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Abstract

In this study the sediment transport mechanisms in the biggest lagoon in Europe,
the Curonian Lagoon, with high river discharge and sediment loadings, were eval-
uated using numerical modelling. An already developed hydrodynamic model and
sediment transport model were applied to the domain that represents the Curonian
Lagoon. A new formula for particle settling velocity was developed and introduced
into the model that allowed achieving good agreement between the modelled and
measured values (40-72%). The formula is based on the findings that the organic
material plays a crucial role in the system especially in the presence of cyanobacteria
in high water temperatures. The model was applied for different scenarios and pur-
poses, i.e., to calculate the sediment budget, show deposition patterns, and evaluate
extreme events caused by strong winds. The analysis of all these results provided the
first detailed overview of the status of the Curonian Lagoon environment, showing
the important role of the Nemunas River and the influence of ice cover for the sedi-
mentation processes in the lagoon. Moreover, the impact of the sediment resuspension
in the Curonian Lagoon was evaluated and climate change scenarios were applied.
Climate change projections revealed that the lagoon will accumulate more sediments
in the future, forming three main accumulation zones: in the Nemunas Delta front, in
the southern part of the lagoon and south of Klaipéda Strait. The developed model is
a valuable tool for further analysis of the south-eastern coasts of the Baltic Sea, the
Curonian Lagoon and other transitional environments as well.

Key words

Sediment dynamics, SHYFEM, the Curonian Lagoon, settling velocity, climate
change



Reziumé

Sio tyrimo tikslas — taikant matematinj modeliavima jvertinti nuosédy pernasos
mechanizmus didziausioje Europos lagiinoje, Kur$iy mariose, pasizyminc¢iose gausiu
upiy nuotekiu ir didele nuosédy prietaka. KurSiy marias reprezentuojanciai akvatorijai
buvo pritaikytas anks¢iau sukurtas hidrodinaminis ir nuosédy pernasos modelis. |
nuosédy pernasos modelj buvo inkorporuota naujai sukurta daleliy nusédimo greicio
formulé, leidusi pasiekti auksta sumodeliuoty ir iSmatuoty reikSmiy panasuma (40—
72%). Formulé yra paremta tyrimais, kurie nustaté reik§minga organinés medziagos
itakg sistemoje, ypac vasaros sezono metu, kai vyravo melsvabakterés ir buvo aukstos
vandens temperattiros. Matematinis modelis buvo pritaikytas jvairiems tyrimo tiks-
lams ir scenarijams: apskaiciuoti nuosédy balansg, nustatyti erozijos—akumuliacijos
vietas, jvertinti stipriy véjy ir klimato kaitos jtaka. Pirma karta buvo atlikta iSsami
Kursiy mariy aplinkos buklés apzvalga nuosédy atzvilgiu, atkreipianti démesj j Ne-
muno upés vaidmenj ir ledo dangos jtaka sedimentacijos procesams. Taip pat jvertin-
ta nuosédy resuspensijos jtaka KurSiy mariy ekosistemai ir pritaikyti klimato kaitos
RCP4.5 ir RCP8.5 scenarijai ateities prognozéms. Klimato kaitos prognozés parodé,
kad ateityje akumuliacijos grei¢iai mariose didés, suformuodami tris pagrindines aku-
muliacines zonas: Nemuno avandeltoje, pietingje KurSiy mariy dalyje ir Klaipédos
sasiaurio pietinéje dalyje. Sukurtas modelis yra vertinga priemoné tolimesniems tyri-
mams KurSiy mariose, pietryCiy Baltijos juroje ir kitose tranzitinése sistemose.

ReikSmingi ZodZiai

Nuosédy dinamika, SHYFEM, Kur$iy marios, nusédimo greitis, klimato kaita
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1

Introduction

1.1 Relevance of the dissertation

Seabed and water interactions together with hydrodynamic and wave conditions
cause sediment transport processes. Sediments enter surface waters from many sourc-
es and their behaviour depends on the processes of sediment erosion, transport and
deposition (Ji, 2008). These processes can cause siltation in harbours and navigational
channels, insufficient sunlight for water plants growth or survival because of reduced
water transparency, transportation of pollutants, alteration on habitats of benthic or-
ganisms, etc. The understanding of sedimentation processes can help to define en-
vironmental problems such as eutrophication, contaminant transport, sediment bed
erosion, siltation, and waste disposal. However, the analysis of the sediment transport
mechanisms is a very complicated task since it is hard to obtain a complete dataset.
Numerical modelling is one of the methods to describe the dynamics of water, sedi-
ment movement and bed evolution.

Numerical modelling has grown substantially in the last decades and is now large-
ly used by the scientific community through applications of hydrodynamic, sediment
transport, meteorological, ecological and climate change models (Garcia-Oliva et al.,
2019; Friedland et al, 2019, Saraiva et al., 2019). The main advantage is that calibrat-
ed and verified numerical models can represent the waterbody realistically and can
be easily applied to complex studies where the coupling of a few models is needed to
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1. Introduction

define the possible changes, consequences and future evolution in the system. Well-
calibrated models can be used as a tool to support the decision-making process.

This study is focused on the investigation of sediment transport mechanisms in
the south-eastern coastal area of the Baltic Sea with a focus on the Curonian Lagoon
area via the application of numerical models. Large amounts of sediments that are
transported through the Curonian Lagoon and their pathways are still poorly under-
stood. As a result, the sediment transport model could be a perfect tool to analyse
sediment patterns in the river-lagoon-sea environment. To date, mostly experimental
methods were used to investigate the sediment transport processes in the lagoon that
provided only a very general understanding of sediment dynamics in the system and
its influence to the ecological processes (Pustelnikovas, 1994; Galkus and JokSas,
1997; Galkus, 2003a,b). The SHYFEM modelling system for the Curonian Lagoon
sedimentation processes was used in 2007 (Ferrarin, 2007). The two-dimensional hy-
drodynamic model coupled with the spectral wave model has been applied to the
Curonian Lagoon to investigate the variability of the combined (current and wave)
bed shear stresses. The actual boundary conditions and forcing were used for a one-
year long simulation. The more detailed studies of the sediment transport for Klaipeda
Strait, which is the harbour area and which connects the Curonian Lagoon to the
Baltic Sea, using the DHI 2-D numerical modelling system MIKE-2 were carried out
by Kriaucitinien¢ et al. (2006) and by Kriauciiinien¢ and Gailiusis (2004). Neverthe-
less, these studies are not sufficient to estimate the long-term sediment dynamics and
morphological changes in the Curonian Lagoon system.

In this thesis, the analysis and evaluation of the sediment patterns in the Curonian
Lagoon will fill the gaps of the sediment dynamics in the lagoon that was still not fully
understood, will provide the possible basis for evaluation of resuspension, and will
forecast trends due to climate change scenarios. The effects of the biological material
in the water column on trapping sediment particles and the role of the ice cover for the
suspended sediment distribution will be analysed.

1.2 Aim and objectives

The aim of this study is to investigate sediment transport mechanisms in the lagoon
with high river discharge and sediment loading through the applications of a numeri-
cal model.

To reach the study aim the following objectives were defined:

1. To integrate the available environmental and hydrodynamic data into the

unique, well calibrated, sediment transport model for multiple scenario simu-
lations in the lagoon;

10



1. Introduction

2. To analyse the erosion and accumulation pattern and predict the sediment bud-
get,

3. To evaluate the impact of sediment resuspension to the lagoon environment;

4. To forecast how the sedimentation pattern in the lagoon will change according
to RCP4.5 and RCP8.5 climate change scenarios.

1.3 Novelty

There is a big variety of studies where numerical models were applied to study the
sediment dynamics in the estuaries, lagoons and seas (Maicu et al., 2019; Ferrarin et
al., 2008b and 2010; Lesser et al, 2004). In this study the numerical model is applied
to study the sediment transport mechanisms in the biggest lagoon of Europe, Curonian
Lagoon. The applied SEDTRANSOS5 model was previously calibrated for the Venice
Lagoon and widely used for the studies in the Mediterranean Sea region (Ferrarin et
al., 2010a,b; Neumeier et al., 2008, Ferrarin et., 2008b). However, the hydrodynamic
conditions and sediment transport mechanisms in the Curonian Lagoon differs from
the Venice Lagoon.

The novelty of this study is that the SEDTRANSO5 model was applied for the
lagoon, where the organic material in the water column influences the sediment trans-
port significantly. To analyse the sediment mechanisms in this system, a new formula
for particle settling velocity was developed. This formula is based on the findings
from Bukaveckas et al. (2019) where low particle settling velocities were found due to
the impact of cyanobacteria bloom in summer and autumn. The cyanobacteria bloom
occur during specific conditions, where one of the factors is a high water temperature.
Therefore, the new settling velocity formula is a function of the water temperature.

The new aspects presented in this thesis are 1) the study of erosion-deposition pat-
terns in the Curonian Lagoon through the application of numerical modelling; 2) the
evaluation of the influence of ice cover and the impact of extreme events on the sedi-
ment dynamics in the lagoon; 3) the study of resuspension events analysing the mod-
elled morphological changes; 4) modelling of climate change scenarios for possible
sedimentation changes in the Curonian Lagoon.

1.4 Scientific and applied significance of the results

The development of a new formula for the settling velocity allowed the adaptation
of the sediment transport model for the Curonian Lagoon and the construction of a
valuable tool for further analysis of the sediment dynamics in the Curonian Lagoon,
south-eastern coasts of the Baltic Sea and other environments as well. The results of
this study provided a detailed overview of the hydrodynamic and sediment transport

11



1. Introduction

mechanisms in the lagoon and coastal areas showing the differences in temporal and
spatial scales. An important role of the Nemunas River and the influence of the ice
cover on the sedimentation processes were defined by the model results. It was found
that the organic material plays a crucial role in the system showing the differences
between the Curonian and Venice lagoons.

The sediment transport model deals with both cohesive and non-cohesive sedi-
ments and can be applied for various studies: to analyse the resuspension events, to
evaluate the bedload transport, to map water turbidity and others. Model results can
contribute to marcophyts studies or modelling of microbial pollution patterns and
other studies as well. The climate change scenarios can be used for future manage-
ment plans in the lagoon area. However, more effort is needed to apply the model for
harbour studies due to the need of high resolution in the harbour area, and the bound-
ary condition as well as the calibration data in the Baltic Sea area.

1.5 Scientific approval

Results of this study were presented in 7 international and 4 regional conferences:

8th Scientific-Practical Conference “Marine Research and Technologies” — 2014,
Klaipéda, Lithuania, April 2014;

12th international conference Littoral 2014, Klaipéda, Lithuania, September 2014;

10th Baltic Sea Science Congress, Riga, Latvia, June 2015;

9th Scientific-Practical Conference “Marine and Coastal Research” — 2016,
Klaipéda, Lithuania, April 2016;

10th Scientific-Practical Conference “Marine and Coastal Research” — 2017,
Klaipéda, Lithuania, April 2017,

Eurolag 8th European Coastal Lagoons Symposium, Athens, Greece, March 2018;

11th Scientific-Practical Conference “Marine and Coastal Research” — 2018,
Klaipéda, Lithuania, May 2018;

7th IEEE/OES Baltic Symposium Clean and Safe Baltic Sea and Energy Security
for the Baltic countries, Klaipeda, Lithuania, June 2018;

11th International SedNet Conference. Sediment as a dynamic natural resource —
from catchment to open sea, Dubrovnik, Croatia, April 2019;

12th Baltic Sea Science Congress, Stockholm, Sweden, August 2019;

15th International conference on Cohesive Sediment Transport Processes (INTER-
COH) 2019, Istanbul, Turkey, October 2019.

The material of this study was presented in 3 original publications, published in
peer-reviewed scientific journals:
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Méziné, J., Zemlys, P., Gulbinskas S., 2013. A coupled model of wave-driven ero-
sion for the Palanga Beach, Lithuania. Baltica, 26 (2) 169-176. Vilnius. ISSN 0067—
3064. doi:10.5200/baltica.2013.26.17

Umgiesser, G., Zemlys, P., Erturk, A., Razinkovas-Baziukas, A., Mézing¢, J.,
and Ferrarin, C. 2016. Seasonal renewal time variability in the Curonian Lagoon
caused by atmospheric and hydrographical forcing. Ocean Science, 12, 2043-2072.
doi:10.5194/0s-12-391-2016

Méziné, J., Ferrarin, C., Vaiciiité, D., Idzelyte, R., Zemlys, P. and Umgiesser, G.
2019. Sediment transport mechanisms in a lagoon with high river discharge and sedi-
ment loading. Water, 10(11), 1970. doi: 10.3390/w11101970

1.6 Thesis structure

The dissertation includes eight chapters: introduction, literature review, material
and methods, results, discussion, conclusions, references. The material is presented in
83 pages, 35 figures and 6 tables. The dissertation refers to 144 literature sources. The
dissertation is written in English with an extended summary in Lithuanian language.

1.7 Acknowledgements

I would like to start the acknowledgment part with my special thanks for Sergej
Olenin who saw something in me during the lectures and introduced me to Petras
Zemlys. This was a starting point of my long journey from the Bachelor’s thesis until
the PhD thesis at Klaipeda University.

My greatest acknowledgement is dedicated to my supervisor Georg Umgiesser. |
still cannot believe that this thesis is finished. It is hard to explain how thankful I am
for all your support, motivation, help, fast answers, nights spent solving the problems
or reading my writings. Thank you that you believed in me and showed me the beauty
of the modelling. I would like to express my very great appreciation to my advisor,
Christian Ferrarin. Your help is priceless. Thank you a lot for all your help when I
was lost solving the modelling questions, for all your professional and expert answers
to many other questions [ had. I would like to thank you both for the warm and kind
hospitality during my stay in Venice.

I would like to express my gratitude to the deceased Saulius Gulbinskas for sup-
port, your expertise and knowledge you shared with me.

Many thanks for Petras Zemlys for providing me a lot of valuable advice, for your
patience and guidance in all the situations I needed. I am also thankful for my dear
friend Ali, especially for all your motivation during the last year, when [ was strug-

gling.
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I would like to thank for the best reviewers I could have. My greatest thanks are
addressed to Carl Amos for the huge work done, for the critics and valuable comments
that allowed reaching higher level of my dissertation and for Nerijus Blazauskas who
enabled me to believe that the thesis was perfectly written. I would like to thank to all
the PhD committee members for all the comments and advice during the PhD studies.
My special thanks are addressed to Eglé Navickien¢ for super kind support.

I am particularly grateful for the assistance in the field sampling and laboratory
work given by Mindaugas Zilius, Jolita Petkuviené and Irma Vybernaité-Lubiené.
Warmest thanks to my PhD sister, Natalja, for all the scientific insights and all the
jokes and side discussions.

My girls, Irmuté, Jolita, Marija, Dinuté and Ausryté, I am extremely thankful for
all your support, for all the nice words you said, for all the time we spent together, for
all the scientific and site discussions, for all ideas and all the advice you gave me. This
was the best and priceless time.

Many thanks go to my colleagues Rasa Morkiiné, Sergéj Suzdalev, Nerijus Nika,
Viaceslav Jurkin, Ariinas Balcitunas, Juraté Lesutiené, Evelina Griniené and Julius
Morkiinas for their friendship and support solving the problems. [ would like to thank
the PhD students Donalda, Toma, Tobia, Soukaina and Karolina for their smiles and
friendship as well.

I am not the person who likes writing much, but I would like to take a chance to
thank for all the other people in the institute who supported me and offered me their
help in any respect during the completion of this research.

My last acknowledgements go to my family. My warmest and most special thanks
are to my husband Tadas and my daughter Goda. I thank you both for your patience
and for the opportunity to pursue my dream and support during the most difficult mo-
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Without you, I could have never reached this level of success.
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1. Introduction

1.8 Abbreviations and symbols

Abbreviation |Explanation
and symbols
v Kinematic viscosity [m? s']
Po Average density of the sea water [kg m™]
Pary Dry bulk density [kg m~]
Ps Sediment density [kg m™]
Pw Water density [kg m~]
To Bed shear stresses [N m~]
Tee Critical shear stress for erosion [N m?2]
Terb Critical shear stress for initiation of bedload motion [N m]
Tes Instantaneous skin-friction current shear stress [N m]
Tews Instantaneous skin-friction combined shear stress [N m™?]
Tsolid Solid-transmitted stress [N m™]
7l Internal stress terms at the bottom of layer 1 in x direction [N m?]
7} Internal stress terms at the bottom of layer 1 in y direction [N m?]
¢ Water level [m]
A, Horizontal eddy viscosity [m? s™']
Adv}t Advective term in x direction
Adv) Advective term in y direction
Chl-a Chlorophyll a
D Median sieve grain diameter [m]
D, Dimensionless grain size
E Source/sink term
E, Empirical coefficient for minimum erosion (5.88)
F Fetch [m]
f Coriolis parameter [s™]
g Gravitational acceleration [m s7?]
h Water depth [m]
hq Averaged water depth [m]
h, Layer thickness [m]
H, Depth at the bottom of layer [m]
Hpmo Significant wave height [m]
Ky Horizontal turbulent diffusion coefficients
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Abbreviation
and symbols

1. Introduction

Explanation

Vertical turbulent diffusion coefficients

Coefficient (2800)
Coefficient (1.03)
Vertical layer [m]

Proportionality coefficient for erosion (1.95-10)

Dimensionless probability coefficient of resuspension (range 0-0.2)
Atmospheric pressure [Pa]

Mass erosion rate [kg m? s']

Suspended sediment concentration [mg 1]

Tracer concentration (salinity, water temperature) at a layer /
Ratio of the density of sediment and water

Significant wave height [m]

Coefficient (6-10°17)

Coefficient (3.0)

Coefficient (3.47)

Coefficient (-1.915)

Dimensionless shear stress parameter

Wave period [s]

Total suspended solids [mg 1]

Wind speed [m s']

Horizontal transport of layer 1 in x direction [m? s™']
Critical shear velocity for erosion [N m?]
Horizontal velocity of layer 1 in x directions [m s!]

Filtered amount of water [1]
Horizontal transport of layer 1 in y direction [m? s™']
Horizontal velocities in y directions [m s!]

Tare filter weight [mg]
Filter weight with suspended matter after muffling in 550 °C [mg]
Filter weight with suspended matter after drying in 60 °C [mg]

Settling velocity [m s™']

Settling velocity defined after the model calibration in [m day™]
Velocities in z directions [m s]
Bed roughness [m]
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2

Literature review

2.1 Sediment transport processes in transitional zones

Estuaries and coastal lagoons are transitional zones between land and sea. Tran-
sitional waters are defined as water bodies with strong physico-chemical gradients
and environmental fluctuations because of connection to coastal waters and are sub-
stantially influenced by freshwater flows (Pérez-Ruzafa et al., 2011). Lagoons are the
most valuable components of coastal areas in terms of both the ecosystem and natural
capital. Coastal lagoons are usually shallow aquatic ecosystems between coastal and
marine ecosystems (Gonenc and Wolflin, 2004), separated from the open sea by one
or more barrier islands or peninsulas. The connection with the sea allows the water
exchange and the flushing of the lagoon basin. Coastal lagoons are important eco-
systems connected to the surrounding environments they develop mechanisms for
structural and functional regulation, which result in specific biological productivity
and carrying capacities (Gonenc and Wolflin, 2004).

Sediment transport is simply the process of eroding sediment from one place, car-
rying it in the flow and depositing it in another place (Ji, 2008). In shallow environ-
ments, the main drivers of sediment transport are waves and currents, influenced by
other physical, chemical, and biological processes that complicate the system and
increase the difficulties to describe sediment dynamics. In general, sediments are a
matrix of materials and consist of four main components: interstitial water, inorganic

17



2. Literature review

sediment, organic sediment and contaminants (nutrients, polychlorinated biphenyls
(PCBs), heavy metals, etc.) (Ji, 2008). This study is focussed only on the dynamics of
the inorganic sediments.

The process of sediment transport depends on the dynamic feedback interactions
between the hydrodynamics, sediment properties (size, density and shape) and bed-
forms (for sand) (Soulsby, 1997, Nielsen, 2009). The total sediment load is a sum of
suspended load and bedload. The bedload is described by the rolling, sliding or salta-
tion of the bed particles (mostly the particle size varies from 0.1 mm to 1 mm) that are
transported a short distance downstream (Bagnold, 1966). The suspended sediments
are transported in the water column when bedshear velocity exceeds the particle fall
velocity and are much finer compared with the bedload particles (van Rijn, 1984).
The ratio between the bedload and total load differs from one environment to another.
In rivers it mostly varies from 1% to 33% (Joshi and Xu, 2017; Aga et al., 2019),
with an average of 10%. Similar trends were found in the Venice Lagoon, where the
bedload transport through the inlets was about 17% of the total sediment transport
(Ferrarin et al., 2010a).

The main variables that describe the sediment transport mechanisms are the distribu-
tion of suspended sediment concentration, erosion-accumulation zones, bed shear stress
and grain size distribution of sand. It is difficult to obtain all these parameters from
in situ measurements due to temporal and spatial heterogeneity. Therefore, numerical
models can be powerful tools to estimate the sediment transport mechanisms in com-
plex systems such as lagoons. The research on sediment transport mechanisms is impor-
tant for understanding many environmental factors (Zilius et al., 2016). The sediment
balance in a semi-enclosed coastal basin is the result of many factors, such as eutrophi-
cation, contaminant transport, sediment bed erosion, siltation, waste disposal (Ji, 2008),
pollutant and bacteria dynamics (Katarzyté et al., 2018) and biogeochemical processes
of'a complex interaction of the above as well. These processes occurring inside the basin
are also regulated by the interactions between the tidal motion at the inlets and the long-
shore transport (see de Swart and Zimmerman, 2009 and references therein).

The global climate change scenarios forecast higher water levels, water tempera-
tures, increased frequency and intensity of storms and extreme precipitation events
over most mid-latitude lands (IPPC, 2014). All these processes may increase erosion
and sediment suspension in the system. The Second Assessment of Climate Change
for the Baltic Sea Basin indicates that in the areas characterised by spring floods, the
riverine floods are likely to occur earlier in the year and their magnitude is likely to
decrease due to less snowfall and a shorter snow accumulation period. As a conse-
quence, sediment transport and the risk of inundation are likely to decrease (BACC
I Author Team, 2015). Studies focussed on the sediment supply from the rivers have
already showed the decreased amounts of the sediment loads (Cerkasova et al., 2019;
Walling and Fang, 2003).
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2.1.1 Sediment transport mechanisms in the Curonian Lagoon

On the southern and south-eastern Baltic Sea coast, large coastal water bodies
as bays and lagoons are common. The Curonian Lagoon is the largest lagoon in Eu-
rope. The sediment transport mechanisms in this transitional zone are still very little
explored. The lagoon bottom sediments were investigated in several studies (Gulbin-
skas, 1995; Galkus and Joksas, 1997; Pustelnikovas, 1998; Trimonis et al., 2010;
Joksas et al., 2003). These studies were mostly focused on the lithological compo-
sition of the lagoon bottom sediments and their geochemical properties, suspended
sediment concentration and simple sediment budget calculations. The lack of field
data allowed drawing only very general lagoon circulation patterns. The investigation
of currents and water turbidity provided additional data allowing a better definition of
the processes taking place in the Curonian Lagoon (Galkus and Joksas, 2002; Galkus
2003a,b; Galkus, 2004). Still there is a lack of detailed research of sediment dynam-
ics, fluxes and erosion-accumulation rates in the lagoon. It is known that the sediment
dynamics in the lagoon mostly depends on the sediments coming from the rivers,
especially from the Nemunas River and its tributaries, wind waves and currents but
the analysis of each factor separately was not performed (Galkus and Joksas, 1997).

Table 1. The sediment budget elements for the Curonian Lagoon
referring to the literature sources

INPUT OUTPUT
From the From the sea A.brasmn, ero- .
Source rivers T sion and aeolic | To the sea, | Accumulation,
106 kg }’,_1 10°kg y" ’|  transport, 106 kg y! 10° kg y!
106 kg y!

Blazhchishin, |781.0 - - - -

1984

Pustelnikovas, | 397.0 7.2 50.0 117.0 337.2

1995

Galkus and 267.2 64.75 (atmos.) |65.2 318.0 132.8

Joksas, 1997 15.6 (sea)

The summary of the studies for the sediment budget calculation is presented in
Table 1. According to Pustelnikovas (1998) 87.4 % of the total amount of all incom-
ing terrigenous material comes from rivers, 1.6 % comes from the atmosphere and
the sea, 11% from the bottom and shore erosion and aeolian processes. Galkus and
Joksas (1997) found that the rivers bring 59.3% of the total amount of incoming mate-
rial, the atmosphere and the sea bring 17.8% and other sources such as erosion, aeolic
transport bring 14.5%. The sediments coming to the system settle in the southern
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part of the lagoon or are carried through the narrow Klaipéda Strait into the Baltic
Sea (Pustelnikovas, 2008). According to Pustelnikovas (1994) the mean sedimenta-
tion rate (about 3.2 mm y') was estimated, while higher sedimentation rates up to
3.6 mm y! were found for the areas deeper than 3 m.

2.1.2 Ice cover influence for the sediment transport

The annual cycle of ice cover formation and melting changes the hydrodynamic
conditions in the waterbody and influences the sediment dynamics in the system. The
ice cover significantly affects the sea level oscillations, transfers of momentum and heat
(Idzelyté et al., 2019). The key factors that encourage the changes are the amount of ice
formed and the number of days with ice cover. In the lagoon systems the ice cover elimi-
nates wind forcing, determining that water exchange with the sea and river discharge be-
come the main forcing factors bringing sediments to the system that after the ice melting
are redistributed throughout the lagoon (Chubarenko et al., 2019). The ice cover signifi-
cantly affects the deposition of the sediments (Szymczak and Szmytkiewicz, 2014) due
to low or no waves and low bed shear stress. A few studies have been published on the
sedimentation properties under ice cover in lagoons (Shirasawa and Lepparanta, 2003;
Kawamura et al., 2004; Shirasawa et al., 2005; Morimoto et al., 2010).

Idzelyté et al. (2019) summarized the spatial and temporal ice cover properties in the
Curonian Lagoon for the period 2002-2017. The results showed that the ice cover in the
lagoon is present from 10 to 90 days with the lagoon average of 71 days. The longest
duration of the ice cover is in the south eastern part of the lagoon (Idzelyté et al., 2019).

The results of global climate change scenarios showed that the snow cover in
spring in the Northern Hemisphere area is likely to decrease by 7% for RCP2.6 and
by 25% in RCP8.5 by the end of the 21st century for the multi-model average (IPPC,
2014). According to the climate change scenario simulations, the drastic decrease of
sea ice was indicated in the Baltic Sea in the future (BACC II Author Team, 2015).
The increased water temperature will cause the ice cover to be thinner, less extensive,
and to be present for a shorter period. This could lead to major changes in the sedi-
ment transport and cause the changes in the ecology of the system.

2.2 Sediment processes and ecology

The dynamics of suspended sediments in the water column is one of the key pro-
cess influencing the ecology of shallow systems. Concentration of total suspended
solids strongly affects light penetration and photosynthetic processes in the water col-
umn and at the sediment surface (Whipple et al., 2018) that can limit the submerged
vegetation (Teeter et al., 2001) and also affect the benthic fauna.
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The sediment transport mechanisms can be an important factor for the evalua-
tion of ecological processes in the aquatic systems, especially in the shallow lagoons,
where it can affect mineralization, nutrient recycling and productivity (Fanning et
al., 1982). The benthic-pelagic coupling could help to answer the questions related to
water quality, benthic vegetation, ecosystem services or others (Capet et al., 2016).
The sediment resuspension can increase the suspended sediment concentration and
influence the sediment redistribution. In shallow systems, resuspension is caused by
wind waves or tidal currents (Ward et al., 1984). The resuspension of the thin layer of
sediments can release nutrients to the system (Fanning et al., 1982) that causes eutro-
phication problems. These processes are poorly studied in the shallow Baltic lagoons.

2.3 A review of sediment transport models

Sediment transport models can be divided into three main categories in general: (i)
empirical — based on the analysis of observations and seek to characterise the response
from these data; (ii) conceptual — based on the composition of concepts; and (iii)
physics-based models (Merrit et al., 2003 and references therein). The physics-based
models solve the fundamental physical equations for water flow, sediment transport,
and mass and momentum conservation.

The sediment transport modelling started with the development of one-dimension-
al (1-D) models (Dyer and Evans, 1989; Ross and Mehta, 1989). New technologies,
computer power and advances in hydrodynamic and wave modelling meant that two-
(U.S. Army Corps of Engineers, 2000; Warren, 1992) and three-dimensional models
were developed (Lesser et al., 2004; Umgiesser et al., 2004) with two main numerical
methods: (i) finite difference and (ii) finite element.

There is a big variety of models, all with advantages and limitations. For example,
Sed2D model developed in the United States (U.S. Army Corps of Engineers, 2000)
is a two-dimensional, vertically averaged finite element, numerical sediment transport
model for open-channel flows capable of computing deposition, erosion, and trans-
port patterns for bedload sediments. However, Sed2D can consider only one grain
size during the simulation that is not suitable for the analysis of a complex system
such as a lagoon. MIKE 21 and MIKE 3 (www.mikepoweredbydhi.com) are 2-D
and 3-D commercial software for the simulation of hydraulics and hydraulic-related
phenomena in estuaries, coastal waters and seas, where various modules of the sys-
tem simulate hydrodynamics, advection-dispersion, short waves, sediment transport,
water quality, eutrophication and heavy metals (Warren and Bach, 1992; Moharir et
al., 2014). The model is widely used for many coastal environments including the
Baltic Sea (Lumborg, 2005; Violeau et al., 2002; Forsberg et al., 2019). There are
three sediment modules (Sand Transport, Mud Transport and Particle Tracking) that
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model erosion, transport and deposition of sediments as well as littoral and dredging
processes. Another model was developed by Deltares is Delft-3D —a numerical model
based on the finite difference method (Lesser et al., 2004). The sediment transport and
morphology module of Delft-3D supports both bedload and suspended load transport
of non-cohesive sediments and suspended load of cohesive sediments. In the module,
sediment interactions are taken into account although a couple of processes are lack-
ing, especially in sand-mud interactions (Deltares, 2019). The model was applied in a
variety of studies (Tu et al., 2019; Escobar and Velasquez-Montoya, 2018 and others).

The highest precision can be reached applying 3D models. For the shallow envi-
ronments, it is crucial to have a model with good adaptability to complicated geom-
etries and bathymetry. Models based on a finite element method are well suited for ap-
plications in very shallow lagoons and coastal seas. SHYFEM is a modelling system
that has been extensively applied to Venice Lagoon, for which all its modules have
been developed and tested (Umgiesser et al., 2004). SHYFEM has a separate model
for the sediment transport called SEDTRANSO0S. The development of the SEDTRANS
models started by one-dimensional numerical model developed at the Geological Sur-
vey of Canada and Atlantic (GSCA) and designed for sediment transport problems on
continental shelves and in coastal environments (Davidson and Amos, 1985). Three
more versions were developed due to new findings in cohesive and non-cohesive sedi-
ment studies: Sedtrans92 (Li and Amos, 1995), Sedtrans96 (Li and Amos, 2001) and
the latest version SEDTRANSOS (Neumeier et al., 2008). The SEDTRANSOS has been
applied for Venice Lagoon and other sites in the Mediterranean Sea, including the Ma-
rano-Grado Lagoon and Adriatic Sea (Ferrarin et al., 2016; Ferrarin et al., 2010a,b).

There are more sediment transport models that can be applied for the analysis of
sediment dynamics. The reader is referred to the publications of Merritt et al. (2003),
Le Normant (2000) and Bever and MacWilliams (2013) where other sediment models
are presented.

2.3.1 Sediment transport models for the Curonian Lagoon

The modelling studies for the Curonian Lagoon are mostly focused on hydrody-
namics, by applying SHYFEM. The SHYFEM model has been previously validated
in studies reproducing water level, water temperature and salinity fluctuations and
the structure of the flow in the Klaipeda Strait. The horizontal and vertical circulation
patterns were studied in Ferrarin et al. (2008a) and Zemlys et al. (2013), the water
renewal time in Umgiesser et al. (2016). For the investigation of sediment dynamics
the numerical models were applied only in a few studies.

The SHYFEM modelling system for sedimentation processes was applied first
by Ferrarin (2007) when the two-dimensional hydrodynamic model coupled with the
spectral wave model has been used to investigate the variability of the combined (cur-
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rent and wave) bed shear stress. The more detailed studies of the sediment transport
for the Klaipeda Strait, which is the harbour area and connects the Curonian Lagoon
with the Baltic Sea, using the DHI 2-D numerical modelling system MIKE-2 were
carried out by Kriauc¢itiniené et al. (2006) and by Kriau¢itiniené and Gailiusis (2004).
However, these studies does not take into account the Curonian Lagoon in terms of
the sediment transport and morphological changes.

This study aims to identify the propagation of the suspended sediments in the riv-
er-lagoon-sea (Nemunas-Curonian Lagoon-Baltic Sea), to map the erosion-accumu-
lation zones due to the sediment dynamics, calculate the sediment budget and forecast
the possible sedimentation trends according to climate change scenarios.
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Materials and methods

3.1 The study area

The Curonian Lagoon (Fig. 1) is a shallow coastal water body in the southeastern
part of the Baltic Sea with the only one narrow connection to the sea in the north
(Klaipéda Strait) and separated from the sea by a narrow sandy barrier (Curonian Spit,
1-3 km width). The lagoon is a transboundary area between Lithuania and Kaliningrad
Oblast of the Russian Federation with the monitoring programs carried out by each
state independently. The total surface area of the lagoon is about 1584 km?, the vol-
ume is 6.3 km?, the length from the north to the south is 93 km, the maximum width in
the southern part is 46 km and the mean depth is 3.8 m (Zaromskis, 1996).

The Curonian Lagoon is a transitory freshwater basin. It is a terrestrial runoff dom-
inated system, the hydrology of which is strongly related to the discharge of the catch-
ment area. The main rivers which enter the lagoon are Nemunas (Neman), Minija,
Deima and Dané. The Nemunas is the largest low land transboundary river in Lithu-
ania, with a catchment area of 100,500 km? (Gailiusis et al., 2001), that covers 98%
of the lagoon basin area and on average brings about 21.8 km? of water per year to the
lagoon (~700 m*s') (Jakimavicius, 2012). The major part of the Nemunas discharge
flows into the lagoon through the northern branches of the Atmata and Skirvyte, and
its smaller part flows into the southern part of the lagoon through the Matrosovka
(Gilija) branch (Dumbrauskas and Punys, 2003). The Nemunas River enters the la-
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Figure 1. The study site with the sampling stations and bottom sediments in the Curonian
Lagoon (the bottom sediment data acquired after Gelumbauskaité et al. (1999) and
Gulbinskas and Zaromskis (2002))

goon in the middle of the eastern coast and every year carries a large volume of fresh
water that exceeds the water volume of the lagoon itself by about 3.6 times. Therefore,
the southern and central parts of the lagoon are freshwater with the average annual
water salinity of 0.08 and is oligohaline in the northern part, where the average annual
salinity is 2.45 with irregular Baltic Sea water intrusions (salinity up to 7) (Dailidiené
and Davulieng¢, 2008). The Curonian Lagoon is non-tidal lagoon, where a natural hori-
zontal gradient of the water surface towards the sea is formed. The outflow from the
lagoon dominates because of normally higher water level in the lagoon compared to
the sea (Zemlys et al., 2013) (see Fig. 4A). This lagoon can be formally divided in
two sub-basins (Ferrarin et al., 2008a): a northern area influenced by both the fresh-
water flow and the lagoon—sea exchange and a southern basin where hydrodynamics
is mostly influenced by the wind.
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3.1.1 Characteristics of the sediments

The bottom sediment map for this study was compiled from the available bottom
sediment maps from Gelumbauskaité et al. (1999) and Gulbinskas and Zaromskis
(2002) (see Fig. 1). The analysis of the map data showed that in the northern part of
the lagoon the sandy sediments dominate, while the central and southern parts are
mainly covered with silty and muddy sediments. In the western near shore part of the
lagoon, medium sand has accumulated as a result of aeolian activity (from the blown
dunes) whereas the central and eastern parts are dominated by the sandy material of
the Nemunas River (Trimonis et al., 2003). The latest study of Trimonis et al. (2003)
showed that the greatest part of the Lithuanian bottom is covered by the medium sand
(0.5-0.25 mm), fine sand (0.25-0.1 mm), coarse silt (0.1-0.05 mm) and fine silty mud
(0.05-0.01 mm). The dominant sediment fraction in the Klaipeda Strait is 0.05-0.01
mm (Trimonis et al., 2010).

The lagoon is a shallow water body with active water dynamics and high sediment
loads due to river discharges. The high river discharges and wave activity are the main
factors causing the bottom sediment redistribution in a short time span. The highest
amount of sediments is spread throughout the lagoon when the flood season starts
(Galkus and Joksas, 1997). The suspended sediments are transported in particulate
form and settle to the bottom (with 70% to 98% of soil pollutants) (Galkus and Joksas,
1997). The lagoon sediments are rich in organic material (Remeikaite-Nikiene et al.,
2016) and has fluffy sediments that can be easily resuspended (Zilius et al., 2014). As
a result, the parametrisation of the sediment transport mechanisms in the Curonian
Lagoon is crucial for many ecological processes.

3.2 SHYFEM numerical model

In general, to understand and predict the sediment transport and evolution of the
lagoon morphology an integrated model is needed. For this study the framework of
open source numerical models SHYFEM (Shallow water HY drodynamic Finite Ele-
ment Model, http://www.ismar.cnr.it/shyfem) was applied to the domain that repre-
sents the Curonian Lagoon and coastal area of the Baltic Sea. The unstructured grid
based numerical model consisted of a 3-D hydrodynamic model, a transport and dif-
fusion model, wind wave model, sediment transport model and bed model (Fig. 2). In
the vertical, the water depth is divided into terrain following ¢ (sigma) levels.
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Figure 2. The SHYFEM model structure for this study.

3.2.1 Hydrodynamics

SHYFEM uses the finite element method for the horizontal spatial discretization,
which is well suited to describe the complex morphology of the investigated coastal
system. The model resolves the 3-D primitive shallow water equations, vertically in-
tegrated over each layer, in their formulations with water levels and transports as fol-
lows (equation of momentum balance in x direction (Eq. 1), equation of momentum
balance in y direction (Eq. 2) and equation for mass conservation (Eq. 3)):

ou, L gn MO (€ hOb | 1 U\ 4 2 (4 o
_+Advl —fVi=-gh ax  po [)xf H, d Po 3;+p0 (T" T")+ax(‘4“ 6x)+6y(AH ay)’ (1)
Wiy g 4 fU = gy B SO E i MO 1 w2,
at +Advl U =—gh Ay po 3yf Hy po 9y + Po (Ty Ty) +Bx (AH 6x) +By (AH By)' (2)
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+Zz I+Zl b= 3)
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Where in momentum equations advective terms are as follows:

x _ . 90U U,
Advy" =y, o + v, 3y’ )
av av
Adv] = ula—xl + v a_yl' )

Here / indicates the vertical layers, U, V, are the horizontal transport at each layer,
Advf, Adv] are advective terms that can be expressed by Equations 4 and 5, fis the
Coriolis parameter, Pa is the atmospheric pressure, g is the gravitational acceleration,
Po the average density of the sea water, t4-1,7,7}%, 7} are the internal stress terms at
the top and bottom of each layer, 4, is the layer thickness, H, the depth at the bottom of
layer, L ¢ is the water level, 4, are the horizontal eddy viscosity and %u Vi the veloci-
ties in x and y directions.

For the parametrization of the horizontal eddy viscosity (4,) the Smagorinsky’s
formulation (Smagorinsky, 1963; Blumberg and Mellor, 1987) is used. The horizontal
space integration is made using a finite element method, while the integration in time
is made through a semi-implicit scheme. The Coriolis force, the barotropic pressure
gradient terms in the momentum equation, and the divergence term in the continuity
equation are treated semi-implicitly, while all the vertical shear stress terms are treated
fully implicitly for stability reasons. The model adopts automatic internal sub-step-
ping over time to enforce numerical stability with respect to advection and diffusion
terms. For the computation of the vertical viscosities and diffusivities a turbulence
closure scheme is used. This scheme is an adaptation of the k-¢ module of GOTM
(General Ocean Turbulence Model) described in Burchard and Petersen (1999).

The model solves the 3-D advection and diffusion equation to compute water tem-
perature and salinity (Eq. 6):

as; a5 a5 a5 a ( 651) a ( 651) a ( 651)
951 951 951 951 _ 9 951\ 4 9 951\ 4 9 951\,
6t+ulax+vlay+wlaz ax KHax +6y KHay *a KVaz E (6)

where S, is a tracer concentration (salinity, water temperature) at a layer 1, u;, v, w;
are velocities in x, y and z directions, Ky, K, are the horizontal and vertical turbulent
diffusion coefficients respectively and E is a source/sink term. The transport and dif-
fusion equation is solved with a first order explicit scheme based on the TVD scheme
(Darwish & Moukalled, 2003). For a more detailed description of the model equations
and discretization methods the reader could refer to Umgiesser et al. (2004) and for its
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3D implementation to the Curonian Lagoon in Zemlys et al. (2013) and other environ-
ments to Bellafiore and Umgiesser (2010).

3.2.2 Wind waves and ice cover

Wind generated waves are one of the main factors causing sediment resuspension
that is a main source of fine sediments to the water column. The SHYFEM model has
several modules for wave simulation. In this study the parametric wave model was
applied that utilises empirical equations for shallow water (CERC, 1984) to calculate
significant wave height H,,o (Eq. 7) and period T, (Eq. 8).
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The presence of ice cover has been accounted by weighting the wind drag coefficient
by the fractional ice concentration. This corresponds to scaling the momentum input
through the surface by the area free of ice. The ice concentration is a value between 0
(ice free) and 1 (fully ice covered) and can be a fractional number. Where ice concen-
tration equals 1 the momentum transfer to the sea is inhibited. No ice—ocean stress was
considered in this study. Ice concentration was also used to properly calculate the albedo
to be used in the heat flux model.

3.2.3 SEDTRANSO05 model

The SEDTRANSO5 (Neumeier et al., 2008) is the latest version of Sedtrans92
(Li and Amos, 1995) and Sedtrans96 (Li and Amos, 2001) models for the sediment
transport integrated to SHY FEM modelling system. It can simulate cohesive and non-
cohesive sediment dynamics induced by wind waves and currents. The water density
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and dynamic viscosity are computed from the water temperature and salinity accord-
ing to the equation of state for seawater EOS80 (Fofonoff, 1985) and expression of
Riley and Skirrow (1965) respectively.

The sediments are divided into several grain classes to represent the variability of
the natural environment better. In the model each sediment class acts independently
and is characterized by its own settling velocity W)y and concentration C..

In the model, the bed is divided in many homogeneous layers that are characterized
by their own grain size distribution, dry bulk density Pdry and critical stress for ero-
sion Tce values. The linear relationship is assumed between two levels. More details
about the sediment model are presented in the next sections.

For the better bed representation the sediment transport model uses a 3D grid un-
derneath of the hydrodynamic grid. The bed is subdivided in several layers and level.
The model assumes that each layer is homogeneous and well mixed. The fractions of
each sediment class are considered for every grid point. Each bottom level has its own
dry bulk density Pdary and critical shear stress value for the erosion Tce. The linear
relationship is considered between the different bottom layers. This type of bottom
representation allows modelling the morphodynamics of a system.

The uppermost layer is an active layer available for the sediment suspension. The
layers below are unavailable for resuspension until the active layer is completely
eroded. In the situation when only a part of the layer is eroded, the layer values for
Pary and Tce is updated. If the deposition occurs new sediments are added increasing
the layer thickness with new Pdry and Tce values.

The bed roughness and critical shear stress for each grid node are computed form
the average grain sizes based on the sediment fractions. The morphological model
takes into account time and spatial dependent sediment distribution and bed armour-
ing. Modifications to bed elevation and to the grain size distribution are updated at
each time step based on the net erosion and deposition rates. The new depth is used to
compute the hydrodynamics in the subsequent time step.

3.2.3.1 Bed shear stress and critical shear stresses

The bed shear stresses (7o) and the velocity profile in the bottom boundary layer
are computed by the Grant and Madsen (1986) continental shelf bottom boundary
layer theory under the influence of currents and waves. The bed shear stress values
can be corrected due to drag reduction of high SSC and the presence a solid-transmit-
ted stress ( Tsotia ) to the bed covered by the algae (Neumeier et al., 2008). For non-
cohesive sediments, the friction factor and the bed roughness (7)) is computed from
the grain size and the predicted bedform (ripple) while for cohesive sediments the
default values of 0.0022 for friction factor and 0.0002 m for bed roughness proposed
by Soulsby (1997) are used.
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Depending on the bed shear stress and critical shear stresses values, the erosion
or deposition processes can take place in the system. The critical shear velocity for
erosion (Ucrs ) that initiates the non-cohesive sediment transport by causing sediment
suspension is computed following the Van Rijn method (Van Rijn, 1993):

1<D, <10 Uers _ 4 0 _lo  we
=W TD T P T D2G—1DgD
qus VVSZ
D, > 10: = 0.4, Oups = 0.16 ————
Ws or Bers (s—1gD 9)

where D, is the dimensionless grain size computed by Eq. 10, Uers is the critical shear
velocity for suspended-load transport, I is the settling velocity calculated by Eq. 11,
g is the acceleration due to gravity, D is the median sieve grain diameter.

1/3

D, = g(ps/pw - 1)] (10)

where Ps is the sediment density, Pw is the water density and is the kinematic viscosity.
The W; is calculated separately for each sediment class with the coarser particles
being deposited faster using the Soulsby (1997) equation:

[(10.362 + 1.049D3)°5 — 10.36]. (11)

v
D

The critical shear stress for erosion (Tce) of cohesive sediments is applied as a
function of erosion depths and is linked to the sediment density. For the bed surface
the Tce is calculated by the Eq. 12 and for the other layers the modified formula is
used (Eq.13):

Tee = apgry (12)

Tee = Tapgly, (1 + Te(1 — exp(Tym,))) (12a)

where Pary is the dry bulk density, Ta, Tp, T¢, T are coefficients with the default val-
ues of 6:101°, 3, 3.47, -1.915 respectively. Coefficients were fitted using Amos et al.
(2000, 2004) studies.

The critical shear stress for deposition Ted is computed for each cohesive W class
using the relationship proposed by Mehta and Lott (1987) or the relationship deﬁned
by Bagnold (1973):
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Ted = kcd]/VSmCd (13)

Teq = 0.64p, W2 (13a)

where m,, and kc ,are coefficients with the default values of m_=1.03 and kC ~2800.

3.2.3.2 Erosion and deposition processes

The erosion and deposition processes are updated with each time step under the
following order:

» the computation of the effective bed shear stress taking into account correc-
tion due to high SSC and solid transmitted stress;

* computation of the mass of eroded sediment and erosion of the bed (first part);

» calculations for deposition: deposition rate for each Ws class, removal of the
deposited mass from the suspended sediment load, and the freshly deposited
sediment added to the bed;

* the mass of eroded sediment is added to the suspended sediment load (second
part of erosion calculation);

» consolidation of the bed (optionally).

Erosion of cohesive sediments occurs when the shear stress applied to the sediment
bed To exceeds a critical value of the shear stress Zce while deposition takes place
only when the bed shear stress To is less than the critical shear stress for deposition
Tea', The mass erosion rate Te is defined using a standard formula for beds with vari-
able Tce (Amos et al., 1992; Parchure and Mehta, 1985; Van Rijn, 1993):

om

0.5
Te =70 = EoeXp[Pe(TO - Tce(Z)) ] o

where Ep is an empirical coefficient for minimum erosion, P. is the proportionality
coefficient for erosion, and Tce(z) is the critical shear stress for erosion as a function of
erosion depth. The default coefficient values that can be changed during the calibration
process are Eo =5.88 and P. =1.95-10°.

For the deposition the equation from Krone (1993) is used. This equation can be
expressed as a (i) deposition rate or (ii) can be integrated over time to compute the
concentration remaining in suspension C, after a time interval ¢ as a fraction of the
initial concentration C:
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aom T
rd=E=CWs(1—é)(1—Ps) (14)
C, = Coexp[—Wj (1 - TT—O> 1-F) %] (15)

cd

where Ps is a dimensionless probability coefficient of resuspension in the range 0-0.2
(default value equals to 0), / is a water depth. If the concentration of the grain class
decreases until 0.0001 kg m?, all sediment of that class is deposited.

The freshly deposited cohesive sediments are considered as a fluid mud with the
default density of 50 kg m= (Whitehouse et al., 1999). In the model, the Tce for the
freshly deposited sediments is set to 10% higher than the 7o to avoid the immediate
sediment resuspension but Tce can not be greater than the underlying bed surface.

The SEDTRANSOS has an optional module for the sediment consolidation where
the sediment density is expressed as a function of the initial sediment density, mass of
overlaying sediments, depth and time step.

3.2.3.3 Bedload transport equations

Five methods to simulate the sediment transport for non-cohesive sediments are
introduced into the model. The methods of Einstein—Brown (Brown, 1950), Yalin
(1963), Van Rijn (1993), Engelund and Hansen (1967) and Bagnold (1963) can be
selected in the simulation set-up according to the grain sizes. The Van Rijn (1993)
equations, recommended for a large grain size range, were applied for prediction of
the bedload transport rates in the Curonian Lagoon. This method assumes that the mo-
tion of the bedload particles is dominated by saltation under the influence of hydro-
dynamic fluid forces and gravity and was already successfully applied for the Venice
Lagoon (Ferrarin et al., 2008b). The bedload transport rate (¢) is defined as the prod-
uct of the particle velocity, the saltation height and the bedload concentration. For the
pure current case the bedload transport rate is expressed as:

- 16
q= a(s _ 1)0'5g0'5D1'5D* 0.3T1$l.1 ( )

Where s is the ratio of the density of sediment and water, @ is a constant (0.053),
T is the dimensionless shear stress parameter, expressed as:

Tm — Tes — Terb (17)

Terb
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where T¢s is the instantaneous skin-friction current shear stress and Terb is the
critical shear stress for initiation of bedload motion.
The instantaneous bedload transport rate for the combined current and wave case is

0.5
q = 0.25aDD03 (TCTWS) TLS (16a)

H . . . . L
where a =1 — (%0)0-5 is a calibration factor with Hmo — the significant wave
height and /# — the water depth, Tcws is the instantaneous skin-friction combined shear
stress. Then the Tm for the combined-flow case is defined as

Tm — Tews — Terb (17a)

Terb

The time-averaged bedload transport rate is obtained averaging over a wave period.

3.3 Simulation setup

In this study a numerical grid with variable size elements was used. The course
grid with more precise resolution in the fairway of the Curonian Lagoon, the Nemunas
Delta front and coastal area of the Baltic Sea was developed for this study. The resolu-
tion of the elements varied from 250 m to 3 km. The vicinity of the Klaipeda Strait had
the finest resolution. The grid consisted of 3269 elements and 2021 nodes (Fig. 3). A
part of the Baltic Sea shelf was included in the numerical grid in order not to disturb
the computations of the exchanges through the Klaipeda Strait. In the vertical, 5 sigma
layers have been inserted.

Several numerical simulations have been carried out in this study. The numerical
experiments are divided into three groups: (i) short term simulations for the model
calibration, validation and sensitivity tests; (ii) analysis of present situation (long-term
simulations) for the simulation period 2004-2015, including calculations of erosion-
accumulation rates and sediment budget, and (iii) the future perspectives according to
the climate change scenarios. The calibration/validation results for hydrodynamic and
sediment parts are presented independently.

The following numerical simulations were carried out in this study (Table 2):

(i) CAL: simulation for the sediment transport model calibration for the period
from 1st of January 2013 until the end of 2015. The year 2013 was used as a
spin up time and was excluded from the analysis.

VAL: simulation for the sediment transport model validation for the period 1st
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Figure 3. (A) Initial bathymetry, (B) initial percentage of cohesive sediments, (C) numerical
grid with calibration and validation stations.

of January 2015 until the end of 2016. The year 2015 was used as a spin up
time.

NoICE: 3 year-long simulation for analysis of ice influence on the sediment
transport mechanisms in the Curonian Lagoon. Simulation period and set-up
are the same as simulation CAL, but without ice cover data.

(i) LONG: long-term simulation (13 years) for the validation of hydrodynamic
model and analysis of the sediment transport mechanisms in the Curonian La-
goon. Simulation period 2004-2016. The spin up time for hydrodynamics was
three months, for the sediment transport model the year 2004 was extracted as
a spin up time.

(iii) RCP4.5: simulation of the climate change scenario based on the Intergovern-
mental Panel on Climate Change (IPCC) Fifth Assessment Report (ARS) Rep-
resentative Concentration Pathway (RCP) 4.5 (Collins, 2013) for the period
2007-2033.

RCPS8.5: simulation of the climate change scenario based on IPCC AR5
RCP8.5 (Collins, 2013) for the period 2007-2033.
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Table 2. Summary of numerical simulations carried out in this study.

Scenario Period Description
CAL 2013-2015 Simulation for sediment model calibration
(also used for sensitivity tests)
VAL 2015-2016 Simulation for model validation
NolICE 2013-2015 As CAL, but without ice cover data
LONG 2004-2016 13 years simulation, validation of hydrodynamic model
RCP4.5 2007-2033 RCP4.5 climate change scenario for the sediment dynamics
RCP8.5 2007-2033 RCP8.5 climate change scenario for the sediment dynamics

3.4 Data collection

Data sets were needed for the development and calibration/validation of the hy-
drodynamic and sediment transport models. Firstly, the data was collected from the
different available data sources. Secondly, the data was sampled during several field
campaigns to fill the gaps of the required data for the model set-up. The data was used
to check model quality and as an input for the numerical model simulations.

3.4.1 Available data for the model set-up

Open Sea. The open sea boundary water temperature (°C), salinity and water lev-
els (m) were obtained from three different sources. For the year 2004-2006 the bound-
ary data was taken from the operational hydrodynamic model MIKE21 provided by
the Danish Hydraulic Institute (DHI). For the year 2007-2009 and 2014-2016 the data
was obtained from the operational hydrodynamic model HIROMB (Funkquist, 2003)
provided by the Swedish Meteorological and Hydrological Institute with a spatial
interpolation of 1 nautical mile. For the year 2010-2013 the data was taken from the
model MOM (Modular Ocean Model) provided by the Leibniz Institute for Baltic Sea
Research in Warnemiinde, Germany.

Meteorological data. The meteorological forcing of rain (mm day™), solar radia-
tion (W m?), air temperature (°C), humidity (%), cloud cover (0 — clear sky, 1 — over-
cast sky), 10 m high wind velocity in x and y directions (m s™') and atmospheric pres-
sure (Pa) were used as surface forcing. For the years 2009-2010, the meteorological
forcing fields were provided by the Lithuanian Hydrometeorological Service under
the Ministry of Environment from the operational meteorological model HIRLAM
(http://www.hirlam.org). For the other years (2004-2008 and 2011-2015), the mete-
orological data from European Centre for Medium-Range Weather Forecasts (EC-
MWE, http://www.ecmwf.int) were used. The ECMWF model air temperature and
wind speed data was checked with the measured values for the station S1. Results are
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Figure 4. Time series of (A) measured water levels in Klaipeda Strait and Nida; (B)
Measured/modelled (ECMWF) air temperature in Nida and ice cover (grey band) presence
in the lagoon from satellite data; (C) Measured/modelled (ECMWF) weekly averaged wind
speed for S1, (D) daily measured/modelled (ECMWF) wind speed in Klaipeda for the year

2014 (E) fresh water discharge into the lagoon.
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shown in Figures 4B and 4C respectively. The statistical analysis showed a strong re-
lationship between measured and modelled air temperature data (R>=0.97), while the
analysis of wind data is more complicated. Results showed that the ECMWF model
overestimates wind speed close to the Curonian Spit by 30%, but in Klaipéda station
the R? between measured and modelled values was equal to 0.75.

River runoff. Daily discharge data (m® s™) for the rivers were provided by the
Lithuanian Hydrometeorological Service under the Ministry of Environment. The
Nemunas River discharge was measured at the Smalininkai monitoring station about
90 km from the model boundary. Therefore, the Nemunas River discharge for the
open boundary conditions near Silininkai (see Fig. 1) was considered as the discharg-
es sum from the Nemunas near Smalininkai, Se§upé, Jura and Sesuvis rivers minus
Matrosovka (Gilija) branch discharge (Gilija discharge is accounted as a separate
river input in the model, assumed to be 29% of the Nemunas discharge near Sma-
lininkai) (Jakimaviéius, 2012). The time necessary for the water to reach Silininkai
starting from Smalininkai was calculated from flow velocity obtained from Manning
equation (Chen, 1992). It is known that during the spring flood water coming from
the Smalininkai station overflows before reaching the model boundary (Vaikasas,
2009). The model does not simulate the overflow of the water, and as a result, the
calculated Nemunas River discharge was limited to 1300 m® s'! to avoid the overesti-
mation of the current speed in the riverbed. In order to conserve the total discharged
water volume, the flood period was extended from two weeks to up to one month
depending on the water amount. The final river discharge for the model boundary is
presented in Figure 4E. In all, about 2.5% of the simulation period had higher dis-
charges than 1000 m* s™'.

Ice cover. The satellite ice cover data (Figure 4B) needed for the model set-up was
provided by the Klaipeda University PhD student Rasa Idzelyté (Idzelyté et al., 2019).
The data was acquired from the synthetic aperture radar (SAR) measurements from
three Earth observation missions: Envisat ASAR, RADARSAT-2 and Sentinel-1A and
1B, complemented by cloud-free Moderate Imaging Spectroradiometer (MODIS) im-
ages. For the period 2004-2015 in total 475 SAR and 64 MODIS images were pro-
cessed by manually digitizing ice polygons using ArcGIS software, which were then
validated with ground observations, showing that satellite data in many cases has bet-
ter performance than in situ data for defining the key stages of ice cover formation and
decay. These polygon datasets were converted to regular grid points and then used to
spatially interpolate onto the finite element grid. The ice cover presence in the model
input file is set to a value of 0 (no ice) or 1 (ice cover). In all simulations, the Baltic
Sea has been considered as ice free area.
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Sediment. The open boundary data for the suspended sediment concentrations
coming from Matrosovka and Deima rivers were obtained from the study of Galkus
and Joksas (1997). The average SSC values for different seasons were found close to
the river mouths and were used as an input for the sediment model. The SSC coming
from the Nemunas River was sampled during the PhD studies (see section 3.4.2)

The initial bottom sediment composition for this study was compiled from two
data sources: (i) a map of (Gelumbauskaité et al., 1999) for the southern part of the
lagoon and the sea and (ii) a map of (Gulbinskas and Zaromskis, 2002) for the north-
ern part of the Curonian Lagoon. As an input file for the initial bottom sediments,
the regular grid was constructed with nine sediment classes (clay — <0.002 mm and
0.002-0.005 mm, fine silt — 0.005-0.01 mm, coarse silt — 0.01-0.063 mm, very fine
sand — 0.063-0.1 mm, fine sand — 0.1-0.25 mm, medium sand — 0.25-0.5 mm, coarse
sand — 0.5-1.0 mm and very coarse sand — 1.0-2.0 mm) that were considered rang-
ing from clay to coarse sand. The initial bottom sediment composition in the model
is divided into nine sediment classes which were presented as a percentage of total
suspended sediment concentration for each class. The initial percentage distribution
of mud fraction and the computational grid is shown in Figure 3.

Suspended sediments. Additional TSS and SSC data for sediment model calibra-
tion and validation was collected from two projects carried out by dr. Diana Vaicitité
and funded by 7BP INFORM (Contract No. 606865) and Lithuanian Research Coun-
cil (Contract No. VAT- MIP-040/2014) for the years 2014-2016. The data was col-
lected using the same methodology described in the Section 3.4.2.

Chlorophyll a. For the analysis of biological processes affecting the sediment
transport the Chlorophyll a (Chl-a) concentration data and the composition of the
phytoplankton groups were needed. The data of the sample campaigns organized in
versity. These assessments of the phytoplankton groups do not take into account the
environmentally variable production rates of accessory pigments, diurnal variation in
fluorescence yield due to non-photochemical quenching, or state transitions in cyano-
bacteria. Therefore, only a qualitative estimate of the cyanobacteria percentage from
the total abundance of phytoplankton was used.

Nutrient concentration. The biogeochemical group of Marine Research Institute
in Klaipeda University provided an averaged seasonal nutrients concentration in the
pore water. The sampling campaigns were organized in 2015, the samples were taken
using intact cores. The reader could refer to Zilius et al. (2018) for more information
on sampling methods.

Validation data. For the validation of the hydrodynamic model, the measured
water temperature, salinity, water level and wave data were necessary. The data were
provided by the Marine Research Department of Lithuanian Environmental Protec-
tion Agency under the Lithuanian Ministry of Environment for the Lithuanian part
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of the Curonian Lagoon. The data were collected for the Klaipeda Strait, Juodkranté,
Nida and Vent¢ stations marked in green in Fig. 3. In Juodkranté station the measured
values were obtained for the period 2004-2009, in the Klaipéda Strait and Nida sta-
tions for the period 2004-2015 and in Venté station for the year 2010.

Climate change projections. The climate change data for meteorological forcing
and boundary conditions were collected from the available models lead by the Swed-
ish Meteorological Hydrological Institute (SMHI). Predicted meteorological data was
obtained from the global EC-Earth climate model downscaled to the ICHEC model
performed on the Irish Centre for High-End Computing Stokes. The open sea bound-
ary data was collected from the SMHI model RCO-SCOBI. Data was collected for
climate change scenarios based on Representative Concentration Pathways (RCP).
Two scenarios were chosen for this study: RCP4.5 and RCP8.5 under the reference
and “business as usual” conditions respectively.

Table 3 summarizes the dataset used in the model applications.

Table 3. The summary of the model set up data.

Data Period Description
Open sea 2004-2006 | DHI model MIKE 21
boundary 2007-2010 | SMHI model HIROMB

2011-2013 | IOW model MOM

2014-2016 |SMHI model HIROMB

Meteo forcing 2004-2008 | ECMWF model data

2009-2010 | Lithuanian hydrometeorological service model HIRLAM
2011-2016 | ECMWF model data

River discharges |2004-2016 |Lithuanian hydrometeorological service

Ice coverage 2004-2016 | Satellite data provided by KU MRI (Idzelyté et al., 2019)
Initial bottom - Gelumbauskaité et al. (1999) and Gulbinskas and
sediment Zaromskis (2002)

composition

Climate change 2007-2033 | Meteorological data from EC-Earth (ICHEC),
River discharges from SMHI
Sea boundary from SMHI (RCO-SCOBI model)

3.4.2 In situ sampling and analysis

Several field campaigns were organized from March 2015 until February 2016 for
sampling the Nemunas River and Curonian Lagoon waters. Samples were taken only
from the surface layer, approximately 0.5-1.0 m depth. The analysis was divided into
two parts: (i) The total suspended solid concentration (TSS, mg I'') and suspended
sediment concentration (SSC, mg I'') measurements and (ii) analysis of the sediment
grain sizes. The data was sampled in the Rusné Village in the Nemunas River (see Fig.
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1) once or twice per month, while in the lagoon stations (S1 and S2, see Fig. 1) only
once per season except winter. The main characteristics of the sampling stations are
presented in the Table 4.

Table 4. The main characteristics of the monitoring stations

Median Number of samples
Station Location Depth, bo.ttO{n Percentage Sam- Additional-
m grain size, | of mud, % pled in ly collected | In
pm 2015 (see Section | total
3.4.1)

S1 55286017 N | 3.35 35 77 3 22 25
21.021400 E

S2 55444483 N | 1.90 210 1.6 3 17 20
21.182733 E

Nemunas | 55.298228 N | 2.00 - - 15 - 15
21.380543 E

The Nemunas station was 2 m in depth, where in total 15 samples were taken,
covering all seasons and the flood period. Selected lagoon stations represented the
sites with the different sediment properties. The Station S1 was 3.35 m deep with
muddy bottom sediments (initial percentage of mud 77%) while S2 station was 1.9 m
depth and the bottom was mostly covered with the fine sand (initial percentage of mud
1.6%). Three samples for each lagoon station were sampled.

The methodology for the data collection is presented in Figure 5. Depending on
the season, the hydrological conditions and phytoplankton vegetation period, from 20
to 40 1 of water was sampled in the field and transported to the laboratory for further
investigation. From 300 ml to 1500 ml of sample were filtered in triplicate through
combusted (4 hours at 550°C) and pre-weighed Whatman GF/F (47 mm in diameter,
pore size of 0.7 um) glass fiber filters (tare weight). After filtration, samples were
dried at 60°C until the weight was stable. The TSS concentration was determined
gravimetrically by the difference between dry weight and tare weight via Equation 18
(Strickland and Parsons, 1972). The inorganic part of the sample was determined after
4h in a NOBERTHERM muffler furnace at the temperature of 550°C. The SSC was
determined gravimetrically by the difference between muffled filter weight and tare
weight via Equation 19.

TSS = w (18)

’
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where W is a filter weight with suspended matter after drying in 60°C (mg), Wr
is a tare filter weight (mg), V is a filtered amount of water (I).

ssC = Wrssoo Wy (19)

1% ’

where Wrsso is a filter weight with suspended matter after muffling in 550°C (mg),
Wr is a tare filter weight (mg), V' is a filtered amount of water (1).

The rest of water sample was used for the analysis of suspended particles. Water
tanks were left for 4 days until suspensions settled. The suspensions were concen-
trated to 1 1. Suspensions were centrifuged and concentrated to two 50 ml tubes for
grain size analysis. Two types of analysis were done: (i) grain size analysis of total
suspension composition and (ii) grain size analysis without organic material. To elimi-
nate the organic matter from the sample, 30% H,O, were added to the concentrated
material and heated to 80°C. The granulometric analysis was done from the liquid/
wet sample by laser diffraction method using laser particle analyser Analysette 22
MicroTec Plus, Fritsch (measuring range 0.08-2000 um). These results were used to
calculate the percentage of concentration for each grain class used in the model.

SSC with
organic
particles
) Muffling at SSC without
qucuslgtcmn of Filtering 550°C organic matter
NOBERTHERM
Filtering system with 3 muffler furnace|
replicates was used,
Water sample Filters poor size 0.7jm
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Figure 5. The scheme of data collection

The suspended sediment concentration data from the Nemunas River available for
one year were used for regression analysis to estimate the relationship between water
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discharge and suspended sediment concentration. The power law formula suggested
by (Asselman, 2000), called a sediment rating curve, to predict the suspended sedi-
ment concentration was used to get continuous input data for all model simulation
periods. The daily SSC open boundary data in the model was presented as a matrix of
sediment class concentrations. The averaged percentage of each class was calculated
from the granulometric analysis of the samples. Each sediment class has its own con-
centration for each river discharge input value.

3.5 Model calibration/validation methods

In total 25 samples for Station S1 and 20 samples for Station S2 were collected for
sediment model calibration (Table 4). Moreover, 25 samples in the spatially varying
stations in the Curonian Lagoon (see Fig. 3) were collected for the model validation.
The analysis of the biological components in the water column were included as a part
of the sediment model calibration.

The models were calibrated and validated comparing measured and modelled val-
ues. For the calibration of the sediment transport model the measured and modelled
SSC values in the water surface were compared in two Curonian Lagoon stations with
different sediment characteristics (stations S1 and S2 see Fig. 1). The model calibra-
tion results were expressed in terms of the relative discrepancy defined as the ratio
between measured and modelled SSC values (Davies et al., 2002). It was assumed that
the model performance is satisfactory if the number of the relative discrepancy ratio
values falling into the range 0.5-2 (further called double relative discrepancy interval)
exceeds 50% of all values. It means that predicted values should not be less than half
and more than twice the observed values.

Statistical analysis results for the hydrodynamic model performance were ex-
pressed in terms of the root-mean-square error (RMSE) and correlation coefficient
between model results and observations (R) or the determination coefficient between
modelled and observed values (R?).The data performed by the Marine Research De-
partment in Juodkranté and Klaipéda Strait stations were used to validate the model
performance for salinity. The data from Nida and Klaipéda Strait stations were used
to validate the model performance for water levels and water temperature. Modelled
waves were validated in the Vente station.
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Results

4.1 Analysis of the collected suspended matter data

The observations of the monitoring stations for the sediment parameters are present-
ed in Figure 6. The analysis of measured suspended sediment concentration showed that
in spring, summer and autumn at the Nemunas station varies from 4 to 13 mg I'! with
the maximum values (> 20 mg 1) in the end of winter or beginning of spring, when the
river flooding season starts. The sampling campaigns cover all seasons and flood period.
During the flood period, the samples were taken only in the beginning and in the end of
the period, due to over-flooded regions in the delta area. Usually, the flood season starts
when the ice and snow cover melts and shows the highest values of total suspended
solids as well. A strong relationship between measured TSS and SSC values was found
in the Nemunas (Rusné) monitoring station (Fig. 7).

In the Curonian Lagoon the highest concentrations off TSS=57 mg 1" and SSC=31
mg 1! were found in S1 station in summer and autumn during the algal bloom, when
chlorophyll-a concentration peaked up to 300 mg m>. The analysis of the Curonian
Lagoon stations showed that the deeper S1 station had higher Chl-a concentrations.
However, the cyanobacteria was dominated in both stations in summer and autumn.

In general, the measured SSC varied form very low values (1-2 mg1'!) to 30 mg 1.
The TSS varied from 11 to 57 mg 1'%,

45



4. Results

60 360
B Suspended Sediment Concentration (SSC)
50 Nemunas Total Suspeded _Sohds (TSS) 300
——— Chl-a concentration
40 —O— Cyanobacteria <50% 240
30 @ Cyanobacteria >50% 180
20 120
[eXe)
10 Jxl“s o 60
. WP .
60 360
~ 50 4 300 .
% S1 / 8
o 2 0 / 210 2
B g [ )
T .9 30 / 180 T g
g8 ° o o =
< 5 / g 20
O g 20 120 g g
2 ¢ 79 1 5
El avtil AR vE
S ) : =
0 %6 | | 9 i“ I o e
60 360
50 S9 300
40 240
30 180
20 | 120
" | % | + T ] "
0 — Qo . ] hfi?éﬂbT . 0
N & &H N N N N »Q ® N N

N N N
¥ ¥ 1 » 2 3 ot o o & Y & &t
Q> > > N\ Q> Q> > Q> QO N4 Q> Q> Q>
M N R EXEN P P P R P
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Figure 7. The relationship between measured TSS and SSC values in the Nemunas River
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The measured SSC in the Nemunas River was used for preparing the river bound-
ary conditions for the sediments model. For the sediment transport model only the
mineral sediment concentrations were used. The developed power-law function is
presented in Figure 8. The moderate relationship between river discharge (m* s™') and
suspended sediment concentration was found, R°=0.67. The formula of the sediment
rating curve was applied for all simulation period from 2004 to 2016 for the Nemunas
discharges at the model boundary, where the averaged recalculated discharge near
Silininkai (see section 3.4.1.) was 320+171.3 m® s in 2015 and the average discharge
for the all modelling period was 424.4+217.4 m* s™".
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Figure 8. Relationship between SSC and the Nemunas River discharge.

4.2 Model calibration and validation

4.2.1 Hydrodynamic model

The SHYFEM model has been validated in previous works reproducing water lev-
el, water temperature, salinity fluctuations and the structure of the flow in the Klaipeda
Strait (Ferrarin et al., 2008a; Zemlys et al., 2013, Umgiesser et al., 2016). However,
even if the calibration and validation has already been carried out in a former work,
this study shows one more time the validation for the salinity, water temperature and
levels because the numerical grid has been changed. In Zemlys et al. (2013) one year
study with much finer grid resolution was presented, while in Umgiesser et al. (2016)
a coarser resolution has been used compared to the present study (12 year).

Statistical analysis results for salinity are reported in terms of correlation coeffi-
cients between model results and observations (R) and RMSE (Table 5). The salinity
was validated in two stations (Klaipéda and Juodkranté) with hydrodynamic condi-
tions where salinity can change from 0 to 7 in a very short time scale. The correlation
between modelled and observed salinity values was 0.70 in the Klaipéda Strait for

47



4. Results

the period 2004-2016. The first three months (January-March 2004) of 2004 were ex-
cluded from the analysis as a spin-up time. Due to the lack of data, the correlation co-
efficient for the Juodkranté station was calculated for the period 2004-2009 and it de-
creased until 0.53. The results showed that RMSE is 2.194 in the Klaipéda Strait and
1.89 in the Juodkranté station. The comparison of the modelled and observed salinity
values are presented in Figure 9. The model performance is not the same through the
year. In some years in winter and spring, the model produced higher salinity peaks
than observed in Klaipeda Station while in Juodkranté¢ the higher modelled peaks
could be found in all seasons but in general the model performance is acceptable.
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Figure 9. Comparison of modelled and measured values. (A) Salinity values in Juodkrante
(the measured values were obtained only for the period 2004-2009); (B) salinity values in
Klaipeda; (C) water temperature values in Klaipeda; (D) water temperature values in Nida.
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The hydrodynamic model described well the seasonal cycle of the surface water
temperature and water levels that were validated for the Klaipeda Strait station and the
Nida station in the middle of the Curonian Lagoon (see Fig. 3C). The validation period
was 2004-2016, excluding the spin-up time. In both stations the R values for the water
temperature were more than 0.97 with R? value for Klaipéda Strait of 0.95 and 0.98 for
the Nida station (Table 5, Fig. 9). The RMSE values were equal to 1.58°C and 1.13°C
respectively. The correlation coefficient between modelled and observed water levels
for Klaipeda Strait was 0.97 (R*=0.93) with RMSE value 0.06 m. In Nida station the
calculated R value was equal to 0.86 (R>=0.75) and RMSE 0.10 m (Fig. 10).
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Figure 10. The scatterplots of the observed and modelled parameter values.
(A) Water level in the Klaipéda station, and (B) water level in the Nida station.

The wind wave model was validated comparing measured wave heights in Venté
station located on the eastern coast of the Curonian Lagoon (see Fig. 2C) with the
modelled significant wave height (SWH). The model was validated only for the year
2010. Validation results are shown in Figure 11 and Table 5. A strong relationship
was found between measured and modelled values, but it can be seen, that the model
underestimated the maximal measured values.

The comparison of statistical analysis with previous studies is presented in Table 5.
In Umgiesser et al. (2016) the results showed that the model with ice cover data gives
much better results comparing with the reference simulation without the ice data.
Zemlys et al. (2013) results showed that the model with higher resolution represents
salinity variations better and PhD study results are in between these two previous
studies.
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Table 5. Comparison of the model validation results in different studies.

Study Umgiesser et | Umgiesser et al., | Zemlys et al., This study
al., 2016 2016 2013
Simulation 12 years 12 years (2004- | One year 13 years (2004-
scenario (2004-2015). 2015) without ice | 2016) with satellite
Reference Scenario with ice cover data
without ice ice data inter-
polated from
inland stations
Resolution Coarse Coarse Fine Coarse with finer
elements in the
Delta front and
fairway
Salinity
Calibration period 2004-2010 2007-2010 2009 2004-2016
(2007-2010/2009)
Klaipéda |R=0.58 R=0.64 R=0.74 R=0.70(0.71/0.73)

g Strait RMSE=2.4 RMSE=2.3 RMSE=2.3 RMSE=2.2 (2.3/2.3)

bS] Juodkranté | R=0.40 R=0.43 R=0.67 R=0.53*(-/0.55)

Z RMSE=2.1 RMSE=2.1 RMSE=1.6 RMSE=1.9% ( -

/1.9)
Temperature
Calibration period 2009 2004-2016 (2009)
Klaipéda R=0.99 R=0.98 (0.99)

C Strait RMSE=1.2°C |RMSE=1.6°C

g (1.2°C)

% Nida R=0.99 R=0.99 (0.99)
RMSE=1.4 °C |RMSE=1.1°C

(1.2°C)
Water level
Calibration period 2009 2004-2016 (2009)
Klaipéda R=0.98 R=0.97 (0.97)
Strait RMSE=3.2 RMSE=5.5 cm
=

= cm (3.9 cm)

% Nida R=0.98 R=0.86 (0.82)
RMSE=3.1 RMSE=10.4 cm
cm (8.7 cm)

Waves
Calibration period 2010
Venté R=0.89
RMSE=12.3 cm

Station

* the period 2004-2009
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Figure 11. The comparison of observed and modelled SWH in the Venté validation station.

4.2.2 Sediment transport model

The sediment transport model has several parameters that need to be adjusted dur-
ing the calibration process. Default model parameter values were obtained for the
Venice Lagoon and could not be equally used for this study site. The Van Rijn method
for the prediction of the non-cohesive sediment transport was chosen for the Curonian
Lagoon. The initial critical shear stress value of 0.3 N m™ for erosion was calculated
from the measured wet bulk density in the S1 monitoring station according to the pro-
posed formula by Amos et al. (2004). The density for the freshly deposited mud was
set to 775 kg m? (clay).

The model performance quality criteria for calibration and validation were ex-
pressed in terms of the relative discrepancy defined as the ratio between measured and
modelled SSC values. The model performance quality is calculated as a percentage of
measured values falling in to the range 0.5-2 (further called double relative discrep-
ancy interval). It was assumed that the model performance quality is satisfactory if the
number of the relative discrepancy ratio values falling into the range 0.5-2 exceeds
50% of all values (Davies et al., 2002; Ferrarin et al., 2010a).

The first simulation for the period 2013-2015 was carried out with the real forcing
data and sediment transport model parameters mentioned above. The model calibra-
tion results showed the sediment model performance quality was only 12.5% in station
S1 (RMSE=0.013 kg m®) and 15% in station S2 (RMSE=0.009 kg m?). The highest
discrepancies were found for summer and autumn seasons (Fig. 12). Unsatisfactory
calibration results required the analysis of the other processes that could influence the
sediment transport mechanisms in the Curonian Lagoon.
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Figure 12. Comparison between measured and modelled surface SSC values after first
calibration steps in S1 station (A) and S2 station (B). Scatterplots are made using a
logarithmic scale, where the solid line indicates absolute agreement with the measurements;
the dashed lines correspond to the endpoints of double relative discrepancy intervals.

As highlighted above, the analysis of measured TSS and SSC showed that in the
lagoon higher values were found during the summer-autumn period. However, results
of the sediment transport model showed lower SSC values if compared with the mea-
surements. The authors of Bukaveckas et al. (2019) found that in the Curonian La-
goon the settling velocities of total suspended solids decrease in the summer months
when positively buoyant cyanobacteria are present. Their calculated settling velocity
for TSS in summer was about 0.3 m day ' and the TSS concentrations in the lagoon
correlated with Chl-a concentrations. There was no relationship found between river
discharge and Chl-a. It indicated the autochthonous origin of the suspended mate-
rial. Also, it is known that diatoms and cyanobacteria biofilms can act as a trap for
sediments because of the adhesive surface (Larson et al., 2009). Figure 6 shows that
in summer and autumn seasons cyanobacteria dominated in the Curonian Lagoon,
especially in S1 station, where concentrations were very high. According to Pilkaityte
and Razinkovas (2006) one of the factors controlling the phytoplankton blooms is
water temperature. Based on these studies a new formula (20) for fine sediments set-
tling velocities as a function of water temperature was introduced into the model. The
following new settling velocity equation was developed for the water temperatures
higher than 8°C:

W, =aT+b, (20)

S

where W, is the settling velocity in m day™', T the water temperature in °C (only used
with T>8°C).
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After calibration the values a=-0.03443 and b=1.251117 were used and with the introduc-
tion of these changes the model performance increased to 40% (RMSE=11.5 mg I'") in sta-
tion S1 (Figures 13A, 13B) and to 60% (RMSE=5.7 mg I'") in station S2 (Figures 13C, 13D).

The results of the second simulation for the period 2015-2016 (VAL) were used
for the model validation. The model results were compared with the measured data
for the end of August and first days of September in 2016, from the validation dataset.
The 15 validation stations were spread in the northern part of the Curonian Lagoon,
to represent different properties of sedimentation (yellow dots in Figure 3C). Valida-
tion results showed that the modelled SSC values were in a good agreement with the
measured data with model performance quality 72% (Fig. 14).
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Figure 13. Comparison of predicted and observed surface values after sediment model
calibration for station S2 (A, B) and S1 (C, D). Scatterplots (B, D) are made using a
logarithmic scale, where the solid line indicates absolute agreement with the measurements;
the grey lines correspond to the endpoints of double relative discrepancy intervals
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Figure 14. Scatterplot of the sediment transport model validation plotted on a logarithmic
scale. Solid line indicates absolute agreement with the measurements, dashed lines cor-
responds to the endpoints of double relative discrepancy intervals. Data are sampled in 15
different places during August-September 2016.

4.3 Simulations of present situation (2004-2016)

4.3.1 Hydrodynamics in the Curonian Lagoon

4.3.1.1 General circulation

General circulation in the lagoon is analysed through the residual water currents in
the Curonian Lagoon (Fig. 15). Residual currents are the mean currents over a certain
period (here season) where all fluctuations have been removed. The seasonal maps
showed that the average circulation is stable through the seasons. Only in the spring
the lower currents in the southern part were formed. In general, the lowest current
speed is in the southern-eastern part of the lagoon and increases going to the north.
The strongest currents are formed in the harbour area, where current velocities of
more than 0.15 m s were simulated. The averaged velocities simulated for the south-
ern part were 0.006 m s in spring and 0.01 m s™! for other seasons. The northern part
of the lagoon is strongly influenced by the Nemunas River, therefore the higher cur-
rent velocities were found in this area. For winter, spring and autumn were 0.03 m s™,

for summer 0.02 m s'.
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Figure 15. Seasonal maps of averaged residual currents over the period 2004-2016
(except spin up time): surface currents (A) winter, (B) spring, (C) summer, and (D) autumn
and bottom currents (E) winter, (F) spring, (G) summer, and (H) autumn.

In front of the Nemunas Delta, a surface cyclonic circulation was present in all
seasons. In the Nemunas Delta front, the currents were spread to the southwest and
northwest directions. In the northern part the northward currents were dominantly due
to the river influences. The stronger northward currents were formed on the western
coast.
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4.3.1.2 Salinity gradients

The 13 year simulation (LONG) allowed the estimation of the averaged seasonal
salinity distribution in the Curonian Lagoon (Fig. 16). In Figure 16 and 17 the south-
ernmost isoline always indicates the salinity value of 1. The results showed that the
strongest gradients can be found in the Klaipéda Strait, especially in spring, when
large amounts of fresh river water meets the brackish water of the Curonian Lagoon
(salinity ~6-7). The averaged seasonal maps showed the higher salinity values in the
autumn season, with a large zone of salinity of more than 2 in the northern part of the
lagoon. The seasonal salinity maps depend a lot on the simulation period, which is
averaged.

The maximum salinity values found during all simulation period are present in
Figure 17. It is important to mention that this is the maximum value found for each
element of the computational grid not depending on the time and duration. The results
showed that brackish Curonian Lagoon waters could reach the middle of the Curonian
Lagoon in winter-summer seasons and even the southern part in autumn. The Curoni-
an Lagoon is a fresh waterbody and even a short duration of these high salinity values
in the lagoon could have a significant influence for the ecological processes.

Salinity Salinity Salinity Salinity

0123 0123 0123

0123

Figure 16. Seasonal maps of salinity distributions averaged over the period 2004-2016
(except spin up time): (A) winter, (B) spring, (C) summer, and (D) autumn. The southernmost
isoline indicates the salinity value of 1. The salinity in the Baltic Sea is more than 6.
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Figure 17. Seasonal maps of maximum salinity distributions over the period 2004-2016
(except spin up time): (A) winter, (B) spring, (C) summer, and (D) autumn. The southernmost
isoline indicates the salinity value of 1. The salinity in the Baltic Sea is more than 6.

4.3.1.3 Temperature gradients

Water temperature is important for the biological activity in the water column. The
Curonian Lagoon is a well mixed water body without strong vertical temperature gra-
dients in the system. The seasonal maps of the water temperature are presented in Fig-
ure 18. It can be seen that the shallower eastern part has higher variability of the water
temperature during the year, with lower temperatures in winter and higher in summer.

The average water temperature for the whole lagoon in winter was 1.7+0.6°C (the
Baltic Sea is excluded), with lower values in front of the river mouths. The average
water temperature in spring was 7.4+1.4°C, with higher values in the southern part.
The summer values in the lagoon are about 6°C higher than the water temperature in
the Baltic Sea, with an average value of 19.5£1.8°C. Due to high water temperature
in September, the values in autumn are higher compared to spring, with the average
water temperature of 10.8+0.8°C.
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Figure 18. Seasonal maps of water temperature gradients over the period 2004-2016
(except spin up time): (A) winter, (B) spring, (C) summer, and (D) autumn. Be aware that
seasons have a different colour scale.

4.3.1.4 Wave climate

Wave climate plays a crucial role for the sediment resuspension and the sediment
transport processes. The main factors controlling wave simulation in the model are
wind speed and wind fetch. The analysis of the long-term simulation results showed
that the southern and central part of the Curonian Lagoon has higher waves than the
northern part (Fig. 19). The highest waves are formed in autumn due to the stronger
wind events, while the lower values are in winter season due to the ice periods.

It is important to mention that the analysis of the wave height is not enough to
evaluate the impact of the sediment dynamics. The waves, bathymetry and the mor-
phometric conditions should be analysed together.

The analysis of the averaged significant wave height showed the highest values
in the deepest areas of the Curonian Lagoon. It is expected that the higher waves in
the deeper areas have lower influence for the resuspension than the lower waves in
the more shallow areas in the Nemunas Delta front or the northern part of the lagoon.
Wave period is an important parameter for the formation of the oscillatory flow that
forms the ripples (only for non-cohesive sediments) and influences the bed roughness.

In the southern part of the lagoon, the average wave heights were 0.19+0.04 m,
0.2240.04 m, 0.2840.05 m and 0.33+0.07 m with the average wave period of
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1.19£0.16 s, 1.63+0.18 s, 2.02+0.23 s and 2.22+0.29 s for winter, spring, summer
and autumn respectively. While in the northern part of the lagoon, the average wave
heights were 0.16+£0.04 m, 0.19+0.05 m, 0.2440.06 m and 0.30+0.08 m with the aver-
age wave period of 1.06+0.16 s, 1.51+0.21 s, 1.83%£0.28 s and 2.08+0.32 s for winter,
spring, summer and autumn respectively.

Wave height Wave height Wave height Wave height

Figure 19. Seasonal maps of the averaged significant wave height for the period 2004-2016
(except spin up time): (A) winter, (B) spring, (C) summer, and (D) autumn.

4.3.2 Results of the sediment transport model

4.3.2.1 Bed shear stress

Firstly, the results of the sediment transport model from the long-term simulation
(LONG) were used to analyse the bed shear stress values. Averaged seasonal maps
were prepared to see the changes of the bed shear stress values (Fig. 20). The zones
with higher bed shear stress values were found in the shallower areas in the delta front
and northern part of the lagoon. The maximum values of the bottom currents close
to the Klaipéda Strait were induced by the narrowing of the lagoon. Autumn season
had the highest waves and strongest currents; as a result, the shallow areas were much
more influenced by the wave- and current-induced stress and had higher bed shear
stress values.
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The analysis of the bed shear stress maps indicated the most vulnerable areas,
where the erosion zones could be found. It can be seen that the eastern part of the
Curonian Lagoon has the highest bed shear stress values that cause higher erosion
rates and more sediments from these regions are transported further into the system.

The analysis of seasonal wave maps and seasonal maps of the residual currents
showed that the highest bed shear stress values occurred together with the strongest
bottom currents, while the biggest waves do not explain the changes on the bottom.
This study was not designed to evaluate the factors controlling bed shear stress but in
general, it can be seen that the Nemunas River is an important factor.

A B C D

Bottom shear
stress [N m2|

Bottom shear
stress [N m?|

Bottom shear
stress [N mr?|

Bottom shear
stress [N m?

00 02 05 0.0 02 05 00 02 05 @ 00 02 05

Figure 20. Seasonal maps of the averaged bed shear stress for the period 2004-2016
(except spin up time): (A) winter, (B) spring, (C) summer, and (D) autumn.

4.3.2.2 Analysis of suspended sediment concentration

The general dynamics of the sediments in the Curonian Lagoon was evaluated
using the long-term simulation results. The distribution of suspended sediments was
analysed for the period 2005-2016. The year 2004 was considered as a spin up time
and therefore was not considered in the analysis. The maps of averaged seasonal sus-
pended sediment concentrations are shown in Figure 21.

The averaged seasonal values were calculated only for the Curonian Lagoon area,
excluding the Baltic Sea and the river mouths, showing temporally averaged model
results other the water column. The lowest SSC values were found in winter with an

60



4. Results

average value of 3=1 mg I'.. In spring the highest SSC values were in the Nemunas
Delta with the average of 23+10 mg 1" and the Lithuanian part of the lagoon (aver-
age 12+6 mg I'"). The average spring concentration for all lagoon were 6+6 mg 1. In
summer the concentrations varied from 40 mg 1! on the eastern coasts to 10 mg 1! in
the western part of the lagoon with an average value of 19+18 mg I"! for the lagoon.
The SSC values in the autumn were more homogeneous. An average concentration
of 20 mg 1! in the southern part and lower concentrations on the eastern coast were
found. The average autumn season value was 1915 mg I\,

It is important to remember that a value of zero for the SSC was assumed on the
model open sea boundary, because of the absence of measured suspended sediment
data. According to this, the SSC was not analysed in the coastal area of the Baltic Sea.
B

C D
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Figure 21. Seasonal distribution of SSC in the water column (A) winter, (B) spring,
(C) summer, (D) autumn.

4.3.2.3 Analysis of the bedload transport

The potential bedload transport in the model is calculated according to the shear
velocities and the sediment grain sizes. However, the applied version of the sediment
model cannot simulate the exact flux of sediment via bedload, as a result, only the
potential seasonal bedload transport maps are presented in Figure 22. It is clear that
the bedload is visible only in the delta region and the northern part of the lagoon,
where the non-cohesive sediments are dominant. Comparing the bedload results with
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the suspended concentrations a specular distribution of the values is evident. The non-
cohesive particles transported by the river are redistributed on the eastern part of the
lagoon northward from the river mouth, while the suspended cohesive sediments can
be easily transported to the western part of the lagoon reaching the spit. In winter sea-
son the SSC in the water column are low due to ice cover, while the bedload transport
is intensive compared with the warmer seasons. One of the reasons is the increased
water density due to lower water temperature.
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Figure 22. Seasonal maps of potential bedload: (A) winter, (B) spring,
(C) summer, (D) autumn.

4.3.2.4 Erosion-accumulation zones

The analysis of the long-term simulation results let to the identification of the
erosion-accumulation zones in the lagoon (Fig. 23). Only one map was produced to
show the changes between the initial model bathymetry and the bathymetry of the last
simulation time step.

Results showed that the lagoon functions as a sediment sink with accumulation
zones in the southern and central part of the lagoon. It was calculated that, in aver-
age, after 12 years the southern and central parts became 6 mm shallower compared
to the initial model bathymetry. Maximum changes found in the Nemunas Delta front
were >+700 mm from the initial bathymetry as well as an accumulation zone in the
southern part of the Klaipéda Strait. The erosion zones were in the northern part of the
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lagoon. The averaged erosion was 3 mm after the whole simulation period, with the
maximum values on the very north, close to the southern part of to the Klaipéda Strait.

The averaged accumulation rate in the southern part was about 0.5 mm y!, the
averaged erosion rate in the north was about 0.23 mm y'. Analysing results in smaller
areas higher erosion and accumulation rates can be found, e.g., in the Nemunas Delta
and Klaipeda Strait with accumulation rates of about 7 mm y.

These results showed the absolute difference between two bathymetries, but the
analysis of the single point showed that the erosion-accumulation areas in the lagoon
are sensitive to physical processes and can differ yearly. As an example, two years
with low river discharges and less sediments coming to the system, can show smaller
and less intensive accumulation zones and rates in the Curonian Lagoon, comparing
to years with high riverine sediment loads.
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Figure 23. The erosion-accumulation zones in the Curonian Lagoon after 12 years.
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4.3.2.5 Sediment budget in the lagoon

The sediment budget components and the possible amounts of sediments coming
to the system or out of the system were calculated from the model results of suspended
sediments. The sediment input to the system was assumed as a sum of all riverine
sediment loads of the river mouths plus the loads coming through the Klaipeda har-
bour gates from the sea to the lagoon. The sections where the sediment fluxes were
calculated are shown in the Figure 24.
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Figure 24. The sections for the flux calculation. Blue lines indicate the sections of the rivers
(input) and red line indicates the flux section in the harbour (input and output).

The analysis of the sediment amounts entering the Curonian Lagoon showed that
there was no trend. The Nemunas River discharge causes the great differences on
the amount of input material seen for a given year (Fig. 25). The highest sediment
input occurred in spring with the river flood period. The biggest calculated amount
of riverine sediments was for the years 2010 and 2013 and was equal to 1192-10° kg
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and 1275-10° kg respectively. The average annual amount of sediment coming to the
system was equal to 484.4-10°£378.0-10° kg y!. The computed outgoing sediment
transport to the sea never exceeded the sediment input and had a strong correlation
with the sediment input (R?=0.77). The average annual amount of sediments flushed
out of the system was equal to 185.8-10°+178.2-10°kg y'.

The cumulative curves in Figure 25 showed that the lagoon accumulates more
sediments than transports to the sea. The accumulation was highest during the flood
season. The analysis of all sediment input and output amounts showed that on average
about 62% form the annual amounts of riverine sediments were trapped in the lagoon.
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Figure 25. The cumulative amount of sediments coming into the system.

4.3.3 Analysis of the short term events for sediment transport

Additionally, the 3 years short-term simulations were used to investigate the im-
pact of ice cover and strong winds to the sediment distribution and transport (simula-
tions CAL and NoICE). The reproduction of ice cover by the model for the winter pe-
riod reproduced the sheltering of the water from wind and changed the hydrodynamic
conditions, described also by Chubarenko et al. (2019) that influenced the sediment
transport in the whole lagoon and changed suspended sediment concentrations. The
simulation where the ice cover was taken into account gave an averaged SSC value of
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1.50+1.79 mg I'! for all Curonian Lagoon. Without the ice cover SSC values increased
until 2.842.7 mg I'. A significant increase (>10 mg I"") appeared when the strong wind
events were present in the region. A one-day event with the south-easterly winds and
wind speeds of more than 10 m s is shown in Figure 26. The absence of ice cover
produced much higher bed shear stress values that caused bigger suspended sediment
concentrations in the water column.

A C
Bottom shear Bottom shear
stress [N/m2| stress [N/m2 |

00 05 10

Figure 26. One day (1st February 2014) event of the influence of ice cover on the sediment
transport simulation (wind speed 10 m s, SE wind direction). (A) Bed shear stress with ice;
(B) SSC with ice; (C) Bed shear stress without ice; (D) SSC without ice.

The time series of SSC in the water column for stations S1 and S2 with and without
ice cover are presented in Figure 27. In the deeper muddy station S1 the influence of
ice cover was visible only with wind speeds higher than 10 m s and wind blowing
from the east, south-east or south directions. The effect of the ice cover in the shal-
lower station S2 with sandy sediments were visible with winds blowing from south-
west to north-west and wind speeds of more than 6 m s”'. There were no northerly
winds in the analysed season.
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Figure 27. Simulated suspended sediment concentration with and without ice cover at
monitoring station S1 (A) and S2 (B) during the first part of 2014.

A single storm event from the CAL simulation on 6th December 2013 with SW
winds with speed higher than 20 m s was analysed in more detail (Fig. 28). The re-
sults showed that in one or two days a great amount of sediments can be resuspended,
and part of these sediments can be washed out of the system forming erosion zones in
the lagoon (Fig. 29).
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Figure 28. Time series of sediment input and output from the Curonian Lagoon to the sea.
Black rectangular indicates the discussed storm event.
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Figure 29. The erosion zones after a storm in 6th December 2013.
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The model simulates the sediment fluxes through the given sections, thus it was
possible to estimate the sediment input and output to the system (Fig. 24). An amount
of 11.4-10¢ kg was transported outward through the harbour gates in two days (6™
and 7™). Taking into account the sediment input on these days, after a storm a loss of
4.7-10° kg of sediments was calculated with erosion zones on the south-eastern side
and central part of the lagoon. This was 8% of all sediment output and 3% of total
input in 2015 but only 0.7% of the total output and 0.4% of input in 2013. 2015 and
2013 are the years with minimum and maximum input in the period of 2004-2016
respectively. Comparing these numbers with the average daily sediment riverine input
(about 0.110-104+0.086-10° kg d') 42 days would be necessary to refill the basin.

4.3.4 Interactions of resuspension and ecology

Resuspension events are poorly studied in the shallow Baltic Lagoons and in the
Curonian Lagoon as well. The main factors controlling the resuspension in the lagoon
are waves induced by the wind energy (Chubarenko et al., 2002). The general scheme
of the resuspension and the benthic flux measured with intact cores (see section 3.4.1.)
is drawn in Figure 30.
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Figure 30. The general scheme of resuspension and advection processes for the nutrient flux.

One of the tasks of the study was to evaluate the resuspension events using nu-
merical models. For this task the erosion-accumulation values for the S1 station was
extracted from the long-term simulation (Fig. 31). Only the period 2008-2016 is pre-
sented in the graph for better visibility of the frequency of the resuspension events.
Remember that the S1 station is covered by muddy sediments and the organic material
was not taken into account by the sediment model, as a result, the real eroded depth
may be higher.
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Figure 31. The modelled bottom changes in the S1 station

The dynamics of the bottom sediments indicated the resuspension events that were
used to quantify the nutrient fluxes. This allowed estimation of the possible nutrient
flux from the bottom sediments to the water column multiplying it by the eroded
depth and the area (1 m?).

Results showed that during stronger wind events when the wave height is >0.5
m (wind speed >11m s') more than 1 mm of muddy sediments can be resuspended,
which contains high amount of dissolved ammonia, silica and reactive phosphorus.
The highest number of erosion events was found in autumn, while in spring accumula-
tion occurred more often. The summer season is the most important for the ecologi-
cal processes when the nutrients are limited (Garcia-Robledo et al., 2013). Results
showed that there are few resuspension events in summer.

Only the maximal seasonal values were analysed to understand the possible sedi-
ment contribution of the nutrients to the water column (Table 6). If erosion occurs, a
positive nutrient flux takes place.

Table 6. The characteristics of the modelled nutrient flux
from the sediments to the water column.

Season Maximum Erosion Modelled Flux (mmol m? d?)

Name mm/day NH} POy §io,
Winter 1.96 0.08+0.00 0.003+0.000 0.04+0.04
Spring 0.58 0.03+0.00 0.001£0.000 0.04+0.01
Summer 1.10 0.03+0.01 0.005+0.001 0.13+£0.07
Autumn 0.87 0.01£0.00 0.001+0.000 0.09+0.02
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4.4 Climate change scenarios and predicted changes
in sedimentation mechanisms

The last task of this study was to apply the climate change scenarios for the Curoni-
an Lagoon and see the possible changes in the system. Only two climate change pro-
jections were studied from the SMHI models under the RCP4.5 and RCP8.5 (Collins,
2013) where the numbers represent the possible values of radiative forcing in 2100
compared with the pre-industrial level. The riverine sediment input was calculated
using the sediment rating curve described in section 4.1 (Fig. 8) multiplied by the
projected river discharges.

The climate change scenarios were run from the year 2007 until the end of 2033. The
2D SHYFEM model version was used to simulate the sediment transport in the Curonian
Lagoon due to a very long computational time. The period of 2007-2015 was used for
comparison of the present situation and the climate change scenario projections to inves-
tigate the performance of the climate change model reliability. From the hydrodynamic
runs, it was found that the projection provided by the SMHI model for the Nemunas River
discharge overestimated the observed river discharge data by about 30%. Therefore, it is
possible that the sediment input to the lagoon may be overestimated as well.

The modelled SSC comparison from the present situation and the climate change
scenarios are presented in Figure 32. The results showed that the SSC values retrieved
from the LONG simulation revealed higher values in the middle of the simulation and
lower values in the end of the simulation while the trends of the climate change scenar-
ios are always increasing and are slightly overestimating the SSC values after 10 years.
The main idea of this study was to see the possible changes and analyse the general
trends. Therefore, the general model performance showed a reasonable agreement be-
tween present and projected values and can be used for further analysis. The comparison
of the reference simulation (LONG) discharge and water temperatures in the monitoring
stations are presented in Figure 33. For the period 2008-2013 from 35 to 55% of the
LONG simulation and projected values fall into double relative discrepancy interval.

After 25 years of the simulations, results showed that the RCP8.5 climate change
projection transported and accumulated much more sediments comparing to the
RCP4.5 scenario (Fig. 34). The average accumulation was 1.3 mm y!' for RCP4.5 and
2.6 mm y!' for RCP8.5. The maximum accumulation rate of 250 mm y' was found in
the river branches with the RCP8.5 projection. Two main accumulation zones can be
identified from erosion-accumulation maps: one in the Nemunas River front, another
in the southern part of the Klaipeda harbour.

Both scenarios showed much higher suspended sediment concentrations in S2,
which is located along the way of the river flow. The projections after 25 years showed
a significant increase of averaged SSC values compared to the long-term simulation
results. In the S1 station, average concentrations have changed from 20.2 mg 1! to
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33.5 mg I'! with RCP4.5 and 59.6 mg 1" with RCP8.5. In the S2 station, the average
concentrations changed from 13.9 mg 1! to 65.1 mg I'' with RCP4.5 and 104 mg 1!
with RCP8.5. While maximum values increased from 146 mg 1" to 168 mg 1" and
284 mg "' in station S1 and from 120 mg 1" to 497 mg I"! and 662 mg I in station S2
with RCP4.5 and RCP8.5 respectively.
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Figure 32. The suspended sediment concentration for the monitoring stations for three
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Figure 33. Forcing factors for the reference and climate change scenario. (A) river
discharges; (B) water temperature in S1 station; and (C) water temperature in S2 station.
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Figure 34. The modelled bottom changes after 25 years.
The results of RCP4.5 (left) and RCP8.5 (right) climate change scenarios.
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Discussion

5.1 Importance of the sediment rating curve for the Nemunas River

The sediment transport model for the Curonian Lagoon cannot be set up without
the suspended sediment input on the model river boundary for all simulation period.
The closest permanent monitoring station in the Nemunas River (Smalininkai) was
about 90 km from the model boundary, where only the TSS values were measured a
few times per season. It is well known that the sediment rating curves are useful tools
for predicting suspended sediment concentrations for the periods without samples
(Asselman, 2000). These rating curves are based on the relationship between mea-
sured sediment concentrations and the river discharge and can be used to assess the
patterns and trend in the rivers (Warrick, 2015). In applying the sediment rating curve
for the river it is important to consider the rates of sediment supplies that can influence
a sediment rating curve. The main factor controlling the suspended sediment supply
is a wash load and its transport in the river (Asselman, 2000). The sediment supply
strongly affects the increase or decrease of SSC values depending on the supply rates.
Another important factor controlling the SSC values is the river discharge and its
ability to erode and carry sediments in the flow and ability to dilute the suspended
sediment concentration (Warrick, 2015).

In Bukaveckas et al. (2019) TSS values measured in the Smalininkai station were
compared with the measured discharge values and no relationship was found between
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TSS and river discharge in this station. These findings aimed at organizing one year
field campaigns to get the sediment boundary condition data for the sediment transport
model and the data for model calibration. Additional data was collected to get a broader
view of the system and showed that the SSC trends in the river and lagoon are different.
It is important to mention that the sampling campaigns in the lagoon were planned for
the ice free season when the weather conditions were calm and did not show the possible
highest concentrations due to higher wind waves that could have a strong influence for
the resuspension and sediment redistribution and transport. Therefore, more observa-
tions are needed for better understanding of the system dynamics.

It was found that the highest riverine concentrations were in winter-spring season
when the flood period started. In the lagoon the highest TSS (20-57 mg I'') and SSC
values were found in the summer-autumn season together with the algal bloom or
when the abundance of the cyanobacteria were more than 50% from all phytoplank-
ton communities. In comparison with the other Curonian Lagoon studies (Kari et al.,
2017; Bukaveckas et al., 2019), the similar TSS values were measured. The highest
concentrations found in the literature were published by Remeikaite-Nikiene et al.
(2012) with the maximum TSS of 304 mg 1! (in the article called particulate matter)
during the summer-autumn season. The reasons of very high concentrations were ex-
plained by high plankton concentrations in the water column.

Comparing the results with the other lagoons of the Baltic Sea, only concentrations
of total suspended solids (TSS) were measured. Similar trends with lower values in
winter (TSS=5-10 mg I"!) and higher in summer (TSS=20-35 mg I'!) were found in
the closest Vistula and Szczecin lagoons (Leipe et al., 1998; Chubarenko et al., 2019).
In comparison with the biggest lagoon in the world — the Patos Lagoon in Brazil —
where the freshwater and wind are the main drivers, the TSS values varied from 50
to 150 mg 1! (in the article called as Suspended Particulate Matter, g m?) with the
recorded maximum of 1000 mg 1" (Tavora et al., 2019). In the Patos Lagoon a strong
interannual variability of TSS was found, with the highest concentrations in austral
spring and summer and the lowest in autumn and winter.

For the developing of the sediment rating curve the Nemunas discharge on the
model boundary and SSC measurements in Rusné were used. The moderate relation-
ship was found between the measured SSC and Nemunas River discharge using a
power-law function. The SSC values predicted by the sediment rating curve during
the flood period were underestimated compared with the measured values. With re-
spect to the specific features of the Nemunas River, the lower SSC for the high river
discharges can cause only minor uncertainties for the model results due to specific
conditions in the delta region. Firstly, during the floods, especially large ones, in the
delta region the flow velocities hardly decrease because of the water overflow to the
valley (Rimkus and Vaikasas, 2012) and can carry less sediments in the water flow.
Secondly, it is known that during the flood big amounts of sediments (about 35%
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of the suspended sediment input) are deposited in the delta meadows due to favour-
able conditions for deposition and do not reach the Curonian Lagoon (Vaikasas and
Rimkus, 2003). The applied sediment transport model does not take into account the
flooded areas and sedimentation in the meadows, as a result, lower SSC values on the
model river boundary should be in good agreement with the possible amounts of sedi-
ments that enter the Curonian Lagoon.

The developed sediment rating curve for 2015 was used for all the simulation
period to estimate the Nemunas River suspended load and for the climate change
scenarios as well. According to Warrick (2015) the sediment rating curves are useful
tools for SSC prediction but they should be used with care since different years can
have a different sediment supply rates depending on natural or human-caused changes
in the watershed.

In this study there were no other measurements available for SSC, therefore the
sediment rating curve based on one-year data was used for the longer simulation pe-
riods. All explanations in this chapter showed that even a moderate relationship be-
tween predicted and measured values will not affect the model results significantly.

5.2 The influence of cyanobacteria on settling velocity

The previously developed and well calibrated SEDTRANSO05 module for the Ven-
ice lagoon (Ferrarin et al., 2008b; Neumeier et al., 2008) was applied to the domain
of the Curonian Lagoon to understand the sediment transport mechanisms. At a first
view, the Venice lagoon, a restricted, shallow, tidal-dominant lagoon with low river
discharges and wind wave influence, seemed similar to the Curonian Lagoon. How-
ever, first simulations that have been carried out for the sediment model calibration
showed that in a warm season the riverine sediment loads were not sufficient to repro-
duce the measured SSC values in the lagoon waters. It suggested that conditions in the
Venice Lagoon and Curonian Lagoon are different.

According to Amos et al. (2004) the total suspended sediments in the Venice La-
goon had higher settling velocities in summer comparing with winter (water tempera-
ture ~5°C) that was associated with the formation of flocs due to bonding with organic
material. However, the studies done for Curonian Lagoon showed the lowest settling
velocities in summer (3.5-10° m s') compared with spring and autumn (Bukaveckas
et al., 2019). This suggested that the biological components in such complex lagoons
like the Curonian Lagoon and Venice Lagoon could be vital for the sediment dynam-
ics and need to be analysed in more detail. The authors of Bukaveckas et al. (2019)
showed that settling velocities for the total suspended sediments in the Curonian La-
goon are very low when positively buoyant cyanobacteria were present.
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The comparison of primary producers and the origin of the organic matter is sig-
nificantly different in the Venice Lagoon compared with the Curonian Lagoon. In the
Venice Lagoon, the dominant primary producers are macroalgae Ulva spp. and a phy-
toplankton, mainly dominant by diatoms, plays a minor role in the lagoon (Bianchi et
al., 2003; Facca et al., 2002). While in the Curonian Lagoon, the dominant primary
producers are phytoplankton, with the cyanobacteria blooms in summer (Pilkaityté and
Razinkovas, 2006), mainly involving Aphanizomenon flos-aquae and Microcystis aeru-
ginosa (Bresciani et al., 2014). 4. flos-aquae contains microscopic vesicles that regulate
their buoyancy and therefore they are accumulated on the water surface (Walsby, 1994).

The study by Pilkaityté and Razinkovas (2006) showed a strong relationship be-
tween cyanobacteria biomass and water temperature while the authors of Aleksandrov
et al. (2018) found a moderately strong relationship between Chl-a concentrations and
water temperature. These studies were a starting point for the development of a new
formula for settling velocity.

It is important to mention that the water temperature is not the only driver forcing
cyanobacteria blooms and only a moderately strong relationship was found but there
were no other parameters in the sediment transport model that could be used to com-
pute settling velocities. An introduced formula for settling velocity is activated with
the water temperature higher than 8°C (Fig. 35). The Curonian Lagoon is known as
a well mixed water body with almost no stratification in the water column. In Figure
35 the water temperatures are shown for three Curonian Lagoon stations from the
north to the south and they do not indicate significant difference in the horizontal and
vertical scale. The thermal stratification between the surface and the bottom layer can
be visible in the winter season in areas deeper than 3 m, as well as in calm weather
conditions in summer, and they can cause stratification between surface and bottom.
According to Zilius et al. (2014) water temperatures measured on a surface and in 1 m
deep differed by 2.4-3.4°C in July 2011, when the cyanobacteria bloom was present.

The simulation results with the new formula for settling velocity showed a better
agreement between the measured and modelled SSC values than before. In station
S1 the sediment model performance quality increased from 12.5% to 40%, while in
station S2 from 15% to 60%. The model results showed that the new formula for set-
tling velocity was necessary to achieve the appropriate SSC values. However, more
adequate observations on settling velocities, especially for the cyanobacterial blooms
period in late summer and beginning of autumn, especial in the areas with cohesive
sediments, where the developed model underestimates the measured values (Station
S1), would be needed to see if the new formula is robust for the Curonian Lagoon
environment. In addition, the organic material in suspensions is not the only factor
that can affect the suspended sediment concentration and sediment dynamics in the
system. For example, the benthic vegetation can influence the bed roughness and bot-
tom sediment erodibility (Amos et al., 2004; Grabowski et al., 2011), which was not
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Figure 35. Comparison of water temperature along the three Curonian Lagoon stations:
in the north (55.573414°N; 21.157354°E; depth 2.38m), in the middle (55.314449°N;
21.123343°E, depth 3.33m) and in the south (55.030495 °N; 20.917892°E, depth 4.17m).
Grey area indicates the period when the new formula for settling velocity was activated.

considered by this study due to the lack of data. However, it should be clear that the
final goal will be to include cyanobacteria, either as a state variable, or as a forcing
value, into the code in order to increase the reliability of the new equation, which can
then be based directly on the real mass of cyanobacteria.

5.3 Evaluation of model calibration and validation results

The sediment transport model is coupled with the hydrodynamic model. There-
fore, in the beginning of the study the hydrodynamic part of the model was tested
using water levels, temperature, salinity and wave data. Statistical analysis results
reported strong correlation values for all parameters in all stations inside the Curonian
Lagoon, except the salinity in Juodkranté station where only a moderate relationship
was found. In the previous study done by Zemlys et al. (2013) with a much finer
computational grid and better representation of two flow structures in the Klaipéda
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harbour also the moderate relationship for salinity in this station was reported. The
main reason is the ability of the model to reproduce fast brackish water intrusions
to the lagoon without a lag. The worst model performance was found in winter. In
Zemlys et al. (2013) the same tendency was indicated mainly due to the absence of
ice data in the model. For this study, the satellite ice data was introduced to the model,
but possibly due to the lower model resolution, it overestimated the number of the
sea water intrusions, as a result, further investigations are needed to get better model
validation results.

The wave model validation results should be analysed with care. The visual obser-
vation data from Venté monitoring station was used which is grouped to wave height
bands and does not show the real variation. Still it was found that the wave model
underestimates the highest measured waves that could be caused due to the coarse
model resolution.

The comparison of the results with the previous studies (Table 5) revealed that the
higher resolution model describes the variations of parameters better. Nevertheless,
taking into account all the other parameters validated for this study, the model perfor-
mance can be considered satisfactory and can be applied for further tasks.

The calibration of the sediment transport model for the Curonian Lagoon with
the new settling velocity showed lower than 50% model performance quality in the
S1 station that can be explained with the wider knowledge of the entire system. Ac-
cording to the seasonal maps of the water currents (Fig 15), the S1 station has minor
influence of the Nemunas River indicating that other source of the input material
should be taken into account. Stronger currents were formed on the western coasts of
the lagoon possibly causing coastline erosion and increases in SSC. The SHYFEM
model does not simulate a coastline change, and as a result the eroded material is
not added to the system. The Curonian Spit is covered with sandy dunes open to the
aeolian processes where part of the sand can be blown to the lagoon waters (Trimonis
et al., 2003). According to Galkus and Joksas (1997), 37% of the total sediment input
(lithogenous income material) can enter the Curonian Lagoon from the other sources
such as precipitation, shore erosion, acolian processes, waste waters or others. All
these processes are not extensively studied in this region and cannot be taken into ac-
count by the sediment transport model, as a result, it may cause model discrepancies.

However, the applied sediment transport model showed correct SSC fluctuations
in station S1 according to different hydrodynamic conditions with the higher SSC
values during the flood period, summer-autumn season when the possible cyanobac-
teria bloom is present and when higher waves are dominant. The model performance
showed a correct behaviour of the SSC values that is the main property of the models
in the sediment transport research. There is a variety of sediment modelling studies
where values lower than 50% were accepted during the model calibration or valida-
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tion processes because of the complexity of the study area and observation errors
(Davies et al., 2002; Ferrarin et al., 2010a; Escobar and Velasquez-Montoya, 2018).

Despite the uncertainties in the S1 station, the model calibration results in S2 sta-
tion and validation results showed satisfactory agreement between modelled and mea-
sured values, where 60% and 72% of the measured values respectively fall into the
double relative discrepancy interval. The station S2 is exactly located on the way of
the river water flow, while validation stations were spread in the northern site of the
lagoon with different sedimentation properties.

5.4 Hydrodynamics of the Curonian Lagoon

The analysis of the hydrodynamic model results was performed by the investiga-
tion of the seasonal patterns of salinity, currents and waves. The Curonian Lagoon is
a well mixed water body where the outflow from the lagoon is dominant (Ferrarin
et al., 2008a; Zemlys et al., 2013). Previous studies for the lagoon hydrodynamics
were designed for the short periods (usually one year) that do not show the long-term
fluctuations and the evaluation of the results can be applicable only for that particular
year. Also, the model results for the short period can miss important events such as
strong floods or low discharges of the rivers that influence the average dynamic of all
parameters. As it can be seen from Figure 4, the flood periods significantly differ from
year to year, causing changes in the current structures in the delta region.

The Nemunas River enters the lagoon in the central part and divides the system
into two parts. In Ferrarin et al. (2008a) the water circulation simulated for the ideal-
ized wind forcing showed mostly anti-clockwise circulation in the southern part of the
lagoon and northward currents with the outflow from the lagoon due to the Nemunas
River. The results of this study showed the cyclonic and anticyclonic circulation in
the southern part. In the shallower northern part, the residual currents were directed
northward and the speed between the surface and bottom currents did not differ sig-
nificantly. The model simulation results in the deeper bottom areas showed shifted
directions of currents comparing with the surface currents.

The seasonal maps of the average salinity distribution simulated for the period
2004-2016 and period 2004-2015 (Umgiesser et al., 2016) showed slightly different
salinity variations with the strongest salinity gradients in winter and higher concen-
trations in spring in the northern part of the lagoon close to the Klaipéda Strait. The
differences between the model set up of this study and the study published in 2016 are
the ice cover data and the small changes in the computational grid. The reader could
refer to Umgiesser et al. (2016) article for more details of the simulation set up and
results. However, these data are not the main factors causing the alterations in the re-
sults. The frequency and amounts of the sea water intrusions and the river discharges
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significantly differs each year and can cause different results for the region. There
was no analysis done for the bottom and surface salinity due to the study from Zemlys
et al. (2013) indicating that the difference between the surface and bottom salinity is
negligible.

The analysis of the maximum salinity showed that in all seasons the salinity value
of 5 can reach the central part of the lagoon. Comparing the average maximum salin-
ity results from the simulation for the year 2009 (Zemlys et al., 2013), similar water
intrusions were found reaching the central part of the lagoon. The maximum brack-
ish water intrusions were found in autumn when the river discharges were low. The
main factor controlling the exchange between lagoon and the sea is the wind driven
barotropic pressure gradient. The strong northerly and northwesterly winds cause a
barotropic inflow from the sea to the lagoon, while the absence of wind or mild wind
forms two-layer flow in the Klaipéda harbour (Zemlys et al., 2013).

The wave model evaluated the averaged wave heights for the Curonian Lagoon,
indicating that the highest waves are formed in autumn because of the stronger winds
comparing with spring and summer. The wind forcing is shown in Figure 4. The sim-
ple parametric wind wave model underestimated the highest wave values that can
influence sediment resuspension. Therefore, for the future studies on the sediment
transport mechanisms more complex spectral wave models should be included.

Additional case study was performed for the Baltic Sea coastal area near Palanga.
The reader can refer to Méziné et al. (2013) for more details. In that study, the coast-
line change model GENESIS was coupled with RCPWAVE wave model for the as-
sessment of coastline changes. The RCPWAVE model uses the same CERC method
to model wave properties according to wind speed and fetch. The results of that study
revealed that the parametric wave model does not represent the real wave climate in
the Baltic Sea well and can be used only for feasibility studies.

5.5 Factors controlling SSC

In spring, the influence of rivers was evident and rivers were the main factors
causing high concentrations on the river mouths due to big amount of sediments trans-
ported during the flood period. The northern part is strongly influenced by the river
sediment loads in spring as well, where the sediment transport was mainly directed
seaward due to the higher water levels in the lagoon and had higher SSC comparing
with the more stagnant southern part. In the southern part, the sediment transport
depends on the meteorological forcing (Ferrarin et al, 2008a; Umgiesser et al., 2016)
and can have considerably varying concentration values depending on the wind speed
and direction within different years. Average concentrations in the water column from
about 5 mg 1" in the years 2011, 2015 until 25-35 mg 1! in 2009, 2010 were estimated.
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In summer, the suspended sediment concentration gradient was formed from east
to west due to the water circulation and low river discharges. For this season, the main
factor influencing water column mixing and exchange between the southern and the
northern part of the lagoon was wind (Umgiesser et al., 2016). The autumn season
showed the biggest part of the lagoon with concentrations >25 mg 1"'due to the highest
waves and strongest currents that were present in autumn, as a result the highest bed
shear stress values that cause resuspension were found. The high water temperature
in September is the main factor that causes more sediments in suspension due to the
introduced formula for the settling velocity that imitates the sediment trapping during
the cyanobacteria bloom through the water temperature.

The seasonal maps of the suspended sediments showed a general situation in the
lagoon environment through the 12 year simulation results. However, the short-term
events are much more important due to the fast changes in the lagoon that can have a
crucial impact for the ecological processes or even irreversible consequences for the
entire system. The short-term simulation results are analysed in the section below and
are grouped as factors that influence the sediment dynamics in the system.

5.5.1 The role of the ice cover

The sediment transport processes in the Curonian Lagoon are not fully understood
due to the fact that almost no measurements under ice exist. Numerical models are
some of the tools for the evaluation of these processes, and, as a result, the impact of
ice cover was investigated through the additional analysis of the results from the CAL
and NolICE simulations described in the section 3.3. The two simulations were carried
out running the model with and without ice cover data with the same meteorological
forcing and boundary conditions. The period when the lagoon was frozen extracted
from the simulations was from 15th of January 2014 until 7th of March 2014.

The results demonstrated that ice cover plays a crucial role for the sediment dy-
namics (Fig. 26). The study done by Umgiesser et al. (2016) had already showed that
the incorporation of ice coverage data into the model gives much better results in
terms of salinity and water renewal time. The use of satellite ice cover data gave a pos-
sibility to analyse the performance of the system on a longer time window and with
higher details. Ice cover sheltered wind forcing over the lagoon surface and stopped
the sediment resuspension due to waves induced by the strong winds that are very
common in winter period (Fig 4C, D). The ice cover decreased the water exchange
between north and south of the lagoon and less fresh water from the Nemunas went
to the south. These factors reduced the suspended sediment concentration in the water
column in winter compared to the concentrations simulated without ice cover. The
ice thickness was not taken into account by the model. This could change the results
in the shallow areas and the delta region, where the thick ice cover can change the
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hydrodynamic conditions. The ice jams formed in the river mouths can influence the
river discharges, also the cross section of the water body can be reduced due to the ice
presence reduction that can increase the current velocity.

Most of the studies analysing the influence of the ice cover are done for rivers (Hirsh-
field and Sui, 2011; Turcotte et al., 2011) and are based on field observations. The in
situ measurements of the total suspended sediment concentration in the Vistula Lagoon
with ice and ice free conditions showed about 2-3 times lower concentrations when the
lagoon was ice-covered (Chubarenko et al., 2019). The water exchange with the sea and
the river discharges were the main forcing factors in the Vistula Lagoon under ice cover.

5.5.2 Impact of stormy wind

The effect of the strong wind events on sediment erosion in coastal lagoons re-
ceived a lot of research attention in the past years (e.g., Forsberg et al., 2018 and
reference therein), possibly due to climate change forecast on increasing storminess
(IPPC, 2014). High wind speeds lead to increased bed shear stress values as a function
of waves and currents that causes resuspension.

The wind effect on the sediment dynamics in the lagoon was investigated using
the CAL simulation results (3 years). The results showed that the strong storm events
are important factors influencing the distribution of the suspended sediments and can
have a strong influence for the sediment budget calculation or analysis of erosion-ac-
cumulation zones in the region. The main outcome is that strong storm events showed
big amounts of resuspended sediments that can be washed out of the system in a short
period and the time to recover is from a few days to seasons. Taking into account the
projections of climate change, sediments can be washed out of the system more often
and lagoon could start losing sediments due to the increased storminess.

The stormy winds are also important for the coastal erosion processes and dunes
sand propagation that can influence the suspended sediment concentration in the water
column and their transport to the deeper lagoon areas. For future studies the coastline
change model GENESIS (already applied for the Baltic Sea coastal area, see MézZin¢
et al., 2013) could be coupled with the SHYFEM model for better understanding of
the amounts of costal erosion and their consequences for the Curonian Lagoon.

5.6 Erosion-accumulation zones in the Curonian Lagoon

The long term simulation results allowed the investigation of the erosion accumu-
lation zones other 12 years. The erosion accumulation zones were in good agreement
with Ferrarin et al. (2008a), where the southern part with a resident time of more than
120 days was classified as an accumulation zone. The northern part characterized by
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strong riverine influence was limited for accumulation of suspended matter and acted
as a transitional zone. According to Chubarenko et al. (2002) the wind wave impact in
the lagoon counteracts the accumulation of suspended material transported by the Ne-
munas River in the north, which thereby maintains the deeper regions in this lagoon.

The measured accumulation rates by Pustelnikovas (2008), in five points (four
points on the western site and one close to Matrosovka River, located at the south
eastern coasts of the lagoon) showed the accumulation of 3.2 mm y' on the west
coasts and 3.4 mm y! in the deeper areas. The measurements were done in the areas
where muddy sediments, rich in organics, are dominant. The developed model did not
include organic particles, and as a result, the estimated sedimentation rates for total
suspended material in the southern part should be higher than the ones modelled for
inorganic particles only.

The results of this study agree with the accumulation rates calculated for the
Curonian Lagoon close to the Nemunas branches (MaZzeika, 2018; personal commu-
nication). The sample core was taken where the riverine sediments were dominant.
According to the radiocarbon dating, the average deposition rates for the last 60-80
years were 3.75-5 mm y!' while for the five year period the calculated deposition rates
were ~7.5 mm y.

The general scheme of the accumulation zones for the lagoon was drawn by
Gulbinskas (1995), where the southern part and western area around Nida (western
coast, in front of the Nemunas delta) together with small areas in the Nemunas delta
front were defined as accumulation zones, while other areas were presented as tran-
sitional zones. The zonation was controlled by the bottom sediment grain sizes and
water depth. The accumulation zones refer to finer sediments while the transition zone
refers to the coarser particles. The results from the sediment transport model gave a
possibility to identify the erosion-accumulation processes more accurately. The areas
of the accumulation was found in the southern and central part of the lagoon with tran-
sitional zones (white colour in Fig. 23) on the eastern and western parts where strong
currents were formed. The northern part of the lagoon can be called the transitional
zone as well with respect to two factors. Firstly, very low erosion values are simulated
by the model. Secondly, it is known that the shallow eastern coasts in the northern
part are covered by the macrophytes (Bucas et al., 2019) that are hindering erosion.
However, these processes could not be taken into account by the model.

The sediment budget calculations revealed that the lagoon is accumulating sedi-
ments with an average of 0.5 mm y'. At this rate about 8000 years will be needed to
fill the Curonian Lagoon with sediments if we assume the same accumulation rate
in the future. However, this is only the theoretical number that will be influenced by
a large variety of factors in the future. Firstly, it was already shown that the lagoon
accumulates sediments mostly in three main zones: delta region, southern part of the
lagoon and the Klaipeda Strait. The depth changes in these regions will cause differ-
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ent current structure in the lagoon. Furthermore, the bottom sediment composition,
the erosion thresholds, wave climate and other parameters will act differently due to
morphological changes in the basin and possibly will affect accumulation rates. The
climate change and biological activity in the water column will influence the accumu-
lation in the Curonian Lagoon as well.

5.7 Sediment budget calculation using the model results

The sediment budget for the Curonian Lagoon was calculated by taking the dif-
ference between incoming and outgoing sediments. The estimated averaged an-
nual sediment input to the system, which consisted of riverine input and the input
from the sea, was 484.4-10°4379.0-10° kg y'. The annual output to the sea was
185.8-10£178.2-10°kg y' and 298.6-10°4238.1-10°kg y' stayed in the lagoon in
the form of suspensions or on the bottom. It is clear that the Curonian Lagoon acts
as a sink for the sediments and differs from similar lagoons in the Baltic area, where
Vistula lagoon is losing sediments (Chubarenko and Chubarenko, 2001) and Szczecin
lagoon is transporting sediments to the sea (Leipe et al., 1998). The sediment budget
for the Curonian Lagoon calculated by other studies was in the range of our study.
The total budget calculated by Pustelnikovas (1998) was £454.2-10° kg y!' and by
Galkus and Joksas (1997) +450.8-10° kg y!. The biggest disagreement in these stud-
ies was between the amounts of sediments that exit to the sea and are accumulated
in the lagoon. In Pustelnikovas (1998) it was calculated that the lagoon accumulates
337.2-10°kg y! and in Galkus and Joksas (1997) an accumulation of 132.8-10°kg y!
was found. The modelled sediment budget for different years can vary by more than
5 times and the period for which the budget is calculated should be taken with care.
Therefore, big differences between the calculated amounts of accumulated sediments
can be found by different studies. Moreover, a strong correlation between incoming
and outgoing annual amounts of sediments was found.

The Curonian Lagoon transports big amounts of riverine sediments in comparison
with the Vistula Lagoon, a lagoon in the Baltic area close to the Curonian Lagoon,
but with low river discharges. The average riverine sediment load in Vistula Lagoon
is about 88-10° kg y! and additional input from the Baltic Sea is about 34-10° kg y!
(Chubarenko and Margonski, 2008). To compare, the modelled input from the sea to
the Curonian Lagoon was 14.0-10°£5.8-10° kg y'. However, in the shallow Vistula
Lagoon (average depth 2.7 m) intensive resuspension acts due to waves and a sedi-
ment loss of 322-10° kg y! to the Baltic Sea was found (Chubarenko and Margonski,
2008). This concludes that the Vistula Lagoon is losing sediments, while the Curonian
Lagoon with high riverine loads accumulates sediments inside the lagoon.
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It is important to mention that in the model at the open sea boundary the suspended
sediment concentration was set to 0 because of the absence of data. It is known that
the sediment budget could be sensitive to this value. However, the model simulations
that were carried out cannot answer the question how sensitive the sediment budget is
according to the SSC in the Baltic Sea. Nevertheless, comparing the modelled sedi-
ment loads from the sea to the lagoon (14.0-10°£5.8-10° kg y') with the measured
loads by Pustenikovas (7.2-10° kg y!) (1998) and Galkus and Joksas (15.6-10° kg y!)
(1997), it was assumed that the modelled values are appropriate and can be used for
the sediment budget calculation. Some of the possible reasons why the concentration
value of 0 on the sea boundary did not affect the incoming sediment loads are: (i) the
lagoon is a non-tidal water bodys; (ii) the outflow of the lagoon is dominant (see Fig
4A) and (iii) after a one-year simulation run, the concentrations in the sea close to the
Klaipeda Strait are in the reasonable range, as a result, the computed flux is in a good
agreement with the values found in literature.

These uncertainties in the Baltic Sea leads to possible future studies focused on the
sediment transport mechanisms in the sea and their influence for the Curonian Lagoon
environment. The numerical model for the analysis of the sediment transport mecha-
nisms could be a valuable tool for optimizing the dredging activities in the Klaipeda
Strait, and the harbour area. For such specific tasks, the numerical model could be ap-
plied with higher resolution in order to reproduce, within the use of the unstructured
mesh, both the sediment transport in the lagoon and the small-scale dynamics around
the artificial structures of the harbour area.

5.8 Evaluation of resuspension events

In this study the sediment transport model was applied for the evaluation of the
resuspension events in the Curonian Lagoon. The question was raised after Zilius
et al. (2016) study where the future studies were addressed for the relevance of the
resuspension in the Curonian Lagoon that can cause nutrients release from the bot-
tom sediments to the water column and affect the cyanobacteria bloom. In freshwater
systems, phosphorus concentrations are often low and limit algal growth (Ji, 2008). It
is known that in summer during basic riverine flow, the bottom sediments become a
relevant source of nutrient to the overlaying water column.

There are two main types of the models that are used to simulate the sediment
resuspension. The first is a sediment transport model together with the hydrodynamic
model (Liu and Huang, 2009), that simulates changes in TSS concentration, water
turbidity, morphological changes and does not model nutrients or over biological ma-
terial. The second type is a biogeochemistry (or ecological) model coupled with the
hydrodynamic model that can answer the questions about the nutrient cycles and other
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parameters as well (Capet et al., 2016; Smits et al., 2013). It simulates benthic-pelagic
interactions that represent the pathways of organic matter and resolves multiple ele-
ment cycles between the bottom and water column.

The 2D ecological model for the Curonian Lagoon was presented by Zemlys et
al. (2008). However, the processes between the bottom and water column were not
evaluated due to the lack of measurements. This study aimed to combine the results
of the sediment transport model with the measured nutrient concentrations in the pore
water to calculate the possible nutrient flux due to resuspension. Resuspension events
were analysed using the modelled daily values of the bottom changes (erosion-ac-
cumulation rates). The nine year data in S1 station showed a minor variation of the
bottom depths (Fig. 31). Therefore, only the maximum seasonal values were analysed
to calculate the nutrient supply flux (Table 6). The results presented a positive sum-
mer phosphate flux of 0.005+0.001 mmol m? d-!, while the bottom fluxes measured
by intact core incubation showed a negative phosphate flux in summer (Petkuviene
et al., 2016; Zilius et al., 2018). The scheme of the intact core incubation fluxes are
presented as a benthic flux in Figure 30. In general, the resuspension increased more
phosphate concentration than ammonia or silica compared with the measured ben-
thic flux data presented by Petkuviene et al. (2016) and Zilius et al. (2018). Despite
the fact that the sediment resuspension was limited in time, it could be an important
mechanism maintaining phytoplankton when nutrients are limited.

However, the SEDTRANSO05 model itself cannot model the nutrient cycle. This
method can be used only in the areas where the nutrient concentrations in pore water
were measured. The combination of the model and the measurements can be a valu-
able tool for the small scale studies. However, future studies should be focussed on
(i) short-term bathymetry changes (1 hour or less) and (ii) the influence of organic
material and benthic fauna for particle resuspension that should be taken into account.
Another possibility for the future studies could be the application of the 3D SHYFEM
ecological model AQUABC, which is under development, or EUTRO (Zemlys et al.,
2008, Umgiesser et al., 2003).

5.9 Future trends for the sedimentation in the lagoon

This study aims to evaluate the future trends for the Curonian Lagoon in terms
of sedimentation changes under climate change. Usually climate change is associ-
ated with global warming, and atmospheric and ocean circulation changes. The most
important factors analysing the possible consequences for the systems are changes in
wind, waves, storm regimes and ice and flooding periods.

The increased storminess is expected according to the increase of mean sea level
and variations of the wind speed (Grdwe and Burchard, 2012). The sediment transport
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model results showed the Curonian Lagoon is vulnerable to stormy winds that increase
the sediment suspension in the lagoon. The higher probability of resuspension events
is expected due to increased storminess that can increase erosion zones in the region
and the supply of increased amounts of nutrients from the bottom sediments. Equally,
the storms are the main components influencing coastline erosion. A case study done
for the Lithuanian Baltic Sea coastal area about 20 km to the north from the Klaipeda
harbour showed the coastal erosion rates due to waves (see Méziné et al., 2013). Re-
sults agreed with the fact stated by Labuz (2015) that Lithuanian and Latvian coasts
are vulnerable to erosion. The more detailed studies with the climate change scenarios
could be done by coupling SHYFEM with the coastline change model.

The analysis of 13 years of ice cover data did not show a clear trend for the ice
cover presence in the lagoon (Fig. 4B). Nevertheless taking into account the climate
change scenarios that predict the decreasing number of days with ice cover in the
future (BACC 11 Author Team, 2015), the higher SSC values in winter could be ex-
pected due to the wind wave action on resuspension. Therefore, it is expected that the
Curonian Lagoon will decrease its capacity to retain sediments in the future. However,
it also has to be considered that an increase of the Nemunas sediment load for winter
is forecasted in a climate change perspective (emission scenarios RCP4.5 and RCP8.5
(Cerkasova, 2019)), with a probably associated enhancement of the winter sediment
load into the lagoon. The ice jams were not taken into account in this study. It is pos-
sible that the ice free winter will shorten the flood period and less sediments in early
spring will be transported to the lagoon.

Two climate change scenarios were studied: RCP4.5 and RCP8.5. The LONG
simulation results were used as a reference simulation for the analysis of the set up of
the climate change scenarios and comparison of the model results. The analysis of the
hydrodynamic runs showed that the boundary conditions on the Nemunas River over-
estimated the observed river discharge data by about 30%, as a result the sediment
input to the lagoon was overestimated as well (Fig. 33A). For the climate change sce-
narios, only the Nemunas discharges were used for riverine forcing. The sediment rat-
ing curve was used to calculate the input sediment loads for the projected discharges.
Comparing the projected riverine sediment input loads with the reference simulations,
it was found that the projected loads were overestimated by about 1.5 times.

The SSC values from the long-term simulation (LONG) were averaged over the
water column in stations S1 and S2 to see the performance of the climate change
models. In the beginning of the simulation the modelled SSC values in monitoring
stations were underestimated while after 5 years the rapid increase of the SSC in the
water column was visible (Fig. 32). After 25 years of simulation the averaged SSC
values compared with the reference simulation increased by more than 1.6 (S1) and
4.7 (S2) times with the scenario RCP4.5 and by more that 2.9 (S1) and 7.4 (S2) times
with the scenario RCP8.5. In both projections, the main driver for these changes was
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much higher river discharges on the boundary that formed stronger currents in the
river. As a result, the erosion in the river was much higher compared to the reference
simulation and even more sediments were transported to the system. This caused a
higher accumulation rates in the delta front and a strong SSC increase in the lagoon,
especially in the S2 station, which is located along the way of the river water flow.

The sediment transport model with the new formula for settling velocity is sensi-
tive to the changes in the water temperature. Both projections showed a significant
increase of the water temperature until 2100 that will decrease the sediment settling
velocity. However, the climate change scenarios were simulated until 2033 and on
the end of the simulation the mean annual water temperature increased only by 0.3°C
for RCP4.5 and 0.5°C for RCP8.5 scenario in comparison with the reference simula-
tion. It is important that the increase of water temperature induced more days with
the water temperatures higher than 8°C that activates the new formula for settling
velocity. In the reference simulation, the average number of days with the water tem-
perature higher than 8°C was 187, while from 2016 in RCP4.5 the number increased
to 214 days year! and in RCP8.5 to 217 days year!. This will lead to lower setting
velocities and more sediments in the suspension. Therefore, the developed formula
for the settling velocity should be used with care in the climate change scenarios. In
addition, more scenarios for the cyanobacteria blooms should be studied together with
the sediment transport mechanisms. The increased water temperature could favour
cyanobacteria blooms (Bartoli et al., 2018), and, as a result, more sediments can be
trapped in the water column.

The analysis of the erosion-accumulation zones revealed that the lagoon acts as
a sediment sink and after a long period no erosion zones are formed in the lagoon.
The climate change scenarios have shown that three main accumulation zones can be
distinguished: (i) Nemunas delta front, (ii) southern part of the lagoon and (iii) the
southern part of the Klaipéda Strait. Results showed that the lagoon accumulates sedi-
ments much faster with scenario RCP8.5. The fast accumulation in the river branches
did not allow carrying out the long simulations runs (until 2100). This will be done in
the near future.

These climate change results should be used with care because of many uncertain-
ties in the climate change projections. Nevertheless, the general future trends can be
drawn from these findings. Both scenarios showed an increase of the riverine sedi-
ment loads that follows the accumulation patterns of the present situation. Without
paying attention to the changes due to the overestimated input of the sediments, most
changes are likely to occur during the winter due to the decreasing number of days
with ice cover and increase storminess or summer-autumn due to the increased water
temperature and possibly increased water turbidity.
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5.10 Sediment transport model: advantages and limitations

A large variety of hydrodynamic and sediment transport numerical models are
available for the scientific community (Umgiesser et al., 2004; Neumeier et al., 2008;
Moharir et al., 2014; Lesser et al., 2004) and can be applied for a big variety of studies
in different temporal and spatial scales. An open source models, such as SHYFEM
and SEDTRANSOS (Umgiesser et al., 2004; Neumeier et al., 2008) always are more
advanced than the commercial due to the price and possibilities to adapt the model for
the specific conditions of the study site. The sediment transport models coupled with
the hydrodynamic model are powerful tools for the hindcasting and forecasting the
sedimentation patterns in the aquatic environments and their impacts on the coastal
erosion or ecological processes.

However, the high-resolution model needs a high computational power. The long-
term simulations take a long computational time. The set-up of the numerical models
needs a good meteorological and physical data that usually are obtained from the
other more general models. The most essential steps are the model calibration and
validation. These processes require big datasets of in sifu measurements that show the
quality of model performance. There are many sediment transport studies where the
lack or insufficient in situ measurements were found (Teeter et al., 2001; Ferrarin et
al., 2010a; Elias and Hanses, 2013).

The sediment transport model was a prevailing tool in this study. The big datasets
for the model set up were collected from meteorological and hydrodynamic mod-
els. The field campaigns were organised for calibration and validation data sampling.
A super computer with 64 processors was used for the model runs. The absence of
measured physical processes for the sediment dynamics in the Curonian Lagoon did
not allow achieving better model results.

SEDTRANSOS cannot be used for the analysis of the coastline changes due to a
simple parametric wave model that does not calculate the energy of braking waves.
For the deeper understanding of the resuspension events, the sediment model should
be coupled with a real wave module, and should also take into account the organic
material in the bottom sediments.

5.11 Gaps and future perspectives

The work done during the doctorate studies revealed the sedimentation pattern in
the biggest lagoon in Europe. The representation of physical processes in the SHY-
FEM model can contribute to a better understanding of sediment dynamics in the
Curonian Lagoon and help to find the best management solutions and minor future
stresses due to changing climate. However, still good morphometric maps of the
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Curonian Lagoon are missing for the evaluation of the model results for the erosion-
accumulation zones in the system. A more detailed study for the developed sediment
rating curve is necessary in order not to underestimate the sediment loads during the
flood period. Therefore, more frequent in situ measurement campaigns and laboratory
experiments in near future should be organized. More reliable data to validate the
model during extreme events is needed.

The analysis of the parametric wave model calibration results showed the underes-
timated maximum wave heights, as a result, next steps planned for the near future is to
use the spectral wave model for better representation of waves in the lagoon. The cou-
pling with the nearshore numerical model could be a valuable tool for the evaluation
of the costal hazards and analysis of future perspectives and mitigations of negative
consequences in the region. The model applications for the evaluation of the resuspen-
sion or other biological or ecological factors combined with the sediment transport in
the future will be evaluated by applying a biogeochemical model such as SHYFEM/
EUTRO (Umgiesser et al., 2003 and references therein) or SHY FEM/AQUABC (still
under development), coupled with the sediment transport.

Regarding the climate change scenarios, the long term simulations (up to 100 years)
will be carried out in the future. The ensembles of the climate change models will be
used to evaluate the variation of results according to different climate and ocean models.
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Conclusions

1. The unique sediment dynamics analysis in the complex lagoon system with high
river discharge and uneven sediment loading (Curonian Lagoon) was performed using
a 3D hydrodynamic and sediment transport model. The sediment rating curve was de-
veloped from in situ measurements, necessary for the calculation of the Nemunas River
sediment loads on the model boundary. Also a new formula was incorporated to the
sediment transport model taking into account cyanobacteria blooms impact on the sedi-
ment settling velocity in summer and early autumn. The reliable results of the sediment
transport model calibration and validation (40-72% fell into double relative discrepancy
interval) allowed carrying out the simulation runs for the investigation of accumula-
tion and erosion zones, sediment budget, ice impact, extreme storm events and climate
change (RCP4.5 and RCP8.5 projections) impact on the sediment transport.

2. Long-term simulation (13 years) enabled to reveal three main accumulation zones
in the lagoon: (i) the Nemunas Delta front, (ii) southern part of the lagoon and (ii) south-
ern part of the Klaipéda Strait. The averaged accumulation rate of 0.5 mm y' was ob-
tained for the entire lagoon and the maximum 7 mm y' accumulation was found in the
delta front. Study results are in line with the accumulation rates calculated by Mazeika
(2018, personal communication) for the delta area, but were lower comparing with the
results of Pustelnikovas (2008) for the deep southern lagoon areas due to organic mate-
rial that was not taken into account by the sediment transport model.
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3. Components of the sediment budget showed that lagoon acts as a sedi-
ment sink and that 62% of total annual input of riverine sediments are trapped in-
side the lagoon. The average annual amount of sediment coming to the system is
484.4-10°£378.0-10° kg y' and the output is 185.8-10°t178.2-10° kg y'. The re-
sults revealed that a lagoon without ice cover would have significantly higher SSC
(>10 mg I'") in winter with the wind speed >10 m s in deeper station with cohesive
sediments and wind speed >6 m s in shallower station with non-cohesive sediments.
The analysis of the storm on 6th December 2013 showed a total loss of 4.7-10¢ kg of
sediments with the need of 42 days to refill the sediment loss.

4. The results obtained by sediment transport model showed that during stronger
wind events (>11 m s!') more than 1 mm of nutrients rich muddy sediments can be
resuspended. In comparison to benthic fluxes measured in intact cores in other stud-
ies, resuspension has stronger effects on phosphate release to the water column than
dissolved ammonia or silica. However, in order to answer the peculiarities of resus-
pension in the lagoon better, the analysis of (i) the influence of organic material and
benthic fauna for particle resuspension and (ii) short-term bathymetry changes (1 hour
or less) are necessary.

5. Scenarios for different climate change projections had overestimated riverine
sediment loads. However, it followed the accumulation patterns of the present situ-
ation with 2.5 fold and 5 fold higher accumulation rates with RCP4.5 and RCP8.5
respectively. The most changes are likely to occur during the winter due to decreasing
days with ice cover and increase storminess or in summer-autumn due to increased
water temperature and possibly more intense cyanobacteria blooms that will increase
the SSC and water turbidity.

6. The study enabled to develop a valuable model that was able to answer questions
of sediment transport mechanisms in the biggest lagoon in Europe without necessity
of direct measurement for all the lagoon. In future, this model will be coupled with a
coastline change model and ecological model to be used as a tool for more detailed
analysis of the coastal Baltic Sea and the transitional zone. Furthermore, the addi-
tional in situ measurements and laboratory experiments are necessary for better un-
derstanding of the physical processes in the system that should be done in the future.
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IVADAS

Temos aktualumas

Hidrodinamika, bangos ir jros dugno bei vandens storymés saveika sukelia nuosé-
dy pernasa. Nuosédos i vandens stulpg patenka i§ jvairiy Saltiniy, o jy elgsena priklauso
nuo nuosédy erozijos, pernasos ir nusédimo procesy (Ji, 2008). Siame darbe nuosédomis
vadiname tik litogeninés kilmés daleles. Sedimantacijos procesai gali turéti jtakos uosty
ir navigacijos kanaly uzneSimui nuosédomis, apriboti vandens augaly augima dél nepa-
kankamo saulés Sviesos prasiskverbimo ar sumazinti augmenijos tankj dél sumazéjusio
vandens skaidrumo, sukelti terSaly pernasa, pakitimus bentoso organizmy buveinése ir kt.
Sedimentacijos procesy suvokimas gali padéti iSspresti tokias aplinkos problemas kaip eu-
trofikacija, terSaly pernesa, dugno ar kranty erozija, uzneSimo nuosédomis ir nuoteky valy-
mo problemas. Taciau tai labai sudétinga uzduotis, reikalaujanti dideliy duomeny rinkiniy
apie tiriamg sistemg. Matematinis modeliavimas yra vienas i§ metody, galinCiy aprasyti
vandens, nuosédy pernasos mechanizmus ir morfologinius pasikeitimus.

Pastaraisiais deSimtmeciais matematinis modeliavimas labai iSpopuliar€jo ir §iuo metu
yra placiai taikomas daugelyje moksliniy tyrimy, susijusiy su hidrodinaminiy savybiy tyri-
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mais, nuosédy pernasa, meteorologija, ekologija ir klimato kaita (Garcia-Oliva ir kt., 2019;
Friedland ir kt., 2019, Saraiva ir kt., 2019). Pagrindinis modeliy pranasumas yra tai, kad
sukalibruoti ir patikrinti matematiniai modeliai gali realiai atspindéti vandens telkin;j ir buti
lengvai pritaikomi sudétingiems tyrimams, sujungiantiems kelis modelius ir siekiantiems
nustatyti galimus sistemos pokycius, pasekmes ir jy raida. Gerai sukalibruoti modeliai gali
tapti puikia priemone sprendimy priémimams.

Sis tyrimas skirtas nuosédy pernasos mechanizmy tyrimams Baltijos jiros pietrytinés
pakrantés dalyje, daugiausiai démesio skiriant KurSiy marioms. Tyrimas atlieckamas
taikant matematinius modelius. PerneSamy suspenduoty daleliy kiekiai ir kryptis Kur-
$iy mariose vis dar menkai iSanalizuoti, todél nuosédy pernasos modelis galéty bati
puiki priemoné, gebanti analizuoti nuosédy kryptis upés—mariy—jiros sistemoje. Iki
Siol nuosédy pernasos procesai mariose buvo nagriné¢jami, remiantis eksperimentiniais
metodais, kurie parodé apibendrintg nuosédy dinamikos vaizda sistemoje ir jos jtaka
ekologiniams procesams (Pustelnikovas, 1994; Galkus ir Joksas, 1997; Galkus, 2003a,
b). Pirma karta SHYFEM nuosédy pernasos modelis Kurs§iy mariy tyrimams buvo pri-
taikytas 2007 m. (Ferrarin, 2007). Dvimatis hidrodinaminis modelis kartu su spektriniy
bangy modeliu buvo taikomas, norint istirti sroviy ir bangy jtaka dugno Slyties jtempi-
mui ir jo kaitg. Vieneriy mety scenarijaus skai¢iavimui buvo naudojami realiis krastiniy
salygy, meteorologiniai ir hidrologiniai duomenys. Detalesnés nuosédy pernasos studi-
jos buvo atliktos Klaipédos sasiauryje, uosto teritorijoje, jungiancioje KurSiy marias su
Baltijos jiira. Tyrimui naudotas DHI (Danijos hidrometrorologijos instituto) dvimatis
matematinis modelis MIKE-2 (Kriaucitiniené ir kt., 2006 m.; Kriaucitiniené¢ ir Gailiusis,
2004 m.). Nepaisant to, Sie tyrimai néra pakankami, norint jvertinti daugiamecius nuo-
sédy dinamikos ir morfologinius poky¢ius Kursiy mariose.

Sio tyrimo metu sickiama i§samiai atsakyti j anks¢iau nenagrinétus klausimus apie
nuosédy pernasos mechanizmus Kur$iy mariose, iSanalizuoti resuspensijos poveikij
mariy ekologinei biiklei, naudojant matematinj modeliavima, prognozuoti pernasos
mechanizmy pasikeitimus dél klimato kaitos, iSnagrinéti biologinés medziagos jtaka
nuosédy sulaikymui vandens stulpe ir ledo dangos jtaka neSmeny pasiskirstymui.

Tyrimo tikslas ir pagrindiniai uzdaviniai

Tyrimo tikslas — remiantis matematinio modelio rezultatais, istirti nuosédy perna-
$os mechanizmus laglinoje, pasizymincioje stipriu upés poveikiu ir didele nuosédinés
medziagos prietaka.

Pagrindiniai uzdaviniai:

1. Susisteminti turimus aplinkos bei hidrodinaminius duomenis ir sukurti tin-

kamai sukalibruota nuosédy pernasos modelj, galintj sumodeliuoti skirtingus
Kur$iy mariy scenarijus.
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2. I8analizuoti erozijos—akumuliacijos viety pasiskirstymg ir apskai¢iuoti nuosé-
dy biudzeta.

3. [Ivertinti resuspensijos jtakg KurSiy mariy aplinkai.

4. Prognozuoti sedimentacijos procesy pokycius, remiantis RCP4.5 ir RCP8.5
klimato kaitos scenarijais.

Darbo naujumas

Yra daugybé tyrimy, kuriuose matematiniai modeliai buvo taikomi nuosédy dina-
mikos tyrimams upiy Ziotyse, laglinose ir jiirose (Maicu ir kt., 2019; Ferrarin ir kt.,
2008b ir 2010; Lesser ir kt., 2004). Siame tyrime matematinis modelis buvo pritaiky-
tas nuosédy pernaSos mechanizmy tyrimams didziausioje Europos lagtinoje, Kursiy
mariose. Taikytas SEDTRANSOS modelis yra sukalibruotas Venecijos lagiinai ir pla-
¢iai taikomas Vidurzemio jiiros regiono tyrimuose (Ferrarin ir kt., 2010a,b; Neumeier
ir kt., 2008; Ferrarin ir kt., 2008b). Tac¢iau hidrodinamika ir sedimentacinai procesai
Kursiy mariose ir Venecijos lagtinoje yra kitokie.

Tai originalus tyrimas, kurio metu matematinis modelis SEDTRANSO5 taikomas
lagiinoje, kurioje reikSminga jtaka nuosédy pernasai turi organinés medziagos kiekis
vandens storyméje. Siekiant iSanalizuoti nuosédy pernasos mechanizmus, buvo su-
kurta nauja daleliy nusédimo formulé. Si formulé yra paremta Bukavecko ir kt. (2019)
studijos rezultatais, kur zemi daleliy nusédimo greiciai buvo iSmatuoti dél stipraus
melsvabakteriy ,,Zydéjimo* vasarg ir rudenj. Vandens temperatiira yra vienas i$ fak-
toriy, veikianc¢iy melsvabakteriy ,,zydéjima®, todél nauja formulé buvo sukurta kaip
daleliy nusédimo grei¢iy funkcija, priklausanti nuo vandens temperatiiros.

Nauji aspektai, kurie yra nagrinéjami §iame darbe, yra: 1) erozijos ir akumuliacijos
zony iSskyrimas, remiantis matematiniu modeliu; 2) ledo dangos ir audry jtakos nuo-
sédy pernasai jvertinimas; 3) resuspensijos analize, tiriant sumodeliuotus morfologi-
nius dugno pokycius; 4) klimato kaitos scenarijy modeliavimas, siekiant i$siaiskinti
galimus sedimentacijos pokyc¢ius KurSiy mariose.

Rezultaty moksliné ir praktiné reikSmé

Sukurta daleliy nusédimo greicio formulé leido pritaikyti nuosédy pernasos modelj
Kursiy marioms ir sukurti vertingg jrankj tolimesnei nuosédy dinamikos analizei Kur-
$iy mariose, Baltijos jiiros pietrytingje dalyje ir kitose panasiose aplinkose. Sio tyrimo
rezultatai pateikia iSsamig mariy hidrodinaminiy ir nuosédy pernasos mechanizmy
apzvalga laike ir erdvéje. Modelio rezultatai parodé svarby Nemuno upés vaidmenj ir
ledo dangos jtaka sedimentacijos procesams. Nustatyta, kad organiné medziaga vaidi-
na svarby vaidmenj Kur$iy mariy sistemoje, ko nebuvo pastebéta Venecijos lagiinoje.
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Nuosédy pernasos modelyje nagrinéjamos tiek lipnios (daleliy dydis <63 um), tiek
birios nuosédos (daleliy dydis >63 pm). Modelis gali biti pritaikomas jvairiems tyri-
mams: iSanalizuoti resuspensijos daznuma, jvertinti dugnu pernesamy daleliy dalj, ap-
skai¢iuoti vandens drumstuma, kuris gali padéti markofity tyrimams ar atlikti daleliy
pernasos modeliavima, galintj prisidéti prie mikrobiologinés tarSos tyrimy. Klimato
kaitos scenarijai gali biiti naudojami rengiant plétros planus mariy regione, taciau
norint modelj pritaikyti Klaipédos uosto tyrimams, reikty atlikti papildomg modelio
kalibravima ir patikra, naudojant smulkesne modelio gardele, galincia detaliau apra-
Syti procesus sistemoje, susiduriancioje su gamtine ir antropogenine apkrova.

Rezultaty aprobavimas

Sio darbo rezultatai buvo pristatyti 7 tarptautinése ir 4 nacionalinése konferencijose:

8-0j1 moksliné-praktiné konferencija ,,Jiiros tyrimai bei technologijos — 2014,
Klaipéda, Lietuva, 2014 m. balandis;

12-0ji tarptautiné konferencija ,,Littoral 2014, Klaipéda, Lietuva, 2014 m. rugséjis;

10-asis Baltijos juros moksly kongresas, Ryga, Latvija, 2015 m. birzelis;

9-0ji moksliné-praktiné konferencija ,,Jiiros ir kranty tyrimai — 2016, Klaipéda,
Lietuva, 2016 m. balandis;

10-0ji moksliné-praktiné konferencija ,,Juros ir kranty tyrimai — 2017, Klaipéda,
Lietuva, 2017 m. balandis;

8-asis ,,EuroLag* Europos pakranciy lagiiny simpoziumas, Aténai, Graikija, 2018
m. kovas;

11-0ji moksliné-praktin¢ konferencija ,,Juros ir kranty tyrimai — 2018, Klaipeda,
Lietuva, 2018 m. geguzé;

7-asis IEEE/OES Baltijos Saliy $varios ir saugios Baltijos jliros simpoziumas ir
energetinis saugumas Baltijos Salims, Klaipéda, Lietuva, 2018 m. birzelis;

11-0ji tarptautiné ,,SedNet“ konferencija, Dubrovnikas, Kroatija, 2019 m. balandis;

12-asis Baltijos jiiros mokslo kongresas Stokholme, Svedijoje, 2019 m. rugpjiitis;

15-0ji tarptautine konferencija apie lipniy nuosédy transportavimo procesus ,,IN-
TERCOH®, Stambulas, Turkija, 2019 m. spalis.

Sios disertacijos rezultatai buvo paskelbti mokslinése publikacijose:

Méziné, J., Zemlys, P., Gulbinskas S., 2013. A coupled model of wave-driven
erosion for the Palanga Beach, Lithuania. Baltica, 26 (2) 169-176. Vilnius. ISSN 0067
3064. doi:10.5200/baltica.2013.26.17

Umgiesser, G., Zemlys, P., Erturk, A., Razinkovas-Baziukas, A., MéZiné, J., and
Ferrarin, C. 2016. Seasonal renewal time variability in the Curonian Lagoon cau-
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sed by atmospheric and hydrographical forcing. Ocean Science, 12, 2043-2072.
doi:10.5194/0s-12-391-2016

2019. Sediment transport mechanisms in a lagoon with high river discharge and sedi-
ment loading. Water, 10(11), 1970. doi: 10.3390/w11101970

Disertacijos struktira

Disertacija sudaro $ie skyriai: [vadas, Literatiiros apzvalga, MedZziaga ir metodai,
Rezultatai, Diskusija, [Svados, Literatiiros sarasas. Disertacijos apimtis — 83 puslapiai.
Disertacijoje panaudoti 144 literatiiros $altiniai. Disertacija parasyta angly kalba. Joje
yra 6 lentelés ir 35 paveikslai.

Padéka

Padékos zodj noréciau pradéti nuo didelio acit Sergejui Oleninui, kuris patikéjo manim
ir atvedé¢ ] institutg, kuris supazindino mane su Petru Zemliu ir davé pradzig mano ilgam
keliui Klaipédos universitete nuo bakalauro baigiamojo darbo iki daktaro disertacijos.

Mano pati didZiausia padéka yra skirta mano vadovui Georgui Umgiesseriui. AS vis dar
negaliu patikéti, kad $i disertacija pabaigta. Sunku zodziais apsakyti, kaip as esu dékinga
uz palaikyma, motyvacija, pagalba, greitus atsakymus ir naktis, praleistas narpliojant mano
problemas ar skaitant mano rasinius. A¢itl uZ tai, kad tikéjote manim ir parodéte modeliavi-
mo grozj. Norciau labai padékoti savo konsultantui Christianui Ferrarinui uz nejkainojama
pagalba. Aciti uz skirtg laikg ir pagalba, kai buvau pasiklydus modeliavimo labirintuose, uz
visus profesionalius ir turiningus atsakymus j milziniska kiekj mano turéty klausimy. Noriu
jums abiem padékoti uz $iltg ir malony priémima Venecijoje.

Savo padéka noriu iSreiksti a.a. Sauliui Gulbinskui uz pagalbg, palaikyma ir pasi-
dalinimg savo ekspertinémis Ziniomis.

Labai acit Petrui Zemliui, kad skyréte man laiko ir pasidalinote vertingais pata-
rimais tiek profesinéje, tiek asmeningje srityje. ACit uz jisy kantrybe ir nukreipimus
reikiama linkme. Taip pat noriu padékoti Ali, ypac uz motyvacija ir palaikyma praéju-
siais metais, kai to labiausiai reikéjo.

Noriu iSreiksti graziausius zodzius geriausiems recenzentams, kuriuos galéjau tu-
réti. Didziausia padéka skirta Carl Amos uz didziulj darba, vertingg kritika ir komen-
tarus, leidusius disertacija pakelti j aukstesnj lygj. Dar didesnis aciti Nerijui Blazaus-
kui, kuris leido patikeéti, kad disertacija parasyta puikiai.

Noriu padékoti visiems doktorantiiros komiteto nariams uz visas pastabas ir pa-
tarimus doktoranttros studijy metu. Mano isskirtiné padéka Eglutei uz ypa¢ malonig
pagalba ir ramybe.
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Ypaé esu dekinga Mindaugui Ziliui, Jolitai Petkuvienei ir Irmai Vybernaitei-Lubienei uz
pagalba renkant méginius ir atliekant laboratorinius darbus. NuoSirdus aciti mano ,,dokto-
rantliros sesei‘* Nataljai uz visas mokslines jzvalgas, visus juokelius ir pamastymus.

Mano mergytés, Irmute, Jolita, Marija, Dinute ir Ausryte, esu be galo dékinga uz
jusy palaikyma, uz visus grazius jiisy pasakytus zodzius, uz visg laika, kurj praleido-
me kartu, uz visas mokslines ir nebiitinai mokslines diskusijas, uz visas idéjas ir visus
patarimus, kuriuos man davéte. A¢iti uz jusy laika, tai nejkainojama.

Taip pat esu dékinga kolegoms Rasai Morkiinei, Sergéjui Suzdalevui, Nerijui Ni-
kai, Via¢eslavui Jurkinui, Artinui Bal¢itinui, Jiiratei Lesutienei, Evelinai Grinienei ir
Juliui Morkiinui uz jasy draugyste ir pasitilymus problemy sprendimams. Taip pat
noréciau padékoti doktorantams Donaldai, Tomai, Tobia, Soukainai ir Karolinai uz
Sypsenas ir draugyste.

Nesu tas zmogus, kuriam labai patinka raSyti, taiau noréciau pasinaudoti proga ir
padékoti visiems instituto zmonéms, kurie palaiké mane ir niekada neatsisaké padéti
ruosiant §j baigiamajj darba.

Mano paskutiniai padékos zodziai skirti $eimai. Sil¢iausi ZodZiai ir ypatinga padéka vy-
rui Tadui ir dukrytei Godai. Dékoju uz jiisy kantrybe, uz galimybe jgyvendinti savo svajong
ir palaikymg sunkiausiomis akimirkomis. Esu ypa¢ dékinga savo tévams, kurie apgaubé
mane meile ir riipesCiu. Be jusy a$ niekada nebiiciau jveikusi Sio kelio.

Sis tyrimas — Klaipédos universiteto Ekologijos ir aplinkos moksly doktorantii-
ros studijy programos dalis. Dalis tyrimo buvo finansuojama i§ Europos socialinio
fondo pagal Visuotinés dotacijos priemone (CISOCUR projektas VP1-3.1-SMM-
07-K-02-086) ir (,,EcoServe* projektas Nr. 09.3.3-LMT-K-712-01-0178). pagal dota-
cijos sutartj su Lietuvos mokslo taryba (LMTLT). Sis tyrimas i§ dalies finansuotas Lie-
tuvos Aplinkos Apsaugos Agentiiros projekto metu (Nr. 28TP-2015-19SUT-15P-13)
ir Piety Baltijos programos ECODUMP projekto.

TYRIMU MEDZIAGA IR METODAI

Tyrimy rajonas

Kur$iy marios yra didziausia Europos lagiina (1584 km?), pasizyminti sudétinga
vandens masiy cirkuliacija, veikiama Nemuno upés nuotékio, vé€jo ir jirinio vandens
pritekéjimo i§ Baltijos jiiros (Pav. 1). Tai gana sekli sistema, kurioje vidutinis gylis
yra 3,8 m (Zaromskis, 1996). Kursiy mariy hidrologinis rezimas stipriai priklauso nuo
upémis atneSamo vandens kiekio. Pagrindinés j marias jtekancios upés yra Nemunas,
Minija, Deima ir Dané. Dazniausiai mariy vandens lygis yra aukstesnis nei Baltijos
jiiros, todél vyrauja vandens iStekéjimas 1§ mariy (Zemlys ir kt., 2013). Remiantis
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Trimonio ir kt. (2003) studija, Kur§iy mariy Siaurinéje dalyje pagrinding dugno pavir-
Siaus dalj uzima vidutinio smulkumo (0,5-0,25 mm), smulkus smélis(0,25-0,1 mm),
stambus aleuritas (0,1-0,05 mm) ir smulkus aleuritas (0,05-0,01 mm), o pietingje
dalyje vyrauja aleuritingos ir dumblingos nuosédos (Gelumbauskaite ir kt., 1999).
Taciau patys nuosédy pernaSos mechanizmai mariose yra mazai nagrinéti.

Matematinis modelis SHYFEM

Tyrime buvo naudojama modeliavimo sistema SHYFEM (http://www.ismar.cnr.it/
shyfem), kurig sudaro baigtiniy elementy trimatis hidrodinaminis, pernaSos ir difuzi-
jos, parametrinis bangy, nuosédy pernasos ir dugno modeliai. Hidrodinaminiy lygciy
skaitiniam sprendimui yra naudojamas baigtiniy elementy metodas, kuris leidzia nau-
doti teritoriskai kintamos raiskos gardeles. Detalesnj modelio apraSyma galima rasti
(Umgiesser et al. 2004) bei (Zemlys et al. 2013).

Nuosédy pernasos modelis skai¢iuoja sroviy arba bangy sukelta nuosédy pernasa
tiek lipnioms (angl. cohesive), tiek birioms (angl. non-cohesive) nuosédoms. Svar-
bu paminéti, kad modeliuojamos yra tik neorganinés nuosédos (smélis, aleuritas,
molis). Modelio branduolj sudaro SHYFEM adaptuotas nuosédy pernasos modelis
SEDTRANSOS5 (Neumeier ir kt., 2008). SEDTRANSOS turi penkias dugnu pernesa-
my daleliy skai¢iavimo formules, kurias galima pasirinkti. Siam tyrimui buvo pasi-
rinkta van Rijn’o (1993) dugno nuosédy pernasos formulé.

Tyrimui buvo naudojama trimaté modelio versija. Modelio skai¢iavimo gardele
sudaré 3269 elementai ir 2021 mazgai, vertikaliai iSskirti 5 sigma sluoksniai (3 pav.).
Gardelés rezoliucija kito nuo 250 m Klaipédos sasiauryje iki 3 km Baltijos juroje ir
pietinéje Kursiy mariy dalyje. Tai palyginti stambi gardelé su smulkesniais elementais
hidrodinamiskai aktyviose vietose.

Duomenys

Modelio sudarymui buvo naudoti $ie duomenys:

1. Atviros jiiros krastiniy salygy duomenys (druskingumo, temperatiiros ir van-
dens lygio) buvo gauti i§ MIKE21 (DHI) hidrodinaminio modelio (laikotarpiui
2004-2006 m.), operacinio Baltijos jiros modelio HIROMB (SMHI) (2007—
2009 m.), Vokietijos Leibnico Baltijos juros tyrimy instituto, Varnemundéje
modelio MOM (2010-2015 m.).

2. Meteorologiniai duomenys (krituliy, saulés radiacijos, oro temperattiros, dré-
gnumo, debesuotumo, v¢jo greicio ir atmosferos slégio) gauti iS ECMWF mo-
delio (2004-2008 ir 2011-2013 m.) ir HIRLAM modelio (2009-2010 m.).
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3. Upiy nuotékio duomenys gauti i§ Lietuvos hidrometeorologinés tarnybos. Ne-
muno upés debitai modelio krastinei salygai buvo perskaic¢iuojami prie Sma-
lininky poste matuoty debity pridedant matuotus Sesupés, Jiros, Sesuvio upiy
debitus ir atimant Gilijos upés debitg (29% nuo Nemuno debito) (Jakimavi-
¢ius, 2012). Laikas buvo perskai¢iuojamas pagal Maningo (angl. Manning)
formule (Chen, 1992).

4. Satelitiniai ledo duomenys gauti i§ sintetinés apertiros radaro matavimy i§
trijy zemés steb¢jimo misijy (Idzelyté ir kt., 2019).

5. Dugno nuosédy duomenys surinkti i§ Gelumbauskaités ir kt. (1999) ir Gul-
binsko ir Zaromskio (2002) Zemélapiy.

6. Buvo pasirinkti du klimato kaitos scenarijai: RCP4.5 ir RCP8.5 (Collins,
2013). Meteorologiniai klimato kaitos duomenys pasirinktiems scenarijams
surinkti i§ sumazinto ICHEC modelio, kuris remiasi globaliu EC-Earth klima-
to modeliu. Krastiniy salygy duomenys scenarijams gauti i SMHI modeliy.

Maistingyjy medziagy koncentracijy dugno nuosédose duomenys surinkti i§ KU
biogeochemijos grupés atlikty analiziy.

Nuosédy pernasos modelio kalibravimui buvo naudojami 2014-2015 mety neSme-
ny koncentracijy duomenys, surinkti Sio tyrimo metu pagal metodika, pristatyta 5 pa-
veiksle, ir i§ papildomy Saltiniy, besiremianciy ta pacia metodika. Taip pat papildomai
surinkti 2016 mety neSmeny koncentracijy duomenys modelio patikrai.

Modelio kalibravimo ir patikros metodai

Kalibruojant nuosédy pernasos modelj ir atliekant jo patikra, buvo apskaiciuotas
santykinis sumodeliuoty (M) reik§miy nuokrypis nuo iSmatuoty reikSmiy (I). Jeigu
daugiau nei puse (50%) santykinio nuokrypio (angl. discrepancies ratio) reikSmiy
patenka ] intervalg 0,5 < M/I < 2, yra laikoma, kad modelis gerai apraSo nuosédy
pernasos procesus. Santykis M/I=1 rodo idealy sumodeliuoty ir iSmatuoty reikSmiy
atitikima.

Hidrodinaminio modelio patikros metu sumodeliuotos reikSmés buvo lyginamos
su iSmatuotomis. Modelio kokybei nustatyti buvo apskaiciuoti koreliacijos koefici-
entai (R), determinacijos koeficientai (R?) ir vidutiné kvadratiné vidurkio paklaida
(RMSE).

Modelis buvo kalibruojamas dviejose stotyse: gilesné S1 stotis netoli Nidos, kur
vyrauja dumblingos, lipnios nuosédos, ir seklesné S2 stotis Siauringje centrinéje mariy
dalyje su vyraujanciomis smélingomis, biriomis nuosédomis (1 pav., 4 lentel¢)
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REZULTATAI

Rezultatai pristatyti 4 skyriuose: 1) Surinkty suspenduotos medziagos duomeny analizé;
2) Modeliy kalibravimas ir patikra; 3) Esamos situacijos skai¢iavimai (2004-2016) ir 4)
Klimato kaitos scenarijai ir sedimentacijos mechanizmy pokyciy prognozgs.

Pirmame skyriuje pateikti in situ matavimy rezultatai Nemuno upéje (Rusnéje) ir dvie-
jose Kursiy mariy stotyse. Remiantis Nemuno upéje iSmatuotomis neSmeny koncentraci-
jomis buvo sukurta Nemuno upés neSmeny jvercio kreivé (Pav. 8), pritaikyta kiekvienos
dienos atneSamy daleliy koncentracijy apskai¢iavimui, reikalingy modelio upés krastinei
salygai sudaryti. NeSmeny jvercio kreivé leidzia apskaiciuoti neSmeny koncentracija pri-
klausomai nuo upés debito. Gautas tvirtas rySys tarp Nemuno upés debito ir neSmeny kon-
centracijy (R>=0,67). Taip pat buvo analizuojamos KurSiy mariy neSmeny koncentracijos
dviejose modelio kalibravimo stotyse (S1 ir S2). Nustatyta, kad vasaros sezono metu dale-
liy koncentracija mariose yra didesné nei Saltuoju sezonu.

Antrame skyriuje pristatomi hidrodinaminio modelio patikros ir nuosédy modelio
kalibravimo ir patikros rezultatai. Hidrodinaminio modelio patikros metu buvo tikri-
namos keliose tyrimy stotyse (Pav. 3C) iSmatuotos ir sumodeliuotos druskingumo,
vandens temperatiiros, vandens lygio ir bangy aukscio reikSmés. Koreliacijy koefici-
entai ir vidutinés kvadratinés vidurio paklaidos yra pristatytos 5 lenteléje.

Nuosédy pernasSos modelio kalibravimo metu buvo tikslinamos modelio parametry
reikSmés. Pagal nutyl¢jima nuosédy pernasos modelis naudoja parametry reikSmes, kurios
buvo sukalibruotos Venecijos lagiinai. Taikant modelj KurSiy marioms buvo pakeista pra-
diné kritinio dugno jtempimo reikSmé, apskaiciuota remiantis Amos ir kt. (2004) pateikta
kritinio dugno jtempimo reikSmiy skai¢iavimo formule pagal iSmatuota dugno nuosédy
tankj. Parinkta reik§mé ir nustatytas 775 kg m™ naujai nusédusiy nuosédy tankis.

Nuosédy pernasos modelio kalibravimo metu nustatyta, kad Venecijos lagtinoje
ir Kur$iy mariose skiriasi neSmeny nusédimo principai. Bukavecko ir kt. (2019) stu-
dijoje pateikti kur kas mazesni daleliy nusédimo greiciai intensyviy melsvabakteriy
,»Zydéjimy* vasaros sezono metu nei buvo sumodeliuoti, todél | modelj buvo inkor-
poruota nauja neSmeny nusédimo formulé, sumazinanti daleliy nusédimo greitj esant
vandens temperatiirai, aukStesnei nei 8°C. Tai siejama su galimu neorganiniy daleliy
uzlaikymu vandens pavirSiuje esant dideliam melsvabakteriy kiekiui. Modelis neturi
galimybés modeliuoti organinés medziagos cikly, tode¢l priklausomybé buvo iSvesta
atsizvelgiant | vandens temperatiira, pries tai iSanalizavus Chl-a koncentracijy poky-
¢ius kintant temperatiirai.

Modelio kalibravimas (2014-2015 m.) ir patikra (2016 m.) buvo atlikti lyginant
sumodeliuotas ir iSmatuotas suspenduoty neorganiniy daleliy koncentracijas (kg m™)
dviejose skirtingy sedimentaciniy sglygy stotyse — S1 ir S2. Rezultatai parodé, kad
nuosédy pernasos modelis Sie tiek sumazina suspenduoty daleliy koncentracijas, ta-
¢iau didesné dalis patenka j dvigubo santykinio pasikliovimo intervala, todél yra
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laikoma, kad nuosédy pernasos modelis yra gerai sukalibruotas ir gali baiti taikomas
Kur$iy mariy nuosédy dinamikos tyrimams.

Treciame skyriuje pristatomi hidrodinaminio ir nuosédy pernasos modelio rezulta-
tai. ISnagrinéti sezoniniai sroviy, druskingumo, vandens temperaturos ir bangy auks-
¢iy désningumai. Remiantis ilgalaikiais modelio skai¢iavimo rezultatais (2004-2016),
nustatyta, kad daugiausia druskéto vandens jsiverzimy btina rudens sezonu, o maksi-
maliy druskingumo reikSmiy analizé parodé, kad druskétas Baltijos jiiros vanduo gali
patekti net iki centrinés KurSiy mariy dalies nepriklausomai nuo sezono. Kursiy mariy
vidutiné vandens temperatiira Ziemos sezonu yra 1,7+0,6°C, pavasario — 7,4+1,4°C,
vasaros — 19,5£1,8°C ir rudens sezonu — 10,8+0,8°C. Sumodeliuoty bangy auksciy
analize parod¢, kad rudens sezonu bangy auksciai yra didziausi.

Nagrinéjant nuosédy pernasos modelio rezultatus buvo sudaryti sezoniniai neSmeny
koncentracijy, dugnu perneSamy daleliy ir dugno Slyties jtempimo zemélapiai. Dugno
Slyties jtempimo Zemélapiai aisSkiai rodo aukstesnes reikSmes hidrodinamiskai aktyvio-
se vietose. Didziausios reikSmés matomos rudens sezono metu dél sroviy ir bangy po-
veikio. Apskaiciuotos vidutinés neSmeny koncentracijos parodé aukstas koncentracijas
vasaros ir rudens sezonais (atitinkamai 19+£18 mg 1" ir 19+£15 mg 1) ir gerokai mazes-
nes ziemos ir pavasario sezonais (3=1 mg I'! ir 6+6 mg I'"). Viena pagrindiniy priezaséiy,
lemianciy aukstas nuosédy koncentracijas vandens storyméje Siltuoju sezonu yra daleliy
nusédimo greicio sumazejimas dél melsvabakteriy ,,zydéjimo®. Pavasario sezono metu
neSmeny koncentracijos KurSiy mariose yra labai netolygiai pasiskirs¢iusios. Didziau-
sios koncentracijos buvo Nemuno deltoje (2310 mg 1), o vyraujanti nuosédy pernasos
kryptis i§ Nemuno upés link Baltijos jiiros nulémé dvigubai didesng¢ nei vidutiné kon-
centracija Siaurinéje mariy dalyje (1246 mg 1).

Nuosédy pernasos modelis leidzia aprasyti zonas, kuriose daleliy transportas vyks-
ta dugnu. Tai svarbu analizuojant smélio daleliy pernasa. Aiskiai matoma, kad pernasa
dugnu vyksta tik Nemuno avandeltoje ir Siaurinéje mariy dalyje, kur vyrauja smélin-
gos nuosédos. Sezoniniai Zemélapiai parodé, kad dugnu velkamy nuosédy zonos yra
didziausios ziemos ir rudens sezonais.

Erozijos akumuliacijos grei¢iy analizé parodé¢ vidutinj 0,5 mm per metus akumu-
liacijos greitj. Didziausi akumuliacijos greiciai buvo apskai¢iuoti Klaipédos sasiaurio
pietinéje dalyje ir Nemuno avandeltoje (7 mm per metus). Buvo iSskirtos trys pagrin-
dinés akumuliacijos zonos: Nemuno avandeltoje, pietingje Kursiy mariy ir pietingje
Klaipédos sasiaurio dalyse (Pav. 23).

Taip pat buvo apskaiciuotas nuosédy balansas. Teigiamas balanso dalis sudare
suma nuosédy, atneSamy upémis ir patenkanciy i§ juros ] marias. Neigiama balanso
komponenté nukreipta i§ mariy j jiirg. Apskaiciuota, kad vidutiniSkai per metus is upiy
ir juros atneSama 484,4-10°+378,0-10° kg suspenduotos medziagos, o iSneSama j jura
185,8-100£178,2-10° kg. Nustatyta, kad vidutiniskai Kur$iy mariose yra sulaikoma
apie 62% upémis atnesty nuosédy.
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Treciame skyriuje analizuojami ir trumpalaikiy (2013-2015) modelio skaiciavimy
rezultatai. Pristatoma ledo jtaka nuosédy dinamikai KurSiy mariose (Pav. 26). Tyrimo
metu buvo lyginami du scenarijai. Pirmasis — esamos situacijos su realiais duomenis,
o antrasis atkartoja pirmajj, tik néra jvedama ledo dangos duomeny. Scenarijaus be
ledo dangos rezultatai parodé, kad suspenduoty daleliy koncentracija reikSmingai pa-
didéja (>10 mg I'") puciant stipresniam nei 10 m s véjui S1 stotyje ir stipresniam nei
6 m s S2 stotyje. Trumpalaikio skai¢iavimo rezultatai taip pat buvo panaudoti isa-
nalizuoti audry jtaka KurSiy mariy nuosédy dinamikai. Nagrinéti 2013 m. gruodZzio 6
dienos audros padariniai, parod¢, kad per trumpa laikg gali biti iSplauti dideli nuosédy
kiekiai (4,7-10° kg). Apskaic¢iavus dienos vidutinj nuosédy kiekj, patenkantj j sistema
(0,110-10%+0,086-10°¢ kg per dieng), nustatyta, kad apytiksliai reikia 42 dieny, kad
atneSama medziaga padengty audros sukelta nuosédy nuostol;.

Kitas $io tyrimo uzdavinys buvo jvertinti resuspensijos jtaka ekologiniams pro-
cesams, remiantis matematinio modelio rezultatais. Siam tikslui pasiekti buvo nagri-
néjami sumodeliuoti 2008—2016 mety dugno morfologiniai pokyciai S1 stotyje (Pav.
31). Buvo analizuojamos tik sezono maksimalios paros erozijos reikSmés. Apskai-
¢iuoti maistingyjy medziagy sezoniniai srautai pristatyti 6 lenteléje.

Nuosédy pernasos mechanizmy poky¢ciai dél klimato kaitos buvo modeliuojami
remiantis RCP4.5 ir RCP8.5 klimato kaitos scenarijais (Collins, 2013). Klimato kai-
tos scenarijy skaiciavimai apémé laikotarpj nuo 2007 iki 2033 mety. 2007-2015 m.
laikotarpis buvo skirtas palyginti pradinio (esamos situacijos) modelio scenarijaus
rezultatus su klimato kaitos scenarijaus rezultatais. Nustatyta, kad SMHI sugeneruo-
ti klimato kaitos scenarijy Nemuno upés debitai yra reikSmingai didesni nei realiis
iSmatuoti duomenys 2007-2015 m., todél butina turéti omenyje, kad klimato kaitos
scenarijai pervirsija atneSamos medziagos kiekius.

Remiantis klimato kaitos scenarijais galima iSskirti pagrindines ateities tenden-
cijas. Pagal RCP4.5 scenarijy KurSiy mariose vidutinis akumuliacijos greitis buty
1,3 mm per metus, o vidutinés metinés koncentracijos padidéty nuo 20,2 mg 1" iki
33,5 mg I''. Pagal RCP8.5 scenarijy Kursiy mariose vidutinis akumuliacijos greitis
buty 2,6 mm per metus, o vidutinés metinés koncentracijos padidéty iki 5,6 mg 1.

DISKUSIJA

Diskusija sudaro vienuolika skyriy: 1) Nemuno upés neSmeny jvercio kreivés svar-
ba; 2) Melsvabakteriy jtaka nusédimo grei¢iams; 3) Modelio kalibravimo ir patikros
rezultaty jvertinimas; 4) Kur$iy mariy hidrodinamika; 5) Faktoriai kontroliuojantys
suspenduotos medziagos koncentracijg; 6) Erozijos—akumuliacijos zonos Kur$iy ma-
riose; 7) Nuosédy balanso skaic¢iavimai, remiantis modelio rezultatais; 8) Resuspen-
sijos jtaka mariy ekologijai 9) Sedimentacijos mariose ateities trendai; 10) Nuosédy
pernasos modelis: privalumai ir apribojimai ir 11) Spragos ir ateities perspektyvos.
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Pirmame skyriuje aptariama neSmeny jvercio kreivés sudarymo metodika ir jos
svarba modelio kraStinéms salygoms. NeSmeny jvercio kreivé sudaryta remiantis
2015 m. matavimo duomenimis, apimanciais visus sezonus ir potvynio laikotarpj.
Kadangi matuoty duomeny yra mazai, tai buvo vienintelé priemoné, kuri leido suge-
neruoti atneSamos medziagos koncentracijas visam modeliavimo laikotarpiui.

Antrame skyriuje aptariama organinés medziagos jtaka nuosédy procesams Kursiy
mariose. Remiantis Bukavecko ir kt. (2019) studija, teigiama, kad dideli organinés
medziagos kiekiai vasaros sezono metu, turi didele jtaka neSmeny nusédimo grei-
Ciams, todél i jau sukurta nuosédy pernasos modelj buvo butina jtraukti nauja dale-
liy nusédimo formulg, sumazinancig neSmeny nusédimo greicius didéjant vandens
temperatiirai. Jvedus nauja formule, reikSmingai pasikeité sumodeliuoty ir iSmatuoty
reikSmiy santykiai. Po pataisymy j dvigubo santykinio pasikliovimo intervalg pateko
40% S1 stotyje (pries tai pateko 12,5%) ir 60% (15%) S2 stotyje sumodeliuoty reiks-
miy. Tai pagrindinis rodiklis, kuris aprasé¢ naujos formulés svarbg ir poreikj. Tesiant
tyrimus ateityje, butina atlikti detalesnius tyrimus, galinCius jvertinti organinés me-
dziagos, ypa¢ melsvabakteriy, jtaka neSmeny nusédimui KurSiy mariose. Tai leisty
iSsikelti nauja tiksla: tobulinant matematinj modelj, itraukti melsvabakteres j modelj
kaip faktoriy, kontroliuojantj neSmeny nusédima.

Treciame skyriuje aptariami nuosédy pernasos modelio kalibravimo ir patikros re-
zultatai. S1 stotyje modelis gerai aprase tik 40% iSmatuoty reikSmiy, taciau S2 stotyje
ir modelio patikros metu daugiau nei 50% reikSmiy pakliuvo j dvigubo santykinio
pasikliovimo intervalg, todél teigiama, kad modelis sukalibruotas tinkamai. Taip pat
paaiskinama, kad neatitikimus S1 stotyje gali lemti nuosédos, i sistema patenkancios
dél eoliniy procesy, i kuriuos modelis §iuo metu neturi galimybés atsizvelgti.

Ketvirtame ir penktame skyriuose yra aptariami faktoriai, kontroliuojantys neSme-
ny mechanizmus. Analizuojami tokie faktoriai kaip srovés, vandens temperatiira, ban-
gos, Nemuno upés jtaka, ledo dangos ir audry jtaka. Ilgalaikiy skai¢iavimy duomenys
parodé, kad pagrindinis veiksnys, kontroliuojantis nuosédy pernasos kryptis mariose,
yra Nemuno upé¢, kai tuo tarpu neSmeny koncentracija vandens storymeje kontroliuo-
ja ir vandens temperatiira. Vasaros sezono metu daugiau medziagos yra sulaikoma
vandenyje dél auksty vandens temperattiry ir sulétéjusio neSmeny nusédimo.

Trumpalaikiy skai¢iavimy rezultatai parode, kad ledo danga yra labai reikSminga
nuosédy pernasai ziemos sezonu. Ledo dangos jtraukimas j modelj leidZia iSvengi
labai auksty koncentracijy Ziemos metu, sukeliamy stipraus véjo, todél sumodeliuotos
suspenduoty neorganiniy daleliy koncentracijy reikSmés yra artimesnés iSmatuotoms.
Scenarijus be ledo dangos tai patvirtino ir parodé reik§mingai aukstesnes koncentraci-
jas ziemos metu, kurias lemia vyraujantys stipris véjai. Svarbu atkreipti démesj, kad
klimato kaitos scenarijuose yra prognozuojamas dieny su ledo danga sumazéjimas
arba i$vis ledo dangos iSnykimas dél Sylancio klimato (IPPC, 2014), todél galima da-
ryti prielaida, kad ateityje KurSiy mariose neSmeny koncentracijos vandens storyméje
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didés. Analizuojant 2013 m. gruodzio 6 d. audros padarinius buvo apskai¢iuoti dide-
li i8plauty nuosédy kiekiai. Klimato kaitos scenarijuose prognozuojamas didéjantis
audry skaicius per metus, todél galima daryti prielaida, kad ateityje didesnis kiekis
nuosédy bus iSplautas, o sistemai nespéjus atstatyti nuosédy nuostolio, §iuo metu vy-
raujancig akumuliacijg gali pakeisti nuosédy erozijos procesai.

Sestame skyriuje analizuojama nuosédy erozijos ir akumuliacijos schema. Sio
tyrimo rezultatai sutampa su anksciau atlikty tyrimy rezultatais, kurie pieting KurSiy
mariy dalj apraso kaip akumuliacing zong (Ferrarin ir kt., 2008a, Gulbinskas, 1995).
Analizuojant modelio apskaiCiuotus vidutinius akumuliacijos greicius, pastebéta,
kad jie apie 6 kartus mazesni nei iSmatuoti Pustelnikovo (2008) studijoje. Tai
galima pagristi tuo, kad ankstesnéje studijoje matavimai buvo atlikti dumblingose
vietose netoli kranto, kuriose nemaza dalj nuosédy sudaro organiné medziaga. Tuo
tarpu matematinis nuosédy pernaSos modelis gali apskaiciuoti tiktai litogeninés
kilmés nuosédy akumuliacijas, todél gautos reikSmés yra mazesnés nei iSmatuotos.
Taciau modelio apskaiCiuoti akumuliacijos grei¢iai Nemuno avandeltoje sutampa
su Mazeikos (2018, nepublikuoti duomenys) studija, kurioje vidutinis paskutiniy
penkeriy mety akumuliacijos greitis yra apie 7,5 mm per metus.

Remiantis modelio apskai¢iuotu vidutiniu akumuliacijos greiciu, prireikty apie
8000 mety Kursiy marias uzpildyti nuosédomis. Taciau reikia pabrézti, kad tai tik teo-
rinis skaicius, kuris keisis priklausomai nuo gamtiniy ir antropogeniniy faktoriy. Visy
pirma jtakos turés nevienodas akumuliaciniy zony pasiskirstymas, kuris lems sroviy
krypciy ir grei¢iy pasikeitimus, paveiks nuosédy sudétj, atitinkamai gali pakeisti du-
gno Slyties jtempimo reikSmes ir kitus parametrus. Klimato kaita turés jtakos atnesa-
mos medziagos kiekiui, audry pasikartojimui, ledo susidarymui ir kitiems procesams,
kurie ateityje gali i§ esmés pakeisti nuosédy pernasos procesus Kursiy mariose.

Septintame skyriuje aptariamos nuosédy balanso komponentés. Buvo nustatyta, kad
Kursiy marios yra linkusios kaupti nuosédas, tuo tarpu kitos Baltijos juros lagtinos netenka
nuosédy (Aistmariy (Vistulos) lagiina) arba tiesiog jas pernesa (Oderio lagtina) (Chubaren-
ko ir Chubarenko, 2001; Leipe ir kt., 1998). Modeliu apskaiciuoti daugiameciai atneSamos
ir iSneSamos medziagos vidurkiniai kiekiai sutinka su ankstesnémis Pustelnikovo (1998)
bei Galkaus ir JokSo (1997) studijomis. Priklausomai nuo upémis atneSamos medziagos
kiekio, metinis balansas skyrési 5 kartus, lyginant vandeningus ir sausus metus.

Svarbu paminéti, kad nuosédy pernasos modelyje krastiné neSmeny koncentracijos
salyga Baltijos juroje buvo lygi 0 mg 1", tadiau tai neturéjo reikSmingos jtakos modelio
skai¢iavimy rezultatams. Sumodeliuoti vidutiniai metiniai i$ jliros atneSamos medziagos
kiekiai (14,0-10%+5,8-10° kg per metus) buvo panasis j Pustenikovo (7,2-10° kg per metus)
(1998) bei Galkaus ir JokSo (15,6-10° kg per metus) (1997) iSmatuotus kiekius.

AStuntame skyriuje analizuojamas resuspensijos vaidmuo Kur$iy mariy ekosis-
temai. Remiantis kity mokslininky tyrimais, galima i$skirti du pagrindinius modeliy
tipus resuspensijos jtakai tirti. Pirmasis yra panasSus j Siame tyrime naudojamg modelj,
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tai hidrodinaminis modelis kartu su organiniy ir neorganiniy nuosédy pernasos mode-
liu (Liu ir Huang, 2009), taikomas pakeltiems nuosédy kiekiams apskai¢iuoti. Antra-
sis — hidrodinaminis modelis kartu su ekologiniu modeliu (Capet ir kt., 2016; Smits
ir kt., 2013). Antrasis modeliy tipas pranaSesnis, nes gali modeliuoti net tik pakelty
daleliy kiekj, bet ir biogeocheminius procesus.

Siuo metu SHYFEM ekologinis modelis dar yra kuriamas, todél vienas i§ tyrimo
uzdaviniy buvo pritaikyti SEDTRANSO05 modelj resuspensijos jvertinimui. Sis me-
todas gali biiti pritaikytas tik tose tyrimy vietose, kur maistingyjy medziagy koncen-
tracijos dugno nuosédose yra zinomos ar iSmatuotos. Taip pat reikia atlikti tarpinius
skaiC¢iavimus. Tyrimo metu yra analizuojami sumodeliuoti dugno poky¢iai ir esant
erozijai, iSplautas nuosédy turis yra padauginamas i$ iSmatuotos maistingyjy medzia-
gy koncentracijos poriniame vandenyje. Resuspensijos metu iSsiskirian¢iy maistin-
gujy medziagy srautai buvo palyginti su iSmatuotais srautas dugno nuosédy koloné-
lése (Zilius ir kt., 2018; Petkuviené ir kt., 2016). Nustatyta, kad resuspensijos metu
i vandens stulpa patenka daugiau fosfaty nei iStirpusio amonio ar silicio lyginant su
maistingyjy medziagy srautais, apskaiciuotais dugno nuosédy kolonél¢je.

Devintame skyriuje aptariami nuosédy pernasos mechanizmy pokyciai dél klimato kai-
tos. Atsirandantiems skirtumams nustatyti du klimato kaitos scenarijai (RCP4.5 ir RCPS.5)
buvo lyginami su esamos situacijos (ilgalaikiai modelio skaiciavimai su ledo danga) re-
zultatais. Analizuojant neSmeny koncentracijas vandens storymeéje S1 ir S2 stotyse, buvo
nustatyta, kad vidutinés koncentracijos padidéja daugiau nei 1,6 kartus S1 stotyje ir 4,7
kartus S2 stotyje pagal RCP4.5 scenarijy. Pagal RCP8.5 scenarijy koncentracijos padidéja
daugiau nei 2,9 kartus S1 ir 7,4 kartus S2 stotyse. Tokius didelius poky¢ius lemia Nemuno
upés krastinés salygos, kurios buvo apskai¢iuotos remiantis SMHI pateiktomis upiy nuoté-
kio prognozémis, o nuosédy kiekis buvo apskaic¢iuotas pritaikius neSmeny jvercio kreive,
pristatyta pirmame rezultaty skyriuje. Abiejy scenarijy atneSamy nuosedy kiekis buvo dau-
giau nei 30% didesnis nei esamos situacijos skai¢iavimuose.

Didesnis upés debitas lémeé didesnius sroviy greicius upés vagoje ir sukele didesne
erozijg. Dél to dar daugiau nuosédy buvo atnesSta j Kursiy mariy sistema, kurios ir
lémé aukstas neSmeny koncentracijas tyrimo stotyse. Ypac S2 stotyje, kuri tiesiogiai
priklausoma nuo Nemuno upe atnesto medziagos kiekio. Kitas faktorius, turintis jta-
kos nesmeny uzsilaikymui vandens storyméje, yra vandens temperatiira. Svarbu pri-
minti, kad klimato kaitos scenarijai buvo skai¢iuojami iki 2033 m., todél nagrinéjant
vandens temperattros pokycius dideliy skirtumy tarp esamos ir biisimos situacijos
nepastebima. Ilgalaikiai esamos situacijos skai¢iavimai parode¢, kad vidutiniskai buvo
187 dienos, kai mariy temperatiira buvo aukstesné nei 8°C. Nagrinéjant klimato kaitos
scenarijy 2016-2033 m. perioda, pastebima, kad dieny skai¢ius, kai mariy vandens
temperattra auksStesné nei 8°C, didéja: 214 dieny pagal RCP4.5 ir 217 dieny pagal
RCPS8.5. 8°C yra riba, kai modelyje yra aktyvuojama nauja neSmeny nusédimo for-
mulé, todél padidéjes dieny skaicius taip pat turi jtakos aukstesnéms neSmeny kon-
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centracijoms vandens storyméje. Ateityje §i formulé turéty buti taikoma atsizvelgiant
1 klimato kaitos scenarijy poveikj melsvabakteriy ,,zydéjimui®.

Tiek RCP4.5, tick RCP8.5 scenarijai identifikavo tas pacias pagrindines akumulia-
cijos zonas Nemuno avandeltoje, pietinéje Kur$iy mariy ir pietinéje Klaipédos sasiau-
rio dalyse, kurios buvo isskirtos esamos situacijos skai¢iavimuose. Vis délto, klimato
kaitos scenarijai jveda labai daug neapibréztumy, todél sumodeliuotos prognozés turi
biiti analizuojamos ir taikomos atsargiai.

Desimtame skyriuje aptariami SEDTRANSOS5 modelio privalumai ir trikumai.
Vienas pagrindiniy taikyto matematinio modelio privalumy yra tai, kad SHYFEM
yra atviro kodo programa, prieinama kiekvienam. Kita, nuosédy pernasos modelis
kartu su hidrodinaminiu modeliu yra vertingas jrankis tiek buvusios, tieck esamos, tieck
biisimos situacijos analizei ir vertinimui. Taciau reikia atsizvelgti ir j tai, kad aukstos
rezoliucijos modeliai reikalauja dideliy skai¢iavimo resursy ir dideliy duomeny ma-
syvy, kuriuos ne visada jimanoma gauti. Modelio kalibravimo ir patikros Zingsniai yra
labai jautriis ir reikalauja patikimo in situ matavimy skaiciaus.

Vienuoliktame skyriuje sudéti akcentai ateities planams. Papildomi nuosédy ir
neSmeny tyrimai Kur$iy mariose, Nemuno upé¢je ir laboratoriniai eksperimentai turi
bati atlikti, siekiant praplésti zinias apie daleliy elgseng vandenyje ir dugne. Ateityje
spektriniy bangy modelis turéty biiti naudojamas bangy energijai modeliuoti. Taip
pat norint efektyviau jvertinti resuspensijos jtakg mariy ekologijai, reikty naudoti
SHYFEM/EUTRO (Umgiesser ir kt., 2003) arba SHYFEM/AQUABC (dar kuriamas)
ekologinius modelius, galin¢ius aprasyti biogeocheminius procesus.

Artimiausiu metu yra planuojama atlikti ilgalaikius klimato kaitos scenarijy skai-
¢iavimus iki 2100 mety, naudojant klimato kaitos modeliy ansamblius.

ISVADOS

1. Unikaliam nuosédy dinamikos tyrimui Kur$iy mariose buvo pritaikytas trimatis
hidrodinaminis ir nuosédy pernasos modelis. Remiantis iz sifu matavimais buvo
sukurta nuosédy jvercio kreivé, biitina apskaiciuoti nuosédy prietaka i§ Nemuno,
kuri buvo naudojama kaip upés krastiné salyga modelyje. I nuosédy pernasos
modelj buvo inkorporuota nauja formulé, siejama su nuosédy nusédimo greicio
sumazéjimu dél melsvabakteriy ,,zydéjimo* vasaros ir rudens sezonais. Patikimi
nuosédy pernasos modelio kalibravimo ir patikros rezultatai (40-72% sumode-
livoty reikSmiy pateko j dvigubo santykinio pasikliovimo intervalg) leido atlik-
ti modelio skai¢iavimus, siekiant iStirti erozijos—akumuliacijos zonas, nuosédy
biudzeta, ledo dangos jtaka nuosédoms, audry poveikj ir klimato kaitos poveiki
nuosédy transportui mariose (pagal RCP4.5 ir RCP8.5 scenarijus).
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Ilgalaikiai modelio skai¢iavimai (13 mety) parodé tris pagrindines akumuliaci-
nes zonas: 1) Nemuno avandeltoje, 2) pietin¢je Kur$iy mariy dalyje ir 3) pieti-
néje Klaipédos sasiaurio dalyje. Apskaiciuotas vidutinis akumuliacijos greitis
Kursiy mariose yra 0,5 mm per metus. Didziausias akumuliacijos greitis buvo
Nemuno avandeltoje (7 mm per metus), sutapantis su Mazeikos (2018, ne-
publikuoti duomenys) studijos rezultatais Nemuno avandeltoje. Apskai¢iuotas
vidutinis akumuliacijos greitis mariose buvo mazesnis nei paskelbtoje Pustel-
nikovo (2008) studijoje. Siems skirtumams jtakos gali turéti tai, kad nuosédy
modelis neatsizvelgia j organinés medziagos kiekj ir buvimg nuosédose.
Nuosédy balanso dedamyjy skaiciavimas parodé, kad Kursiy marios sulaiko apie
62% upémis atneStos nuosédinés medziagos. Nemunas yra pagrindinis veiksnys,
kontroliuojantis nuosédy jneSimg ir ineSimg i§ sistemos. Vidutiniskai per metus
i§ upiy ir juros atnesa 484,4-10°+378,0-10° kg suspenduotos medziagos, iSneSama
j jurg 185,8-10°+178,2-10¢ kg. Scenarijaus be ledo dangos rezultatai parodé, kad
suspenduoty daleliy koncentracija reikSmingai padidéja (>10 mg 1) puciant sti-
presniam nei >10 m s véjui S1 stotyje ir >6 m s S2 stotyje. 2013 m. gruodzio 6
d. audros padariniy analizé parodé, kad per labai trumpa laikq gali biti iSneSta apie
4,7-10° kg nuosédy, o tai pareikalauty vidutiniskai 42 dieny, kad upémis atnesty
nuosédy kiekis atstatyty nuosédy nuostolj.

Nuosédy pernasos modelio rezultatai parodé, kad esant stipriam véjui (>11 m s™)
gali biti resuspenduota daugiau nei 1 mm dumblingy nuosédy. Vienoje tyrimy sto-
tyje (Salia Nidos) nustatyta, kad dél resuspensijos j vandens stulpa iSsiskiria daugiau
fosfaty nei istirpusio amonio ar silicio lyginant su maistingyjy medziagy srautais,
apskaiciuotais dugno nuosedy kolon¢l¢je. Taciau, norint detaliau iSnagrinéti resus-
pensijos ypatybes, reikia iSanalizuoti organinés medziagos ir bentoso jtaka resus-
pensijai bei iSnagrinéti trumpalaikius dugno pokycius (1 val. ar trumpesnius).
Dviejy klimato kaitos scenarijy projekcijos turé¢jo padidéjusius upémis atneSamy
suspenduoty medziagy kiekius, taciau jie atkartojo esamas akumuliacines zonas su
2,5 karto pagal RCP4.5 scenarijy ir 5 kartais didesnémis reikSmémis pagal RCP8.5.
Tikeétina, kad didziausi poky¢iai atsiras Ziemos sezono metu dél sumazejusio dieny
skaiCiaus su ledo danga ir daznesniy audry, taip pat dél kylanc¢ios vandens tempe-
rattiros, kuri gali turéti jtakos melsvabakteriy ,,Zydéjimo* intensyvumui ir padidinti
suspenduoty daleliy kiekj ir vandens drumstuma.

Sio tyrimo metu sukurtas vertingas jrankis, gebantis atsakyti j klausimus apie
nuosédy pernasos mechanizmus Kursiy mariose neatliekant matavimy visame
baseine. Ateityje numatoma sujungti esama nuosédy pernasos modelj su kranto
linijos kaitos modeliu ar ekologiniu modeliu, siekiant sukurti jrankj detaliems
Baltijos jiiros ir tranzitiniy sistemy tyrimams. Ateityje taip pat biitina atlikti
papildomus in situ matavimus ir laboratorinius tyrimus, siekiant geriau suvok-
ti fizinius procesus sistemoje.
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