cover and slope

Corine Land cover/Land use (Level 3) EPM-W (t/ha) RUSLE-E (t/ha) Slope (%)

Non-irrigated arable land 2.1 1.5 33

Complex cultivation patterns 42 2.5 7.5

Land principally occupied by agriculture, with significant areas of 34 40 137
natural vegetation

Pastures 1.2 6.3 246

Vineyards 34 34 44

Broad-leaved forest 1.3 0.2 419

Mixed forest 14 0.1 374

Coniferous forest 1.1 0.1 36.2

Transitional woodland-shrub 6.2 2.1 337

Natural grasslands 6.2 30 292

Sclerophyllous vegetation 37 38 421

gullies, landslides, rockfalls, fluvial, deep erosion etc. (Blinkov
and Kostadinov, 2010).

The EPM produces an output expressed in volume units
m’ha’year'. On the other hand, RUSLE expresses the output
in weight measure t ha'year'. In order to make a comparison
of the results of the soil loss or produced sediment the EPM
values were converted from m? to tons using the bulk density
of the soil/erosive material of 1.2 (1 m>=1.21).

The map above (Fig. 3) depicts the difference in
quantities of soil loss of the two methods. From the visual
inspection, it can be seen that the quantities in the valley
are similar (mostly green color). On the other hand, larger
discrepancies can be observed in the central part of the
basin, north of the confluence of the rivers. Focusing on
the red/orange color on the EPM map (classes 5-10, 10-20
and 20-50 t ha™) and the RUSLE map, the same areas have
maximum values of 5-10 t ha™. This can be attributed to
the fact that the RUSLE model does not account for the
mass movement erosion processes and only quantifies the
topsoil removal.

Table 1 depicts how the two models perform on
different land cover classes. The values are expressed as
average values, which were calculated on a polygon level
of the Corine land cover map from 2018. The agriculture
areas yield 1.3 times higher values with the EPM than with

REFERENCES

RUSLE. This was also confirmed before by Bezak et al., 2024,
and this was expected. The lower part of the table shows
the natural land cover classes. Here the difference is much
higher. On average, EPM yielded values that were seven
times higher than those of the RUSLE model. This difference
can also be accounted for by the slope of the terrain since
the RUSLE model was mostly developed for agricultural
areas and for slopes up to 15%. Similar comparison can be
found in Tavares et al., 2019.

CONCLUSIONS

The results show differences in the quantities of the
produced sediment. On the basin level, according to EPM,
the quantity of annually produced sediment is 3.38 m?
km= year' and according to RUSLE the annual soil losses
is 1.59 t ha'year'. When observing just the agricultural
land according to EPM the annually produced sediment is
4.22 m?* km? year" while according to RUSLE the annual
produced sediment is 2.84 t ha' year'. EPM yields higher
quantities because it considers gully erosion and mass
movement processes. On the other hand, the RUSLE model
is much more adapted for agricultural land and in terms of
soil loss estimation, it should yield more accurate results.

Aksoy, E., Arsov, S, Mincev, I, Fang C. (2020) Agro-ecological atlas of the Republic of North Macedonia. Rome, FAO
Amundson, R, Berhe, AA, Hopmans, JW., Olson, C,, Sztein, A.E., Sparks, D.L., (2015) Soil and human security in the 21st century. Science

(80-.) 348, 1261071. https://doi.org/10.1126/science.126107 1

Bezak, N., Borrelli, P, Mikos, M., Auflic, MJ. and Panagos, P, (2024) Towards a multi-model soil erosion modelling: An evaluation of the
Erosion Potential Method (EPM) for global soil erosion assessments, CATENA, ISSN 0341-8162, 234, 2024, p. 107596, JRC134173
Blinkov I. and Kostadinov S. (2010). Applicability of various erosion risk assessment methods for engineering purposes, BALWOIS

conference 2010, Ohrid, Macedonia

Blinkov I, (2014) An approach for conversion of erosion data produced by EPM method in weight measure, Monograph: Advances in
GEOECOLOGY 43 - Challenges: Sustainable Land Management — Climate Change, Edition: Advances in GEOECOLOGY, Editors: Miodrag Zlatic
& Stanimir Kostadinov, Publisher: CATENA VERLAG GMBH Armelgasse 11, D-35447 Reiskirchen, Germany

Blinkov I, Trendafilov A., Mukaetov D., Monevska Alcinova S., Stevkova S, Stevkov A, Minchev I. and Trendafilov B. (2020) Erosion, Drought
and Desertification Atlas of the Republic of North Macedonia; https://balkansfoundation.org/publications/

Blinkov I, Minchev |. and Trendafilov B. (2022) Calculation of the R-factor (the rainfall erosivity factor) for the needs of modeling soil
losses using the RUSLE method, based on annual precipitation (in Serbian); Erozija - Scientific Journal of erosion and torrent control, No.:48,

UDK 626 ISSN 0350-9648, https://phaidrabg.bg.ac.rs/view/0:28096

Borrelli, P, Ballabio, C, Yang, J.E, Robinson, D.A,, Panagos, P, (2022) GIoSEM: High resolution global estimates of present and future soil
displacement in croplands by water erosion. Sci. Data 9, 406. https://doi.org/10.1038/541597-022-01489-x



Trendafilov B., Minchev I, Trendafilov A. et al. COMPARISON OF EPM WITH RUSLE FOR SOIL EROSION MODELING ...

Cancalova, S, Stafilov, T, Sajn, R, & Alijagi¢, J. (2017). Spatial distribution of chemical elements in soil from the Strumica region, Republic
of Macedonia. Geologica Macedonica, 31(2), 117-130. Retrieved from https://js.ugd.edu.mk/index.php/GEOLMAC/article/view/1954

EFSA, official website, [online] Available at: https.//www.efsa.europa.eu/en/campaigns/hazard-vs-riski#:~text=A%20Hazard%20is%20
something%20that,0f%20a%20hazard%20causing%20harm [Accessed 3 Apr. 2024].

Eckelmann, W, Baritz, R, Bialousz, S., Bielek, P, Carré, F, Hruskova, B, & Téth, G. (2006). Common criteria for risk area identification
according to soil threats. Office for Official Publications of the European Communities

FAO, [online] Available at: https://www.fao.org/land-water/land/land-governance/land-resources-planning-toolbox/category/details/
ru/c/1236444/ ; [Accessed 18 Apr. 2024].

Favis-Mortlock D., (2017) [online] Available at: https://soilerosion.net/on-site_impacts.html#:~:text=The%20main%200n%2Dsite%20
impact,capacity%200f%20many%20eroded%20soils [Accessed 15 Feb. 2024].

Gavrilovic S. (1972) Inzenjering o bujicnim tokovima i eroziji (Engineering of torrents erosion) (in Serbian). Izgradnja, Belgrade special
edition, pp. 272.

Gavrilovic Z., Stefanovic M., Milojevic M., Cotric J,, (2006): “Erosion Potential Method» An Important Support For Integrated Water
Resource Management. BALWOIS 2006 conference, Orhid, Republic of Macedonia http://balwois.com/balwois/administration/full_paper/
ffp-700.pdf

INWEB, official website, [online] Available at: https://www.inweb.gr/workshops2/sub_basins/11_Strymon.html [Accessed 7 Apr. 2024].

Karydas, C.G. Panagos, P, Gitas, 1.Z, (2014) A classification of water erosion models according to their geospatial characteristics.
International Journal of Digital Earth 7 (3), 229-250.

Kinnell, PLA., (2010) Event soil loss, runoff and the Universal Soil Loss Equation family of models: a review. Journal of Hydrology 385,
384-397.

Kostadinov S., (2002) Erosion and Torrent Control in Mountainous Regions of Serbia; Proceedings,Keynote paper; International Year of
Mountainous Conference:"Natural and Socio-Economic Effects of Erosion Control in Mountainous Regions; Edited by: M.Zlati¢, S.Kostadinov,
N.Dragovi¢; Belgrade/ Vrujci Spa; Dec.10-13,2002; p.p.33-56.

Law Insider official website, [online] Available at: https://www.lawinsider.com/dictionary/erosion-hazard [Accessed 5 Apr. 2024].

Lazarevski A.: Climate in Macedonia, Kultura, Skopje, (1993), (in Macedonian)

Lu, H., Prosser, P, Moran, CJ, Gallant, J.C, Priestley, G, Stevenson, J.G,, (2003) Predicting sheetwash and rill erosion over the Australian
continent. Australian Journal of Soil Research 41 (6), 1037-1062.

Markoski, M., Mitkova, T, Tanaskovik, V., & Spalevic, V. (2018). Soil distribution in Strumica river basin and its importance for agricultural
production. Agriculture & Forestry, Vol. 64 Issue 4: 121-128, 2018. DOI: 10.17707/AgricultForest.64.4.14

Milevski I. (2015). An approach of GIS based assessment of soil erosion rate on country level in the case of Macedonia. Proceedings of
International scientificconference BALKANIKA 2015, pp. 97-104. http://dx.doi.org/10.18509/GBP2015.13

Mincev 1., (2015) Development of methodology for establishing protection zones in the proximity of water reservoirs from erosion and
sediment transport aspect, Doctoral thesis, Ss. Cyril and Methodius University, Faculty of Forestry in Skopje

Mincev [, (2018) Measuring v.s modeling sediment, case study: Kalimanci reservoir, Soil and water resources protection in the changing
environment, Ed.: Miodrag Zlatic; Stanimir Kostadinov; Schweizerbart and Borntraeger science publishers; Advances in Geoecology, Volume
45, 1SBN 978-3-510-65418-5

Panagos, P, Borrelli, P, Matthews, F, Liakos, L., Bezak, N., Diodato, N., Ballabio, C,, (2022) Global rainfall erosivity projections for 2050 and
2070. J. Hydrol. 610, 127865 https://doi.org/10.1016/jjhydrol.2022.127865.

Panagos, P, Ballabio, C,, Borrelli, P, Meusburger, K, Klik, A, et al,, (2015a). Rainfall erosivity in Europe. Science of Total Environment 511,
801-814.

Panagos, P, Borrelli, P, Meusburger, C, Alewell, C, Lugato, E,, Montanarella, L., (2015b). Estimating the soil erosion cover-management
factor at European scale. Land Use Policy 48C, 38-50, http://dx.doi.org/10.1016/ jlandusepol.2015.05.021

Panagos, P, Borrelli, P, Meusburger, K., (2015¢). A new European slope length and steepness factor (LS-Factor) for modeling soil erosion
by water. Geosciences 5, 117-126.

Panagos, P, Borrelli, P, Meusburger, K, van der Zanden, EH., Poesen, J,, Alewell, C., (2015d). Modelling the effect of support practices
(P-factor) on the reduction of soil erosion by water at European Scale. Environmental Science & Policy 51, 23-34.

Panagos, P, Borrelli, P, Poesen, J,, Ballabio C., Lugato E., Meusburger K, Montanarella, L, Alewell, C. (2015e) The new assessment of soil
loss by water erosion in Europe, Environmental Science & Policy 54, (2015) 438-447

Pandey Sh., Kumar P, Zlatic M., Nautiyal R, Panvar V.P, (2021) Recent advances in assessment of soil erosion vulnerability in a watershed,
International Soil and Water Conservation Research, Volume 9, Issue 3, September 2021, Pages 305-318

Poesen, J., Nachtergaele, J,, Verstraeten, G,, Valentin, C, (2003) Gully erosion and environmental change: importance and research needs.
Catena 50 (2-4), 91-133.

Popovska C., Geshovska V. (2014): Water Balance Model for Vulnerability Assessment of Water Resources in Strumica River Basin. Irrigation
& Drainage Systems Engineering. Volume 3. Issue 3. pp.1-9.

Renard, K.G, et al, (1997) Predicting Soil Erosion by Water: A Guide to Conservation Planning with the Revised Universal Soil Loss
Equation (RUSLE) (Agricultural Handbook 703). US Department of Agriculture, Washington, DC, pp. 404.

Renschler, C.S., Harbor, J, 2002. Soil erosion assessment tools from point to regional scales — the role of geomorphologists in land
management research and implementation. Geomorphology 47 (2-4), 189-209.

Senanayake S, Pradhan B, Huete A, Brennan J. (2020) A Review on Assessing and Mapping Soil Erosion Hazard Using Geo-Informatics
Technology for Farming System Management. Remote Sensing. 2020; 12(24):4063. https://doi.org/10.3390/rs12244063

Stafilov T, Sajn R: Geochemical Atlas of the Republic of Macedonia, Faculty of Natural Sciences and Mathematics, Skopje, 2016.

Tavares A, Spalevic V., Avanzi, J,, Nogueira D, Silva M, Mincato R. (2019). Modeling of water erosion by the erosion potential method in
a pilot subbasin in southern Minas Gerais. SEMINA: CIENCIAS AGRARIAS. 40. 555-572. DOI: 10.5433/1679-0359.2019v40n2p555.

Wischmeier, W,, Smith, D., (1978) Predicting Rainfall Erosion Losses: A Guide to Conservation Planning. Agricultural Handbook No. 537
U.S. Department of Agriculture, Washington DC, USA.

49



’ '.) Check for updates ‘ Kc

RESEARCH PAPER

MEASURING AND MODELING EROSION INTWO
SUCCESSIVE RESERVOIR CATCHMENTS ON THE DRIM
RIVER IN NORTH MACEDONIA

Ivan Minchev"', Bozhin Trendafilov’, Ivan Blinkov’, Aleksandar Trendafilov', Dragan Ivanovski?

''Ss. Cyril and Methodius University, Hans Em Faculty of Forest Sciences, Landscape Architecture and Environmental
Engineering, 16-ta Makedonska brigada No.1, 1000 Skopje, North Macedonia,

?Hidro Konsult Skopje, Hristo Smirnenski 14/1, 1000 Skopje, North Macedonia

*Corresponding author: ivan.minchev@sf.ukim.mk

Received: September 5" 2024 / Accepted: November 22" 2024 / Published: December 315 2024
https://doi.org/10.24057/2071-9388-2024-0581

ABSTRACT. The catchments of the reservoirs Spilje and Globocica are positioned in the western part of North Macedonia.
These catchments are situated in the higher part of the Drim/Drin catchment which is a transboundary catchment stretching
in several countries. The two catchments were mapped for erosion according to the Erosion potential method by Gavrilovic.
In order to assess the Erosion potential method, a bathymetric survey was also carried out. The two erosion maps created
for the two reservoir catchments show very different results. The catchment of the reservoir Globocica is one of the most
preserved catchments in the country from soil erosion point of view with average erosion coefficient of 0.21, specific annual
production of erosive sediment is 394 m? km2 yr', the specific annual transport of erosive sediment is 247 m* km2yr'and the
annual transport of erosive sediment is 74,543 m?yr'. On the other hand, the catchment of the reservoir Spilje is one of the
most erosive areas in the country, with average erosion coefficient of 0.44, specific annual production of erosive sediment of
776 m3 km= yr', the specific annual transport of erosive sediment of 541 m?km=yr' and annual transport of erosive sediment
is 563,154 m3yr'. The sedimentation of both of the reservoirs was measured only once in 2014 and 2015. The accumulated
sedimentin Spilje is 36.7 x10° m3 or mean annual intensity of sedimentation is 815,555 m3yr”. On the other hand, the Globocica
reservoir has much lower values for sedimentation, 3.3x10° m* or mean annual intensity of sedimentation of 67,346 m? yr'.

KEYWORDS: Erosion rates, Erosion modelling, EPM, lake bathymetry, reservoir sedimentation, Drim/Drin
CITATION: Minchev |, Trendafilov B, Blinkov I, Trendafilov A., Ivanovski D. (2024). Measuring And Modeling Erosion In Two

Successive Reservoir Catchments On The Drim River In North Macedonia. Geography, Environment, Sustainability, 4(17), 50-57
https://doi.org/10.24057/2071-9388-2024-0581

Conflict of interests: The authors reported no potential conflict of interest.

INTRODUCTION Balkan countries faced with the erosion problem for years, paid

significant attention to solving problems associated with erosion

The soil and the water are the two out of three components  (Blinkov et al,, 2019).

of the natural environment. Water is a renewable resource, but Construction of reservoirs is a priority for providing
the soil genesis on the other hand is long term process. So,  sustainability of the water resources. In the Republic of North
in other words the soil practically is not a renewable resource  Macedonia there are 23 big and over 120 small water reservoirs.
(Blinkov et al, 2003). Soil erosion is deemed as the mostimportant, On the other hand, erosion and filling the reservoirs with
most dangerous and most spread type of soil degradation and ~ sediment is one of the main problems of reducing the lifespan
it is the limiting factor of the sustainable use of the land and  of the reservoir. The total annual accumulated sediment in all the

development of the areas, states and regions. reservoirs in the Republic of Macedonia is 3,000,000 m? (Erosion
Soil erosion has been occurring over the geological time.  map of RM, 1993).
Inappropriate human activities accelerate this process. Soil Measuring sediment on natural flows is closely related to

erosion by water is a widespread problem throughout Europe.  the examination of the soil erosion intensity in their respective
It is considered as one of the major threats to European soils, ~ catchments. The erosion intensity can be measured with
particularly in the Mediterranean areas (CEC, 2002). In order  direct bathymetric measurements of the reservoirs or with
to effectively formulate mitigation strategies and implement =~ measuring the sediment discharge through one or many
conservation measures to counteract soil erosion, it is essential  respective measuring hydrometric profiles on the stream or it

to objectively identify and quantify areas at risk (Gobin et al,  can be estimated through modeling produced and transported
2002). sediment in the catchment (Gavrilovic, 1972).
The South and Southeast regions of Europe are significantly Various methods for erosion risk assessment are used by

prone to water erosion. In parts of the region, erosion has  various countries in Europe. Generally, three types of approaches
reached a stage of irreversibility and in some places, erosion has exist to identify areas at risk (Eckelmann et al,, 2006): qualitative
practically ceased because there is no soil left. Scientists fromthe  approach, quantitative approach, and model approach. All these
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methods vary in their characteristics and applicability. All of
the previously developed models were created for analog data
use but in the recent period they are adapted to use with GIS
enabled technologies. The most spread erosion type in the East
and Southeast Europe as well as in whole continent is water
erosion (Blinkov and Kostadinov, 2010).

The difficulty in applying the physically-based erosion
models to natural landscapes lies in the fact that sediment yield
predictions are still widely based on very simple empirical models
developed by multiple regression methods between morpho-
climate parameters and limited measurements of sediment yield
and/or sediment fluxes (Jansen and Painter, 1974; Ciccacci et al.,,
1980; Mulder and Syvitski, 1996; Poesen et al., 2003, Lazzari et al,
2015).

Reservoir sedimentation is a serious consequence of soil
erosion with large environmental and economic implications.
Based on the existing data on reservoir sedimentation trapping
rates, Mahmood (1987) estimated the global annual loss of
storage capacity of the reservoirs was around 1%. According
to the study by Wisser et al. (2013), global annual loss rates
compared to original reservoir storage capacity were projected
to range between 0.5 and 1%, equivalent to about 30 to 60
billion cubic meters per year.

Over time, sediments build-up in reservoirs and displace
usable storage volume, which in turn negatively affects
hydropower generation, reduces the reliability of the reservoir,
irrigation, water supply, flood management services, and
degrades aquatic habitat (Annandale et al, 2016; Icold, 2009;
Rakhmatullaev et al, 2011). On the other hand, reservoir
sedimentation also provides valuable information on erosion
problems and sediment transport within a drainage basin. A
reservoir can be considered as a large-scale experiment, as the
outlet of a giant erosion plot (de Vente et al, 2000, Mincev, 2015).

The measuring of the deposited sediment in the reservoir is
done on the basis of a reservoir bathymetric survey. In order to
assess the rate of sedimentation of the catchment there should
be constant monitoring of the filling up the reservoirs with
sediment. This data is necessary for validation and calibration
of the models for determining the sediment production and
transport in the catchment.

The first erosion map of the country was finished in 1993 by the
Institute for water economy (orig: Zavod za vodostopanstvo)
in a process which lasted eleven years with extensive field
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validation and with traditional mapping techniques. After almost
thirty years was updated in 2020 with contemporary mapping
techniques (GIS, Remote sensing including field mapping using
expert judgment approach as control of results of modelling).
The latest erosion map was used in the analyses of this paper
(Blinkov et al, 2020).

The aim of this paper is to show the difference between
measuring sediment in the reservoirs Globocica and Spilje and
estimating the sediment which is deposited in the reservoir by
using established modeling schemes. The separate objectives
are: (1) to measure the deposed sediment in the reservoir and
to estimate the rate of sedimentation of the reservoirs, (2) to
estimate the annual transported sediment in the reservoir using
the EPM methodology, and (3) to compare the measured and
modeled sediment estimations.

MATERIALS AND METHODS
Study area

The catchment areas of the reservoirs Spilje and Globocica
are located in the western part of the Republic of North
Macedonia. The Black Drim river basin connects with the White
Drim in Albania and further flows as Drim (Drin) river up to the
Adriatic Sea.

The Drin Basin is positioned in the south-east of the Balkan
Peninsula with water bodies and watersheds which spread across
Albania, Greece, Serbia, Montenegro and North Macedonia. It
comprises the sub-basins of the Black Drin, White Drin, Drin and
Buna/Bojana rivers, of the Prespa, Ohrid and Skadar/Shkoder
lakes, the underlying aquifers, and the adjacent coastal and
marine area (Fig.1). Water also flows through underground karst
cavities from Lake Prespa to Lake Ohrid (http://drincorda.iwlearn.
org/drin-river-basin/introduction).

The catchment area of Spilje reservoir is 985 km? and
Globocica reservoir is 328 km? respectively, excluding the
Ohrid Lake catchment. In this study, the catchment area of
the Globocica reservoir is starting from the Ohrid lake. From
sediment transport point of view, Ohrid Lake is not considered
a sediment source, it is more of a sediment trap, and therefore
the calculation of the sediment starts beyond the Ohrid lake. The
main water source of the Globocica reservoir is the Drim River.
The total storaae of the reservoir is projected on 58x10°m?,

2000 2000

2000

Fig. 1. Drim catchment within the administrative borders
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The catchment area of the Spilje reservoir is constituted
of two mayor catchment areas: Radika River to the north
and to the south extends the catchment area of the river
Black (Crn) Drim. Reservoir Spilje (Debar Lake) stretches east
and south of the town of Debar. The dam Spilje is located
on the Crn Drim River (Black Drin), 3.5 km south of the town
Debar, about 300m upstream of the North Macedonian-
Albanian border (Fig. 2). The total storage of the reservoir is
projected on 543x10°m?>.

The climatic characteristics of the catchment of
the reservoirs are strongly influenced by the location,
orography, vegetation and hydrological conditions of
the region. The lowest parts of the basins are affected by
the sub-Mediterranean climate, hilly and upland areas
are affected by moderate continental and mountainous
climate and highland areas are affected by typical
mountain climate. The average annual air temperature for
the catchment is 7.1°C. The average annual rainfall sum is
860 mm within the analysed period (1981-2010) (Aksoy et
al. 2020). The calculated R factor (rainfall-runoff erosivity
factor according USLE) for the catchment is in range of 502
and 831 with average value of 633 MJ mm ha' h yr'.

The catchment area of the reservoir Spilje has
heterogeneous geological structure. In the catchment
area of the reservoir is dominated by complex phyllites,
metasandstones and conglomerates 24%, complex
sandstones, clay, argiloshists and limestone 14% and 13%
of limestone with chert, clay and massive limestones. As
a result, the soil forming factors in the catchment can be
found the following soil types: brown forest soils (eutric
and distric cambisols) 30%, rankers 28%; calcocambisols
12% and lithosols 10% (Mincev et al, 2017).

The catchment area of the reservoir Globocica
has similar geological and soil structure with some
differences. Plate dolomite with chert, shale limestone
and conglomerate 32%, alluvium 14%, sandstone, shale
limestone and conglomerate 12%, marl clay, sands and
gravel 11%, phyllite schists 8%, etc. The dominant soils
are calcomelanosol 22%, brown forest soils (eutric and
distric cambisols) 21%, complex of calcomelanosols,
calcocambisols and dolomite 14% and molic fluvisols 11%
(ibid).

The land cover in the catchment of Spilje is mostly
dominated by broadleaved forest 40% (primarily of
oak, beech or beech-fir forests), natural grasslands 36%,
transitional woodland-shrub 10% and 6% agriculture
area (Corine LC/LU 2018). The upper limit of the forest is
dominated by alpine and subalpine meadows, rocky and
massive rock formations. In terms of erosion, the existing
vegetation basically provides relatively good protection of
the land from erosion. The worst situation is in the vicinity
of the inhabited areas, where the land use is significantly
affected by human. On the other hand, the land coverin the
catchment of Globocica is also dominated by broadleaved
forest 38%, agriculture 29%, natural grasslands 9% and
transitional woodland-shrub 139%. This catchment has more
agriculture area but it does not contribute significantly to
the erosion and sediment budget because is detached
from the vicinity of the reservoir and itis on a flat area. Most
of the agriculture area has the lowest erosion category (V).

Slope is a significant factor in increasing erosion and if
the two catchments are compared: Spilje has an average
slope of 50.2% and Globocica has an average slope of 30.8%.
In combination of the slope with the unstable geological
substrate on the shores of the Spilje reservoir there can
be seen extreme erosive processes which significantly
contribute to the reservoir sedimentation (Fig.3).

Bathymetric measurements of the Spilje and Globocica
reservoirs

The main task of the echo-sounding measuring of the
reservoirs is to determine the volume and the weight of
the sediment between two consecutive measurements or
from the beginning of the functioning of the reservoir till
the moment of the measuring. From these measurements,
also some other parameters can be calculated like the
annual sediment yield and the reservoir lifespan (Hall,
2010). It is estimated that worldwide, annually, from 0.5%
to 1% of the total storage of the reservoirs is lost because
of filling up the reservoirs with sediment (White, 2001).

Acoustic  echo-sounding  relies on  accurate
measurement of time and voltage. A sound pulse of known
frequency and duration is transmitted into the water, and
the time required for the pulse to travel to and from a target

e e
KD E;Ri\:l'.

Fig. 2. Location of the catchments of Globocica and Spilje in the Republic of North Macedonia and Europe
Source for map of Europe: https://www.europosters.eu/europe-physical-map-f104298988
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(e.g., a submerged object or the bottom of a water body) is
measured. To acquire information about the nature of the
target, intensity and characteristics of the received signal
also are measured. Prior to conducting a bathymetric
survey, geospatial data (including geo-referenced aerial
photography) of the target lake are acquired, and the lake
boundary is digitized as a polygon shape file. Transect lines
are predetermined based on project needs and reservoir
size (Fig. 4). Immediately before or after the bathymetric
survey, elevation of the lake surface is determined
(Jakubauskas and deNoyelles, 2008).

The reservoirs Spilje and Globocica were constructed
in 1969 and 1965, respectively. The first and only sediment
measurement was done in 2014 and 2015. The bathymetric
measurement was done using combined transect and
contour measurement.

Google Earth

20°3130°E 20°320°E

41°27'30°N:

Batimetric measuring points

Modeling transported sediment in the reservoirs
Globocica and Spilje with the Erosion Potential Method
(EPM)

There are several methods which are used for soil
erosion estimation. The paper from Blinkov and Kostadinov
(2010) give a review of several models for estimation of
erosion: EUROSEM, USLE, PESERA, KINEROS, WEP, WEPP and
EPM. All of the models provide an estimate of soil erosion,
but only few deal with transport and deposition of the
sediment: EUROSEM, WEPP and EPM.

The EPM was developed in the Balkan region, south
Serbia, which is very similar in climatic conditions with
North Macedonia and therefore it is well adapted to
the study area. Also, the model has the ability to predict
sediment transport and deposition and it was developed

o

Fig. 3. Gully erosion and extreme erosive processes on the banks of the Spilje reservoir
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Fig. 4. Bathymetric measurements of the Spilje reservoir



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2024

with calibration of deposited sediment in the existing
reservoirs. All of the previous studies were developed using
EPM and therefore the results would be comparable and
the methodology would be transferable (Mincev, 2015b;
Blinkov & Kostadinov, 2010).

Z=y*Xa* (go+\/§)
year

3
T*Hyear*ﬂ*\/Z *F*Ru
Where:

Z — coefficient of erosion by Gavrilovic (dimensionless)
y - reciprocal value of resistance of soils/rocks on erosion
processes
Xa - protection of the catchment in natural conditions and
after erosion control
¢ - coefficient of visible processes of erosion
Jsr- mean slope of the catchment
G — quantity of transported sediments [m? yr']
T - temperature coefficient
H — total annual precipitations [mm]
1 — ludolph number
F — catchment area [km?]
Ru - retention coefficient

There are several papers clarifying the EPM (see Mincev
and Blinkov, 2007) and here only the approach will be
shortly explained and the used data in the process and
the used modifications will be clarified more elaborately.
The EPM (by Gavrilovic) was originally designed to be used
with hardcopy maps, and the mapping process itself was
mainly done on catchment level. With the advent of the
GIS tools and the large variety of geographic data available
(Corine LC/LU, soil maps, geology maps, elevation data —
DEM, etc.), the mapping process evolved on much smaller
mapping units. These datasets can be with good quality
but the production scale should be taken into account and

)

G ()

they could be reclassified according the given classes in
the methodology. It is recommended using global dataset
because of the easy transferability and comparability of the
results.

The most specific parameter in the EPM is the “Xa"
parameter which is connected with the land cover of the
catchment and presence of implemented soil erosion
measures and works. The determination of the “X” part of
this coefficient is done with the use of land cover/use map.
The most commonly used land cover map is Corine LC/LU
map produced by European Environmental Agency (EEA).
This map is good for general purposes but in order to be
used for erosion mapping it should be improved. The most
obvious example is the class forest. If the class forest is with
good cover and in good condition it should take value
of 0.05, but in most of the cases the forest polygons are
generalized and they do not have the full cover or in some
cases there are gaps. To overcome this problem, it was
included NDVI (Normalized difference vegetation index).
The NDVI was extracted with Google Earth Engine and to
each land cover polygon was assigned an average NDVI
value. Then the highest values of NDVI were assigned the
default Xa value of 0.05 and the lowest value was visually
interpreted and assigned a value (Fig. 5). All of the other
values in between were rescaled according the NDVI value.
The same process was repeated for all of the land cover
classes.

The input parameters used for the EPM were as follows:
National soil map (scale 1:50,000); Land cover: Corine LC/
LU 2018 (developed by European Environmental Agency,
scale 1:100,000), later improved using visual photo-
interpretation of aerial imagery with spatial resolution of
0.3 m (2019) Fig.5; DEM spatial resolution of 5 m; climatic
parameters developed in spatial resolution of 20 m,
analysed period (1981-2010) (Aksoy et al. 2020).

Fig. 5. Xa values for the land cover class forest
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RESULTS AND DISCUSSION

The reservoir Spilje was designed with total storage of
543 million m3. The bathymetric measurements in 2014
showed 36.7 million m* deposited sediment in the reservoir
or annually 815,555 m? yr" or specific 827.97 m3km=yr'.
The reservoir Globocica was designed with total storage
of 58 million m? The bathymetric measurements in 2015
showed 3.3 million m? deposited sediment in the reservoir
or annually 67,346 m3yr' or specific 205.32 m3*km2yr,

The EPM model was conducted on both reservoir
catchments. The catchment of the reservoir Globocica
is one of the most preserved catchments in the country
with average erosion coefficient (z) of 0.21, specific annual
production of erosive sediment is 394 m® km?yr, the specific
annual transport of erosive sediment is 247 m3*km=2yr' and the

20°20'0"E 20°30'0"E
1 1

total annual transport of erosive sediment (sediment yield)
is 74,543 mPyr'. On the other hand, the catchment of the
reservoir Spilje is one of the most erosive areas in the country,
with average erosion coefficient (z) of 0.44, specific annual
production of erosive sediment of 776 m*km2yr’, the specific
annual transport of erosive sediment of 541 m* km= yr'and
total annual transport of erosive sediment is 563,154 m3yr .

If the measuring and modelling results are compared
there can be seen significant difference. Since these two
reservoirs do not have continuity of sediment monitoring
there can be expected such discrepancies. According
the EPM at the moment, the annual transport of erosive
sediment is 563,154 m’yr' and the bathymetric survey
shows reservoir sedimentation of 815,555 m? yr'. The
difference is significant. There are two possibilities for this
difference: error of the erosion modelling or error in the
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Fig. 6. Soil erosion map of the catchments of the reservoirs Spilje and Globocica
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bathymetry. The northern part of the basin is characterized
with specific Alpine relief conditions, where numerous
so called “point” sources of sediments occur, ie. rock
weathering, landfalls, landslides, even coastal erosion on
the lake banks (result of fluctuation level) that in a scale
of modelling following the EPM cannot be expressed. It
should be mentioned that EPM was developed in the area
of old mountains with different relief conditions.

According to Minchev (2018), on a similar study done
for the reservoir Kalimanci in the eastern part of the
country, the sedimentation rate of the reservoir shows
two rates of sedimentation from two periods, 1969-1984
and 1984-2013, in which the latest period has 2.5 times
decreased rate of sedimentation. This can be accounted
on the decreased pressure on the environment: decreased
population, agriculture practices and animal husbandry
and significant erosion control measures in the past
(Mincev et al. 2019, 2023).

On the other hand, the reservoir Globocica does not
have very big differences between the measured and
modeled quantities. According to the EPM at the moment,
the annual transport of erosive sediment is 74,543 m?3yr
and the bathymetric survey shows reservoir sedimentation
of 67,346 m® yr'. The aforementioned pressures were not
present here because this catchment is more natural and
there are not so big disturbances and also as previously
mentioned, this catchment has much gentler slopes.

CONCLUSIONS AND RECOMMENDATIONS

From the depicted results, it can be concluded that
that measuring and modeling sediment does not yield the
same results. The modeling results for the Spilje reservoir
show that the annual transport of erosive sediment is
563,154 myr-1 and the bathymetric survey measured
reservoir sedimentation of 815,555 m*yr-1.The difference is
significant. Several aforementioned studies show decrease
in the severity of the erosive processes in the past decades.
This can be accounted on the decrease of the population
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ABSTRACT. Interdependency between river basin water retention capacity and different types of water erosion is well
documented and recognized by researchers and practitioners. Erosion adverse effects on sustainable water and land
managementfrom local (catchment/drainage scale) toriverbasin level are various and generated by naturaland anthropogenic
drivers. The solutions and measures to address these issues span across Multilateral Environmental Agreements, sectoral
policies and legal framework. Consequently, the effective cooperation among different sectors, stakeholders and decision
makers is required from local catchment to transboundary river basin level. Natural water retention measures (NWRM)
multi-functionality in addressing water-related challenges by integrating different policy objectives at the river basin scale,
increased their relevance identification in river basin management plans. Selected NWRM with medium to high benefits
with respect to erosion reduction, sediment delivery, flood risk reduction, etc., are summarized. The main steps in flood risk
management, “win-win" measures identification by Tisza countries and NWRM included in the Integrated Tisza River Basin
Management Plan (2019) are presented. Well-structured data collection approach for different policies integration instead
of underlying differences and discrepancies is a good starting point for the productive shared river basins management and
governance. If the implementation of the NWRM have potential downstream cumulative effects on low flow water regime
the mechanism for evaluation of potential consequences has to be established and defined.

KEYWORDS: enatural water retention measures, flood risk win-win measures, integrated river basin management, transboundary
cooperation

CITATION: Mati¢ B. B. (2024). Integrated Transboundary Tisza River Basin Management Reinforcement By Natural Water
Retention Measures. Geography, Environment, Sustainability, 4(17), 58-65
https://doi.org/10.24057/2071-9388-2024-3354

ACKNOWLEDGEMENTS: Results and information on Tisza River Basin presented in this paper are funded by DTP Interreg
program within the scope of JOINTISZA project (DTP1-152-2.1): Strengthening cooperation between river basin management
planning and flood risk prevention to enhance the status of waters of the Tisza River Basin, and joint work by Tisza countries
experts within the scope of ICPDR Tisza group, GWP CEE, WWF Hungary, and REC (Regional Environmental Center).

Conflict of interests: The authors reported no potential conflict of interest.

INTRODUCTION Paradigm change is generated by number of issues that
can be addressed by adaptive and integrated water
From local hydrologic unit to the large transboundary ~ management (Wostl-Pahl et al. 2008) to enable flexibility
river basins (Amur, Nile, Danube, Mekong, and so on) given the high level of uncertainty with respect floods,
complexity of water management and governance is  droughts, rainfall frequency and intensity, etc. Integrated
generated by various issues and constrains e.g., extreme water resources management (IWRM) concept integrates a
events, land use, demand by sectors, natural features, large number of processes and their components such as
availability, lack of cooperation, etc. Two fundamental  the hydrological cycle, natural characteristics of the basin,
forms of water and people relation are benefits of various ~ environmental sustainability, economic development,
water use and water adverse effects due to damages  institutional and legal framework (Mayfield et al. 2004). The
and dangers to life and the economy (Jevdevi¢ 1946). new doctrine - IWRM (Figure 1) is incorporated in policy
Increase in multipurpose water use demand by humans  and legal frameworks at the national, transboundary, and
and intensive development generates increase in water  global level to combat increasing pressures on water
demand and pollution (Miloradov 1992). Water resources  resources (water scarcity, pollution, climate changes,
management practice around the world is challenged by  extreme hydrological events, land use changes, etc.).
serious problems (Simonovi¢ 2008). According to Dimkic¢ Erosion adverse effects on human society and
at al. (2008) abundance, exploitation and sustainable environment accompanied with economic and social
development are three main water management phases.  consequences are recognized as important for water
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management with negative impact on water quantity and
quality management. Soil erosion by water is estimated to
incuraglobal annual cost of eight billion US dollars to global
GDP (Sartori et al. 2019) and falling land productivity due to
erosion associated with rice production, is a major driver of
the increased water abstraction in Asia. Its consequences
span across sectors (water, forestry, environmental
protection, spatial planning, disaster risk reduction) and
administrative boundaries. Lack of erosion control at the
local or country level in the upper part of the river basin
generates risks to achieve water management objectives
and goals downstream e.g., reservoir sedimentation,
landslides, water courses hydromorphology, water quality
deterioration that might be decreased if erosion control
measures are implemented. Topography, rainfall patterns,
land cover and practices are some of the significant factors
of relevance for sediment yield and increase in sediment
quantity can be a strong signal of various changes that
includes watering and erosion, precipitation pattern and
frequencies, and human activities (Jaiyeola and Bwapwa
2015). Among the other sources land degradation results
in increased erosion intensity, causing elevated sediment
loads and enhanced sediment deposition in reservoirs and
channels within the river system, environmental and socio-
economic losses by decreasing soil fertility, increasing the
maintenance costs in hydropower plants and irrigation
schemes (Ayele et al. 2021). Land use and land cover (LULC)
planning should consider possibilities and constrains
to land use practices that reduce erosion to tolerable
limits based on soil characteristics, relief, and landowners’
socioeconomic aspects (Calegario et al. 2023).

Improved natural water retention capacity by
restoring or enhancing natural functioning of ecosystems
and the services they provide is achieved by NWRM
implementation. The great majority of these measures are
qualified as “win-win” solution since their implementation
reduce flood risk and support WFD (EU Water Framework
Directive) environmental objectives'. The integrated and

coordinated planning under the WFD and FD (EU Floods
Directive) has the potential to identify win-win measures
that can deliver on the objectives of both policies? and
beyond (Green infrastructure, biodiversity, etc). Integrated
water management concept is transposed in Republic of
Serbia legal framework and implementation advanced for
large transnational river basins (Danube, Sava, Tisza) while
the action is still pending for sub-basins and their sub
catchments (Mati¢ and Simic¢ 2017). The objective of this
paper is to underline benefits of the selected NWRM and
their identification as the win-win measures that interlink
flood risk management and environmental objectives for
reinforcement of the integrated Tisza River Basin water
management.

ECOSYSTEM SERVICES AND NATURAL WATER RETENTION
MEASURES

Ecosystems services (ESS) are benefits provided by
ecosystems to society which directly contribute to our
well-being and economic wealth (Millennium Ecosystem
Assessment 2005). People rely on ecosystems to provide
many water related services and hydrologic ecosystem
service (HESS) domain includes ESS positive impacts on
water regime and water resources, from the supply of water
for household use to the mitigation of flood damages
(Brauman et.al. 2007). Burkhard et.al. (2009) specified four
ESS benefits categories i.e., supporting (nutrient cycling,
soil formation), provisioning (supply of drinking water,
food, fuel, genetic resources), regulating (regulation of
floods, erosion, sediment production, runoff, climate,
water purification, etc) and cultural (tourism, recreation,
knowledge, and aesthetic experiences).

Their multi-benefits recognition is apparent given
the substantial increase in number of publications,
implemented or ongoing projects, and their integration
in sectoral policies and frameworks in last few decades.
Additionally, different definitions and concepts (Eco-DRR,

! International Commission for the Protection of the Danube River -ICPDR (2020). Coordinating the WFD and the FD: Focusing on
opportunities for improving efficiency, information exchange and for achieving common synergies and benefits, https://www.icpdr.
org/sites/default/files/nodes/documents/discussion_paper_coordinating_wfd_and_fd.pdf

2 EU Commission (2014): Links between the Floods Directive (FD 2007/60/EC and Water Framework Directive (WFD 2000/60/EC),
https://op.europa.eu/en/publication-detail/-/publication/5e8ddc30-ed98-47f3-872c-de78851¢c721f
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NWRM, Nature-based Solutions - NbS, Ecosystem-based
Adaptation - EbA, etc.) based on ecosystems, their services
and benefits are evident (Mati¢ and Karleusa 2022). Estrella
and Saalismaa (2013) explain ecosystem-based disaster
risk reduction (Eco-DRR) as the “sustainable management,
conservation and restoration of ecosystems to reduce
disaster risk, with the aim of achieving sustainable and
resilient development” Excerpt from study by Sudmeier-
Rieux et al. (2019) presented in Table 1 include diverse
ecosystems contribution to natural hazards disaster risk
mitigation.

For all presented ecosystems and their services
contribution to hazards mitigation benefits are primary
within regulation and include other aspects (provision,
supporting and cultural) regardless spatial distribution.
Both floodplains and mountain forests reduce speed and
volume of runoff, mitigate droughts, reduce erosion. The
reduction rate and mitigation efficiency are more or less
site, landscape specific. Governments formally agreed on
a definition of nature-based solutions (NbS-NBS), (NbS)
as “actions to protect, conserve, restore, sustainably use
and manage natural or modified terrestrial, freshwater,
coastal and marine ecosystems, which address social,
economic and environmental challenges effectively and
adaptively, while simultaneously providing human well-
being, ecosystem services and resilience and biodiversity
benefits”™.

River basin of any size represents mosaic comprised
of various terrestrial and aquatic ecosystems and their
services. Study of coherence and inconsistency of European
instruments for integrated river basin management (Evers
and Nyberg 2013) indicates that the management of water
and land resources is poorly connected and achievements
of IWRM goals requires consideration of measures that will
better connect water management and land use planning.
NWRM primary function is enhancing and/or restoring
the retention capacity of natural and man-made terrestrial
and aquatic ecosystems to deliver a range of services and
multiple benefits to people while contributing to the
achievement of the objectives of different environmental
strategies and policies, e.g., EU Water Framework Directive,
EU Flood Directive among the others (Strosser et al. 2015).
The NWRM application supports green infrastructure,
improves the quantitative status of water bodies, reduces
the vulnerability to floods and droughts and restore the
natural functioning of ecosystems and the services they
provide (Jaritt et al. 2016). Runoff generation primarily
depends on the precipitation intensity and distribution
and hydrologic unit capacity to retain water (from small
catchment to large river basins). Efficient natural capacity
to retain precipitation results in more uniform surface
water runoff regime with respect to quantity and speed
(Jevdevic 1956). Subsequently, erosion decrease, infiltration

increase, among the other benefits of well-functioning
retention capacity to mitigate extreme events. Pecinar
(1969) indicated that in watersheds with noticeable terrain
slopes, evident torrential flows and intensive erosion
processes, the maintenance of existing forest areas and
the afforestation of new ones are of great importance and
emphasized that lower and denser forests are much more
effective for erosion control so the restoration of the forests
is necessity.

Research indicated that for forest cover coefficient (ratio
of the area covered by forests and basin area) closerto 1 the
water regime in the catchment is more uniform and there
are less fluctuations in the water level on the basin outlet
profiles (Gavrilovi¢ 1972). Evidences of the forests ESS
benefits for low water regime within Zapadna (Western)
Morava River Basin (the largest share of renewable internal
- domicile fresh water resources in Serbia) are presented in
study by Simi¢ and Mati¢ (2018).

River basin water balance is significantly impacted by
terrestrial water storage that is reduced in European part
of Russia by approximately 150 mm for 2002-2015 period
based on study of Grigoriev et al. (2018) and according to
authors it is caused rather by a decline in the storages of
surface and ground waters then to changes in soil waters.
The function and significance of the river basin retention
capacity for water regime and water managementare many
foldand the understanding of basin retention opportunities
gets more and more importance in contemporary water
management due to its favourable contributions to
sustainable development and integrated water resources
management goals achievement (Mati¢ 2019). Evaluation
of green infrastructure and agro-environmental measures
(filter buffer strips among the others) implementation
indicate significant increase in retention of sediments and
Total N(nitrogen) and Total P (phosphorus) in Sutla River
pilot sub-basins (Cosic’—FIajsig etal. 2023).

Given the benefits of natural water retention capacity
there is increasing awareness of various sectors (water,
agriculture, forestry, spatial planning, etc), stakeholders
and public authorities for measures that mimic natural
processes to mitigate anthropogenic and natural adverse
effects and provide diverse benefits (NWRM). Based on
available knowledge, data and information provided on EU
NWRM platform?, implementation of these measures (53)
contributes in IWRM concept implementation at the local
scale, support transboundary river basin management and
maintain or improve ecosystem services. Excerpt of NWRM
with medium to high ESS benefits (Figure 2) are provided
for illustrative purposes.

The number of ESS approaches, concepts and
definitions is increasing while clear evidence and
quantification of multi-functional benefits are missing to
great extent. Multi-benefits of the natural water retention

Table 1. Natural hazard mitigation by selected ecosystems

Ecosystem

Hazard mitigation *

Mountain forests
Vegetation on hillsides

Floods reduction by peak runoff control
Drought mitigation
Erosion reduction
Increased slope stability

Wetlands
Floodplains
Lakes and Riverine

Flood control
Reduce speed and volume of runoff
Realise wet season flows during drought periods

*ESS benefits

*The fifth season of the United Nations Environment Assembly. 2022. The UNEA-5 resolution, https://www.unep.org/resources/

resolutions-treaties-and-decisions/UN-Environment-Assembly-5-2
“Natural Water Retention Measures, http://nwrm.eu
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measures for sustainable and integrated river basin
management are well documented and quantified by
hydrologic analyses. Due to international policy processes
and large amounts of funding pledged by both public
and private entities, the number of Nature Based Solutions
interventions is increasing exponentially and the term NBS
is being mainstreamed beyond expectations, for better
and for worse, as it is subject to misuse and abuse, and has
proponents and opponents (Nehren et al. 2023). The main
reason for before mentioned might be advocating NBS as
the all-inclusive novel solution superiority against other
ESS domain and concepts. Although the benefits provided
by NWRM and other ESS concepts and approaches (Eco-
DRR, NBS, etc) are numerous, the constraints associated
with low-probability events, land ownership, potential
space limits in urban areas, etc, should be underlined
and mentioned in the planning documents. In addition,
their integration with the existing infrastructure has to be
elaborated comprehensively (Mati¢ and Karleusa 2023).
STUDY AREA AND METHODOLOGY

Map1. Tisza River Basin: Overview
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Danube River Basin (DRB), the most international river
basin in the world, is shared by 19 countries. In 1994, the
Danube countries that have territories more than 2,000 km?
within the DRB signed the Convention on Cooperation for
the Protection and Sustainable Use of the River Danube-
Danube River Protection Convention® (International
Commission for the Protection of Danube Rived-ICPDR,
1994). The three main areas for action include the protection
of water and associated ecological resources, the sustainable
use of water as well as the management of floods and ice
hazards within the DRB. All contracting parties (including
non-EU members) agreed to coordinate EU WFD” and EU
FD® implementation and participate in the development of a
River Basin Management Plan the key tool for implementing
the WFD and Flood Risk Management Plan for DRB (Mair and
Vasiljevi¢, 2013) as the integral part of integrated river basin
management. The largest sub-basin of the DRB is Tisza River
Basin (157,186 km?) shared by five countries (Figure 3).

Transboundary Tisza River Basin (TRB) cooperation
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Fig. 3. Tisza River Basin. Source: Updated ITRBMP (Integrated Tisza River Basin Management Plan) 2019°

° Catalogue of NWRM, https://www.nwrm.eu/measures-catalogue

¢ Danube River Protection Convention: https.//www.icpdr.org/about-

icpdr/framework/convention

"Water Framework Directive (2000/60/EC), https://environment.ec.europa.eu/topics/water/water-framework-directive_en
8 Floods Directive (2007/60/EC), https://environment.ec.europa.eu/topics/water/floods_en
° Updated ITRBMP 2019, https://www.icpdr.org/sites/default/files/nodes/documents/updated_itromp_2019.pdf
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under the umbrella of the ICPDR started by signature of
Memorandum of Understanding and establishing of
the ICPDR Tisza Group (ICPDR TG). In 2010 Tisza countries
agreed' on preparing a sub-basin plan (ITRBMP), which
integrates issues on water quality and water quantity, land
and water management, floods and droughts'?.

The first ITRBMP (2011) is one of the first river basin
management plans that responds to EU Water Framework
Directive objectives, considers the ICPDR Flood Action
Programme, and reflects the principles of Integrated
Water Resources Management (Van Nood et al. 2011).
The ITRBMP (2011) introduces water quantity and quality
issues interlinkage (Figure 4) identified by ICPDR Tisza
Group as a relevant for integrated Tisza River Management
and provides comprehensive analysis of pressures from
pollution, river engineering works, floods and droughts.

presented above are elaborated in details in Updated
ITRBMP 2019 and measures agreed by Tisza countries are
presented. ITRBM includes TRB flood risk management
plan elements and corresponding measures of basin wide
relevance. In addition, flood risk management measures
that support WFD environmental objectives, namely win-
win measures are identified by Tisza countries based on
agreed criteria and included in the updated ITRBMP (2019).
The simplified synthesis of the main steps in flood risk
management win-win measures identification of these
measures are presented in Figure 5.

Incorporated “win-win” measures in ITRBMP Update
2019 are comprehensively elaborated by Tisza countries
officially nominated technical experts with respect to field
of action and category to emphasize NWRM concept within
the TRB following ICPDR procedures and Memorandum of
Understanding for TRB (Matic et al 2021).

Water quantity and quality issues interlinkage  RESULTS AND DISCUSION
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Fig. 4. Inter-linkages between the water quality and water quantity related issue within the TRB identified by ICPDR TG.
Source ITRBMP 2011

Flood risk management measures
of basin-wide relevance reported
by Tisza Countries through the
ICPDR DANUBE GIS database in
line with the procedures

Templates filled to provide official national data
and information on legislation, competent
authorities, coordination, units of management,
criteria & approach for the integration of the
TRB Management Planning & Tisza Flood Risk

Management Processes.

FIELD OF ACTIVITY& MESURES

IDENTIFICATION

Fig. 5. Methodology for “win-win” flood risk management measures identification

®Towards a River Basin Management Plan for the Tisza River supporting sustainable development of the region memorandum of
Understanding, https://www.icpdr.org/sites/default/files/FINAL%20-%20Tisza%20-%20MoU%20-%20signature.pdf
" Ministerial Statement Towards the Development and Implementation of the RBM Plan for the Tisza Basin (2010), https://www.icpdr.

org/sites/default/files/Adopted_Statememt_Tisza_Final.pdf
2 https://www.icpdr.org/danube-basin/sub-basins/tisza-basin
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Table 2. Field of action, category and number of “win-win” TRB flood risk management measures

Field of action Category Number
Prevention Organizational measures (legislative, institutional) 15
Natural water retention measures (associated to watercourses, wetlands, natural
Protection lakes, in line with Directive 2000/60 /EC) and other measures that advocate for 36
increase of retention capacity
Public Awareness Measures to increase community awareness 2
Preparedness measures /Improved preparedness to reduce the floods adverse
Preparedness 9
effects
Response and Recovery/
: Post event recovery measures 3
Reconstruction

Total number of “win-win” measures of basin wide
relevance identified by Tisza countries in line with national
policies and legal framework is 65. Summary results for “win-
win"flood risk management measures (Table 2) identification
clearly indicate natural water retention capacity and NWRM
contribution to integrated water resources management at
the transboundary river basins level since they connect water
and land management. All proposed measures within flood
risk management protection field of action (35) are measures
that have the potential to increase water retention and
provide regulating ESS (e.g., flood risk reduction) benefits with
medium to high level. In addition to improved regulating ESS,
the majority of measures, e.g., afforestation of the reservoir
catchment support provisioning ESS (supply of drinking
water, food, fuel, genetic resources) ESS services. NWRM for
floodplain restoration and management provides all ESS
categories e.g., supporting by nutrient cycling, provisioning,
cultural and different regulating benefits (erosion and
sediment delivery reduction, flood risk reduction).

The identified NWRMs type of measures are: Measures to
restore retention areas (flood plains, wetlands etc.), Natural
water retention measures in urban areas, Natural water
retentionmeasuresbychangingoradaptingland use practices
in forest management (improving forest management in
floodplains, maintaining the forests area in catchments of
APS.FR."®, maintaining and expanding forests in perimeter
zones of the reservoirs, expanding the forests in the receiving
basins of A.PS.FR. - afforestation outside of the forest area),
other water retention measures (mainly structural). More
details with respect to measures to restore retention areas
and other water retention measures are available in Annex
12 of ITRBM (2019) and plan.“Downstream cumulative effects
of retentions along the Tisza in Hungary should be evaluated
in the frame of bilateral cooperation between Hungary
and Serbia"™* according to disclaimer associated with win-
win measures that support maintenance or increase of the
natural water retention capacity. This statement is accepted
by all Tisza countries to eliminate potential conflict of interest
between upstream and downstream country and it is integral
part of the Updated ITRBMP (2019) comprised of plan, maps,
and annexes and endorsed by high-level Memorandum of
Understanding (2019) signature.

Al TRB selected NWRMs have moderate to high level of

'3 Areas with potentially significant flood risk

benefitsresulting from water retention capacity significance
in addressing the great numbers of issues that have to be
solved by water management e.g, flood risk reduction,
decrease in runoff speed and quantity, reduce erosion
and/or sediment delivery, increase soil water retention,
pollutants filtration, water demand and supply, etc. The
present information and data underline the recognition
of multi-benefits provided by NWRM and their role within
the integrated water resources management concept and
other ecosystem-based approaches and concepts. Finally,
they are not “all-inclusive solution” and their efficiency is
greatly affected by extreme events frequency.

CONCLUSIONS

Water management objectives achievement requires
effective cooperation among sectors and policies given
the essence of water as a resource. Natural water retention
measures provide framework that support integration of
many policies from local to transboundary level required
for integrated water resources management due to
number of their ecosystem services benefits e.g,, flood and
drought mitigation, erosion control, pollutants filtration,
water purification, improved soil water retention, ground
water recharge, among the others. For less frequent, i.e,
more sever events their integration with existing grey
infrastructure is required. NWRM and other ecosystem-
based approaches (NBS, Eco-DRR, etc.) acceptance by
practitioners and implementation might be compromised
if they continue to be advocated as new approach,
solution for all issues and constrains, among the other buzz
words and narratives. As presented for Tisza River Basin
effective cooperation of the riparian countries technical
experts is prerequisite for the integrated water resources
managementimplementation atthe level of transboundary
river basins. It includes coordinated management of
surface and ground water bodies of basin relevance, flood
risk management, to support achievement of integrated
management of shared river basins. Identification and
proposal of the win-win measures to reinforce synergy
of the WFD and FD objectives implementation indicated
recognition of the NWRM multi-functionality and
possibilities for implementation within TRB.

' Updated ITRBMP 2019, https://www.icpdr.org/sites/default/files/nodes/documents/updated_itrbmp_2019.pdf
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ABSTRACT. In high mountain areas, glacial lake outbursts are often the cause of floods and extreme events. Investigation
of these events is especially important in the context of ongoing intensive deglaciation and climate change. This study is
focused on the monitoring of the Bashkara Glacier Lakes after their outburst on September 1st, 2017, which are located in
the most glaciated and populated part of the Central Caucasus of Russia, in the Mt. Elbrus region. Following the incident, the
lakes system has transformed into flow-through. However, the lakes system has undergone significant changes and remains
unstable and potentially hazardous. In this research, we used remote sensing data and field observations to assess the
condition of the Bashkara Lakes. The water level, area and volume of the lakes are unstable. Between 2018 and 2024, the area
of Bashkara Lake increased by 32% and volume by 41%, with the level increasing by 3.2 meters. At the same time, Lapa Lake
was rapidly shrinking. The area of Lapa Lake in 2018-2024 decreased by 51%, the volume by 66%, and the level decreased
by 4.2 meters. In addition to the continuing rise of the water level, the possibility of future rockfalls cannot be excluded,
which can trigger a re-outburst. Ephemeral glacier lakes were also discovered, their merging with the main lake can cause a
dramatic increase in the lake volume. On the other hand, other factors, such as the decrease in water temperature of Bashkara
lake and its flowage, indicate the stability of the lakes system.
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INTRODUCTION stations (Ali Washakh et al,, 2024; Chen et al,, 2019; Zhou et al,,

2024), due to the ongoing intensive economic development

Continuing global warming affects the occurrence of  of mountainous areas

glacier lakes outburst floods (GLOFs) in various mountain The issue of studying the process of outburst flood
regions in the world (LUtzow et al,, 2023; Shrestha et al, 2023;  formation, as well as identifying the triggering mechanisms
Veh et al, 2022). A rise in the frequency of GLOFs in areas  and factors influencing lake outbursts, has received much
with extensive glaciers is anticipated by the end of the 21st attention in various studies (Awal et al, 2011; Costa and
century (Milner et al,, 2017; Zheng et al, 2021). The study and Schuster, 1987; Adam Emmer and Cochachin, 2013; Liu et al,,
prediction of flash floods is an important task in hydrology and 2013; Neupane et al, 2019; Westoby et al,, 2014). There are
has socio-economic implications, especially in mountainous  external, internal and complex GLOF triggers, such as dam
areas where there is a limited number of measurement  breach initiation caused by mass movement-induced impulse
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waves, lake overfilling due to pluvial, nival and glacial runoff
(Taylor et al., 2023). Significant factors contributing to a glacial
lake outburst flood include arise in air temperature and heavy
rainfalls, which necessitate careful consideration in light of
the ongoing climate shifts (Allen et al., 2016; Din et al,, 2014).
While climate change is a major factor in the deglaciation, it
also contributes to the weakening of glacier surfaces, which
can lead to catastrophic failures of rock avalanches or other
types of landslides (Shugar and Clague, 2011; Vilimek et al,,
2014). GLOFs are frequently caused by the collapse of ice and
rock, such as rockslides or moraine failures into lakes, resulting
in the formation of seiches or displacement waves (Stephan
Harrison et al., 2018).

Outburst floods caused by similar processes are observed
in various regions of the world (Byers et al, 2019; Adam
Emmer and Cochachin, 2013). The article (Shugar et al,, 2020)
examines the dynamics of glacial lakes and their distribution
around the world based on satellite images from 1990 to
2018. It is shown that the number of lakes and their total
area increased by 53% and 51%, respectively, during the
study period. And the fastest growing lakes (in terms of
area) are located in the Scandinavian countries, Iceland and
Russia. The first global spatial and temporal assessment of
outbursts floods from moraine and glacial lakes based on a
regional review (165 moraine dams in the Alps, Pamirs, Tien
Shan, Himalayas, USA and South America were selected) is
presented in (Harrison et al., 2018). This article provides a
historical view of outburst floods and their distribution under
current and future global climate change. Currently, there are
databases and catalogues of glacial lakes and their outbursts,
created on the basis of space image interpretation (Emmer et
al., 2016; Zhang et al,, 2015).

A critical aspect in the investigation of outburst hazardous
lakes is the exploration of the genesis process, evolution, and
categorization of stages in their development. Currently,
this subject receives limited attention, and scholarly works
on the evolution of glacier lakes are few (Aleynikova and
Anatskaya, 2019; S. Chernomorets et al., 2007; Dokukin and
Khatkutov, 2016; Rasputina et al., 2022). Research shows that
the evolution cycle consists of a number of stages, which can
be called: 1) the stage of pre-catastrophic preparation, 2) the
stage of a debrisflow disaster, 3) the stage of epicatastrophic
adaptation, 4) the stage of inter-catastrophic evolution
(Chernomorets, 2005). The article (Pryakhina et al, 2021)
explores the evolution of the periglacial Lake Nurgan in
Northwestern Mongolia, focusing on its stages of formation
and development. These stages include the transgressive
phase, characterized by the lake’s growth, expansion, and
increase in volume, the regressive phase, marked by the lake’s
outburst, and the post-regressive phase, during which the
lake persists after the outburst.

Our study objects, the lakes Bashkara and Lapa, are
located in the most glaciated and populated part of the
Central Caucasus, in the Mt. Elbrus region. On September
151, 2017, the Bashkara Lake outburst occurred with a total
volume of 0.8 million cubic meters of water and 0.35-0.5
million cubic meters of debris (S. Chernomorets et al,, 2018).
After the outburst on September 1%, 2017, the lake system
became permanent flow-through. However, this lake system
has begun to evolve and change. The intensive retreat
of the Bashkara Glacier took place during the last seven
years: two ephemeral small lakes upper the lakes appeared,
the size of Bashkara Lake was increasing, and of Lapa Lake
was decreasing. Thus, the lakes system is unstable and still
potentially hazardous.

Glacier lake may experience repeated outburst floods
throughout its evolution (Carrivick and Tweed, 2016;
Dussaillant et al, 2010; Adam Emmer, 2017; Kropacek et al,,
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2015; Petrasov, 1979; Poznanin, 1979) and even mechanisms
of outburst formation can differ for the same lake at different
events and stages of evolution. In August 1958 and 1959,
as well as in October 1960, there were three Bashkara Lake
outbursts through the grottoes in the ice wall, causing high-
magnitude debris floods downstream the Adylsu River valley
(Kovalev, 1964). In 2017, the lake outbursted trough dam
erosion and successive glacial channel formation. Despite
the formation of a well-developed run-off channel in 2017,
it is possible that the lake can outburst again. For example,
in summer of 2018 and spring of 2019, large rock falls were
observed from Bashkara Peak (4162 m asl.) towards Bashkara
Glacier, when rock avalanches had almost reached Bashkara
Lake. In future, the possibility of repeated collapses is not
excluded, considering the instability of the rocks on the
mountain slopes around the lakes (Dokukin et al., 2020), that
could trigger the repeated GLOF. Also the drainage channel
that was formed follows the ice that is hidden in the moraine,
i.e. erosion can be very intense due to thermokarst processes.

This study is focused on the monitoring of Bashkara
Glacier lakes after their outburst on 1st September, 2017.
The following steps were performed in the research: (1)
Determination of the area of the lakes for different years using
satellite images; (2) Analysis of changes in the water levels of
Lake Bashkara and Lapa; (3) Assessment of the contributions
of different water sources to the total outflow from Lapa Lake.

STUDY AREA

The Bashkara Glacier lakes system is located in the upper
reaches of the Baksan River and the headwaters of the Adylsu
River, its right tributary (Fig. 1). Bashkara Lake appeared in the
early 1930s between the right lateral morine and the glacier
and was surrounded by ice on three sides for a long time.
Lapa Lake appeared at downstream the glacier’s tongue
in the 1990s. Nowadays, the distance between these two
morine-dammed lakes is about 500 meters, the average
altitude is from 2480 to 2580, relative excess between the
lakes is about 100 meters. Over the past three decades, there
has been a noticeable surface lowering at the snout of the
Bashkara Glacier adjacent to the lakes. The area and volume
of Lapa Lake significantly increased between 1999 and 2017,
while Bashkara’s size remained quasi-stable (Petrakov et al,
2012).

On the night of 31t August to 1st September 2017, an
overflow occurred and a subsequent outburst of Bashkara
Lake took place. This was triggered by an extremely heavy
rainfall accompanied by strong wetting of the moraine dam.
The total precipitation recorded at the Djankuat station near
the lake during the night was approximately 100 millimeters
(mm) per hour. As a result, significant damage was observed
both in the Adylsu River valley, with the total length of 11.5
km, and in the Baksan River valley at a distance of more
than 50 km downstream the mouth of the Adylsu River. (S.
Chernomorets et al., 2018; Kornilova et al.,, 2021).

The pre-outburst water level of Bashkara Lake was
approximately 2672 meters. According to data from
the water level logger, the level in the lake rose by 55
centimeters (cm) in 5 hours during the rainstorm. This led
to the erosion of the dam crest during outflow, and the
water level in Bashkara Lake dropped by 17 meters relative
to its pre-outbreak level. The water volume of Bashkara
Lake after the outburst decreased by more than 3%, from
more than 1 million m3 to approximately 290 thousand m?.
The GLOF wave first moved from Bashkara Lake across the
surface of the glacier’s tongue, partially drained Lapa Lake,
and then flowed downstream the Adylsu River valley.
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At present, lakes Bashkara and Lapa represent a complex
system. The Bashkara Glacier supplies water to both the upper
and lower lakes. Water from Bashkara Lake flows through a
glacier tunnel and feeds Lapa Lake. Lapa Lake is drained by
well-developed surface run-off channel to the Adylsu River
valley.

MATERIALS AND METHODS
Remote sensing data

We used Sentinel-2, Pleiades and SPOT 6 satellite images
to estimate changes in lake area. Typically, the summer
months of July through September are considered the ideal
time for glacial lake mapping (Zhang et al, 2015). During this
time, the amount of snow and ice coverage is minimal, and
the area of glacial lakes reaches its maximum. Therefore, we
here acquired the best possible images during this period. The
collected images were screened for cloud cover and selected
for cloud cover <10 % to ensure data reliability. Images were
selected foreach year from 2017 to 2020 (table 1). We manually
mapped the shoreline on all the images using ArcMap 10.4.1.

42°43'0"E

42°43'20"E

42°43'0"E 42°4320"E

We examined the area change in Bashkara Glacier
during 2017-2024 using Sentinel-2 satellite images. We
selected images at the end of the ablation season, when
seasonal glacier retreat is maximum (Popovnin et al., 2024).

Hydrological measurements in a lake system

Water level and temperature

Since September 1%, 2017, we continued annual
systematic observations of the level of Bashkara Lake using
automatic water level recorders, which were initiated in
2007, to monitor the risk of a potential re-outburst (Fig. 2¢).
In 2018, 2019, 2023 and 2024 we installed water level and
temperature loggers Keller to record every 15 minutes data,
and also monitored the lake levels relative to a geodetic
reference. These measurements are critically important
for monitoring the situation and ensuring the safety of
the surrounding area. We compared our measurements
with the data observed before the outburst from 2007 till
2017 (Petrakov et al,, 2012, Chernomorets et al,, 2018). The
accuracy of the measurements is 0,1% FS.

42°43'40"E

42°43'40"E

Russia _
Turkey Armenia _ AAzerbaijan

Fig. 1. Study area

Table 1. Multi-source remote sensing datasets

Date Satellite image Resolution, m Objectives

01.08.2017 Pleiades 0.5

03.09.2017 SPOT 6 1.5

29.07.2018 Sentinel-2 10

27.07.2019 Sentinel-2 10

16.07.2020 Sentinel-2 10 Lake area changes
18.07.2021 Sentinel-2 10

28.07.2022 Sentinel-2 10

26.07.2023 Sentinel-2 10

30.07.2024 Sentinel-2 10

13.08.2017 Sentinel-2 10

30.09.2017 Sentinel-2 10 Glacier retreat assessment
28.09.2024 Sentinel-2 10
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Depth measurements

In September 2020, we conducted bathymetric surveying
with a boat-mounted Lowrance 525 CF two-frequency
echo sounder which produced geo referenced echograms.
Sounding points were located along cross-sections at 15-
30 m intervals. Surfer 15.3 and ArcMap 10.4.1 software were
used to calculate lake volumes and average depths.

Water discharges

From 201810 2020, we measured water discharges at various
gauging stations in the lakes system to study the hydrological
regime of the newly formed flow channels. We installed several
discharge gauging stations on streams: Bashkara, Dam Break,
Dam Break after the glacier, Lapa (Fig. 2a). Over a period of
three years, we collected 20 series of discharge measurements
(including four discharges per series). Within each series, we
were measuring discharges at each gauge on the same day for
two to three hours. Simultaneously, we also measured water
levels of both lakes on water level stations (Fig.2a).

: Water level stations

! Discharges gauges

The water discharges were measured using the salt
dilution method (Fig. 2b). The salt dilution method is an
easy-to-use technique for measuring discharge in small
turbulent streams that are typically found in mountain areas.
To control and compare the results, the water discharges
were measured twice at each gauge. The relative error was
then calculated. If it was less than 15%, the discharge was
considered well-measured.

RESULTS

Glacier retreat assessment

Due to the high thickness of debris-cover on the
Bashkara Glacier, it is difficult to estimate the accurate area
reduction. However, the retreat of the glacier tongue is
clearly visible on the images. According to Sentinel-2 image
interpretation data, the area is rapidly decreasing (Fig. 3).
The total retreat of the glacier tongue from 2017 to 2024
was about 210 meters.

Fig. 2. Location of gauging stations (a), measurement of water discharge by salt dilution method (b) and water level
measurement during the logger installation (c)

13.08.2017

30.09.2017

28.09.2024

Fig. 3. State of the Bashkara Glacier in 2017 before and after the outburst andin 2024
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Changes in the area, level and volume of lakes

Despite the fact that the lake is flow-through, its level,
area, and volume are unstable both seasonally and over
several years. The area and volume of Bashkara Lake vary
between 26,000-35000 m? and 239,000-339,000 m?
respectively. We observed that during the period 2018-2020,
the area of Bashkara Lake was nearly constant, but it began to
expand after 2021 (Fig. 5a). In 2018-2024 the area increased
by 32% and the volume increased by 41%. Since the outburst
on 1 September 2017, the water level has risen by 3.2 meters,
mainly between 2021 and 2024. The maximum measured
depth (17,5 m in 2020) was in the center of Bashkara Lake
(Fig. 4). Since 2018, the lake bed relief slightly reshaped, as
confirmed by the changed volume curve (Fig. 5¢). This is
probably due to the continued accumulation of sediment on
the lake bed. Itis also worth noting that the area of ephemeral
lakes, formed by uneven deposition of surface moraine on
the glacier and in the ice flow stress zones, is increasing.

At the same time, Lapa Lake experienced a rapid
decrease (Fig. 5b). Between 2018 and 2024, the level
of the lake decreased, which was driven by the glacier
tongue retreating, debris sedimintation and siltation (Fig.
4b). sediments from the debris-covered tongue of the
Bashkara Glacier form a delta in the southern part of the
lake. In 2018-2024 the area decreased by 51%, the volume
decreased by 66%, and the water level decreased by 4.2
meters. The maximum depth measured in 2020 was 8.5
meters in the center of the lake. The relief of the lake bed
is heterogeneous, with two local depressions, separated
in the north-eastern part by a former underwater ridge
that has now dried up. It is likely that the lake will split into
two in the future. This was already the case in the past, in
the late 1990s and 2000s. Initially, two distinct lakes, Lapa
and Mizinchik, were formed. Subsequently, these lakes
underwent a process of merging.
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Fig. 4. Bathymetric map of Bashkara and Lapa lakes in 2020 (a); Changing the shape of Bashkara and Lapa lakes (b)
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Water level fluctuation

Bashkara Lake water level is one of the most important
indicators of its re-outburst hazard. After September 1%,
2017 Bashkara Lake is drained by a well-developed run-
off channel, so water level fluctuations during the warm
season are not high. During summer the lake level varies
within a range of 20-50 cm, and remains quasi-stable until
late summer. Lake levels sometimes rise sharply in the short
term due to intense melting of ice and snow or heavy rainfall.
The lake level would decrease to a minimum at the end of
the ablation period in late September. October (Fig. 6).
However, before the outburst in 2007-2017 the intra-annual
water level fluctuations were higher, around 150-300 cm,
with the highest level usually observed in June. During the
summer of 2008 the level rise was about 400 cm. In 2008,
the overflow through the ice-cored moraine dam into
the englacial drainage system began due to the lake level

increase. However, the surface runoff stopped, the lake didn't
burst and the water level stabilised in the following year.

Lake temperature fluctuation

An indirect indication of the state of the lake is its water
temperature and its long-term dynamics. In the past, Lake
Bashkara was non-flowing and therefore heated up near the
shore and on the surface to a depth of 1.5-2 m. The lake is
currently flow-through with a short water retention time.
At the same time, the main source of water inflow is cold
glacial meltwater, resulting in a decrease in the average
water temperature of the lake compared to the pre-outburst
state. The average water temperature of the lake from June
till September was 7.8°C before the lake outburst in 2013-
2016; in 2017, as a result of intensive snow and ice melt, the
temperature was 3.9°C; after the outburst, the temperature
was 1.6°C (Fig. 7b).
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The water temperature fluctuations are in an inverse
relationship with the water level: when the water level
decreased, the water temperature increased and vice
versa (Fig. 7a). This is due to the fact that during periods of
low water, the intensity of cold meltwater runoff from the
mother glacier decreases and the water mass of the lake
warms faster.

Hydrological regime of the Bashkara Glacier Lakes
system

For the period 2018-2020, Q(H) curves were plotted
for streams flowing from two lakes, Bashkara and Lapa
(Fig. 8a,b). Both dependencies were not stable from
year to year, indicating the instability of the lake system.
Average measured discharges were from 0.1 till 2.4 m?3/s.
This is particularly evident for Lapa Lake, because it has
changed significantly in size and shape in 7 years due to
intensive glacier retreat. After 2021, the discharge of the
Dam Break stream visually increased significantly, the

water level rose and flooded the shores (or the floodplain),
making it impossible for measurements. According to the
measurement results, the Dam Break stream is additionally
fed by meltwater from the inside the glacier tunnel, as
the discharges of the Dam Break stream downstream the
glacier were always higher than upstream.

Lake Lapa also receives a large amount of meltwater
directly from the Bashkara Glacier tongue. However, as
it is impossible to measure the total meltwater inflow, it
was assesed by subtracting the contribution of the Dam
Break stream from the total outflow from Lapa Lake. The
results show that the meltwater from Bashkara Glacier
is the largest contributor to the Lapa stream discharge,
averaging 65% of the total outflow. The contribution of the
Dam Break stream, i.e. water from the upper lake, is small,
averaging 24%, and the glacier cave meltwater is 11% (Fig.
8d,e). However, it is likely that this balance has changed in
recent years as a result of opposite trends in the level, area
and volume of the two lakes.
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DISCUSSIONS

The Bashkara lakes system has gone through several
stages of formation and development since its appearance
in the 20th century (Fig. 9). The stage of pre-catastrophic
preparation, characterised by the growth of the lakes, their
areaandvolume, lasted ~1960till2017.Then came the stage
of the debrisflow disaster, when Bashkara Lake bursted on
September 1%, 2017. From 2018 to 2020, the lake system
was quasi-stable; this was the stage of epicatastrophic
adaptation. After 2021, however, the volume and area of
Bashkara Lake began to increase, marking the transition
to the stage of inter-catastrophic evolution. The whole
glacial complex is a rather complicated hydraulic system
and requires further monitoring of its water balance and
dynamics.

A number of factors indicate that the risk of another
outburst from Lake Bashkara is on the rise. As before the
outburst, there has been a stable trend of intra-annual
increases of the water level of Bashkara Lake. In 2018-
2019, we did not observe an intra-annual increase of the
water level of Bashkara Lake, but in 2023 it was 160 cm
higher than 4 years earlier. This trend continued in 2024:
the water level was about 60 cm higher than the year
before. Extrapolating the Q=f(H) curve to the current
water level of Bashkara Lake, it can be concluded that the
summer discharge of the Dam Break stream could reach
5-6 m*/s in 2024. The area of ephemeral lakes within the
Bashkara Glacier increases. The reduction of the width of
the ice-debris dam and its destruction between them and
Bashkara Lake could also lead to an outburst. In addition,
other factors of moraine complex reformation due to
glacier retreat like ice collapses, thermokarst subsidence
at the lake bottom, extension and retreat of the delta of
the stream flowing into the lake, slope processes on the
shores can lead to an unstable condition of the lake. Our
observations correlate with glaciologic studies of the
potential glacial lake development in the Central Caucasus
(Lavrentiev et al., 2020), which predict that Bashkara Lake is
expected to continue growing, and the risk of the possible
repeated lake outburst is high.

On the other hand, a number of factors indicate a
certain stability of the Bashkara lakes system in recent years.
According to the results of the water balance study for
2018-2024, the inflow of the Bashkara stream was always
close to the outflow of the Dam Break stream, moreover,
the flow of the Bashkara stream, the water lake level and
the flow of the Dam Break stream correlate with ablation of
the Bashkara Glacier (Fig. 8c). This proves that the lake does
not have any additional ‘hidden’ inflow channels and that

Stage of a mudflow

disaster

Stage of pre-catastrophic
I preparation I

l Stage of epicatastrophic

all the meltwater coming from the catchment leaves the
lake via the Dam Break outflow. Consequently, the lake is a
self-regulating system as a result of the constant outflow. It
also should be noted that the average water temperature
of the lake decreases annually in summer (a possible sign
of the increased inflow), which reduces the rate of debris-
covered dead ice melting.

CONCLUSION

In the seven years since the outburst on September
15t, 2017, there have been significant directional changes
in the water level, area and volume of Bashkara Lake, with
relatively small seasonal variation. Between 2018 and
2024, the area of Bashkara Lake increases by 32% and the
volume by 41%. At the same time, Lapa Lake has shrunkin
size due to silting. Between 2018 and 2024, the area of the
lake decreased by 51% and the volume by 66%.

At present, BashkaraLakeis drained by a well-developed
surface run-off channel and the water level fluctuations
during the summer season are insignificant. The lake level
varies within 20-50 cm and remains practically stable until
the end of the warm season. At the same time, there has
been a directional increase in the water level of Bashkara
Lake over the last 5 years. From 2020 to 2024, the lake
summer water levels have risen by 3.2 meters.

For the period 2018-2020, Q(H) curves were constructed
for rivers flowing from the two lakes, Bashkara and Lapa.
Both dependencies were not stable from year to year,
which also indicates the instability of the lakes system. The
results of the water balance studies show that the outflow
from Lapa Lake approximately contains of Bashkara Lake
runoff (35%) and Bashkara Glacier runoff (65%) (excluding
the Bashkara Lake catchment area). Except the inflow from
Bashkara Lake, water flows into Lapa Lake in two main ways.
About 11% of the total amount of meltwater flows through
a sub-glacial channel, which has an outlet at a glacial cave.
The rest, about 24%, is dispersed as sub- and inter-glacial
meltwater inflow. However, it is likely that this balance has
shifted in recent years as a result of opposite trends in the
level, area and volume of the two lakes. After 2021, the warm
season flow from Bashkara Lake through the surface channel
(the'Dam Break’channel) has visually increased significantly.
Extrapolation of the Q=f(H) curve to the Bashkara Lake water
level in 2024 shows that the discharge through the Dam
Break stream could reach 5-6 m¥/s.

It can be concluded that the entire system of the
Bashkara moraine-glacial complex, including the glacier,
the lakes and the runoff system, has moved from the stage
of epicatastrophic adaptation (2017-2020) to the stage of
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adaptation | evolution
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Fig. 9. Stages of formation and development of the Bashkara Lakes system
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inter-catastrophic evolution (according to the classification
of Chernomorets, 2005).

The results demonstrate the necessity for further
monitoring of the glacial complex, i.e. repeated bathymetric
surveys, observations of lake sedimentation and siltation,
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ABSTRACT. Contemporary distributed hydrological models are detailed and mathematically rigorous, but their calibration
and testing can be still an issue. Often it is based on the quadratic measure of the calculated and observed hydrographs
proximity at one outlet gauge station, typically on the Nash-Sutcliffe model efficiency coefficient (NSE). This approach seems
insufficient to calibrate a model with hundreds of spatial elements. This paper presents using a multi-dimensional estimator
of modeling quality, being a natural generalization of the traditional NSE but which would aggregate data from several
hydrological stations using Principal Component Analysis (PCA). The method was tested on the ECOMAG model developed
for a sub-basin (24,400 km?, with 15 gauges) of the Ussuri River in Russia. The results show that the presented version of the
multi-dimensional NSE with PCA in calibration of spatially-distributed hydrological models has a number of advantages
compared to other methods: the reduced dimensionality without loss of important information, straightforward data analysis
and the automated calibration procedure; objective separation of the deterministic signal from the noise, calibration using
the “informational kernel” of data, leading to more accurate parameters’ estimates. Additionally, the introduced notion of the
‘compact”dataset allow to interpret physical-geographical homogeneity of the basins in mathematic manner, which can be
valuable for hydrological zoning of the basins, hydrological fields analysis, and structuring the models of large basins. There
is no doubt that further development and testing of the proposed methodology is advisable in solving spatial hydrological
problems based on distributed models, such as managing a cascade of reservoirs, creating hydrological reanalyses, etc.
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INTRODUCTION adequate diagnostic and verification of these models is still
on the agendas of many researchers.
Hydrological modeling is currently characterized by Calibration and verification techniques are primarily

the prevalence of spatially distributed models. These  based on the use of objective functions in the form of a
models are able to adequately reproduce the runoff  few quadratic measures of the calculated and observed
generation processes within a river basin, and are more  hydrographs proximity, the most popular of which are
reliable for the assessments going beyond the existing  the root squared mean error and the Nash-Sutcliffe model
observation ranges. The models are also required to solve efficiency coefficient (NSE) (Nash and Sutcliffe 1970).
many problems of spatial water management that are  Sometimes, the NSE is also combined with more measures,
not limited to local tasks like assessing the parameters of  as it is done e.g. in the Kling-Gupta-Efficiency (KGE)
bridge dimensions, water intake characteristics or reservoir (Gupta et al. 2009), which combines bias, variability and
volume. Contemporary models may be characterized by  correlation components to improve the estimation of the
the detailed representation of watershed characteristics, ~ performance error. To analyze the temporal variability of
rigorous mathematical description of processes, and strong model performance and related parameter sensitivity, their
hydrometeorological information support, but the issue of ~ interactions, and other aspects of model identifiability,
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one may use the DYNamic Identifiability Analysis (DYNIA)
method developed by Wagener et al. (2003), and by
Reusser et al. (2011).

A more “physically-based” approach is to consider
signature measures which are directly related to catchment
functions with the aim to consider the relevance of a
certain hydrological component individually (e.g. (Yilmaz
et al. 2008; Pokhrel et al. 2012; Mohammed et. al. 2021;
Huynh et al. 2023)). For example, signature measures based
on flow duration curves (FDC) show a model performance
for different discharge levels (Yilmaz et al. 2008; Cheng
at al. 2012; Pfannerstill et al. 2014). It is worth noting
that a calibration problem can be posed as the single-
objective optimization problem, typically using algorithms
of randomized search in the space of parameters (e.g.,
(Solomatine et al. 1999)), but also as a multi-objective
optimization problem (Pokhrel et al. 2012; Efstratiadis and
Koutsoyiannis 2010) with the use of several performance
measures. However, we are leaving consideration of the
associated possibilities for further studies, concentrating
on single-objective calibration.

NSE has a number of advantages, and is still the most
widely used performance measure when a model is
estimated by a single variable, e.g. by discharge measured
at the outlet gauge station. This approach is seen to be
justified for simple models, but it seems to be insufficient
to calibrate a model with hundreds of spatial design
elements and a developed description of a complex set of
interrelated processes in each of them.

Hydrological models spatial organization is an
importantaspect of their calibration and testing. Realization
of this fact has led to the interest to the so-called "multi-
site calibration” approaches (Wang et al. 2012; Ashu and
Lee, 2023; Serur and Adi 2022; Malik et al. 2022; Xu et al.
2022; Ruiz-Pérez et al. 2017), which include comparison
of the model outputs to discharge measurements at
multiple locations. As presented in the mentioned papers,
multi-site calibration allows for developing more reliable
models. However, to the best of our knowledge, these
approaches can be mostly seen as realizations of “trial and
error” strategy, when the model parameters are adjusted
in a attempt to iteratively reduce the model error at all the
considered locations. For example, Serur and Adi (2022)
describe their approach as follows: “the parameter values
were changed repeatedly within the allowed ranges until
acceptable agreements between observed and simulated
streamflow were obtained for each gauged station” Ahu
and Lee (2023) describe this procedure as “trial and error
were used to acquire the fitted value until the simulated
and observed values were consistent”. Advantage of this
approach is explicit inclusion of an expert in the process,
which has certain advantages. However, there are also
deficiencies of this method, and we find it important to
introduce more rigor to this procedure. This prompts for
developing mathematically strict procedures for multi-site
calibration, leading to potentially more accurate models. It
is done in the presented paper.

It is important to stress the importance of an accurate
account of the spatial aspects in calibration. There is a
need for comparison of the distributed models outputs
not only to the point-wise measurements, but also to the
Earth remote sensing data (ERS), where the data is (evenly)
distributed over the measurement and calculated grids,
and is not necessarily coinciding with the measurement
grid. For example, Ruiz-Pérez et al. (2017) calibrate the
Eco-hydrological distributed model TETIS-VEG using
Normalized Difference Vegetation Index (NVDI) data
obtained from the MODIS satellite. They use the method
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of empirical orthogonal functions (EOF), which is similar
to the Principal Component Analysis (PCA) used in this
article. Koch et al. (2015) assess the quality of the models
by comparing soil temperature maps (LST, land surface
temperature) obtained from the model with those
obtained from the MODIS satellite, and also using the EOF
at one of the stages. Assessment of the model accuracy
based on the calculation of soil moisture by comparing the
calculated fields with those ones obtained from satellites
data and using the EOF apparatus is also considered in the
work (Mascaro et al. 2015).

To the best of our knowledge, the problem of spatial
calibration of distributed hydrological models based on
direct runoff measurements of several stations using the
PCA aggregation and analyzing the catchment specifics on
the basis of the calculated principal components has not
been solved. We see this as a significant gap requiring the
novelty in approach.

Hence the main objective of this paper is to develop
mathematically strict procedures for multi-site calibration
of distributed models.

The approach we propose seems to contributes several
innovative aspects in considering the problem of interest.
Firstly, the proposed multi-dimensional estimator of
modeling qualityisanatural generalization of the traditional
NSE to the case of modeling runoff simultaneously across
a group of hydrological stations within the basin using a
single spatially-distributed model. At the same time, all
conceptual advantages of the NSE-based assessment are
preserved, but the information content used for the model
assessment increases substantially.

Secondly, using the PCA method as applied to a group
of the daily discharge series improves the adequacy of
the model calibration procedure. This becomes possible
due to the fairly effective separation of random noise,
which is inevitably present in any observational data, and
calibrating the model in accordance to an array of the
“cleaned”information, which should lead to more accurate
parameter estimates.

Thirdly, this approach opens a possibility of obtaining
meaningful interpretation of the PCA method results
applied to the group of stations data, which is expressed
by the proposed concept of a “compact”basin.

Thus, the framework of study presented includes the
following stages: assessing the adequacy of NSE under
impact of noise; correct calculation of NSE based on the
data from multiple gauges; using the PSA as an “integrator”
of data from multiple gauges for noise-free calibration;
analysis of the case application of the method on a
medium-sized basin. The last section pays attention to the
formulation of the concept of a ‘compact”data system and
its relationship with the concept of homogeneity of a river
basin.

One of the currently popular points of view,
consistently presented by K. Beven (2012), insists on the
impossibility of determining the “truth” of multiple models
(i.e., calibrated on the same data set, but which parameters
still differ slightly). It is suggested to consider a wide range
of estimates provided by models solely on the basis of
rational decision principles under uncertainty. Without
delving into further analysis of this approach, we can note
that its prevalence is largely related to the dissonance
noted above, when calibration tools appear to be limited
to deal with the complexity of the models to be compared.
Thus, there is a need to develop model calibration and
verification tools matching the complexity of the models
employed.
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METHODOLOGY

Before presenting the essence of the methodology
it is important to consider one aspect of application of
NSE, which in absolute majority of practical applications is
completely overlooked.

Adequacy of NSE for Model Calibration under
Assumption of Noise

Let us consider the NSE score in one of the usual
formulations, proposed in (Nash and Sutcliffe 1970) and
analyzed in detail by Murphy (1998):

Z;(in_ Q"i)2

=1- - (M
zi:l(Qoi_Qa)z

where Of, and Qo, are the simulated and observed
discharges for the i th day, Qa is the mean observed
discharge for the simulated period of time, and n is the
number of days in this period. The second term in Eq. (1)
is the ratio of the discrepancy quadratic measure between
the simulated discharges and the observed ones to the
similar measure of the discrepancy between the observed
discharges and its “worst” approximation, obtained on the
base of available data only (without any model).

According to Eq. (1) for RZZVS’
measured discharges for the period is taken as the “worst
approximation. This assessment is the simplest one, but
also the “weakest” and not always an adequate one. The
issue of applying various approximations as the “worst”
is considered in detail in (Murphy 1998). For example, for
the rivers with a predominant snowmelt water supply
and a stable seasonal distribution of runoff, it would be
reasonable to replace the value of Qa in Eq. (1) by Qnorm,
the average annual flow rate for the day i. Such an approach
is employed in meteorology, where all estimates are based
on anomalies, i.e. the deviations from climatic values at
a given moment of the year, which is mathematically
equivalent to using “climate” as the “worst” approximation.
Yet another, widely used assessment of hydrological
forecasts quality (Moreido et al. 2021) S/0A is of similar
nature, where Sis a root mean squared error of the forecast,
and oA is the standard deviation of the observed values
during the forecasting period A.

In addition, the problem of perfect modeling
accuracy estimation deserves special consideration. Many

o - 2
publications indicate that, RNS

NS

the mean value of the

"

reaches a value of 1, as

provided by Eqg. (1), when the simulated and observed
discharges are completely equal. This result is thought
to be an ideal one, and all efforts are focused on its
achievement when calibrating the models, although the
actual values are typically less than unity. However, each
model experiment has a significant random noise, which
should not be reproduced by a deterministic model.
Noise is generated by several sources. Firstly, although
the model itself is supposed to be strictly deterministic, the
results of its operation are strongly influenced by the quality
of the input meteorological information. It is appropriate
to present the model output Of, as the sum of the “true”
simulation result Om, which could be obtained by feeding
accurate and complete meteorological data of the highest
spatio-temporal resolution, and a random error &f resulting
from inaccurate and unrepresentative meteorological data.
It is impossible to evaluate directly these two components
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of the simulated signal due to the fundamental lack of
“ideal”meteorological data.

Similarly, the measured hydrograph can be represented
as the sum of the real discharges Qr, and the random
observation error € . It is important to bear in mind, that
the Qr, value still contains some internal uncertainty,
which, in fact, can also be considered as random. This
uncertainty results from the fact that in the real basin there
are processes, often random or chaotic, which are beyond
the scope of our knowledge, or, at least, beyond the base
concepts of the model in use. Model designers often
interpret them as “subgrid” processes.

With the above considerations in mind, the formula

R2
for NS
random variables f and o with zero mean values, and can
be rewritten as follows:

2o i((ome)-(0r+s,))
2 ((er+e,)-0a)’

Opening the brackets, we perform the term-wise
summation in the numerator and the denominator,
assuming n is sufficiently large. Taking into account
independence and zero means of & and €o, we can carry
out the following derivations:

Z?:l((Qmi‘Lff) _Z(Qmi+5f)(Q’i+5o) + (Qri+5n)2) B
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can be complemented with the independent
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With the ideally accurate simulation (Om=Qr), by
dividing the numerator and the denominator by n, we

obtain the following estimate of the extreme value OfRIZVS:
D, +D D_—-D
& o or &
= (4)
ortPey Do tDyg
where Dx is the variable x variance. This expression
could also be derived directly based on the general
principles of the random variables algebra.

This result is valid only for the assumptions presented
earlier. However if, for example, the considered errors are
systematic with a non-zero mean value, or variables are not
independent, then the final expression will be much more
complicated. We assume here that during the calibration
process, the systematic part of the analyzed errors is
minimized together with the systematic errors inherent in
the model itself, which is developed due to the conceptual
schematization of real processes.

In real modelling practice one can inevitably expect
certain (often significant) random “noise” in the data and
simulations. One can see, that in this case the maximum
value of NSE for an “ideal” model is below 1. For example,
if the variances of errors in input &f and output o are 4%

each, then //mOmﬁORzzvs will be 0.923. An attempt of a

modeler to exceed (and even achieve) this value cannot
be justified, and if this happens, it points at an excessive
flexibility of the model. If the number n is not high enough,

then the final formula of /im

2 =
NS

llQO_)Qr 5 D
-

2 .
onsaR g will also become

more complicated, and the estimate will increase slightly,
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reflecting the well-known effect of obtaining a fictitiously
"better”result of estimates on shorter data samples. We find
it important that these considerations must be taken into

account for the correct application of the RIZVS measure

in rigorous testing of complex models that claim a high
degree of proximity to natural processes. Surprisingly, in
the majority of papers on (hydrological) modelling the
considerations presented above, and their impact on
the use of NSE, are not seen as an important part of the
calibration and verification process.

Spatial/Dimensional Aspect of Calibration

We will be now considering a more complicated
aspect of calibration and testing of the distributed models
of extensive basins. Calibration of such models typically
uses the data of several gauges damming sub-basins of
various sizes and physiographic conditions. The use of all
available data for calibration is advisable for the following
reasons. Firstly, for the maximum information utilization.
Secondly, simulation of a hydrologic event spatial structure
is important for solving various tasks, such as operational
event planning during floods or reservoir cascade
management, when a model should guarantee acceptable
accuracy both in the main stream and other stations of
the basin. It is also worth mentioning that it would be
methodologically attractive to have a unified procedure
for such calibration.

In many applications R estimates are used for

2
NS
distributed models calibration with the data at the outlet

gauge station. Along with this, RIZVS

for other gauging stations by experts, so the choice of the
most preferred combination of estimates is quite arbitrary.

Averaging (simple or weighted) of RJZ\,S estimates over

several gauges can be also employed. It is worth noting
that that several stations data in one basin belonging to
nested sub-basins are highly correlated and therefore use
of simple averaging would be incorrect.

The following question can be posed: is it possible to
solve a problem of a multivariate calibration by using the
approach similar to the one utilized for the Nash-Sutcliffe
model efficiency coefficient proposition? The following
consideration answers this question positively. For that,
it is possible to use Eq. (1) for multivariate calibration by
changing the value of a single gauge discharge to a vector
value, that is an ordered set of discharges from multiple

gauges: o
Z?:l(in_ Qoi) i

zi:l(Q_Oi_@)z

The asterisk on  indicates that this is a multi-
dimensional estimate combining all series of the data
system considered. The calculation algorithm and the
properties of the estimator remain almost unchanged
— as a result, one obtains a scalar quantity that reaches 1
in case of perfect modeling without noise, or 0 with the
absence of a relationship between the simulated values
and the observed ones, and becomes less than zero when
their relationship is inverse. In particular, considering Eq. (5)
for the simplest case of a two-dimensional vector (i.e., two
gauges), in accordance with the rules of vector operations,
and after recombination, we obtain:

is usually evaluated

(%)

¥
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where Qﬂ, Qf2, Qol,Qo02,Qal and Qa2 are the modeled,
measured and mean discharges in the 1st and 2nd gauges
respectively,and un are the regular one-dimensional Nash-
Sutcliffe efficiency coefficients for every gauge. The result is
that the multi-dimensional is equal to a weighted average
of the , and the weights are the corresponding discharge
variances. The considered case of two dimensions can be
easily extended to deal with higher dimensions (i.e.,, more
than two gauges).

PCA as an “integrator” of data from multiple gauges for
noise-free calibration

To analyse and possibly reduce dimension of multi-
dimensional sets of highly correlated data the Principal
Components Analysis (PCA) method is often used. The
principle of the method is the linear transformation of the
original coordinate system, in which the initial matrix of
correlated data is given, into a new one, which is typically
called U-space. The first U-space axis is oriented along the
highest scatter of the initial data, the second one — along
the maximum remaining scatter and is orthogonal to the
first axis, and further in a sequence. As a result, the initial
set of variables is projected to a new set of variables in the
U-space that is named principal components (PCs). The
number of PCs is equal to the initial number of variables,
and PCs are non-correlated and orthogonal to each other.
Besides, due to the U-space conversion method, PCs
variance A is gradually decreasing from the first one to the
last one, and thus amounting in the sum the total variance
of the initial dataset.

Those properties often make it possible to limit the
analysis to only few first PCs representing an expertly
defined proportion of the initial dataset variance, of
0.9 or 0.95, for example. Those PCs are considered to be
significant, representing the substantial content of the
dataset, whereas the rest of the PCs are random noise.
Therefore, when applied properly, the PCA makes it
possible to decrease the dimensions of the dataset under
study and to separate the content-rich data from the
noise. Besides, the PCA enables to identify the latent data
structures, making it effective in solving classification and
zoning tasks.

Apart from using multi-dimensional NSE, using PCA
is forms yet another important part of the methodology
proposed. PCA serves as an “integrator” of the observed
data from multiple (N) gauges and the simulated data for
these gauge locations. The information integrated in the
major K PCs, is considered to represent the deterministic
component of the system, and minor (N — K) components
are considered to be representing the noise. The dataset
based on the major K PCs can be transformed back into
multiple N-gauges series, and this transformed data is used
for the “noise-free” calibration.
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A detailed presentation of the PCA and it practical use
is provided in a number of publications (e.g., (Pomerantsev
2014; Harris 2001)). The algorithm is implemented in many
software packages; we used Minitab Release 14. The PCA
transformation is possible both by using the correlation
matrix with preliminary standardization of the initial data,
and by using the covariance matrix involving initial data
processing. The first option scales all variables and equalizes
their “weights”. Considering that in our investigation the
large rivers are more "weighty”compared to small ones, the
second option with covariance matrix is adopted.

This section presents the main components of the
methodology for calibration of distributed models
proposed in this paper, which is based on using a limited
number of PCA components, thus concentrating on the
main properties of the basin, and reducing noise.

RESULTS: APPLICATION OF THE METHODOLOGY TO A
MEDIUM SIZE BASIN

The Ussuri River basin model is considered. It was
developed by using the ECOMAG (Ecological Model for
Applied Geophysics), developed in the 1990s by Yu.G.
Motovilov in the Water Problems Institute of the Russian
Academy of Sciences. ECOMAG is a spatially-distributed
hydrological model, based on HRU (Hydrological Response
Unit) concept. Its complete details are presented in a
number of publications (Motovilov et al. 1999; Danilov-
Danilyan et al. 2014; Bugaets et al. 2023). The spatial
structure of the ECOMAG model splits watershed into sub-
basins based on topography, river network structure, soil
and vegetation type, land use, and variability of climate
characteristics. The main ECOMAG model equations were
adopted from the full spatially distributed model by spatial
aggregation at subbasin scale, neglecting secondary terms.
Daily resolution time series of precipitation, air temperature
and air relative humidity are used as inputs. Computation
of river basin hydrological response described by the two
main phases: calculation of the effective precipitation
for each sub-basin, and then routing it through the river
network. Runoff from sub-basin is calculated as sum of
the three components: Horton overland (surface) flow,
soil flow and groundwater outflow. During warm periods
precipitation is partially infiltrated and moves along the
hillslopes as interflow. Excess water produces surface flow

and moves downslope towards the drainage network. The
rest of the water that has not been drained torivers as lateral
or surface flow can be evaporated or percolated into deep
aquifers. Within cold and mid-season periods the model
describes snowpack evolution and soil freezing-thawing
cycle. Spatial aggregation made it possible to reduce
model calibration to a small number of parameters (Table
1), most of which are correction factors for hydrophysical
characteristics.

The basin of Ussuri River near Kirovskiy is 24,400 km?
(Fig. 1). Its major part is middle altitude taiga with, about
1/3 part is sub-mountain plain-like territory, partially
reforested and considerably plowed up. This is a typical
Far Eastern river characterized by frequent pluvial floods
(Moreido et al. 2021). There were 15 gauges operating
in the basin during various time periods, with the highly
correlated data.

The data of simultaneous observations of nine gauges
for the period beginning 1978 through 1990 (Table 2) were
selected for analysis, because the number of synchronously
operating gauges is maximal and the quality of network
observations is the best during these years. The gauges
with watershed areas less than 1,000 km? were not included
into the data set. Besides, in case of several gauges along
one river, they were selected by the watershed area on the
condition that the discharges at the neighboring gauges
would differ by at least of factor of two. Equal distribution
of gauges within the river basin is of course preferred.
Discharge data series for the period beginning 1978
through 1990 were simulated with the ECOMAG model.
Both observed and simulated datasets were used after
every model run for calibration and final estimations of
modeling quality by different versions of NSE.

It is important to mention the following. In this paper
we are presenting a method able to deal with multi-site
calibration and verification of distributed models. However,
we are presenting only the results of model calibration on
a single data set, but not its testing (on an unseen data set).
This is a certain limitation of this study (partly due to the
limited resources allocated for this work), but still allows to
fully demonstrate the feasibility of the presented approach
to calibration well. The comprehensive modelling
framework to be developed should include all stages
required by modelling theory.

Table 1. ECOMAG calibrated parameters

Parameter Short Name

Coef. of vertical saturated hydraulic conductivity GFB
Coef. of horizontal saturated hydraulic conductivity GFA
Soil evaporation coefficient EK

Baseflow constant, mm day' GROUND
Coef. of snowmelt intensity, mm day~' °C ALF
Critical air temperature snow/rain, °C TCR
Snowmelt air temperature, °C TSN
Air temperature gradient, °C 100 m™! TGR
Precipitation gradient, mm 100 m™' PGR
Coef. of vertical saturated hydraulic conductivity GFB
Coef. of horizontal saturated hydraulic conductivity GFA
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Fig. 1. Hydrological observation network of Ussuri Basin. The runoff gauge stations analysed: 1 - Ussuri-Kirovskiy;
2 - Ussuri-Koksharovka; 3 - Arsenievka-Yakovlevka; 4 -Ussuri-Novomikhalovka; 5 — Pavlovka-Uborka;
6 — Arsenievka-Anuchino; 7 -Ussuri-Verkhniaya Breevka; 8 - Izvilinka-lzvilinka; 9 - Krylovka-Krylovka

Table 2. Model quality estimation by both one- and multi-dimensional NSE
on the base of 9 gauges data in Ussuri River basin for 1978 - 1990 years

River — gauge station Ussuri— | Ussuri—  |Arsenievka - Ussuri - Pavlovka | Arsenievka \/eLrJriShunr:aia lzvilinka —| Krylovka—
gaug Kirovskiy | Koksharovka | Yakovlevka | Novomikhalovka | — Uborka | -~Anuchino Breevkay Izvilinka | Krylovka
Watershed area, km? 24,400 9,340 5,180 5170 3,350 2,480 1,800 1,160 1,070
Discharges in initial coordinate system
Mean 186.0 72.6 365 385 273 203 156 116 8.0
Ob d
bserved | Standard | )0 g 1274 711 623 434 415 270 183 1622
discharge | deviation
series,
m/sec Total
variance 70.6% 15.9% 4.9% 3.8% 1.8% 1.7% 0.7% 0.3% 0.3%
percentage
Mean 2129 90.8 425 533 316 21.8 19.5 14.1 76
Simulated 33?3?;?} 253.1 122.0 574 739 487 344 323 231 135
discharge
series, Total
m3/sec variance | 68.9% 16.0% 3.5% 5.9% 2.5% 1.3% 1.1% 0.6% 0.2%
percentage
0.783 0.722 0.625 0.640 0579 0.650 0.494 0.409 0.229
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Multi-dimensional on 9 series is 0.750
PCsin U-space
PC1 PC2 PC3 PC4 pPC5 PC6 pC7 PC8 PCo
Mean 2104 0.59 —5.72 281 1.88 0.77 0.08 -0.17 0.29
standard |5 934 386 316 165 120 103 82 34
PCs of deviation
observanions
Total
variance 88.5% 8.5% 1.5% 1.0% 0.3% 0.1% 0.1% 0.1% 0.0%
percentage
Mean 229.2 9.12 —7.67 2.85 6.34 —2.37 3.03 —-1.26 -0.389
standard |3 734 215 27 140 178 124 9.17 408
PCs of deviation
simulations
Total
variance 92.3% 5.8% 0.5% 0.6% 0.2% 0.3% 0.2% 0.1% 0.0%
percentage
0.819 0.358 —-0.020 0.170 -0.718 —1.7151 —1.301 -0.9678 —1.054
Multi-dimensional on 9 PCs is 0.767, on the first two PCs — 0.778

The observed data matrix Qo (/xJ) presents the sets of
daily measured discharges during the calibrating period
at 9 gauges, where | is the series length (number of days), J
is the number of variables (gauges). Based on the result of
the model simulation performed in an ordinary way (i.e. by
calibrating by the outlet gauge data with the expert analysis of
other gauges), the simulated daily discharge matrix Qf (IxJ) is
composed. The PCA conversion of Qo (IxJ) into the U-space is
carried out, obtaining the eigenvectors P (JxJ) matrix and the
PCs matrix of observations Uo (IxJ). Subsequently, the Qf (IxJ)
matrix is converted similarly into the same U-space through
the P (JxJ) matrix, that resulted in the PCs matrix of simulations
Uf(IxJ). The individual values (k=1, 2, ..., 9) are evaluated by
the series of both observed and simulated discharges at every
gauge, and hereafter the multi-dimensional evaluation is
done by them. The same procedure is applied for the observed
and simulated PCs series from 1 through 9, and the multi-
dimensional evaluation is carried out as well. Table 2 presents
the summary of the evaluation results.

As presented in Table 2, the variances of PCs decrease very
quickly —the sum of the variances of PCo1 and PCo2 amounts
for 97% of the total variance, exceeding the threshold estimate
at 95%, while the other PCs variances are negligible. So, it is
possible to consider the first two PCs as the deterministic part
of the system, and the remaining seven ones as the random
noise. The individual values of , which show the simulation
quality of each PC, confirm this hypothesis - for the first PCo'
the estimate is 0.819 (good), for the second PCo2 it is 0.358
(satisfactory), then the estimate decrease, even reaching large
negative values.

Note, that observation variables are also graded in the initial
matrix Qo(IxJ) by variance. Sum of variances of two largest
gauges is 86.5% of the total variance, that is so close to the sum of
variances of PCo1 and PCo2 of observations. However, the values
for all gauge series are still high with the slight downward trend
at watershed area reduction. Fig. 2 distinctly shows the difference
between the gauge hydrographs and the charts of PCs values at
the same positions in the matrixes. The hydrographs' values are
essentially positive, and the charts have a specific shape similar
to each other, whereas the PCs numbered 3 and higher look like
random signals with zero mean.

In other words, the content-rich information from the
hydrographs of various gauges is evenly distributed, and
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is duplicated, which is confirmed by high cross-correlation
coefficients. The noises are similarly distributed across all
gauges. It is obvious that the PCA transformation brings the
initial correlated dataset to the system of uncorrelated PCs
collecting independent content-rich data into two first ones,
whereas the noise is distributed between the rest. It is known
that the random variables’ total variance being equal to the
sum of variances is true for the independent random variables
only. Table 2 really shows that this rule is true for PCs, however
the total variance of the initial variables is more than three
times higher than the sum of their individual variances. This
proportion gives a rough indicator of the data "duplication”in
the initial data matrix.

It should be emphasized that it is impossible to strictly
separate a signal into a content-rich part and the noise by
statistical methods (and, note, the 5% threshold level of noise
is set arbitrarily). Therefore, it would be more correct to say that
the noise content prevails in the removed seven components,
and the content-rich data considerably prevails in the first two
components compared to the initial dataset.

The Nash-Sutcliffe multi-dimensional coefficientestimation
for a traditionally calibrated model does not depend on the
coordinate space — it is calculated according to Eq. (6) and is
equal to 0.750. The characteristics of the PCs, including their
independent status and the distribution between a content-
rich signal and noise, make it possible to perform calibration
by only PC1 and PC2 when calculating the multi-dimensional
values with this two PCs, that is marked by two asterisks.
The is equal to 0.778 by the result of a traditional calibration
using standard NSE. By further calibration this value can be
risen up to 0.804 for a new PCs matrix of simulations Uf/(/xJ).
Thereby, the final for all gauges reaches 0.780, so is rising by
4%. Once additional calibration is performed for a content-
rich part of data, which can be seen as the “information kernel”
of the dataset, it is reasonable to expect that the parameters
estimates would be more reliable (however, this should be
additionally verified).

Supposedly, the PCs from 3 through 9 mainly contain
noise, therefore, it is reasonable to discard them. It is done
by zeroing all but the first two matrix columns in Uf'(IxJ), and
the subsequent reverse U-space transformation into the initial
one. The resulting Qf"(IxJ) will have the "noise free” modeled
values. The resulting values are equal to 0.789, and remain
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practically unchanged. However, it is worth mentioning that
this procedure considerably effects the distribution of across
individual gauges.

With the traditional calibration, there are typically some
stations with the small catchment areas, for which the model
performance is very low. The reasons for this phenomenon are
not very clear. We observed this effect for the gauge station
Krylovrka river near Krylovka, where is only 0229 (Table 2).
To improve that, we have transformed the two-component
simulated dataset (based on two PCs) back into nine-gauges
series (that is the model was calibrated on the two first PCs thus
excluding noise represented by the higher-order components).
As a result, we obtained = 0.548 which is much better (albeit not
ideal). Thereby, and a watershed area are closely related (Fig.
3). It would be reasonable to conclude that under traditional

calibration, uncontrolled distribution of noise concentrates at
the gauges at small sub-basins whose contribution to the overall
flow is also small. This issue is to a large extent resolved when the
noise components are discarded.

Fig. 2b presents the two first PCs obtained as the result
of the initial data transformation. Their physical meaning is
revealed when zoomed at the X axis (Fig. 4a). The first principal
component has typical appearance of a discharge hydrograph
and, so to say, presents a “generalized hydrograph” of the basin.
The second principal component has zero mean and a specific
waveform nearby every peak of the “generalized hydrograph’”
This component indicates obviously that hydrographs are non-
synchronous and systematically deviate from the “generalized”
one. In other words, the second principal component reflects the
space-time structure of the events within the basin.
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Fig. 2. The series of Ussuri Basin dataset analysed (1978-1990): a) observed daily discharges in initial coordinate system
(1 — Ussuri-Kirovskiy; 2 — Ussuri-Koksharovka; 3 — Arsenievka-Yakovlevka; 4 -Ussuri-Novomikhalovka; 5 - Pavlovka-
Uborka; 6 - Arsenievka—Anuchino; 7 -Ussuri-Verkhniaya Breevka; 8 - Izvilinka-lzvilinka; 9 - Krylovka-Krylovka);

b) PCs in U-space from 1 till 9
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Fig. 3. The one-dimensional Nash-Sutcliffe efficiency coefficients, resulting from different calibration methods, for
discharge series: 1 - Ussuri-Kirovskiy; 2 - Ussuri-Koksharovka; 3 - Arsenievka-Yakovlevka; 4 -Ussuri-Novomikhalovka;
5 - Pavlovka-Uborka; 6 — Arsenievka—Anuchino; 7 -Ussuri-Verkhniaya Breevka; 8 — Izvilinka-lzvilinka; 9 - Krylovka-
Krylovka. Calibration methods: | - traditional, mainly by discharge measured at outlet gauge station with expert control
in others gages; Il the same with removing the random noise; Ill - using the multi-dimensional NSE by all discharge series
with removing the random noise

83



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2024

FURTHER EXTENSION: COMPACT DATASETS

It is worth stressing once again some advantages of the multi-
dimensional calibration provided in the example above. Firstly,
application of a unified measure for a group of gauges reduce
the problem of multi-dimensional calibration to the one of one-
dimensional problem. Thereby, there is no need in expert evaluation
of the relation between model accuracy at various gauges, which
facilitates the application of automated procedures. Eq. (6) provides
thetheoreticallyjustified way of weighting theindividual components
of NSE by the variances of the corresponding time series, eliminating
thus the subjectivity typical of other non-aggregated modeling
performance metrices for a group of gauges, designed on the basis
of various “practical” considerations.

The example above shows that the PCA procedures allow for
considerable reduction of the dimensionality of the datasets for
medium-size basins, which are conditionally homogeneous by
physiographic conditions and have highly correlated discharge
hydrographs at various gauge stations: the useful information is
stored in two PCs of varied physical interpretation and the most of
the noise can be removed. This opens a possibility to identify the
“informational core”of a data set, using which the model calibration
would potentially lead to more reliable and stable parameters
estimates. It is suggested to name such data sets, as well as their

associated basins, the ‘compact” data sets.

As it may be assumed on the basis of the provided analysis, a
‘compact” basin is a homogeneous one both by the underlying
surface structure and the character of the meteorological forcing,
as it is the case for the studied Ussuri River basin. The basin's high
homogeneity is expressed by similar response of sub-basins to
meteorological forcing, or, in other words, the discharge hydrographs
of all sub-basins are similar.

For small basins homogeneity would typically be high. However,
we may assume that a certain number of varying sub-basin
hydrographs may be averaged without substantial information loss
within a basin of few tens of thousands square kilometres (for daily
data step), that just is the medium-size. In this case the variance
between the hydrographs in different gauges within the basin is
determined only by the characteristics of the basin's concentration
time and flow in the network. To demonstrate this approach, a simple
model demonstrating the properties of a “‘compact” dataset can be
built as follows.

We may use the facts known from hydrological science, such as
the linear dependency between discharge and watershed area, and
the power dependency between the basin's runoff concentration
time and its area, with the exponent close to 0.5 (see, for example,
Rodriguez-Ilturbe and Rinaldo (1997)). Let us examine the observed
hydrograph at the gauge of the Ussuri River near Novomikhaylovka,
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Fig. 4. The example of PC1 (blue line) and PC2 (red line) for the actual observed (a) and the constructed “observed”
datasets (b) for 9 gauging stations within Ussuri River Basin (year 1980)
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which corresponding sub-basin area is about 5 times higher than
that that corresponding to its smallest streams, and 5 times lower
than that corresponding to the outlet gauge. We calculate daily
runoff specific discharges by the data from the mentioned gauge
and transfer them to other gauges according to their watershed
areas. As proposed above, the concentration time is proportional to
the square root of the area, and we accordingly may shift in time the
hydrographs at different gauges relative to one another. Thus, the
constructed dataset is obtained from a single observed hydrograph
using scaling and shifting transformations only.

For constructing a more realistic dataset, random noise is
added to the hydrographs with approximately 20% variance of
the main signal. The noise simulates both observational errors and
the consequences of other factors, and is modeled by a random
number generator with the normal distribution. At each point of
time the random noise value is in proportion to discharge and has a
considerable inertia described by the coefficient of autocorrelation.

The obtained set of hydrographs can be assumed to be the ‘observed”
data. The “simulated” data is the same data, but without the added
random noise. This way of constructing the datasets is of course a
primitive one, however, it seems sufficient to show the relation
between the homogeneity of basin surface and weather conditions,
and the statistical ‘compactness” of observational dataset.

These datasets are processed as described in the previous section
regarding the observed and simulated Ussuri River basin data. Table
3 provides the processed results. Tables 2 and 3 mapping confirms
that constructed datasets for the period beginning 1978 through
1990 have the properties similar to the actual ones. Thus, “simulated”
data have lower variance than the ‘observed” one. Variance of the
constructed series at the gauges is smaller for smaller areas, and the
sum of variances for the two largest basins is equal to 88.8% of that
for the"observed”data. Individual at gauges vary from 0.872 to 0.316,
where the lowest value is related to the smallest basin. estimate is
0.764.

Table 2. Imitation of model quality estimation by both one- and multi-dimensional NSE on the base of constructed data
series for 9 gauges in Ussuri River basin for 1978 — 1990 years

River — qauge station Ussuri— | Ussuri— Arserrevka Ussuri — Pavlovka | Arsenievka V(:Jri;ur:;a_a Izvilinka |Krylovka—
gaug Kirovskiy | Koksharovka Novomikhalovka |- Uborka | ~Anuchino Y31 1zvilinka Krylovka
Yakovlevka Breevka
Watershed area, km? 24,400 9,340 5,180 5170 3,350 2,480 1,800 1,160 1,070
Discharges in initial coordinate system
Mean 185 784 38.7 414 30.9 19.3 129 9.2 6.9
Ob d
oserve standard 5,0 129 725 736 6838 34.1 256 214 109
discharge deviation
series,
mé/sec Total
variance 75.4% 13.4% 4.2% 4.4% 3.8% 0.9% 0.5% 0.4% 0.1%
percentage
Mean 192 73.7 409 40.8 264 19.6 14.2 9.1 8.4
Simulated
imulate Standard -, 119 66.2 66.0 428 317 230 148 137
discharge deviation
series,
m¥/sec Total
variance 78.4% 11.5% 3.5% 3.5% 1.5% 0.8% 0.4% 0.2% 0.2%
percentage
0.754 0.818 0.759 0.836 0.777 0.872 0.714 0.769 0316
Multi-dimensional on 9 series of “observations”and “simulations”is 0.768
PCsin U-space
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
Mean -212 —-154 23 —-34 -3.0 -39 -1.0 19 19
standard 45 103 55.2 293 242 183 12.7 6.4 64
PCs of deviation
observanions
Total
variance 87.7% 8.3% 2.4% 0.7% 0.5% 0.3% 0.1% 0.0% 0.0%
percentage
Mean =217 -89 —-14 -75 —52 -6.0 2.2 3.2 32
PCs of gteavrl‘:t?gi 340 83.1 290 114 109 139 69 57 57
simulations
Total
variance 93.3% 5.6% 0.7% 0.1% 0.1% 0.2% 0.0% 0.0% 0.0%
percentage
0.818 0.561 0.231 —0.233 —0.254 0410 —0.052 —-0.102 —-0.492
Multi-dimensional on 9 PCs is 0.795, on two first PCs — 0.797
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Being projected into the U-space, the constructed data
is effectively convoluted, and summarized dispersion of the
first two PCs is up to 96.0% for the “observed” hydrographs,
and it is 98.9% for the “simulated” ones. Individual for PCs
are progressively reducing and exceed the 0.5 threshold for
the two first PCs only with the estimate equal to 0.796.The
PCs following the first two ones look like random stochastic
sequences, whereas the charts of the PCc1 and PCc2 are
very close to the ones developed by the actual observed
and simulated data (Fig. 4).

It can be seen that the Ussuri River basin, being quite
homogeneous in structure and dynamics, allows for
demonstrating the main properties and usefulness of the
proposed notion of a “compact” dataset. For sure, more
studies are needed for the further development of this
notion.

CONCLUSIONS AND OUTLOOK

The conducted study demonstrates that the presented
version of the multi-dimensional NSE with PCA in
calibration of spatially-distributed hydrological models, if
compared to other calibration methods, has a number of
advantages:

— the reduced dimensionality without loss of
important information, straightforward data analysis, and
the automated calibration procedure;

— objective separation of the deterministic signal from
the noise, calibration using the “information kernel”of data,
leading to more accurate parameters’estimates.

Additionally, the introduced notion and the procedure
of building the “compact” datasets allows for physical
interpretation of ‘compact” or “noncompact” sub-basins,
which is valuable for hydrological zoning of the basins,
hydrological fields analysis, and structuring the models of
large basins. It should be emphasized once again that the
proposed methodology seem of most advantageous along
the transition to solving those problems of hydrology that
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ABSTRACT. The geometry of watercourses shows that they undergo continuous deformation towards a dynamic equilibrium
state. Once this is reached, further changes in the bed can be observed, but they are not expected to cause significant
deviations from the dynamic equilibrium state. The dynamic equilibrium state will likely change due to significant natural or
artificial processes. The main question is what new riverbed geometry or flow conditions (peak water levels) can be expected. In
our paper, we investigate the impact of past interventions on the dynamic equilibrium state of the Upper Danube in Hungary.
We builta 1D morphodynamic model for the section under study. The model was improved by incorporating the mixed grain
composition of the bed and bedload material and considering the backwater effect. The model was parameterised with data
from the 19" century, i.e. the natural state. The model allowed us to perform a century-scale study. The model gave accurate
results of 13 cm and 3 cm for the incorporation of the interventions and also predicted the backfilling in the studied section.
Using the 1D approach, we obtained a model that can study a more extended section, such as a more than 100 km reach.
The 1D model can provide a temporal estimate of the impact of each intervention, Such as the installation of wing dam fields
and water dams and the elaboration of artificial cutoffs.
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INTRODUCTION interventions have induced changes in riverbed geometry
that were not or could not be considered in the design
For all rivers, morphological changes can be observed because of the lack of reliable tools (Farkas-Ivanyi, 2015;
over time, the effects of which need to be characterized Téry, 1952; Bogardi, 1955, Holubova, 2004). For example,
by approximating the dynamic equilibrium state. These ~ when deposition and gravel bank formation was caused
changes can be caused by artificial interventions or by by excess downstream sediment related to bed erosion
natural phenomena. Nowadays, increasing emphasis is  from an upstream intervention. In this case, the upstream
being placed on predictions, which can also be necessary  interventions caused navigational difficulties on the
for the morphological characteristics of rivers. Natural ~ downstream reach, which required further interventions
changes can often only be estimated, but artificial in the river section, which became problematic (Rakdczi,
interventions are preceded by planning or consultation,  1993). A suitable model could have predicted the effects of
making predicting their impact easier. In the Upper  the upstream intervention.
Danube in Hungary, it can also be observed that some
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In our study, we focused on a section of the Upper
Danube in Hungary and investigated the artificial effects of
this section. The section under study starts at Dunaremete
and continues to Nagybaijcs, as shown in Figure 1.

The Danube has already undergone a lot of regulation,
such as the river regulation in the 19" century (1881-1885),
where the then braided system (Figure 1.) was transformed
into a single thread channel (Figure 1.), which provides better
navigation conditions and improved flood protection (Téry,
1952; VITUKI, 1954).

According to the literature, the length of the section was
reduced by 10% (T6ry, 1952). The regulation has reduced by
half the widths in the control sections. After regulation, the
alluvium was enriched, filling several places. This resulted in
the following regulation work (Téry, 1952; Bogardi, 1955).

A further intervention was the installation of wing dams/
wing dam rows on the section between 1938 and 1944 (Téry,
1952) (Figure 2.). This intervention is expected to induce
morphodynamic processes that mainly benefit navigability.

The braided system regulation upset the sediment balance,
which resulted in intensive sediment deposition on the
downstream section. The installation of the wing dams was
expected to erode these problematic deposits, thus improving
the flood risk management and navigability. The wing dams
were constructed between 1938 and 1944 (T6ry, 1952). The
constructed wing dams narrowed the original channel width
by ~30% which means about 120 m in the Nagybajcs (rkm
1801) section.

Several studies have been conducted to investigate the
effects of wing dams, which have supported the present work.
Evaluation of field measurements and numerical modelling
results were also available in the studies processed. The
results showed that the consideration of the mixed grain
composition plays a significant role in the development of the
new equilibrium state (Holubova 2015; Wilcock and Crowe,
2003; Parker et al, 2024). The studies focused on a few km long
sections and short time scales. Measurement-based studies
(Liedermann et al. 2017; Holubovéa et al. 2015; Pomazi and
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F|g 3. Danube regulatlon before/after comparison (DuRe Flood pro;ect 2015)

Baranya 2022) evaluated the present conditions. Numerical
modelling-based studies were limited to a few months at most
(Fischer- Antze et al, 2008; Baranya & Jozsa, 2006). The studies
showed no significant riverbed change trend in the examined
sections. Based on these, it seems that the 2000s established
the new equilibrium state, that is, the effect of previous
interventions was no longer detectable.

However, examining the effects of interventions that are
more extensive than local, both in space and time is necessary.
We believe this is of great importance, as interventions can
significantly impact the morphodynamics upstream and
downstream.

Based onthese, the present study aims to demonstrate that
it is possible to predict the morphodynamic effects of reach-
scale interventions using a 1D model that is able to take into
account the mixed grain composition of sediment transport
and is able to consider the interaction between upstream and
downstream by applying backwater equation. In this way, we
offer a validated tool capable of answering key questions for
river regulation. In our particular case, what impact have river
management interventions had on the equilibrium state? Can
we predict the new dynamic equilibrium state and the time
needed to reach it?

MATERIALS AND METHODS
Literature research

The literature search has been emphasized as it
provides the model specification and parameterization.
From the data collected over several periods, it is possible
to identify morphological changes and processes. The

90

impact of two interventions were investigated in this
study, so the aim was to collect data before and after the
two interventions. One of the two interventions is the
braided system regulation in the 19" century and the
building of wing dams in the first half of the 20" century.
From the period of before the 19"-century regulation, not
much substantial data is available. Still, literature research
has provided with a very relevant data set: the Danube’s
longitudinal bed profile (Lanfranconi, 1882) which can be
seen in Figure 4. It shows that the section did not follow
a constant downward trend. However the upper section
was characterized by a steeper slope, which decreased
drastically as it reached the lower section. In accordance
with previous papers (Holubova et al., 2004; Téry, 1952), a
slope break could be detected in this section under study,
as shown in the longitudinal profiles. As additional data,
we also found a longitudinal profile from 1910 (M. kir. all.
nyomda, 1910), 1949 (OVH, 1949), and 1970 (VITUKI, 1970).

The longitudinal profiles show that after the regulation
in 19" century, the riverbed upstream Gonyd (rkm 1791.5)
visibly deepens, while downstream GonyU a considerable
deposition process took place. Comparing the longitudinal
profile from 1949 with the pre-regulation section (1882), it
canbeseenthatthereislesssedimentation upstream Gonyd
(rkm 1791.5) and a gradually filling section downstream.
What can also be observed are some significant local
changes that an intervention, such as the installation
of wing dams, could cause. The amount of sediment
has always played an essential role in the ongoing river
morphodynamics. The evolution of sediment transport can
strongly influence the geometry of the riverbed.



Emese Nyiri and Gergely T. Torok

IMPACT ASSESSMENT OF RIVER REGULATIONS ...

INagybajcsi L%Jv'asp.ark- “
és Otthon,Vendéghaz

B A

Google \

Fig. 4. Row of wing dams at Nagybajcs, rkm 1801 (Google Maps, 20227)

- - . f‘ — 115
Wing dams [1938-1944] | | 113
i , < b 111
‘ N w'\m ;‘ ‘ 107 ;'
' ai ' v 105 €
' ‘ NN Y NS 1038
’ NN V’ \N\ / >
. > | ' ’qw q!i\\ \’ 101
- > y / ( v
Cutoff of braided channel ' 99
[1881-1885] | o7
| 95
1820 1810 1800 1790 1780 1770
Distance [rkm]
—1882 1910 —1949 —1970

Fig. 5. A comparison chart of past longitudinal profiles

Based on the literature, we had sediment load data
for two periods. Between 1952 and 1953, the yield at the
Dunaremete (rkm 1825,5) section was 185400 t/year, while
at Nagybajcs (rkm 1801), 22000 t/year, and at Dunaalmas
(rkm 1752) 38850 t/year (OVF Hydrographic yearbooks
1886-1990%, Poméazi and Baranya 2020). These data show
that erosion is present between Dunaremete (rkm 1825)
and Nagybajcs (rkm 1801), and the sediment load of
Nagybajcs (rkm 1801) also shows that selective erosion
may be the cause of the decline there, as pointed out by
several studies (Téry, 1952; Bogardi, 1955). The second
period is between 1966 and 1992. During this period,

"https://www.google.hu/maps

the sediment loads were 730607 t/year at Dunaremete
(rkm 1825), 483873 t/year at Nagybajcs (rkm 1801) and
65000 t/year at Dunaalmas (rkm 1752) (OVF Hydrographic
yearbooks 1886-1990). The later data show that erosion is
still present, but not to the same extent as the older data
illustrate. For the sediment, not only the sediment load was
significant, but also the grain composition.

The section’s grain size and sediment values are taken
from the measurements made between 1952 and 1953.
The average sediment grain size (D) was 18 mm at
Dunaremete (rkm 1825), 7.5 mm at Nagbajcs (rkm 1801),
and 0.245 mm at Dunaalmas (rkm 1752) (Bogardi, 1955).

2 https://www.vizugy.hu/print.php?webdokumentumid=1524, 2022
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The sections’ average bed material (Dsg) size was 19 mm
at Dunaremete (rkm 1825) and 13 mm at Nagybajcs (rkm
1801) (Bogérdi, 1955). The data shows the differences
between individual sections. The distance between
Dunaremete and Nagybajcs (rkm 1801) is only 25 km and
the typical grain size in the Nagybajcs (rkm 1801) section
is less than half of the Dunaremete (rkm 1825) value. The
decreasing values also confirm the selective deposition
within the section.

Another essential data point in our study is the grain
composition curves. We aim to develop aninhomogeneous
model that considers interactions between several
fractions. With this kind of approach, selective erosion
can also be investigated. In the section under study, this
is a fundamental. The slope break upstream of GonyU (rkm
1791.5) has a slope rate of 25-40 cm/km on the section and
steeper and steeper sections towards Austria (Goda, 1995).
Downstream of Gonyd (rkm 1791.5), the predominant
slope is 8-10 cm/km or less (Téry, 1952; Holubova et al.
2004, Rakodczi and Sass, 1995, Rakdczi, 1979).

Four parameters were used to test the model’s
accuracy. These data were from the contemporary riverbed
level at Dunaremete (rkm 1825), the location of the slope
break (Holubova, 2004; Téry 1952), the bed slope upstream
and downstream of the reach, and the average sediment
diameter in the Dunaremete (rkm 1825) and Nagybajcs
(rkm 1801) sections.

1D morphodynamic model setup

The 1D model performs the calculation steps for
a whole section, establishing a link between adjacent
sections. The approach and simplifications used in the
model were based on the online notes of Professor Gary
Parker (Parker, 20043). In the model, we approximate the
cross-section with a rectangular section and do not
consider the floodplain, only the bankfull channel. Because
of this approximation, the model takes into account the
bankfull discharge. The bankfull discharge along with the
intermittency are used to describe the equilibrium bankfull
morphodynamic state. Intermittency is the time fraction
that shows the morphodynamically active time fraction
(Parker, 2004).

The model is based on a system of equations that give
the equilibrium stage (Eke et al, 2014; Naito and Parker,
2019).

Continuity equation for a liquid:

Q,,=UHB ()

Q the flow discharge [m?¥s], U the section average
velocity [m/s], B width of the section [m] and H the water
depth [m].

Momentum equation:

Tp
— |=C ,U*=gHS @
P f

In the equation 7, is the bed shear stress [N/m?], o is the
density of water (1000 kg/m?3), Cis the dimensionless bed
resistance, g is the acceleration of gravity (9,81 m/s?) and S
is the bed slope [-].

The continuity equation for a sediment:

Q,=Bq,(R+1) ©)

Q, the sediment load [kg/s], a, the specific sediment
load [kg/sm] and R the underwater weight of the sediment.

1D model contexts

The hydrodynamic variables were estimated with the
backwater equation:

T,
S—C
0H I gH? “
ox B qz
1_ w
gH?

In the equation, Sfis the fall of the energy line.

In the following equation, fr denotes the Froude
number, which is a dimensionless number and can be
calculated as follows:

Fr=ﬁ (5)

The dimensionless bed shear stress can be calculated
using the following equation:

©y  HS CU’

~pgRD ~ RD ~ RgD

Based on the shears stress, the bedload transport
formulas are able to estimate the sediment discharges. In
the present 1D model, we applied the Wilcock and Crowe
formula in order to consider the mixed sediment behavior,
such as the selective erosion and bed armouring process.
The grain composition is the moving layer and the active
and inactive layers of the bed vary in grain composition.
So, the transport between these three layers must always
be calculated, and then the change in grain composition
caused by these must also be modelled for each cell
(Wilcock and Crowe, 2003).

The change in the bed elevation of a given cell was
calculated from the difference between the sediment
loads calculated for the cell of the preceding section and
the cell of the following section, using the Exner equation.

on 99,
R

Steps in the calculation of the Wilcock model:

1. Determination of the dimensionless bed shear
stressfor the average grain size as a function of sand
content

2. Determination of the reference bed shear stressfor
the average grain size as a function of the dimensionless
slip stress

3. determination of the reference bed shear stressof
the i-th fraction as a function of the reference bed shear
stressfor the average grain size and the diameter of the i-th
fraction and the diameter of the average grain size

4. Calculation of the dimensionless sediment load of
the i-th fraction from the ratio of the reference bottom-slip
tension to the bottom-slip tension

5. Calculation of the sediment load per unit width
of fraction i-th as a function of the dimensionless yield,
fraction ratio and slip velocity

6. calculation of the concentration of the i-th fraction
as a function of sediment load, water depth and water
velocity

©)

*

"http//hydrolab.illinois.edu/people/parkerg/morphodynamics_e-book.htm
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Modell validation

For the model parameterisation, the reach averaged bankfull
channel width before interventions were set based on an earlier
0D model-based study in 2020 (Dunaremete: ~600 m) (Nyiri,
2020).

Theinlet section of the model was Dunaremete (rkm 1825).The
bankfull discharge at Dunaremete is 4100m?3/s (OVF, 1886-1990).
Since no data on bed material was available from the 19" century,
we assumed that the bed composition didn't change significantly.
Therefore, we set the grain size composition curves determined
in 1954 as the initial boundary condition (VITUKI, 1954) . The
outflow section was the Dunaalmas section (rkm 1752), in order
to place the slope break at Gonyd (rkm 1791.5) in the middle of
the domain. The grain composition at Dunaalmas (rkm 1752) was
determined in a similar way to that at Dunaremete (rkm 1825). The
outflow bed level was set at Dunaalmas (rkm 1752),i.e.97.27 mAf
(Lanfranconi, 1882). The initial longitudinal profile was calculated
assuming a constant bed slope typical downstream of Gony(
(rkm 1791.5), which is ~ 9 cm/km (T6ry, 1952). The measured value

of 1953-54 for the inflow sediment load was given, i.e. 185400 t/
year (OVF, 1886-1990). After parameterization, the model was run
until to get the best match with the real longitudinal profile from
1882, which took 600 years.

As shown in Figure 5, the break is well represented, and the
model places it at about rkm 1792.9. Considering that the break
is not exactly at GonyU (rkm 1791.5), this is considered acceptable
(Table 1).

The calculated bed elevation at the inlet section is 110.69
m.Af, while the recorded value is 110.61 m.Af. (Lanfranconi,
1882), so the model decimetre accurately reproduced the initial
level. Regarding the values of the bed slope, the literature defines
the slope upstream of GonyU (rkm 1791.5) as 25-35 cm/km (Téry,
1952), while the model gave this as 30 cm/km, which slopes
within the range of the recorded. Downstream of the slope break,
the literature specifies 8-9 cm/km (Téry, 1952), while the model
gave a slope of 8 cm/km (Table 1).

To validate the model, we also considered the calculated
average grain sizes of the model, which are shown in Figure 6.
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Based on Figure 6, the model calculates 16.7 mm
average bed material grain size in the initial section at
Dunaremete (rkm 1825), which according to the literature
was between 14-18 mm (Bogardi, 1955; Téry, 1952), so the
model result is considered to be correct. For Nagybajcs
(rkm 1801), the model’s grain diameter is at 7 mm, which
is also very close to the 7.5 mm found in the literature
(Bogardi, 1955).

Implementation of the interventions
Regulation of the braided river system

Prior to the regulation, the Upper Hungarian Danube was
braided, and the aim of the regulation was to create a main
riverbed that would provide better navigation conditions
and improved flood protection. Figure 1 shows the braided
character of the studied reach. The artificial cutoffs of the
meanders have also shortened the length of the river and
thus increased the slope.

The artificial cutoffs were implemented by the fact that
the length of the river shortened, so the model accounted for
this by reducing Ax cell size by a reduction factor, which was
0.9 (Téry, 1952).

In addition, the width of the newly created main channel
was known from the records. For the 19" century intervention
plans, data were available on the extent to which certain
sections were narrowed (Téry, 1952). For the Dunaremete
(rkm 1825) section, a planned width of 420 m was used, of
which a 325 m channel width was achieved (Téry, 1952). The
model used a width of 325 m on this base.

Installation of the rows of wing dams in the model

The descriptions show that two sets of consecutive row
of wing dams were built on the section under study between
1938 and 1944 (Téry, 1952), one on the section between rkm
1807-1805 and the other on the Nagybajcs-Vének section
(rkm 1802-1793). These two rows were included in the model
as one continuous wing dam line, because between the
two, gravel bars were formed, which narrowed the bed to a
similar extent as the wing dams. For this reason, the entire
section (rkm 1807-1793) had the same narrowed bed width,
that is, it could be considered as a continuous section. The
morphodynamic effects of wing dams were implemented
in the model with additional equations, which we took
from a foreign paper (Torok & Parker, 2022). The core of the
procedure is that the cross-section are considered to be
divided by the wing dams into two parts: one of which will
be the narrowed main channel and the otheris the wing dam
field. However, the hydraulic parameters of the two channels
are not identical. The paper recommends using the following
two equations to calculate the flow in the two channels. The
Bernoulli equation is valid in the following form:

2024
U2 U?
2g +Zws,m_ 28 Zws,wd

Moreover, the continuity equation also hold.
Qtotal: Qm + de = UmHmBm + dedede ©)

By supplementing the original equations with these
equations, the system of equations to be solved becomes
definite, i.e. the 1D flow pattern in the narrowed main
channel can be calculated for each cross-section

MODEL RESULTS
Regulation of the braided river system

Figure 7. shows longitudinal bed profiles from the
time of the natural state (solid light blue line) and from the
period after the artificial meander cutoffs (but before the
wing dam installation). The calculation started from 1880,
because that is when the cutoff work started and ended in
1910 for which there was a recorded longitudinal profile
dataset. The model results show that the intervention
caused about 2.5m bed incision within the affected section
(rkm ~1810), while there was a significant, almost Tm rise
in the bed level in the downstream of the interventions
(downstream of rkm ~1810).

The difference between the calculated and measured bed
levels, as well as their average for the section, were also
calculated, which can be seen in Figure 8.

As shown in Figure 8, the period 1880-1910 shows a
bed level decrease of 1 m on average. The average erosion
was also calculated from the model results, resulting in a
1.13 m decrease. The difference between the records and
the model results is 13cm, Which indicates the accuracy of
the model.

Figure 9 shows the average size of the bed material. It
can be seen that initially the average grain size decreased,
that is, the bed became finer (orange line). This may be
because the bed armor that had formed earlier was broke
up as a result of the narrowing (Rakoczi, 2000). Later,
however, the bed material became coarser, and eventually
returned close to its original dimensions, meaning that
the bed armor could develop again (continuous light blue
line).

The breakup of the bed armor resulted in the deposition
of a large amount of sediment on the downstream.
Presumably, this deposition caused the increase of the
water levels in the examined section (dashed lines in
Figure 7). This flood protection risk caused the plan of wing
dam installation in the section where significant sediment
deposition took place.

Table 1. Summary table of validation

Measured data Calculated data
Dunaremete bed level 11069 mA. f 11061 mA.f
Location of the slope break ~rkm 1791.5 [Gony] rkm 1792.1
Slope above the break ~25 cm/km = 35 cm/km 30 cm/km
Slope below the break ~8cm/km -9 cm/km 8 cm/km
Dunaremete average grain size 18 mm - 14 mm 16.7mm
Nagybajcs average grain size 7.5 mm 7 mm
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Installation of the wing dam line in the model

The impact assessment of the wing dams was carried
out for the following period. The model test was started
from 1938, when the wing dams were actually installed
on the section and was run until 1949 for which there was
recorded longitudinal profile dataset. The result of the
model run is shown in Figure 10.

The 1949 status is marked in red. It can be seen that
with the construction of the wing dams, the riverbed is
beginning to erode, which is one of the expected effects
from wing dams. The model shows an average bed incision
of about ~90 cm on average for the wing dam section after
10 years. Figure 11 shows the recorded bed changes along
the investigated section.

95

As can be seen in Figure 11, the value of the average
bed change is shown by the orange line, which shows an
erosion of nearly 1.5 m.The value of the average bed change
is shown by the orange line, which shows an erosion of
nearly 1.5 m. Based on the topography (Figure 11), it can
be seen that there are wing dams on both sides of the river
in two places, which caused drastic local depressions (Nyiri
et al. 2023). This also significantly affects the average bed
erosion value. However, the model cannot take this local
effect into account. For this reason, we ignored the two
local erosion effects when compiling the results. The lines
for the measured values in Figure 12 have already been
constructed in this way.

Figure 12 shows that the average erosion rate of the
riverbed in this section was 89cm, whereas the model
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Impact of the wing dams
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Fig. 12. Changes in bed level at the wing dam between 1938 and 1949 (EDUVIZIG, 2022)

resulted in 92cm. This means that there is only a difference
of 3cm between the average values of the model and the
recorded changes.

Figure 13 shows the change in the bed material. It can
be seen that the bed material became significantly coarser
in the section affected by the intervention, which indicates
the development of the bed armor.

DISCUSSION

River control intervention with wing dams is a fairly
common methodology. Finding examples of it all over
the world, as a result of which the exploration of the
morphodynamic reaction is an important research
question. The most widespread methodology for the
investigation is based on the statistical analysis of the
measured parameters (bed level and water level). On this
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basis, itwasshown, forexample,inthe case of the Mississippi,
Missouri and Rhine rivers (Pinter et al. 2006), that the bed
level clearly decreased due to the wing dams. The one we
examined showed the same trend. In general, therefore, it
is expected that the bed level will decrease. However, from
the point of view of the examination of water levels, the
expected trend is not so clear. In the case of the Mississippi
and Missouri, the trend clearly showed rising water levels,
at least in a couple of decades after installation (Pinter and
Heine 2004). It has not yet been investigated how long this
trend can be expected, or whether it may be followed by
a downward trend. In the case of the Rhine River, however,
no water level rise was observed. Although in our study we
treated the results with reservations regarding the water
levels, since they were not validated, we experienced an
increasing trend.
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1D morphodynamic model presented in this study
provides an opportunity for sensitivity tests and thus an
investigation method to reveal the effects that cause water
level changes can be revealed. That is, statistical analysis of
measured water levels and a 1D morphodynamic model
complement each other very well, even in studies of this
kind.
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CONCLUSIONS

Through the example of the Upper Hungarian
Danube, we saw that there is a huge need for tools
that can demonstrate the large spatial and temporal
morphodynamic effects of artificial river control works,
but there is no available means for this. Especially not for
cases where the riverbed with a mixed grain composition
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can have such a complicated morphodynamic processes
(bed armoring, selective erosion and deposition) that
simpler sediment transport models cannot even be taken
into account. For this reason, our goal was to develop and
validate a tool capable of calculating the morphodynamic
effects of various artificial river control interventions on a
large spatial and temporal scale in the case of rivers with a
mixed grain composition.

In our study, we investigated the morphodynamics of a
selected section of the Upper Hungarian Danube, focusing
on the effect of artificial interventions. The inlet section of
the studied reachis Dunaremete (rkm 1825) and the outflow
section is Dunaalmas (rkm 1752), with a longitudinal slope
break located between these two sections in the vicinity of
Gonyd (rkm ~1790). The development to a model which
is able to take into account inhomogeneous bed material
and bedload was crucial as bed armoring and selective
erosion play animportant role in forming the bed, including
the sudden break in longitudinal profile (Holubova et al,
2015; Liedermann, 2017; Baranya et al., 2008). To gain this
experience, we applied the sediment transport model
developed by Wilcock and Crowe (2003) for mixed grain
composition. A detailed literature search was carried out
to be able to validate and calibrate our 1D model. The aim
was to assess the impact of interventions with the model.
Since the first intervention was river regulation in the late
19t century, it was necessary to have a pre-river regulation
state. This state was estimated with the model in such a
way that the results showed a good agreement with the
location of the break in the longitudinal profile, the value of
the upstream and downstream slope and the composition
of the bed material. Based on these, on the one hand, the
model was validated for the state before the interventions,
and on the other hand, this is how we prepared the initial
conditions for further model studies.

The first model study was the investigation of
the artificial meander cut-offs in the 19" century. The
intervention not only changed the bed geometry, but also
the sediment transport, not to mention the shortening
of the river. The model test showed that the average
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ABSTRACT. The Sefidroud River, the second largest river in Iran, is located in the north. Since the operation of the Sefidroud
(Manjil) dam on the said river, about half of the storage volume of the dam has decreased as a result of the accumulation of
sediments. The present research, using 516 suspended sediment data from four regional sediment monitoring stations, was
conducted between 2013 and 2020 to check the accuracy of single-linear, bi-linear and middle-class sediment rating curves
(SRCs) of four sediment monitoring stations as well as Landsat 8 images to estimate suspended sediment concentration
(SSC). After drawing the SRCs based on 46 satellite images and SSC data, 70% of samples were used to prepare the regression
models of spectral data versus suspended sediment discharge (Qs) and 30% of samples to evaluate the accuracy of SRC and
Landsat 8 data. According to results, the middle-class SRCs had the highest coefficient of determination (R?, exponential).
Four band ratios B4/B3, B4/B2, B6/B5 and B7/B5 had exponential and power correlation with Qs, with the highest value for the
band ratio B4/B3 (R? = 0.74, exponential). To conclude, the results of the current research showed that the B4/B3 band ratio
was more efficient for Qs estimation.
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INTRODUCTION

The water crisis, such as water scarcity, water pollution
and other water-related issues, has been ranked fifth
among the world’s top 10 risks according to the Global
Risk Report 2020 (Yang et al. 2022). Recent centuries
have increasingly experienced various erosions and
corresponding effects on surface water and soil at the local,
national, continental and international policy levels. As a
result, many studies have focused on soil erosion process,
sediment dynamics, sediment assessment, reservoir
sediment and environmental aspects of suspended
sediment transport and subsequently special measures
to reduce soil erosion (De Girolamo et al. 2015). Sediment
transport and sedimentation lead to consequences such
as the formation of sediment islands in the river course
and as a result reducing the flood flow transfer capacity,
reducing the lifespan of dams and storage capacity of
reservoirs, corrosion of river structures and damage to water
structures and fields, and sedimentation in the canal. The
sediment load in rivers is mainly composed of suspended

sediment load (SSL) and sediment bed load (SBL). The SSL
consists of suspended particles transported due to river
turbulence, and the SBL contains coarser particles that flow
on the river bed. Suspended sediment concentration (SSC)
is one of the main factors of disrupting the natural flow of
water (Efthimiou 2019). Spatial and temporal changes of
SSC are related to anthropogenic and natural factors (Sa’ad
et al. 2021), so that population growth along with climate
change leads to overexploitation of land, thus affecting
the quantity and quality of water in dam reservoirs (Mazhar
et al. 2022). The annual reduction in the storage capacity
of dams in the world following the sedimentation is
approximately 0.5 to 1% of the reservoir volume, which is
more than 4 to 5% for many dams; therefore, most dams
lose the main part of their water storage capacity within 25
to 30 years (Verstraeten et al. 2003). Suspended sediments
are continuously transported and accumulated in a river
system, thereby affecting river morphology and biological
services (Martinez and Cox 2023; Jangjoo 2021). About
20 billion tons of suspended sediments enter the oceans
annually because of erosion and transport of sediments in
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river systems (Abbasi et al. 2021; Dos Santos et al. 2018).
In general, suspended sediment accounts for 70-90%
of the total annual river sediment (Pavanelli & Cavazza
2010; Reglés & Nadal-Romero 2013; Khan et al. 2021). In
addition, suspended sediments, especially fine particles,
are considered as physical pollutants due to the transport
of chemicals (Safizadeh et al. 2021; Aires et al. 2022; Khoram
Nejadian et al. 2023). Several studies reported a close
relationship between SSC and heavy substances such as
nitrate and phosphate (Endreny & Hassett 2005; Edwards
and Withers 2008; Horowitz 2008; Cao et al. 2011; Wang et
al. 2015).

In recent years, two methods of water sampling and the
use of satellite spectrum have been employed to monitor
the SSCs (Sa'ad et al. 2021). Water sampling is both time-
consuming and more expensive (Sa'ad et al. 2021). In fact,
the use of these conventional methods for water quality
monitoring is challenging due to limited resources in terms
of capital and available labor, especially in developing
countries (Adjovu et al. 2023). On the other hand, SSC is
very different in terms of time and space (Du et al. 2021), so
that this natural heterogeneity makes it difficult to obtain a
synoptic view of suspended sediments through in situ SSC
sampling (Lei et al. 2021). Therefore, in recent years, indirect
techniques, especially those that use satellite images, have
become popular to investigate SSC in large rivers. These
methods, which have been tested since early in the 21st
century, are more cost- and time-effective (dos Santos et
al. 2018). Sa'ad et al. (2021) in the east coast of Malaysia,
by examining the statistical correlation of total suspended
sediment (TSS) with Landsat 8 bands, concluded that TSS
had a correlation coefficient (R?) of 0.79 with the green,
near-infrared (NIR), and short-wavelength (SWIR) bands.
Jally et al. (2021) investigated the correlation of Landsat-8
Operational Land Imager (OLIl) satellite data and SSC in
Chilika Lake in eastern India and found that the multiband
linear regression model (R?=0.6) could explain SSC changes
better than the single-band regression model (R? = 0.39).
Cremon et al. (2020) used Top-of-Atmosphere (ToA) and
Landsat 5 surface reflectance data in the Araguaia River in
west-central Brazil, and showed that multiple regression
models with ToA reflectance using VNIR bands, band ratios,
SWIR band 5 could better explain SSC changes (adjusted
R’ = 0.87, normalized root mean square error (NRMSE) =
10.09%) compared to the models with surface reflectance
(adjusted R* = 0.6, NRMSE = 15.43%). Wen et al. (2022)
investigated the total suspended matter (TSM) of Chinese
lakes using Landsat data and showed that the red band had
a correlation with TSM (R*>= 0.76). Aires et al. (2022) used
the spectral data of Landsat 8 and Sentinel-2 satellites, and
found a strong regression relationship between the NIR
band of both satellites and surface sediment concentration.
Martinez and Cox (2023) investigated SSC in the Middle-
Mississippi and Lower-Missouri rivers in the United States
using Landsat 8, 7, and 5 data, and reported that the R?
value of the developed regression model was 0.72, 0.71
and 0.75 for the spectral reflectance of the mentioned
satellites, respectively.

In addition to using single bands and band ratios for
SSC monitoring, previous studies used satellite indices such
as normalized difference water index (NDWI), normalized
difference turbidity index (NDTI) and TSM to monitor water
quality (Toming et al. 2017; Zhu et al. 2020; Meena et al.
2021; Das et al. 2021; Mazhar et al. 2022; Adjovu et al. 2023).
Despite the fact that the majority of the aforementioned
studies reported a high correlation coefficient for the
regression models used, the efficiency of these regression
models and their preference to SRCs are challenging
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and controversial. For this reason, in the present study,
the effectiveness of Sediment rating curves (SRCs) and
satellite spectral information to estimate of suspended
sediment concentration (SSC). In an innovative approach
at the same time and in a single location was analyzed
and investigated. Accordingly, the present study aimed
to estimate SSC in Sefidroud river in northern Iran using
SRCs and satellite images and to validate the efficiency of
the regression models of both methods using real field
samples measured.

MATERIALS AND METHODS
Study area

The Sefidroud watershedisone ofthelargestwatersheds
in Iran and a subset of the Caspian Sea watershed, about
73% of which is located in the mountainous areas of the
Alborz and Zagros mountain ranges and the rest in the
plains and foothills (Othman et al. 2013). The area of this
basin is 59,217 km? and its main river is Sefidroud (Ghaffari
et al. 2022). As the second largest river in Iran, Sefidroud is
formed by joining the Shahrood River (from the southeast
side) and the Ghezel Ozan River (from the northeast
side) near the city of Manjil (Khosravi et al. 2019) and is
introduced to the Caspian Sea near Astaneh-ye Ashrafiyeh
County after crossing the width of Gilan province. The
mean annual discharge (MAD) of this river is 3998 million
cubic meters. Manjil dam is located on Sefidroud in
Manijil city, which was put into operation in 1963 with an
initial storage capacity of 1.76 billion cubic meters at the
normal level of the reservoir. This dam was built with the
purpose of civil and economic development, flood control,
organizing Sefidroud river, creating a suitable and reliable
water source for supplying water to 24,000 hectares of
agricultural lands in Gilan province and using hydroelectric
potential energy (Othman et al. 2013). Climate changes and
human interventions have greatly reduced the capacity of
the lake behind this dam, so that reservoir siltation leads
to the formation of a total of 32 million tons of sediment
inside the lake every year; and now the volume of the
reservoir has reached half of that during construction (the
volume of the lake was 1.8 billion cubic meters at the time
of construction and has reached 900 million cubic meters
now) (Kavian et al. 2016). This study has used information
from four regional sediment monitoring stations in Gilan.
The Gilvan station is located on Ghezel Ozan River, the
Lowshan station on Shahrood River, the Rudbar station
on Sefidroud River after Manjil Dam, and the Astaneh-ye
Ashrafiyeh station in Astaneh-ye Ashrafiyeh County near
the shores of the Caspian Sea on the Sefidroud River. Fig. 1
shows the location of the studied stations.

Data analyzed in the study

The SSC of Sefidroud River water was monitored using
data collected between 2013 and 2020 from four sediment
monitoring stations of Gilvan, Lowshan, Rudbarand Astaneh-ye
Ashrafiyeh affiliated to Gilan Regional Water Authority. At each
station, the SSC and corresponding discharge data have been
measured at least 10 times per year, so that a total of 122 data
sets were recorded at Gilvan, 174 at Lowshan, 80 at Rudbar, and
140 at Astaneh-ye Ashrafiyeh stations during the eight-year
period. After quality control for qualitative parameter data in
terms of outliers, the SRCs were drawn for each of the stations
based on eight years of data. The present research used the
data of spectral bands of Level-1 Precision and Terrain (L1TP)
Landsat 8 images. TP is the highest quality level-1 product
suitable for pixel-level time series analysis (Sa'ad et al. 2021). To
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Fig. 1. Location of Sefidroud River and studied hydrometric stations, Gilan province, Iran

this end, 46 images captured by the Operational Land Imager
(OLI; path: 166, row: 34) between 2013 and 2020 were acquired
from the United States Geological Survey (USGS). The images
were extracted at the same time as the SSC samples were
taken (on the same day), and the criteria for selecting these
images were based on the level of cloudiness and appropriate
quality.

Drawing sediment rating curves

Normally, methods of sampling suspended sediment
of water resources include interpolation and extrapolation
procedures (Walling and Webb 1981, 1988; Walling 1994).
The interpolation method assumes that the concentration or
discharges obtained from the samples taken are representative
of a long-term period (for example, days and weeks) and
requires regular sampling. The extrapolation method estimates
river sedimentation through more limited field measurements
and establishing a relationship between the sediment
discharge and the corresponding flow discharge; sediment
rating curves (SRCs) are a typical example of the extrapolation
method (Efthimiou 2019). the SRC method, the relationship
between discharge and SSC is usually obtained according to
Equation 1 (Asselman 2000; Efthimiou 2019; Khan et al. 2021;
Azadi et al. 2020).

_ b
0 =aQ’ (1)
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Where, Q, stands for the sediment concentration or
suspended sediment discharge in milligrams per liter (mgL™") or
tones per day, Qw for the flow rate in cubic meters per second
(m3s"),and a and b for the constant coefficients of the regression
equation.

The most common way to get the SRC is to pass a
line through the point cloud of flow discharge and SSC,
called single-linear SRC (Asselman, 2000; Azadi et al.
2020). Sometimes the distribution of point cloud is such
that it needs to pass more than one line, which is called
the broken line interpolation or bi-linear SRC (Zarris et al.
2011; Efthimiou 2019). In this method, first, the cumulative
curve of SSC data versus flow discharge values is drawn in
a log-polar coordinate system. Then, the amount of flow
discharge at the point of abrupt change of slope and
cumulative curvature is used as a base or initial guess for
the separation of the data series (point cloud).

To draw bi-linear SRC, after drawing the graph of SSC
cumulative curve and normal flow discharge data, the
most suitable abrupt change point of SSC cumulative curve
slope and the corresponding flow discharge was used as
a base or initial guess to separate the data series (point
cloud). In order to achieve the optimal flow discharge
value of the data separator, different flow discharge values
around the initial value were also tested by trial and error,
and finally, the best result (flow discharge) was identified
for the optimal separation of the initial series of data. Thus,
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flow charges smaller and larger than 10,45, 15 and 10 m3s-
1 were used for Gilvan, Lowshan, Rudbar, and Astaneh-ye
Ashrafiyeh stations, respectively, for data separation and bi-
linear SRC drawing.

Jansson (1996) suggested that flow discharges should
be divided into a number of classes with a certain trend, and
for the mean discharge of each class, the mean SSC of the
same group should be determined and the SRC should be
drawn using these new data. This method is called middle-
class SRC (Khaleghi & Varvani 2018). In order to determine
the classes for drawing middle-class SRC, the discharge
range smaller than 2 m3/s for Gilvan and Lowshan stations,
and the discharge range smaller than 5 m?s'for Rudbar and
Astaneh-ye Ashrafiyeh stations were considered as the first
class. Then, the range of discharge changes in each class
gradually increased, so that the range of changes of the last
class of Gilvan, Lowshan, Rudbar and Astaneh-ye Ashrafiyeh
stations was considered to be greater than 200, 130, 280
and 240 m3s™, respectively. The reason is that the number of
discharge episodes captured in larger discharges is limited.
For example, the number of recorded episodes of the last
class at Rudbar station (200 < m3s™") was only 1, while the
number of first-class episodes (5 > m3s) was 19. Therefore,
19, 18, 19 and 20 classes were determined for Gilvan,
Lowshan, Rudbar and Astaneh-ye Ashrafiyeh stations,
respectively, and middle-class SRC was drawn by calculating
the mean SSC and flow discharge of each class.

Satellite image preprocessing

Remote sensing techniques to measure SSC use
surface reflectance measured by multispectral sensors on
satellites or cameras. Surface reflectance can be correlated
with SSC to provide an indirect measure of SSC by creating
SSC-surface reflectance models (Martinez and Cox 2023).
in the present research, after receiving the mentioned
satellite images, the data quality was controlled based
on atmospheric, geometric and radiometric errors using
ENVI 5.3 program. Since the majority of received images
had a coordinate system, there was no need for geometric
correction. One of the important challenges of remote
sensing data in the investigation of water zones is the
resolution and atmospheric correction of satellite images
(Yangetal.2022). Earth’'satmosphere consists of liquid, solid
and gas particles, many of which cause optical absorption,
diffusion and scattering. The signal received by the
satellite is emergent radiation from the earth’s surface and
atmosphere, which is recorded directly through the sensor.
The radiation measured in the sensor is known as top of
atmosphere (ToA). The purpose of atmospheric corrections
isto convert the ToA radiation of objects into reflection from
the Earth's surface. Therefore, the radiometric correction
was first done by calibrating the digital numbers (DN) of
the image to radiance (Cremon et al. 2020; Jally et al. 2021;
Adjovu et al. 2023). Then, the atmospheric correction was
performed using Fast Line-of-sight Atmospheric Analysis
of Spectral Hypercubes (FLAASH) module. This module can
correct wavelengths in the visible, NIR and SWIR regions
up to 3 micrometers (Kantakumar and Neelamsetti 2015).
The parameters required for the atmospheric correction
were extracted from the MTL text file data as well as the
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) 30-meter DEM.

Fusion the images

Remote sensing studies are more interested in pixel-
level image fusion (Xu and Ehlers 2017). Pixel-based

104

satellite image fusion algorithms use the geometric
details of a high-resolution panchromatic (PAN) image and
spectral information from a multispectral (MS) image with
low spatial resolution to generate a high spatial resolution
MS image (Xu and Ehlers 2017; Pushparaj and Hegde 2017;
Zhang et al. 2016). In recent years, many efforts have been
made to provide algorithms suitable for fusion spectral
and spatial information of satellite images (Kavzoglu and
Colkesen 2009, Im et al. 2008, Yia et al. 2012; Liao et al. 2014).
The current research used the Gram-Schmidt algorithm, in
which a PAN band is simulated using the MS image spectral
bands. Generally, in this algorithm, the simulated PAN
band is obtained by averaging the MS image bands, and
is considered as the first band. Then, the Gram-Schmidt
transformation is conducted for the simulated PAN band
and the MS bands. Next, the PAN band of the high-
resolution image is replaced with the first Gram-Schmidt
band (Sarp 2014; Pushparaj and Hegde 2017).

Correlation between spectral reflectance and suspended
sediment concentration

After preliminary processing on satellite images, the
correlation of SSC and spectral reflectance changes was
analyzed. To this end, using random sampling in SPSS
program, first 30% of the information of 46 satellite images
and SSC (15 samples) were selected and left out of the data
set; 70% of the data (spectral information of 31 satellite
images) was used for the analysis of regression models,
and the 30% left out was used in the stage of checking the
efficiency of regression models of spectral information and
SSC. It should be noted that in SPSS software, for random
sampling of data, the percentage defined for sampling
in the program environment is applied in a limited way.
That is, to sample 30% of the data, the range of 25 to 35%
of the data may be randomly sampled. For this reason, in
the current research, about 30% defined in SPSS program,
finally 33% (15 samples) and the rest (70%) finally 67%
(31 samples) were sampled. In order to investigate the
spectral reflectance of the runoff of Sefidroud, Ghezel
Ozan and Shahrood rivers, first, five fixed 15-meter pixels
were considered in all images from the location of the
stations to 150 meters upstream of the station, followed
by calculating the average values of spectral reflectance
of seven image bands in these five pixels. It seemed that
the average spectral reflectance of 5 fixed pixels at the
closest point to the hydrometric stations compared to
the spectral reflectance of one pixel was more suitable for
SSC analysis due to the possibility of errors caused by the
geometric and radiometric characteristics of the images.
After extracting the spectral reflectance values of the
image bands, the correlation between SSC and spectral
reflectance of 7 bands and 21 band ratios was investigated.
In such studies, the criterion is usually the ratio of the larger
band to the smaller band. The band ratio B4/B3 is one of
the most important spectral information in water pollution
investigations, that is why this ratio is referred to as the
TSMindex, which is used in many studies to monitor water
quality (Toming et al. 2017; Zhu et al. 2020; Das et al. 2021).

A total of 28 spectral parameters including bands and
band ratios were used to check the correlation between
qualitative parameters and spectral reflectance of the
images. In choosing the most appropriate correlation
equation in Excel, among the four regression equations,
exponential, linear, logarithmic and power, the equation
with higher correlation coefficients was selected as the
best one.
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Efficiency criteria of regression models

After analyzing SRCs and checking the correlation
between SSCand 28 spectral reflectance parameters of 70% of
the data, the models with the highest correlation coefficients
were selected. Using the discharge values in the regression
equations of SRCs and spectral reflectance, the SSCs were
calculated in 30% of the left out data. Then, the estimated
values from SRCs and satellite images were compared with
the actual measured values. In order to evaluate the efficiency
of the regression models, the percent error criterion was
first used to get an overview of the error values of each of
the correlation equations. For this purpose, first percent
bias (PBIAS) was calculated according to Equation 2. The
optimal value of this error is zero, and positive and negative
values indicate overestimation and underestimation of the
estimated data compared to the observed data, respectively
(Jung et al. 2020). Its optimal value is zero and acceptable
values are +15% (Khan et al. 2021).

Z ?zl(Qsobs - Qsest)

n
i:leobs

Where, Qs,,. is the sum of the observed SSC values in
the desired period (30% of the total data), Qs_, is the sum of
the estimated SSC values in the desired period (30% of the
total data) and n is the number of observed and estimated
data (equal to 15 in this research).

The estimated percent error provides an overview of
the error values of each method, so other statistical criteria
were also used to select the appropriate method. Thus,
the statistical tests including mean absolute error (MAE),
root mean square error (RMSE), Nash-Sutcliffe efficiency
(NSE) and general standard deviation (GSD) were applied
to evaluate, compare and validate each of the SRCs. These
statistical criteria were calculated through Equations 3 to 6,
respectively.

PBIAS = 2)

n

MAE = Zi=l|QsA0]bS_Qsest 3)
z 7=1 (Qsobs - Qsest) ? 4)
RMSE== n
Z:lzl(Q obs_QSest)2
NSE=1- —— —  ©
zlzl(Q obs_Qsobs)
Gsp = RMSE ©)
Qsest

Where, Qs is the observed SSCs (in tons per day or mg/L),
Qs is the estimated SSCs, and N is the number of observed
samples.

The RMSE shows the distribution of the average difference
between observed and estimated values, but it cannot provide
information about overestimation and underestimation of the
model (Farhadi et al. 2020; Ghadim et al. 2020). Like RMSE, the MAE
is a common measure to show the average difference between
observed and estimated values, but it is less sensitive to the output
than RMSE, and one of its advantages is that it is preferred for
smaller data sets (Efthimiou 2019). The NSE evaluates the residual
variance of the estimated value compared to the variance of the
measured data (Jung et al. 2020) and R2 describes the degree of
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collinearity among the observed and calculated data (Azadi et al.
2020). The value of NSE and R2 varies between zero and 1, and
the higher the value, the lower the error, so that a value above
0.5 is acceptable for the model (Khan et al. 2021; Mackialeagha
et al. 2022). The optimal equation was selected using the Simple
Addition Ranking of the values of the evaluation indices. Thus, the
closest values of MAE, NSE and R2 to the number 1 and the closest
values of RMSE and GSD to the number zero in the desired station,
which represents the smallest difference between the estimated
and observed SSCs (Azadi et al. 2020; Ghadim et al. 2020; Adjovu et
al. 2023), were assigned rank 1 and the next values were assigned
rank 2. Then, the sum of the rank values of each method was
compared to each other, and any method that had the lowest
total rank was introduced as the optimal method. If the total ranks
in two or more methods were equal, the priority was given to the
equation of the method that had the highest R? value based on
the correlation coefficient between the observed and estimated
SSCs.

RESULTS

Drawing sediment rating curves

After quality control of sediment data measured at four
sediment monitoring stations, a simple linear sediment curve
was drawn for each station (Figure 2). The results showed that
the R? value of the exponential correlation between SSC and the
corresponding discharge in Gilvan, Lowshan, Rudbar and Astaneh-
ye Ashrafiyeh stations was 0.67,0.50,0.79 and 0.81, respectively. The
fitted line of exponential regression also revealed that suspended
sediment discharge Q) started from lower water discharges
(QW) in Gilvan, Lowshan and Astaneh-ye Ashrafiyeh stations, but
Astaneh-ye Ashrafiyeh station had lower Q. compared to Gilvan
and Lowshan stations, per corresponding water discharge (Q, ),
while in Rudbar station, compared to Gilvan, Lowshan, and
Astaneh-ye Ashrafiyeh stations, Q, for Q, initiation was more, and
compared to Astaneh-ye Ashrafiyeh station, Q, was more for Q.

Fig. 3 shows bi-linear SRCs drawn for the studied stations. The
results indicated that, apart from Rudbar station, the R? value of
at least one of the regression equations increased in three other
stations. The R? value was 0.31,0.56,0.06 and 0.73 for the discharges
lower than Astaneh-ye Ashrafiyeh station and 0.64, 0.12, 0.43 and
0.30 for the discharges higher than Astaneh-ye Ashrafiyeh station
at Gilvan, Lowshan, Rudbar and Astaneh-ye Ashrafiyeh stations,
respectively.

Fig. 4 shows middle-class SRCs drawn for the studied stations.
The results showed that the R? value of middle-class SRCs in all
four studied stations was higher than that of both single-linear
and bi-linear SRCs, so that it was 0.85, 0.65, 0.56 and 0.83 for Gilvan,
Lowshan, Rudbar and Astaneh-ye Ashrafiyeh stations, respectively.
These results indicated that middle-class SRCs were more accurate
in predicting flow discharge and SSC values compared to single-
linear and bi-linear SRCs due to the highest value of R?.

The results obtained from the regression models of suspended
sediment concentration and spectral bands

The results showed that among 28 spectral parameters
(including 7 bands and 21 band ratios), four band ratios B4/B3,
B4/2, B6/B5 and B7/B5 had an exponential and power correlation
with the R>0.35 (Fig. 4). The R? value of band ratios B4/B3 and
B4/2 with exponential and power correlation was 0.74 and 043,
respectively, and the R? value of band ratios B6/B5 and B7/B5 with
exponential correlation was 0.46 and 0.39, respectively. The band
ratios B4/B3 and B4/2 had a direct relationship with Q,, so that the
increase in the values of these band ratios was accompanied by
the increase in Q, but the relationship of band ratios B6/B5 and
B7/B5 with Q, was inverse, so that the increase of these ratios was
associated with the decrease of Q..
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Determining the efficiency of regression models

The results revealed that the middle-class SRCs in the
three stations of Gilvan, Lowshanand Astaneh-ye Ashrafiyeh
had higher R? values. In addition, at Rudbar station, single-
linear SRC had the highest R? value. Among the regression
relationships of Q, versus satellite band ratios, the B4/B3
band ratio had the highest R2 value. Therefore, to check the
efficiency of the mentioned regression models, the values
of the statistical criteria were calculated using 30% of the
data (15 samples) (Table 1). The results showed that the
regression equation B4/B3 versus Q_ was underestimated
and the SRC equations were overestimated, so based on
the PBIAS index, using the B4/B3 band ratio, the total Q,
in 15 samples was underestimated by about 51%, while
using SRCs, the total Q, was estimated to be around 15%
more. However, the Q_ values estimated from B4/B3 band
ratio had lower MAE, RMSE and NSE (2723 and 6055 mg/L
and 46%, respectively), while the Qs values estimated from
SRCs had higher MAE, RMSE and NSE (4198, 9125 mg/L
and 22%, respectively). In addition to lower PBIAS, the Q,
values estimated from SRCs also had lower GSM (2.24).
However, considering the impact of all efficiency criteria
on the accuracy of regression models, the ranking of error
values and total rankings showed that Q, values estimated
from B4/B3 band ratio with a total rank of 7 compared to
Q, values estimated from SRCs with a total rank of 8 were in
the first priority (Table 2).

Investigating the regression relationship of Q_ values
estimated from the band ratio B4/B3 and SRCs with the
observed values of Q, based on four exponential, linear,
logarithmic and power correlation equations showed that
the values of Q,_ estimated from the band ratio B4/B3 had
an exponential relationship and the values of Q_estimated

from SRCs had a logarithmic relationship. The findings of
the present study indicated that the R2 value of the Q,
estimated from the band ratio B4/B3 was much higher
compared to the Q_estimated from SRCs (86% versus 14%).
Therefore, both the total ranking of the efficiency criteria of
the regression model and R, of the estimated to observed
Q, values showed that the regression equation of band
ratio B4/B3 had better efficiency for Q_estimation.

DISCUSSION AND CONCLUSION

Sediment concentration (SSC)

During the period of 2013 to 2020, the present study
monitored suspended sediment concentration (SSC) using
single-linear, bi-linear and middle-class sediment rating
curves (SRCs) as well as Landsat 8 images in four sediment
monitoring stations on Sefidroud river in northern Iran. The
results indicated that the middle-class SRCs predominantly
had higher coefficient of determination (Rz, exponential)
at all stations. The middle-class SRCs were invented by
Jansson (1996) in a study of the Reventzon river basin in
Costa Rica by sampling and using the data of the Palomo
sediment monitoring station to reduce the logarithmic
retransformation bias of the single linear sediment rating
curve. The results of Jansson (1996) showed that the
estimate of sediment concentration using middle-class
SRC was very close to the observed values, while single-
linear SRC showed a lower estimate. One of the important
advantages of using middle-class SRC can be neutralizing
the effect of having more samples in low discharges in
the calendar statistics method; because by averaging the
data in flow classes, the large number of observations in
the base discharges will no longer have an effect on the

Table 1. Efficiency criteria of regression models of sediment rating curves and B4/B3 band ratio based on suspended

sediment discharge

Regression model PBIAS MAE RMSE NSE GSD
Sediment rating curves 14.51 4197.95 912525 -0.22 2.24
Band ratio B4/B3 -51.48 2722.96 6054.81 046 351

based on suspended sediment discharge

Table 2. Ranking of efficiency criteria and priority of regression models of sediment rating curves and B4/B3 band ratio

Regression model PBIAS MAE RMSE NSE GSD Total ranks Priority
Sediment rating curves 1 2 2 2 1 8 2
Band ratio B4/B3 2 1 1 1 2 7 1
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rating curves with observed suspended sediment discharge
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SRC. Walling and Webb (1981 and 1988) and Walling (1994)
suggested that the quality of the SRC can be improved by
giving more weight to higher discharges that have higher
sediment concentrations. Accordingly, in middle-class
SRCs, due to the reduction of the effect of low points, the
estimation of sediment in high discharges is improved, and
also in this method, the distribution of points is reduced
and the error caused by logarithmic transformation is
minimized. On the other hand, the results related to the
bilinear SRC indicated that in three of the four studied
sediment monitoring stations, the R2 value of at least one
of the bilinear regression equations increased compared
to the single linear one. These results are consistent with
the findings of Efthimiou (2019) and Zarris (2019), so that
Efthimiou (2019) in a research on the suspended sediments
of the Venetikos River in northern Greece and Zarris (2019)
in the Nestos River on the border between Greece and
Bulgaria showed that the bi-linear SRC had better efficiency
for estimating SSC than the single linear one.

Spectral reflectance

The results of investigating the correlation between
SSC and spectral reflectance of 7 single bands and 21 band
ratios, 31 Landsat 8 satellite images, showed that four band
ratios B4/B3, B4/2, B6/B5 and B7/B5 had exponential and
power correlations with Q_ so that the band ratio B4/B3
(R’= 0.74, exponential) had the highest correlation with Q_.
In the studies related to the relationship between satellite
spectral information and suspended sediment, many
researchers have focused on the green (B3: Green), red
(B4: Red), near infrared (B5: NIR) and short wave infrared
(B7 and B6: SWIR) bands. Sa’ad et al. (2021) found the R’
value of 79% between the TSS and the green, near-infrared
and short-wave infrared spectral bands of Landsat 8 on the
east coast of Malaysia. Jally et al. (2021) also obtained 60%
correlation between Landsat 8 spectral bands in Chilika
Lake in eastern India. Cremon et al. (2020) improved the
correlation coefficient of near-infrared and short-wave
infrared bands and band ratios of Landsat 5 with SSC to
about 87% in the Araguaia River in west-central Brazil. Wen
et al. (2022) also showed in Chinese lakes that Landsat red
band had a correlation coefficient of 0.76 with TSM. Aires
et al. (2022) also reported a strong regression relationship
between the NIR band of both Landsat 8 and Sentinel-2
satellites and suspended sediments. Martinez and Cox
(2023) showed the correlation of Landsat 8, 7 and 5 spectral
bands with SSC (R? = 0.72, 0.71 and 0.75, respectively) in
the Mississippi and Missouri rivers in the United States of
America.

The results related to the investigation of SRC efficiency
and regression model between band ratio B4/B3 and Q,
using 15 measured land samples showed that although
the SRCs compared to the regression model between
the band ratio B4/B3 and Q_ had lower errors of PBIAS
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(15 versus -51%) and GSM (3.5 versus 2.2), the regression
model between the band ratio B4/B3 and Q, with lower
MAE, RMSE and NSE errors (2723 and 6055 mg/L and 46%
respectively) compared to SRCs (4198, 9125 mg/liter and
22%, respectively) was able to better estimate Q, values
in general. , the ranking of the overall efficiency criteria is
actually the ranking of the validation criteria used in the
current research. Any validation criterion that has more
accuracy has been assigned a lower rank, and finally, any
method with a lower numerical value has been selected
as a more efficient method. In this research, the results
showed that the band ratio B4/B3 has a lower rank.

In addition, the correlation coefficient between the
estimated and observed Q, showed that the Q_estimated
from the band ratio B4/B3 with the exponential regression
model had a much higher R? (86% versus 24%) compared
to the Q, estimated from the SRC. This result is in line with
the findings of Zhu et al. (2020), as the aforementioned
researchers also investigated the regression relationship
between Qs values observed and estimated from the B4/
B3 band ratio of Landsat 8 in West Lake, Zhejiang Province,
China, and came to the conclusion that there was an
exponential relationship (R’=82%) between the observed
and estimated values.

In general, the results of the present study showed
that satellite spectral information, especially the B4/B3
band ratio, had a very favorable capability for estimating
suspended sediments. Considering that recording SSC
data in sediment monitoring stations requires manpower
and laboratory work, and in addition, more time is spent
on sampling, laboratory work, and setting sediment data,
free access to satellite images can effectively reduce costs
and save time. On the other hand, sample collection in
sediment monitoring stations is in the form of point and in
situ sampling, while SSC varies according to the conditions
of the river, in different regions and during different
intervals (Du et al. 2021). Therefore, it is impossible to
monitor the spatial changes of SSC along the river or water
zones using SRCs (Lei et al. 2021), because it is impossible
to sample all water zones due to financial and time
constraints, and in some cases, easy access to all points
is impossible due to the topographical conditions of the
rivers and water areas. Meanwhile, one of the advantages
of satellite images, regardless of its accuracy in estimating
suspended sediments, is that satellite data captures ground
information in a raster form in a wide area at the same time.
Therefore, access to this raster information with spectral
value and applying regression models on the spectral
information of that zone easily provides the possibility of
monitoring the spatial changes of phenomena, including
water pollution, in all zones, even areas with difficult
access. This helps water resource managers and decision
makers to prepare a map of water pollution changes along
the watershed and identify critical areas of water pollution
and its causes in order to make appropriate decisions. [l
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ABSTRACT. STREAM_2D software package was applied for retrospective and predictive simulations of the Lena River hydraulic
and channel changes during ice-free period near the city of Yakutsk. The modelling results indicate significant correspondence
of simulated water discharges distribution and water levels with observed one, the model also has captured main erosion
and accumulation zones, according to the 2009-2016 years observations. Runoff hydrographs of the ECOMAG runoff model
simulations based on the global climate model MIROC-ESM-CHEM data were used as input for the hydrodynamic model with
daily time step for two climate scenarios RCP2.6 and RCP8.5.

Comparison of scenario, based on modern hydrographs, and two scenarios, based on climate projections, have shown
the changes in the range of channel-forming discharges and their duration. According to the results of 20-year simulation of
channel evolution for three scenarios, the position of the main areas of erosion and deposition under scenario RCP2.6 and
RCP8.5 retained the same as under actual scenario, but some additional new local areas of erosion can be formed during peak
flows near the banks. Erosion can increase by up to 1 -2 meters and even more in some areas, but the shifting of some large
erosion-accumulative forms is slower than according to the scenario, based on the modern hydrographs, due to the reduced
duration of channel-forming flood discharges.
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INTRODUCTION of the hydraulics at different flow rates (e.g. with and without

floodplain inundation) is mandatory for such modeling.

The analysis of flow hydraulics at sites with complex
topography, taking into account the large number of structures
in the channel (incisions, diversion dams, water intakes) and
in the floodplain (bridge crossings, flood protection dams,
etc) has been carried out last decades using hydrodynamic
modeling methods (Jodhani, 2021). Calibration and validation

Although nowadays there are some examples of models for
long sections of large rivers such as the Parana (Guererro et al,,
2015), Mississippi (Scott et al., 2008), Nile (Saeed et al,, 2020),
usually due to theircomplexity, moving-bottom hydrodynamic
models are mainly used for non-extended channel reaches
and/or for non-extended time periods (Sloff et al, 2012; Horvat
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et al, 2015; Zhang et al, 2014). Moving-bottom simulations
are very computationally demanding, so there is a difficulty to
perform calculations for complex computational meshes for
long periods. Often the data on real channel changes are not
available for the validation of the modeled channel evolution
for long periods or for all modeling area.

At the same time, the need for prospective long periods
modeling of channel evolution is driven by the requirement
of comparative hydromorphological processes analyzing in
the river section both under modern conditions and in the
future, in order to assess the degree of anthropogenic impact
on the water and channel regimes. Mathematical modelling
has becoming one of the powerful tools in this case, which,
combined with traditional hydrological and morphological
approaches, gives opportunity for the rate and direction of
channel changes assessment and developing of medium
and long-term channel evolution forecasts, both in existent
conditions and also taken into consideration various feasible
infrastructure projectsinriver channelsand on the floodplains.

An important issue in predictive modelling is the choice
of computational scenarios. The most traditional approach
to the problem is to use schematic hydrographs based on
modern runoff series as input, sometimes taking into account
discharges of low repeatability (for example, 1% probability
discharge) (Vijay et al.2007; Golovlyov et al,, 2019). However,
in the climate changes context, this approach does not
allow to consider the impact of expected changes on the
water regime and channel deformation, which is particularly
relevant for the areas, where modern trends are clearly
expressed and further runoff growth is projected. At the same
time, demand on the assessments of the possible climate
changes impact on water regime and channel processes is
very high and such tasks require the development of new
approaches, based on mathematical modelling methods.

Runoff is one of the key factors determining the intensity
of channel evolution. Estimation of runoff changes based on
runoff formation models grounded on global climate model
data is now widespread (Gelfan et. al,, 2021). A number of
studies has also demonstrated the possibility of combining
flow generation models with other types of models,
including hydrodynamic ones (Grimaldi et al.,, 2019, Krylenko,
2023), to assess changes in the hydrodynamic characteristics
of flow and flooding. The including of hydrodynamic models
with channel bottom deformation module in this model
chains is not so often, for example (Nones et al., 2014) due to
complexity of the task. Thus, it is possible to perform scenario
calculations taking into account runoff changes for the period
of the climate forecast if the block of channel deformations is
included.

The possibilities and limitations of this approach are
considered in our paper on the example of the Lena River
near Yakutsk city. The city of Yakutsk (which is administrative,
culture and industrial center of the North East of Russia) is
situated on the left bank of the Lena River. The city has faced
with many problems, concerning intensive channel processes
last decades. Sediment accumulation near the main water
intake structure, supplying Yakutsk city by the drinking water,
and deterioration in conditions of navigation roots to the
main city ports are the most dramatic problems. This region
is characterized by a significant increase in annual runoff
volumes and growing anthropogenic pressures, including the
bridge construction and floodplain development projects.

This study is performed on the base of STREAM 2D
hydrodynamic model (Belikov and Aleksyuk, 2020), adapted
for the 75 km long River Lena section near Yakutsk. The first
task was to perform detailed model hydraulic calibration and
validation to apply the model for a complex channel and
floodplains system of the Lena River near Yakutsk. Validation

of the channel deformation modeling through continuous
simulation for the period between repeated channel surveys
of 2009 and 2016 was the next goal in order to assess the
quality of the model’s reproduction of the main trends in
vertical channel changes. The final parts of the research
consider the possible channel changes for 20-year forecast
period taking into account projected the Lena River runoff
changes under the RCP2.6 and RCP 8.5 climate scenarios,
especially regarding the difficult situation with the city’s water
supply due to the shallowing of the Adamovskaya channel,
which is closest to Yakutsk city.

STUDY AREA

The city of Yakutsk, which is now the administrative
center of the Sakha Repubilic, is an old Russian city (founded
in the 17" century) located in the Lena River valley in the area
under study. The city’s population is about 300 thousand
people. Three hydrological gauges are in operation within
the considered section of the Lena River near Yakutsk city. The
measuring discharges and water levels gauge in the village
of Tabaga is located in the upper part of the studied reach.
The Lena River basin area for the Tabaga gauge is 897 000
km? The water level measuring gauge of the Yakutsk city is
situated in the middle part of the study area, and Kangalassy
gauge (Fig. 1) is located at the lower boundary of the area.
The river section under study is characterized by numerous
ramifications, and is located between the Tabaginsky cliff
at upstream and the Kangalassky cliff in the lower reaches
(which limit the spread of the left bank floodplain) and low
terraces above the floodplain, as they are rocky capes. The
width of the main channel of the Lena River in this section is
3.5-4 km.

Numerous engineering and water facilities exist in the
city of Yakutsk on the Lena River, so it is necessary to take
into account the peculiarities of the water and channel
regime of the river for their safe operation. An unfavourable
situation has been created in recent years for the entire water
infrastructure of the city in the territory, due to the fact that
the river channel near the left bank, where the city is located,
grows shallower, while the right branch develops and large
forms of the channel topography also shift (Chalov et al,
2016). The above-mentioned re-formations of the channel
lead to the displacement of the navigable fairway, which
complicates the work of the port, leads to failure of the city
water intake, and complications associated with the ferry
crossing. The adverse channel changes effect on this section
of the Lena River was discovered for the first time as early as
the 1970s by the expedition of the Lomonosov Moscow State
University, and even then forecasts, according to which the
shallowing of the branches near the city was expected, were
made (Zaitsev and Chalov, 1989; Chalov et al., 2012). Different
projects were performed for the preserving of the main flow
in the city area in connection with the existing problems
of water use, including hydrodynamic model application
(Belikov et al., 2002).

MATERIALS AND METHODS

Hydrodynamic modeling

STREAM 2D software package, based on the numerical
solution of two-dimensional Saint-Venant equations in the
“shallow water” approximation and widespread in Russia,
was used for modeling. Hybrid computational grids of
irregular structure and original topography interpolation
algorithms have been applied for the task. This software
showed high efficiency in modelling bothforflow hydraulics
and channel changes, including those for different key
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area in Russia (Volga, Ob, Lena, Kolyma, Vilyuy, Yana, Amur
etc.) (Belikov and Aleksyuk, 2020; Belikov et al, 2023). The
description of the mathematical equations included in the
numerical scheme of the model is presented, for example,
in (Aleksyuk and Belikov, 2017). When modelling, a block
of channel changes was involved, taking into account the
convective transport of soil particles by flow, soaking up and
sedimentation of sediments in an uneven flow, changing
the bottom levels over time, taking into account the effect
of flattening (transverse diffusion) of the underwater slope
in a direction orthogonal to the velocity vector.

Model area is cover 75 km of the Lena River valley
including branched channels and wide floodplain from
Tabaga to Kangalassy gauge cites. Data of these stations
were used for model boundary conditions assigning. Data
of Yakutsk city gauge station as well as measured during

field campaign water levels and flow velocities was taken
into account for model calibration and validation. Model
based on irregular hybrid curvilinear quadrangular and
triangular mesh, which includes more than 50 thousands
sells.

The initial data for the application of the hydrodynamic
model were the materials of field researches of the solil
erosion and channel processes laboratory at the Geography
Faculty of Moscow State University, including the results
of repeated bathymetric surveys, measurements of water
discharges, water levels and water slopes and daily regime
observation data of hydrological gauges on the Lena rivers -
Tabaga, Yakutsk, Kangalassi. The bathymetric survey data for
2009, 2016, 2021 were integrated with the digital model of
the floodplain topography to create the integrated digital
topography models. The map of jam-hazardous part of river
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channels was compiled on the basis of historical data and
satellite images to set the places of ice jams formation, the
dates of the ice jams formation were taken according to the
hydrological gauges data.

The field data obtained during the expedition researches
in 2016 was used to set the parameters of the channel-
forming sediments fractions. Mainly the channel sediments
are represented by the sand with an average diameter of 0.36
mm, so the average diameter of the channel sediments was
taken into account in the simulations. Initial model hydraulic
calibration was performed based on data of the same field
campaign. Model calibration and validation was done on the
second step, based on long-term data of hydrological gauges
Tabaga and Yakutsk from 2001 up to 2016 year. Due to the
presence of multi-temporal bathymetric surveys, actual and
modelled bottom evolution for the period 2009-2016 were
compared for validation of channel deformation block.

Input runoff scenarios for the channel evolution forecast

Modeling of flow dynamics and channel changes was
performed for the 20-year forecast period with a daily step.
Modern bottom topography from 2021 year was used as a
starting point. To save computation time, the modelling was
carried out only for the warm period from May 1 to October 1
of each year, which covered the passage of the mostimportant
for the formation and displacement of the main channel
forms, winter periods were excluded from the simulations.

As the base scenario 1, we used combination of modern
hydrographs for the last years 2010 - 2020, repeated twice, to
represent the modern conditions of channel formations. On
the peak of one flood, 1% probability discharge was added.

We used outputs of ECOMAG runoff model (Motoviloy,
2016) based on the data of the global climate models with
daily time step to take into account possible runoff change
at the 21st century. Ensemble of five models and different
climate scenarios for the Lena River - for Tabaga gauge
were considered during flooding characteristic modeling at
separate research (Krylenko, 2023). We examined in detail the
results of scenario modeling based on data from the MIROC-
ESM-CHEM climate model (Nozawa et al,, 2004) in this study,
because the estimates of the runoff characteristics of the Lena
River using this model as climate forcing well correspond to
observed ones for the historical period and are closest to the
ensemble average.

Climate projections for two greenhouse gas emission
scenarios were taken into account, “soft” scenario rcp2.6 and
“hard” scenario rcp8.5. Projected long-term flow hydrographs
for the period from 2046 to 2065 from ECOMAG runoff model,
forced by data of the MIROC-ESM-CHEM climate model, for
the scenarios RCP2.6 and RCP8.5 were used as input data for
the STREAM 2D hydrodynamic model. As result, three input
runoff scenarios for the Lena River bottom change simulations
was considered: 1. modern runoff input; 2. runoff change
according scenario RCP2.6; 3. runoff change according
scenario RCP8.5.

RESULTS
Results of model calibration and validation

Calibration and validation of hydraulic characteristics
based on field data

The calibration and verification of the model was
originally carried out based on data from 2016 field
surveys, including a comparison of the water level marks
along the longitudinal profiles and the distribution of the
water discharges along the branches for various water

discharges. When the roughness coefficients equal to
0.015-0.017 for the channels and 0.05 for the floodplain, a
good compliance between the measured and calculated
water levels at the control points was reached. The
difference between the modelled and observed water
levels at the Yakutsk gauge was 1-4 cm. The difference
between the values obtained during special expeditionary
surveys (instantaneous water level measurements) and the
results of modelling at control points did not exceed 10-18
cm on the average along the length of the study section.
The model reproduces well the distribution of water
discharges among the main branches. In the main
branching point near the Yakutsk city, which determines
the water situation of the city, the Adamovskaya channel,
closest to the city, receives 37-39 % of the input water
discharge in the flow range from 9560 to 30000 m?® s-1
according to measurement data, the right Buorylarskaya
channel gets up to 55 % of the input flow, which reproduces
the model. The remaining 7 % of the input water flow goes
along the Khatykhstakhaya channel, and the model slightly
underestimates the water discharge in it (modelling value
is 5 % of the total water flow), due to the small detailing
of the computational grid in this channel because of its
insignificant width in comparison with the main channel.

Calibration and validation of hydraulic characteristics
based on long-term data of hydrological gauges

Additional refinement of the roughness coefficients for
the ice jams periods at the hazardous sections according
to the data for 2009-2015 was made to simulate water flow
dynamics for the flood periods, and it was found that the
best compliance of the water levels is provided with the
roughness coefficients of the ice jams sections equal to
0.073.

The simulation, based on data for the period from 2001
to 2015, showed that the hydrodynamic model, adapted
according to the field and regime observations data for
2009-2015, provides a steady good quality of water levels
modelling over a long-term period, which confirms both by
visual match of the graphs of the observed and simulated
water levels (Fig. 2), and high values of the simulation
quality criterion. The criterion of Nash-Sutcliffe (NSE) for
the studied periods for the Lena River gauge in Yakutsk
was 0.90 for 2001-2008 and 0.93 for 2009-2015 years (it is
assumed that the results with NSE> 0.75 can be considered
as good in the hydrological modelling practice).

Validation of inundation zones based on data of satellite
images

An additional validation of the model was carried out
by comparing the simulated flooding boundaries with
the flooding boundaries provided by satellite images
(more than 20 images). It was found that the relative
error for the divergence of flooded areas does not exceed
10 % during floods and high waters and the maximum
divergence reaches 18 % during ice jams when comparing
the real hydrological situations observed by modeling and
interpreting satellite images (Kornilova et al,, 2018).

Validation of channel changes modeling results for the
historical period

Due to the presence of multi-temporal bathymetric
surveys, both actual and model bottom evolution were
evaluated for the period 2009-2016. Despite some
limitations of model simulations (only the warm period
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of the years were modelled, sediments were considered
as homogenous), the main positive result was the
correspondence of the simulated and observed main
zones of erosion and deposition (Fig. 3). Totally, in the 70 %
of modeling sells inside the channels deposition or erosion
zones coincide with estimated according bathymetry
surveys. But one can notice some alternation of sections
with almost complete coincidence of the situation of the
simulated and actual changes and areas, where the model
reproduced not so good.

The model adequate showed the channel changes in
the upstream part of the studied section from the Tabaga
until the Chemyat island. The model indicated erosion
zone near the right steep bank downstream from this part
of the channel, but in reality there are deposition zone. The
possible reason of this discrepancy can be that the model

is underestimated planform channel changes, which
took more flow energy. There is the vast deposition zone
near the Tigiryakh island. The stable two-stream system
has formed near this island in the last decade, which is
of decisive importance for the channel processes within
the Yakutsk. The model again showed a situation close
to reality in this area. The obtained distribution of water
flow along the branches corresponds to that observed
in the 2016 year (the flow discharge was distributed
equally among the right and left main branches). In the
next section from the Tigiryakh island to Ponomarev
island, which is the most difficult for modelling because
of the diversity channel processes factors, the simulation
results can only be called partially successful. The model
showed erosion along the left bank, but did not identify
it in the central part of the channel. Despite the strong

b)

Fig. 3. Deposition (shown in green colour) and erosion (shown in red colour) zones in the Lena River channel for the
period 2009 - 2016 year according observation data (a) and modelling (b)
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discrepancy between the actual and model data, the
distribution of water flow between Adamovskaya and
Buorylarskaya branches coincides with the observed (39 %
and 51 % correspondingly). Along the Adamovskaya and
Buorylarskaya channels, the model has demonstrated quite
realistic results. In the downstream section of the Lena River
near Zhatay 75 % of the flow is going in the main stream.
Modelling on this section showed a result that is different
from the observed one. This section is characterized by the
maximum rate of planform changes.

Water regime and channel processes under climate
change scenarios

According to the analysis of the input hydrographs, it is
expected that both the annual and peak runoff of the Lena
River will increase during the 21st century, under both “soft”
and “hard” climate scenarios (Fig. 4a). The increase in annual
runoff could be up to 18% by the middle of the century and
19% at the end of the century under a “soft” scenario. Under
a "hard” scenario, the increase could be as high as 23%. A
significant increase in maximum discharges and a shift of
floods to earlier dates are expected (Figure 4b). Thus, the
maximum discharge during the second half of the 215'century
under the RCP2.6 scenario could reach 57000 m3s™, and under
the RCP8.5 scenario, it could reach 72 000 m* s™'. This would
be by 7% and 35% higher, respectively, than the present-day
1% probability discharge, which is estimated based on a long-
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term series of observations at 53 100 m* s'. This increase in
water discharge would lead to a corresponding increase in the
depths and areas of flooding in riverine territories. In addition
to an increase in the maximum discharge during snow-melt
flood, the predicted hydrographs are characterized by a
decrease in the discharge during the rain flood period, which
is particularly pronounced for the hardest scenario RCP8.5.

Changes in runoff hydrographs are reflected in changes
in the channel-forming discharge curve for the climate
projection period. The channel-forming water discharges
are those which have the most significant impact on the
channel over a multi-year period (20-25 years) and at
which the greatest sediment discharge is observed. They
correspond to the maximums of the function f(P*Q?). The
calculated product (P*Q?) for determining channel-forming
discharge accounts for changes in water content of a river
through the recurrence P of observed water discharges
(Borshchenko, Chalov, 2010; Chalov, 1987). According
analysis of modelled discharges, the main channel-forming
discharge shifts from a range of 26000-27000 m* s to a
range of 36000-40000 m? s even under the mild climate
scenario, and two peaks in the range of 38000-42000 m?s™
are observed under the RCP8.5 scenario (fig. 5).

The main Adamovskaya and Buorylarskaya branches,
which determine the situation near Yakutsk city, under
RCP2.6 scenario, develop similarly to the trends shown in
the current channel forecasts. The water content of the
Adamovskaya branch increases significantly relative to the
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Fig. 4. Maximum discharge based on modeling results (a) and multiyear averaged predicted runoff hydrographs obtained
from the ECOMAG model using data from the global climate model MIROC-ESM-CHEM for the middle of the XXI century
(b), Lena River (Tabaga) for two climatic scenarios

. =
—RCP2.6
60000 ——RCP8.5
50000
40000
0
E 30000
g
20000
10000
0
TODON~NOUOTOANTONDOMNROUOTONTON®MNsOLW
NOONMNOODTTMNMONMNOOTTATOOVOANTOVOTTMOND
TAMTONMNODDOTTrMTOOMIIOTTANMOVOMNDOO O
T T TEFTEFTEFETETCFANANANANANANNNNM
Days

b) —fact

60000 ——RCP2.6
——RCP8.5

50000
40000

K

‘E 30000

(e}

20000

* 10000
{

0
0 500000000

P'Q2

1E+09 1.5E+09

Fig. 5. Predicted runoff hydrographs derived from the ECOMAG model using data from the global climate model MIROC-
ESM-CHEM, used as input data for assessing trends in changes in channel reshapes (a); channel-forming water discharge
in the present period and under climate change under RCP2.5 and RCP8.5 scenarios simulated with MIROC-ESM-CHEM
climate model data (b)
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Buorylarskaya branch by the end of the 20-year forecast
period (Fig. 7a). Under scenario RCP8.5, the Adamovskaya
and Buorylarskaya branches retain almost equal water
capacity under the maximum discharge during the
whole forecast period. However, there is a positive trend
is the growth of low-water discharge in the Adamovskaya
branch (Fig. 7b), which will favourably affect the situation
with water supply in Yakutsk.

DISCUSSIONS

Comparison of modelled bottom changes with the
observed ones for the period 2009-2015 has demonstrated
that in the 70 % of channel grid sells model adequately
reproduce the erosion and deposition trends. In connection
with the novelty of such studies for large sections of lowland
rivers, these results should be considered as positive. At the
same time, the use of a hydrodynamic model to reproduce
channel evolution has a number of limitations. In general,
the accuracy of channel changes estimates based on
modelling methods is determined by a number of objective
factors. The most important factors are:

- Accuracy of hydrometeorological scenarios selection
for the period under study (including annual runoff
hydrographs), taking into account the peculiarities of ice
phenomena passage, etc;

- Variability of the river channel evolution process itself
(occurrence of so-called bifurcations of the solution). It is
well known that repeated replication of the same physical
experiment with a deformable bed under identical initial
and boundary conditions can lead to different results;

- Difficulty in taking into account in the modelling,
for objective and subjective reasons (inadequacy and
inaccuracy of the initial data, complexity of a number
of physical processes, etc), a number of factors that
significantly influence the process of evolution of the river
channel (heterogeneity of the bed materials; presence
in some areas of an underlying surface that is difficult to
erode; presence of various types of vegetation that hinder
erosion; presence of permafrost and frozen ground after
winter);

- Difficulty in accounting for bank erosion and planform
changes.
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For the Lena River section under study discrepancies of
simulation results with observed one in some sections is
connected with the determining role of planform changes
there. The further development of the model should
take into account planform channel deformation block
improvement. More attention should be pay also for the
ice-covered period and ice jams periods, for which channel
bottom changes have not been investigated enough.

In case of climate projection, the complex consideration
of mentioned above factors, in particular planform
changes due to bank erosion and permafrost degradation,
is currently difficult to implement in practice. Long-term
simulations of channel evolution (over a period of more
than 50 years) without accurate estimations of planform
changes can lead to unrealistic results.

Possibility to consider changing of the input
hydrographs due to climate change is demonstrated
in this work. The obtained estimates of changes in the
hydrographs of the Lena River at Tabaga gauge for the
period of climate forecast have shown, that simple
extrapolation on the basis of existing trends does not give
an idea of changes in the shape of hydrographs and, as
a consequence, changes in the range of channel-forming
discharges. It is also shown, that due to the change of
channel-forming discharges, new local areas of erosion
occur during peak flows, especially near the banks.

Also it will be important to take into considerations
further the contribution of the catchment component
of sediment load, to improve the modelling approach
for simulation of the river channel evolution. Economic
development of the area and intensification of erosion due
to thawing permafrost under different climate warming
scenarios will increase the contribution of sediment inflow

from the catchment to the Lena River channel. According
to (Maltsev and Ivanov, 2022), soil erosion losses in the
catchment near the city of Yakutsk have increased by 4%
over the last decade. This additional material may influence
channel incision and redistribution of runoff along the
branches.

CONCLUSION

The numerical  two-dimensional  hydrodynamic
model of the Lena River near Yakutsk city was developed,
calibrated, and verified using field data. The model
successfully reproduce the distribution of water discharges
among the channels, the water level regime for a long-
term period and zones of inundation.

Comparison of modelled bottom changes with the
observed ones for the period 2009-2016 has demonstrated
that in the 70 % of channel grid sells model adequately
reproduce the erosion and deposition trends. The aim of
the future directions of the study is further improving of
modeling, taking into account planform changes, ice cover,
permafrost and contribution of the catchment component
of sediment load.

The obtained estimates of changes in the hydrographs
of the Lena River at Tabaga gauge for the period of climate
forecast have shown, that simple extrapolation on the basis
of existing trends does not give an idea of changes in the
range of channel-forming discharges and consequently in
the channel evolution over long-term period. In this case,
an integrated approach, described in the paper, using
input hydrographs from the runoff formation model offers
a number of advantages for a better-grounded choice of
simulations scenarios. M
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ABSTRACT. The study aimed to determine the levels, spatial and temporal variability of the concentrations, and forms of
migration of metals and metalloids in the Pur River basin, which is one of the most important oil and gas producing areas
in the north of Western Siberia. The study is based on the results of hydrological and geochemical studies conducted in
2021-2023 during the summer low water and spring flood periods. We found generally low content of dissolved metals and
metalloids in water of the Pur River and its tributaries, not exceeding the world average values, except for Fe and Zn. Levels
of metals and metalloids in the suspended matter were also lower than the global averages, except for Fe and Mn. Changes
in the content of dissolved and suspended forms of metals caused by hydroclimatic factors and anthropogenic impact
were determined. Near cities, the maximum concentrations of Zn, Cd, Cu and other metals in suspended matter are 3-5 and
more times higher than the baseline values. Analysis of EF values for median contents allowed to identify the association of
elements with considerable and high enrichment in suspended matter: Fe, Mn, Sb, As, Cd and Zn. The maximum EF values
ranged from 25 to 45, which corresponds to very high degree of enrichment. Three groups of chemical elements were
identified on the basis of D,S-analysis.
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INTRODUCTION

Over recent years, attention to the ecological state of
rivers in the Arctic basin has been growing due to climate
change and increasing human impact. Climatic changes
contribute to a significant increase in river runoff, which in
turn leads to an increase in chemical fluxes into the seas
of the Arctic Ocean (Chalov et al, 2023; Chupakov et al,
2020; Demina et al, 2010; Gebhardt et al., 2004; Gordeev
et al, 2024; Hartwell et al,, 2020). Industrial mining, urban
development, the construction of roads and other
infrastructures often has a negative impact on the state
of river basins. Arctic river ecosystems are particularly
vulnerable to anthropogenic impacts in comparison to
temperate rivers (Barker et al, 2014; Garnier et al,, 1996;
Krickov et al,, 2019).

Metals and metalloids (MMs) can enter the environment
from natural sources such as the weathering of soil and
bedrock, as well as through human activities such as

mining, industry and agriculture. Generally, metals enter
aquatic systems through washout from surface soils, diffuse
inflow from groundwater, polluted sediments, leaching
from agricultural areas and waste ponds, failure of waste
ponds, and discharge of industrial and mining effluents
(Hudson-Edwards, 2003; Inam et al., 2011; Macklin et al,,
2006; Mighanetara et al,, 2009). Natural factors, including
the mobilization of sediment material through bank and
channel erosion can dominate over pollutant transport
in certain conditions (Chalov et al, 2015). Due to their
inability to biodegrade, metals in the aquatic environment
can threaten ecosystems long after their initial input.

An increasing number of studies confirm that the
migration patterns of metals largely determine their
mobility, bioavailability and toxicity in the aquatic
environment (Alietal,, 2019; de Paiva Magalhaes etal., 2015;
Fytianos, 2001; Landner and Reuther, 2005; Miranda et al.,
2021; Violante et al., 2010; Wu et al,, 2016). Understanding
the processes that control the migration patterns and


https://doi.org/10.24057/2071-9388-2024-3741
https://doi.org/10.24057/2071-9388-2024-3741
https://crossmark.crossref.org/dialog/?doi=10.24057/2071-9388-2024-3741&domain=pdf&date_stamp=2024-12-31

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2024

transport of metals in a river basin is key to managing
this ecosystem. For example, aquatic migration of metals
adsorbed on suspended sediments can be significantly
slower than metals in dissolved form (S. Chalov et al., 2020;
Thorslund et al,, 2012).

In recent decades, the number of publications on
the content of metals and metalloids in dissolved and
suspended forms in river waters has increased dramatically,
which is largely due to the development of analytical
methods, especially the use of ICP-MS method, which
allows the high accuracy determination of a wide range
of chemical elements in microquantities. The average
content of dissolved (Gaillardet et al,, 2014) and suspended
forms of elements in the world’s rivers has been assessed
(V. Savenko, 2006; Viers et al, 2009). There is increasing
attention being paid to the ratio of dissolved to suspended
forms of metals and metalloids. At the basin level, using
the example of the Selenga River, the largest tributary of
Lake Baikal, it has been shown that the ratio of element
migration forms is determined mainly by the properties
of the elements themselves, hydroclimatic conditions and
anthropogenic load (Kasimov et al.,, 2020).

Over the last few decades, an extensive database on the
major ions composition and ionic runoff of the world's rivers
(Meybeck, 2003) and the Arctic Ocean basin (McClelland
et al, 2023) has been collected. However relatively few
data on the content and forms of trace elements in Arctic
rivers are still available. The paper (Gordeev et al, 2024)
summarizes the results of the studies carried out on
the largest rivers of the Russian Arctic (Ob, Yenisei, Lena,
Kolyma) in 2004-2006. It was concluded that the content of
most elements in Arctic rivers is significantly lower than the
global average. The assessment of the fluxes of dissolved
substances based on the average content of elements and
the average annual water flow showed that the Lena River
is characterized by the largest flow into the Arctic Ocean,
followed by the Yenisei, Ob and Kolyma.

A review on the dissolved forms of chemical elements
inthe rivers of the Russian Arctic is presented in the paper of
(Savenko and Savenko, 2024), who summarized the results
of river water analysis obtained by ICP-MS over the last 30
years. The study, which covered rivers in both the Asian and
European parts of the Russian Federation, confirmed that
the content of most elements in Arctic rivers is close to or
significantly below the global average. In the northern part
of Western Siberia there is still a lack of data on dissolved
forms of elements in most rivers except for the Ob River
(Kolesnichenko et al,, 2021; Pokrovsky et al, 2015, 2016).
The content of metals and metalloids in suspended form in
the rivers of this region has been still poorly studied. In one
of the few works (Soromotin et al.,, 2022) it was noted that
the content of metals and metalloids in the river sediments
of the Ob River estuary is low due to their low content in
peat horizons of soils in the catchment areas.

The key factors determining the features of spatial
and temporal variability of metal contents and fluxes at
the river basin level have been still poorly understood.
The lack of detailed information at the basin level makes
it impossible to assess the anthropogenic impact on the
natural environment and to predict the response of the
water system to future climatic changes and the industrial
development in the Arctic region. It is difficult to solve
these problems at the basin level of the largest Arctic rivers,
so in this study the Pur River basin, located between the
Ob River in the west and the Yenisei River in the east, was
chosen as a model object.

The Pur River basin is one of the most important oil and
gas producing areas in the north of Western Siberia with the
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Urengoy field located on its territory. This field is the world’s
third largest in terms of explored natural gas reserves, as
well as more than 10 other large oil and gas fields. The
rivers in the Pur River basin have been experiencing
significant anthropogenic impacts over the past few
decades due to the influence of the fields themselves, as
well as the settlements that are centers of water pollution,
oil and gas infrastructure and refining industry, and diffuse
pollution during snowmelt and rainfall. The impact of
the oil and gas complex on river systems is complex and
includes transformation of the catchment area, erosion,
input of pollutants from atmospheric deposition, etc.
(Moskovchenko, 1998).

The first task of the study was to determine the
levels, spatial and temporal variability of dissolved and
suspended forms of metals and metalloids in the Pur River
and its tributaries. A particular attention was given to the
studying of the Evoyakha River, a left tributary of the Pur
River, which flows through Novy Urengoy, the largest
center of anthropogenic impact in the basin. The second
task was to identify the predominant forms of metal and
metalloid migration and their variability on the basis of
D,S — analysis. The third task was to assess human-induced
changes in content of metals and metalloids in river waters
and identify their main natural and anthropogenic sources.
The study is based on the results of 5 field campaigns
conducted in 2021-2023 during the summer low water
and spring flood periods (Fig. 1).

STUDY AREA

The Pur River basin is a lowland plain with altitude less
than 50 meters a.s.l. The river channels are weakly incised
and highly sinuous, flow among low banks, meander in
wide valleys, forming branches and channels (Fig. 2). The
lithology is formed by siltstones, clays and marls of the
Permian system overlain by Quaternary alluvial-marine,
lake-alluvial and alluvial Quaternary sediments of different
grain size. The weak erosional dissection of the watershed
combined with the close occurrence of permafrost results
in waterlogging of soils (Kolesnichenko et al,, 2021).

The climate of the Pur River basin is continental
subarctic, with long winters (up to 8 months), short
summers, strong winds, and shallow snow cover. The
average annual air temperature is about -5°C. The annual
amplitude of temperatures is 35-40°C. The natural features
of the territory are largely determined by permafrost,
which is mainly discontinuous, but in the north of the
basin becomes continuous (Pokrovsky et al, 2015).
The topography is extremely flat, and lithology is fairly
homogeneous (peat, sand and silt). Soils are presented
mainly by Histosols and Histic Gleysols, in the southern
areas Gleyic Albic Podzols are predominant. Northern
taiga landscapes prevail in the southern part of the basin,
while forest-tundra landscapes prevail in the northern part.
The most common trees are dwarf birches, polar willows,
spruce, fir and larch. Mosses and lichens are common, as
well as small shrubs.

The Pur River is 389 km long and has a basin area of
112,000 km?. The Pur is formed at the confluence of the
Pyakupur and Aivasedapur rivers, which flow from the
northern slope of the Siberian Uvals. In its lower reaches,
theriver formsa 21 km wide delta and flows into the Taz Bay
of the Kara Sea. The Pur has a large number of tributaries,
among which the Evoyakha River, which flows through the
Urengoyskoye field and the urban area of Novy Urengoy, is
the most affected by anthropogenic pressure.
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There are a large number of rivers and lakes in the Pur
River basin. The density of the river network is 0.38 km/km?.
The total number of lakes exceeds 85,000. Many lakes are
directly connected with the river network. The rivers of
the Pur basin have mixed feeding with the predominance
of ground and marsh feeding, with runoff mainly in the
warm season. The rivers of the Pur basin are covered with
ice for most of the year. The period of open water even
in the warmest years does not exceed 5 months in the
upper reaches and 4.5 months in the lower reaches. The
appearance of stable ice cover occurs at the end of the
first or beginning of the second part of October. The ice
cover on the Pur River breaks up in late May to early June.
After the ice drift, the water temperature rises rapidly and
with the end of the spring level rise, is higher than the air
temperature; this remains until the following spring (Popov,
2013).

The rivers of the area feature consistent annual runoff.
The flow is formed with sufficient (more than 600 mm)
annual precipitation and low evaporation. High wet-land
(50%) and lacustrine (10%) areas have an important impact
on the runoff and its variability both within a year and in
the multi-year dynamics. The average annual flow rate of
the rivers into the basin is 9-10 I/sec-km? The coefficient of
variation of annual runoff decreases from south to north
from 0.15 to 0.10 (Agbalyan et al,, 2016).

The main flow (57-63% of the annual runoff) occurs
in spring and summer, 21-25% in autumn, and 18-20% in
winter, depending on the year's water availability. Highest
flow occurs during the spring flood, which starts in May-
June and lasts for 40-50 days in small rivers. The highest
discharge is observed during this period, and lasts for
between 1-5 days. Floods sharply intensify all channel
processes, ice drift, an increase in river turbidity, and an
increase in sediment runoff, and the flushing of pollutants
from catchments, while stagnant and heavily polluted
old lakes, on the contrary, are washed out, only flowing
for a short period. Rain floods are observed almost every
year. The volume of total runoff of the largest rain floods
is 5-40%, in some years - up to a volume of 73% during
the spring runoff. Maximum discharges reach 10-50% of
the magnitude of spring maxima. Periods of low flow are
common for both summer-autumn and winter seasons.
The period of low flow from the end of the flood to the
beginning of ice events is recognized as the summer-
autumn low-water period. The winter low-water period
is stable and continuous, much lower than the summer
period.

The Pur River waters have low turbidity, ranging from 9
to 28 mg/l. The sediment flux is 6.5 tons/year from 1 km? of
the catchment area. The runoff of dissolved substances in
water is almost 2.5 times greater than the particulate runoff
(Uvarova, 2011).

The main sources of river water pollution in the Pur basin
are oil and gas production facilities and cities, including
Novy Urengoy, which is the center of a large gas-producing
region. The area of the city is surrounded by developed oil
and gas fields, the nearest one - Urengoyskoye - is located
about 10 km away from the city. The Novourengoy Gas
Chemical Complex is located 30 km south-east of the
city. Its production infrastructure includes a liquefied
gas storage facility, flare units, reagent warehouses, and
a waste utilization complex. The city also has 15 heating
plants, various food industry facilities, public utilities and
transportation facilities.
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Field sampling and laboratory processing

The study is based on the results of 5 field campaigns
conducted in 2021 - 2023 during different phases of the
water regime: in August 2021 during the summer low
flow, in 2022 and 2023 during the spring flood (May-June)
and summer-autumn low flow period (August-September).
Samples were taken along the entire length of the Pur River
from its head at the confluence of the Pyakupur River and
the Ayvasedapur River to its mouth. Sampling stations were
located upstream and downstream the urban areas of Tarko-
Sale, Korotchaevo settlement, Samburg, Urengoy, as well as
upstream and downstream of major tributaries (Fig. 1). A
special attention was given to the Evoyakha River impacted
by the of Novy Urengoy. In total, the measurements covered
more than 30 sites, and 140 water and river sediment
samples were collected (Supplementary 1).

Water discharge and velocities were measured using a
SonTek M9 acoustic Doppler current profiler mounted on a
PVCraft,from motorized PVCboat,orwadingifthedepthwas
less than 0.8 m. Water samples were taken from the surface
layer into pre-prepared 1.5-liter bottles. Measurement of
the vertical distribution of physicochemical parameters of
the water column at several stations showed the absence
of significant gradients resulting from turbulent mixing,
thus allowing the surface samples to be considered
representative. Electrical conductivity, pH and dissolved
oxygen content were also measured in situ. River water
samples were filtered on a vacuum system using “Millipore”
membrane filters with a pore diameter of 0.45 um. After
filtration, all filters were dried and reweighed for further
determination of the amount of suspended material.

The particle size distribution of the suspended matter
was determined in the laboratory of the Department of
Landscape Geochemistry and Soil Geography, Faculty
of Geography, Moscow State University using a laser
particle analyzer “Fritsch Analysette 22 MicroTec Plus”
The concentration of major ions Ca?*, Mg?*, Na*, K*, HCO,.
, CI, SO,” in river water was determined by capillary
electrophoresis using the KAPEL®-105M system (Lumex
Group of Companies).

The concentration of chemical elements in river water
and suspended matter was determined on an Elan-6100
inductively coupled plasma mass spectrometer and an
OPTIMA 4300 inductively coupled plasma optical emission
spectrometer (Perkin Elmer) at the All-Russian Research
Institute of Mineral Raw Materials named after N.M.
Fedorovsky (Moscow). In this work we used the results of
analysis of Al, Fe, Mn, Ni, Co, V, Cr, Cu, Zn, Pb, Cd, As, Sb, Sn,
Bi, U, Sr, Ba, and Rb.

Data analysis

Statistical analysis of the obtained dataset included
calculation of median values, standard deviations and
coefficients of variation. Due to the high variability of
the contents for a number of elements, the regional
geochemical features of the river basins were studied
on the basis of mean and median values. Calculations
were carried out separately for the Pur River and its main
tributary Evoyakha River, which is caused by the specific
natural conditions and significant anthropogenic load
in its basin. The results of replicate river water sampling
were used to calculate mean and median values in each
hydrological season for both rivers.

The features of MMs accumulation in dissolved forms
were identified on the basis of concentration factors Cf -
ratios of element contents in the studied sites to average
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contents in rivers of the world (Gaillardet et al,, 2014) and
rivers of the Kara Sea basin (Savenko et al, 2020). For
suspended matter, Cf values were calculated relative to
global average values according to (Viers et al., 2009).

The Enrichment factor (EF) was calculated to assess the
contamination of river sediment. EF calculation allows to
compensate for differences in the content of rare elements
in rocks, soils and sediments caused by differences in their
mineralogical composition and grain size (Horowitz, 1986)
and to assess the anthropogenic contribution to pollution
of solid phase components of the environment - soils, road
dust, bottom sediments and suspended matter (Barbiery,
2016; Ediagbonya et al, 2015; Ryan and Windom, 1988;
Vlasov et al., 2020). EF is calculated as the ratio of the metal
contentin the studied sample to a certain metal (reference)
in the same sample, to a similar ratio in the Earth's crust:

EF = (Ci/Cref) Sample/ (Ci/Cref) vee

where Ci and Cref are the contents of the studied and
reference elements, respectively, UCC — upper continental
crust (Rudnick and Gao, 2013).

D,S-pattern of river waters was determined basing
on the DS coefficient, which is a ratio of the volumetric
concentration of suspended forms Cvs of an element to the
total concentration of suspended and dissolved Cvd forms: DS
=Cvs/(Cvs+Cvd), % (Kasimov et al,, 2020). The elements were
ranking by decreasing DS ratio (%), grouping into quartiles
(<25%, 25-50%, 50-75%, >75%) and presented in a matrix
form. The prevalence of undissolved forms of the element is
characterized by DS > 50 %, dissolved forms < 50 %.

The identification of major factors controlling MMs
content in suspended matter and their contribution to
the total values was performed using PCA/APCS-MLR.
Two data sets for the Pur and Evoyakha rivers were used
in the analysis, they included concentrations of 20 metals
and metalloids at all sampling points. Z-normalization was
applied prior to analysis:

ik (Cik_Ei)/G

where C, is the concentration of the i-th chemical
elementin sample k, C is the average concentration of the
i-th element for all samples and oiis the standard deviation
of the i-th element.

The Varimax rotation method was used to simplify
factor interpretation and reduce the number of items
with high factor loadings. Only principal components
(PCs) that explain more than 5% of the total variance of
the data set with eigenvalues > 1 (Kaiser criterion) were
used as factors. We used the PCA method with calculation
of absolute principal component scores (APCS) and further
application of multiple linear regressions (MLR) to estimate
the contribution of sources to elemental concentrations.
PCA/ APCS-MLR is a valuable method for identifying
independent factors using eigenvector decomposition of
the matrix of pairwise correlations between compound
concentrations (Thurston et al. 2011). APCS allows the total
mass of each element to be distributed among the PCA-
derived components, i.e, among the different sources.
Detailed methodology can be found in (Liang et al. 2019;
Chen et al. 2021). The main steps of the approach are
summarized below.

Since the factor scores obtained by PCA are
normalized, with the mean equal to zero and the standard
deviation equal to one, the true value for each factor
score was calculated by introducing an artificial sample
with concentrations equal to zero for all variables. For
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this additional sample, the normalized values of the PTE
concentrations would be as follows:
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(Z,) .
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i
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I

%

The APCs for each component are then estimated by
subtracting the coefficients for this artificial sample from
the coefficients for each of the true samples. Regression of
elemental concentration data to APC provides estimates
of coefficients that convert APC to the mass source
contribution of contaminants from each source for each
sample. Source contributions to Ci can be calculated using
MLR:

Ci=80i+ Z (APCSpXePi), p=1,2,...,n

where € is the multiple regression crossover point for
the i-th element, epi is the multiple regression coefficient
of source p for pollutant j, and APCS, is scaled value of the
rotated coefficient p for the sample under consideration.
APCSp x € represents the contribution of source p to C.
Mean valte of APCSp X €, for all samples represents the
average contribution of sources (Ma et al, 2021). APCS
uncertainty (UNC, %) was calculated as follows:

UNC:(C -C )/c x 100 %
meas model meas

where C__ is measured concentration, C_ . is the
predicted concentration of the element based on the

results PCA / APCS-MLR (Song et al,, 2006).

RESULTS AND DISCUSSION
Hydrogeochemical conditions

The first field campaign was conducted in 2021 during
the summer low water period from August 16 to August
30.1n 2022, the expedition timed to the spring flood phase
took place from May 23 to June 16, and to the summer-
autumn low water period - from August 2 to 23. During
the spring 2023 field campaign we managed to cover
the period shortly after spring flood peak (Fig. 3). At the
Urengoy station, the flood peak was observed during the
first days of the survey, with initial measurements made
on the day after its passing at a water level 2 cm below
the peak, and final measurements made 8 days later at a
water level 39 cm below the peak. The measured water
discharges at the beginning and end of this period were
4440 and 3730 m?/s. The water discharge of the Pur River
during the study period decreased in this station by 16%
with a 37 cm drop in level.

During the 2023 summer expedition, there was a
summer low flow. In mid-August, the water level at all three
Roshydromet stations reached the minimum values. The
exception is the Pur River - Samburg, where level increases
(upto 1 m) were observed due to the steady wind. Discharge
of the Pur River naturally increased from 24 m3/s in the upper
reaches of the basin (Pyakupur River near Muravlenko) to
280 m? /s in the Purpe district, 414-428 m3/s in the town of
Tarko-Sale, 550-590 m3/s in the area between Korotchaevo
and Urengoy, and 721 m3/s near the town of Samburg.
Flow rates during the period of field campaigns at the flood
recession in 2023 were close to those during the same period
in 2022. Discharges during the low flow period in 2023 were
on average 10-15% lower than in 2022. This is explained by
weather conditions of the year and the later period of the
expedition.
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Fig. 3. Water level fluctuations (H, cm) in the station of the Pur River - Urengoy according to the
Roshydromet gauging station

Rivers in the north of Western Siberia in general have
low mineralization, which is due to the cold humid climate,
widespread permafrost and fluvioglacial deposits of sandy
and sandy loam composition. According to our data, the
average mineralization of the Pur River water in the spring
flood was 11 mg/l, during the summer low flow - 49 mg/|,
which corresponds to the estimates for other large rivers of
the region in the spring flood and summer-autumn low flow:
Nadym River - 12 and 49 mg/|, Taz River - 35 and 62 mg/I,
respectively.

During the spring flood of 2023, the Pur River mineralization
was influenced by melt water inflow from the catchment and
varied insignificantly along the river (Fig.4). During the summer
low flow period it increased approximately 4 times due to
predominantly groundwater-derived baseflow. The maximum
mineralization of 75 mg/l was observed downstream of
Urengoy settlement near the right bank of the river (station
11b), where it is one and a half times higher than at the left
bank (station 11a). It is caused by the impact of ship repair
facilities, fuel and oil storage of the river port Urengoy, which is
located on the right bank of the river above this station.

In the Evoyakha River, during the flood period
mineralization of water was below 10 mg/I (average - 7.4 mg/I)
and varied slightly from source to mouth This river catchment
is dominated by permafrost soils, which do not thaw by the
beginning of the flood, which defines the predominant role
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of snowmelt water in the hydrochemical runoff in this period.
During low flow, the average mineralization increased to
26 mg/l due to rise of groundwater feeding. The highest
mineralization up to 32 mg/l was observed downstream of
Novy Urengoy due to the discharge of wastewater from the
city sewage treatment plants and storm water from industrial
sites.

For Na, K, Ca and Mg, a latitudinal distribution trend
was established, consisting in a general decrease of their
concentrations to the north (Supplementary 2). The lowest
levels of major ions were observed in the Evoyakha River.
This latitudinal trend is caused by a decrease in the share of
groundwater supply and an increase in the share of snowmelt
feeding as the area increases and the depth of permafrost
decreases, as previously noted (Pokrovsky et al, 2015). The
average pH value of river water during low flow periods is
7.3, while during floods it decreases to 5.5 due to a significant
inflow of snowmelt water.

The particle size distribution of suspended matter in the Pur
River basin is mainly dominated by sand particles larger than
50 pum, with an average share of 46%, while for fine particles
smaller than 10 um itis 21% (Fig. 5). The share of sand particles
decreases to 40% during low water and increases to 54%
during floods. In contrast, the share of PM,  particles increases
to 23% during low water and decreases to 17% during floods.
Changes in the particle size distribution of river suspended

11,

11la 11b 12a 12b 13 14

Fig. 4. Changes in water mineralization along the Pur River and Evoyakha River during spring flood (blue) and low flow
(orange) periods in 2023; numbers of sampling stations correspond to the numbers in the Fig. 1
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sediment naturally reflect changes in flow velocity and
suspending capacity of the stream in different hydrological
seasons. The average suspended matter diameter in the Pur
River basin is about 70 um, which is slightly less than the
average size (83 um) in rivers of different natural areas (Chalov
and Efimov, 2021). This is explained by the lower ability of the
Pur River to transport suspended material due to the small
amplitude of altitude in its basin.

Dissolved forms of metals and metalloids in river waters

The Pur River and its main tributary, the Evoyakha River,
are generally characterized by low levels of dissolved forms
of metals and metalloids (Table 1), which is due to their low
content in Quaternary sediments of predominantly light
texture that comprise the catchments. Compared to global
averages (Gaillardet et al, 2014), Fe and Zn contents are
elevated in both rivers. The average Fe content in the Pur and

b’
”’A

a)

Evoyakha rivers (140 ug/l) is 2 times higher than the global
average and close to the average Fe content in the rivers of
the Kara Sea basin - 180 ug/l (Savenko and Savenko, 2024).
Iron accumulation in surface waters is a distinctive feature of
Western Siberia (Gordeev et al,, 2024; Kolesnichenko et al,, 2021;
Romanova and Samarin, 2019). The source of iron is peatland
waters, feeding small rivers and streams in the study area. The
average Zn content in the Pur River (3.1 ug/l) is 5 times higher
than the global average (Gaillardet et al,, 2014), but generally
corresponds to the average for the rivers of the Kara Sea basin
- 2.2 ug/l (Savenko and Savenko, 2024) and the lower reaches
of the Ob and Taz Rivers - 4-7 ug/l (Pokrovsky et al, 2016;
Soromotin et al,, 2022). The levels of Ni, Co, Sb, Pb and Cd in the
Pur River waters are close to the world average, while V, Cu, As,
U, Ba and Rb are several times lower. Statistical analysis of the
data revealed the highest variability (v>100%) for the content
of Al, Fe, Mn, Co, Cu, Zn, Pb and Cd, caused apparently by the
seasonal changes and anthropogenic impact.

g
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Fig. 5. The grain size distribution of river suspended matter in the Pur River basin:
a) low flow; b) flooding; c) annual average

Table 1. Levels of dissolved forms of metals and metalloids in the Pur and Evoyakha rivers compared to the global
average and regional background, pg/L

Pur River, n=43 Evoyakha River, n=85 World | Kara Sea Pur
MMs median | mean min max V% median | mean min max V% Rivers' Basin® River’
Al 4,5 253 035 82 118 235 27,8 1,6 157 85 32 17,7 356
Fe 86* 141 30 510 110 117 144 10 681 93 66 180 568
Mn 14 204 012 108 165 8,0 41,6 03 282 123 34 22,2 524
Ni 0,54 0,65 023 3,60 79 13 143 0,06 14,4 107 08 1,03 1,04
Co 0,04 0,08 0,04 0,37 100 0,04 036 0,04 3,74 148 0,15 0,08 0,10
\% 013 0,14 0,03 0,28 54 0,15 0,15 0,03 1,06 102 0,71 093 -
Cu 06 114 0,10 11,0 164 093 1,67 0,10 19,0 156 1,48 1,54 08
Zn 2,6 3,09 0,20 21,0 125 3,8 4,66 1,19 19,4 81 06 2.2 -
Pb 0,04 0,11 0,09 1,20 186 0,058 0,141 0,01 2,90 235 0,08 0,099 0,157
cd 0,003 0,01 0,002 0,096 163 0,003 0,011 0,003 0,094 153 0,08 0,007 0,005
As 03 032 0,20 049 22 0,31 034 0,09 0,93 44 0,62 0,56 0,31
Sb 0,075 0,075 0,036 0,240 43 0,073 0,067 0,011 0,143 48 0,07 0,066 -
U 0,003 0,005 0,001 0,013 68 0,007 0,008 0,000 0,026 66 037 0,242 -
Sr 27,5 22,6 6,2 42,0 50 7.8 10,8 22 75,0 92 60 129 174
Ba 6,3 6,4 43 93 20 51 9 1,7 242,7 293 23 12,1 17,8
Rb 0,54 0,64 041 26 51 0,79 0,81 0,36 2,21 34 1,63 061 -

n - number of samples
v% - coefficient of variation

*In bold are values higher than the World average

" Gaillardet et al,, 2014;
2Savenko, Savenko, 2024
3 Pokrovsky et al.,, 2016
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According to the seasonal variability in the waters of the Pur
River (Table 2), a group of elements with a maximum in the high-
water period is distinguished: Al, Fe, Mn, Ni, Co, Cu, Zn, Pb, and
Cd. The variability is especially distinct for Al, Fe and Mn, whose
contents are tens of times more in the high-water than in the
low-water period. The increase in the contents of Al and Fe is
associated with their lateral input in the form of organo-mineral
colloids from the seasonally thawed soil layer of watersheds
(Krickov et al,, 2019). In addition, Fe and Mn are mobile in a
reducing environment and in the lowest oxidation degree of
24+ may come from water-saturated mineral gley soil horizons.
Mn, Ni, Co, Cu, and Zn come to the river water from organic soil
horizons mainly in spring in the form of organo-mineral complex
compounds (Pokrovsky et al., 2016). For these metals, as well as
for Pb and Cd, technogenic supply with atmospheric deposition
may be of great importance. The other group is formed by
elements, whose contents slightly differ in high and low-water
periods, or the maximum occurs in low-water periods. It includes
anionic elements such as As, Sb, U, V, and Sr. They are brought
into rivers mainly by groundwater in ionic form.

In the waters of the Evoyakha River during floods, the average
contents of Al, Feand Mn are 2-3 times lower than in the Pur River.
This is probably explained by more severe climatic conditions of
its basin, located in the forest tundra zone. Soil thawing depth
in the north of Western Siberia is one of the main factors of
dissolved organic matter and associated metals entering river
waters (Pokrovsky et al., 2015). It determines a higher Fe content
in the Evoyakha River during low-water periods than in the Pur
River. According to (Opekunova et al,, 2020), in peat-gley soils
of northern taiga landscapes occupying the southern part of
the Pur River basin, the thickness of the seasonally thawed layer
can reach 2 m. This promotes iron deposition on the complex
geochemical barrier in the upper soil horizons and a decrease
in its input into rivers with the surface runoff. In forest-tundra
and tundra landscapes in the northern part of the basin, the
thickness of the seasonally thawed layer is less (0.2-0.9 m), which

prevents the formation of geochemical barriers and promotes
active migration of Fe and other metals. The average contents
of Ni, Co, Cu, Zn, Pb, Cd in the Evoyakha River in the high-water
period slightly, and in the low-water period significantly higher
than in the Pur River, which is obviously associated with the
anthropogenic impact of N. Urengoy. The median values of Fe,
Mn, Co, Cu, Zn, Pb, Cd contents in the waters of the Pur and
Evoyakha rivers are distinctly lower than the mean values. For
Fe and Mn this is due to seasonal factor, for other metals - to the
anthropogenic one, manifested in local maxima of contents in
some river sections.

In the Pur River waters (Fig. 6), relatively high metal contents
were also observed in areas subject to anthropogenic impact.
In the low-water period of 2023, in the upper reaches of the
river (Pyakupur River) downstream of Muravlenko, Zn content
increased to 21, Cu-4.5,Ni-3.6,Pb- 1.2 ug/l, which is many times
higher than the background levels for this hydrological period.
Increased Cu and Zn contents during low water periods were
also observed in the waters of the Pur River near Korotchaevo
and downstream near Urengoy settlement and Samburg village.

In the basin of the Evoyakha River (Fig. 7) a section polluted
with heavy metals was identified in the area of the industrial
zone in the eastern part of N.Urengoy, where the content of
Cu increases up to 4-8, Zn - 16-19, Pb - 0.4-0.6 ug/l. Maximum
concentrations exceed the background values by 5-7 times.
The metal contents are similar during both low and high-water
periods, which indicates the permanent pollution of river water,
probably caused by urban or industrial sewage. In the same
area, we found an increase of Ba content up to 10-15 ug/l, and in
some samples more than 50 pg/l, which is an order of magnitude
higher than background levels. Apparently, drilling operations
were previously carried out in the adjacent area. Elevated Ba
concentrations in natural waters of oil and gas production areas
are usually associated with drilling wells, where barite is used as
a weighting agent for drilling fluids.

Table 2. Seasonal differences in the content of dissolved forms of metals and metalloids in the Pur and Evoyakha
rivers in 2021-2023, pg/I

River Pur Evoyakha
Season (n) High water (18) Low water (25) High water (44) Low water (41)

Al 58 1,9 32 11
Fe 268 20 90 138

Mn 54,6 06 15,0 4,2
Ni 0,81 0,45 1,10 1,45
Co 0,19 <0,09 0,75 0,64
\% 0,17 013 0,16 0,18
Cu 0,82 0,45 1,04 0,94
Zn 3,05 0,85 3,50 3,90
Pb 0,11 <0,02 023 0,08
Ccd 0,011 <0,006 0,023 0,030
As 034 029 0,28 032
Sb 0,085 0,074 0,072 0,080
u 0,007 0,003 0,007 0,005
Sr 11,0 30,0 54 18,2
Ba 6,8 6,2 4,7 6,0
Rb 0,59 0,58 0,76 0,81

128



Lychagin M., Porsheva S., Sokolov D. et al.

LEVELS, D,S-PATTERNS AND SOURCE IDENTIFICATION ...

Fe dissolved, pg/I Zn dissolved, pg/l
Low Water High Water Low Water High Water
4] TG ; T 7 Y
S A ’
L7 g ’l (7 T
- 4 'ﬂp ST O "1"‘
S X /e A
= Samburg I T— ' Sambuq,
p S - &
< - 2
-'" ; ‘% 2 N 'smd:\u th 4\
= @
i - Y
r - &
Tarko-Sal —- Tarko-Sale 5 Tarko-Salc,
5 § { 5 \ 6 [ 5 ' {
Y, 9 L Y ook
3° ’ :°'Q
; ; ‘ ; A
~ EE ~/pi ~/ pY
)R -r*{r & } 3 } A 1
70 <100 [l 100200 200-300 [l 300400 >40c| @ <> @ 24 46 @ 68 @ >8
As dissolved, pg/| @ Sb dissolved, pg/I
Low Water High Water Low Water High Water
T 7 S 7T P T =
l’) K s.\ ~ ¥ ~4\1 ‘\‘,
2 3l O 3 S ) -
Av‘ 14 "’c 3 % A S | S v'v 4 ~s‘ % y ( p,_:
R 7 s ' R
12
12
/ 1 . Samburg / - i /
Samburg | Samburg Samburg
v | /J—' ¢ ¥
- - i
1 Y 1 A
L Evopakha River v 4 Kveyathal : 5, Bvoakia River % , Evopakha Ri
1 p i i\, A} 'xﬁ
7N ] Y 3
v . & ,: - ;" -
Tarko-Sale F Tarko-Sale Tarko-Sale ;
)
s VA 577 &6 5™ Y6
: (|- { , f
Yo Sl - § o \
3 <
A A %
g ) . E -
L~k R i
g /oy ~/ M
% )
} 7 % ¢ % {3
A.<02 4 0204 0406 4 0608 M >08 | W<004W 004006 006-00890.080.1' W >0.1

Fig. 6. Dissolved metals and metalloids in the Pur River water
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Fig. 7. Dissolved metals and metalloids in the Evoyakha River water

Thus, the river waters in the Pur River basin are
characterized by generally low contents of metals and
metalloids, not exceeding the world average values, except
for Fe and Zn. A high variability of Al, Fe, Mn, Co, Cu, Zn, Pb
and Cd contents was observed, caused by seasonal factor
and anthropogenic impact. For some metals mean content
significantly differs from the median values. It is caused by
significant increase in their concentrations at a few river
sections. Therefore, it is reasonable to use median values to
characterize the regional hydrogeochemical background
of the study area.

Suspended forms of metals and metalloids

Median levels of metals and metalloids in the
suspended matter of the Pur River (Table 3) are in most
cases lower than the global averages (Viers et al., 2009).
First of all, this is characteristic of Al, whose content is 3.3
times less than the world average during flood and 6.7
times less than in low-water season. The low content of
Al is due to grain-size and mineralogical composition of
the suspended matter with the predominance of quartz-
rich sandy particles larger than 50 microns, and also active
migration of Al in colloidal organo-mineral compounds
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(see above). The greatest dispersion is characteristic of Cu:
in low water it is 75 times less than the world average, in
high water - 25 times less. The contents of Ni, Co, V, Cr, Cr,
Zn, Cd, Pb, Sn, U, Bi, Rb, Ba, Sr are 2-5 times lower than the
world averages. Only Fe and Mn levels exceed the world
averages: 1.5 times in the high water and 2 - 4 times in
the low water. Enrichment of the Western Siberian rivers
with these metals in dissolved and suspended forms was
determined earlier by (Agbalyan et al,, 2016, Babushkin et
al, 2007). Their source is anoxic ground and swamp waters
where Mn and Fe have increased mobility. Entering river
waters with oxic conditions, they can be precipitated
hydroxides and adsorbed on solid suspended particles.
The Sb content is slightly higher than the global average.
It is anionogenic element that can be deposited together
with Fe by adsorption and coprecipitation.

According to seasonal dynamics two groups of
elements can be distinguished in suspended matter of
the Pur and Evoyakha rivers (Table 4). The first group - iron
group elements (Fe, Mn, Ni, Co), as well as As, Sb, Cd, Sr
and Ba - is characterized by an increase in concentrations
during low-water, the second group - Al, V, Pb, Sn, Bi, U
and Rb - during high-water seasons (Fig. 8). The increase of
Fe and Mn concentrations in summer period is obviously
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Table 3. Levels of metals and metalloids in the Pur and Evoyakha suspended matter compared to global and regional

background, pg/g
e Pur River, n=45 Evoyakha River, n=80 World uce?
median mean min max V9% median mean min max V9% Rivers' | (Clarke)
Al 16100 19400 8300 43650 49 25300 30800 2665 65962 55 87200 80500
Fe 105100 | 106400 | 52275 192720 34 117700 | 138200 10462 287074 61 58100 46500
Mn 5988 5466 872 10000 51 3043 4660 206 32336 108 1679 1000
Ni 23 25 10 46 36 69 85 24 434 76 74,5 47
Co 14 13 7 22 27 36 51 5 353 109 22,5 17
Vv 40 41 17 78 37 104 105 23 164 23 129 97
Cr 53 51 25 73 24 108 136 66 379 84 130 92
Cu 1,1 44 04 30,6 162 17 31 0,7 182 138 759 28
Zn 95 107 19 393 61 171 192 59 582 62 208 67
Pb 11,2 138 55 78,9 84 14,8 154 5 42 31 61 17
cd 038 0,40 0,10 1,04 50 0,49 0,58 01 3,24 82 1,55 0,09
As 19 19 7 36 41 21 25 6 61 61 36 5
Sb 2,87 2,92 0,80 6,02 40 2,98 3,7 048 16,1 113 2,2 04
Sn 1 1,6 0,14 16,0 170 212 341 0,40 6,48 273 4,6 2,1
Bi 017 0,18 0,09 040 44 023 0,38 0,09 2,10 106 0,85 0,16
U 0,6 0,67 0,30 13 37 1,08 1,08 0,25 1,98 31 33 2,7
Sr 115 119 84 225 23 91 92 24 175 26 187 320
Ba 403 433 281 1153 33 319 356 49 3030 90 522 624
Rb 20 24 10 50 44 28 34 5 72 57 78,5 84

n*- number of samples

"Viers et al., 2009;

2 Rudnick, Gao, 2003 - Upper Continental Crust
*In bold are values higher than the World average

caused by deposition of their mobile compounds, added
with groundwater to river waters with oxidizing conditions.
Accumulation of other metals and metalloids during low
water may be related to the processes of sorption and
coprecipitation with Fe and Mn hydroxides. Al and other
metals of the second group enrich suspended solids in
rivers during floods due to increased erosion processes.
Iron accumulation in the suspended matter of the
Evoyakha River during low-water season is even stronger —
up to 21.6% (Cf 3.5). Cf values for Mn, Co and Sb exceed 1.5,
for As, Ni, Cr, and Zn they are close to 1.0. Mean contents of
metals in suspended matter of the Evoyakha River in summer
are close to the global averages, but they are higher than in
the Pur River. This is probably due to the significant spread of
permafrost in the Evoyakha River catchment, which prevent
leaching of elements. During thawing of permafrost, soil
solutions interact with mineral soil horizons, thus ensuring
active leaching and removal of metals and metalloids. Their
highest levels occur in the late summer low-water period,
when the maximum thawing of the active layer is reached,
and as a consequence, the flow of acidic soil solutions
enriched with colloids into the river network increases
(Krickov, 2017). Additional confirmation of this hypothesis is
the increase in water turbidity in the Evoyakha River during
the summer low-water period compared to the spring flood.
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Anthropogenic impact can have even more significant
effects on the metal contents. Near cities, the maximum
concentrations of Zn, Cd, Cu and other metals in
suspended matter are 3-5 and more times higher than
median (baseline) values. For example, during both seasons
baseline content of Zn in the Pur River is about 100 ug/g,
however below Tarko-Sale town and Samburg settlement
it increases to 200-300 pg/g (Fig. 9). Zn content in the
suspended matter of the Evoyakha River and its tributaries
upstream of Novy Urengoy is 60-70 ug/g in high water, 90-
100 pg/g in low water, and increases to 200-300 and 500-
600 pg/g, respectively, downstream of the city (Fig. 10).

A number of indices is used to assess the magnitude of
human-induced change in the aquatic environments. G.
Birch (2023) examined 11 indices and found the Enrichment
Factor (EF) to be most capable to produce high quality
enrichment determinations.

EF is calculated as the ratio of the metal content in
the studied sample to a certain element (reference) in the
same sample, to the same ratio in the Earth’s crust:

EF = (Ci/Cref") Sample/ (CilCref)ucc

where Ci and Cref are the contents of the studied and
reference elements, respectively, UCC — upper continental
crust (Rudnick and Gao, 2014).
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Table 4. Seasonal differences in metal and metalloid contents in the Pur and

Evoyakha suspended matter (2021 - 2023)

River Pur Evoyakha
Season (n) HW (19) LW (26) HW (37) LW (43)
Al 26110 13000 42460 18640
Fe 91220 111000 58140 216300
Mn 2371 7165 1614 3175
Ni 22 26 39 98
Co 11 15 32 44
\% 51 32 105 103
Cr 54 50 83 149
Cu 31 1,1 154 27,5
Zn 98 93 99 216
Pb 15 9 15 15
cd 03 04 0.2 08
As 16 20 13 36
Sb 26 30 2,1 40
Sn 1.3 09 2,0 22
Bi 0,20 012 0,23 0,22
U 0,74 0,53 1,21 0,96
Sr 106 121 93 90
Ba 378 425 348 286
Rb 31 18 50 20
o
4,5
4,0
35
3,0
2,5
2,0
1.5
1,0 I - - l
0,5
0,0

Al Fe Mn Ti Y Cr Co Ni Cu Zn As Rb Sr Cd Sn Sb Ba Pb Bi u

M Pur HW Pur LW mEvoyaha HW ® Evoyaha LW

Fig. 8. Concentration factors relative to the world average (according to Viers et al., 2009) in suspended matter of the Pur
and Evoyakha rivers during high water (HW) and low water (LW) seasons
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Fig. 9. Metals and metalloids in suspended matter of the Pur River
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Fig. 10. Metals and metalloids in suspended matter of the Evoyakha River

Al, Fe, Mn, Sc, and La are commonly used as reference
elements (Azoulay et al, 2001; Schiff and Weisberg, 1999). In the
Pur River basin Al, Fe and Mn show high variability of content
and diversity of migration forms, therefore, the EF values
obtained on their basis are questionable. That is why we used
Sc as a reference element.

For sediments the following categories of enrichment
are most commonly used: 1-3 - low, 3-5 - moderate, 5-10 -
considerable, 10-25 — high, 25-50 - very high, > 50 - extremely
high (Birch, 2020).

Analysis of EF values for median contents of MMs allowed
to identify the association of elements with considerable and
high enrichment of suspended matter: Fe, Mn, Sb, As, Cd and
Zn. In low water it is characteristic of both rivers, in high water
it is characteristic only of the Pur River (Fig. 11).

The enrichment of suspended particles by Fe and Mn
can be explained by the natural process of precipitation of
their hydroxides in the oxidizing environment of river waters.
However, enrichment by Sb, As, Cd and Zn is most likely of
anthropogenic origin. This association of elements is typical
for urban soils and road dust and is mainly due to the impact
of motor vehicles. Particulate matter enriched with these

134

elements enters rivers with urban stormwater and snowmelt
runoff and contributes significantly to the deterioration of
surface waters quality (Muller et al, 2020). EF elements of this
association strongly increase in suspended particles of the
Pur and Evoyakha rivers below the settlements (Tarko-Sale,
Urengoy, Novy Urengoy). The maximum values range from 25
to 45, which corresponds to very high degree of enrichment.

Forms of migration of metals and metalloids

The ratio of element migration forms in water flows is
determined by the DS coefficient, which characterizes the
distribution of chemical elements between suspended (S) and
dissolved (D) forms. Until relatively recently, it was considered
in geochemistry that suspended forms of element migration
prevail distinctly in river runoff (Gordeev et al.,, 2024; V. Savenko,
2006). The results of our studies in the Selenga, Volga, Don and
other rivers showed that for a number of elements the role
of dissolved forms was underestimated. On the basis of D,S-
analysis (Kasimov et al,, 2020a; Kasimov et al., 2020b; Kuryakova,
2011; Lychagin et al, 2017, etc), we identified three groups
of chemical elements: D-elements with the predominance
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Fig. 11. EF for median values of chemical elements referenced to Sc in suspended matter of the Pur and Evoyakha rivers
for high water (HW) and low water (LW) seasons

of dissolved form of migration, S-elements, the main form of
migration of which is suspended, and a transitional group of
D,S-elements, for which the ratio of suspended and dissolved
forms varies widely. The position of chemical elements within
a particular group is determined by internal migration factors
(properties of the elements themselves), while their behavior
within groups (change in DS value) is determined by external
factors, mainly hydroclimatic and anthropogenic.

In the Pur and Evoyakha rivers the D-element group
includes Ca, Sr, Cu, Mo, Rb (Fig. 12). Ca, as well as Mg, Na and
K are among the main cations of natural waters, for which the
dissolved form is almost always predominant. Sr is a typical
cationic element, many of its compounds are well soluble. In
terms of water migration rate, it is close to Ca. Mo migrates in
natural waters in the form of anions, it is also characterized by
the predominance of dissolved forms of migration, which we
have previously reported for other rivers. The appearance of
Cu among the D-elements is a specific feature of the Pur River.
This is due to the very low Cu content in its suspended matter,
where the median value (1.1 pg/g) is 70 times lower than the
global average (Table 3). In the Evoyakha River, the median Cu
contentis 17 ug/g, which is only 4 times lower than the global
average, so Cu moves to the group of D,S-elements, which is
more usual (Fig. 12b) .

The group of DS-elements includes Sb, As, Ba, Ni, Cd,
Zn, and U. Almost all of them are the priority pollutants of
the environment. For these elements, seasonal differences
in the proportion of migration forms are most pronounced
in the Evoyakha river, where the share of suspended forms
increases during floods. This is caused by a significant increase
in turbidity during the flood period - up to 20-30, and in
some places up to 50-70 mg/l, while during low season it is
8-10 mg/I. Spring flooding on the Evoyakha River is short and
high, while on the Pur River it is lower and longer lasting. The
turbidity of the Pur River water is 15-20 mg/| and almost does
not change seasonally. Therefore, the anthropogenic factor is
more important for the ratio of different migration forms in
the Pur River. Below cities, the share of suspended forms tends
to increase. This is especially noticeable for Urengoy, where at
the site downstream of the river port the share of suspended
forms of not only DS but also D-elements, Mo and Rb, increases.
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The group of S-elements includes lithophilic elements firmly
bound to mineral particles — Al, Fe, Mn, Ti, Bi, Co, V, Pb. For them
the share of suspended forms may change quantitatively, but
always remains predominant.

Source identification of suspended forms of MMs

The PCA/APCS-MLR method was applied for two data
sets, the first one included the data on MMs contents in 63
samples collected during 2021-2023 in the Evoyaha River, and
the second one comprised the chemical data on 40 samples
collected during the same period in the Pur River. In the
first step of the analysis, the data were normalized and then
principal component analysis was applied.

The Evoyaha River

For the dataset from the Evoyaha River, four factors (F1-
F4) were identified. They explained 78% of the total variance
(Supplementary 3). The first factor (F1) had the largest
contribution (40%) to the total variance. According to APCS-
MLR results, this factor explained more than 50% of the mass
input of Fe, As, Cr, Ni, Zn, Cd, Sb (Fig. 13), and probably related
to the sorption of elements by iron hydroxides. The EF values
ranging from 5 to 10, as well as the coefficient of variation (60-
70%) suggest a mixed origin of these elements - natural and
anthropogenic. The human-induced contribution of As, Cr, Zn
and Ni is probably related to oil and gas production ((Xu et al,,
2018; Saravanan et al,, 2022).

The second factor (F2) explained 23% of the total variance.
Large proportions of Sr,V and Pb (more than 80%) and U, Ba,
Rb, Al, Ti and Cu (60-80%) inputs were associated with this
factor. The contents of these elements varied little along the
river course and did not depend on the season (Cv 20-50%),
the EF values were also low. So, the F2 factor was interpreted
as a lithogenic factor. The third (F3) and the fourth (F4) factors
accounted for 8 and 7% of the total variance, respectively. The
F3 contributed to 50% of Mn and 45% of Co. Mn is considered
to be one of the main markers of oil pollution (Saravanan et
al, 2022). The F4 explains the partial input of Bi, Sn, Cu, Pb
and Co. These metals are markers of emissions from vehicles
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Fig. 13. Relative contribution of sources for suspended matter of the Evoyakha River, according to APCS-MLR model
calculations: F1 - iron deposition, F2 - lithogenic, F3 - oil and gas production, F4 - vehicles emission

(Thorpe, Harrison, 2008). The coefficient of variation for some
metals was close to or greater than 100%, and the maximum
contributions of factors F3 and F4 were observed within the
city and downstream. This confirms the input of MMs with F3
and F4 as anthropogenic. Thus, 4 main factors of MMs input
into suspended particles were identified for the Evoyakha
River. The greatest contribution is made by a mixed natural-
anthropogenic factor associated with iron. The second source of
MMs input is lithogenic. The third and fourth factors are caused
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by anthropogenic input and are defined as the influence of oil
and gas production and vehicle emissions, respectively.

The Pur River

Four factors (F1-F4) were also identified for the Pur River
dataset. They explained 74% of the total variance in MMs
content (Supplementary 3). The first factor F1 accounted for
36% of the total variance. It was responsible for the input to
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Fig. 14. Relative contribution of sources for suspended matter of the Pur River, according to APCS-MLR model
calculations: F1 - lithogenic, F2 - oil and gas production, F3 and F4 - vehicles emission (F3 — wear of tires, F4 - wear of
brake pads)

the suspended particles of 85% of the total mass of V, more
than 60% of Rb, Al, U, and Ti. The similar association of elements
was noted for the lithogenic factor in Evoyakha, suggesting a
regional bedrock influence. The coefficient of variation of the
MMs did not exceed 50%, in addition, these elements had
the lowest EF values, hence factor F1 can be interpreted as a
lithogenic factor.

The factor F2 accounted for 22% of the total variance.
It contributed more than 80% of Ba and Sr, and most of
the mass of Ni, Co, As, Mn and Sb. This factor is most likely
related to the sorption of the elements by Mn (hydr)oxides
(Zheng et al,, 2020). For all the elements associated with
the F2 factor, a high correlation was displayed particularly
by Mn (0.6-0.8). This association of MMs is similar to the F3
group for the Evoyakha River, which we linked to oil and gas
production. The significant contribution of Ba and Sr may
be due to their use in drilling fluids. Each of the two factors
F3 and F4 contributed 8% to the total variance. Factor F3
was responsible for the input of Zn, Cu and small portions
of Pb (Fig. 14). Zn is one of the markers of car tires abrasion,
with Cu and Pb often found with it (Thorpe, Harrison, 2008;
Alves et al,, 2020). The factor F4 accounted for half of the
Fe, Sb, Sn and Pb input. This association of elements may
be due to the wearing of the vehicles brake pads (Pant,
Harrison, 2013). High EF values for the elements associated
with factors F3 and F4 (EF>5), indicate the anthropogenic
nature of these factors. In addition, the maximum
contribution of both factors was observed at sites within
cities. Hence, it can be assumed that these metals enter
the urban environment through motor vehicles and are
transported to rivers by storm water drainage systems.

Thus, 4 factors of MMs input were determined for
suspended particles of the Pur River waters. The first factor
explains the lithogenic input, the second one is related to
oil and gas production. The third and fourth factors are
defined as the vehicle influence, at that, the third factor is
related to input from wear of tires, the fourth factor - with
wear of brake pads.
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CONCLUSIONS

1. Waters of the Pur River and its tributaries are
characterized by generally low content of dissolved metals
and metalloids, not exceeding the world average values,
except for Fe and Zn. A high variability of Al, Fe, Mn, Co, Cu,
Zn, Pb and Cd contents was observed, caused by seasonal
factor and anthropogenic impact. The median contents of
metals can be used as the baseline values.

2. Median levels of metals and metalloids in the
suspended matter of the Pur River are lower than the
global averages, except for Fe and Mn. According to
the seasonal dynamics two groups of elements can be
distinguished: the first group - Fe, Mn, Ni, Co, As, Sb, Cd, Sr
and Ba - is characterized by an increase in concentrations
during low-water, the second group - Al, V, Pb, Sn, Bi, U and
Rb - during high-water seasons. Near cities, the maximum
concentrations of Zn, Cd, Cu and other metalsin suspended
matter are 3-5 and more times higher than the baseline
values. Analysis of EF values for median contents of MMs
allowed us to identify the association of elements with
considerable and high enrichment of suspended matter:
Fe, Mn, Sb, As, Cd and Zn.

3.0nthebasis of D,S-analysis, we identified three groups
of chemical elements in the Pur River basin: D-elements —
Ca, Sr, Cu, Mo, Rb; D,S-elements — Sb, As, Ba, Ni, Cd, Zn, and
U; S-elements — Al, Fe, Mn, Ti, Bi, Co, V, Pb. The position of
chemical elements within a particular group is determined
by properties of the elements themselves, while their
behavior within groups is determined by external factors,
mainly hydroclimatic and anthropogenic.

4. On the basis of PCA/APCS-MLR method, we
determined 4 main factors with different contributions to
the total content of metals and metalloids in river sediment:
lithogenic, iron oxidation, urban wastewaters, and motor
vehicle emissions. [l
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SUPPLEMENTARY 1
Table 1. Sampling points in 2021-2023 (numbering corresponds to Fig. 1)
2021 2022 2023
N River Description
Aug | Jun | Aug | Jun | Aug
. Pyakupur upper reaches (30 km south of Muravlenko, 50 km north-west of . . N
Noyabrsk)
2 Pyakupur at the latitude of Muravlenko and Khanymey +
3 Pyakupur at the latitude of Purpe and Kharampur + + + +
4 Ayvasedapur at the latitude of Purpe and Kharampur + + + +
5 Pyakupur near Tarko-Sale (above the confluence with the Ayvasedapur) + + + +
6 Ayvasedapur near Tarko-Sale (above the confluence with the Pyakupur) + + + +
5 Pur near Tarko-Sale (below the confluence of the Pyakupur and the N N
Ayvasedapur)

8 Pur above Korotchaevo (left branch) + +
9 Pur above Korotchaevo (right branch) + +
10 Pur between Korotchaevo and Urengoy + +
11 Pur below Urengoy + + + +
12 Pur below Samburg + + + +
13 Pur 15 km from the mouth, left branch + +

14 Pur 15 km from the mouth, right branch + +

15 Khanto (lake) northern boundary of Noyabrsk + +
16 Khanayakha 0.2 km from the source + +
17 Khanayakha 0.6 km from the source + +
18 Khanayakha 1.1 km from the source + +
19 Nankpyokh mouth + +
20 Evoyakha above Novy Urengoy + + + +
21 Sedeyakha above Novy Urengoy + + + +
22 Evoyakha confluence with the Sedeyakha + + + +
23 Sedeyakha confluence with the Yevoyakha + + + +
24 Evoyakha below the confluence with the Sedeyakha + + + +
25 Evoyakha below Novy Urengoy + + + +
26 Sedeyakha upper reaches + + + +
27 Evoyakha Novy Urengoy, eastern industrial zone + + + +
28 Evoyakha eastern border of Novy Urengoy town + + +
29 Evoyakha 7 km below Novy Urengoy + + +
30 Evoyakha 21 km below Novy Urengoy + + +
31 Evoyakha 10 km from the mouth + + + +
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SUPPLEMENTARY 2
Table 1. Hydrochemical characteristics and content of major ions in water bodies of

the Pur River basin during the 2023 flood

HCO, SO,” c Caz+ Mg?* Na* K*
Station Date River M,ma/!
ma/I

1 04.06.2023 Pyakupur 7,57 025 0,60 1,17 0,68 0,98 0,30 12
3 05.06.2023 Pyakupur 6,96 097 1,32 087 0,56 1,52 045 13
4 05.06.2023 Ayvasedapur 7,94 0,42 0,20 1,06 0,50 0,64 0,23 11
5 04.06.2023 Pyakupur 6,58 0,57 1,20 0,74 048 147 0,44 11
6 05.06.2023 Ayvasedapur 8,73 0,31 0,34 1,20 0,73 052 0,40 12
11a 03.06.2023 Pur 4,76 0,49 0,58 0,58 0,36 0,51 0,20 7
11a 10.06.2023 Pur 598 037 033 0,85 0,58 0,81 0,27 9
11b 03.06.2023 Pur 738 042 0,40 0,78 0,55 0,79 035 11
11b 10.06.2023 Pur 7,81 0,54 1,03 1,04 0,64 0,99 0,25 12
12a 10.06.2023 Pur 6,35 0,50 0,64 0,70 0,49 0,84 032 10
13 10.06.2023 Pur 793 047 0,56 087 0,60 0,86 0,40 12
14 10.06.2023 Pur 6,71 0,50 0,73 0,70 048 0,87 037 10
21 02.06.2023 Sedeyakha 3,66 0,39 0,71 0,44 0,24 0,67 0,45 7
21 07.06.2023 Sedeyakha 3,60 0,90 038 061 034 081 035 7
22 01.06.2023 Evoyakha 598 1,00 0,19 0,75 0,35 0,61 0,38 9
22 08.06.2023 Evoyakha 549 1,78 0,31 1,00 0,54 0,62 0,23 10
23 01.06.2023 Sedeyakha 4,15 1,12 063 0,57 027 1,12 0,69 9
23 08.06.2023 Sedeyakha 2,87 1,20 0,29 0,65 0,39 0,77 033 6
24 01.06.2023 Evoyakha 3,30 0,82 0,38 0,49 0,23 0,80 0,38 6
24 08.06.2023 Evoyakha 2,75 1,67 061 0,79 037 091 043 8
25 02.06.2023 Evoyakha 2,14 1,07 049 0,54 032 0,78 0,57 6
25 08.06.2023 Evoyakha 293 1,58 0,74 0,71 0,41 1,02 0,56 8
26 31.05.2023 Sedeyakha 2,81 0,53 035 035 017 0,46 0,26 5
31 03.06.2023 Evoyakha 519 0,63 0,81 0,90 0,39 1,01 0,62 10
27a 06.06.2023 Evoyakha 2,99 1,57 0,50 0,54 0,25 0,58 0,40 7
27b 06.06.2023 Evoyakha 4,15 1,30 0,50 051 027 059 0,52 8
27¢ 06.06.2023 Evoyakha 293 1,49 0,75 0,51 0,30 0,81 0,40 7
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Table 2. Hydrochemical characteristics and content of major ions in water bodies of
the Pur River basin during the 2023 low-water season

HCO, SO,” cr Ca** Mg?* Na* Kt
Station Date River M, mg/I
ma/I
1 21.08.2023 Pyakupur 37 0,60 2,63 7,79 2,78 232 0,38 53
2 20.08.2023 Pyakupur 35 0,84 4,34 741 323 4,62 1,20 57
3 21.08.2023 Pyakupur 29 0,97 1,32 6,08 2,66 2,73 0,45 44
4 22.082023 Ayvasedapur 42 0,56 1,19 10,18 3,63 1,77 032 60
5 22.08.2023 Pyakupur 34 0,58 3,01 5,66 2,54 2,70 0,59 49
6 22.08.2023 Ayvasedapur 33 0,44 1,16 6,21 2,76 1,74 0,25 45
7 22.08.2023 Pur 33 0,76 349 6,13 2,68 2,90 037 49
8 23.08.2023 Pur 17 0,86 1,65 2,50 1,21 0,89 0,18 24
9 23.08.2023 Pur 17 0,81 1,70 2,08 1,88 0,69 0,17 25
10 23.08.2023 Pur 16 0,86 0,63 3,07 1,54 1,11 0,23 23
11a 23.08.2023 Pur 31 1,58 2,03 594 2,79 1,90 0,50 46
11b 23.08.2023 Pur 51 1,23 4,13 7,62 3,36 6,07 2,31 75
12a 29.08.2023 Pur 35 1,48 3,10 6,19 2,80 212 0,36 51
12b 29.08.2023 Pur 31 117 2,98 6,63 3,16 2,22 0,36 47
20 18.08.2023 Evoyakha 15 5,85 0,28 2,89 1,64 0,85 0,35 27
21 18.08.2023 Sedeyakha 13 5,28 0,50 2,44 1,40 0,87 0,28 24
22 16.08.2023 Evoyakha 11 6,58 0,56 2,38 1,42 0,74 0,24 23
23 16.08.2023 Sedeyakha 13 4,53 091 2,39 1,41 0,79 0,24 23
24 16.08.2023 Evoyakha 13 7,26 0,78 2,88 1,72 1,11 0,29 27
25 19.08.2023 Evoyakha 13 4,48 1,70 3,51 1,93 1,23 041 27
26 25.08.2023 Sedeyakha 14 3,77 0,62 3,47 143 118 042 25
27 25.08.2023 Evoyakha 19 4,38 0,82 4,64 2,722 1,58 040 33
28 25.08.2023 Evoyakha 14 2,28 1,55 2,39 1,26 2,31 0,80 25
29 25.08.2023 Evoyakha 12 2,84 0,92 2,54 1,25 1,51 047 21
30 25.08.2023 Evoyakha 16 3,58 2,81 3,76 1,78 3,19 1,52 33
3la 25.08.2023 Evoyakha 16 4,51 2,80 2,75 1,53 1,60 0,60 30
31b 25.08.2023 Evoyakha 17 2,61 1,09 2,39 1,39 1,15 0,22 26
15 21.08.2023 Lake Hanto 53 117 1,33 822 3,52 1,63 0,29 69
18 21.08.2023 Khanayakha 49 7,60 088 8,80 3,69 1,27 034 71
19 21.08.2023 Nankpyokh 50 1,88 1,34 10,18 3,59 1,95 032 69
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MAJOR ION CONTENT

Hydrochemical studies during flood and low-water seasons
in 2023 made it possible to determine the content of the main
ions (HCO*, SO,*, CI anions and Ca**, Mg**, Na*, K* cations)
in the waters of the Pur River and its tributaries, as well as to
trace their seasonal dynamics. A total of 57 water samples were
processed. Chemical analyses were made according to the
methods set out in (Komarova, Kamentsev, 2006; RD 52.24.493,
2020).

During the study period the average mineralization of the
Pur River water was 10.8 mg/I in spring, and increased to 49
mg/l during the summer low water period, that corresponds
to literature studies for other large rivers in the Arctic region
(Geoecological .., 2007). The maximum values of mineralization
(75 mg/l) at this time were observed in the area of the village
of Urengoy. Average mineralization of the water of the tributary
of the Pur River — Evoyakha River during flood is 7.4 mg/l and in
summer low water period - 26 mg/I. Meltwater and rainwater
share in water supply plays an important role in mineralization
and major ions content formation.

According to Alekin’s classification (1970), all samples of
water of the studied area belonged to the bicarbonate class
and mixed type. During the flooding in the Pur River the
proportion of Mg?* among the cations was slightly increased
(by 1-2%-eq.). Samples from Evoyakha River also belonged to
bicarbonate class. They have an increased share of sulfates (8-
13%-eq.). An increased proportion of sodium was observed
among the cations (12-21%-eq.). During the autumn period
the share of SO,* uprise to 9-22%-eq. Ca** prevailed among the
cations, but the share of Mg?* was also relatively high, which
makes it impossible to distinguish the predominant type.

The major ions content changes along the rivers reflect
the sources of water supply. The relative content of Na*, Mg,
ClI- was increased in the water of the Pyakupur River (stations
1, 3) during the flooding period. These elements come from
atmospheric precipitation of marine origin and enter into rivers
with meltwater. The share of HCO3 and Ca?* was reduced in
comparison to the low-water season, since there was a strong
dilution of river water by meltwater from the catchment area.
In the samples of the Ayvasedapur River (stations 4 and 6), the
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proportion of HCO* was higher by 6-8%-eq., which indicates a
lower amount of meltwater in the water runoff. On Pyakupur
River in the Tarko-Sale area, increased shares of Na* and
ClI- were found, which may indicate the presence of human-
made pollution. Downstream, the ratio between the main ions
changed slightly.

| n the Evoyakha River basin during the flooding, smaller
proportions of HCO* were observed in comparison with the
Pur River. The river is mainly fed by meltwater, as well as the
waters of lakes and swamps, which are gradually thawing. The
intake of swamp waters in the upper reaches contributes to an
increase in the share of SO,* as well as K*. In the middle and
lower reaches of the river. The third factor that increased the
amount of Na*, Cl, 5042' in the ion composition of water is the
anthropogenic influence of the city of Novy Urengoy, from
where these chemical elements come from wastewater and
from storm sewers. The influence of the city weakened in the
lower reaches of the river (station 31) as a result of dilution by
tributaries.

During the low water period, an increase in the content
of HCO* and Ca?* was observed in the Pur River as a result of
the predominant supply of groundwater to water bodies, in
particular, as a result of melting of permafrost. The share of Mg?*
changed slightly. The SO,* and K+ ions content accounted for
1-3%-eq, which indicated a weak contribution of swamp waters
to the total water runoff. The increase in Na* content observed
in station 11b water is probably due to the influence of the river
port of the settlement Urengoy.

In the Evoyakha River basin more heterogeneous macro-
component composition was observed in the low water period.
Compared with the flooding, the share of HCO® has changed
slightly, but the amount of SO,* has increased significantly,
especially in the upper reaches of the Evoyakha and Sedeyakha
Rivers (up to 23%-eq). This may occur due to the intensive
flow of water from the swampy part of the river basin. Close
to the sampling station 27 (below the treatment facilities and
industrial sites of Novy Urengoy city), an increase in the share
of Na*and CI was observed, which can be attributed to human
influence, which can be traced throughout the entire middle
and lower reaches of the river.
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SUPPLEMENTARY 3
Table 1. Source contributions of MMs (%) by the MLR-APCS model in suspended matter of the Evoyakha River
Factor F1 F2 F3 F4 R?
Al 31 65 097
Ti 31 65 0,97
V 94 0,74
Cr 77 18 0,72
Mn 34 50 11 0,88
Fe 63 29 093
Co 23 18 45 13 0,81
Ni 67 12 21 0,90
Cu 65 25 0,49
Zn 60 19 M 9 0,80
As 75 17 0,60
Rb 33 67 0,97
Sr 97 0,69
Cd 56 32 7 0,54
Sn 9 59 7 25 0,64
Sb 53 21 25 0,46
Ba 18 74 0,88
Pb 81 13 0,66
Bi 22 40 35 0,62
U 16 79 0,89
Eigenvalue 79 46 1,5 1,4
9% Total 39,7 22,9 7,7 7,1

145



’ '.) Check for updates ‘ Kc

RESEARCH PAPER

PHYSICAL-GEOGRAPHICAL CHARACTERISTICS OF THE
UNA RIVER BASIN — CONTRIBUTION TO THE ANALYSIS OF
THE STATE AND POSSIBILITIES OF RADIOACTIVE WASTE
DISPOSAL IN THE BORDER ZONE

Aida Korjenic¢"

"University of Sarajevo, Faculty of Science, Zmaja od Bosne 33-35, Sarajevo, 71000, Bosnia and Herzegovina
*Corresponding author: aida.k@pmf.unsa.ba

Received: November 211 2024 / Accepted: November 22" 2024 / Published: December 315 2024
https.//doi.org/10.24057/2071-9388-2024-3306

ABSTRACT. The selection of a location for the disposal of radioactive waste, used sources and spent nuclear fuel in the
Republic of Croatia began to be considered as early as 1988. However, in the last 10 years, intensive activities have been
undertaken regarding the selection of this location. One possible location is Cerkezovac in the Trgovska Gora area, which is
located in the Una River basin and less than 1 km away from the border with Bosnia and Herzegovina. It is planned to establish
a Radioactive Waste Management Center in Cerkezovac, where all spent radioactive sources located at two sites in Croatia, all
institutional waste owned by Croatia, as well as low and intermediate level radioactive waste from the Krsko Nuclear Power
Plant, would be accommodated. According to the ESPOO Convention (Art. 1, paragraph VIII), transboundary impact implies
any impact, not exclusively of a global nature, within the jurisdiction of the signatory state caused by a planned activity,
whose physical origin is wholly or partially within the jurisdiction of another signatory state. The majority of the influential
surface area of the radioactive waste disposal site (assuming a distance of 5 km from the Cerkezovac site in the Trgovska Gora
area) is located within the territory of Bosnia and Herzegovina. This influence could have negative implications on the natural
values and protected areas in the Una River valley in Bosnia and Herzegovina, as well as the life of the population.

In this paper, based on the analytical-synthetic research approach, the basic physical-geographical characteristics of the
Una River basin have been determined. During the analysis, it was concluded that the connection of physical-geographic
components within the Una River basin created a series of natural values that formed the basis for the designation of
protected areas. This refers to the fluvial and karst landforms that dominate this area, as well as phytogeographic formations,
which stand out for their uniqueness and irreplaceability, morphography and morphometry, and the degree of preservation
of physical-geographic phenomena and processes. The results of the research can contribute to a better understanding of
the potamological characteristics of the Una, its hydrological significance, as well as the need for environmental protection in
the context of the possibility of nuclear waste disposal in the border zone of the Una basin. The processing of all parameters
relevant to the study and cartographic representation in this paper were performed in the ArcGIS software package.
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INTRODUCTION of radioactive waste repositories is 60 years, while the period

for the cessation of radioactive impact extends beyond 250

The presence of radioactive nuclides generated  years.

by nuclear power plants or diverse civilian and military Following the assessment of Croatian territories in
applications  constitutes a substantial environmental 1993, seven locations with potential for the disposal of
challenge in the contemporary era (Deli¢ et al. 2016) and  radioactive waste were identified: Petrova gora, Trgovska
the optimal approaches to handle radioactive waste and gora, Zrinska gora, Moslavacka gora, Bilogora, Papuk-Krndija,
spent nuclear fuel progresses together with advancements  Psunj, and PoZeska gora. At a subsequent phase, utilizing
in engineering knowledge and technologies (Veinovi¢, 2016).  the PROMETHEE analysis (Preference ranking organization
Radioactive waste includes a range of materials that maintain method for enrichment evaluations) dating back to 1997, four
heightened levels of radioactivity even after being used and potential sites for establishing the repository were identified:
disposal, while spent nuclear fuel comprises the leftover  Moslavacka gora, Trgovska gora, Papuk, and Psunj. According
radioactive substances utilized as fuel within nuclear power to (Lali¢ et al. 2023), research on the construction of a
plant reactors. According to (Buri¢ et al. 2021), the lifetime radioactive waste repository in Croatia was conducted based
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on studies by various authors (Jurkovi¢ et al. 2000; Trontl et al.
2010; Trontl et al. 2020; Mostecak et al. 2012; Pevec et al. 2017;
Jaki¢ and Filipin, 2018). Ultimately, as per official strategic
documents regarding radioactive waste management,
the Government of the Republic of Croatia designated the
Cerkezovac site on Trgovska gora as the exclusive preferred
location. This indicates that it is the sole site where additional
investigations will be carried out to evaluate the possibility
of building and establishing a repository and disposal site for
radioactive waste (Samardzi¢ et al. 2021).

Radioactive waste, mostly low and medium-level
radioactive waste from the Krsko nuclear power plant, as
well as spent nuclear fuel, should be placed at this location.
In addition to this, all radioactive waste (RAW Il) generated
in medical institutions, industry and research institutes for
which the Republic of Croatia is responsible will be stored.
Based on the quantities generated so far, it is estimated that
the amount of low and medium-level radioactive waste
produced by the Krsko nuclear power plant until 2043. It is
considered that the total volume of this waste that should
be stored and then disposed of at the Cerkezovac site is
about 5,000 m®. According to the Strategy for the Disposal of
Radioactive Waste, Used Sources and Spent Nuclear Fuel of
Croatia, the surface type of disposal is preferred, whereby the
contents of the disposal site are isolated from people and the
environment by a system of barriers (Fund, 2015).

Trgovska gora is located in the Una River basin, which
mostly covers the territory of Bosnia and Herzegovina. In
Bosnia and Herzegovina, there are 594 settlements with
339,790 inhabitants in this basin according to the 2013
census. The territory of 12 municipalities within the Una
River basin belongs either entirely or partially to the entity
of Republika Srpska, where 164,498 inhabitants reside, while
10 municipalities belong to the Federation of Bosnia and
Herzegovina with 175,292 inhabitants, which is about 10% of
the total number of inhabitants of Bosnia and Herzegovina.
Research on the impact of the construction of radioactive
waste disposal sites on Bosnia and Herzegovina by authors
from Bosnia and Herzegovina, published in scientific journals
and professional conferences (Deli¢ et al. 2016; Samardzi¢
et al. 2021; Duri¢ et al. 2021; Mandzi¢ et al. 2021; Trbi¢ and
Dordevi¢, 2021; Lali¢ et al. 2023), nevertheless showed that
the location in Trgovska Gora does not meet ecological and
safety standards. According to (Mandzi¢ et al. 2021), the
previous assessment of the available documentation upon
which the location of Trgovska gora was chosen indicates that
the designated criteria for site selection were not sufficiently
respected. Also, the cross-border impact on Bosnia and
Herzegovina was superficially addressed, although about
70% of potential negative impacts could affect the territory of
Bosniaand Herzegovina. Lali¢ etal. (2023) analyzed the impact
on seven areas of human security in the local community of
Novi Grad in Bosnia and Herzegovina. The research showed
that potential disposal of radioactive waste in Trgovska Gora
in the Republic of Croatia, in the border area near the Una
River and without the consent of the neighboring state would
have negative implications and set a dangerous precedent.
All mentioned researches indicate, among other things, to
the fact that there are still unknown characteristics of the
terrain, which are essential for the construction of facilities for
the disposal of radioactive waste. In this regard, it is necessary
to conduct adequate additional research in the territories of
the Republic of Croatia and Bosnia and Herzegovina.

This paper is also a contribution to the analysis of the
physical-geographical characteristics in the Una River basin,
particularly in terms of their influence on the water balance
regime of the Una. Tsang et al. (2015) emphasize that
significant progress has been made in hydrology, especially
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in subsurface flow and transport of dissolved substances, in
the last 35 years due to continued interest in assessing the
impacts of proposed nuclear waste repositories. Research has
been conducted in various geological formations to explore
the effectiveness and safety of these potential disposal sites.
Progress in hydrological research can find application in
other areas as well, particularly in environmental protection
and spatial planning. Almost all hydrological characteristics
fundamentally depend on physical-geographical factors, and
they are considered the main factors of the creation, existence,
maintenance, and nourishment of a watercourse (Korjeni¢,
2020). Certainly, separate physical-geographical entities
form a component structure of factors, in the formation and
development of a watercourse. These characteristics are
mainly expressed through geological, geomorphological
(morphographic and morphometric), climatic, hydrographic,
pedological and phytogeographic peculiarities of the
observed basin.

The study area

The Una River system and its catchment area is the object
of research in this paper. The basin of the Una River extends
mostly over the territory of Bosnia and Herzegovina, while
a smaller area includes part of the neighboring Republic of
Croatia. The UnaRiver system drains water from the area, partly
orentirely, 22 municipalities in Bosnia and Herzegovina, while
in neighboring Croatia, this area includes 8 municipalities.
Trgovska gora, ie. the Cerkezovac site, designated by the
Republic of Croatia for the disposal of radioactive waste, is
located in the Sisak-Moslovacka County and the municipality
of Dvor (Fig. 1). The location of the planned landfill is a former
military storage complex, occupying an area of about 0.6 km?
(60 hectares). It is situated at an altitude of 319.4 meters, in
the eastern part of the Trgovska Gora massif, not far from the
valley of the Una River and the state border with Bosnia and
Herzegovina (mingor.gov.hr). Although there are indications
for postponement, the start of construction of the center is
planned for 2025, while the planned start of work is scheduled
for 2026.

Analysis of the river system and morphometric indicators
were obtained using Arc GIS software, from topographic
maps at a scale of 1:25,000. According to (Korjeni¢, 2018),
considering all permanent and the largest intermittent
streams, the total length of the watercourses in the area of
the Una basin is 10,190.6 km. The length of the intermittent
streams is 6,012.8 km, and the permanent 4,177.8 km.

From its source, where it is formed by numerous karst
springs all the way to Biha¢, the Una flows in the Dinaric
direction, i.e. from southeast to the northwest. Then the river’s
course turns towards the northeast directions and continues
to flow through a deeply incised, wide and spacious valley. It
maintains this direction all the way to Kostajnica, from where
it flows eastward to Kozarska Dubica. From that part to its
mouth in Jasenovac, the Una River takes a meridian direction.
The spring of the Una, has typical karst characteristics, which
is why the upper part of its stream is classified as karstic.
From its spring to Adrapovci, the Una flows through karst
terrain and has the hydrographic characteristics of karst, i.e.
the absence of a large number of tributaries and sparsely
branched tributary valleys. The springs mostly appear near
the contact of water-permeable Cretaceous limestones and
impermeable Miocene clastites, they are of a concentrated
type and have an ascending-overflow mechanism of
emergence (Institute for Water Management, 2009). From
the Bihac to Bosanska Krupa, the Una flows through a canyon
and there are no major tributaries in this part. From Bosanska
Krupa towards Rudice, the Una receives larger tributaries from
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Fig. 1. The location of the Una River basin and Cerkezovac site

the right side: Krusnica, Bukovska and Vranovina, and from
the left: Ljusina, Bastra and Glodina, as well as other smaller
streams. Downstream towards Novi Grad, the Una receives
Vojskova and Vidorija on the right side and Javornik, Crni
Potok and Svinjica on the left, as well as numerous smaller
streams. In this lower part of the basin, the tributaries of the
Una are widely branched in their upper courses.

The southern part of the Cerkezovac location drains
through local stream valleys, both east and west of the main
ridge, into the aforementioned Crni Potok. At Novi Grad, on
its right side, receives its largest tributary, the Sana. In this
catchment area, significant accumulations of groundwater
have formed, which discharge at the karst springs of the

Immediate basin of the Una
Volinjska
Svinjca
Zirovnica
Unac

GOK
Rakovac
Mostanica
Knezica
Mljecanica
Strigova
Strizna
Sana
Vojskova
Bastra
Klokot
Krka
Ljeskovica
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Sana, Ribnik, Okasnica, Sanica, Korcanica, Dabar and Zdena.
After the confluence with the Sana, from Novi Grad towards
Kostajnica, Una receives the water of several larger and smaller
streams. Tunjica, Strizna and Strigova flow into the Una on the
right, while tributaries Zirovnica near Dvor, Divusa, Lori¢ and
Volinja on the left side of basin. Going further downstream
towards Kozarska Dubica and the confluence of the Una and
the Sava, several tributaries can be distinguished that feed
Una in its lower course. Vucijak and Petrinjica with narrow
and deep, and Slabinja, Mlje¢anica and Binjacka with wide
valleys on the right side, while on the left side Krivaja and
Ivancevac flow into Una.

X

25,00 37,50 50,00

Diagram 1. Percentage participation of the larger tributary basin in the total Una basin
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MATERIALS AND METHODS

The study involves synthesizing various component
research along with additional field studies of the given area.
To determine the general hydrographic characteristics of
the area of the Una basin, phase surveys were used, which
sought to determine quantitative-qualitative features in the
spatio-temporal dynamics of the main elements of the river
regime and water balance. In the first phase of the work, it was
necessary to determine and separate, and then thoroughly
analyze the identified physical-geographical factors. All
considerations were directed towards the mechanism of
modifying influences on the hydrographic specificities of
the Una River basin. For this purpose, various thematic maps
were created, which, in addition to visualization, further
contributed to a better understanding of the presented
theoretical positions. During the second phase of the work,
basic meteorological and hydrographic-statistical data were
collected, obtained on the basis of direct instrumental
measurements of meteorological and elements of the river
regime in the Una River basin. The classification and methods
of processing these data are based on the established
criteria of meteorological and hydrographic statistics and
adapted for the realization of the goals and objectives of this
study. All data were brought to the same length of the time
observation series of thirty years for the period 1961-1990.
This period was taken into consideration due to the fact that
meteorological stations and measurements were interrupted
during the war in Bosnia and Herzegovina during the 90s
of the last century, so that the next climatological series
1991-2020 is not complete and continuous. By applying
the analytical-synthetic method, in the third phase, a
quantitative-qualitative comparison of the above-mentioned
characteristics was made between all water-meter stations,
and based on them, the physical-geographic regularities
in the temporal and spatial dynamics of each element of
the river regime were determined. In this regard, thematic
maps were created for visual representation of the spatial
distribution of analyzed hydrological parameters.

During the work, various computer programs were
used for cartographic processing, graphic, tabular and
textual representation. Morphometric measurements and
cartographic analyzes in the Una River basin were performed
by computer, using the ArcGIS software, on geocoded and
digitized topographic maps at a scale 1:25,000 for the Una
River basin. According to (Medeiros et al. 2023), landscape
cartography facilitates the evaluation of geosystemic units
by considering their environmental, social, economic, and
cultural roles. Overexploitation of these functionalities can
lead to environmental issues and irreversible impacts on the
natural system.

RESULTS AND DISCUSSION

Physical-Geographical Characteristics of the Una River
Basin

Various data can be found in the professional literature
regarding the surface area covered by the Una River basin.
It is mostly reported that the basin covers 9640 km? (Spahi¢,
1991), 9368 km? in the territory of Bosnia and Herzegovina,
of which 5020 km? is within the territory of the Federation of
Bosnia and Herzegovina (Zigi¢ et al. 2010). Most of the data is
related to the orographic or topographic watershed, which,
due to the predominant terrains with aquifers of fissure-
cavernous porosity, does not constitute a real watershed
between the neighboring basins and the Una basin, so they
should be taken with caution. It is difficult to determine the
concrete and precise watershed, and thus the area of the
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basin, until direct hydrogeological research is carried out in
the area of the entire basin. In recent times, such research has
been conducted in the area of the western and southwestern
parts of the watershed. The geological structure of the terrain,
diversity of rocks with different permeability, and tectonic
characteristics of this area have resulted in a surface watershed
that separates in the northwest, north, and northeast, and in
the southern part of the basin near Bosansko Grahovo. The
watershed further extends into the interior and does not
coincide with the orographic watershed. At the same time, it
should be noted that the majority of the territory covered by
the watershed is made of carbonate, water-permeable rocks,
and that the area is abundant in fault-line fractures, which has
influenced the mismatch between surface and underground
watershed. According to (Bosnjak, 1938), the upper part of
the Una valley is cut into a series of Mesozoic limestones, i.e.
a deep karst between Grmec in the east and Pljeevica in
the west. The area of deep karst descends towards the north
and near Bihac transitions into an area of shallow karst that
belongs to the rim of the Pannonian basin. The middle course
of the Una up to Arapovac (downstream from Novi Grad) is
developed in the karst plane, while the lower part of the Una
course is in the Paleozoic and flysch zone. The area around the
mouth of the Una River into the Sava River is of the youngest
origin and was formed during the Diluvium, constructed
from diluvial and alluvial sediments. The polymorphism and
polygenetic structure of the Una valley are reflected through
a series of smaller and larger valley interconnected by gorges
and canyons. The valley represents tectonic depressions
lowered along faults, formed in the middle of the Tertiary
period during the Oligo-Miocene uplift of the Dinaric system
(Spahi¢, 1988).

The canyons in the valley of the Una River were formed
by the erosion of the lake islands, at the end of the Pliocene,
during the drainage of the lake from the Pannonian Basin.
Fluvial and lacustrine terraces are represented along the
entire length of the Una River and generally maintain the
same relative height along the river's course, while their
absolute height increases upstream. The polyphasic nature of
the Una valley is also indicated by travertine barriers, which
have divided the longitudinal profile of the Una into sections.

In the Una River basin, the presence of 5 deep faults and a
series of firstand second-order fractures has been determined.
According to the seismotectonic map (Fig. 2), the deep faults
are: Una, the Novi Grad - Banja Luka (Olovo - Visegrad), Kozara,
Kozara - Sprec¢a and Sava faults. By comparing these faults
with the surface geological formations and structures, it is
noted that they generally coincide with the paleogeographic
and larger tectonic units in the Dinarides, as pointed out
by numerous authors (Herak, 1986). First-order faults, both
longitudinal and transverse, are young (neotectonic) faults
with lengths exceeding 10 km, and they are associated with
the epicenters of previous earthquakes.

Trgovska gora is located approximately 1 km from
the active fault zone. The tectonic conditions indicate the
existence of an assumed fault running almost west-east.
According to (Deli¢ et al. 2016), the fault trace is about 450
m south of the Cerkezovac military facility. The geological
structure significantly influences on the maintenance of
rainwater on the surface and its absorption into underground.
It determines the depth of erosion processes and the incision
of river valleys. Geological factors also play a significant role
in the movement of underground water. They determine
the conditions for groundwater formation, its position, flow
velocity, depth of hydrologicalisolatorand the character of the
hydrological collector. Among other things, hydrogeological
relations also influence the density of the river network.

The area of the Una River basin considering its spatial
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extent, directionality, and significant differences in altitude,
is characterized by a complex geological structure and
lithological composition. This is a direct consequence of
a long and complex geological past as well as complex
geotectonic movements. In the preparation of this study,
during the analysis of the geological composition of the
terrain, the geological map a scale 1:500 000 was used, as
well as 1:100 000, sheets Biha¢, Kostajnica, Bosanska Krupa,
Prijedor, Banja Luka, Klju¢, Drvar, Glamo¢, Udbina and their
interpreters. Paleozoic rocks, as the oldest, are part of the
Sana - Una and Paleozoic of Klju¢. In the Una River basin,
the rocks of the Sana-Una Paleozoic extend from the right
tributaries of the Una: Vojskove, Cadavica and Vidorija in the
northwest, and within the area of Piskavica — Bronzani Majdan
- Kozica valley — Sanski Most — Budimli¢ Japra — Rudice (Una
valley) — Novi Grad. A part of the Una basin in the northwest,
specifically the right side of the Zirovnica basin, belongs to
the Banija Paleozoic. The border between the Banija and
Sana - Una Paleozoics is formed by the river Una. The oldest
Paleozoic rocks of this basin belong to the Lower and Middle
Carboniferous. Carboniferous deposits are represented by
sandstones, conglomerates and shales, and interlayers of
dolomite and ankeritic limestones.

Trgovska Gora is mainly composed of clastic Paleozoic

deposits of the Lower Devonian - Carboniferous period,
represented mainly by shales (clay shale), marls, sandstones,
less often conglomerates, limestones and dolomites.
The Lower Triassic formations, in their classic facies
development of verfen layers, are widespread in all structural-
facies units. The composition of the Lower Triassic deposits
mainly includes clastic rocks: sandstones, marls and clays,
and carbonate rocks: limestones and less often dolomites. All
these rocks are affected by metamorphic processes of a lower
degree, so they represent, in fact, semi-metamorphic rocks.
The Middle and Upper Triassic formations, in some parts of
the observed area, could not be separated, and as undivided,
these formations are represented by limestones, dark gray
cherts and marls.

The tectonized ophiolitic mélange is part of the Central
Ophiolitic Zone, and in the area of the Una River basin it is
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registered on the geological map, sheets Kostajnica and
Prijedor. The formations of this mélange represent a paleo-
relief in younger Tertiary sediments, tectonically separated
from Eocene flysch and Triassic deposits, often overlain
discordantly by Miocene sediments. They consist mainly
of sandstones, clays, marls and cherts. Along with these
rocks, conglomerates occur, as well as igneous rocks with
serpentinites, diabases, gabbros, and occasionally granites.

The Paleogene is represented in the Una River basin by
formations from all three of its epochs: Paleocene, Eocene
and Oligocene. The Paleocene and Eocene are characterized
by the carbonate type of sediments, initially freshwater sheet
and layered marly limestones (Paleocene, lower Eocene),
followed by marine bank foraminiferal limestones. Towards
the end of the Eocene, clastites of the typical flysch series
dominate the sedimentation, while during the Oligocene
layered conglomerates, sandstones and marls play a leading
role. Flysch deposits are also registered in the northwestern
part of the basin, in the area of Zrinjska Gora, and form a
watershed in this area of the basin.

The Quaternary is represented by various clastic
sediments in the area of the Una River basin. These deposits
are identified across fields, their peripheries, and river valleys.
They consist of deluvial slope sediments, proluvium, scree
and slope breccias, quartz sand, marsh and lake sediments,
river terraces, alluvial deposits and travertine.

Over 40 different stratigraphic units can be distinguished
in the area of the Una basin, indicating the complexity and
specificity of the terrain, and therefore the complexity of
geological, hydrogeological and hydrological relations in this
area (Korjenic¢ et al. 2017). The lithological composition of the
rocks, their position and the depth of aquifer layers largely
influence the conditions of accumulation in the basin and
the outflow of groundwater, which feeds the main flow of the
Una River. The greatest influence of the geological structure
on precipitation runoff occurs in basins whose larger or
smaller surfaces are exposed to the process of karstification,
as is the case in the Una River basin. Such influence is most
intense in the upper part of the basin, where there are no
large number of surface watercourses.
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In  catchments constructed of hydrological isolators,
precipitation water is retained on the surface, thus, among other
favorable conditions, influencing surface runoff, whereas in
catchment areas constructed of hydrological collectors, surface
runoff is limited and transferred into the groundwater (Spahic,
2013). This mainly refers to the karstified carbonate part of the
catchment, which affects the disorganization of surface runoff
into underground drainage.

Based on the previous analysis, seven hydrogeological units
of different permeability and transmissivity can be distinguished
in the area of the Una basin:

1. aquifers of fissure-caverous porosity,

2. highly karst aquifers,

3. hydrogeological complexes predominantly without
aquifers,

4. aquifers of intergranular porosity,

5. aquifers of fissure porosity,

6. non-aquiferous rocks,

7. hydrogeological complexes with aquifers of mixed
porosity.

Geomorphologically, Trgovska gora is a separate unit of
Zrinjska gora, the larger part of which is composed of Eocene
flysch and volcanogenic-sedimentary layers of the “ophiolitic
mélange” type (sandstones, clayey and argillaceous shales,
breccias, conglomerates, limestones, eruptives, cherts and
serpentine).

According to (Samardzi¢ et al. 2021), the complexity of
the geological structure in the area of Trgovska gora primarily
manifests in the fact that it is located at the forefront of a large
regional nappe, where Paleozoic rocks, with poorly water
permeability, overlay Triassic carbonates. Triassic carbonates
represent the main groundwater aquifers in the lower course of
the Una River, thus artesian and possibly thermal waters can be
expected in this area. The mentioned authors consider that the
geological structure and the proximity of the Una River represent
unfavorable circumstance from the aspect of hydrogeology for
the storage and disposal of radioactive waste at the Cerkezovac
location. The Trgovska gora area and the Cerkezovac locality
belong to the grouped water body of the Una groundwater
(lower course of the Una).

The Una River basin is predominantly hilly - mountainous in
character.Ifhypsometriczones are analyzed asgeomorphological
categories, it can be concluded that all levels are represented in
this area. Of the total area of the Una basin, the lowest, flattened
hypsometric levels cover 1157.73 km? The slightly undulating
and hilly relief, with its area, participates with 36.23% of the total.
When it comes to the area above 500 m above sea level, which
refers to foothill steps and mountainous dissected structures, this
area encompasses 52.17% of the basin area. The largest share in
the area, 3632.88 km?, has structures from 500 to 1000 m above
sea level.

Zrinjska Gora, where the locality Cerkezovac is situated,
is intersected by faults of various orientations and likely
represented a structural axis in the geological past, extending
either E-W or NE - SW. It belongs to the category of remobilized
fault-folded rock massive structures of Paleozoic-Tertiary
orogeny. It consists of relatively low-medium mountain masses
of highly heterogeneous geological composition. Zrinjska gora
rises between the Glinska Depression and the Sava Basin. It is
located between the rivers Kupa, Sava, Una, Glina and Glinica. The
highest peak, Piramida, is 616 meters above sea level. The relief
of Zrinska Gora is branched out with several relatively separate
units: Zrinska Gora, the hills of Trgovska Gora or Buzimska and
the hills of Hrastovicka Gora.

By analyzing the basic meteorological parameters in this
study, a fundamental picture of the climatic characteristics in
the basin area was obtained, which significantly affects the river
regime of the Una. The lowest average monthly temperature
for a multi-year period in this area is -1.1°C (January), indicating
that it belongs to the C climate or a moderately warm climate,
because this climate includes areas with the lowest average
monthly temperature ranges between 18 °C and -3 °C. The
annual air temperature fluctuation is 204 °C, which is another
characteristic of this climate because, according to Spahic¢
M (2002), in the interior of the continents (areas with a Cfb
climate), the fluctuations increase to 18.7 °C, or 22.2 °C. If we
consider the highest average monthly temperature of 19.3 °C
(July), and the fact that as many as 6 months have temperatures
above 10 °C (May, June, July, August, September, and October),
we can determine the subtype of climate. In this case it is

Table 1. Percentage participation of aquifer types on the of the Una River basin surface

Type of aquifer Water permeability %
Aquifers of fissure-caverous porosity Well permeable rocks 34.1
Highly karst aquifers Impermeable rocks 19.6
Hydrogeological complexes predominantly without aquifers Well permeable rocks 10.3
Aquifers of intergranular porosity Poorly permeable to impermeable rocks 5.7
Aquifers of fissure porosity Well permeable rocks 204
Non-aquiferous rocks Impermeable rocks 83
Hydrogeological complexes with aquifers of mixed porosity Permeable rocks 1.6

Korjeni¢idr. 2017.

Table 2. Surface areas of represented morphogenetic relief types and their proportions in the total area of the surveyed

terrain
Morphogenetic type of relief Area (km?) Participation (%)
Karst relief 4429,2 444
Fluviokarst relief 665,9 6,7
Fluvial denudation relief 3368,1 337
Fluvial accumulation relief 1516,3 15,2
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b-subtype climate or climate with warm summer. Analyzing
the distribution of precipitation, it is noticed that precipitation
occurs throughout the year. There is no dry period in this area,
which is precisely characteristic of the f-type climate or humid
climate. A larger amount of precipitation occurs in the warmer
part of the year, while it is less in the colder period. This is also
one of the regularities of the Cfb climate, and it depends on
cyclone activity.

The modification of the climate occurs with the increase in
altitude, which caused the formation of a submountainous (Cfbx)
and mountainous (Df) climate in the south of the basin, specifically
in the regions of Grme¢, Osjecenica and PlieSevica. The humid
climate is further confirmed by the analysis of the rainfall factor
for the Una River basin area, which amounts to 118.2. According
to (Lang, 1915), humid areas are those where the rainfall factor
ranges from 100 to 160. By comparing the data on the average
annual precipitation and temperatures, data on the drought
index according to (De Marton, 1926) were obtained, based on
which it is concluded that the entire area of the Una basin has
an index greater than 40, specifically 58.2. This value corresponds
to areas with extremely good humidity and abundant runoff. All
four seasons are clearly expressed. The annual temperature cycle
expressed by seasons shows that the average winter temperature
is 1.8°C, and the summer temperature is 18.5°C. In addition to

warmer summers and colder winters, transitional seasons can
also be felt.

The dynamics of the pluviometric regime is greatly
influenced by the intensity and frequency of high and low-
pressure barometric fields of large and medium scales. In relation
to their influence are the characteristics of the thermal regime,
relative humidity, cloudiness and windiness, which directly affect
precipitation. The total amount of precipitation in the area of
the Una River basin of 1273.77 mm was obtained based on the
isohyet method, and for the purposes of this study, a map of the
average annual precipitation according to the Atlas of Climate
of the SFRY was used. The average amount of precipitation
between two isohyets multiplied by the area between them is
calculated for all isohyets on the basin surface, and the sum of
the these obtained multiplications gives the average amount of
precipitation in the basin.

Inflow from the basin is also significantly affected by the
intensity of precipitation. Heavy rains impact rivers with smaller
basins, causing them to rise very quickly and intensively increase
the water level in the bed. Steady rains gradually raise water levels
and such water levels can last for days, which is very favorable
from the point of view of the hydrological balance. Heavy rains, in
hydrological practice, usually mean intense precipitation lasting
from a minute to 24 hours. The average intensity of precipitation
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Fig. 3. The graph of the annual course of average temperatures for the Una River basin

Table 3. The annual amount of precipitation in the Una River basin by the isohyetal method

n . .
A A , aiPi
Isohyet in Una River basin a, (km?) P= z
i TA
i=1
800 - 900 11,9 1,02
900 - 1000 700,6 66,50
1000 - 1250 4844,2 540,00
1250 - 1500 29998 412,50
1500 - 1750 1055,7 178,75
1750 - 2000 367,3 75,00
> 1273,77

*P - average amount of precipitation, ai - surface area between two isohyets, Pi — the average precipitation that corresponds to the elemental
surface ai, and is determined as the mean value of the height of two isohyets, A- total area of the basin, n- total number of elementary surfaces ai

Korjeni¢ i dr. 2017.
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is the result of the relationship between the average height of
precipitation and the average number of days with precipitation.

Local showers during the summer are of high intensity
and can deliver over 5 I/h/m2 of surface area within one hour.
Although cyclone activity is significantly weaker in summer, in
the northern half of the Una basin it has a significant impact and
accounts for approximately half of the total amount of summer
precipitation. Unlike the northern part, cyclonic activities in the
southern part of the basin pass almost unnoticed. The probability
of rain occurring during the summer is below 50%, which is
consistent with predominantly clear weather. At the beginning
of autumn, cyclonic activity begins to dominate, and over 50% of
the total number of cyclones, in this period, affects the catchment
area from the southern side. Autumn precipitation is extremely
frontal in nature: the rain is usually moderate and long-lasting.
The maximum duration of autumn rains, especially in the western
parts, can reach up to 20 days. Considering that, autumn has only
about 40 rainy days, it follows that half of the total number of
days can have consecutive occurrence of rainfall. Regarding the
activity of baric centers during the winter, the polar atmospheric
front reaches the Mediterranean region, and its baric depressions
strongly influence the Una River basin from the south, about
65% of the total number of depressions. Winter cyclone activity
noticeably changes the character of the pluviometric regime.
The amounts of winter precipitation gradually decrease from the
southern parts of the basin towards the northern ones. Winter
precipitation, like autumn ones, is frontal, often long-lasting and
moderate. Unlike autumn, winter precipitation comes in the form
of snow, making this season considerably poorer in terms of
precipitation quantity compared to autumn. Spring precipitation
is extremely frontal, and local precipitation is observed only in the
second half of the season.

Trbi¢ and Bordevic¢ (2021), through an analysis of three five-
day indices of extreme precipitation, have determined that they
show positive anomalies for the periods 2021-2050. and 2071-
2100. By the end of the analyzed period, it is expected that the
number of episodes with a five-day precipitation accumulation
exceeding 60 mm will increase by three more events in these
two periods. According to their research, accumulations during
individual precipitation episodes will increase, with a maximum
increase of 40% expected during the period 2071-2100. The

northwestern parts of Bosnia and Herzegovina, near Trgovska
gora, will be particularly exposed to these changes. One of the
consequences of the increase in intense rainfall could be the
occurrence of flash floods.

Avery significant climatic factor influencing the river regime is
the snow cover. According to (Spahi¢, 2013), in combination with
spring rains, snowfall can increase the runoff coefficient above
100%. Therefore, monitoring snowfall is of great importance
in determining the river regime. Snow and its occurrences are
related to the winter half of the year. Therefore, the maximum
number of days with a snow cover =10 cm in the area of the
Una River basin occurs during the winter period, on average
7.2 days. Spring and autumn have an average of 1.4 such days.
Heavy precipitation mainly occurs on the southern mountain
slopes, and decreases towards the northern parts of the basin.
The maximum height of the snow cover usually occurs in January
and February, in the range of about 100 to 120 cm for inhabited
areas, while at higher altitudes in the conditions of a mountain
climate, it can be significantly higher, and snowdrifts can reach a
height of over 200 cm.

Elimination criteria in selecting a location for radioactive
waste disposal includ, among other things, natural floodplains
as well as areas with increased erosion caused by the lithological
composition or dynamic relief, areas with landslides and terrains
prone to landslides (Conclusion of the Government of the
Republic of Croatia, 1992), all of which may occur in the area of
Trgovska gora in the event of increased intense precipitation and
the formation of flash floods.

In the area of the Una basin, the pluviometric regime is
characterized by two distinct maxima, in June and November,
and two minima, in February and September. The months in
which maximum precipitation occurs differ in individual areas
of the basin, depending on a number of factors. Maximums
may also occur during May or April, while another, secondary
maximum occurs, besides November, also occurs in December.
Rainfall minimums also vary in certain parts of the Una basin.
They are mostly observed during January or March and then in
October.

Looking at the Una River basin in general, it can be
concluded that this area belongs to a continental, and a
transitional continental pluviometric regime.

Table 4. Average, maximum, and absolute rainfall intensity per season (mm)

summer autumn winter spring
Average intensity / 1 rain day 1 >12 <9 > 11
Maximum intensity 28 30 20 26
Absolute intensity > 60 60 50 > 50
120
90
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Fig. 4. Graph of the average annual flow of the rainfall regime
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The southern and southeastern part of the catchment
area is developed in the area dominated by karst, that is,
where there is a discrepancy between the surface and
underground drainage. In order to explain the impact of karst
retention on water flow into the Una River, graphs of the
intensity of changes in precipitation and runoff for certain
gauges were created. For comparison, the water gauges in
the upper and lower part of the Una River were presented and
analyzed. Different values and obtained graphs, according to
the data for individual gauges, result from different altitudes,
geological substrate, or aquifer types represented in the
catchment area up to these gauges, as well as monitoring
of the annual precipitation regime characteristic for each
hydrological station. When determining the relationship
between precipitation, air temperature and runoff, the value
specific precipitation intensity (i) was used, which indicates
how many liters of precipitation are excreted, on average, per
second overanarea of 1 km?of the basin. The correlative value
to the specific precipitation intensity is the specific runoff.
The following graphs illustrate the dependence of average
monthly runoff values on precipitation in the Una catchment
area. According to the graph constructed based on the the
water gauge data in Kozarska Dubica, in the lower course of
the Una River, two phases of increasing and decreasing runoff
are observed. The first phase of increased runoff lasts from
January to April, and the second from August to December.
The phases of reduced runoff last from December to January
and from April to August. The positions of points 1, 2, 3 and
4 show that during these months the runoff coefficient is
greater than the amount of precipitation.

Two phases of increase and decrease of runoff are clearly
observed and in the upper course of the Una River. The
coefficient of runoff higher than the amount of precipitation
is recorded in March and April. The water meter stations
record a similar annual trend, as well as an increase in runoff
during the first four months. The significant increase in runoff
during April indicates the occurrence of karst and snow
retention, which, with a delay, brings water from melted
snow and water from very rich underground karst recipients
into the streams. This particularly applies to the upper and
middle parts of the Una River basin, where waters often flow
directly from karst without the gradual formation of a river
network.

Through the mutual influence of geological structure,
climate, relief, hydrological conditions, vegetation, and
human activities, creates a loose surface layer of the earth
- soil. The analysis of individual soil types was conducted
using the ArcGIS program, based on the pedological maps
of Bosnia and Herzegovina and Croatia at a scale of 1:500,000.
The highest taxonomic levels of soil classification are divided,
and in the area of the Una River basin, the most represented
soils are from automorphic division or automorphic soils and
hydromorphic division or hydromorphic soils. Different types
of soils occur independently but also within a complexes or
mosaics. Automorphic soils individually constitute 38.8% of
the total area, hydromorphic soils 10.5%, while the largest
area is covered by mosaics of different soil types, accounting
for 50.6% of the total area of the Una River basin.

Vegetation and land use in the Una River basin area were
analyzed usingdatafrom the digital database CLC (Corine Land
Cover), for Bosnia and Herzegovina and Croatia. This database
on land cover status and changes and land use was created
under the CORINE program (COoRdination of INformation on
the Environment). In the Una River basin area, out of a total of
22 categories identified, deciduous forest vegetation covers
the largest area, approximately 3648 km? Mixed deciduous
and coniferous vegetation accounts for 11% of the total basin
area, while coniferous forests account for only 2.5%. Cultivable
plots and agricultural areas have a significant share, 27% of
the total area, unlike orchards and grainy fruit plantations,
which cover only 2.5 km? The moderate continental climate,
relief, as well as pedogeographic characteristics in the Una
River basin area, have caused to the high production of
phytogeographic resources in this area. Biogeographically,
the basin belongs to the Eurosiberian region and within
it to the lllyrian province. The most widespread biome in
this area is the ecosystem of temperate moist deciduous
forests of sedge oak and common hornbeam (Carpinion
betuli illyricum), the ecosystem of beech-fir forests (Abieto-
fagetion moesiacae) and the ecosystem of dark coniferous
forests (Abieti - piceion illyricum). In the upper Una River
area, there also exists the ecosystem of Mediterranean-
montane forests of ceris (Quercion cerris), while in the
area of PlieSevica and the northwestern slopes of Grme¢,
mountain beech forests (Fagetion moesiacae montanum) are
encountered. Fragmentarly, in the valleys of the rivers Una
and Sana, the floodplane forest ecosystem (Populetalia albae)
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Fig. 5. Graph of precipitation change (i = liters per sec/km?) and runoff (q = liters per sec/km?) at the Una River in a)
Bosanska Dubica, altitude h = 97.14 m a.s.l, b) in Kulen Vakuf, h =298,8 m a.s.|
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can be observed, and on Osjecnica, ecosystem of conifer
scrub close to the tree limit (Pinion mughi illyricum). The
highest zones of the Grmec¢ and Osjecenica belong to the
ecosystem of mountainous limestone terrains (Oxytropidion
dinaricae). Moderately moist forests are modified by altitude
according to the highest hypsometric positions of Pljesevica
and Grmec into the type of subalpine forests and pastures.
Climatic conditions, primarily air temperature decreasing
and the amount of precipitation that increases with the
increase in altitude, the geological structure, as well as relief
characteristics, slope inclination and the exposure, have
largely influence on the spatial distribution of individual
phytocenoses. Chestnut forests are characteristic of the basin
area, especially its northwestern part. They mix with the
downy oak ecosystem at the lower boundary and with beech
forests at the upper boundary. The highest zones of Grmeca
and Osjecenica belong to the ecosystem of mountainous
limestone areas (Oxytropidion dinaricae). Moderately
moist forests are modified by altitude towards the highest
hypsometric positions of Pliesevica and Grmec¢ into the
type of subalpine forests and pastures. Climatic conditions,
primarily the air temperature which decreases and the
amount of precipitation that increases with rising altitude,
the geological structure, as well as relief characteristics, slope
inclination and exposure, have largely influenced the spatial
distribution of individual phytocenoses.

The mosaic of all physical-geographical determinants
has influenced the development, shape and size of the
catchment area. Through concrete and direct measurements
of some basic parameters, indicators have been obtained
from which more complex elements of the basin and the
Una River course itself have been derived. By measuring the
length of the main course as well as all unclassified courses,
on the analyzed topographic maps marked as Una, the total
length is obtained, which is much greater than the length of
the main stream and amounts to 282.2 km.

The Una River basin is asymmetric in favor of the right
basin surface, which is greatly contributed by the basin of its
tributary, the Sana River. The intensity of flood waves along
the entire longitudinal profile can be explained by analyzing

the coefficient of basin fullness. This coefficient is always < 1,
and the higherand closer to 1 it is, the greater the flood waves
and floods on the river. Analyzing the slope in the river flow
by sector, it is concluded that the upper course of the Una,
from its spring to Bihac, is characterized by significant slopes
over short distances, with an average gradient of 2.5%_.The
middle course of the Una, up to Novi Grad, also characterized
by considerable falls (1 .40/00), while in the lower course down
to the mouth of the Sava, a balanced profile predominates
with minimal average gradients, only 0.34%/_ . Results should
be clear and concise.

CONCLUSIONS

The results of the analysis of the physical-geographical
characteristics of the basin surface can be applied in solving
water management problems, environmental protection,
spatial planning, economic planning and other forms of
economic activity. Also, these results can find their practical
application in the determination of average water levels for
rivers without hydrological monitoring and measurements,
in the determination of water balance components and
forecasting of hydrological quantities. In this case, they
contribute to a better understanding of the physical-
geographical conditions in the Una River basin, where the
construction of a radioactive disposal site is planned. The
interrelationship of the physical-geographical components
within the Una River basin has created a series of natural
values that formed the basis for distinguishing protected
areas.

According to the spatial plan of Bosnia and Herzegovina
from 1980, various sections within the valley of the Una River
were included in different protection categories:

- the Una River course up to Ripac¢ was included in the
regional nature parks of Bosnia and Herzegovina of zero
value, and since 2008 it has been designated as a National
Park,

- the Una Valley from Ripac to Bosanski Novi (Novi Grad)
was categorized as recreational and other natural areas of
national importance with protection levels lI-IV. Since 2019, it

Table 5. Basic morphometric characteristics

Morphometric characteristics Value Unit
Length of the basin 129,4 km
Maximum width of the basin 127,3 km
Average width 77,1 km
Degree of asymmetry 74,7:25,3 (%)

Coefficient of basin fullness

Maximum height (Hmax) 1961 m
Minimum height (Hmin) m
Index relief of basin 1869 m
Average height of the basin 598,98 m
Length of the main stream 221,8 km
Stream development coefficient
Total slope of the stream m
Average slope of the stream o
Watershed incision depth 376,18 m
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has been declared a protected landscape known as the “Una
Nature park’, which includes the lower course of the river Una
and the area of the municipalities of Krupa na Uni, Novi Grad,
Kostajnica and Kozarska Dubica.

The uniqueness of the Una River primarily consists of
hydrological and geomorphological phenomena such
as travertine barriers that create waterfalls, river islands,
cascades, smaller waterfalls, as well as numerous rare and
endemic species of plants. In addition to these, in the Una
Riverbasin are protected to a certain degree: Kozara Mountain
as a National Park, the primeval forests area of Pljeevica and
Lom, sites on the Grme¢ Mountain abundant with natural,
untouched primordial values, primarily geomorphological
and biogeographical, than the Sanica River Valley, the springs
of the SanaRiverand the valley of the Sana River to Sanski Most
and Bliha waterfall. In the Una River basin, there are registered
sites within the Natura 2000 network. This ecological
network consists of areas important for the conservation of
endangered species and habitats of the European Union,
with the aim of ensuring favorable conditions for them and
their long-term survival. In the lower course of the Una River,
in the territory of Bosnia and Herzegovina, among others,
Acidophilic beech forests (Luzulo-Fagion), lllyrian beech
forests of the Aremonio-Fagion association, lllyrian oak-
hornbeam forests of the Rythronio-Carpinion association and
sweet chestnut forests can be distinguished (Milanovi¢ et al.
2011). Natura 2000 also protects the area along the left bank
of the Una River in the Republic of Croatia, which is located
near the locality of Cerkezovac. Although the Una River basin
abounds in physical-geographical (natural) values, this area
is also characterized by exceptional cultural and historical
value.

In thisregard, there s justified concern about the potential
threat to parts of the territory of Bosnia and Herzegovina and
the negative consequences that the construction of this
disposal site may have on the life of the population in the
Una River valley and its tributaries.

Also, Deli¢ et al. (2016) conducted an analysis of
comparative criteria for a low and intermediate-level
radioactive waste repository at the Trgovska Gora site. The
criteria were grouped into four categories based on prevailing
characteristics:  technical-technological aspects, facility
safety, safety and acceptability of the immediate location,
and acceptability of the wider location. The valuation of
comparative criteria was performed based on a Preliminary
Hazard Analysis (PHA), assuming that each comparative
criterion could be considered a hazard. The authors concluded
that 22 criteria (79%) are expected to have high-risk levels
due to the hazards arising from the selected criteria, and that
the Trgovska Gora is an unacceptable location according to
most comparative criteria due to the high level of risk.Lali¢ et
al. (2023), state that the construction of a radioactive waste
disposal site could cause significant pressure on the public
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and the population living in that area, leading to a potential
emigration. Eliminating criteria according to the Conclusion
of the Government of the Republic of Croatia (1992), include,
among others, areas in the zone of nominal active faults,
areas with intensified erosion caused by the lithological
composition or dynamic relief, areas designated for the
protection of drinking water sources, special purpose areas
and their protective zones, areas of national parks, nominal
nature parks and other significant nature reserves.

By analyzing the physical-geographical characteristics in
the Una River basin and in part of Trgovska gora, it is clear that
this area has a series of eliminating criteria when choosing
a location for radioactive waste disposal, which need to be
taken into account, leading to planning the construction of
disposal sites in another location.

Additionally, a surface disposal facility is planned, which,
unlike an underground one, has a lower level of safety and
protection. In underground disposal facilities, any contact
of people, plants and animals with waste is prevented for a
much longer period.

Examples of underground disposal facilities can be found
in Switzerland, where the project plans a tunnel disposal
facility with a capacity of 80,000 m* for low and medium
radioactive waste. The disposal tunnel units are lined with
concrete, and after being placed in the tank, they are filled
with special cement. The closure of the landfill includes the
complete filling and sealing of all access tunnels and utility
rooms (Levant, 2000).

The Olkiluoto underground disposal facility for low and
medium-level radioactive waste in Finland is located at the
location of the nuclear power plant, i.e. in the immediate
vicinity of the generation of radioactive waste, and was put
into operation in 1992. The disposal facility consists of two
silos at a depth of 60 to 95 m in tonalites. Depending on
the type of waste, the silos differ from each other in that the
walls of the silo intended for the disposal of LRW are built
of shotcrete, while the silo for bitumenized MRW has thick
concrete walls, while both silos are surrounded by solid
impermeable rock (Veinovi¢, 2013).

Germany started the process of licensing RAW disposal
facility with negligible heat emissions back in 1982.
According to its characteristics, this RAW corresponds to
the waste classified as low and medium radioactive waste
in the Republic of Croatia. According to German legislation,
all RAW must be disposed of in underground disposal facility
(Commission of the European Communities, 1984).

In Croatia, due to the incomparably lower financial
cost, the construction of a surface disposal site for low and
medium-level radioactive waste was planned instead of an
underground one, without sufficiently taking into account
the interests of the local community as well as the long-term
and better protection of people and the environment. [l
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the reasons for making decisions about the nature of the impact of brownfields and the priority tasks of their elimination:
the environmental situation and the economic interests of stakeholders. The study shows that the practice of making
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environmental damage, which makes it possible to accumulate environmental damage in the near future. However, the
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co-financing of the brownfield liquidation project by the federal authorities and (2) an insufficiently objective procedure
for assessing the impact (lack of local priority criteria). Based on the conducted research, we believe that the elimination or
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INTRODUCTION “vulnerable” to the abundance of brownfields compared
to its western part (Zhang et al. 2022). In the European

The territorial aspects of the emergence of brownfields ~ Union, the dominant part of brownfields is associated with

in cities are due to the economic development of the past ~ degraded agricultural land and municipal and industrial
few years. In the industrial era, many industrial facilitiesand ~ buildings (Van Liedekerke et al. 2013). In Russia, in the post-
often residential buildings for workers of these enterprises ~ Soviet period, so many ruined and abandoned facilities
were located in the historical center of cities. In the post-  appeared, a number of political decisions were taken to
industrial era, as urbanization processes intensified due to  eliminate brownfield “hot spots”: especially large landfills,
global migration and other factors, the issue of brownfields  oil and sludge storage facilities (Dregulo and Khodachek
became increasingly prominent, impacting both the  2022).Nevertheless,the modern practice of inventorying of
developmentofinnerurbanspaceandthesocialadaptation  objects with signs of accumulated environmental damage
of objects and territories back into economic circulation.  in Russia is not effective enough (Dregulo 2023). Firstly,
The spatial distribution of brownfields often depends  because it is largely based on the criteria for the spread of
on the economic specifics of the region and national  Brownfield influence at a high spatial level: 1. The territory’s
environmental and sectoral legislation, which causes area measured in hectares per square meter; 2. The
differences in the types of brownfields and approaches to  number of individuals residing in the territory negatively
their elimination. For example, in China, the industrial type  impacted by the presence of brownfields, expressed
of brownfields was the most dominant compared to the  in thousands; 3. The number of individuals living in the
mining type, while the eastern part of China was the most  territory at risk of negative impact due to the brownfields’
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location, expressed in thousands. In our opinion, it is
ineffective at the local (municipal level) because it does not
take into account the local priorities of the development
of the city (municipality). At the same time, the inventory
procedure is highly bureaucratic and requires significant
funding already at the initial stage. The purpose of
the article is to develop practices for the inventory of
objects of accumulated environmental damage based
on correlation signs of the significance of their impact on
the transformation of urban space, subsequent clustering
(ranking) and project preparation of measures to eliminate
them. The novelty of this study lies in the author's new
approach to identifying brownfields of accumulated
environmental damage — identifying key and socially
significant brownfields (high redevelopment potential)
and their factors of influence on the transformation of
urban space based on local urban development priorities.
The local priority of urban development is understood as
factors influencing the decision to recognize an object
as an object of accumulated environmental harm, based
on primary indicators directly or indirectly indicating the
object as a source of accumulated environmental harm.2.

MATERIALS AND METHODS OF RESEARCH

Problem statement

The study was conducted on the territory of the St.
Petersburg agglomeration, one of the largest in Russia
with high rates of urbanization processes (Korshunov 2023;
Solodilov 2021). A special place in the development of the
St. Petersburg agglomeration as the largest economic hub in
the Baltic region is occupied by the “quality of life economy”
(Okrepilov 2021). This concept includes the whole spectrum
of urban problems that are solved through key areas: the
development of the transport network (Sokolova and
Starshov 2022), the regional fuel and energy complex (Bondar
2021),includingissues of ensuring the health of senior citizens
(Safarova and Safarova 2022) and the digital transformation of
urban governance and development (Kuznetsov and Gorin
2022). All of these aspects of regional development are closely
related to the territorial structure of urban interior space. This
causes the problems that have become increasingly obvious
with the appearance of brownfields on the territory of the city
and its periphery due to past economic (economic) activity.
Industrial enterprises play an important role in this. After

the extensive privatization of the 1990s, it became obvious
that industrial enterprises make the greatest contribution to
the negative development of environmental processes that
change a favorable urban environment into an unfavorable
one. Nevertheless, the studies conducted (Zamyatina et al.
2021) have shown that the enterprise management strives to
implement the Sustainable Development Goals and intends
to work with city authorities for this, which is likely to be a
favorable basis for adapting the inner urban space burdened
with industrial and other brownfields.

Understanding Distinction Designations

In the national Russian legislation, the term “objects of
accumulated environmental damage” (AED) is used, which
does not have the same meaning as Brownfield (B) the term
is accepted in Western countries, but still has a fairly close
similarity:

- "Abrownfieldis a property, the expansion, redevelopment,
or reuse of which may be complicated by the presence or
potential presence of a hazardous substance, pollutant, or
contaminant” (Overview of EPA's Brownfields Program);

« "AED - territories and water areas where accumulated
environmental damage has been identified, capital
construction facilities and waste disposal facilities that are a
source of accumulated environmental damage” (Federal Law
“On Environmental Protection”).

In the further text, we will use the abbreviation B/AED to
designate these objects while implying all aspects inherent in
both one term and the second.

Design research

Data collection and preparation for the study were carried
out in several stages (Fig. 1). At the first stage, the spatial
factors of the location of B/AED were determined (a map
of the distribution of B/AED was compiled) in the inner and
historical part of the city, the peripheral part of the city, and in
remote territories included in the metropolitan agglomeration
- defining projects in relation to the urban environment
and transformational - referring projects to the category of
transforming the urban environment, and the matrix B/AED
is based on local significance criteria (determinants). Each
object (B/AED) was assigned a designation number and a brief
description of its location (Table 1).

Table 1. Designation and description of the B/AED location

Brownfield designation Description
B1 MSW landfill (located in the northern part of Saint-Petersburg)
B2 Landfill of sewage sludge (located in the northern part of Saint-Petersburg)
B3 The territory of "Tuchkov buyan’ (the historical center of Saint-Petersburg)
B4 Territory ‘Okhtinsky Cape’ (St. Petersburg) (historical center of Saint-Petersburg)
B5 ‘Krasny Bor'landfill, Leningrad Region (Saint-Petersburg Agglomeration)
B6 MSW landfill Leningrad region, ‘Sosnovy Bor’ (Saint-Petersburg agglomeration)
87 MSW landfill on the territory of the state hature reserve of regional gigniﬁcance’Lake Shchuchye] Zelenogorsk

(Saint-Petersburg agglomeration)

B8 Landfill of sewage sludge (located in the southern part of Saint-Petersburg)
B9 Open pits (St. Petersburg agglomeration)
B10 Landfill (in the North-western part of Saint-Petersburg)

B11 Hydro-ash dump (North-eastern part of Saint-Petersburg)
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Fig. 1. A flowchart describing the methodology of the study

Table 2. Criteria B/AED impact on the urban environment transformation

Designation of | The value of the . -
criteria criterion Determinant criteria
1 - Has signs of accumulated environmental damage
(@) + Included in the state register of Brownfields for subsequent liquidation/redevelopment
3 - Risks associated with soil pollution
c4 - Risks associated with water pollution
5 - Risks associated with air pollution
[@6) + State property
7 = Private property
C8 + Redevelopment | New (intended) use
9 + Public response
c10 + Measures to eliminate / minimize harm

Amongthe positive criteria determining the possibilities
of economic use of B/AED as a positive factor (+) of
influence on the transformation of the urban environment,
we included: C2, C6, C8, C9, and C10. Thus, the following
criteria were attributed to the negative factors (-) B/AED:

C1, C3, C4, C5, and C7. A description of all the criteria is
given below.

- Criterion 1. Has signs of accumulated environmental
damage. An object localized within the boundaries of a
city or its periphery (B/AED). Only redevelopment projects
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in certain urban areas, that is, projects related to the
occurrence of potential environmental harm/damage, fall
under consideration. Projects affecting the territories of the
gray belt were not considered.

- Criterion 2. Included in the State register of objects
of accumulated environmental damage. Inclusion in the
register implies (1) recognition of B/AED as an object
dangerous to the natural environment and humans; and
(2) guarantees its liquidation.

- Criterion 3. Risks associated with soil pollution. The
greatest contribution to this process is made by such
types of B/AED as degraded industrial and agricultural
enterprises, and MSW landfills. Heavy metals (arsenic,
cadmium, zinc, copper, lead, chromium, mercury) get
into the soil. Excessive content of these elements leads to
diseases in humans, animals, and plants. In addition, soil
contaminated with organic substances contributes to the
development of rodents that are sources and carriers of
pathogens for particularly dangerous infections (rabies,
tularemia, plague and hemorrhagic fever with renal-
pulmonary syndrome).

- Criterion 4. Risks associated with water pollution.
Often, B/AEDs are located in the peripheral part of the city
near water sources (rivers, lakes, streams). The increasing
climatic risks associated with an increase in the average
annual precipitation may provoke the entry of pollutants
from surface runoff into reservoirs.

- Criterion 5. Risks associated with air pollution. This
aspect is very important for B/AEDs where waste is
accumulated or buried. Over a long period of time, the
surface solid layers of waste form an isolated (anoxic)
structure. The waterlogging of waste contributes to their
rapid decay, which in turn is accompanied by the formation
and emission of hydrogen sulfide, carbon dioxide, methane,
and other greenhouse gases.

. Criteria 6,7. Affiliation. This criterion considers the
affiliation of B/AED. This aspect is quite important to
consider in light of the fact that, according to many B/AEDs
in the post-Soviet space, after privatization, they became
conditionally ownerless. The environmental damage
caused by the brownfields as a result of the past years'
economic activities became an encumbrance for the new
owner. And as practice has shown, many were in no hurry to
eliminate this environmental damage, as a result of which a
new name appeared in the national legislation - “objects of
accumulated environmental damage”.

- Criterion 8. Redevelopment (changes in the functional
purposeofaspatial objectinthe processofredevelopment).
One possible solution is to change the project’s concept
during implementation. The most significant examples of

environmental transformation projects are those that, due
to circumstances, do not find a final result for a long time,
even in the case of intervention by higher authorities. Such
projects are able to form an assessment of the quality of
urban environment management (adaptation or transfer
of the project to a new location), arising in the process of
conflict communication among various actors.

- Criterion 9. Public response. The public response
in public discourse, mass media, and Internet media
was considered. Increased attention to the problems
of environmental safety and the quality of life of the
population living in the vicinity or in the zone of impact
of B/AED is associated with an increase in the number of
publications in social networks, regional media, in which
discussions are held related to the possible implementation
of B/AED redevelopment projects.

« Criterion 10. Measures to eliminate / minimize
damage or harm. This criterion considers that at the time of
the study, measures were carried out (in whole or in part)
at the B/AED facilities to reduce the negative impact on the
environment (reclamation).

Data processing and formalization

In order to determine the priority of the determinants
of the reuse of B/AED, an author’s summary matrix of B/
AED objects was compiled to assess the impact on the
transformation of the urban environment, and a summary
review was compiled in two areas — positive and negative
determinants by the method (Simkové et al. 2020). For
each matrix, the local priorities of the compared elements
were calculated (assuming a generally acceptable
condition). The values of the weights were quantified in
terms of the principles of the Saaty matrix (Saaty 1987)
with dimensions where m = 1..j and n = 1..j, given by the
number of rows and columns subject to the condition m
= n. This symmetric matrix also corresponds to the fact
that the method is based on an interactive comparison
of all predefined determinants of the same rank with an
estimate (Table 3).

Values equal to 1 were taken on the diagonal of
the matrix on the principle of comparing the same
determinant, that is, their equivalence, and identified
pairwise comparisons of individual factors. If the
determinant was preferable to the determinant in the
column, it was assigned the opposite value. Estimates of
a single determinant were determined by the values of
factors — partial positions — in accordance with as products
of the values of all determinants. To each row of the matrix,
and, consequently, to the corresponding element, we

Table 3. Evaluation of negative and positive criteria-determinants in the Saati matrix

The value of the
determinant criterion

Description of the compared values of the criteria-determinants

Equal importance of the compared elements of the hierarchy. Both the compared elements i and j have the same
significance for a higher-level element

Moderate superiority of the i element of the hierarchy over O. Previous experience and evaluation suggest that one

3 element is slightly more important than the other.
5 Substantial or strong superiority of the i element. Previous experience and evaluation indicate a higher significance
of one element compared to another.
7 Significant superiority of the / element.
9 The very high importance of the element has clearly manifested itself in the past.
2468 A very significant superiority of the / element. We are talking about the maximum possible difference between the

two elements.
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associate the geometric mean of its elements. The values
of the factors of partial positions were determined by the

Eq. (1):
SFZ ¢,

In addition, the values for each criterion i (a finite
number of criteria-determinants ¢, where ¢=5) were
quantified by the Eq. (2):

M

1
= )

R.=(5)

Based on the calculations performed, the amount
was determined by which the final value of the individual
weights (local priority) of the criteria-determinants was
calculated according to the Eq. (3):

R

_ i

As a result, we obtained local priorities of the
corresponding compared numerical values of weight
(local priority of the determinant criterion) reflecting the
interaction of various criteria for the influence of B/AED
on the transformation of the urban environment and their
priority in the process of restoring internal urban reserves.
To compare B/AED, correlation matrices were constructed
based on the binomial distribution (positive and negative
criteria for the influence of B/AED), which allow us to find
correlation signs of significance characteristics for their
subsequent clustering (ranking) and project preparation
of measures to eliminate them. Statistical data processing
(construction of correlation matrices based on the
Pearson correlation coefficient, which measures the linear

3)

relationship between variables of positive and negative
criteria for the influence of B/AED on the transformation
of the urban environment) was carried out using Seaborn
libraries: statistical data visualization'.

RESULTS

The results of the spatial inventory of B/AED have shown
that currently eleven B/AED with different types of economic
specifics can be distinguished on the territory of the St
Petersburg agglomeration. The main part of the B/AED is
located on the peripheral part of the borders of St. Petersburg
and its agglomeration (Fig. 2).

To systematize the criteria-determinants identified, a
summary matrix B/AED was compiled that characterizes
the potential impact on the transformation of the urban
environment (Table 4).

The two brownfields B3 and B4 were among the most
discussed objects to be renovated, causing widespread
discussion in the community. We pay special attention to
them because the public opinion and public response that
they received allowed them to subsequently adopt a public
point of view on the new functional purpose of these B/
AEDs. Objects B3 and B4 are located in the historical part of
St. Petersburg (objects B3 and B4). The territory on which
object B3 was located was an archipelago of small islands,
on one of which a marina was built in the first half of the
15% century.

In the 19" century, a nursery of ornamental plants
appeared here, followed by wine warehouses and a vodka
factory. The channels between the islands gradually filled
up. In the first half of the 20*" century, architects repeatedly
presented concepts for the development of this place: from
the construction of a museum complex to the construction
of a city park. At the turn of the 1950s and 1960s, buildings
of the State Institute of Applied Chemistry were built here.

realocation

Conditional _~>

boundaries &

of the historical
center of the city

Fig. 2. Location of B/AED in the Saint-Petersburg agglomeration

"https://seaborn.pydata.org/
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Table 4. Summary matrix of the B/AED impact on the transformation of the urban environment

Included in the
state register of
objects AED

L (conservation/
B1 yes no reclamation
backfilling with soil)
L (conservation/
B2 yes no reclamation
backfilling with soil
B3 H
B4 H
B5 yes L (conservation)
B6 yes L (reclamation)
B7 yes H
B8 yes no L
B9 yes no L
B10 yes H
B11 yes H
Pollution risks (which were observed before the redevelopment or are currently being observed)
Public response
Measures to eliminate / minimize harm
State property
Private property
New (intended) use
There is no information / or there is no negative impact

The rune buildings of the Institute (a redevelopment in 1611 the bastions of ‘The Nienschanz' fortress were
project involving a new function of urban public space.  erected. Subsequently, the shipbuilding plants of the
During the dismantling of buildings, a significant portion  ‘Okhtinsky Cape’ were organized here. In the twentieth
of the chemicals that were not removed (or stored for a  century, shipbuilding enterprises were repurposed for the
long time on the institute’s territory) contaminated the  production of technological equipment, and in the post-
soil. Significant excavation was required to eliminate  perestroika (difficult economic time for the country), the
environmental damage and achieve environmental safety  territories were planned to be sold for development for
in public spaces. A full-scale development of cultural and business or residential construction purposes.
leisure buildings, as well as a park area, is currently being In 2019, ‘Gazprom Neft’" acquired this site (1)
carried out on the facility’s territory. and developed a new architectural concept for its

Object B4 is in development after paleogeographic  development. Initially, the plan was to build the Gazprom
discoveries. During excavations carried out in 1993,  Tower on this site (2); however, a long public outcry with
artifacts of human habitation from the Bronze Age, the  the participation of many prominent figures of science and
Early Iron Age, and the Neolithic era were found, dating  culture changed the new building project (3), leading the
from the end of the fifth millennium BC. This object was ~ Gazprom Tower project on the shore of the Gulf of Finland
of great geographical importance for the defense and  in the northwestern part of Saint-Petersburg.
development of the northwest. At various times, ‘The The situation is more complicated with other
Landskrona’ fortress was located here, built in 1300, and  objects. Firstly, a significant part of B/AED has high risks
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of contamination with environmental components. The
vast majority of B/AEDs are located in the Gulf of Finland’s
catchment area. In particular, these include landfills of solid
municipal waste and sewage sludge, which were put into
operation in the 1970s and 1980s . Since then, the city’s
borders have expanded significantly, including as a result
of urbanization (construction of residential buildings and
the opening of industrial enterprises, including foreign
capital). At the same time, a significant part of the B/AED
is not included in the state register, while all of them have
signs of environmental harm (effects on soil, water bodies
and atmospheric air).

[t is important to note that only 4 of the submitted objects
(B5, B6, B7, B10) are included in the state register of objects
of accumulated environmental damage. Half of the studied
objects have low redevelopment potential, both in terms of
the implementation of engineering and technical measures
and in terms of the lack of interested parties. For such facilities,
the most likely design solution would be their conservation. At
the same time, it should be noted that for some of them there
was a public outcry due to the various negative environmental
impacts felt by citizens (pollution of soils, water bodies, or
atmospheric air) (B1, B2, B5, B6, B8, B9, and B10) (with the

exception of objects B3 and B4, the public outcry was caused
by location, architecture, including building height restrictions
in the historical center). Using the comparative characteristics
of brownfields according to the above criteria based on the
binomial distribution (yes = 1/no = 0) (Table 5).

- Objects B3 and B4 were intentionally removed from
the list after the redevelopment. Based on the comparative
characteristics of the binomial distribution, a correlation
matrix was formed (Fig. 3), which allows us to identify the
most similar objects (B/AED).

The similarity of B/AED can be divided into 3 potential
groups: (1) high similarity, a correlation value of 0.8 and
more; (2) average similarity, a correlation value of 0.79 to
0.6, and (3) slight similarity, a correlation value less than 0.6.
According to the obtained correlation values, in (1) group
objects B1-B2, B5; B2-B8; B6-B10; B9-B7, B8. A characteristic
feature that unites these objects is waste management
activities (burial, warehousing, processing):

- Objects B1, B2. The facilities are located near the nearest
“neighbor” of the sewage sludge landfill ‘Severny’ was
commissioned in 1986. The total area of B1, and B2 is more
than 150 hectares. In the draft general plan of St. Petersburg
approved in 2005, in the period up to 2010, the municipal

Table 5. Comparative characteristics of B/AED according to local criteria based on binomial distribution

Designation of local priority B1 B2 B5 B6 B7 B8 B9 B10 B11
1 1 1 1 1 1 1 1 1 1
2 0 0 1 1 1 0 0 1 1
a3 1 1 1 1 1 1 1 1 1
4 1 1 1 0 1 1 1 0 1
cs 0 0 0 0 1 0 1 0 0
c6 1 1 1 1 1 1 1 1 1
C7 0 0 0 0 0 0 0 0 0
c8 0 0 0 0 0 0 0 0 1
9 1 1 1 1 0 0 0 0 0
10 1 0 1 0 0 0 0 0 0

1.0

o 0.31 0.27
~ 0.9
o
o 031 08
e 0.27 —0.7
& 1 m AncEd 0,69 0.63

- 0.6
2 ﬁ 1 0.61 0.69
:
= 0.69 0.61
[
- 0.63 0.69
M

Bl B5 B6

|
BS B10 Bll

Fig. 3. Correlation matrix of positive and negative criteria-determinants of B/AED based on binomial distribution
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authorities had to carry out the reclamation of landfills.
However, to date, Facility B1 has been managed, Facility
B2 is currently in operation, and there are clear signs of
accumulated environmental damage (Dregulo et al. 2022;
DreguloandBobylev2021,2021a).Overtheyears, there have
been a significant number of complaints from the public
about the smell of landfills. However, the “neighborhood”
of these objects was often used by the management
of the objects in blaming each other. Considering the
high anthropogenic load in this part of the city, the
city authorities have provided for the organization of a
specially protected natural area. Levashovsky forest, which
should be implemented by 2025. The question of how,
when, and by whom the procedure for the rehabilitation/
reclamation of landfills is envisaged and what status these
territories will have remains open. To date, changes in the
law “On the General Plan of St. Petersburg” are “migrating”
from one version of the law to another, but there is still no
comprehensive solution to the problem.

- Object B5. The ‘'Krasny Bor’landfill, where waste of the
1st hazard class was buried. The territory of the landfill is
subject to reclamation in order to completely eliminate the
negative impact on the environment. During the period of
operation, the waste in the depths of the landfill mixed and
not only did not reduce their danger, but it also turned into
a set of decomposition products and the transformation
of the original highly toxic substances. This mass of
toxicants is located in open maps (partially overgrown
with grass and shrubs (1)), not protected from atmospheric
precipitation. During the rainy and floody periods, there
is intense flooding of waste, which causes the maps to
overflow. To date, part of the work has been carried out to
cover several maps (2). The general unfavorable situation is
further aggravated by the fact that the existing storm water
treatment facilities are not operating normally. Currently,
the facility has been mothballed and included in the state
register of objects of accumulated environmental damage
for subsequent reclamation.

- Object B6. Landfill of municipal solid waste. It has
been in operation for about 40 years. The work included
land restoration; the surface of the landfill was covered
with a special insulating membrane; a protective mineral
layer and a layer of vegetable soil were laid, followed by the
sowing of perennial grasses. The reclamation area spanse 9
hectares. To date, the landfill has been reclaimed.

« Object B7. The dump was formed in the 1960s. The
landfill in the reserve appeared on the site of a former sand
quarry. In the early 1980s, it was closed and covered with
soil. Now the dump is overgrown with bushes and grass.
In 2011, the state nature reserve of regional significance
‘Lake Shchuchye'was established, the boundaries of which
included the territory where the landfill of the former
landfill is located. ‘Druzhinnoye Lake’ is located near the
landfill. Twenty years later, the territory was closed, covered
with soil, and used an area of 1.2 hectares for snow removal
after cleaning the territories in winter. The composition of
the landfill is soil, sand screenings, and construction waste.
At the same time, the landfill masses contain polyethylene,
plastic, cardboard, and textiles, as is stated in the draft.
The total volume of waste disposed of is more than 80
thousand m3.The facility is planned to be reclaimed within
several years.

- Object B8. A sewage sludge landfill located in
the southern (peripheral) part of the St. Petersburg
agglomeration. This facility has been operating since the
1980s and is practically identical to the B2 facility in terms
of technology. Unfrozen sewage sludge from the southern
aeration station was exported to the landfill. Since the late

166

2000s, raw (unfrozen) sewage sludge has not been exported
to landfills, but ash (1) from the combustion of sewage
sludge has been disposed of. Prolonged accumulation of
sediment flooding at landfill sites (2) provoked the entry of
pollutants into the surface layers of soil and groundwater.
The facility is an operating landfill and is not included in the
register of state facilities for accumulated environmental
damage.

- Object B9. A complex of small sand mining facilities
located in the border zone of the southeastern part of St.
Petersburg in the catchment area of the Neva River. In the
1980s and 1990s, the practice was widely used after the
extraction of minerals, solid municipal waste was buried
in the "bowl!” of the dump. According to data (Kulibaba et
al. 2016), about 200 such objects have been identified in
the Neva River catchment area, many of which are flooded,
which poses a threat of pollution entering groundwater
and surface waters. At the reclamation sites, foci of soil
pollution and highly toxic drainage runoff (heavy metals,
ammonia, nitrites, nitrates, petroleum products and other
organic pollutants) arise from dumps similar to the filtrate
from MSW landfills flowing through the local hydrographic
network into the Neva River. The objects are not included
in the state register of objects with accumulated
environmental damage.

-ObjectB10. Alarge, closed landfill with a height of up to
30 m, located in the northwestern part of St. Petersburg, has
a total area of more than 20 hectares. The landfill operated
from 1933 to 1977. Even after the closure, construction,
household, and industrial waste was taken to the landfill.
In 1993, the landfill was localized, and the garbage was
collected in a separate landfill that was sheltered and
mothballed in the early 2000s. Since 2008, it was planned
to reclaim the landfill and build a business complex on the
vacated territory, but the project was not implemented
due to detected chemical (radiation) contamination. The
developer refused to implement the project due to the
impossibility of completely eliminating pollution and, as a
result, a lack of liquidity for future housing commissioning
in this area. In 2010, the Government of St. Petersburg
discussed the possibility of selling the land at auction for
construction, but it was never implemented. In accordance
with the general plan of Saint-Petersburg, this landfill
belongs to the zone of recreational facilities, with the
inclusion of engineering infrastructure facilities related
to the maintenance of the zone. Since 2021, the facility
has been included in the state register of objects with
accumulated environmental damage. It is assumed that
the liquidation will be carried out in two stages: (1) the
accumulated waste will be taken to the existing landfill;
(2) and after that, reclamation works will be carried out at
the landfill site (restoration of a fertile soil layer, planting of
grass, trees and shrubs).

- Object B11. The decommissioned hydro-ash dump
B11 is located in the southeastern part of St. Petersburg,
with a total area of 28 hectares. In the 1930s of the last
century, ash from locomotive furnaces at the nearest
railway stations was brought to this territory. As a result, the
hydro-ash dump received ash from several thermal power
plants in the city. In 1977, the facility was decommissioned.
After the closure of the hydro-ash dump, its territory was
used as a snow dump. Since the decommissioning of the
ash dump, a layer of turf has formed on its surface (1), trees
and shrubs have grown (2), and a reservoir has formed in
the southeastern part (3). According to materials published
on the official websites of the city authorities and local
media, object B11 has been included in the state register
of objects of accumulated environmental damage since



Dregulo A. M.

INTERNAL RESERVES OF CITIES: A NEW APPROACH TO ASSESSING ...

2021. However, in the materials of the official list of objects
of accumulated environmental damage, object B11 was
not found (is not listed) in the register.

Another dominant factor for all these objects is the
presence of signs of accumulated environmental damage/
harm. They are all included in the pool of state-owned
objects; there was a public outcry for almost every one
of them, but not all of them are included in the state
register of objects of accumulated environmental harm.
For some facilities, measures have been taken to minimize
environmental harm, but it is not possible to completely
eliminate environmental harm. This determines the need
to consider in more detail the influence of positive and
negative criteria and their significance and usefulness
(hierarchical significance) in solving urban development
problems. Among the negative factors, the most significant
was the factor of influence on atmospheric air (C5 =0.227)
(Table 6).

The significance of C3 and C4 turned out to be slightly
less; the value of local priority 0.223 and 0.204, respectively.
However, these criteria are highly variable, as their value
heavily depends on the specifics of the economic activity
of the object B/AED. This is true only for the proposed list
of objects considered B/AED, and it may not be the same
for other objects in a different city. This is evidenced by
the low indicator of the local priority of criterion C1 (the
object has signs of accumulated environmental damage).
The criterion (C7) of the ownership of B/AED that is not in
state ownership has a low local priority of determination.
In the case when the object is of particular interest to
stakeholders (investors-developers), the process of its
renovation causes more confidence that this object will
acquire a new function in the urban space because the
expected result for them will be the benefit received after
the introduction of the object into economic turnover (sale,
leasing, etc.). Regarding the value of positive criteria, we
see that the inclusion of B/AED in the state register is the
most important determinant criterion (C2 = 0.22) affecting
the further transformation of urban space (Table 7).

This is understandable due to the fact that inclusion in
the register guarantees subsidies to the federal government
for measures to eliminate accumulated environmental
damage, which, in fact, is confirmed by their equal value
with the criterion C10 = 0.22. At the same time, we note
that objects B3 and B4 have never been included in the
state register of objects with accumulated environmental
damage. Nevertheless, their importance in the formation
of urban space was of particular importance for the city,
primarily in terms of their historical and location aspects.
As a result, the decision to redevelop these facilities was
made based on other criteria than those mentioned above,
particularly political and social factors. Criterion C8 had an
average value of local priority among the list of positive
determinants. The local priority of public resonance (C9)
and the affiliation of B/AED under state jurisdiction (C6)
had the lowest indicators of 0.19 and 0.17, respectively. The
correlation between criteria (determinants) influencing
the transformation of urban space (Fig. 4) shows that
there is a strong correlation between such factors as the
sign of accumulated environmental damage (C1) and the
risks of environmental impact (C3, C4, and C5) which are
equal to 0.81, 0.72, 0.59, respectively. And therefore, the
environmental factor is a top priority.

The value of the C5 criterion of influence on
atmospheric air is still more correlated with the C4 criterion
(0.96), compared with C3 (0.86). The higher local priority of
the C5 factor is probably due to the public resonance of the
past years, when uncontrolled emissions of landfill gases
reached residential areas, which caused a high number of
complaints from the population to regional authorities,
including on social networks. This mainly concerns
peripherally located B/AEDs. This indicates that when
making decisions about the nature of the impact of B/AED,
and the priorities for their elimination are more determined
by the environmental situation and the economic interests
of stakeholders. Criterion C7 showed a negative correlation
with the "ecological” criteria C7 — C5, C4, at the same time
C7 — C3 weak correlation, C7 — C1 average correlation.

Table 6. Quantitative assessment of negative criteria (determinants) of the impact of B/AED on the transformation of urban space

Criteria C1 C3 (@) c5 c7 S, R, a, Weight coefficients (%)
1 1 1/5 1/5 1/3 1/3 2.06 1.156 0.149 14.9
3 5 1 1/2 1/2 9 16.0 1.74 0.223 22.3
4 5 2 1 2 1/4 10.2 1.59 0.204 204
(@5 5 2 1/2 1 9 17.5 1.77 0.227 22.7
7 3 1/9 4 1/9 1 8.22 1.52 0.195 19.5
Total 19 451 4.64 4.78 19.58 53.98 7.776 1 100

Table 7. Hierarchical significance of positive criteria-determinants of B/AED influencing the tra

nsformation of urban environment

Criteria 2 6 C8 9 C10 S, R a, Weight coefficients (%)
Q 1 7 9 5 1/3 2233 1.86 022 220
c6 1/7 1 5 1/9 1/9 6,362 145 017 17.0
c8 1/9 1/5 1 5 7 13.31 1.68 0.2 20.0
(@} 1/5 9 1/5 1 1/9 10.51 1.6 0.19 19.0
C10 3 9 1/7 9 1 22,14 1,86 022 220
Total 4.45 26.20 15.34 20.11 855 13948 845 1 100
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Fig. 4. The ratio of positive and negative criteria-determinants of B/AED influencing urban environment transformation

DISCUSSION

In this study, we have addressed the important problem
of considering local priorities in urban space development.
B/AED — how historical imprints of past economic activity
and the gradual development of territories associated
with cleaning processes become protracted problems
affecting the transformation of urban space. Decision-
making tools for the B/AED inventory are ineffective and
require expanding the list of local priorities for sustainable
development and public control (expression of opinion,
discussion, etc) to make decisions in shaping a new
look of urban space after the elimination of B/AED. For
example, in India, the problem of eliminating B/AEDs
has not yet been fully understood in terms of what they
are essentially B/AEDs, and which are identified by the
criterion of “state of the earth”(Verma and Banerji 2023). For
many countries, the problem of B/AED renovation turns
out to be not a financial but a mental component of the
market (Trouw et al. 2020). Developers often do not want
to risk being “pioneer enthusiasts’, although this factor is
probably the driving force (example) for other developers.
It is important to understand not only the benefits for the
authorities but also the commercial benefits that will be
possible if B/AEDs become socially (socially) attractive
objects after renovation / elimination of environmental
harm. Thus, studies (Vojvodikova et al. 2021) show that
the most important criterion for the restoration of B/AED
territories is their departmental affiliation. The participation
of public investments may not always be enough for the
redevelopment of B/AED. In fact, we have seen from this
study that the criteria for the ownership of an object
(private / state property) have a low weight of local priority
in making decisions on their liquidation. Nevertheless, we
know that the B/AED redevelopment projects that have
been implemented in a number of the most developed
countries in the world, including China, the USA, Canada,
Germany, and England (Lin et al. 2019) are quite successful,
but at the same time, they differ in key aspects and may
often not be economically feasible for other countries.
This means that there is no single approach to solving
the problem. The ranking of B/AED into categories does
not always coincide for different authors, depending on
the central focus: “fast or slow renovation” “technical or
environmental aspects’, “urban or agricultural’, “public or
private’, etc. (Ray et al. 2021). The elimination of B/AED, and
therefore, there is a need for research on a combination
of best practices based on considering the interests of all
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groups of the population (government-business-citizens).
We also pay particular attention to the fact that public
response is one of the most important factors to consider.
Our research on B/AED assessments and rankings based on
local priorities helps identify the most important aspects
of priority actions for spatial needs. At the same time, we
note that this approach will have an optimal effect only in
synthesis with other practices, which determines further
research in this direction (comparative, predictive, etc.).

CONCLUSION

In this study, the author proposed a new approach to B/AED
inventory based on the identification and comparison of local
priorities (criteria-determinants) of urban space transformation
under the influence of B/AED for environmentally balanced
urban development. The pilot implementation of this
approach allowed us to formulate some final theses:

- The practice of inventory and inclusion of potential B/
AED objects in the state register of objects of accumulated
environmental damage (hereinafter the register) for
subsequent liquidation is ineffective at the municipal level in
terms of further development of urban space. Of the eleven
objects with B/AED signs, only 4 are included in the register.
Probably, this is largely due to the political will of the state
authorities (landfills on the territory of specially protected
natural areas, for example), the economic interests of large
investors (the territory of Tuchkov Buyan' and ‘Okhtinsky
Cape’), or the lack of necessary resources (‘Krasny Bor’ landfill,
etc.). Most of the discovered B/AED have low redevelopment
potential (landfills, landfills waste), and therefore, it is not
possible to attract stakeholders for the further development of
these territories;

- The proposed criteria of local priority allowed us
to identify the dominant factors (their weight values)
influencing the transformation of St. Petersburg’s the
urban space. Of the five negative criteria for local priority:
1. Impact on the atmosphere (22.7%); >
2. Risks associated with soil pollution (22.3%); >
3. Risks associated with water pollution (20.4%); >
4. Ownership of the facility (private property) (19.5%); >
5. The facility has signs of accumulated environmental
damage (14.9%). Positive criteria: there were two criteria
in the first place. 1 The object is included in the state
register (22%) = 1. Measures have been taken at the facility
to eliminate/minimize damage (22%) ;> 2. Possibility
of redevelopment (20%); > 3. Public response (19%);
> 4. Ownership of the object (private/public) (17%).
The weight values of local priorities show that the most
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important positive factor (the local priority of the territory’s
development) is the fact that the objectis included in the B/
AED register. This is obvious because funds from the federal
budget will be allocated for its liquidation. The effect on
the atmosphere was the most significant negative priority.
This negative impact factor is most easily detected and
causes a public outcry, therefore increasing attention to
the problem of eliminating B/AED;

- It is advisable to make predictive estimates of the
impact of B/AED by identifying similarities of B/AED.
The study shows that even with a characteristic feature
combining these objects (waste management activities),
local priorities have different “weights™ (1) high similarity,
correlation value from 0.8 and more, (2) average similarity,
correlation value from 0.79 to 0.6, and (3) slight similarity,
correlation value correlations are less than 0.6. And
therefore, approaches to the elimination of objects of the
same type of B/AED should not be universal;

- Subjectivization of the perception of local priorities
and forecast estimates in the transformation of urban
space (which are taken into consideration for the B/AED
inventory) is one of the key factors in making decisions
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ABSTRACT. The purpose of this research is to model the condition of seawater quality based on Government Regulation
No. 22/2021 about «Implementation of Protection and Environmental Management», the results of which can later be used
as a basis for reference for the concept of environmental conservation. The research was conducted at the MV Boelongan
Nederland shipwreck site, focusing on seawater quality measurements including physical, chemical, and pollutant parameters.
Sampling was performed at various locations near the shipwreck and nearby estuaries using purposive sampling. Parameters
such as pH, temperature, turbidity, dissolved oxygen (DO), biological oxygen demand (BOD), salinity, and concentrations
of pollutants like phenol, polyaromatic hydrocarbons (PAH), and pesticides were measured and analyzed using geographic
information system (GIS) tools. Data analysis revealed that despite some variations, seawater quality parameters generally met
regulatory standards, supporting marine life and tourism activities. However, localized pollution was observed, particularly
near estuary areas, emphasizing the need for targeted conservation efforts. The research results indicate that the estuarine
areas experience light pollution due to land-based runoff, which could affect the long-term sustainability of the shipwreck
site. However, the overall seawater quality at the shipwreck location remains favorablefor marine tourism and conservation.
The findings suggest that a zoning system could be beneficial for managing underwater heritage sites, thereby supporting
both environmental preservation and the economic development of the region. Furthermore, the research emphasizesthe
potential of shipwrecks as tourism assets, suggesting their role as artificial reefs and underwater museums thatcontributeto
visitors'recreational and educational experiences.
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INTRODUCTION as environmental conservation, cultural heritage preservation,

and sustainable tourism development) and community

The sinking ship site is considered to have historical,
scientific, and economic value. The sunken ship site can
be used as an object of research to explore the knowledge
connected to it, which is closely related to the development
of regional and national character to strengthen national
identity and also to serve as an object of marine tourism in
the form of shipwreck diving, the implication of which is to
preserve the sunken ships while developing them so that they
can provide opportunities for sustainable management (such

welfare (such as improving the local economy, improving
quality life, and preservation of local culture).

Pesisir Selatan Regency is one of the regencies in West Sumatra
Province thatis a leading destination for tourism activities, especially
marine tourism (Such as Carocok Painan Beach, Cingkuak Island,
Mandeh Bay, Langkisau Beach, and Batu Kalang Beach) and cultural
tourism (Such as Rumah Gadang Mandeh Rubiah, Langkisau Festival,
and Nagari Seribu Rumah Gadang in Koto Baru) (Stanford et al. 2012,
El Silisna and Susanti 2020). This is in line with the establishment of
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West Sumatra Province as one of the main tourist destinations in
Indonesia along with 9 other provinces, including North Sumatra,
Bali, West Nusa Tenggara, and others which were declared in the
“Visit Indonesia Year” by the Ministry of Culture and Tourism in
January 2011, the "Visit Indonesia” brand was discontinued and
was replaced with the campaign “Wonderful Indonesia” which was
mentioned by the rebranding to increase tourism appeal, increase
competition in the global tourism industry, expand the scope of
promotion, modernize and adjust to global trends, and respond to
evaluation/feedback (Adams 2018; Lemy et al. 2019; Nabhan et al.
2023).

The region of Mandeh Bay is a leading tourist region in the
Pesisir Selatan Regency, which is located in the sub-district of
Koto Xl Tarusan. The type of tourism offered is marine ecotourism
(Alhadi, 2018; Triyatno et al. 2020). This is because theregion has
many islands, bays, and capes with beautiful panoramas. In this
region of Mandeh Bay, the sinking ship MV Boelongan Nederland
is also a shipwreck diving tourist location. The waters of Mandeh
Bay contain several large estuaries, contributing to the increased
sedimentation in the region.. Therefore, it is necessary to carry out
an experimental analysis of the sedimentation rate in the waters
of the sinking site of the MV Boelongan Nederland (Ridwan 2015).
Hermon et al. (2022) add simulated tidal currents and their effects
on sediment distribution in the region of Mandeh Bay waters.
Therefore, it is important to research sediment accumulation and
seawater quality.

In the policy framework for managing underwater heritage,
the Regulation of the Minister of Maritime Affairs and Fisheries No.
28/2021 about “Organization of Marine Spatial Planning” mentions
the existence of a vision for the management of underwater
heritage in the future as stated in Law No. 17/2007 concerning
“the Development Plan’. Regional Long-Term Development Plan
(RLTDP), especially related to the 7th mission, namely “Making
Indonesia Become an Archipelagic State that is Independent,
Advanced, Strong, and Based on National Interest” by generating
maritime insight and culture (Ali and Sulistiyono, 2020; Safitri 2020).

The purpose of this research is to model the condition of
seawater quality based on Government Regulation No. 22/2021
about “Implementation of Protection and Environmental
Management”, the results of which can later be used as a basis for
reference for the concept of environmental conservation in region
of Mandeh Bay, Pesisir Selatan Regency - West Sumatra, Indonesia.
Meanwhile, the urgency of the research is as a basis for determining
the sustainability of the maritime conservation area by Regulation
of the Minister of Maritime Affairs and Fisheries No. 17/2008 about
"Conservation Areas of Coastal and Small Islands” to support
regional development in an integrated and sustainable manner.

METHODS

The research location is at the MV Boelongan Nederland
shipwreck, the estuary of the Mandeh River, and the Nyalo River in

Table 1. Forms of analysis for measuring physical, chemical, and pollutant seawater parameters and the tools used

Data results obtained
Parameter p " Unit Tool
types arameters nits Field Labor 0ols
results results
Degree of Acidity (pH) v Litmus Paper/Universal pH Paper
Physical Temperature °C v Water Quality Meter A|Z Instrument 8603 1: Digital
parameters Sampling System
of seawater Turbidity ntu YSI ProDSS: Digital Sampling System
Brightness m Secchi Disk: Standard for measuring water transparency
. Water Quality Meter AZ Instrument 8603 1:
Dissolved Oxygen (DO) mo/L v Multiparameter Meter with Optical DO Probe
Biological (()é%g[;n Demand mag/L v Hach HQ440D: Dual Input Multi-Parameter Meter
Chemical Salinity %o v Water Quality Meter AZ Instrument 8603 1: Digital
Sampling System
parameters
of seawater Nitrate (NO3-N) mg/L YSI ProDSS: Digital Sampling System
Ammonia (NH3-N) mag/L YSI ProDSS: Digital Sampling System
Phosphate (PO4-P) mag/L Hach DR3900: Spectrophotometer
Sulfide Compounds (H,S) mg/L Hach DR3900: Spectrophotometer
Phenol Compounds mag/L Agilent 78908 GC System: Gas Chromatography
Polyaromatic Hydrocarbons Agilent 7890B GC System with 59778 MSD: GC-MS
mag/L v
(PAH) System
. Agilent 7890B GC System with 59778 MSD: GC-MS
Pollutant Polychlor Biphenyl (PCB) mag/L v Systemn
parameters
of seawater SurfactanE(Biitergents)/ mg/L v/ Agilent 1260 Infinity Il LC: Liquid Chromatography
Oils and Fats mg/L v Agilent 7890B GC System: Gas Chromatography
Pesticides mg/L v Agilent 7890B GC Systseyrsr'wte\}/vr%th 5977B MSD: GC-MS
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the region of Mandeh Bay waters. The research was conducted in
the waters of the MV Boelongan Nederland shipwreck as a diving
tourism area. Purposive sampling, which considers various water
conditions and conditions thought to affect seawater quality,
determines the seawater quality measurement stations (Septiariva
and Suryawan, 2021; Brown et al. 2020; Isdianto and Luthfi, 2020).
Measurement/observation and laboratory testing for seawater
quality are shown in the following Table 1 below.

The results of this test of the seawater quality can have
an effect on the MV Boelongan Nederland sinking site, either
directly or indirectly. This is because of the conditions of the
seawater quality, especially the temperature, pH, and salinity.
This can be known sooner or later, as the metal hull of the ship
could be damaged by corrosion (Ridwan 2019).

The results can later be used as a basis for taking action to
reduce the corrosion rate of the sunken shipwreck as partof
the preservation efforts. The geographic information system
(GIS) software used in this study is ArcGIS Desktop 10.8 and
GAT software. The operating system used is Windows 10 on
a computer based on Intel® Core™ i5 Processor. One of the
advantages of ArcGIS software is that it provides a means for
customizing applications with the Avenue language (Kennedy
2013; Dewata and Putra, 2021; Putra et al. 2023). The avenue
script runs interpolation, changing the values for each created
interpolation model. For the Inverse Distance Weighted (IDW)
method, 8 simulations were carried out with the number of
samples. Meanwhile, for the IDW method, 13 simulations were
performed by changing the interval parameters, type, and
several samples. The resulting grid data has a resolution of 100
m, and the interpolated file size is about 277 kilobytes. Fig. 1
below provides more details.

RESULTS
Seawater Quality parameter values

Seawater quality parameters that can support research
in diving tourism areas are related to physical, chemical, and
pollution factors. The water area of the research site is often
used as a diving tourist destination, a stop for fishers, and is
famous for fishing. Since this water area has quite important
biological and non-biological resources, it is necessary to

100°220"E

100°24'0"E

carry out a series of sampling activities and measure seawater
quality conditions so that they can be implemented in case
of significant and negative changes in the environment and
seawater quality can be recognized and anticipated in time.
Seawater quality measurements are divided into physical,
chemical, and seawater pollution measurements. These
measurements are crucial to ensuring the sustainability of
marine life and the continued attractiveness of the area for
tourism and fishing activities. By monitoring the physical
properties, chemical composition, and potential pollutants
in the seawater, researchers can identify any shifts that might
affect the health of the marine ecosystem. The results of the
laboratory tests are presented in Table 2 below.

Results of IDW Interpolation for the Physical Parameters of
Seawater Quality

Physics of Seawater Quality for pH

From Table 2, it can be seen that the pH range at the
observation locations ranges from 7.12-7.61 using the Litmus
Paper/Universal pH Paper. The lower values tend to be closer
to the estuary (locations 2-3 and 4-5), while the pH values
increase towards the sea. This phenomenon aligns with the
findings of Hall et al. (2021), which observed a similar trend of
decreasing pH near freshwater inputs and estuarine regions.
This isbecause the estuary areas (the Mandeh River and
the Nyalo River) receive a higher supply of fresh water, thus
lowering the pH. The mixing of fresh and saltwater creates a
gradient, affecting the buffering capacity of seawater and its
ability to maintain pH stability (Christensen 2023). The research
by Hammer et al. (2014) showed that the closer to the sea,
the pH value usually has a pH of more than 8. The condition
of the pH value is caused by the influence of freshwater from
the river that reaches the location due to high precipitation
in June-July 2023, thereby increasing the volume of river
water. Additionally, the impact of rainfall and river water on pH
variation has been widely observed in tropical regions, where
high precipitation often leads to significant pH fluctuations in
coastal waters (Rahman et al. 2023). The pH range above the
observation locations in the research areais still the natural
pH of marine waters. It is known that the pH of the waters in
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Table 2. Values of seawater quality parameters from laboratory analysis
Quiality standards the Government Regulation No. 22/2021 Locations
No Parameter Unit
Biota Tourism 1 2-3 4-5
Physics
1 pH 7-8,59<0,2 unit of change pH 7-8,5@ 7,61 7,21 712
2 Temperature natural 3© natural*®© °C 30,3 29,1 29,1
3 Turbidity <5 5 ntu 42 6,2 6,5
coral: >5 <10% changes in the
4 Brightness euphotic depth of mangroves: <6 m 8 3 3
-seagrass: >3
Chemistry

1 DO >5>6 (>80-90% saturation) >5 mag/L 48 56 52
2 BOD 20 10 mag/L 3,67 2,72 242
3 Salinity natural?® natural® %o 333 322 329
4 NO,-N 0,008-0,002 0,008 mg/L 115 1,3 1.3

5 NH,-N 03 nothing| mg/L 0,05 01 0,11
6 PO,-P 0,015 0,015 mg/L 013 0,21 033
7 H,S 0,01 Pesticide (acrolein) = 0,0002 nothing' mg/L 0,005 0,05 0,09

Pollutants

1 Phenol Compound 0,002 nothing| mg/L 0,0035 | 0,0151 | 0,0239
2 PAH 0,003 0,003 mg/L ttd*) 0,0007 | 0,00111
3 PCB 0,01 nothing| mg/L ttd®) ttd*) ttd®)
4 (detSeLrJg;Er?tt)a/rI\]/ltBAS 1 0,001 mo/t 02 / /

5 Oil and fat 1 1 mg/L 0,305 0,823 0,959
6 Pesticide 0,01 nothingl(f) mg/L ttd®) 0,025 0,03

*) ttd = not detected

Indonesia ranges from 6.0 to 8.5. Government Regulation No.
22/2021 stipulates that the pH value for marine tourism is in
the range of 7-8.5 (Putra et al. 2023). The rise and fall of pH
are mainly influenced by freshwater input. Seawater can buffer
very large changes in pH to prevent changes in pH.

Physics of Seawater Quality for Temperature

The seawater temperature at the observation locations,
which ranged from 29.1-30.3°C using the Water Quality Meter
AZ Instrument 86031. This temperature value includes the
natural value in the seawater quality standard for marine biota
and marine tourism according to Government Regulation No.
22/2021, where the water temperature in Indonesia generally
ranges from 27-32°C (Junaidi et al. 2019). According to Tortell
(2005),temperature is one of the limiting factors for marine
ecosystems and biota, where temperature changes can
affect physical, chemical, and biological processes in water
bodies. Hemraj et al. (2023) found in similar research that
small temperature fluctuations can influence nutrient cycling
and the metabolic rates of marine organisms. An increase in
water temperature from the natural temperature range can
cause a decrease in the solubility of gases in water such as
0,, CO,, N,, and CH,. Judging from the measurement results

174

obtained, the water temperature is natural so that it does not
interfere with the ecosystem, the biota that lives in it, and the
preservation of the remains of the sinking ship. According to
Candra et al. (2024), stable sea temperatures within the natural
range help maintain biodiversity and the health of coral reefs,
which are crucial for supporting marine life in tropical regions.
Prarikeslan et al. (2020) added that high temperatures can
cause the death of marine biota, so an increase in temperature
from the threshold can disrupt the physiology of marine biota.
The vulnerability of marine species to temperature changes
is heightened in tropical ecosystems where many species are
already near their thermal tolerance limits (Beaty et al. 2019).
Temperatures in the ocean vary depending on depth, water
masscirculation, turbulence, geographical conditions, and
distance from heat sources such as underwater volcanoes. The
sea surface temperature is highly dependent on the amount
of heat it receives from the sun.

Physics of Seawater Quality for Turbidity

The measurement results had a turbidity range of 4.2
to 6.5 ntu at the observation locations. Turbidity ranges
between 0 and 4.2 mg/L using the YSI ProDSS. The further
into the river from the estuary, the higher the turbidity value,
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namely 6.2 mg/L. The turbidity value specified according
to Government Regulation No. 22/2021 for marine tourism
is 5 ntu and for marine biota is <5. The turbidity value is still
below the quality standard value threshold in Government
Regulation No. 22/2021, so it is still suitable for marine tourism
purposes. However, according to the research by Yi et al. (2024),
prolonged exposure to elevated turbidity levels, even if they are
within the regulatory limits, can still have detrimental effects on
marine organisms by reducing the light penetration necessary
for photosynthesis. In the research of Butler and Ford (2018),
turbidity and total dissolved solids (TDS) are interrelated:if the
TDS is high, the turbidity will be high and the brightness low.
This will affect the penetration of sunlight into the waters,
which then continues in the process of photosynthesis. The
research by Mills et al. (2023) also confirmed that high turbidity
can significantly reduce the photosynthetic efficiency of coral
reefs, impacting their resilience against environmental stressors.
The existing river flow, which empties into the observation
locations, produces the mixed sandy silt substrate that causes
the turbidity. . This causes high turbidity and sedimentation,
which can block the growth of marine life in the region's waters,
as well as the development of access revitalization connecting
roads in the observation locations. It has been noted by
Maclntosh et al. (2023) that increased sedimentation not only
harms marine flora and fauna but also disrupts the ecological
balance of coastal areas by altering habitats and nutrient cycles.
The mangroves at that location in the Mandeh Bay region have
transformed into built-up areas, specifically roads. The turbidity
also has a very large impact, especially the silting of the sea
surface.

100°21'0"E

100°240"E 100°27
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Physics of Seawater Quality for Brightness

The brightness level and visibility at the observation
locations ranged from 3-8 m using the Secchi Disk. This
variation in water brightness and visibility is most likely due to
the influence of sedimentation and tide times. The existence
of several rivers (Mandeh and Nyalo) that empties into the
observation locations will carry mud particles and wastes from
land to sea waters. At high tide, which is in the morning until
around 10 am, the brightness of the water is high because the
sediment from the river has not entered the sea, asitis held back
by the rising tide. The brightness level will decrease during the
day because, at low tide, there will be sediment input carried by
river water that enters the sea. This phenomenon is consistent
with the findings of Figueroa and Son (2024), which showed
that tidal cycles have a significant impact on water clarity,
especially in areas with high sediment influx from river sources.
For marine tourism, the quality standard value for brightness
is >6 m,according toGovernment Regulation No. 22/2021.
When brightness falls below this threshold, it can negatively
affect marine tourism activities, particularly those involving
snorkeling or diving, where water clarity is crucial for visibility
(Bakeretal.2019). Furthermore, sedimentation not only impacts
water clarity but also affects the health of benthic ecosystems,
as sediments can smother habitats and reduce light availability
for photosynthetic organisms like seagrass and corals (Ajwang
2024). The ongoing influx of sediments from rivers and the
resuspension caused by tidal movements create a fluctuating
environment that challenges both the marine ecosystem and
the tourism industry,which relieson clear waters.
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Based on the analysis of seawater quality’s physical
parameters, it is evident that factors such as pH, temperature,
turbidity, and brightness play a significant role in influencing
the marine environment at the observation sites. These
interconnected variables provide insight into the overall
health and suitability of the water for marine biota and tourism
activities. For more details, see Fig. 2 below for the distribution
of the value of physical parameters of seawater quality (pH,
temperature, turbidity, and brightness) at the observation
locations.

Results of IDW Interpolation for the Chemical Parameters of
Seawater Quality

Chemical of Seawater Quality for DO

The next parameter is DO, or dissolved oxygen, which
marine biota, including microorganisms, use for their
metabolismwhere this oxygen is then utilized by marine biota,
including microorganisms, for their metabolism (Davis 1975).
Under natural conditions, DO balance will be maintained
through a continuous process. However, human activities such
as agricultural runoff or wastewater discharge can introduce
excess nutrients into the water, leading to eutrophication,
which depletes dissolved oxygen levels over time (Dewata et
al. 2024). If there is a disturbance, such as the entry of excessive
organic matter, it will trigger an increase in microorganisms.
This riseis followed by an increase in the need for dissolved
oxygen. With a steady supply of oxygen but an increase in
demand, the amount of oxygen content will automatically
decrease. The ideal DO value for marine biota considered
good enough for marine tourism according to Government
Regulation No. 22/2021 is above 5 mg/L using the Water
Quality Meter AZ Instrument 86031. The DO values measured
at the observation sitesranged from 5.6 to 4.6 mg/L. This
means that the DO content in the research location is high
enough to support marine life and benefit marine tourism.
The research results by Yu et al. (2023) have indicated that DO
levels above 5 mg/L are typically sufficient to sustain diverse
marine ecosystems and prevent hypoxic conditions that can
harm marine organisms. The observation locations fall into
the lightly polluted category when compared to the pollution
criteria issued by Lee et al. (1978); Kenney et al. (2009) based on
DO. This classification suggests that while the water quality is
still relatively good, continuous monitoring and management
are needed to prevent further degradation that could affect

both marine biota and tourism activities. More details can be
seenin

Chemical of Seawater Quality for BOD

BOD, or biological oxygen demand, is the amount of
dissolved oxygen needed by marine microorganisms to oxidize
organic matter in water. This BOD value is usually used to see
the level of seawater quality degradation through a decrease
in dissolved oxygen levels (Jin et al. 2010). A high BOD indicates
that microorganisms use a lot of oxygen to break down organic
material. According to Lee et al. (2023), elevated BOD levels can
lead to oxygen depletion, which severely impacts aquatic life,
especially in areas with limited water circulation. BOD is usedto
determine the standard BOD level. According to Dasgupta and
Yildiz (2016), this BOD shows the dissolved oxygen level used
by microorganisms in breaking down organic material within
5 days in a certain volume of water at a temperature of 20°C.
According to Government Regulation No. 22/2021 for marine
biota,the highest BOD value specified is 20 mg/L,and for marine
tourism, it is10 mg/L. If this maximum limit is compared with
the measurement results, then the value in the observation
locations is still far below the value suggested by the Decree
of the Minister of Environment, which is in the range of 2.42-
3.67 mg/L using laboratory analysis with the Hach HQ440D.
These values indicate that the water quality is relatively good
and suitable for marine tourism and biota, as low BOD levels
reflect minimal organic pollution (Weis., 2023). However, the
observation locations fall into the lightly polluted category
when compared to the classification values of Lee et al. (1978);
Kenney et al. (2009), the observation locations are included in
the lightly polluted category. This suggests that while pollution
levels are low, continuous monitoring is necessary to ensure
that BOD levels remain within safe limits, especially as nearby
human activities increase. More details can be seen in Table 4
below.

Chemical of Seawater Quality for Salinity

The results of the measurement of salinity values tend
to show characteristics of seawater salinity that are not
affected by freshwater, although lower salinity is measured
at the estuary location. Salinity values ranged from 33.3-
32.2%o0 with successive values of 33.3 at location 1; 32.2
at location 2-3, and 329 at location 4-5 including the

Table 3. Seawater quality based on DO content

mag/L Status

>6,5 Not polluted until very lightly polluted
4,5-6,4 light polluted
2,0-44 Medium polluted

<2 heavy polluted

Source: (Lee et al. 1978; Kenney et al. 2009)

Table 4. Seawater quality based on BOD content

mag/L Status

>29 Not polluted until very lightly polluted
3,00-5,00 light polluted
5,10-14,90 Medium polluted

<15 heavy polluted

Source: (Lee et al. 1978; Kenney et al. 2009)
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impact of the revitalization of the connecting road access
in the research location using the Water Quality Meter AZ
Instrument 8603 1. Salinity describes the concentration of
the total ion contained in water with the main constituent
ions, such as sodium, potassium, magnesium, and chloride
(Millero 2013). Salinity will vary vertically and horizontally
depending on the input of freshwater, rainwater, and
evaporation. Research by Duan et al. (2018) highlights that
salinity variations are critical in influencing the distribution
and health of marine ecosystems, as sudden changes can
lead to stress in sensitive species. Salinity playsan important
role in marine organisms'livesas well asthe solubility of gases
in seawater. When compared with the standard value for
seawater quality for biota according to Government Regulation
No.22/2021, the pH range is still within normal limits for marine
life such as coral, seagrass, and mangroves. In terms of salinity,
some marine biota, such as mangroves, can adapt to very low
salinity conditions. Mangroves are known for their unique ability
to thrive in brackish water, making them highly adaptable to
fluctuating salinity levels (Meera et al. 2023). The salinity of coral
reef waters in Indonesia is generally 31%o. Where is the salinity
condition at the research location with a value of with a value
of 33.3%o is still natural salinity where salinity in Indonesian
marine waters generally ranges from 30-35%o.This meansthat
the salinity levels at the observation sitesare well within the
range thatlocal marine life can handle.This protects important
ecosystems like coral reefs and seagrass beds.

Chemical of Seawater Quality for NO3-N

NO,-N is a form of nitrogen compound that is important
for the metabolism of autotrophic organisms (Kamp et al.
2015). The formation of nitrate occurs through the oxidation of
ammonia compounds to nitrite, followed by the conversion of
nitrite to nitrate, a process commonly referred to as nitrification
(Pasmionka et al. 2021). The measured nitrate value in the
observation locations is 1.15-1.3 mg/L using the YSI ProDSS. The
highest value was measured at the mouth of the river, while
the lowest was at the research location. This demonstratesthe
impactof organic matter input from land to water. High
NO3-N levels, especially near river mouths, are often caused
by agricultural runoff or sewage discharge, which adds to
the amount of nutrientsin coastal waters (Jiang et al. 2023).
According to Government Regulation No. 22/2021, the NO,-N
value is 0.008 mg/L. This discrepancy suggests that the NO,-N
levels in the observation locations are significantly higher than
the threshold, potentially indicating nutrient pollution that
could lead to eutrophication if left unmanaged. Elevated NO,-N
levels can lead to excessive growth of algae, which depletes
oxygen and disrupts marine ecosystems. Nutrient pollution
from sources such as agriculture and urban runoff is a growing
concern in many coastal regions, as highlighted by Rothig et al.
(2023), where long-term accumulation of nutrients has led to
detrimental effects on water quality and biodiversity.

Chemical of Seawater Quality for NH -N

In addition to NO,-N, NH-N is also a typeof nitrogen
compound found in the sea. NH,-N is formed from the fixation
of nitrogen gas and ammonification of organic nitrogen during
the decomposition process of organic matter. In addition,
NH,-N comes from the secretions of organisms as well as the
input of organic waste from land (domestic waste, industry,
and fertilizers). This form of nitrogen is particularly relevant in
coastal ecosystems, where nutrient-rich runoff from agriculture
and urban areas contributes to elevated NH3-N levels, leading
to potential eutrophication (Sarma and Kumar, 2024). NO,-N
is toxic to marine biota because it interferes with the process

of binding oxygen in the blood (Sdnchez et al. 2017). The
maximum limit value of NH_-N for marine biota according to
Government Regulation No. 22/2021 is 0.3 mg/L. The value of
the measurement results in the research location showed that
the NH,-N level was at a low level with a range of 0.05-0.12 mg/L
using the YSI ProDSS. These levels are well below the regulatory
threshold, indicating that the waters in the research location
are still safe for marine organisms and do not pose a significant
risk of toxicity (Luo et al. 2023). Thus, the levels of NH-N in the
research location are not toxic to the existing biota. However, it
is essential to continue monitoring NH.-N levels, as prolonged
exposure to even low levels of NH_-N can lead to chronic stress
in sensitive marine species, potentially affecting biodiversity
and ecosystem health.

Chemical of Seawater Quality for PO -P

One form of PO,-P compound that exists in water is
orthophosphate. Phosphate playsan important role in
the metabolic process of biota through the process of
protein formation and energy transfer (Hamal et al. 2024).
Orthophosphate is a vital nutrient for marine organisms, as
it plays a key role in cell growth, reproduction, and overall
ecosystem productivity. But when present in excess, it can
lead to serious ecological imbalances, particularly in coastal
areas (Devlin and Brodie, 2023).According to the Ministry of
Environment, 0.015 mg/L is a good PO,-P content for marine
biota. This highconcentration suggests not only the influence
of external pollutants, but also a potential risk of long-term
ecological degradation if these inputs continue unchecked.
The measured PO,-P value in the research location is above the
value set according to Government Regulation No. 22/2021
in the range of 0.13-0.35 mg/L using laboratory analysis with
the Hach DR3900: Spectrophotometer. This indicates the useof
industrial waste or agricultural runoff as fertilizer. Such inputs
are often associated with nutrient pollution, where excess
phosphorus, along with nitrogen compounds, can significantly
alter water quality (Devlin and Brodie, 2023). High levels ofPO4—P
in the waters can trigger eutrophication. This process leads to
overgrowth of algae, which blocks sunlight and diminishes
oxygen levels, creating dead zones that are inhospitable to
most marine life. If left unmanaged, this condition could result
in hypoxic zones, severely impacting marine biodiversity and
threatening local fisheriesIn the long term, such nutrient
pollution can also lead to changes in species composition,
favoring those that can tolerate lower oxygen levels and
reducing the overall resilience of marine ecosystems.

Chemical of Seawater Quality for H,S

H,S in water are usually the result of anaerobic bacterial
respiration in addition to methane (CH,). Anaerobic bacteria
increase when there is a decrease in DO in the water, which
causes a decrease in aerobic bacteria. Like aerobic bacteria,
anaerobic bacteria also break down organic components
in the absence of oxygen (Dhanaraj 2024). This process
typically occurs in nutrient-rich environments where organic
matter accumulates and depletes oxygen, creating favorable
conditions for anaerobic activity. The presence of HS is a
key indicator of hypoxic or anoxic conditions in aquatic
environments, often signaling significant organic pollution and
low oxygen levels (Hao et al. 2023). The H2S is not only toxic to
marine organisms but also contributes to the characteristic foul
odor in stagnant or polluted water bodies, further emphasizing
its role as a sign of water quality deterioration. According to
Government Regulation No. 22/2021, the recommended H.S
valueis 0.01 mg/L.The H.S content in the region of Mandeh Bay
waters ranges from 0.005-0.09 mg/L using laboratory analysis
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with the Hach DR3900: Spectrophotometer. High H.S levels
were measured at two locations in the estuary with values of
0.05 mg/L and 0.09 mg/L, respectively, indicating localized
areas of potential concern, particularly near sources of nutrient
runoff or organic matter deposits. Two other locations, some
distance from the estuary, have low levels of H S. Elevated levels
of H.S can be harmful to marine life, particularly in estuarine
areas where nutrient loading and organic matter accumulation
are more common (Bastami et al. 2023). This condition, if left
unaddressed, could lead to severe ecological disturbances,
including fish kills and the degradation of benthic habitats.
Long-term monitoring and management efforts are essential
to mitigate the effects of H,S and improve water quality in such
vulnerable areas.

After analyzing several chemical parameters affecting
seawater quality at the observation locations, including
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DO,BOD, salinity, NO3-N, NH,-N, PO,-P, and H.S, we can
conclude that the water quality in the area is still relatively
good to support marine life and tourism activities. However,
the elevated levels of certain parameters, such asNO_,-N and
PO,-P, indicate the influence of agricultural and industrial
runoff, which could potentially trigger eutrophication if not
properly managed. Similarly, the higher H.S values at the
estuary locations suggest anaerobic processes driven by
elevated organic matter content. Continuous monitoring
is essential to maintain the ecological balance and prevent
further environmental degradation due to changes
in these chemical parameters. Fig. 3 below provides a
detaileddistribution of the value of chemical parameters
of seawater quality (DO,BOD, salinity, NO,-N, NH-N, PO,-P,
andH,S) at the observation sites.
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Fig. 3. Map of IDW interpolation for chemical parameters of seawater quality:1) DO; 2) BODs; 3) salinity;
4) NO,-N; 5) NH.-N; 6) PO,-P; and 7) H,S of seawater in region of Mandeh Bay waters

Table 5. Seawater quality standards for marine biota

Parameters Unit Quality standards
Phenol Compound mg/L 0,002
PAH mg/L 0,003
PCB mg/L (ppm) 0,01
Surfactant (detergent)/MBAS mg/L 1
Oil and fat mag/L 1
Pesticide mg/L (ppm) 0,01
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Results of Pollutant Parameters of Seawater Quality

Some of the water pollutants that are often used as
indicators of seawater quality are phenol compounds, PAH,
PCB, surfactants (detergents), oils and fats, and pesticides. For
the threshold value, the Minister of Environment'sDecreehas
determined the quality standard value. More details can be
seen in Table 5 below.

Phenol compounds, also known as carbolic acid or
benzenol, are aromatic hydrocarbon compounds that
are acidic and toxic. This compound is widely used in
industry, both as a base material and as a material needed
in the production process (Stich 1991). An example of
the use of phenol is in the pharmaceutical industry, such
as for antiseptics, aspirin drugs, and so on. The remaining
compounds from industrial products can be transported
into the water. These compounds are easily soluble in
water, which can reduce seawater quality. The compound
hasnegativeeffects on health issuessuch as lung, kidney,
liver function, and cancer-causing substances.

The range of phenolic compounds at the sampling
location was from the smallest to 0.0035 mg/L at location
1,0.0151 mg/L at location; 0.0153 mg/L at location 2; and
0.0239 at location 3 using laboratory analysis with the Agilent
7890B GC System: Gas Chromatography. Compared to the
quality standard value, the highest content of phenolic
compounds at location 1 already exceeded the threshold
value of 0.002 mg/L. Other water pollutants are known as
PAH and PCB. PAHs are a large group of compounds that
have many aromatic rings in their structure. Examples of
PAH compounds include naphthalene, fluorene, pyrene, and
others. These compounds are toxic, carcinogenic, or cancer-
causing. Sources of PAH compound pollution are usually
from industry, motor vehicles, or oil spills from transport
ships and oil refineries. In the observation locations, no PCB
compounds were identified, while the PAH was measured
to be very low with a range of 0.0007 mg/L at location 2
and 0.00111 mg/L at location 3 using laboratory analysis
with the Agilent 7890B GC System with 5977B MSD: GC-
MS System. Even at location 1 (shipwreck), PAH was not
identified. This value is very low when compared to the
Minister of Environment’s Decree’squality standard value of
0.003 mg/L.

Surfactants are chemical compounds that are widely
usedindetergents orothercleaningagents. The composition
of surfactants can reach 15-40% of the total material used.
Besides being able to damage the skin, this compound also
has a carcinogenic effect. In waters, high concentrations
of detergents can cause eutrophication. The amount of
surfactant (detergent) in the observation sites was 0.2 mg/L
at sites 1, 2, and 3. This was found using the Agilent 1260
Infinity Il LC: Liquid Chromatography in a laboratory. The
detergent concentration was much higher than the quality
standard value. This suggeststhat there is pollution in the
estuary that comes from the mainland. Meanwhile, the oil
and fat content in the observation locations is 0.305 mg/L,
respectively, atlocation 1;0.823 mg/L atlocation 2; and 0.959
mg/L at location 3,according tolaboratory analysis with the
Agilent 7890B GC System: Gas Chromatography. At location
3,the concentration was almost the same as the quality
standard value. Using laboratory analysis with the Agilent
7890B GC System and the 5977B MSD: GC-MS System, the
pesticide content was 0.025 mg/L in location 2, respectively;
and 0.03 mg/L at location 3 using laboratory analysis. Apart
from site1, all locations had higher pesticide content than
the quality standard.

DISCUSSIONS

According tothe description above, seawater quality lower
in estuary locations than in locations further away from estuary
areas. The value of the content of several pollutants shows
that the estuary location is lightly polluted. This indicates
the input of water pollutants from the mainland through
river water to the sea. The measurements and analysis of
hydrological conditions reveal that the average temperature,
average salinity, DO, PO,-P, NO,-N, pH, and brightness at the
observation locations remain relatively suitable for various
purposes,adhering to the criteria outlined in Government
Regulation No. 22/2021. In general, the seawater quality
conditions (brightness, pH, and temperature) at the wreck site
of the observation locations do not indicate extreme natural
conditions that could lead to rapid weathering or chemical
destruction of the sinking site. Until now, Indonesia has not
developed a zoning system that can be used as a guideline
to clarify the potential land use of an area or area for the
development of historical heritage sites (e.g., shipwrecks) for
the development of marine tourism.

Shipwrecks, like the renowned Liberty Wreck in
Tulamben, Bali, are captivating sites for diving enthusiasts,
serving as prime attractions for diving tourism. These
submerged relics typically serve as focal points for marine
biodiversity, fostering vibrant and distinct ecosystems akin
to artificial reefs. According to Paxton et al. (2023), shipwrecks
contribute significantly to the proliferation of marine life,
offering habitat complexity that supports a diverse range
of species. This ecological role enhances the attractiveness
of shipwrecks for divers and researchers alike, as these sites
not only provide thrilling underwater experiences but also
offer unique opportunities for studying marine ecosystems
in artificially created environments. Moreover, shipwrecks are
increasingly recognized for their cultural and historical value,
serving as underwater time capsules that preserve artifacts
and structures from past eras. Tzanakis (2024) highlights
that these sunken vessels have the potential to evolve into
underwater museums, offering recreational excursions while
simultaneously serving as educational platforms. This dual
role is crucial in promoting the conservation of underwater
cultural heritage, as noted by Brooks et al. (2023), who argue
that the integration of cultural heritage preservation with
tourism can lead to sustainable management practices that
benefit both the environment and local communities.

In addition to their ecological and cultural significance,
shipwrecks also contribute to the economic development
of coastal regions. The tourism revenue generated by diving
activities around shipwrecks can provide substantial financial
support for local economies. As Islami (2024) discusses, the
economic impact of shipwreck tourism extends beyond direct
income, as it also fosters the development of related industries,
such as hospitality, guiding services, and marine conservation
initiatives. Furthermore, the potential of shipwrecks as training
venues for aspiring divers cannot be understated. Shipwrecks
offer unique challenges and learning opportunities that are
essential for developing advanced diving skills. According to
Ababneh (2024), training in shipwreck environments enhances
divers' proficiency in navigation, buoyancy control, and
underwater problem-solving, making these sites invaluable
for both recreational and professional diver training programs.
Overall, shipwrecks are multifaceted assets that contribute to
marine biodiversity, cultural heritage preservation, economic
growth, and diver education. The integration of these aspects
into a cohesive management strategy, as suggested by
Barianaki et al. (2024), can ensure that shipwrecks continue
to provide ecological, cultural, and economic benefits while
promoting sustainable tourism practices.
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CONCLUSIONS

Conclusions from research results regarding seawater
quality in diving tourism areas include physical, chemical,
and water pollutants, namely: 1) the pH ranged from 7.12
to 7.61, with lower values near estuaries due to higher
freshwater input. Despite fluctuations, the pH remains
within the natural range for marine waters in Indonesia; 2)
temperature ranged from 29.1 to 30.3°C, falling within the
acceptable range for marine biota and tourism activities
according to environmental standards; 3) turbidity ranged
from4.2t06.5 ntu, with values below the quality standard for
marine tourism. However, increased turbidity near estuaries
poses challenges to marine life due to sedimentation;
4) DO ranged from 4.6 to 5.6 mg/L, indicating adequate
oxygen levels to support marine life and tourism activities.
The locations fall within the lightly polluted category
based on DO criteria; 5) BOD ranged from 2.42 and 3.67
mg/L, indicating relatively low levels and falling within
acceptable limits for marine biota and tourism; 6) Salinity
ranged from 32.2 to 33.3%o, with variations influenced by
freshwater input but remaining suitable for marine life; 7)
NO,-N ranged from 1.15 to 1.3 mg/L, while NH*-N ranged
from 0.05 to 0.12 mg/L, both within acceptable ranges
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ABSTRACT. Assessment of urban green infrastructure is a task of strategic planning and tactical implementation of decisions
taken in the context of sustainable development of urban territories. One of the directions of such an assessment is to
identify instances of land misuse within cities'public green areas. It reflects the legal fairness of the use of urban green spaces,
but currently has a weak scientific justification. Therefore, it is pertinent to develop a methodology for evaluating urban green
infrastructure in order to pinpoint areas with inappropriate usage Critical analysis and synthesis allowed us to justify the
assessment of the misuse of land within urban green zones as an equal element of the urban green infrastructure assessment
system. A geospatial database was created to assess public green spaces. Using the results of remote sensing of territories, as
well as the «boxplot» method in combination with the Python programming, the NDVI was calculated, and a classification of
vegetation elements and artificial objects located within public green spaces in cities was carried out. Based on the obtained
classification categories, a mechanism for identifying «green» areas with misuse of land was proposed, and a list of public
green areas with similar violations in St. Petersburg was determined. The practical results of the study include: technology
for assessing urban green infrastructure to identify public green spaces with misuse; geospatial databases of public green
spaces for St. Petersburg; identified public green spaces with obvious violations of their use, including unauthorized parking,
littering, sand dumps, unauthorized placement of industrial, warehouse, retail, transport, or other non-recreational facilities
within the boundaries of PGS, vehicle collisions with «green» areas; erroneous inclusion of residential buildings and adjacent
courtyards, non-residential facilities, as well as organized parking spaces within PGS's boundaries.
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INTRODUCTION The global community’s experience in assessing UGS
is extensive and relates to the various ecosystem services
Urban green spaces (UGS) are a natural and ecological ~ provided by green spaces. Several enlarged groups can
basis of urbanized areas, play a key role in the formation help identify the main areas of urban green infrastructure
of a sustainable environment, and perform a number assessment.
of significant functions: ecological, which includes

environment-forming, sanitary-hygienic, environmental, UGS spatial accessibility
protective (barrier); aesthetic, including decorative and
architectural; recreational; transit; specialized; engineering To assess the quality of public green spaces, taking into

and technical (Ma et al. 2019; Vidal et al. 2022; Jian and Yang account spatial differentiation, Stessens et al. developed
2024). UGS ecosystem services, as a consequence of these  a GlS-based proximity sub-model based on the concept
functions, provoke socio-economic transformations of  of theoretical functional levels (TFL), as well as a quality
the urban environment (Gagarina 2023). For example, the  model based on the example of Brussels (Stessens et al.
availability and quality of UGS affect the value of real estate  2017). The authors understand classification by theoretical
in cities by increasing the attractiveness and psychological ~ functional levels, where green spaces of a certain size have
comfort of territories, reducing noise pollution, and  a specific radius of attraction for the population. Together,
improving the microclimate (Bykowa et.al. 2024). Assessing ~ these models make it possible to assess which TFLs and
the potential of multifunctional green infrastructure is an  what level of green space quality is available to residents of
crucial strategic task for environmental protection, socio-  each city block in Brussels.

economic development, and spatial planning in the region Schindler et al. used a survey of respondents in Brussels,
, considering the concept of sustainable development  Luxembourg, and Rouen to create models of the spatial
(Cherepovitsyn et al. 2021), an integrated ecosystem movement of respondents from their place of residence
approach, and the promotion of social and environmental  to their preferred urban green space. Models are classified
justice (Enssle and Kabisch 2020; Klimanova et al. 2022;  as centrifugal and centripetal based on their type of use.
Skachkova and Guryeva 2023). It is also concluded that the size of UGS has little effect
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on the distance respondents travel to them. Accordingly,
the size of the landscaping does not affect the choice of
a recreation place by residents. Residents can travel to
the popular UGS not the standard distance of 300-500 m
but 1.4-1.9 km (Schindler et al. 2022). Work by Jang et al. is
devoted to the development of an index of urban green
spaces accessibility, which shows the features of the green
spaces'distribution at the citywide or local level (Jang et al.
2020).

Many researchers write in their publications about
the well-known “3-30-300" concept (Schindler et al. 2022;
Rakhmatullina et al. 2023; Browning et al. 2024), which
provides three rules. Firstly, every resident should be
able to see at least three trees from their home. This fact
has a positive impact on mental health and well-being.
Secondly, every urban area must have 30 percent tree
canopy coverage. Barcelona, Bristol, Seattle, Canberra, and
Vancouver, forexample, set this goal forthemselves'. Thirdly,
a maximum distance of 300 m to the nearest green area
must be maintained. This distance appears in many studies
(Rakhmatullina et al. 2023; Bolkaner and Asilsoy 2023).
Russian legislation normalizes the radius of public green
area accessibility: for multi-storey residential buildings, 400
m; for low-rise residential buildings, 800 m (Set of rules
476.1325800.2020). These indicators correspond to a time
interval of 5-10 minutes and correlate with the Chinese
concept of “city in 15 minutes’, ‘city in 10 minutes”and “city
in 5 minutes” (Luo et al. 2022).

Residents’ provision of UGS

Usually, the green spaces provision of the population,
including public green spaces, is characterized by the
‘green area per inhabitant” indicator (Grunewald et al.
2019).The World Health Organization defines the maximum
parameters for the green space provision per person: the
minimum value is 9 m?, the optimal value is 50 m? However,
green space provision varies greatly across countries. For
example, in Belgium, Australia, and Germany the provision
reaches 200 m? per person, while for Spain and Macedonia
the indicator is only 4 m? (Pouya and Aghlmand 2022). For
Russian cities, minimum standards for providing green space
to the population have been established. For St. Petersburg,
these parameters vary from 6 to 18 m? depending on the
administrative region.

This direction of urban green infrastructure assessment
has a qualitative component and may include alternative
studies in various aspects: studying the relationship
between the green space amount and the mental well-
being of children of different ethnicities (McEachan et al.
2018), as well as indicators of the residents’ health (general
poor health, depression, severe mental illness, etc.) (Mears
et al. 2020).

Assessment of the ecological state of green spaces

Assessment of the ecological state of the urban
environment includes studies of soil and vegetation cover.
Cover is “an integral indicator of environmental well-being
and at the same time a potential source of secondary
pollution of the natural environment” (Pashkevich et al.
2020; Mityakova et al. 2023). During this assessment, an
individual assessment of trees can be carried out according
to a set of dendrometric indicators on trial plots; the state
of different types of vegetation (trees, shrubs, flower beds,

lawns)isdetermined,as well asascore (coefficient, category)
of the ecological state of public green spaces (Shchasnaya
and Rondak 2024). The remote sensing approach is also
popular for assessing the environmental quality of cities.
Giofandi et al. used four indices (NDBI - Build-up Index,
NDSI - Soil Index, SAVI - Vegetation Index, NDNI - Moisture
Index) and revealed an environmental quality decrease of
Pekanbaru city (Riau province, Indonesia) (Giofandi et al.
2024).

Environmental inequality assessment

The concept of environmental justice asserts that
all people have the right to benefit from the UGS barrier
function (e.g., protection from noise, vibration, pollution)
as well as other UGS ecosystem services. Environmental
inequality refers to the link between environmental quality
and social class divisions. Environmental stratification
suggests an uneven distribution of UGS among urban
residents. At the same time, the UGS quality varies
depending on the socioeconomic status of residents,
which means that areas with high incomes tend to have
higher qualitative and quantitative indicators of greening
(Luo et al. 2022; Wang et al. 2021; Kurniawan 2023). A study
by Nesbitt et al. in this area also shows that, in addition
to population income, a strong correlation is observed
between the presence of higher education among
residents and the distribution of urban vegetation (Nesbitt
etal. 2019).

However, the results of Chinese colleagues are
discordant with the above conclusions, saying that “the
provision of green space does not strongly discriminate
against people’s socioeconomic levels in China” High
levels of vegetation quality may apply to different social
groups (including migrants and marginalized groups) (Wu
et al. 2022). Tehran Research (Iran) shows an intermediate
result: areas with higher socioeconomic status in Tehran
receive more ecosystem services from UGS. However,
in underdeveloped areas, a similar trend is observed
(Roodsari and Hoseini 2022). The Paris study is devoted
to the relationship between social inequality and the
availability of green spaces using the example of Paris (lle-
de-France region). Again, this is an environmental justice
concept that raises the issue that in many cities, access to
green space is stratified by income and ethnicity (Liotta et
al. 2020).

Aesthetic assessment of green spaces (assessment of
attractiveness / comfort)

This type of assessment can be carried out in different
directions. Brindley et al. consider the cleanliness of
greenspace. Their unsatisfactory level negatively has a
negative impact on the health of nearby residents. The
authors see possible reasons for this in psychological
discomfort, which prevents people to visit green spaces
and to receive required ecosystem services (Brindley et
al. 2019). Stessens et al. investigate the biological value,
land cover composition, area, and form of green spaces as
key indicators of the quality of public green spaces (PGS),
a measure of visitor perception. How people perceive
green spaces and their quality is relevant for urban area
management purposes (Stessens et al. 2020).

The above list of assessment aspects is not exhaustive.
For example, Kuklina et al. assessed green spaces according

"' C. Konijnendijk van den Bosch (2021). Promoting health and wellbeing through urban forests — Introducing the 3-30-300 rule. [online] The [UCN
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to the criterion of urban sustainability in the Arctic (Nadym,
Russia) (Kuklina et al. 2021). The Klimanova's study includes
the assessment of ecosystem services (Klimanova et al.
2021). In particular, the ecosystem service associated with
air purification, taking into account the absorption capacity
of trees by a method developed for cities in Canada and
America using the iTree tool, is of interest (Nowak et al.
2018). Works devoted to urban heat islands are also related
to the assessment of urban infrastructure from the point
of view of microclimate regulation by UGS (Kirschner et al.
2023; Murtinova et al. 2024; Pan et al. 2023).

Our study contributes to assessments related to the
legal regime of the public green areas used in cities. The
misuse placement of objects in public green areas that
do not comply with legally established regulations and
requirements forcibly reduces urban “green zones” The
issue of their preservation, as noted by Klimanova, “is a hot
topic among decision-makers and citizens in the largest
cities” (Klimanova et al. 2021). It is extremely important that
“gray” spaces, which include "anthropogenic, sealed, non-
permeable, paved surfaces made of asphalt, concrete, and
other durable materials’, did not suppress “green”and “blue”
spaces in the urbanization processes (Noszczyk 2023).

Unfortunately, there are very few scientific works
devoted to the assessment of misuse of public green spaces
in cities. These studies are often associated with socio-
legal research. A particular example is “green” criminology,
which raises issues of environmental damage due to
criminal actions of citizens, companies, authorities and
their representatives. The “green crime”reason is the desire
to achieve economic gain, as well as the undeveloped
environmental consciousness of citizens (Ignjatovi¢ 2023).

According to Russian legal practice the following
violations as typical of the green infrastructure use
regime: illegal formation and disposal of land plots;
illegal construction; illegal extraction of natural resources.
Often, these violations are recorded in the field of use
and protection of specially protected natural areas
(Berdinskikh 2021). Environmental prosecutors identify
more than 3,000 violations in protected areas’ territories
every year. Government and administrative bodies, as well
as citizens and legal entities, violate the law. (Solovyeva
et al. 2020). For example, at present (2024), the Russian
Investigative Committee is conducting a procedural
check regarding the illegal construction of a large sports
facility on the territory of the landscape park “Krylatskie
Hills” (part of the regional specially protected natural area
“Natural and Historical Park “Moskvoretsky”, Moscow)?.
In 2017, a criminal case was opened in St. Petersburg
regarding illegal construction on the territory of the
Gladyshevsky nature reserve®. Unauthorized construction
of a cottage village was discovered on the territory of the
state natural landscape reserve “Baidarsky” (Rezervnoye
village, Sevastopol)*. Unfortunately, there are many similar
examples throughout Russia. Moreover, such actions
lead to both the degradation of the ecosystem and the
inability of the green infrastructure to perform ecosystem
functions. In particular, illegal actions lead to limited
physical access to those green areas that are public by
status and, accordingly, have open access. PGS may also be
inaccessible due to erroneous decisions made by officials,

as well as insufficient social support for the preservation of
green spaces (Biernacka and Kronenberg 2019).

To suppress violations related to the organization
of unauthorized parking in green areas, control and
supervisory measures are carried out in Russia (as part
of municipal control in the field of improvement in
accordance with the Federal Law of July 31, 2020 No 248-
FZ "On State Control (Supervision) and Municipal Control
in Russian federation”). These events, which take the form
of raids and on-site inspections, involve the examination
of the planned territory. The choice of the survey area may
be planned or justified by residents’ complaints. However,
the residents do not always have an active civil legal
position, so control and supervisory measures may not be
comprehensive and may not reflect the full scale of the
problem. Accordingly, itis necessary tointroduce additional
technologies that allow automatic or semi-automatic
assessment of the urban area and then carry out a control
and surveillance raid. Spiridonov notes that promising
ways to improve control and supervisory activities are the
introduction of remote control technologies using services
that allow “to use modern digitalization achievements
to increase the efficiency and convenience of practical
control (supervision)” (Spiridonov 2023). For complex
spatiotemporal analysis, it is necessary to use modern
geographic information systems, among which QGIS is
currently the leader (Stessens et al. 2017; Tempa et al. 2024:
Baltyzhakova and Romanchikov 2021).

Summarizing the scientific review, a system of
assessment of urban green infrastructure is proposed. It is
based on the global concept of sustainable development
(Gagarina 2023; Pashkevich and Danilov 2023) (Fig. 1). It
is obvious that legal justice, which involves assessment
of urban green infrastructure based on its (legal) illegal
use, as well as social provision, environmental stability,
and economic efficiency, should become a mandatory
element of the sustainable development concept of urban
areas. In this regard, the goal of this study was formulated:
to develop a methodology for assessing urban green
infrastructure in order to identify green areas that are not
being used for their legal purpose.

MATERIALS AND METHODS
St. Petersburg green fund

St. Petersburg is a million-plus city of federal
significance, the second most populous city in Russia, and
the largest cultural, economic, scientific, and transport
center. Itis located (Fig. 2) in the north-west of the Russian
Federation (59°57' N, 30019’ E), its area is more than 14
thousand km2; the population is 5.5 million people. St.
Petersburg’'s administrative-territorial division is made up
of 18 administrative districts.

The city’s green fund includes a system of green areas
that perform various functions:

1. Public green space territories are green areas used
for recreational purposes by an unlimited number of
people. They are divided into three categories: citywide
significance, local significance, and landscaping reserve.
The main difference between these groups is which
department they belong to: activities of the first and third

?Borisova V. and Bondarev D. (2024) Development of the Krylatskie Hills Park in the Krylatskoye District: Residents came to a meeting with State
Duma Deputy Dmitry Kuznetsov over the improvement of the Krylatskie Hills. Available at: https.//msk1.ru/text/gorod/2024/08/20/73983644/?ys

clid=mO02rr75b5398485376.

*An attempt to build in the Gladyshevsky nature reserve resulted in a criminal case. (2017). Available at: https.//www.fontanka.ru/2017/03/13/1

02/?ysclid=m02sfg84vh566552018.

“Khruleva I. (2023) An illegal cottage village was found in the reserve «Baidarsky». Available at: https.//sevastopol.press/2023/11/30/v-zakaznike-
bajdarskij-nashli-nezakonnyj-kottedzhnyj-poselok/?ysclid=m02t34vplh 184460060.
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SUSTAINABLE
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INFRASTRUCTURE

i
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Fig. 1. System of urban green infrastructure assessment as part of the sustainable development concept of urban areas
(compiled by the author): GS - green spaces
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categories are provided by the St. Petersburg authorized
executive body of state power; green territories with local
significance are managed by the local authorities of intra-
city municipalities of the city; landscaping reserves are
undeveloped areas potentially intended for landscaping.

2. Special-purpose green areas are intended for
landscaping areas with special use conditions and perform
the function of protective landscaping.

3. Green territories with limited use - these land plots
are owned by St. Petersburg, and access to green spaces
on them may be restricted by the copyright holder.

4. Protected forest areas include urban forests and
forest park areas within the city boundaries.

5. Specially protected natural areas (SPNA) within the
borders of St. Petersburg.
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The author’s research is devoted to the analysis and
assessment of the first group of territories, which are
further designated as territory of PGS or PGS.

As of 01/05/2024, the St. Petersburg PGS has an area
of 8,383.4 ha, including citywide significance PGS - 6,078.0
ha, local significance PGS - 1,843.4 ha, landscaping reserve
PGS - 462.0 ha (St-Petersburg Law dated 10/08/2007 No.
430-85 "On public green spaces”). The distribution of PGS
by the city administrative districts is presented in Fig. 3, 4.

PGS are represented by parks, gardens, squares,
boulevards, alleys and forest parks (Table 1).

In the PGS system, public gardens predominate in
number, and their area often does not exceed 1 ha. This
indicates the fragmentation of the city's green fund - a
negative anthropogenic process associated with the

602 19,3

I

1282 10,2

139,4
I

o = urban significance PGS, ha

= |ocal significance PGS, ha

5,6

® landscaping reserve PGS, ha
131,8 15,0

167,1

1913
175,7 3,9

Fig. 3. PGS area of St. Petersburg administrative districts (ha) as of 02/01/2024 (compiled by the author)
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Symbols

Bl urban significance PGS
1 local significance PGS
I landscaping reserve PGS

it T B

Fig. 4. PGS system of St. Petersburg: citywide significance, local significance, and landscaping reserve
(compiled by the author)
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Table 1. Distribution of St. Petersburg PGS by landscaping objects (compiled by the author)
Parks Gardens Squares Boulevards Alleys Forest parks SUM
PGS category
in the numerator — area, ha; in the denominator — quantity, units
citywide 3671.7 485.1 1400.7 344.8 19 173.8 6078.0
significance 95 138 1688 134 1 1 2057
local significance 66 95 18243 100 20 9 18434
9 2 1 5604 11 2 0 5620
landscaping 124.3 0 2436 35 0 90.5 462.0
reserve 7 0 79 3 0 1 90
TOTAL 38026 485.6 34685 3583 39 2643 83834
104 139 7371 148 3 2 7767

destruction of continuous habitat. Reducing the average
area of green areas increases their permeability and
sensitivity to degradation and also increases environmental
pressure on these spaces (Nasehi and Namin 2020;
Nazombe and Nambazo 2023).

Creation of a geospatial database of St. Petersburg PGS
using QGIS

The creation of a geospatial database, as the best way to
systematize and visualize semantic and spatial data (Kolesnik
et al. 2022), was carried out in the free cross-platform
geographic information system Quantum GIS 3.34.0. The
project coordinate system was adopted as WGS 84.

For the purposes of the study, a Sentinel-2
multispectral image (the European Space Agency (ESA))
was used. Image resolution is 10 m, and image coverage
is the territory of St. Petersburg as of June 15, 2023
(image ID: S2B_MSIL2A_20230615T092559_N0509_R136_
T35VPG_20230615T120159). Cloud cover was less than
3%. Such images are widely used to assess vegetation by
researchers around the world (Wu et al. 2023; Giuliani et al.
2021). The image was processed at level 2A; accordingly,
radiometric, geometric, and atmospheric corrections were
performed for it. The summer survey season is justified by
the active growing season of plants, which is necessary
to determine the normalized difference vegetation index
(NDVI). The earliest reference to the use of NDVI is given in
the study by Rouse et al. (Rouse et al. 1974).

At the first stage, two raster layers BO4 and B0O8 were
loaded into the GIS project, corresponding to the red (Red)
and infrared (NIR) spectral channels.

The QGIS raster calculator (Toolbar - Data Analysis -
Raster Analysis - Raster Calculator) allowed us to calculate
the NDVI (Eq.(1)), which is based on the unique spectral
response of anthropogenic objects, vegetation, and water
bodies (Kumar et al. 2023; Jin et al. 2024):

P nir ~ P RED
NDVI=| —m8

Pnirt P RreD

where:
o~ reflection in the near-infrared region of the spectrum
(spectral channel BO8); p,,~ reflection in the red (visible)
region of the spectrum (spectral channel B04).

The second stage involved using QGIS to download
data from the Regional Geographic Information System of
St. Petersburg®. A new connection to the RGIS server was
created by adding the WFS layer, which made it possible
to add to the GIS project a layer of PGS boundaries in St.

5 https.//rgis.spb.ru/
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Petersburg, as well as layers of cadastral districts and blocks
in vector form. The attribute information of the PGS layer
encompasses the administrative district where the PGS is
situated, its legal PGS number, its name and location, its
area, and the number of the scheme that approved the PGS
boundaries. The listed data is publicly available, and if it is
not possible to use the RGIS St. Petersburg server, you can
use the cartographic application of the St. Petersburg Law
“On Green Spaces for Public Use” and manual digitization
methods.

Inthe third stage,a grid of 10x10 m squares was created
over the entire city territory using a separate vector layer
("pixel-by-pixel” grid). In the process of spatial analysis and
assessment of territories, a similar approach is common
(Raguzin et al. 2023; Kovyazin et al. 2021: Kopylova et al.
2023). The grid square was the same size as the pixels in
the multispectral image channels that had already been
loaded, and the edges of the grid square lined up with
the edges of the pixels in the red and NIR raster images.
Subsequently, such an overlay of vector and raster layers
made it possible to perform a “pixel-by-pixel” analysis,
transferring the data obtained from a raster multispectral
image to the vector square of the grid.

To reduce the vector mesh layer's data volume (the
file size was initially more than 25 GB), it was trimmed to
the PGS layer. The QGIS Zonal Statistics tool allowed us to
create an additional vector layer that included NDVI values
for each grid square within the PGS boundaries only.

Classification of objects within the PGS territory

In addition to vegetation (trees, shrubs, flower beds,
lawns), buildings, structures, artificial surfaces for various
purposes, as well as water bodies, can be located on the
PGS territory (Bolkaner and Asilsoy 2023).

For forests, the issue of classifying forest vegetation
according to the NDVI values has been widely studied
(Tempa et al. 2024; Kovyazin et al. 2023). In particular, in the
absence of forest vegetation, NDVI values are in the range
of 0-0.2, for low vegetation - 0.2-0.4, for high vegetation
- 0.4-0.6, for closed and very dense vegetation the values
NDVI are 0.6-1.0 (Kovyazin et al. 2021). The index values are
also known for various types of tree and shrub vegetation.
For example, a deciduous forest is characterized by an
average NDVI value of 0.83, and shrubby vegetation — 0.68
(Priya et al. 2023).

For urban conditions, the NDVI values of green spaces
may differ due to the aggressive anthropogenic load on
the natural environment. Also, green areas of cities are not
always represented by a closed tree stand. Rather, on the
contrary, in gardens, squares, and boulevards, a sparse tree
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stand predominates with the presence of parterres, garden
and meadow lawns, shrubs, artificial objects, and surfaces.

To test this hypothesis, a comparison method (“pixel-
by-pixel” analysis) was used. A Yandex Satellite base layer
was added to the GIS project using the QuickMapServices
plugin. This layer was superimposed on a grid of squares
within the PGS boundaries, created at stage 2.2. The NDVI
values of the “single-digit” squares were visually compared
with the RGB image of the same area of the Yandex Satellite
image."Single-digit”squares were defined as those squares
that contained only one type of vegetation, cover, or object
within their boundaries. The set of analyzed squares met
the condition of representativeness.

Classification of vegetation, coverings or objects located
in the PGS territory, using NDVI value, was performed
using the “Boxplot” method in the Python programming
environment. The program code is available®.

Identification of PGS areas that potentially conflict with
their standard functions

Based on the NDVI interval corresponding to areas
without vegetation (step 2.3), we identified squares of
the “pixel-by-pixel” grid that could potentially be used
for incorrect purposes (in the QGIS project they were
highlighted in red, which made it possible to visualize the
result). A SQL query was used to trim the data.

Subsequent analysis of “suspicious” squares was carried

J

out using a visual comparison of the corresponding Yandex
Satellite area with legal types of economic activity within
the PGS territory. Field surveys were also done, which made
it possible to clarify the results of remote sensing methods.

Technology of assessing urban green infrastructure to
identify misuse green areas

Fig. 5 presents a schematic representation of the
technology for assessing urban green infrastructure to
identify misused green areas.

RESULTS
Calculation of the NDVI

After loading two raster layers (BO4 and B08) of a
multispectral image of St. Petersburg territory into the GIS
project, using the QGIS “Raster Calculator”function a raster
image (separate layer) was obtained containing NDVI
values for each pixel of the study area. The vegetation index
calculation’s graphical result was displayed in panchromatic
color.To obtain a colorimage, in the properties of the raster
layer, the image rendering was changed to “Single-channel
pseudo-color”and a color map (palette) was added (Fig.
6). The palette can be created manually or loaded from an
already created .txt file. The resulting images and palette
file are available’.

Fig. 6. Calculation and visualization of NDVI as of June 15, 2023 (compiled by the author)

¢ https://drive.google.com/drive/folders/1RUKMATPKbchYFyWESVPNkZyzBhndu93X?hi=ru
’ https.//drive.google.com/drive/folders/1KkXxfYQoEVkS4p_8iHSq-uq_AENFcfb3?hi=ru
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Uploading RGIS data

The result of downloading data from the RGIS of St.
Petersburg was five vector layers: citywide significance PGS;
local significance PGS; landscaping reserve PGS; boundaries
of cadastral areas; boundaries of cadastral blocks. The
boundaries of cadastral districts and blocks correspond to
the cadastral division of the Russian Federation territory.

Creating a grid of squares (“pixel-by-pixel” grid) and
determining NDVI values for squares within the PGS
boundaries

A grid of 10x10 m squares was created using a separate
vector layer (Vector — Analysis — Create Grid). Next, it was
trimmed along the boundaries of the layer containing the

«f

Analyzed PGS @

de significance PGS No. 2005 (compild by the éuthor)

St. Petersburg PGS (Vector — Geoprocessing — Crop). Using
zonal statistics (Analysis Tools - Raster Analysis - Zonal
Statistics), an NDVI value was calculated at stage 3.1, for
each square within the PGS boundaries (Fig. 7).

Comparison of NDVI values and Yandex Satellite images
within the boundaries of the PGS square (“pixel-by-pixel”
analysis)

The obtained NDVI values of PGS squares within the
borders of St. Petersburg range from -0.0809 to 0.7166. For
further “pixel-by-pixel” analysis citywide significance PGS
located in different areas of the city were selected (Fig.
8). The condition of mandatory analysis of squares with
minimum and maximum NDVI values was also taken into

k

account.
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Fig. 8. Location of the PGS for comparing NDVI values and the Yandex Satellite image within the boundaries of the PGS
squares. Map key: No 1066 — Ekateringof Park on Ekateringof Island; No 11183 - square w/num., Pulkovskoye Highway near house
15, bldg. 2; 12008 - Yablonovsky garden between the Okkervil Riv.,, Voroshilov Str. and Latvian Riflemen Str,; No 12147 - Spartak
Garden between Obukhovskaya Oborony Ave,, Rybatsky Ave. and the Neva Riv.; No 13095 - Primorsky Victory Park between Grebny
Canal, Ryukhin St. and the Malaya Nevka R,; No 14022 - English Park between St. Petersburg Ave,, Red Cadets Blvd. and Blan-
Menilskaya Str,; No 14064 — square w/num. between Dvortsov Prospect and Aleksandrovskaya Str; No 15007 — boulevard w/num.
on Dolgoozernaya Str. from Planernaya Str. to Korolev Ave,; No 15097 - Park named after the 300th anniversary of St. Petersburg
between the Gulf of Finland and Primorsky Prospect; No 15157 — square w/num. on Shuvalovsky Prospect from Furniture Str.
to Bogatyrsky Ave.; No 17087 - Rescuers Square northeast of the intersection of Bukharestskaya Str. and Fuchik Str; No 18075 -
Tavrichesky Garden between Kirochnaya Str,, Tavricheskaya Str, Shpalernaya Str. and Potemkinskaya Str.; No 2005 - Vasileostrovets
garden between Sredny Ave. V., 25th Line VI, Bolshoy Ave. V. and Club Lane.; No 3001 - Sosnovka Park between Northern Ave,,
Tikhoretsky Ave,, Svetlanovsky Ave, Torez Ave. and Vitkovsky Str; No 3171 - park w/num. near Olginsky pond; No 8080 - South
Primorsky Park on Peterhofskoye Highway, bounded by the Valor Str. And Marshal Zakharov Str; No 9016 — square w/num. at the
intersection of Citadel highway and Hydrobuilders Str. (compiled by the author).
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In total, more than 7.5 thousand “single-digit” squares method, which made it possible to determine the NDVI
were analyzed (Fig. 9), within the boundaries of which NDVI ranges for three types of vegetation, buildings, artificial
values and a visual image of the corresponding section of  road surfaces, sports grounds, beaches, and water surfaces,
the PGS according to Yandex Satellite were compared. as well as to cut off outliers (Fig. 10).

The classification of vegetation, surfaces, and other

! =

Fig. 9. Types of vegetation, coverings and other objects in the territory of the PGS. Map key: (a) Trees; NDVI = 0.513; No 3001
- Sosnovka Park between Northern Ave,, Tikhoretsky Ave.,, Svetlanovsky Ave, Torez Ave. and Vitkovsky Str,; (b) Shrub vegetation;
NDVI = 0.445; No 17087 - Rescuers Square northeast of the intersection of Bukharestskaya Str. and Fuchik Str; (c) Herbaceous
vegetation (lawn); NDVI = 0.524; No 12147 - Spartak Garden between Obukhovskaya Oborony Ave,, Rybatsky Ave. and the
Neva Riv,; (d) Buildings; NDVI=0.053; No 18075 - Tavrichesky Garden between Kirochnaya Str, Tavricheskaya Str, Shpalernaya
Str. and Potemkinskaya Str; (e) Artificial surfaces; NDVI=0.038; No 14064 - square w/num. between Dvortsov Prospect and
Aleksandrovskaya Str;; (f) Beaches; NDVI = 0.083; No 3171 — park w/num. near Olginsky pond; (g) Water (incl. blooming water and
water with algae); NDVI = 0.004; No 13095 - Primorsky Victory Park between Grebny Canal, Ryukhin St. and the Malaya Nevka R.
(compiled by the author, including using Yandex Maps images).
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Trees | Shrubs | Lawn (Buildings| Artific.surf.| Sport.gr. [Beaches| Water
parameters
Quantity | 6402 78 224 93 158 102 78 372
Average |0.497| 0,534 | 0.433 | 0,131 0,097 0,151 0,105 | 0,021
Max value (0,717 [ 0,656 | 0,591 0,425 0,259 0,251 0,198 | 0322
Min value (0,302 0,373 | 0,097 | 0,027 0,038 0,100 0,074 | -0,053
Upper
0,698 | 0,656 | 0,591 0,284 0,177 0,200 0,129 | 0,092
mustache
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0,302 | 0373 (10203 |[RSGIH 0,038 0,100 0,078 | -0,053
mustache

Fig. 10. Boxplot method for classifying vegetation, coverings and other objects on the territory of the PGS
(compiled by the author)
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As a result, three consolidated categories of objects
located within the territories of the PGS were identified
(Table 2).

The research by Klimanova (2021), which determines
NDVI intervals for a surface without vegetation (0.18-
0.30) and a surface with vegetation (more than 0.30),
demonstrates the comparability of the results in Table 3.

During the “pixel-by-pixel” analysis, several patterns
were also identified:

1. NDVI of water bodies decreases with increasing
depth;

2. on the shallows, the vegetation index takes on a
positive near-zero value;

3. for blooming water or water with a lot of algae, NDVI
reaches values of 0.3. It is obvious that the index responds
to an increase in chlorophyll in aquatic vegetation. The
boxplot method allows you to cut off such inflated values,
highlighting them as outliers.

Identification of violations within the boundaries of the
St. Petersburg PGS

According to the St. Petersburg legal zoning, PGS
are located in various territorial zones: recreational (TRO-
2, TR2, TR3-2, TR4, TR5-2), residential (T1ZH2-2, T2ZH1,
T3ZH1, T3ZH2, T3ZhD3), public-business (TD1-1_1, TD1-
1_2,TD2_1, TD1-2_2), multifunctional (T3ZhD3), external
transport facilities (Tl4_1), road network (TU), agricultural
use (TR2/TST). For PGS with citywide importance, the most
common zones are TP2 (preservation and arrangement
of open green spaces during their active use) and TP4
(preservation and arrangement of recreational territories
of palace and park complexes and other historically
valuable city-forming objects and spaces), for PGSwith
local significance, different types of residential areas.

Also, according to the Law of St. Petersburg “On
Administrative Offenses in St. Petersburg’, the placement of
vehicles in PGS, green spaces performing special functions,

restricted green spaces, lawns is prohibited and entails
administrative liability.

Taking into account the consolidated categories of
objects located within the territories of the PGS (Table 2),
an SQL query was executed. Its result was the “gray” zones
within the PGS territories, where the vegetation index
NDVI lies in the range of 0.027-0.284, which corresponds to
artificial objects (Fig. 11).

The resulting “gray” zones are represented by different
categories of objects and surfaces:

1. areas without vegetation (trampled or with artificial
coverings);

2. areas occupied by parking, cluttered areas;

3. areas occupied by temporary facilities (underground
metro facilities under construction that require temporary
operation of green areas (Volokhov and Mukminova 2021));

4. water bodies;

5. areas occupied by structures and objects that do not
conflict with the recreational function of the PGS.

Of the entire set of citywide significance PGS, the
identified PGS with the presence of “gray” zones account
for more than 50% (more than 1000 PGS). And at this stage,
the task arises of differentiating “gray” zones according to
compliance (not compliance) with the functions of PGS.

Identifying “gray” areas, which include cluttered areas
or areas occupied by unauthorized parking or buildings,
can be done in several ways:

- non-automated analysis of PGS by comparing the
location of “gray” zones with Yandex Satellite (or other
image of the territory with sufficient resolution), as well as
with field survey data, if necessary;

-application of neural networks, including convolutional
(Shestakov et al. 2023) for automatic classification.

In this study, the first method was used. The
implementation of the second method is a promising
direction for future research.

During the analysis, citywide significance PGS were
identified, economic activities on the territory of which

Table 2. NDVI intervals for consolidated categories of objects located within the territories of the PGS
(compiled by the author)

Consolidated categories

Minimum NDVI value

Maximum NDVI value

Landscaping 0.203 0.698
Artificial objects 0.027 0.284
Water -0.053 0.092

* v > o)

Fig. 11. SQL query result: red squares have NDVI values in the range 0.027-0.284 (compiled by the author)
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completely or partially do not comply with urban planning
regulations and regional legislation (Fig. 12, 13). Within the
boundaries of the identified PGS, there are buildings with
an obvious non-recreational function, such as spontaneous
parking, litter, sand dumps, and so on.

The list of PGS with identified inconsistencies with their
intended purpose, including photographicdocumentation,
is available®.

Thus, the problems identified during the “pixel-by-pixel
comparative analysis boil down to the following aspects:

unauthorized placement within  the PGS
boundaries of objects of production, storage, trade,
transport  or  other  non-recreational  purposes,
implementation of related economic activities that do not
comply with urban planning regulations;

spontaneous parking prohibited by regional
legislation;

discrepancy between the purpose of PGS and legal
zoning, which provokes a contradiction between the Law
of St. Petersburg “On Rules of Land Use and Development
of St. Petersburg” and the Law of St. Petersburg “On
Administrative Offenses in St. Petersburg”.

”

DISCUSSION

The total official area of St. Petersburg PGS is 8383.4 ha,
and the permanent population of St. Petersburg is more

than 5.5 million people (as of 01/01/2024). Taking these
indicators into account, the average PGS provision of city
residents is about 15 m?/person, while the established
norm is 10 m?/person. (Urban Development. Urban
and Rural Planning and Development. Code of Practice
42.13330.2016; Ministry of Construction and Housing and
Communal Services of the Russian Federation: Moscow,
Russia, 2016. (In Russian)). PGS occupy 6% of the city’s total
area.

In 2024, the area of citywide significance PGS of St.
Petersburg increased by more than 75 ha (1.2%) due to the
assignment of PGS status to a number of green areas, as
well as the clarification of their boundaries. Obviously, this
method of increasing greenery is of a formal nature and
does not actually increase the number and area of green
spaces. PGS status should be a mechanism for protecting
green areas from illegal use, but in practice this mechanism
does not work satisfactorily.

In addition to PGS status, green areas must have
clearly defined boundaries, information about which must
be entered into the Real Estate Cadastre in accordance
with the state cadastral registration procedure. Currently,
only a small part of PGS is registered. At the same time,
during the author’s research, discrepancies in the area of
individual PGS according to the real estate cadastre data
and according to the RGIS data (according to the Law of
St. Petersburg dated October 8, 2007 No. 430-85"On public

Fig. 12. No. 11243 - The square is northeast of the intersection of M. Mitrofanievskaya Str. and Mitrofanyevskoe Highway
(compiled by the author)

Fig. 13. No. 15097 - Park named after the 300th anniversary of St. Petersburg between the Gulf of Finland and Primorsky
Prospect (compiled by the author)

¢ https.//docs.google.com/spreadsheets/d/1JGcYRlafaNKDQIbEtu3WdJ_zT2QrSwrldHDjgg5qxOk/edit#gid=0
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green spaces use”) were identified. For specific examples,
we can cite citywide significance PGS No. 1028 (a public
garden at the intersection of 7" Krasnoarmeyskaya Str. and
Egorov Str.) and No. 5090 (Leningradsky Square on Stachek
Avenue at 114a; Fig. 14). Such inconsistencies indicate
unregulated interdepartmental interaction between the
Rights Registration Authority (Rosreestr) and the Property
Relations Committee of St. Petersburg.

The solution to these problems should be a concept
adopted at the state level that defines the principles,
methodological foundations, and methods of accounting,
assessment, and monitoring of urban green infrastructure
(Slovic et al. 2023), and its result will be a mechanism
of information and analytical support for making
management decisions.

The authors Klimanova et al. rightly note that forms of
green areas transformation can be changes when woody
or non-woody vegetation is replaced by built-up or other
“non-green” areas (Klimanova et al. 2021). To quickly
respond to such actions with minimal labor and financial
costs, remote methods are optimal. Many researchers use
multispectral Landsat imagery with a spatial resolution of
30x30 m. But such spatial resolution provokes inaccurate
results (Klimanova et al. 2021). This work uses Sentinel-2
imageswith a spatial resolution of 10x10 m, whichincreases
the reliability of the results. It is also worth noting that an
alternative to high-resolution satellite images can be the
results of shooting from unmanned aerial vehicles, which
allow increasing the resolution to tens of centimeters.
However, in relation to the largest city territories, this
option requires additional financial investments, time, and
labor resources.

Moving on to the discussion of the misuse problem
of territories within the PGS boundaries, it is worth noting
that violations are associated with several reasons:

- firstly, the lack of landscaping, including fencing or
side stones along the PGS border, provokes collisions of
vehicles with “green” areas (No. 17157);

- secondly, the implementation of necessary temporary
construction work, in connection with the creation of
socially significant infrastructure, reduces the total area of
the PGS for the construction period, which can last more
than one year (No. 2015, No. 2019);

- thirdly, the initially incorrect establishment of the PGS
boundaries leads to the erroneous inclusion of residential
buildings and adjacent courtyard areas (No. 13174), non-
residential objects (No. 5150), as well as organized parking
spacesin landscaping areas (No. 17010, No. 5090, No. 5211);

- fourthly, the lack of an effective and operational
mechanism of monitoring the PGS legal use and the lack
of systematic environmental education lead to systematic
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violations in the form of unauthorized parking (ZNOP No.
15062, No. 3134, No. 4179).

These reasons result in an actual decrease in the area
of greenery, which is confirmed by the authors (Klimanova
et al. 2021), noting the “loss of green infrastructure” in
Russian cities of about 6%. At the same time, formal
indicators of green space “on paper” are overestimated,
and, accordingly, when the indicator of the population’s
provision of green space is calculated, the official results
cannot be considered reliable. According to the author’s
calculations, for citywide significance PGS, the area of green
areas with misuse was more than 20 ha (0.3% of the area
of citywide significance PGS in St. Petersburg according to
official statistics (Fig. 2)). Accordingly, there will be a similar
decrease in the population’s PGS provision for the city in
general. Differentiation by city administrative districts may
differ from the citywide result.

The study has some limitations, among which the
following can be highlighted: the original cartographic
material; technical means of data processing; restrictions
related to seasonality of observations.

When using multispectral satellite images, resolution
plays an important role. The author’s study used publicly
available Sentinel-2 images with a resolution of 10
m. Even higher resolution images (for example, from
unmanned aerial vehicles) will improve the accuracy of the
assessment results of green areas. But, in this case, the cost
of such cartographic material for the entire city, taking into
account the time dynamics, will be disproportionately high.
Potential consumers of the proposed technology may not
have the opportunity to purchase ultra-high-resolution
images due to budgetary constraints. In our opinion,
poor funding of urban landscaping is a deep problem of
sustainable urban development, and to improve the life
quality of citizens, it is necessary to increase investment in
this area (Aram 2024).

Additionally, the spatial resolution of images directly
determines the pixel size. As a result, the vegetation index’s
calculated value is assigned to a 10x10 m area. If the PGS
area is less than 100 m?, or the area is linear and less than
10 m wide, the NDVI is erroneously influenced by the
objects and coverings surrounding the green area, thereby
underestimating its value. Increased demands are placed
on computer hardware because data spatial analysis
of a vast metropolitan area requires increased RAM, a
sufficiently powerful video card, as well as a capacious
HDD for storing images, the size of which is usually about
1 GB. To determine vegetation indices, satellite images
taken exclusively during the growing season of active plant
growth are used (and season depends on the climatic
characteristics of the region).
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(compiled by the author, including according to data®)

? https.//pkk.rosreestr.ru/

194



Maria E. Skachkova

URBAN GREEN INFRASTRUCTURE ASSESSMENT: ...

CONCLUSIONS

The study is scientifically unique because it confirms
the ranges of NDVI values for different types of vegetation,
coverings, and objects in the PGS. The NDVI values in the
city and in the forest have a different upper threshold. For
metropolitan conditions, the maximum value is 0.7, while
forest plantations can have an index of up to 1.0. The poor
ecology of urbanized areas and the sparseness of urban
vegetation primarily explain this. Also, the concept of
sustainable development of urban green infrastructure
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ABSTRACT. Environmentally unsafe agricultural use of soil and land resources is caused by the high share of reclaimed land
in the Pripyat Polesye region and global climate change. The research aims to evaluate the long-term vulnerability of the
soil cover, utilizing the example of a large agricultural enterprise spanning over 9,200 hectares in a zone of hydro-technically
drained peat-bog and alluvial soils in the central and terraced floodplain of the Pripyat River (Belarus). The assessment of the
degree of vulnerability is expressed on the basis of the genetic characteristics of soils in accordance with the soil-hydrological
constants: the moisture content of the capillary fringe rupture and the limiting field capacity. The dynamics of spatial and
temporal changes in soils by groups of vulnerability to wind erosion is controlled in geoinformation software based on
specialized spectral brightness indices according to satellite data for plant vegetative season. Dependences of the degree
of vulnerability on heterogeneity of soil cover structure and intensity of agricultural use of soils by types of land have been
established. The obtained patterns can be used to develop adaptive landscape farming systems in the Polesye region and to
forecast degradation processes of agricultural lands.
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INTRODUCTION of widespread, often excessive, drainage and extensive
extraction of peat in a natural or close to natural state.
Unfavorable meteorological phenomena due to global 630 thousand hectares are located within the boundaries
climate change annually cause significant damage in the  of specially protected natural areas; about 313 thousand
most weather-dependent sector of the economy — crop  hectares require the establishment of a special protection
farming. Over the past 50 years, droughts in Belarus have  regime; and 314 thousand hectares of swamps have
doubled in frequency, leading to wind erosion of soils  international protection status. Belarus uses more than
(Chervan et al. 2022), with the region of drained peat-bog 2.8 million hectares of drained land (34%) for agricultural
soils — Pripyat Polesye — carrying the greatest risk. purposes in 2021; each administrative region of Belarus
Active reclamation works began in the second half  accounts for an average of 24.2 thousand hectares, with
of the 20™ century in the Belarusian Polesye territory in  the Polesye region accounting for even more. The share
the Pripyat River valley, with the goal of regulating the  of drained agricultural landscapes in Polesye exceeds 26%
water regime of peat-bog soils for their use in agricultural  which is almost 3 times more than in the rest of the country
processes. Land reclamation has led to a significant  (Meerovsky & Filippov 2022).
reduction in the area of natural landscapes, primarily large A number of state programs have been approved to
swamps. Thus the area of swamps before the start of land restore disturbed lands in the Belarus providing for cultural
reclamation in the 1960s (Bakarasov 2015) comprised 2.9  and technical measures on sandy and sandy loamy soils
million hectares, or 14.2% of the territory of Belarus. Only  left after peat extraction due to the reduction in the
0.7 million hectares out of 2.2 million hectares of all drained  area of arable land on drained lands in accordance with
lands (~30%) are occupied by ameliorative systems with ~ the regional measures of the European Union (“Climate
bilateral regulation of the water regime. It predetermines ~ change adaption” 2019). However, it necessitates a
high environmental risks of wind erosion of automorphic ~ thorough examination of the natural environment, which
and semi-hydromorphic soilsin the zone of influence of the  is already in a vulnerable state: changes in soil levels,
drainage network against the background of global climate  groundwater levels, and soil-forming processes have led to
change and the close relationship of agroecosystems with  a radical transformation of the main types of vegetation.
meteorological conditions. Sedimentation of alluvial deposits occurs throughout the
Currently, 863 thousand hectares of swamps (29.3% of  territory, primarily in the central floodplain against the
the original area) have been preserved in Belarus asaresult ~ background of wind erosion, given that the majority of
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Polesye territory is situated on the floodplain of the river
Pripyat. Combined with drainage reclamation, it constitutes
a regional environmental problem (Gusev 2022).

Currently, termination of the service period of
reclamation systems (50-70 years) makes it necessary
to modernize and/or eliminate them. Conducting a
retrospective analysis of changes in Polesye landscapes,
particularly their vulnerability to current wind erosion
of soils, is necessary to determine the most natural and
environmentally-friendly development policy.

Thus, the purpose of the research presented in the
article is to GIS-model the 50-year dynamics of reclaimed
land vulnerability to wind soil erosion using remote sensing
data. An assessment of changes in the heterogeneity of the
soil cover, structure, and land use types on selected pilot
polygons of a large agricultural land user is given over a
50-year period. The degree of vulnerability of the soil cover
and its dynamics have been established, and the optimal
use of land in the future was determined on the basis of a
geosystem approach to the soil cover structure.

Different models are used to figure out how vulnerable
the soil cover is. These models use geoinformation systems
and remote sensing data (Elyagoubi & Mezrhab 2022) and
machine learning (Zhao et al. 2022). The morphometric
indicators of terrain, granulometric composition, and
hydrological regime of soils are interpreted as the basis for
modeling soil vulnerability in most of these models (Lohani
et al. 2020). Belarusian scientists also note the importance
of considering the hydrological state of soils when
determining adaptation measures and mitigating the
consequencesof droughts, particularly onagricultural lands
(Meerovsky et al, 2021). Simultaneously, the assessment
of soil vulnerability serves as an initial yet crucial step in
the scientific validation and practical application of these
measures, which should rely on the geosystem approach.

MATERIALS AND METHODS

The methodological stages of the research carried
out include the soil cover vulnerability assessment
before and after a reclamation regulation of the water
regime taking into account the agricultural use of soils
of different genesis. The study object is the territory of a
large agricultural enterprise, with a high proportion of
reclaimed land - the unitary enterprise “Agrocomplex
Polesie’, in the Pinsk district of the Republic of Belarus. The
dynamics of composition and soil cover structure, and
types of land on cultivated areas were spatially analyzed in
the GIS environment based on the interpretation of multi-
temporal (1974, 1986, 1989-1990, 2000-2003, 2018-2022)
aerial photography and satellite data.

The overlay operations and calculation of summary
statistics of geodata were performed using the ArcToolBox
toolkitin the ArcGlIS software environment — Geospatial Analyst
and Geostatistical Analyst modules. Automated interpretation
of multi-temporal multispectral images was performed in the
ENVI software package with the selection of reliable spectral
brightness channels in accordance with actual land use.

The vulnerability (predisposition) of soils to wind
erosion was assessed on the basis of taking into account
soil-hydrological constants in accordance with the genetic
classification position of each soil variety: the limited field
moisture (LFM) and capillary rupture moisture (CRM). In the
Belarusian Polesye region, waterlogged conditions genetically
predetermine the productivity of agricultural soils, making
its use during the growing season especially important and
indicative (Romanova 2015). The number of days per year
or during the growing season was taken during which the
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moisture content in the 0-20 cm layer exceeds the LFM level
and is below the CRM (significant soil-hydrological constants).
Itis used as the measure of assessment of the moisture supply
of soil of a certain genesis and granulometric composition.
Spatial consideration of the soil function of mitigating
meteorological droughts due to internal predisposition makes
it possible to identify the degree of risk of agricultural land
degradation due to global climate change (Chervan & Melnik
2022).

The dynamics of the soil cover formation of the studied
reclamation system “Parokhonskoe” of the agricultural
complex "Polesye” (total area more than 9,200 ha) was studied
in accordance with the geosystem approach to the soil cover
structure — changes were analyzed not in individual soil taxons
butin their combinationsin homogeneous geomorphological,
orographic and lithological conditions. This principle makes it
possible to diagnose significant (irreversible) changes in soil
cover in terms of probable land degradation due to economic
use. We measured the amount of heterogeneity within the
boundaries of soil combinations in dynamics by looking at
both the coefficients of soil contrast and complexity, which
is a number that shows how different and complicated the
soil cover is, and the degree to which the soil is vulnerable to
deflation.

The inventory of geosystems by soil combinations is based
on the teachings of V.M. Friedland on the soil cover structure
(Chervan et al. 2016). This approach has not found wide
distribution in studies of Western Europe, USA, and Australia
but has been actively developed in Belarus both for analyzing
the suitability of agricultural land (Chervan et al. 2016; Chervan
2021) and assessing the biodiversity of protected areas
(Romanova & Andreeva 2003; Kindeev & Mudragelova 2022).
At this point, the fast growth of GIS technologies has made
it possible to create adaptive landscape farming systems that
are based on a multiscale analysis of the different types of soil
cover. Geostatistics and pedometrics have grown in popularity
recently thanks to the availability of quantitative data on the
properties and indicators of the soil cover. These methods,
along with a geosystem assessment, allow the soil to be shown
as a discrete-continuum body (Chervan et al. 2022). Tasks
for using remote sensing data are set to obtain operational
information on qualitative and quantitative indicators of the
state of disturbed geosystems in general and soil cover in
particular (Savin 2022). The classical measures for assessing
the heterogeneity of the soil cover structure developed by
Yu.K. Yuodis (Yuodis 1967) are the coefficient of complexity,
contrast, and heterogeneity as a complex indicator of soil cover
heterogeneity used in the cadastral assessment of agricultural
land and the calculation of bio- and pedodiversity (Chervan et
al. 2022, Kindeev & Mudragelova 2022). The development of
geoinformation systems made it possible to use the developed
indicators for a comprehensive geosystemic assessment of
the landscapes stability to anthropogenic impact and the
development of recommendations for anti-erosion measures
(Chervan et al. 2016). This allows us to determine the feasibility
of utilizing these values to evaluate the changes in Polesye’s
soil cover due to land reclamation.

The identified soil combinations (SC) are individualized
in terms of their component composition and their share in
participation in the soil cover structure. Qualitative (soil genetic
type) and quantitative (share of soil in combination) diversity
of land use conditions are encoded through the SC formula.

The area calculation of soil contours or land plots,
vector-raster transformations, and cartographic algebra were
performed in the geodatabase through the ArcGIS 10.7
software package.

The degree of anthropogenic impact on the soil cover
was determined by the composition of land types with
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an assessment of the dynamics of the land use structure
simultaneously with the analysis of soil cover for the period
1974-2022. The nine arrays of representative plots with a
total area of more than 2,800 hectares were selected for
the purpose of increasing the reliability of the results of the
geostatistical analysis. The choice of these arrays was made
on the basis of different dynamics of the soil cover structure
and the composition of land types over a 50-year period to
confirm the hypothesis of an increase in the vulnerability of
the soil cover of agricultural lands under the conditions of
intensification of agrolandscapes.

Aerial photography and satellite images were used to
analyze land use dynamics. Multi-temporal satellite images
for each of the studied periods were used to take into
account the phenology of agricultural crops and detect
different phases of land use. It was combined into one
composite for subsequent classification using a trainable
non-parametric classifier — the support vector machine
method (SVM). High-resolution remote sensing standards
QuickBird and Ikonos, detailed land plans, and field survey
results were used to train the classifier on the study territory.

Soil vulnerability is based on its hydrological regime,
so the main thing that is monitored from afar is moisture.
This is done by analyzing at radar images (Dubois et al.
1995; Meng et al. 2018; Zeyliger et al. 2020; Kang et al.
2021; Ondieki et al. 2023), as well as different normalized
vegetation indices (Sadeghi et al. 2017; Colliander et al.
2017; Suk Lee et al. 2019; Wang et al. 2020; Santi et al. 2020).
The temperature-vegetation dryness index (TVDI) was
used to study soil moisture in addition to the traditional
use of the red (red), near infrared (NIR), short-wave infrared
(SWIR) wavelength ranges (Sadeghi et al. 2017; Twumasi et
al. 2021) and less often the blue range (Zhang et al. 2013),
reflecting the relationship between the temperature of
the earth’s surface and NDVI index designed to study the
surface moisture of the soil and vegetation cover (Sandholt
2002). By using these indices made, we were able to learn
about how soil moisture changed over 50 years and, as a
result, how dangerous the soil cover was in pilot areas.

The data of multispectral and aerial photography
were subjected to visual and automated interpretation
to determine the structure of land use by land types and
soil moisture conditions according to the NDVI and TVDI
indices in accordance with the previously developed
methodology (Sandholt 2002; Sadeghi et al. 2017).
Remote sensing materials were selected according to
the principle of similarity of shooting time during the
growing season, image quality, and a single geometric
and spectral (radiometric and atmospheric) correction
at the post-processing stage in the ENVI 5.5 software
package. Multispectral satellite images of the Landsat-5
TM, Landsat-7 ETM+, and Landsat-8 OLI/TIRS systems with
a spatial resolution of 30 to 120 m for March—May 1986,
1989, 1991, 1999, 2000, 2001, 2003, 2018 and 2022 were
used as a basis for the analysis in GIS. The satellite images
used were selected in such a way that the shooting dates
in different years did not differ by more than 2 weeks in
accordance with a similar ratio of natural and cultivated
vegetation. The use of these systems is due to the wide
time coverage as well as the presence of a thermal infrared
channel, which is necessary for calculating the TVDI index.

RESULTS AND DISCUSSION

The amount of available water that is due to the
balance of rainfall, soil moisture, evaporation, and different
types of water runoff is what the value of moisture reserves
in soil combinations is. Belarussian approaches to genetic
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soil classification enable spatial differentiation based on
the degree of hydromorphism, from automorphic to
hydromorphic (mineral moistened and organogenic peat-
bog soils). The parameterization of moisture supply was
carried out in the range between LFM and CRM ranges for
each element in the formulas of SC on the territory of 9
arrays of representative plots. The group most vulnerable
to deflation includes soils where the range of available
moisture during the growing season is below the CRM
constant for more than 130 days per year (Romanova
2015). The indicators assigned to the groups of strongly-,
medium-, and weakly-vulnerable soils were 101-130, 71-
100, and 51-70 days, respectively. The group of the least
vulnerable includes soil varieties with a moisture content
below the CRM in the root layer during the growing season,
less than 50 days per year.

A distinctive feature of the agricultural enterprise
under consideration is the predominance of soddy
waterlogged and peat-bog soils of different thicknesses
and the peculiarity of the occurrence of lowland peat. It
should be noted the changing dynamics of land use in
agrolandscapes, from traditional farming (1960-1990) to
modern intensive agricultural use in the form of saturation
of crop rotations with tilled crops within the boundaries
of arable and improved meadow land plots. The analyzed
data for 1974 included the soil cover characteristics of
agricultural lands, which were based on the first round of
soil-geobotanical survey materials in Belarus. Additionally,
the analysis considers the land use structure of various
land types, which are identified using panchromatic aerial
photography data at a scale of 1:10,000.. The results in
Table 1 illustrate the relative importance of the elements
of SC and land type composition in determining the
susceptibility of soils to wind erosion, ranging from the
least vulnerable soils (I) to the group with the highest risk
of deflation (V). At the same time, the soil-hydrological
constants were additionally differentiated according to the
conditions for the presence of moisture resistance within
the soil profile in accordance with the granulometric
composition of the soil-forming and underlying rock.

Over the 50-year period, there have been significant
changes in the soil cover structure caused by the
intensification of agricultural use, as shown in Table 1 and
Fig. 1. The spatial accuracy of the original and modeled
geodata at a scale of 1:10,000 — the most detailed level
for land cadastral information in Belarus — limits the
measurements and calculations error. According to the first
round of soil-geobotanical surveys in Belarus in the 1960s
(Romanova 2015), plots 1-4 had a lot of waterlogged peat-
bog and paleo-floodplain silt-gley soils. However, these
plots also had soils that were breaking down because
peat deposits were being actively mineralized in these
agrocenoses as early as 1974. The continuing intensity
of agricultural impact within arrays N2 5-6, which include
arable and meadow improved types of land, has led to
an increase in heterogeneity of the soil cover structure
over the entire period under consideration. The cultivated
areas within the boundaries of arrays Ne 8-9 are currently
characterized by less intensive inclusion in agricultural
production. However, in 2022, the predominance of
semi-hydromorphic (temporarily excessively moist and
gleyic) soil combinations replaced the predominance of
hydromorphic soils in 1974.

It should be noted all representative land plots
are characterized by an increase in the heterogeneity
coefficient (K,) over a 50-year period in soil cover structure
(Table 2) which simultaneously takes into account the
contrast (Kc) and dissection (Kr) of elements in the soil
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combination formula. The areas with the most crop
production and the more complex soil cover structure at
the start—sample arrays N2 1-4 and N2 8-9 in Table 1—
have a greater increase in soil heterogeneity.

The results of automated interpretation of remote
sensing data for each sample array were normalized in
the GIS according to the TVDI index by the method of
equal intervals for 5 groups for the entire survey period.
According to remote sensing data (spectral index TVDI),
active reclamation and agricultural impact have increased
in the proportion of soils susceptible to deflation, leading

Land types
[+ s 77 o I 13
[+ N N s 00 11 [ 14

to a complex soil cover structure over a 50-year period. It
should be taken into account that this spectral index is
sensitive to significant meteorological changes within the
vegetative season. It is planned to replace the “triangle
method” used to calculate the TVDI index with the
“trapezoid method”in further scientific research using data
from the optical short-wave infrared wavelengths of the
Sentinel-2 system due to more high spatial resolution.

The calculation of the intergroup percentage ratio
allowed to determine the TVDI value for each survey date
within the boundaries of each array of representative

Fig. 1. Types of land of the agricultural complex «Polesye» A) 1974 year; B) 2022 year:
1 - arable; 4 - meadow improved; 5 - under shrubs; 6 — forests; 7 - swamps; 8 — water bodies; 9 - under roads; 11 - under
construction; 13 — unused; 14 - other

Soil vulnerability groups

I . 2 3 4l

Fig. 2. Degree of soil vulnerability A) 1974 year; B) 2022 year:
1 - the least vulnerable; 2 — weakly vulnerable; 3 - moderately vulnerable; 4 — vulnerable; 5 — the most vulnerable

201



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2024

plots for the period 1986-2022 (Fig. 3). Attention is drawn
to the fact that most of the arrays of the agrolandscapes
under consideration were characterized by a high degree
of susceptibility to deflation due to reclamation and then
active agricultural development. It led to the complication
of soil cover structure already after 10-15 years of the
reclamation system operation — they are located in the
range of 3-4.5 vulnerability groups on the chart. Separate
extremes (arrays N2 3, 9 in May 2000; arrays N2 3, 8 in May
2001) are caused by a change in the use of agrocenoses
or significant meteorological differences during the plant
growing season. It should be noted a significant difference
in the present situation with the risk of deflation in
representative areas: the greatest danger of wind erosion
due to insufficient amount of productive moisture in the
root layer of soils is for arrays N2 2, 3, 8. It is possible that
the transfer of some of them to fallow land is a forced
organizational measure in connection with the loss of the
productive capacity of soils on these lands. Array N2 9 is also
represented by fallow lands, since unfavorable phenomena
in cultivated areas due to the initially more heterogeneous

soil cover structure (Table 1) appeared even earlier. Arrays
Ne 6, 7 with composed soil cover of thicker organogenic
soils are currently less at risk of deflation and are used as
meadow-improved lands with intensive crop rotations

CONCLUSIONS

During thereview period,varying degrees of agricultural
land use intensification caused significant changes in soil
cover structure, which we registered through research. The
heterogeneity coefficient, which is the best way to show
how complex the soil cover structure is, went up by 5-10
times for most of the main soil combinations over a 50-year
period. In some cases, it went up by more than 100 times
(No. 6 and 7). The significant combination area from 133 to
645 indicates the significance of the studies conducted and
the regional nature of changes in the soil cover structure
under the influence of agricultural activity. According to
the materials of ground studies and interpretation data
of archival remote sensing data, it can be seen that the
key area soils at the very beginning of the time period

Table 1. Dynamics of vulnerability of soil cover of representative plots taking into account of land use structure

Sample Square, Soil combination* Land use structure** Vulnerability
array of hectares
plots 1974 2022 1974 2022 1974 2022

1 645 PB®+5S 7+ PBd'® | PB®+SS %+ PBd'*+5S ° Ms204 S0 M+ O° S +11254V10 [P0 4+V10
2 224 PBd**+PB*+SS° PB**+ PBd"+SS,'0 S%4+ Ms? FL® + O° | I™+IVEHVAHIP [VEOH[B04 20154\
3 133 PBA**+PB¥+55.1° | PBA*+PB*“+ SS >+55° S+ Ms? M VIO B54110+V> (B0 /20410410
4 428 PB7%+ PBA?+S5,1 | PB7+ PBd"*+55,'%+5S ° S804+ Ms? MZ+ O | IP+VIEHIP+HV? [SOH1[254 11704 V>
5 150 pBioo PB#+SS,'%+ PBd' A M1 [195+1V> [SO[ |20 ][04 \/10
6 180 pBoo PB*0+55,1° A0 M [|1o0 7511541110
7 290 FSSE0+PB0 FSME9+PB*4+FSS*+PBd® | Ms® 0+ US*+ S° M [|1o0 7012041154V
8 260 PB®+5S,0+ PBd'® | PB**+SS 0+PBd™™+5S° | Ms®+ S¥+ US® FLeo 6511204/ [OH1[254]1204 V1
9 341 553;;;?50{ OFJ;F;?; N PdeoggEjiisssg?fszw* 055+ Ms*s FLIO | PSSV | IO 0100

*Soils: SPS — sod-podzolic swampy (SPST - temporarily over-hydrated, SPS2 — gleyic), SS — soddy swampy (SS1 - temporarily over-
hydrated, SS2 - gleyic, SS3 - gley), PB — peat-bog low-lying type, FSS — floodplain soddy swampy, FSM - floodplain silt-marsh, PBd —

degropeat mineral residual-peaty.

**Land types: A — arable, Mi — meadow improved, Ms — meadow swampy, S — swamps, US — under shrubs, FL - fallow land, O - other

(water bodies, under construction, unused lands

Table 2. Cartometric assessment of the soil cover structure of representative plots

Sample 1974 2022
array of
plots K, K. K, K, K. K,

1 9.56 0.07 0.7 10.6 0.5 532
2 21.53 0.09 1.89 219 048 106
3 18.68 0.12 2.29 206 0.73 15.1
4 10.49 0.05 053 11.5 043 4.94
5 202 0.08 0.16 6.32 0.66 4.8
6 013 0.04 0.01 3.3 0.51 1.68
7 0.35 0.04 0.01 312 0.53 1.68
8 10.83 0.05 0.55 15.6 046 7.22
9 793 0.06 048 12.7 0.81 103
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Fig. 3. Dynamics of soil vulnerability groups in sample arrays over a 40-year period

under consideration are in a state of degradation due
to active peat extraction. The increasing of soil cover
structure heterogeneity is observed as a result of the high
intensity of agricultural production, and the proportion of
automorphic soils vulnerable to deflation increases. The
predominance of hydromorphic soils has been replaced
by the prepotency of semi-hydromorphic soils in most of
the agrolandscapes, which is noted for the entire Polesye
region.

An effective measure of adaptive landscape use of
the assessed lands during the review period was defined
by the transformation it to a category of fallow lands,
which significantly reduce the risk of wind erosion and
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ABSTRACT. In agricultural mountain regions, changes in weather patterns force people to look for new agricultural activities,
shift from agriculture to tourism services, or even leave the mountains. This study discusses the role of Dagestan’s agricultural
terraces as a potential resource for mountain people to adapt agricultural activities to climate change, thereby demonstrating
the community resilience grounded on local traditional practices. We selected eight mountainous administrative districts of
Dagestan as a case study area and tracked the changes of average annual, summer, and winter temperatures and precipitation
for different altitudes in 2011-2020 compared to 2000-2010. We also conducted 30 informal exploratory interviews with local
farmers and officials (purposive sampling) aiming at revealing common local narratives regarding climate change and its
impact on agricultural activities, including the use of terraces. According to our results, respondents perceive the warming
and drying of the Dagestan mountains as a growing water scarcity due to decreased precipitation and reduced snow cover,
and as an opportunity to expand agricultural activities to higher altitudes. Agricultural terraces are seen as a prime land
resource, preventing erosion and conserving soil moisture. Including terraces as a tourist attraction could increase interest
in the local landscape and its history and may also indirectly serve to strengthen the resilience of local communities. While
climate change may make it difficult to farm in the mountains, tourism becomes an additional source of income for farmers
and supports agriculture.
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INTRODUCTION years, the Caucasus has seen an increase in annual and
seasonal temperatures, especially in summer, by an average
The spatial diversity of climate change and its impacts ~ of 0.5-0.7°C, a drier climate, and a growing frequency and
on the environment and human activities requires a  intensity of meteorological extremes (Assessment 2022;
differentiated approach to assessing the adaptation Kozachek et al. 2017; Shvarev et al. 2021; Tashilova et al.
measures needed on a particular territory. The IPCC reports 2019). Rapid glacier retreat (Solomina et al. 2024; Tielidze
specifically highlight mountain regions, as the increasing et al. 2022; Toropov et al. 2019) has cut off a lot of water
impacts of climate change on people and ecosystems  in places where it is already scarce, such as the South
here are reducing the resilience of mountain communities ~ Caucasus and the eastern flank of the North Caucasus.
(Hock et al. 2019; Adler et al. 2022). Complex relief and  Overall, the environmental impacts of climate change are
altitude differences create a wide range of landscapes and  already posing a threat to the Caucasus population and its
biological diversity of mountain regions. However, theyalso ~ economic activities (Ahouissoussi et al. 2014; Sheludkov
make life hard for people because mountain areas tend  and Vinogradova 2024).

to have fewer cities and people, making it harder to get Many studies (Kohler et al.2010; Ponce 2020; Salukvadze
to places and making them more vulnerable to extreme  and Backhaus 2020; Gracheva et al. 2023) have reported
weather and slow-onset events. that changes in weather patterns and their impact on

All these challenges are also characteristic of the  agroecosystem productivity force people in agricultural
mountainous regions of the Caucasus. Over the past 30-40 ~ mountain regions to look for new agricultural activities,
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shift from agriculture to tourism services, or even leave the
mountains. In seeking opportunities for building resilience
of mountain communities, we argue that, alongside the
new agricultural activities, a wide range of local practices
and centuries-old experience can help mountain people to
adapt to climate change (Gruneis et al. 2018). In particular,
climate challenges are driving interest in revitalization of
terrace farming (Stanchi et al. 2012; Birthal and Hazrana
2019; Cicinelli et al. 2021).

Terrace farming ensures soil conservation, water runoff
regulation, and the possibility of using different crops along
the altitudinal gradient (Ponce 2020). The loose substrate of
the terraces retains the infiltrating water; thus, terraced slopes
reduce peak flows in mountain rivers and store water in
areas with a lack of moisture (FAO 2000). For centuries, these
agricultural landscapes have been the basis of the resilience
of mountain communities (e.g. Stanchi et al. 2012; Tarolli et
al. 2014:; Kiesow and Bork 2017; Gauci and Schembri 2019).
Currently, farmers continue to use and modernize some
terraces for the cultivation of high-quality crops, primarily
grapes (Birthal and Hazrana 2019; Zoumides et al. 2022).

Among the terraced mountains, the terraces of the
Caucasus and, in particular, of the North Caucasus are much
less known in the world. Stretching along the mountain
ranges from west to east, they form an almost continuous
network of mountain-terrace complexes, which are the
densest and most diverse in the Eastern Caucasus, primarily
in Dagestan (‘mountain country’) (Gracheva and Idrisov
2021). Partially abandoned, these ancient terraces still form
a primary base for local agriculture, serving as places for
vegetable and fruit growing, viticulture, and livestock grazing.

This study discusses the role of Dagestan’s agricultural
terraces as a potential resource for mountain people to
adapt agricultural activities to climate change, thereby
demonstrating the community resilience grounded on local
traditional practices. Resilience is considered the persistence,
adaptability, and transformability of socio-ecological
systems in the face of dynamic changes (Folke 2016; Wyss
et al. 2022) and needs to be combined with United Nations
Sustainable Development Theory (Vlasova et al. 2021). We
will only talk about adaptation actions in agriculture here,
but we will show that mountain communities’ ability to be
resilient comes from many places and things, such as local
traditions, local government, and the sharing of knowledge
across communities.

We start with a short discussion of the terraced
farming phenomena, focusing on the terraced complex of
Mountainous Dagestan and its links to other well-known
cases of terraced farming in the world. Then we give a brief
description of the study area and our research design. In
the results section, we show the current trends of climate
parameter change in the selected mountain districts of
Dagestan and discuss the results of informal surveys of
mountain residents and other stakeholders in the context of
climate change. We consider the adaptation actions of the
rural population to climate change from the point of view of
the use of terraces as a land resource. Finally, we propose to
include ancient agricultural terraces in the list of tourist sites
in Dagestan as a unique cultural and historical heritage and
human-shaped mountain landscapes.

TERRACE FARMING IN BUILDING RESILIENCE OF
MOUNTAIN COMMUNITIES

Terrace farming is an ancient invention for farmers to
adapt to local environmental conditions. One of the best
examples of such adaptation is the Andean agriculture,
with its 5,000-year history, where soil conservation is a
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part of the local culture. The Andean mountain agriculture
shows how strengthening the identity and resilience of a
community and a territory as a whole is achieved through
traditional agriculture. The growing influence of modern
technologies is eroding these traditions, but the outflow
of young people and the loss of traditional knowledge can
cause much more devastating consequences (Inbar and
Llerena 2000).

The terraced agricultural landscapes of Southern
Europe also reflect the efforts of people in supporting land
resources and strengthening stability during centuries.
Since the 15th century, the island of Madeira, Portugal,
has served as an example of an almost perfectly adapted
agricultural system of intensive farming (Kiesow and Bork
2017). The history of the terraces of the Maltese Islands,
constructed on rocky slopes, goes back more than five
thousand years. Grapes, which occupied the terraces
over time, became the main crop of the island for many
centuries (Gauci and Schembri 2019). Since the 1960s, the
tourism industry has rapidly replaced the rural lifestyle,
transforming the remains of grandiose Mediterranean
terracing systems into tourist sites that serve as evidence of
the region’s distinctive culture (Gauci and Schembri 2019;
Grove and Rackman 2003; Kiesow and Bork 2017). In some
regions, land abandonment and growing tourism pressure
lead to the destruction and disappearance of terraces and,
in fact, to the collapse of the historical landscapes (Tarolli et
al. 2014).

Dagestan is considered one of the centers of ancient
terrace technologies, which emerged in the Bronze -
Early Iron Ages and flourished in the Middle Ages (Vavilov
1936; Spenser and Hale 1961; Skripnikova 2007; Aglarov
2016). In conditions of extreme land shortage in the
mountains, diverse terrace farming became widely used
and highly advanced in Dagestan. One can find here
almost all types of agricultural terraces characteristic
of the Middle East, the Andes, the Mediterranean, and
other regions with developed terrace farming (Aglarov
2016; Magomedkhanov et al. 2022). Terrace soils helped
to maintain the stability of agriculture in a vulnerable
environment, and terrace farming constituted an integral
part of the socio-ecological system, created over centuries
and supporting the resilience of mountain communities.
According to the remote sensing data, agricultural terraces
in Dagestan cover an area of more than 3500 km, rising
up the slopes to 2100-2400 m above sea level (Pinskoy
et al. 2023). That is approximately 7% of the total area,
or approximately 14% of the mountainous area of the
republic.

The main area of terraces is located in the central
limestone part of Mountain Dagestan at altitudes from 1000
to 1800-2100 m (Borisov et al. 2021). In the past, narrow strip
terraces with retaining walls on steep slopes were planted
with vineyards and orchards. Wide terraces without retaining
walls with grassy slopes constructed on valley slopes and
sloping plateaus were used for high-intensity, three-layer
farming, with grain, legumes, and melons growing in one
field and fruit trees on the edges of the terraces; grassy
slopes were first-class hayfields (Aglarov 2016). Now, bushes
and trees have overgrown the narrow terraces (Fig. 1a),
while cabbage, potatoes, and other vegetables occupy the
wide terraces (Fig. 1b).

In the southern part of Mountain Dagestan, terraces rise
to 2400 m; here, soils of terraces built on the easily destroyed
shale and slate rocks are suitable for cultivation with modern
technology. Some researchers think that over 50-60 years, the
amount of loose soil material on such terraces increased by
2-3 times on average (Borisov et al. 2016; Pinskoy et al. 2023).
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In the 1930s, the Soviet authorities initiated the
construction of new terrace complexes, however many of the
old terraces had already been abandoned by that time. From
the 1960s to the end of the 1980s, terrace farming ceased in
many mountainous areas of Dagestan. According to experts
from the Ministry of Agriculture of Dagestan, no more than
20% of terraced lands are currently used in crop production,
and only those located near villages and roads no higher than
1500-1800 m above sea level. Many terraces serve only as
pastures. At the same time, in the areas of cabbage farming
and in the southern areas of horticulture and viticulture,
especially in the Derbent area, more than 30% of terraced land
is used’.

While the old terraces of Dagestan are mostly well
preserved and show no signs of destruction, a new cycle of
terrace construction has begun in recent years for vineyards
and intensive orchards (Gracheva et al. 2023). However, when
comparing ancient and modern terraces, it turned out that
ancient terraces, built by hand and carefully cultivated over
centuries, are much more resistant to erosion than bulldozer

" Estimates from our field observations confirmed by local authorities.
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Fig. 1b. Terraces with cabbage fields. Levashinsky district, Dagestan (Photo courtesy of Sh. I.Sharipov. After Gracheva,
Idrisov, 2021)

and excavator terraces (Boziev 2008). The same results were
obtained from a study of terraces built for vineyards using
machinery in one of the provinces of Spain. It turned out
that one heavy rain was enough for the terrace to slide and
destroy the plantings of the lower third of the slope (Ramos
et al. 2007).

Currently, the terraced lands of Dagestan and the
remaining knowledge about terrace farming are not fully
used. We seek to answer if the abandoned terraced lands
will be in demand with new agricultural trends driven by
the need to adapt to climate change.

STUDY AREA AND METHODS

Study area. The Republic of Dagestan lies on the eastern
end of the northern flank of the Greater Caucasus along the
western shore of the Caspian Sea. With an area of 50,300
km?, Dagestan is the largest of the seven republics of the
North Caucasus; it extends from north to south for 405 km
and a latitude of about 213 km (Fig. 2).



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2024

Cuspian

o

1:2500 000
] 20 40 60 80 100 k1
e — —

““. AZERBAIDJ

CASPIAN

Fig. 2. Dagestan. Key study districts of Mountain Dagestan: 1 - Khunzakhsky, 2 - Gunibsky, 3 - Levashinsky, 4 - Akushinsky,
5 - Charodinsky, 6 — Laksky, 7 — Kulinsky, 8 — Agulsky (map content prepared by authors?)

The southern half of Dagestan lies in the Caucasus
Mountains, and the southern border runs along the Main
Caucasus Range. The highest peak here is Mount Bazarduzu
(4466 ma.s.l.) on the border with the Azerbaijan Republic.
In the north lies a huge territory of steep mountain ranges
and plateaus with deep river canyons, called Mountain
Dagestan, or Inland Dagestan. In central and southern
parts, heights are from 900-1000 m to 3000 and more than
4000 m. In the northwest, the ridges with heights greater
than 2000 m separate Dagestan from the mountains of
Chechnya.To the north and northeast, mountains decrease
to 600-1000 m, forming a chain of foothills. The vast dry
steppe and semi-desert Caspian Lowland extend to the
north of the Sulak River.

The climate of Dagestan as a whole is temperate
continental, dry and semi-dry in the lowlands, semi-dry in
the inner valleys, and with a gradual increase in humidity
with height. According to Akaev et al. (1996), the highlands
with permanent snow cover have a cold climate without
a dry season. These characteristics coincide with the
Koppen-Geiger classification (Peel et al. 2007), according
to which the climate of Dagestan belongs to two classes,
moderate and cold. Foothill ridges, creating a“rain shadow”
from the Caspian Sea and northern moisture-containing
air currents, protect Inland Dagestan in the east and

northeast; from the south and southwest it is fenced off by
the spurs of the Greater Caucasus (Akaev et al. 1996). Some
climatic data for Eastern Caucases obtained by ERA5-Land
reanalysis are shown in Table A.1T in Appendix A.

The total population size of Dagestan exceeds 3,2
million people. Compared to other regions of the North
Caucasus, Dagestan is distinguished by high population
density in the mountainous areas® (about 50 people/
km?2); more than half of the region’s rural population lives
here (Imangulov & Safronov 2023). 70% of all Dagestan
settlements are mountain villages; most of them — about
800 — are located at the altitudes between 1000 and 2000
m (Muduev 2022).

About 42% of Dagestan’s agricultural land lies in
the mountains. More than half of them are pastures and
hayfields; the rest are arable lands and perennial plantations
— orchards and vineyards. About 80% of agricultural
production comes from small family farms, the share of
which in the mountains is more than 90%* In addition
to livestock farming, which increases with altitude, crop
farming plays a significant role. The most common crops
in Mountain Dagestan are traditional horticulture, which
includes apricot, peach, plum, and cherries, as well as
the cultivation of cabbage, potatoes, and, in recent years,
tomatoes. It is known that back in the mid-19" century

2 Map source: Russia_Dagestan_location_map.svg, https.//commons.wikimedia.org/w/index.php?curid=14036356
*Territories above 500 m above sea level are considered mountainous, according to the Mountain Law of Dagestan (2010). https://docs.cntd.ru/

document/895279692 (accessed 17.05.2024).

“Rosstat. (2022). Agricultural Micro Census 2021. https.//rosstat.gov.ru/folder/75792 (accessed 17.05.2024) (in Russian).
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there were about 1,500 orchards in the Derbent area (Basiev
et al. 2016). Crop production is concentrated mainly on
agricultural terraces, currently used, as mentioned above,
near roads and villages, in an altitude range not exceeding
1800 m above sea level.

Methods. We conducted our study in 2022-2023, which
involved investigating climatic trends, conducting field
observations, and conducting exploratory surveys with
local residents and officials (purposive sampling). We chose
eight Dagestan administrative districts (see Fig. 2) as case
study areas because they are in the middle of Mountain
Dagestan and have different average elevations, areas,
populations, and main crops: Khunzakhsky, Levashinsky,
Laksky, Charodinsky, Gunibsky, Akushinsky, Kulinsky, and
Agulsky.

Climate change investigation. We relied on our
previous study of climate change in the Eastern Caucasus
(41°-45° N, 45°-49° E) over the past 20 years (Gracheva et
al. 2023) by extending it with four other mountain districts.
Based on high-resolution (0.1° x 0.1°) reanalysis data
from ERA5-Land (Hersbach et al. 2023), we looked at how
average annual, summer, and winter temperatures and
precipitation changed at different elevations from 2011 to
2020 compared to 2000 to 2010. Since the article focuses
on the population adaptation to modern climate change,
a shorter period (2000-2020 - 21) was chosen, divided
into 2 decades. We paid special attention to the sum of
average daily temperatures exceeding 10°C (the so-called
active temperatures), which characterizes the biological
minimum temperature required for plant growth (Losev
1994).

Field observations and exploratory surveys. Our field

observations included several car trips in July 2022 and
September 2023 which covered selected districts and
adjacent mountain areas. Particular attention was paid to
possibly new agricultural activities and the use of agrarian
terraces.
During the field trips, we conducted 30 informal exploratory
interviews with local residents and administrations
(purposive sampling). The interviews aimed at obtaining
firstinsights relating to local stakeholders'views on climate
change, its impact on agricultural activities including the
use of terraces, possible adaptation options, and growing
tourism activities. Conversations took place in four
districts differing in altitude (Khunzakhsky, Levashinsky,
Laksky, and Charodinsky) with representatives of local
authorities (9) and local residents (21) including farmers
(17), schoolteachers (2), street fruit sellers, and guesthouse
employees. The age of the participants ranged from 30 to
55; there were 20 men and 10 women. All respondents had
their own land plots and were involved in farming.

We also sought information on agricultural
development from municipal authorities in four other
districts, namely Gunibsky, Akushinsky, Kulinsky, and
Agulsky. Additionally, we participated in a working meeting
of the Public Chamber of Dagestan in July 2022, where
representatives from 33 mountain municipalities discussed
the social and economic issues facing these areas. Valuable
information on adaptation to climate change in agriculture
was obtained during informal meetings with government
officials and two businesspersons who produced
greenhouse equipment and represented a seed company.
We also analyzed official documents and information
from official websites of the Dagestan government,
municipalities, and regional media.
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RESULTS AND DISCUSSION

Observed trends in changing climate. Our previous
assessment of the trends in climate parameters in the
eastern part of the North Caucasus showed an increase
in summer, winter, and average annual temperatures over
the period of 2000-2020 while precipitation had negative
annual and seasonal trends, especially noticeable recently
(2011-2020) (Gracheva et al. 2023). The most marked
increase in temperatures was in the middle mountains,
at altitudes from 500 to 2000 m above sea level, in the
most populated and developed areas (Table 1). In general,
the mountains of the Eastern Caucasus and Dagestan
in particular are becoming warmer and drier, as it is
happening in many other mountain regions of the world
(Beniston and Stoffel 2014, 2016).

In our study area, average annual temperatures were
increasing by approximately 0.4-0.5°C per 10 years, while
annual precipitation was noticeably decreasing: by 50-60
mm in 10 years (Table 1). At all altitudes, we observed an
increase in the sum of active temperatures: by 89°C per
decade above 3500 m above sea level and by 148-155°C
at altitudes of 500-2000 m above sea level (see also Table
A.1). The increase in this parameter with altitude indicates
the possibility of expanding the areas of some agricultural
crops.

Localviews on climate change and adopted adaptation
strategies: mountain terraces as a land resource. Much to
our surprise, we had very similar responses to the questions
in the interviews, which made it easier to reconstruct
common local opinions regarding climate change, its
impacts on living in the mountains, and the future of
agricultural terraces. These narratives are summarized in
Table A.2 in Appendix A. They reveal climate-induced risks,
although not always explicitly linked to climate change, as
well as the adopted adaptation strategies by respondents.
Notably, the answers from the officials were in line with
those from farmers: many members of the administration
came from mountain villages and knew the local reality
well.

According to the interviews, the most visible and
crucial effect of climate change in Mountain Dagestan
is the growing water scarcity caused by both the
decrease in precipitation and the reduction of the snow
cover. For example, 160 springs that fed the vegetable
gardens, orchards, and livestock have disappeared in the
Khunzakhsky district alone. Water deficit forces farmers
to drill deep wells and even to purchase and transport
water in tanks from the canal running through the Caspian
Lowland. Farmers also note a shift in seasons, with a delay
in autumn and spring and a shorter winter season overall.
Due to the unpredictability of the weather, especially in
spring and early summer, it is often impossible to apply
traditional planting dates.

Previously, we identified three adaptation strategies
adopted by farmers: switching to more resistant crops,
intensive  orchards, and greenhouse construction
(Gracheva et al 2023). Mountain terraces are seen as a major
land resource to support existing agricultural activities as
well as to expand agriculture to new areas and to higher
altitudes. Excavators made it easier to build new terraces,
even though they could only restore and use terraces close
to roads.

Temperature fluctuations and lack of moisture force
farmers to switch to new, more resistant crop varieties.
The challenge has required the cooperation of farmers
with breeding institutes and seed enterprises, and
they responded effectively due to the support of the
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Table 1. Some data on the study municipal districts (official data) and differences in climate characteristics in 2011-2020
compared to 2000-2010, Dagestan (author’s calculations using ERA5-Land data, Hersbach et al. 2023)

Municipal Altitude Area Population | Agricultural | Cropland, | At Ap | AXT>10 pvxx )
district range, mas.l. | sqkm | people (2021) land, ha ha °C* | mm** | CeC AHTC Main crops
Fruits,
Khunzakhsky | 1500-2000 552 31000 108200 9000 0.39 -56 157 -0.02 legumes,
vegetables
) Fruits,
Gunibsky 1500-2100 609 25800 158300 7000 0.40 -59 155 -0.05
vegetables
Cabbage,
Levashinsky 1200-1500 813 80400 78526 14200 0.53 -65 181 -0.06 fruits,
vegetables
Cabbage,
Akushinsky 1300-2500 622 59000 62300 20600 043 -59 144 -0.08 potatoes,
vegetables
Potatoes,
Laksky 1400-2200 700 12000 104800 4400 033 | -52 112 -0.07 vegetables,
fruits
Charodinsky | 2000-3000 | 894 13600 131300 760 | 034 | -47 | 138 | -003 Potatoes,
vegetables
Kulinsky | 2000-3000 | 651 10400 120924 2009 | 044 | -82 | 151 0,07 Potatoes,
vegetables
Agulsky | 2000-3000 | 793 10400 70500 1200 | 036 | -65 | 132 | -004 Potatoes,
vegetables

Significant changes are highlighted in bold.

* At — the difference in annual temperature values between the periods 2000-2020 and 2011-2020 at altitudes of 1000-2000 m a.s.l.
** Ap - the difference in annual precipitation values between the periods 2000-2020 and 2011-2020 at altitudes of 1000-2000 m as.l.
*** AT >10 — the difference in annual sum of temperatures >10°C between periods 2000-2020 and 2011-2020 at altitudes of 1000—-

2000 m as.l.

¢ AHTC - the difference in hydrothermal coefficient (HTC = p x 10/ 3 t>10) between the periods 2000-2020 and 2011-2020 at

altitudes of 1000-2000 m a.s.l.

administration®. Selected resistant varieties and hybrids,
including local varieties, have made it possible to preserve
and expand terrace cabbage plantations, although the
problem of water supply remains tense.

The need for greenhouses has arisen in recent years
due to the increasing unpredictability of spring and early
summer weather and the increasing frequency of spring
frost and summer hail. In a short time, greenhouses
occupied more than 700 hectares in the mountains,
located on terraces near villages, especially on the
southern mountain slopes (Dagpravda 2022), and this
area is growing every year. The demand for greenhouses
caused a sharp emergence of industry producing modern
greenhouse equipment.

Some farmers are starting to look for additional
opportunities to maintain income and are turning
to intensive orchards (see Table A2; personal
communications). Development of intensive and super-
intensive orchards is a direct response to climate change
and a way to support mountain agriculture. Intensive
orchards are especially relevant for the Eastern Caucasus
and the Lesser Caucasus with a water scarcity. A case in
point is Armenia, where planting intensive orchards is
considered one of the ways to increase the resilience of
rural areas in the face of climate change®. Intensive orchard

technologies were developed primarily to maximize yields
due to planting density (Barritt and Van Dalfsen 1992).
In recent decades, such a property of intensive planting
as reducing the vulnerability of trees to lack of moisture
and sudden temperature changes has become very
important (Palese et al. 2010; Aznar-Sanchez et al. 2011).
Although intensive orchards require large investments
in infrastructure and plant nurseries (Shakhmirzoev et al.
2017), interest in them quickly spread widely among small
family farms in Mountain Dagestan. In response, nurseries
and training centers for farmers appeared (Muduev 2022)
(Fig. 3). Currently the area of intensive and super-intensive
orchards in the region is more than 4000 ha and grows
rapidly due to the renewal of old terraces and newly built
ones (official reports’). The area of intensive orchards is
expanding due to the conversion of the part of cabbage
plantations to fruit production (information from a regional
administration expert). The scale of these transfers has not
yet been assessed, and there is no data on the area of new
terraces.

Currently, in addition to the orchards, vineyards are
being restored and planted on the terraces. New terraces
are built using excavators, usually on accessible mountain
slopes near roads. As mentioned, new terraces may not be
resistant to erosion and sliding. Strengthened control will

’ Riadagestan. (2022). White cabbage seed production is revived in Dagestan. https.//riadagestan.ru/news/the_government_of_the/v_
dagestane_vozrozhdaetsya_semenovodstvo_belokochannoy_kapusty/ (accessed 5.11.2022) (in Russian).

SMRD Talk1. (2022). Climate Change Adaptation in Mountains. https.//www.mrd-journal.org/?mrd-talks=climate-change-adaptation-in-
mountains-how-to-close-the-gap-between-policies-and-local-realities (accessed 30.06.2022).

"Fertilizer Daily (2022). Horticulture is developing intensively in Dagestan. https.//www.fertilizerdaily.ru/2022053 1-v-dagestane-intensivno-

razvivaetsya-sadovodstvo/ (accessed 11.11.2022) (in Russian).
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be required, including over the safety of adjacent roads,
especially as natural processes become extreme.

Adaptation to climate change includes not only actions
taken to reduce existing or potential risks but also taking
advantage of opportunities associated with climate change®.
This opportunity could be the expansion of orchard areas
above the altitude limits of their usual growth due to an
increase in heat supply and, above all, an increase in the
sum of active temperatures (Losev 1994). The Botanical
Garden of Dagestan has already planted local fruit varieties
on terraces up to 2000 m above sea level (Asadulaev and
Magomedmirzaev 2018).

Adaptation initiatives of the rural mountain population
are supported by the Program for the Socio-Economic
Development of Mountain Territories developed by scientists
of Dagestanand adopted by authorities. The Programincludes
financial support of small mountain farms by subsidies
and grants®. This is an effective example where initiatives
from below (“bottom-up”) were supported by decisions
from above (“top-down”) (Eicken et al. 2021). However, the
program does not include the revival of terraces, leaving it to
the discretion and responsibility of farmers. To introduce the
huge land resource of terraces into the economy, a program
for inventorying terraces and determining the possibility of
their use for different crops is necessary.

Agricultural terraces as cultural heritage and tourist sites.
Among the views on the mountain terraces, there is the idea
of terraces as the cultural heritage of mountain peoples. In
our interviews, this issue was raised primarily by officials and
public figures (see Table A.2).

Tourism in Dagestan has been booming in recent years:
in 2022, more than 1.5 million tourists visited the republic
(Mintourism 2023). In addition to popular tourist sites,
agricultural terraces can be a ‘calling card” of Dagestan
(Fig. 4). Educational and scientific tourist programs should
incorporate the history of their creation, their role in the
resilience of mountain communities, and their value as
sources of scientific information. The construction and

- 4 = S i e fy O o e L e
Fig. 3. Agronomist (left) trains farmers in planting intensive orchards (Photo courtesy of Sh. Muduev)

g

further maintenance of the terraces was a labor-intensive
and lengthy process, requiring the joint efforts of many
people. Thus, terraces are witnesses to the solidarity of
community, concern for its stable existence, the transfer of
knowledge and skills from generation to generation, and
respect for the achievements of predecessors (Aglarov 1986;
Magomedkhanov et al. 2022).

While climate change, i.e, water scarcity, may make
it difficult to farm in the mountains, tourism becomes
an additional source of income for farmers and supports
agriculture by adapting agricultural products to the
requirements of tourism, as it has been seen in other parts of
the world (Debarbieux et al. 2014).

Agricultural terraces are sources of scientific information
about natural changes and the history of society (Aglarov
1986; Kiesow, Bork 2017). During the construction of the
terraces, wood remains and roots were burned or buried,
and thus a valuable paleoarchive was created, storing
information about the natural conditions at the time of the
terrace building. Unfortunately, this archive is still almost
unclaimed in Dagestan. Moreover, some methods of terrace
formation have caused scientific confusion. To compact the
terrace, a mountain stream was sometimes directed onto
it; the water leveled and compacted the soil, left sand and
small pebbles in it, and filled the retaining wall with stone
material, strengthening it (Aglarov 2016). For researchers, the
presence of pebbles sometimes serves as a reason to classify
such terraces as river or lake terraces, which significantly
confuses the natural history of the region (according to
discussions at scientific conferences).

Agriculturalterraces have become special multifunctional
landscapes, integral elements of geodiversity, influencing
spatial patterns and the functioning of modern natural
ecosystems in Dagestan, and forming a unique aesthetic
appearance of mountain slopes. Including terraces as a tourist
attraction could increase interest in the local landscape and
its history and may also indirectly serve to strengthen the
resilience of local communities.

8UNFCC. (2023). United Nations Framework Convention on Climate Change. Introduction. https.//unfccc.int/topics/adaptation-and-resilience/

the-big-picture/introduction (accessed 17.05.2024).

*Program. (2020). On approval of the state program of the Republic of Dagestan «Socio-economic development of mountain territories of the
Republic of Dagestany. https://docs.cntd.ru/document/561752993 (accessed on 8 August 2022) (in Russian).
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CONCLUSION

Climate changes add new risks to the vulnerable

mountain environment and livelihood of mountain
communities and reduce the resilience of mountain
territories. In the Eastern Caucasus and, in particular, in
Dagestan, trends in climate parameters show gradual
warming and aridization. The population response to these
processes in the mountains of Dagestan is almost the same
as is observed in many mountain regions of the world
(Adler 2022; Debarbieux et al 2014; Hussein et al 2021;
Ponce 2020). People are adapting to climate change by
changing agricultural ways, trying to solve water problems,
and combining farming with tourism.
In the face of climate change, there is a noticeable trend in
Dagestan toward the involvement of agricultural terraces
as a land resource. Restoring terrace farming is in line with
mountain agriculture by preventing erosion and conserving
soil moisture while water resources are gradually reduced
(FAO 2000; Dorren and Rey 2004). Terraces regulated the
relationship between the mountain community and the
environment, maintaining land productivity, protecting
from dangerous natural processes, and limiting land
conflicts that were inevitable due to a shortage of land
resources in the mountains.

Fig. 4. Old agricultural terraces in Khunzakhsky district, Dagestan. Photo by A. Sheludkov

Building resilience in mountain communities in the
face of climate change involves multiple actors. Horizontal
knowledge transfer plays a huge role here. It enables the
dissemination of best practices among farmers, involves
scientific organizations such as the experimental stations
for new varieties of agricultural plants, and gives impetus
to the development of supporting industries such as
producing greenhouse equipment. Yet there is also a
great role for local and regional authorities, which can
support local initiatives. By now, the Dagestan authorities
have not yet included terrace farming in the supporting
programs, and this issue remains the responsibility of
farmers. Researchers are facing increasing importance in
inventorying terraces, assessing the agronomic value of
soils, and determining the economic feasibility of terrace
reclamation.

The agricultural terraces of many mountainous regions
can be considered as genius loci, the “genius of the place’,
which created life-supporting environment and the unique
appearance of the territory. The inclusion of terraces in
the list of tourist sites, as in many mountainous regions of
the world, will increase interest in scientific tourism and,
in general, the interest in the local landscape that stores
information about the history of nature and societies of the
mountains of Dagestan. [l
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APPENDIX A

Table A.1. Changes in temperature (T) and precipitation (P) in 2011-2020 compared to 2000-2010 at different altitudes
according to ERA-5 reanalysis data (Hersbach et al. 2023). Eastern Caucasus 41-45° N 45-49° E.

Tavera%eannual, TaveragsSummer’Taveragewinter,"C ST> +10°C, P average annual, P average P average winter,
C C mm summer, mm mm
H m _ _ _ _ _ _ _ _ _ _ _ _ _ _
2000-{2011 AT 2000-{2011 AT 2000-{2011 AT 2000-{2011 AT 2000-{2011 AP 2000-{2011 AP 2000-(2011 AP
2010 | 2020 1 2010 | 2020 1 2010 | 2020 o 2010 | 2020 1 2010 | 202 o 2010 | 2020 1 2010 | 2020 o
1 2 1 2 1 2 1 2 1 20 1 2 1 2
0-500( 132 | 136 | 04| 247 | 255 | 0.7 | 25 26 | 0.1 | 4240 | 4360 [120| 440 | 397 |-43| 94 87 | -7 97 95 | -2
?886 102 | 107 | 051209 | 215 |07 | -06 | 0.1 | 0.7 [ 3351|3498 [148| 876 | 815 [-61| 266 | 248 [-18| 111 | 115 | 4
12000000_ 55 60 |04 157 | 163 |06 | -49 | —43 | 06 | 2037|2192 |155| 1099 | 1039 |-60| 426 | 407 |-19| 107 | 110 | 2
2000—
2500 2.8 32 {04130 | 136 |06| -74 | -70| 04 [ 1349 | 1480 [130| 1051 | 998 [-53| 416 | 395 [-21| 104 | 106 | 2
22580000_ 14 18 (04116122106 | -89 | -85 |04 10141126112 1001 | 959 |-42| 394 | 380 |-14| 104 | 105 | 1
2800-
3000 09 13 10411111807 -93| -89 |04 897 | 1017|120 946 | 893 |-53| 348 | 324 |-24| 106 | 108 | 2
3000-
3500 0.7 11 104|108 | 114 06| -92 | -88 |04 | 834 | 936 [102]| 1008 | 951 |-57| 384 | 361 |-24| 106 | 107 | 1
3500-
5000 -05| -01 (04| 95 | 102 |06 |-105|-10.1| 04 | 571 | 660 | 89| 1063 | 1002 |-62| 431 | 402 [-29| 102 | 104 | 2
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Table A. 2. Exploratory interviews: questions and most common opinions

Questions Most common opinions

-"In recent years, farming has become hard. The seasons have shifted, fall is late, little snow,
and spring weather is unpredictable’.
Do you/people notice climate change? If yes, | -"The hardest thing is that there is less and less water. Previously, wells were drilled up to 50
which ones? m, now up to 250 m and even deeper”.
-"There is often intense heat. Apricots and apples began to ripen where they had not even
bloomed before”.

-"Cabbage requires water. We are forced to buy and transport water in tanks from the
Caspian lowland, from the canal”.

-"I replaced the water supply system with a drip irrigation system, and many people do this”.
-"We have to change the varieties of cabbage and other vegetables. Now it is possible to
buy new varieties or hybrids, they are better than others in temperature changes. There are

What are you doing to overcome climate demonstration sites; you can buy new seeds”.
challenges? How do you/people adapt? -"Now many people are switching to intensive orchards, it is profitable, and they are more
resistant to heat. I will wait and see; they say you can get subsidies”.
-l have an orchard, it's a family tradition. We have a plot with an intensive orchard, still very
young. Indeed they are resistant, but you need to keep a close eye on the spring weather”.
-"Greenhouses are saving us. You have to invest money, but you don't have to worry about
the weather”.

-"You see what mountains we have. Many villages stand on old terraces. Cabbage, potatoes,
orchards - all on the terraces"
-"Where to put greenhouses? On the terraces. Now we are building new terraces for the

Terraces: are they necessary? Do you use orchards, using excavators, my family does it"
them? For what? -l plant an intensive orchard on part of the terrace land under cabbage; it's more
Do old terraces need to be restored? profitable’.

-“Not all old terraces can now be used. They are overgrown and expensive to restore. Only
those that are close. Not everywhere there are roads”.
-"These are good pastures; let them remain so, thanks to our ancestors”.

(This is the only question that is answered without much desire).

Does agriculture provide a sufficient -“If cabbage is bad, potatoes or fruit may be good. Everyone has livestock’,
livelihood? -"You can always earn extra money if something goes wrong; in transport, in warehouses..”

-"The youth? They will always find money, tourism is nearby”.

What is more important for you: tourism -"There can only be one answer: the main thing in the mountains is agriculture”.
or agriculture? For mountainous areas? For -"We welcome tourism and welcome tourists. However, we live by agriculture”.
Dagestan? -l cannot say the same about my children..”

’ Riadagestan. (2022). White cabbage seed production is revived in Dagestan. https.//riadagestan.ru/news/the_government_of_the/v_
dagestane_vozrozhdaetsya_semenovodstvo_belokochannoy_kapusty/ (accessed 5.11.2022) (in Russian).

SMRD Talk1. (2022). Climate Change Adaptation in Mountains. https.//www.mrd-journal.org/?mrd-talks=climate-change-adaptation-in-
mountains-how-to-close-the-gap-between-policies-and-local-realities (accessed 30.06.2022).

"Fertilizer Daily (2022). Horticulture is developing intensively in Dagestan. https.//www.fertilizerdaily.ru/2022053 1-v-dagestane-intensivno-
razvivaetsya-sadovodstvo/ (accessed 11.11.2022) (in Russian).
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ABSTRACT. The paper presents the first data on the ratio of gamma-emitting isotopes ('*'Cs, '*?Eu, '**Eu, °Co) speciation in
the floodplain soil and rhizosphere of floodplain plants in the Balchugovskaya channel. This channel is located in the near
impact zone of the Krasnoyarsk Mining and Chemical Combine alongside the Yenisei River. The formation of a temporary
stream during high floods affects the spatial distribution of isotope specific activities in the soil and rhizosphere of this
area. The gross specific activities of isotopes vary in a very wide range. The highest ones are recorded in the lower outlet
of the temporary stream (up to 800 Bg kg™). The procedure of sequential extraction was applied to obtain data on isotope
speciation. The hydrological regime characterized by high floods in this section of the Yenisei River, as well as the biological
activity of plants, exerts a noticeable influence on the spatial distribution of isotope specific activities and their speciation
ratios. Lower percentages or the absence of mobile forms of isotopes in the plant rhizosphere, as compared to the bulk soil,
provide evidence for this. In general, isotopes in the soil and rhizosphere tend to accumulate in the organic and residual
fractions. There are noticeably different distributions of isotope speciation in central areas and sides of the temporary stream
entrance and outlets. The most diverse speciation patterns were observed for "?Eu and "*Eu isotopes, but under different

hydrological conditions.
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INTRODUCTION

The Yenisei floodplain has been significantly impacted
by the Krasnoyarsk Mining and Chemical Combine (KMCQ)
located in the town of Zheleznogorsk. The main source of
this impact were two direct-flow reactors that produced
weapons-grade plutonium. The impact on the floodplain
biogeocoenosis was significant and was traced all the way
to the Kara Sea, where the content of '¥Cs in the bottom
sediments exceeded global fallout by 4-8 fold (Vakulovsky
et al. 1995). When the KMCC direct-flow reactors were
turned off in 1991 and 1992, the specific activities of
isotopes in the water decreased by a factor of 1000 (Nosov
1996; Nosov et al. 2010). However, the amounts of isotopes
in the sediments of the floodplain remained quite high
(Linnik et al., 2004; Sukhorukov et al., 2000, 2004).

Radioecological studies in this territory have been
conducted over more than 30 years. Part of the research
focused on the study of isotope distribution in the
Balchugovskaya channel, located in the so-called MCC
near impact zone. The floodplain area from the MCC
reactor cooling discharge outlet to the Kan River influx
into the Yenisei River (~30 km) is considered the latter.

The channel has a complex geomorphological structure
and hydrological regime (Linnik et al., 2005). Both along
the entire Yenisei floodplain and in the Balchugovskaya
channel, the riverside zone 5-50 m wide, flooded during
floods, exhibits the highest level of isotope contamination
(Nosov et al, 1993; Stukin et al, 2002). The isotope
distribution in this riverbed section correlated with
parameters of hydrological and sedimentation regimes
in the 1960-1990s, in particular after the Krasnoyarsk
hydroelectric power plant constructed in 1967 (Linnik et al.,
2005). Numerous studies have focused on the distribution
of isotopes in bottom sediments (Bolsunovsky, 2011;
Bolsunovsky and Bondareva, 2007; Bolsunovsky et al., 2021;
Bondareva and Bolsunovskii, 2008; Semizhon et al., 2010;
Zotina et al,, 2014, 2019) of the Balchugovskaya channel.
There were noticeably fewer studies of isotope
distribution in floodplain soils. Favorable conditions for
the deposition of silt and large amounts of organic matter
along the river banks, resulting in a sharp increase in
isotope content in floodplain soils, were observed in the
Balchugovskaya channel (Korobova et al., 2016; Kuznetsov
etal, 1999; Linniketal., 2005; Linnik et al., 2004). The results of
sampling and radiometric mapping at the channel cape led
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to the identification of various landscape-radiation sections
in this part of the floodplain (Linnik et al., 2004; Sukhorukov
et al, 2004). The profiles showed that a noticeable amount
of radioactive contamination was contained both in
the surface deposits and distributed throughout the soil
profile, including the underlying gravel layer. The isotope
ratios in floodplain sediments were also used to determine
the chronology of floodplain contamination (Linnik et al,,
2005; Linnik et al., 2004). Several studies have focused on
the distribution of isotopes in the granulometric fractions
of floodplain soils (Korobova et al., 2014; Kropacheva et al,,
2013; Linnik et al., 2004). Thus, the Balchugovskaya channel
represents a complex floodplain segment, which is part of
the area where the floodplain biogeocenosis continues to
be influenced by the nuclear fuel cycle plant.

In models of isotope migration, the main parameter is
the proportion of exchange forms of the isotope in the soil
or bottom sediment (Bulgakov et al., 2002; Konoplev, 2020;
Mikhaylovskaya et al., 2002). Moreover, studies on isotope
migration typically treat the soil as a single entity (Tajima et
al., 2022; Tsuji et al,, 2016). The soil that is part of the plant’s
rhizosphere and the soil outside the rhizosphere have
different conditions for isotope accumulation, as shown
by our monitoring studies in 2003-2016 (Kropacheva
et al, 2021; Kropacheva et al, 2011; Kropatcheva et al,
2012). However, samples for them were taken at only one
site of the Balchugovskaya channel (Fig. 1a, point 1). The
remaining territory has not been covered by studies on
the distribution of artificial isotopes in the rhizosphere of
floodplain plants.

The aim of the study is the determination of isotope
speciations in surface sediments (floodplain soil and plant
rhizosphere) of the Balchugovskaya channel. The isotopes
13Cs, "Eu, "*Eu, and ®Co are analyzed in this study
because they are the main gamma-emitting contaminants
of the Yenisei River floodplain. The procedure of sequential
extraction was applied to obtain data on isotope speciation.
Determination of the percentage of mobile speciations
of isotopes will allow the assessment of isotope removal
from floodplain soil and plant rhizosphere during floods
of different intensityintensities. The obtained data can be

Zheleznogorsk

N .
0 10 km

used in the assessment of secondary isotope pollution of
the Yenisei floodplain and modeling of isotope migration
in the river system.

MATERIALS AND METHODS
Sampling

The Balchugovskaya channel is an anabranch between
the Yenisei eastern bank and Berezovy Island. At a distance
of 3.5 km from the entrance to the channel, the riverbed
rounds a ledge on the eastern bank (Linnik et al., 2005).
During high floods, the water flow goes straight through
the ledge, forming two temporary streams (Fig. 1b).

In August 2019 floodplain soils were sampled at nine
points: at the entrance to the temporary streams (points
1, 6, 7) and at two outlets, the upper (points 2, 3, 8) and
lower (points 4, 5, 9). The depth of sampling (~30 cm)
was chosen to capture the entire layer of sedge roots. At
each point, a cube of soil with sedge roots (~30 cm?) was
extracted and manually disassembled into plant roots with
adjacent rhizosphere and bulk soil. The part of the soil that
remained adhered to the roots after shaking the sample
was considered a rhizosphere; the rest of the soil was
taken as bulk soil (Séguin et al., 2004). The rhizosphere was
separated from the roots after drying.

Sequential chemical fractionation

To study the association of isotope to different
speciation, sequential extraction procedure were applied
to soil and rhizosphere samples using a five-step procedure
(Table 1). The procedure has previously been applied in
other research projects on floodplain soils and bottom
sediments in the KMCC near impact zone. (Bondareva,
2012; Semizhon et al,, 2010). However, this is the first case
of its application to floodplain soils of the Balchugovskaya
channel temporary streams.

The point 7 rhizosphere sample wasn't fractionated
because it was already being used to find out *°Sr-specific
activities by p-radiometry with radiochemical preparation.

93°41.5'40"
|

Fig. 1. Balchugovskaya channel: a) sampling scheme (August 2019); b) same place in high flood (June 2021)

Table 1. Schemes of sequential extraction of isotopes from a soil and a rhizosphere

fraction chemical reagents mobility
I exchangeable ions CH,COOH, (1M) pH=7
I carbonates CH,COOH, (1M) and HNO, pH=5 °
Il Fe, Mn oxides and hydroxides NH,OH-HCI (0,2M) in CH,COOH (25%) g \2
\Y organic matter HZO2 (35%) + HNO3 (1M) pH 1.5,85°C °
\ residual solids -
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Measuring procedure

The specific activity of isotopes was measured by
semiconductor gamma spectrometry with lead and tungsten
shields on an IFTP DGDK-100V coaxial Ge(Li) detector (Dubna,
Russia). The data were processed using the AnGamma software
SPC"Aspect”, (Dubna, Russia) (SPC"Aspect”2000). The following
gamma-lines were used for isotope detection: 661.66 keV
(*’Cs), 1173 and 1332 keV (°°Co); 344 and 778 keV ("*’Eu), 1274
keV ("*Eu). Measurements lasted from 1 to 24 hours, depending
on isotope activity level, to provide a photopeak area accuracy
to within 5-10%. The detection limit for '*’Cs was from 2 to 5
Bqg kg™ All sample activities were recalculated according to the
date of sampling.

The Analytical Center for Multi-EImental and Isotope
Research SB RAS conducted the analytical studies of the
samples.

RESULTS AND DISCUSSION

The bulk isotopes specific activities vary in a wide range.
The "¥Cs exhibit the highest values, ranging from 200 to 800
Ba/kg.The levels of isotopes specific activity in the upper outlet
are approximately equal to the ones at the entrance to the
temporary stream ("*’Cs) and in some cases exceed them (*?Eu
and partially ©°Co). The lower outlet has significantly higher
bulk isotopes specific activities for almost all isotopes than
the upper outlet. This outlet has a higher bed at the turning
point, which obviously causes less frequent flooding and no
isotope leaching. Higher isotope levels have also previously
been recorded at this site, although less contamination
corresponded to the higher terrain (Linnik et al, 2005). In
general, isotopes in the soil and rhizosphere gravitate toward
organic and residual fractions.
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The ratio of speciation isotope patterns in soils and
rhizospheres at the side points of the temporary stream
outlets is about the same. Points 2 and 4 on the left side of
the temporary stream outlets are more similar than points 3
and 5 on the right side. The distribution of speciation "*Eu
isotope forms in the soil and rhizosphere of the central areas
of temporary stream outlets (points 8 and 9) is significantly
different. In the upper outlet, the isotope is associated with
a significant proportion of carbonates (24-34%). In the lower
outlet, itis linked to Fe oxides and hydroxides (30%). The ratio of
speciation isotopes on the right side of the temporary stream
entrance (point 6) is also noticeably different from typical.
Obviously, favorable conditions for sediment accumulation
are formed here even at high floods, as indicated by the
distribution of the speciation ™*Eu isotope. This isotope is
equally present in the exchangeable and carbonate fractions
in soil, in the exchangeable fraction, the Fe and Mn oxides and
hydroxides fraction, and the organic fraction in the rhizosphere.
Earlier studies have reported markedly higher densities of
isotope contamination at this site (Linnik et al., 2005) than the
center (point 1) and left side (point 7) of the entrance to the
temporary stream.

Lower levels or lack of isotopes in exchangeable fraction in
the rhizosphere compared to bulk soil may be a consequence
of uptake of these forms by plant roots. The mobile forms of
Eu isotopes in these three points (6, 8, and 9) result from the
absence of two typical processes for other points and isotopes:
1) the mobile forms of the isotope are not washed out at low
floods; 2) Eu isotopes are not uptaken by plants (Kropatcheva
etal.2012).The lack of ®Co in soil or rhizosphere fractions when
its total activities are present (points 1, 5,6,and 7) indicates that
the total activities were measured for an active particle that
did not fall into the weighed quantity for sequential extraction
technique.
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Fig. 2. Isotope specific activity in soil and rhizosphere bulk samples (a) and isotope speciation distribution in the samples (b)
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A statistical analysis was conducted based on the
obtained data to identify possible correlations between the
specific activities of isotopes and their speciation. Since the
data samples are not normally distributed, the Spearman
rank-order correlation coefficient p was used to calculate
the correlation coefficient.

The total specific activities of some isotopes had very
strong positive (0.75-1.00) and statistically significant
(p<0.05) correlations with each other. These are '*’Cs in the
soiland the rhizosphere, '>?Eu in the soil and the rhizosphere,
2By in the soil and ™*Eu in the rhizosphere, "*Eu in the
soil, and %°Co in the rhizosphere (Fig. 3). The other ratios,
although quite high, are not statistically reliable.

Table 2 shows statistically significant correlations
between the specific activities of isotopes in soil and
rhizosphere and the percentage of speciation isotopes in
soil and rhizosphere.

Very high positive correlations (0.75-1.00) are observed
between the specific activities of isotopes in the soil and
rhizosphere, between fractions | of soil and rhizosphere,
and between fractions IV of soil and rhizosphere (Table
2, Nos. 1, 3, 6). A large R? value (0.7436-0.8998) is also
characteristic for all these correlations. The R? values for
many of the ratios (Table 2, Nos. 4, 8—11, and 14) are much
lower (0.4094-0.5543), but the correlations are high positive
or negative (|0.50 - 0.75]). The remaining ratios (Table 2,

y =0.7109x + 39.497

R?=0.9568
p =0.0000
500 p=08787
y=0.8108x +22.314
R?=0.7812
p =0.0016
1040 p =0.9000
= [©)
@
o
b c) e
£ 5 )
X y =2.352x - 15.359 ®
= R?=04953 g
< p=0.0337
p =0.9000 @
Q@
y =0.0705x + 9.9411
ot R?=0.5903
® p=0.0210
p=0.8167
5 50 500
soil, Bq kg
e¥Cs  @®Fu @ **Euin soil / ®*Eu in rhizosphere © *™Euin soil / “Co in rhizosphere

Fig. 3. Correlations between the isotope specific activities in soil and rhizosphere

Table 2. Statistically significant (p<0.05) correlations between the specific activities of isotopes and their speciation

No. Ratios P R? p
1 soil, Bg kg™ vs. rhizosphere, Bg kg 0.8657 0.8998 0.0000
2 soil, Bg kg™ vs.V fraction of rhizosphere, % 04156 0.2242 0.0062
3 | fraction of soil, % vs. | fraction of rhizosphere, % 0.9345 0.8956 0.0000
4 Il fraction of soil, % vs. | fraction of rhizosphere, % 06179 0.5409 0.0000
5 I fraction of sail, % vs. lll fraction of rhizosphere, % 04954 0.7646 0.0000
6 IV fraction of soil, % vs. IV fraction of rhizosphere, % 0.7625 0.7436 0.0000
7 IV fraction of soil, % vs. V fraction of rhizosphere, % -04132 0.3031 0.0011
8 V fraction of soil, % vs. IV fraction of rhizosphere, % -0.6109 0.4859 0.00001
9 V fraction of soil, % vs. V fraction of rhizosphere, % 0.5320 04094 0.00008
10 [ fraction of soil, % vs. Il fraction of soil, % 0.5660 0.5543 0.00000
11 IV fraction of soil, % vs. V fraction of soil, % -0.6689 0.5437 0.00000
12 | fraction of rhizosphere, % vs. Il fraction of rhizosphere, % 04609 0.3299 0.0006
13 | fraction of rhizosphere, % vs. lll fraction of rhizosphere, % 04939 0.5598 0.00000
14 IV fraction of rhizosphere, % vs. V fraction of rhizosphere, % -0.6558 04916 0.00001
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Nos. 2,5,7,12,13) have medium positive or negative (|0.25
- 049)) correlations, with low R? values (0.2242-0.5598),
except for ratio No. 5 (R? = 0.7646).

Positive correlations between the states of isotopes in
the soil and rhizosphere (specific activities and speciation)
indicate similar migration paths of isotopes in these states.
According to correlation ratios 1, 3,and 6, it can be asserted
that the total migration of isotopes is primarily determined
by the behavior of isotopes in exchangeable and organic
fractions. The proportions of isotopes found in V fractions
(correlation ratio No. 9) determine the isotope migration
pattern, which is significantly weaker.
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ABSTRACT. This work studies the variations in daily and seasonal concentrations of surface ozone (O,), and nitrogen oxides
(NOand NO,) as its precursors in Chelyabinsk, a large industrial city in Russia. A monitoring station located outside the zone of
influence of large industrial and transport local sources of air pollution was chosen for the research. The research was carried
out during 2019, which can also be considered as a “background” period, because in 2020, during the COVID-19 lockdown,
there was a decrease in concentrations of precursors. However, in 2022-2024 concentrations of precursors increased
due to increased production capacity. Daily O, variations are characterized by three peaks that correlate with changes in
concentrations of nitrogen oxides (NO)) determined by peak loads and emission intensity of thermal power stations. There
are two seasonal peaks of surface O, concentrations. The spring peak in March is caused by natural processes. In March 2019,
an advection of an air mass with different properties and gas composition was observed from areas with powerful sources
of precursor gases or saturated with O, from the south (areas in Kazakhstan). During episodes of high O, levels, Chelyabinsk
was located on the crest of a cyclone, in the warm sector, where low-level jets formed. The summer maximum of surface O,
in June was caused by photochemical reactions during anticyclones and prolonged inversions.
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INTRODUCTION in VOCs, NO, and NO, concentrations, as well as weather
conditions, influence surface O3 concentrations (Ouyang et
Surface ozone (O,) is one of the most dangerous urban  al. 2022; Di Bernardino et al. 2023; Wang et al. 2023). Industry,
air pollutants, having caused several hundred thousand  transport, and power plants produce NO The contribution
premature deaths and tens of millions of asthma attacks  of different sources to VOCs varies considerably from city to
worldwide (Zhang et al. 2019). O, is necessary in the  city and region to region; these can be vehicle and industrial
stratosphere but undesirable in the troposphere because it~ emissions as well as emissions from urban vegetation.
reacts with many compounds to form oxygen-containing Isoprene (McGenity et al. 2018) and terpenes (Rosenkranz
organic substances and particles. Humans are exposed to O, et al. 2021) are the main VOCs produced by plants. The
mainly through inhalation, but cutaneous reactions have also  effect of isoprene emissions on O, formation in cities is
been reported (Salonen et al. 2018). Being highly reactive, it well known (Watson et al. 2006). Studies showed that some
can cause a 25% increase in the rates of skin cancer (Rawat types of trees emit significantly more isoprene (e.g., poplar,
and Matta 2021). In the troposphere, 0O, is categorized as a oak) (Simon et al. 2019). In south Shanghai, biogenic VOCs
secondary pollutant because it is not emitted directly but  are the major precursors of O.. This mechanism is defined as
is synthesized through chemical reactions from precursors O, production in the area leeward of the isoprene source in
(Nuvolone et al. 2018). Its sources in urban air are debated.  forests (Geng et al. 2011). The increase in O, concentration in
Despite the large number of studies on surface O, in cities,  the Seoul metropolitan area is also largely due to biogenic
there is practically no research focusing on O, concentrations isoprene emissions (Lee et al. 2014; Kim et al. 2016). However,
in Russian industrial cities. the major sources of VOCs are coal combustion and coking.
Complex photochemical reactions between nitrogen For example, a study from Taiyuan, Shanxi Province, China,
oxides (NO) (NO+NO,) and volatile organic compounds  showed that the main sources of VOCs included coal and
(VOCGs) form ozone (Belan 2010; Nguyen et al. 2022). Changes ~ biomass combustion (33%) and coking sources (28%). Vehicle
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and biological emissions were 14% and 7%, respectively (Ren
et al. 2021). In some large industrial cities, without oil and
coke production, transport is the main source of VOCs (Xie et
al. 2021).

There is no doubt that O,-VOC-NO, concentrations are
closely interrelated. VOCs are oxidized in the troposphere
forming O,. However, the more NO, released, the less O,
produced, since NO, titrates O, Thus we increase O, by
reducing NO_ emissions. Recent data, however, have shovvn
that even if all anthropogenic VOC emissions are reset to
zero, the amount of O, will still be significant (Colombi et al.
2023). According to Colombi et al. (2023), decreasing VOC
emissions would reduce the amount of 0O, in South Korea,
but concentrations would remain above 80 ppbv even if
all anthropogenic emissions from South Korea and China
were zeroed out. The East Asian atmospheric background,
determined by zeroing out all anthropogenic emissions over
East Asia, is very high at 55 ppbv, which means that the 60
ppbv air-quality standard in South Korea is out of reach
without dealing with the cause, which is still not clear.

Surface O, concentrations and their relationship with
meteorological conditions, inversion layers, and heat islands
should be studied to improve the understanding of the
physicochemistry of these phenomena and to develop and
evaluate strategies for improving air quality. Recent studies
have shown that traditional greening strategies (Knight et al.
2021) and white roofs (Fallmann et al. 2016) have little efficacy.

Until recently, the concentration of surface O, has been
the subject of little attention in Russian cities. In recent years,
the ongoing economic digitalization and the implementation
of smart cities have led to the emergence of online air quality
monitoring systems in many large cities in Russia, including
the monitoring of surface O, concentrations. Several Russian
research groups are working on surface O, monitoring
(Berezina et al. 2020; Simakina et al. 2020; Chubarova et al. 2021;
Thorp et al. 2021; Andreev et al. 2021; Virolainen et al. 2023).
One of the latest reviews (Andreev et al. 2022) showed that
during 2021, the average daily O, concentration exceeded the
maximum permissible concentration (MPC) for most of the
year for all observation sites (17 stations), and at some stations
it is double or even triple the MPC. Anticyclonic conditions
in summer observe the maximum concentration in Moscow
and St. Petersburg, while some stations, like Obninsk, observe
maximum concentrations in March and even December, a
phenomenon that remains unexplained (Andreev et al. 2022).

A study of the background O, concentration in Siberia in
an area devoid of anthropogenic influence by Moiseenko et
al. (2021) was conducted at the Zotino Tall Tower Observatory
(ZOTTO) at a remote station in Central Siberia, commissioned
in October 2006 as part of a joint project of the Max Planck
Institute for Biogeochemistry, Jena, Germany, and the
Sukachev Institute of Forestry, Siberian Branch of the Russian
Academy of Sciences, Krasnoyarsk (Russia). In March and April,
ZOTTO recorded the highest amount of O, in background
conditions with low-pollution. This amount dropped
significantly in May and reached a plateau by June for the
observation period from 2006 to 2014. There is data on spring
maxima from at least seven more stations in Russia, which are
usually background or suburban stations (Andreev et al. 2022).

A more comprehensive analysis of O, formation in specific
cities in Russia is required. Russian industrial cities are unique
urban ecosystems. The vast concentration of industrial
enterprises defines their development and ecological
peculiarities. This paper studies, for the first time, the patterns
of annual and daily variation of surface O, concentrations in a
typical Russian industrial city, Chelyabinsk.
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METHODOLOGY

Study area and observation station

Chelyabinsk is located on the geological boundary of the
Urals and Siberia, in the Asian part of Russia, on the eastern
slope of the Ural Mountains, on both banks of the Miass River
(the Tobol River basin). The city’s relief is mildly hilly. The
climate is moderately continental.

Chelyabinsk is the administrative center and largest city
of the Chelyabinsk region, Russia. It is the seventh-largest
city in Russia with a population of over 1.1 million people.
Chelyabinsk is a typical Russian industrial city, with an area
of 530 km?. It contains several of the largest metallurgical
enterprises in Russia, including the country’s only zinc plant,
the largest steel foundry, coke and chemical enterprises,
a pipe-rolling plant, a steel smelter for the production of
ferro-manganese, ferro-chrome, and electrodes, and several
enterprises for the production of mineral wool. Chelyabinsk is
a major transport hub, with an international airport, a railway
station, and several state highways. In addition to cargo and
personal transport (many families in the city have more than
one car), Chelyabinsk has a well-developed public transport
network, including bus, tram, and trolleybus fleets, and a new
metro is under construction. For the analysis, we used the data
from the official monitoring station of the Russian Federal
Service for Hydrometeorology and Environmental Monitoring
(Roshydromet). The service operates independently from the
local city authorities, and all laboratories have accreditation
certificates for chemical and analytic measurements and
the monitoring of air conditions. O, content monitoring has
been conducted in the city since 2019, but measurements
of surface O, content were not mandatory until recently and
were experimental; therefore, data were not available for all
monitoring stations and not for all time periods.

Monitoring stations can only be categorized roughly. In
Russian industrial cities, there is no division into residential,
industrial, and commercial zones. As a result, industrial
enterprises can be found in the city center, and one of
the world’s largest zinc plants is located in the central
area of Chelyabinsk. In the north of the city, there is an
industrial area with Russia’s largest steel smelting plant..
Many employees prefer to live close to work, so there are
large residential areas in the neighborhood, which are
interspersed with commercial property. The monitoring
stations have been described in detail by Krupnova et al.
(2020).

Direct emissions have minimal impact on two
background monitoring stations.However, one of them is
adjacent to a large urban forest with relic pine trees and
exposed to a busy nearby highway. So, we chose the other
as the urban background (UBG) station (Fig. 1).

We chose 2019 as the conditional background year
for this paper because it best reflects the city’s ecosystem,
characterized by stable traffic flows and the work of
industrial enterprises throughout the year. From 2020, the
city was affected by social and political issues and was
marked by COVID-19 lockdowns, which caused remote
work and studies in 2021, and therefore, changes in the
traffic flows of personal and public transport. In 2022, Russia
came under sanctions, which led to a temporary decrease
in production and consequently a decrease in emissions
of dust and NO_. In response, the economy was oriented
toward domestic markets, which was followed by an
increase in production to record levels. All these processes
are difficult to take into account when analyzing the
situation. Production volumes are classified information, as
the enterprises in the city are related to national security.
These social and economic processes in 2020-2022 had
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Fig. 1. Map of study area and observation station location

a significant impact on NO,_ and dust emissions affecting
the surface O, cycle. Therefore, we chose 2019 to analyze
typical daily and seasonal O, variations for Chelyabinsk,
as well as correlations with NO_ and meteorological
conditions. We used data from the Roshydromet server.
Pollution monitoring is continuous with measurements
every 20 minutes (72 per day). In addition, we analyzed
episodes of high O, concentrations at the background

station.
Description of the data and instrumentation

Hourly averaged meteorological parameters were captured
by a meteorological station (Davis Instruments Vantage
Pro2, USA). Gases were measured by a set of commercial
instruments. O3 was measured by an ultraviolet photometric
analyzer (OPTEC, F-105, Russia), with detection limit of 1 ppbv
(10 s average). We performed calibration checks using NIST-
traceable O, standards.

NO and NO, were monitored using a chemiluminescent
analyzer (OPTEC, R-310 A, Russia). We calibrated this analyzer
weekly with certified NO compressed gas standards and
dynamic dilution calibrators, as well as monthly with NO gas
standard dilution and gas phase titration. The results were
processed using Microsoft Excel 2013 and IBM SPSS 27.0
software.

Measurements with the altitude temperature profiler MTP-
5 (Russia) provided the parameters for temperature inversions.

The analysis of synoptic situations during episodes of
increased O, concentrations was carried out by analyzing
charts of the absolute and relative topography at the level of
300, 850,925 hPa (at observation times of 00:00 and 12.00 UTQ),
maps of surface analysis, and annular weather maps (at 00:00,
03:00, 06:00, 09:00, 12:00, 15:00, 18:00 UTC) available in the
archive of the Chelyabinsk Central Hydrometeorological
Service. To assess large-scale atmospheric circulations, data
from a report by the Russian Hydrometeorological Center on
the main features of atmospheric and weather conditions in
the northern hemisphere was used.
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RESULTS AND DISCUSSION

Dependence of surface O, concentrations on season

Fig.2 showsmonthly variation of O,,NO,NO, concentrations
in 2019.

Fig. 2 shows that the concentration of O, increases from
January to March. The first local maximum is observed in March,
followed by slow growth, and the main maximum is observed
in June. Then the concentration of O, gradually decreases,
reaching a minimum in December. The concentration of NO is
maximum in February—March, and then it gradually decreases.
Thereisa NO minimumin July. After that, NO gradually increases
until December. Similarly, NO, reaches its peak in February. In
June-August, there is a NO, minimum. After that, NO, gradually
increases until December. The main sources of NO_ are
metallurgy, thermal power plants, and motor transport. Most
metallurgical production is year-round; therefore, they do not
affect seasonal changes in NO,_emissions. The central heating
season begins in October and ends in April in Chelyabinsk. The
coldest days are often in January and February when heating
capacities are at maximum. This is the likely reason for the
observed seasonal change in NO_concentrations. In addition,
in recent years, during the winter, people have often used
remote ignitions to turn on and warm up car engines — often
for 15-20 minutes several times a day. This leads to an increase
in NOx emissions. In new residential districts of Chelyabinsk
there are local central heating systems that can be used at
any time, even on cold summer days, with an uncomfortable
decrease in temperature in rainy weather in early autumn. O,
synthesis begins to increase from March, reaching a maximum
in July along with an increase in solar radiation activity (Fig. 3).

The March local maximum is counterintuitive since solar
radiation is not yet very high (Fig. 3), but the amount of
NO, remains high. As noted in the introduction, the spring
maximum described in a large number of works is typical
for the entire Eurasian territory. It is not associated with
local sources, but rather reflects natural processes. There is
convincing evidence that, unlike the summer maximum, which
is associated with photochemical O, generation, the spring
maximum is associated with atmospheric dynamics. During
the periods under study, advection of an air mass with different
properties and gas composition was observed from areas with
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powerful sources of precursor gases or saturated with O, from
the south (areas of Kazakhstan, Central Asia), or from the west,
which is transferred by a southwest flow enveloping the Ural
Mountains from the south. As an atmospheric front passes,
the thermal structure of the atmosphere changes, as does the
gas composition. Similar phenomena have been described by
Antokhin et al. (2020). Below we consider in more detail two
episodes of increased O, concentrations in March 2019, caused
by the formation of cyclone-induced low-level jets (LLJs).

Dependence of surface O, concentrations on the time of day

Fig. 4 shows that NO and NO, concentrations are
negatively correlated. At 7 am., 1 pm, and 7 p.m, there is
a maximum of NO, and a minimum of NO. In January and
February, at the same times, three O, maxima are observed;
starting in March, the morning and evening maxima become
minima, the daytime maximum persists in all seasons, and a
nighttime O, maximum appears, which in December is larger
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than the daytime one. The main peak in the afternoon hours is
associated with solar radiation.

In January and February, long-term surface inversions were
almost constant (Table 1), while there was no movement of the
air in the inversion layer or air with pollutants circulating under
the inversion layer. The upper atmosphere had no vertical
supply of O,. AlImost the entire mass of O, was formed as a
result of photochemical reactions. The predominant sources of
NO, and VOCs are emissions from thermal power plants and
boilers. The fact that NO_ extremes do not align with vehicle
peak hours (in Chelyabinsk, 9 a.m. and 8 p.m.) supports this.
At 7.am., 1 p.m, and 7 p.m., peak loads and emissions from
thermal power stations are associated with nitrogen dioxide
extremes (Fig. 5).

In March, there was a morning and afternoon O,
maximum, as well as an evening minimum. In addition
to the photochemical mechanism, conditions exist for
the vertical supply of O, from the upper layers of the
atmosphere. Gradually, the daytime maximum becomes
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Table 1. Average duration of inversions in different months

Month Average duration of inversions, h
January 12
February 13

March 8

April 6
May 6
June 6
July 5
August 5
September 6
October 6
November 7
December 8

more pronounced; in April, @ morning minimum and
nocturnal increases in O, concentration appear. The
nocturnal maximum becomes most pronounced from
Octoberto December.Nocturnal O,enhancementis caused
mainly by atmospheric processes, including horizontal
transport and vertical mixing. Horizontal transport
connects with follow phenomena. At night, the intensity
of vehicle traffic decreases, and air masses gradually move
into the city, where ground-level O, has not been destroyed
by anthropogenic emissions. Low-level jet streams include
vertical mixing. The O, produced by the photochemical
reactions during the day provides an abundant O, source
in the nocturnal residual layer, and atmospheric mixing
causes the ozone-rich air in the residual layer to mix into
the nocturnal boundary layer, triggering the nocturnal O,
increase. Low-level jets' turbulence decouples the residual
layer from the stable boundary layer, resulting in a decrease
in the residual layer's O, concentration and an increase
in the surface O, concentration. By morning, there is a
decrease in the concentrations of terrestrial O, due to the
fact that its supply from the troposphere is minimal since
the atmosphere at this time is as stable as possible.

Episodes of high O, concentrations

Episode 1

Fig. 6 shows that the surface O, concentrations were
90-115 ug-m= on March 6 from 3 p.m. to 7 p.m. and 100-
120 pg/m=on March 7 from 1 a.m.to 9 a.m.

At the 300 hPa level (=9 km), Chelyabinsk region
and Chelyabinsk city were located at the periphery of
an extensive trough of a near-field cyclone. Flows were
observed in a western, southwestern direction of 27-31 m/s’
(97-112 km/h™). At the level of 850 hPa (=1.5 km), Chelyabinsk
was located on the southeastern periphery of a vast trough of
a cyclone. The map (Fig. 6) clearly shows the passage of a warm
atmospheric front through Chelyabinsk and the Chelyabinsk
region, as well as LLJs in the warm sector of the cyclone. At the
same time, a sharp increase in air temperature was observed
from a night temperature of -12 to a daytime temperature
of +4 according to the profile on March 6 and +5.3 °C on
March 7 (at night on March 7, the minimum temperature was
about 0 °Q). In the evening of March 7, with the passage of a
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cold front (Fig. 6), the air mass changed again; a decrease in
temperatures, an increase and change in wind direction, and a
resulting decrease of the O, concentration in the surface layer
were observed. The high O, level in the evening and at night
on March 6 and in the morning of March 7 is not the result
of local O, formation, but is of an advective nature. A warm
air mass saturated with O, was brought from Central Asia
by southwesterly flows. The cyclone-induced LLJs transport
O, to the ground, where it accumulates. No inversions were
observed on March 6 and 7, and there were no obstacles to 0O,
penetration into the surface layers.

Episode 2

Another episode of high O, concentrations was observed
on March 11-12 (Fig. 7). In the two episodes, the synoptic
situation is almost identical. At the 300 hPa level (=9 km), the
Chelyabinsk region and Chelyabinsk city were on the eastern
periphery of the trough of an extensive cyclone, the maximum
development of which occurred on March 12. At the level of
850 hPa (=1.5 km) Chelyabinsk, as in episode 1, was located
on the south-eastern periphery of a vast trough. Heat was
spreading in the atmosphere by south-western flows, a warm
front was observed on the 11th and an occlusion front on
March 12, and LLJs were also observed in the warm sector. At
night, the air temperature was from -2.2 to +1.5 °C, and during
the day it warmed up to +4, +6 °C. High O, concentrations were
115-130 ug-m and 80-135 pug:m= from 2 p.m. to 7 p.m. on
March 11 and from 8 a.m. to 2 p.m. on March 12, respectively.
The inversions were characteristic only for the early morning of
March 12 and quickly collapsed. The LLJs transported O, to the
ground.

Episode 3

Tropospheric O, concentrations of up to 210 ug/m
> were recorded during the day from May 8 to 9 (Fig. 8).
At the 300 hPa level (=9 km), from May 8, the Chelyabinsk
region and Chelyabinsk city were at the crest of increased
geopotential; the leading flow was southward from 21-
24 m/sT (76-86 km/h™), due to the pushing of the high-
altitude trough near the polar cyclone and the displacement
of the ridge to the west. On May 9, the study area was in a low-
gradient field, while the flow changed to a northern, relatively
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weak 9-16 m-s™ (32-58 km-h™). The crest corresponded to
an extensive Siberian anticyclone at ground level and up to
1.5 km on May 8. On May 9, a local cyclone formed in Bashkiria
on the wave of the polar front, which brought rain to the
Chelyabinsk region. The temperature background remained
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almost unchanged, then the pressure increased again and
Chelyabinsk found itself on the crest of an anticyclone. The
wind at the ground was weak: calm or variable 1-3 m-s'; only
on May 9 gusts of up to 15 m-s" were observed. Abnormally
hot weather was observed with a deviation of average daily
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temperatures from the norm by 7-12 °C; the maximum air

temperature in the city reached +28 °C. Nighttime and daytime

inversions were also observed.

There were days with strong sunlight and low winds,
which favored the photochemical production of O, and the

accum

ulation of O, and its precursors. Photochemical O,

formation is the cause of the observed high concentration

of O,.
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Episode 4

On June 10-11, high O, concentrations of up to
160 ug-m= were recorded throughout the day. At the level
of 300 hPa (=9 km) at the beginning of the period, the
Chelyabinsk region was on the northeastern periphery of
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the altitudinal ridge; by the end of the period, an extensive
tropospheric trough was spreading from the territory of
the island of Novaya Zemlya and the Kara Sea and covered
the Chelyabinsk region. The flows were northwest 12—
16 m-s™ (43-58 km-h™). At the level of 850 hPa (=1.5 km),
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Fig. 8. Synoptic weather charts with the surface air pressure and wind vectors, hourly variation of NO, NO?, and O3
concentrations (pg-m3), 300 hPa charts with wind speed and wind vectors, and temperature profiles
on May 8 (left) and May 9 (right)
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the territory was in the warm sector of the crest of a vast
anticyclone with its center south of Moscow. There was
an occlusion front and a cold front in the warm sector, so
there were heavy rains in the Chelyabinsk region on June
10-11. During this period, the temperature background in
Chelyabinsk was high; maximum air temperatures reached
26-28 °C; night inversions were also observed. The night
was calm; during the day, there was a west/northwest wind
of 3-5 m-s™, with isolated gusts of 11-12 m-s™. At the level
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of 925 hPa, a moderate wind of a western, northwestern
direction of 7-10 m-s" was observed (Fig. 9).

In hot, windless weather on the afternoon of June 10,
a photochemical accumulation of O, occurred. At 4 p.m.,
after the passage of a cold front and local rainfall, a sharp
decrease in O, concentration in the air occurred in the
area of the monitoring station. On the night of June 10—
11, warm, windless weather returned. Under nighttime
inversion conditions, air from O_-rich areas on the outskirts
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Fig. 9. Synoptic weather charts with the surface air pressure and wind vectors, hourly variation of NO, NO, and O,
concentrations (pg-m3), 300 hPa charts with wind speed and wind vectors, and temperature profiles on June 10 (left) and
June 11 (right)
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entered the center, causing the O, concentration to
increase again. With the anticyclone on June 11, hot
weather set in, which contributed to the photochemical
accumulation of O,. High concentrations of surface O,

were observed throughout the entire day on June 11.
CONCLUSION

This study investigates the processes associated
with ground-level O, in a typical Russian industrial city,
Chelyabinsk, including O, content and its relationship with
atmospheric dynamics and chemical processes. We offer
the following conclusions and recommendations:

- The data clearly show severe O, pollution in the city
at a background station. To obtain a complete picture
of pollution, data from other (in particular industrial and
transport) monitoring stations is needed. In this regard, the
expansion of the city’s air monitoring network is strongly
recommended.

- Measurements and studies have shown that O,
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ABSTRACT. Global Geopotential Model (GGM) is a mathematical representation of the Earth’s gravity field and geoid, which is
developed to provide accurate information about the variations in the Earth’s gravitational potential across the entire globe.
Recently numerous organizations and research centres have developed multi GGMs derived from several types of available
gravity and height datasets to estimate orthometric heights from GNSS measurements. In this study, we present an accuracy
evaluation and assessment of the nineteen recent and popular GGMS using actual GNSS/levelling points, and gravity anomaly
points. The goal of this research is to find the optimum model for the study area which is located in the East Malaysia for
further determination of geoid modelling in the regional scale. The selection of these areas basically is due to their renowned
for uncontrolled topography and various datums. The results indicate that for geoid undulation, the XGM2019e_2159 with
value of 0.195 model is the best fit GGM for the estimation model for East Malaysia. For gravity anomalies, the most reliable
GGM for the study area is GO_CONS_GCF_2_DIR_R5 with RMSE of 32.456
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INTRODUCTION (GGM:s). This data become the crucial input in the geoid
computation as they provide essential long-wavelength
The geoid is a surface which the gravitational potential information combined with Stokes’ integration over local

is uniform, and it is corresponds to a continuous sea level  gravity data collected from terrestrial measurements.
across the globe. It serves as the precise reference for  Notably, advancements in satellite gravity missions, such
height measurement and physically represents the Earth’s  as Gravity Recovery and Climate Experiment 9GRACE)
shape (Perdana and Heliani, 2017). Nowadays, the ultimate (Tapley et al. 2003; Tapley et al. 2005) and Gravity Field and
goal of geodesist is to produce Tcm accuracy of local  Steady-State Ocean Circulation Explorer (GOCE) (Pail et al.
geoid model. However, it has yet been realised for most of ~ 2011) have substantially improve our understanding of the
the areas around the world. This is only possible with the  global gravity field, particularly in the long-wavelength
optimal usage of all available data and methods. Various ~ bands (Bruinsma et al. 2013; Brockman et al. 2014) are
methods and approach in geoid determination have  now available to the scientific community through public
been introduced by different groups, such as Least Square  domain  resources at (http://icgem.gfz-potsdam.de/
Modification of Stokes’ Formula (Sjéberg, 2003a, 2003b), ICGEM).

Curtin University of Technology's (CUT) method (Goyal et al. Global Geopotential Models (GGMs) are mathematical
2019), Remove Compute-Restore (RCR) method (Schwarz representation of Earth's gravitational potential achieved
et al. 1990), UNB Stokes-Helmert method (Ellmann and  through a spherical harmonic expansion. These models
Vanicek. 2007), etc. Each method has different philosophy ~ employ fully normalised Stokes’ coefficients (C — and
and steps in geoid computation but all those methods use S.) for each degree (n) and order (m) to characterise
similar input data which are Global Geopotential Model  the gravitational potential. These coefficients enable the
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derivation of various Earth-related parameters, including
geoid undulation, normal gravity, gravity anomaly, vertical
deflection, and gravity disturbance (Mainville et al. 1992).
GGMs can be categorised into three main types: satellite-
only models, combined models, and tailored models (Rapp
et al. 1997; Chen et al. 2022). For satellite-only GGMs, the
coefficients are derived by analysing the orbital deviations
of satellites, such as those collected during missions like
CHAMP, GRACE, and GOCE. However, the accuracy and
resolution of these models are limited due to their low
degree. Meanwhile the combined models are created
by merging gravity data from various sources, including
satellites, terrestrial gravity measurements, airborne gravity
data, and satellite altimeter data in marine regions. As a
result, these models achieve higher degrees and provide
more accurate results compared to satellite-only models.
Tailored GGMs are a product of enhanced GGMs harmonic
coefficients using specialised mathematical techniques
found within the first and second groups. These models
are primarily designed to elevate the degree of accuracy
within the models.

Prior to the geoid computation, the crucial step
is to identify the optimal GGM that fit to the local
geometrical vertical datum and gravity field data (Amos
and Featherstone 2003; Benahmed 2010; Ellmann 2010;
Strykowski and Forsberg 2010; Doganalp 2016; Saari and
Bilker 2018). This selection process is imperative because
the published error metrics associated with GGMs cannot
be readily applied to assess their performance in a specific
region, as they may be overly optimistic or represent global
averages. Therefore, it is crucial for users to evaluate the
GGM s to ensure their applicability for geoid computations
in their target regions (Kiamehr and Sjéberg 2005)

Based on the literature records, there are numerous
published studies investigated the accuracy of the
GGMs in their interest regions using various methods
and approaches, for example see Doganalp (2016), Al
Shouny et al (2023), Alemu (2023), Al-Othman et al.
(2016) and El-Ashquer et al (2016), etc. One of the most
frequently employed methods to determine the best GGM
for an area’s gravity field is to compare GGMs through
independent datasets of GNSS levelling (e.g., Yilmaz et al,
2016; Lee et al. 2020; Goyal et al. 2019)), terrestrial gravity
anomalies (e.g., Hirt et al. 2011; Alemu 2021; Alemu 2023),
and both (e.g., El-Ashquer et al. 2016; Benahmed, 2010,
Guimarées et al.2012; Al Shouny et al. 2023). The main
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objective of this study is to identify the optimal GGMs that
align with the characteristics of East Malaysia, a crucial step
for subsequent geoid determination in this specific region.
Consequently, we have selected a total of nineteen (19)
GGMs released between 2014 and 2022 for evaluation. This
evaluation is based on comparisons with a geometrical
geoid derived from GNSS levelling, free air anomalies
obtained from terrestrial gravity measurements, and a local
precise gravimetric geoid model.

STUDY AREA

The study area is located in East Malaysia, encompasses
of -3° N < Latitude < 9.75° N, 108° E < Longitude < 120.75°
E, asillustrated in Fig. 1. The total land area within this study
region spans approximately 198,447 square kilometers.
It is further divided into two states namely Sabah in the
northern region and Sarawak in the southern region.

SOURCES OF DATA

In this study, the performances of the nineteen (19)
selected GGMs have been assessed using three datasets,
which are GNSS levelling derived geoid height, terrestrial
gravity anomalies, and official gravimetric geoid over East
Malaysia obtained from the Department of Survey and
Mapping Malaysia (DSMM). These datasets are crucial to
evaluate the accuracy of the GGMs in East Malaysia. The
details of the data are as follows:

GNSS Levelling

In total, 53 observation points have been generously
provided by the DSMM. The spatial distribution of these
observation points is illustrated in Fig. 2(a). However, since
the levelling datum over the Sarawak region is referenced
to the three different datums, 30 points over this state area
have been excluded in the evaluation process to avoid
any inconsistencies caused by the different datums. The
GNSS levelling data was collected through a GNSS field
campaign by DSMM from October to December 2016 with
a minimum of 12 hours of observation period (Jamil et al.
2017) and processed using Bernese software.

F ALt
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Fig. 1. Study area over East Malaysia
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Terrestrial Gravity anomalies

In the second method of evaluation, a comparison has
been conducted between all the selected GGMs and the
terrestrial gravity anomalies, Ag,, . These gravity anomalies
have been computed using data collected from 690
terrestrial gravity measurement points across East Malaysia.
The distribution of these terrestrial gravity data points is
depicted in Fig. 2(b).

LOCAL GRAVIMETRIC GEOID MODEL

The performance assessment of all selected GGMs also
includes a comparison with geoid height extracted from
precise local gravimetric geoid. This gravimetric geoid was
meticulously computed by the DSMM as part of the Marine
Geodetic Infrastructure Project (MAGIC). The computation
process involves the use of various data sources, including
the mixed spherical harmonic model EGM08/GOCE, SRTM
digital elevation model, DTU15 satellite altimeter-derived
gravity anomalies at sea, and airborne gravity data. Notably,

8°NF—'

this gravimetric geoid achieves an accuracy level of
approximately 3 to 5 cm across most of East Malaysia (Jamil
et al. 2017). In this study, the geoid height obtained from
each GGM has been compared with the corresponding
local gravimetric geoid data at the same grid spacing. Fig.
3 provides a visual representation of the gravimetric geoid
over East Malaysia, as provided by DSMM. This comparison
is instrumental in assessing the accuracy and suitability
of the GGMs' for geoid determination within the East
Malaysian region.

GLOBAL GEOPOTENTIAL MODELS (GGMs)

In the fields of science and engineering, improving
the understanding of the Earth's gravity field is crucial
for precise orbit determination and height measurement
systems (Rummel et al. 2002). Achieving a thorough
understanding of the Earth's gravity field requires
continuous advancements in both accuracy and spatial
resolution. GGMs play a crucial role in representing the
Earth's gravitational field, particularly in capturing the long-
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Fig. 3. Local gravimetric geoid model over East Malaysia

wavelength components (Amos and Featherstone, 2003;
Kiamehr and Sjoberg, 2005). These models are built using
a set of fully normalized spherical harmonic coefficients,
which are derived from geopotential solutions (Mainville
etal. 1992). The development of GGMs relies on integrating
multiple data sources, including satellite observations,
terrestrial gravity measurements, marine gravity anomalies
from satellite altimetry, and airborne gravity data (Chen et
al, 2022; Hirt et al, 2011; Rapp, 1997). Such comprehensive
data integration ensures that the models provide an
accurate representation of the Earth’s gravity field across
different spatial scales and environments. In the scope
of this study, have conducted an evaluation of 19 GGMs,
with four of them being categorized as combination GGMs
and the remainder classified as satellite-only GGMs. To
the best of our knowledge, no prior research has been
conducted specifically addressing GGMs in the context
of East Malaysia. Table 1 provides a comprehensive
summary of the 19 GGMs evaluated in this study, and the
spherical coefficients used were sourced from the ICGEM
website (http://icgem.gfz-potsdam.de/tom_longtime)
(Barthelmes, 2013). These GGMs, released between 2014
and 2022, encompass a wide range of models, including
satellite-only ones (utilizing data from missions like GOCE
and/or GRACE) and combined geopotential models.
The geoid height (N) derived from these GGMs can be
represented using a set of spherical harmonic coefficients,
as described in equation (Rummel et al. 2002).

" pax n
GM Z R Z .
GM= rr n:o(T)m:Oan(Cosa) (Cnmcosml-i-S”mSlnmﬂ) (1)

where 6, A, and r are the point’s co-latitude, longitude,
and geocentric radius, respectively; R is the reference
ellipsoid’s major axis radius; GM is created by multiplying
the Earth’s mass by the gravitational constant; y is the
reference ellipsoid’s mean gravity; C._and S are the series
development Stokes coefficients; P _n-degree and m-order
representation of the associated Legendre functions.
Meanwhile, the gravity anomaly derived from GGMs up to
spherical harmonic degree n_can be calculated with the
following equation (Heiskanen et al. 1967).

n
max

GM <S5 (R : .
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DATA PROCESSING

The evaluation of the GGMS in this study was
conducted using two distinct sets of data which is GNSS
levelling and terrestrial gravity anomalies dataset. The GGM
geoid heights and gravity anomalies were computed using
the MATLAB based software EGMlab which developed by
Kiamehr and Eshagh (2008), from the Division of Geodesy
at the Royal Institute of Technology in Stockholm, Sweden.
For the consistency of the comparison and minimize biases
due to differences in reference ellipsoid, tide conventions
and geoid reference, all the GGMs used are in the Tide-
Free system and use GRS80 as the normal field. In the first
evaluation, the GGMs gravity anomalies was compared with
the 690 terrestrial gravity points. Prior to the comparison,
the gravity data have been processed to compute free air
anomalies, Ag,, with the following equation:

Agpp=8+F-y,

where g is gravity value on the topographic surface,
F is the free-air correction (approximately 0.3086H), H is
the orthometric height and y, is the normal gravity on the
GRS80 ellipsoidal surface which can be computed using
the Somigliana Formula as follows:

3)

1 + ksin2¢p
Y =Y )
’ e\/(l—e2sin2(p)
by ,—ay
k=Lt ¢ (5)
ay

where y_is the gravity on the equator, y_is the gravity
at the pole, b is the semi-major axis of the elﬁpsoid, eisthe
semi-minor axis of the ellipsoid, e is the first eccentricity
and ¢ is the geodetic latitude. In order to analyse the
performance of each GGMs, a basic statistical analysis was
performed by calculating the Mean Error (ME) and Root-
Mean Square Error (RMSE) by comparing the GGM gravity
anomalies, Ag,,, and terrestrial gravity anomalies, Ag,, as
follows:

©)
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Table 1. Global Geopotential Models that are evaluated in this paper (S: Satellite, G: Gravity, A: Altimetry)

Model Year Max Degree Data Source Reference
SGG-UGM-2 2020 2190 A, EGM2008, S(Goce), S(Grace) Liang et al. 2020
XGM2019 2019 2190 AG, S(GOCO06s), T Zingerle et al. 2019
SGG-UGM-1 2018 2159 EGM2008, S(Goce) Xuetal. 2017
GECO 2015 2190 EGM2008, S(Goce) Gilardoni et al. 2016
TONGJI-GMMG2021S 2022 300 S (Goce), S (Grace) Chen etal. 2022
GO_CONS_GCF_2_TIM_Rée 2019 300 G(Polar), S(Goce) Zingerle et al. 2019
GO_CONS_GCF_2_TIM_R6 2019 300 S(Goce) Brockmann et al. 2021
GO_CONS_GCF_2_DIR_R6 2019 300 S Bruinsma et al. 2014
TONGJI-GRACEO02K 2018 180 S(Grace) Chenetal, 2018
GOSGO1S 2018 220 S(Goce) Xuetal. 2017
IfE_GOCE05s 2017 250 S Wu et al, 2017
GO_CONS_GCF_2_SPW_R5 2017 330 S(Goce) Gatti et al, 2016
Tongji-Grace02s 2017 180 S(Grace) Chenetal, 2016
ITU_GGC16 2016 280 S(Goce), S(Grace) Akyilmaz, et al, 2016
GO_CONS_GCF_2_SPW_R4 2014 280 S(Goce) Gatti et al, 2014
GO_CONS_GCF_2_TIM_R5 2014 280 S(Goce) Brockmann et al, 2014
GO_CONS_GCF_2_DIR_R5 2014 300 S(Goce), S(Grace), S(Lageos) Bruinsma et al, 2013
JYY_GOCEO04S 2014 230 S(Goce) Yietal, 2013
GOGRA04S 2014 230 S(Goce), S(Grace) Yietal 2013

The ME and RMSE are computed by using following
equations:

n
i=1NGCM —h— HMSL 7)
ME =
n
X" (N, —h=H, )
,-=1( GCM MSL) (8)
RMSE = -

In the second comparison, the GGMs geoid height,
N__ have been compared with the geometrical geoid

GCM
from GNSS levelling, NGNSSMW as follows:
-H 9)

N Gnss levelling — h—H

AN=N_.,—N

. (10
M GNSS levelling

where the hand H,  is the ellipsoidal height and mean
sea level height at the benchmark. Subsequently, ME and
RMSE of the difference were computed using Equation
(6) and (7). The same procedure also be implemented to
compare the GGMs geoid height and local gravimetric
geoid. Notably, the comparison between GNSS levelling
and GGMs derived geoid height may be influenced by
several errors including the datum inconsistencies (Yilmaz
etal 2016; Goyal et al. 2019), the commission and omission
errors of the GGMs as well as the biases /errors introduced by
GNSS and levelling (Ssengendo 2015). Thus, to minimize the
effect of all the systematic biases, the absolute differences
have been fitted using a 4-parameter model based on:
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(an

(12)

A Nizal.Tx+ v,
a,= [1cosqo l.cos/l isinxl isingo i]T

x—[x1x2x3x4] (13)

where, g and x is a vector of unknown parameters and
known coefficients, respectively. Details of the strategy of
GGMs evaluation is illustrated in the Fig. 4.

RESULTS AND ANALYSIS

In this section, the results of the comparison are
summarized in Tables 2 and 3 for the GNSS levelling and
terrestrial gravity anomaly datasets, respectively. Each
GGM listed was evaluated up to its maximum available
degree and order. The computations were conducted
point by point, with the GGM-derived gravity field values
determined at the geocentric latitude and longitude
corresponding to each observation point. Based on the
statistical analysis of the comparison with geometrical
geoid height, as presented in Table 2, the XGM2019e-2159
GGM model emerges as the best fit with GNSS levelling
data among the combined GGMs, with a ME of 0.530
meters and a RMSE of 0.195 meters. This result aligns
closely with an earlier study by Tocho et al. (2022), which
reported an accuracy of approximately 0.219 meters for the
XGM2019e-2159 model. However, the GECO GGM model
can also be considered a strong contender, as the statistical
analysis shows that its RMSE is only slightly different from
that of XGM2019e-2159, with ME and RMSE values of
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Fig. 4. Methodology of the study

0.525 meters and 0.198 meters, respectively. Additionally,
the SGG-UGM-2 and SGG-UGM. -1 models exhibit RMSE
values of 0.240 meters and 0.244 meters, respectively. The
accuracy of GECO obtained in this study is consistent with
the previous studies by Tocho et al. (2022) and Goyal et al.
(2019).

Among the satellite-only GGMs, it is evident that the
GO_CONS_GCF_2_SPW_R5 model (maximum degree
330) exhibits the best fit with the GNSS levelling data,
characterized by a ME of 0.729 meters and a RMSE of 0.209
meters. However, the performance of several GGMs model
such as GO_CONS_GCF_2_TIM_Ré6e, GO_CONS_GCF_2_
DIR_R6, GO_CONS_GCF_2_TIM_R5, GO_CONS_GCF_2_
TIM_R6, and ITU_GGC16 also show good performance.
Statistical analysis shows the RMSE of those models only
marginally different from GO_CONS_GCF_2_DIR_R6 which
is below than 1cm (in the range of 0.214m-0.217 m).
The RMSE of other satellite-only GGM fall in the range of
0.222m to 0.682 with Tongji-Grace02s having the poorest
RMSE. The differences (after fitting) between the geoid
height from the optimum GGM (XGM2019e-2159 and GO_
CONS_GCF_2_SPW_R5) and geometrical geoid height
over East Malaysia are illustrated in Figure 6. The range of
the different (after fitting) between XGM2019e-2159 GGMs
and GNSS levelling falls within the range of 29.112mGal-
60.372mGal. Meanwhile, the range of the different (after
fitting) for the GO_CONS_GCF_2_SPW_R5 GGM fall within
the range of 28.959mGal - 60.644mGal.

The statistics regarding the differences between
terrestrial gravity anomalies and GGMs gravity anomalies
are presented in Table 3. From the statistical results, it is
observed that the RMSE of the combined GGMs falls within
the range of 32.780 mGal to 32.760 mGal. Among these,
the GECO GGM model exhibits the best fit with terrestrial
gravity anomalies, characterized by a ME of 46.669 mGal
and an RMSE of 32.760 mGal. Interestingly, the statistical
analysis in this table reveals that the XGM2019e-2159
model has the poorest RMSE (32.780 mGal), compared
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to the SGG-UGM-1 and SGG-UGM-2 models, which have
RMSE values of 32.775 mGal each. However, it's worth
noting that the accuracy of the combined GGMs does
not exhibit significant differences, with variances of less
than 0.01 mGal. Among the satellite-only GGMs, the
GO_CONS_GCF_2_DIR_R5 model demonstrates the best
agreement with terrestrial gravity anomalies, with an ME
of 46.494 mGal and an RMSE of 32.456 m@Gal, as indicated
in Table 3. In contrast, the accuracy of the GO_CONS_
GCF_2_SPW_R5 GGM markedly differs from that of the
other satellite-only GGMs. The RMSE values for the latter
group fall within the range of 32.456mGal to 32.907mGal,
with the Tongji-Grace02s model having the poorest RMSE.
To visually depict the differences between the gravity
anomalies derived from the optimal GGMs (GECO and
GO_CONS_GCF_2_DIR_R5) and the geometrical geoid
height over East Malaysia, Fig. 8 provides an illustration.
Meanwhile Fig.7 display the geoid heights over East
Malaysia derived from the GO_CONS_GCF_2_DIR_R5 and
GECO GGMs. These illustrations provide insight into the
variations in the geoid height across different regions of
East Malaysia, indicating how each model represents the
Earth’s gravity field and the shape of the geoid in the study
area. As shown in Fig. 8, the differences between GECO
and terrestrial gravity anomalies fall within the range of
29.112 mGal to 60.372 mGal. Meanwhile, the differences
between GO_CONS_GCF_2_DIR_R5 and terrestrial gravity
anomalies are within the range of 28.959 mGal to -60.644
mGal. Relating to the GECO and GO_CONS_GCF_2_DIR_
R5 spike, the sharp deviation a mismatch between the
predicted gravity values from the model and the actual
terrestrial gravity measurements.

CONCLUSIONS
This study evaluated the performance of GGMs in

developing geoid models for East Malaysia by comparing
their accuracy against terrestrial gravity anomalies and
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Table 2. Statistical analysis of the difference between GGMs and GNSS levelling observations

GGM Min Max Mean RMSE
SGG-UGM-2 0.000 1.555 0.556 0.240
XGM2019e-2159 0.175 1.583 0.530 0.195
SGG-UGM-1 0.016 1.777 0577 0.244

GECO 0.029 1.546 0.525 0.198
GO_CONS_GCF_2_TIM_R6E 0.184 1.586 0.641 0.217
GO_CONS_GCF_2_DIR_R5 0.187 1.692 0.713 0.230
GO_CONS_GCF_2_DIR_R6 0.208 1.664 0.693 0213
GO_CONS_GCF_2_SPW_R4 0.024 1.567 0.468 0.260
GO_CONS_GCF_2_SPW_R5 0.181 1.847 0.729 0.209
GO_CONS_GCF_2_TIM_R5 0.212 1.625 0.699 0.214
GO_CONS_GCF_2_TIM_R6 0.187 1.579 0.642 0217
GOGRA04S 0.000 1.843 0.728 0.331
GOSGO1S 0.000 2.152 0.531 0378
IfE_GOCE05s 0.068 2.104 0.742 0.307
ITU_GGC16 0.188 1.549 0.653 0214
JYY_GOCE04S 0.001 1.980 0.780 0330
Tongji-GMMG2021S 0114 1.896 0.732 0.222
Tongji-Grace02k 0.000 4212 0.891 0.656
Tongji-Grace02s 0.001 4.685 0.966 0.682
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Table 3. Statistical analysis of the difference between GGMs and terrestrial gravity anomaly [unit:mGal]

GGM Min Max Mean RMSE
SGG-UGM-2 29.108 60.384 46.690 32777
XGM2019e-2159 29.115 60.371 46.695 32.780
SGG-UGM-1 29.083 60.394 46.657 32775
GECO 29.112 60.372 46.669 32.760
GO_CONS_GCF_2_TIM_R6E 29.065 60.597 46.530 32.760
GO_CONS_GCF_2_DIR_R5 28.959 60.644 46.494 32.456
GO_CONS_GCF_2_DIR_R6 28.993 60.577 46.496 35.754
GO_CONS_GCF_2_SPW_R4 29.106 60.779 46.661 32.800
GO_CONS_GCF_2_SPW_R5 28.786 60.469 46.505 32761
GO_CONS_GCF_2_TIM_R5 28.964 60.613 46.492 32759
GO_CONS_GCF_2_TIM_R6 29.064 60.600 46.530 32.760
GOGRA04S 28678 60.896 46.493 32.779
GOSGO1S 28752 61356 46.632 32828
IfE_GOCEO5s 28.958 60.811 46478 32779
ITU_GGC16 28.993 60.643 46.522 32.765
JYY_GOCE04S 28675 60.899 46.488 32779
Tongji-GMMG2021S 29.075 60.634 46.523 32.759
Tongji-Grace02k 29.132 60.698 46.510 32903
Tongji-Grace02s 29.120 60.797 46.514 32907
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GNSS leveling data. One of the key challenges identified
is the uneven distribution of GNSS leveling points, which
influences the reliability of models, particularly in inland
mountainous areas. This uneven distribution directly
affects the evaluation and validation of GGMs. Meanwhile,
coastal and lowland regions, where infrastructure is more
developed, provide better accessibility for setting up GNSS
reference stations, ensuring more reliable and accurate
measurements. This makes it easier to validate GGMs
like GECO and GO_CONS_GCF_2 DIR_RS5 in these areas.
In contrast, the mountainous interior of East Malaysia,
characterized by challenging terrain, sparse population,
and limited infrastructure, has fewer GNSS points. This lack
of data coverage limits the ability to properly assess the
accuracy of the GGM models in these regions, contributing
to the variability in performance among different GGMs.
The results show that combined GGMs, which integrate

244

data from multiple satellite missions, perform consistently
across the region. Among the combined models, the GECO
GGM showed the best fit with terrestrial gravity anomalies,
achieving a mean error (ME) of 46.669 mGal and root
mean square error (RMSE) of 32.760 mGal. However, the
differences in RMSE values among the combined models
were minimal, indicating stable performance across the
set. For satellite-only GGMs, the GO_CONS_GCF_2_DIR_R5
model had the closest agreement with terrestrial gravity
data, with an Mean of 46.494 mGal and RMSE of 32.456
mGal. Other satellite-only models, such as Tongji-Grace02s,
displayed higher RMSE values, highlighting some
variability in their accuracy. These findings suggest that
satellite-only models can effectively capture large-scale
gravity variations, but their precision may vary depending
on the model used. Interestingly, the analysis reveals that
combined GGMs perform better than satellite-only GGMs
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when evaluated with GNSS leveling data, indicating that
integrating data from multiple sources improves overall
reliability. In contrast, satellite-only GGMs align more closely
with terrestrial gravity anomalies, suggesting they are
better suited for detecting broad-scale gravity variations.
In conclusion, GECO GGM is identified as the most suitable
combined model, while GO_CONS_GCF_2 DIR_R5
performs best among satellite-only models. As shown
in fig 8, the differences between GECO and terrestrial
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