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Abstract

The cumulative doctoral dissertation is based on five peer-reviewed scientific pub-
lications and presents results of investigations of the evolution of coastal geomorphol-
ogy and sediment transport on the Baltic proper shores of Lithuania, focusing on the
effects of natural factors, anthropogenic pressures and single large-scale interventions
to beach dynamics. From 2014 to 2018, the Port of Klaipéda performed beach nour-
ishment to mitigate erosion, placing over 237,000 m?® of sand along the Melnragé and
Giruliai beaches. Analysis of sediment transport dynamics revealed extensive vari-
ability in post-nourishment alongshore sediment movement, influenced by local hy-
drodynamic conditions and hydro-technical structures, particularly the port jetties. A
shift in wind regime since 1992 has led to intensification of coastal erosion on both
the Curonian Spit and mainland coasts, resulting in significant morphological chang-
es. The results highlight the challenges of managing coastal erosion through sand
nourishment, with observations of rapid sediment relocation and localised effects. To
address knowledge gaps and improve coastal management practices, a new environ-
mental alert system for timely maintenance solutions of the coastal zone is proposed
to integrate long- and short-term data for stakeholders. This research underscores the
need for a holistic approach and continuous monitoring to manage dynamic coastal
environments adaptively.

Keywords

Sediment transport, coastal erosion; beach nourishment; coastal management; Bal-
tic Sea; Port of Klaipéda; bathymetry change; cross-shore profile.



Reziumé

Disertacija parengta moksliniy straipsniy rinkinio pagrindu, remiantis penkio-
mis recenzuotomis mokslinémis publikacijomis, kuriose nagrin¢jama Lietuvos jiiros
kranto geomorfologijos ir neSmeny pernasos raida, daugiausia démesio skiriant gam-
tiniy veiksniy ir antropogeningés veiklos poveikiui. 2014-2018 metais Klaipédos uos-
tas émési paplidimiy stiprinimo kampanijos erozijai Svelninti — Melnragés ir Giruliy
papludimiuose iSpilta daugiau kaip 237 000 m* smelio. [Sanalizavus neSmeny perna-
Sos dinamika, paaiskéjo, kad isilgai kranto vyksta nepastovus nuosédinés medziagos
judéjimas. Siam procesui jtakos turi vietos hidrodinaminés salygos ir hidrotechniniai
statiniai, ypac¢ uosto molai. Nuo 1992 mety pasikeites véjo rezimas suintensyvino
kranto erozija tiek KurSiy nerijoje, tiek zemyninéje kranto dalyje. Pastaraisiais lai-
kotarpiais pastebimi reik§mingi morfologiniai pokyciai. Tyrime iSryskéja kranto ero-
zijos valdymo, naudojant smélio papildyma, i§§tkiai — pastebétas greitas nuosédinés
medziagos perskirstymas ir lokalus poveikis. Siekiant pasalinti ziniy spragas ir page-
rinti kranto valdymo praktika, sitiloma sukurti nauja, j suinteresuotas $alis nukreipta
sistema, kuri integruoty skirtus ilgalaikius ir trumpalaikius duomenis. Sis tyrimas pa-
brézia holistinio poziiirio ir nuolatinés stebésenos poreikj, siekiant adaptyviai valdyti
dinamiska kranto aplinka.

ReikSmingi ZodzZiai

Baltijos jiira; Klaipédos uostas; smélio papildymas; batimetrijos poky¢iai; skersi-
nis kranto profilis; nuosédy pernasos greitis; kranto erozija.
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Abbreviation Explanation
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1

Introduction

The favourite tale of every scientist or engineer working on sediment transport is
believed to have originated from a discussion between Albert Einstein and his eldest
son, Hans Albert Einstein, more than 70 years ago (Nelson, 1999). Hans informed his
dad of his plans to study the mechanics of sediment transport. Albert advised his son
not to seek a degree in this subject since, in his opinion, sediment transport is so chal-
lenging that it is unsolvable (Nelson, 1999). Albert had done some work in this area,
particularly on impeded settling in sediment suspensions (Nelson, 1999). Like many
good sons before him, Hans disregarded this advice and made his way into the group
of prominent scientists who contributed to establishing modern sediment transport
theory and practice (Nelson, 1999).

Sediment transport is a critical factor in understanding coastal environments, par-
ticularly sandy beaches, which may change extensively in time and space depending
on sediment sources and sinks, the depositional morphology and hydrodynamic behav-
iour of the region in which they are located (Eelsalu et al., 2022; George et al., 2019;
Quadrado and Goulart, 2020)being fundamental over sediment budget, and, so over the
dynamic balance of coastlines. This study determined the most adequate methodology
to estimate rates of non-cohesive sediments (from fine sand to gravel. A detailed under-
standing of nearshore physical processes is critical to the planning and implementation
of coastal development programs (Bain et al., 2021; McGill et al., 2022). The reason is

13



1. Introduction

that coastal geomorphology can be significantly affected by alongshore and cross-shore
sediment transport in the surf zone, resulting shoreline position changes, hydrometeo-
rological conditions, and various human activities in the coastal area (Belibassakis and
Karathanasi, 2017; Brutsché et al., 2014; Wang et al., 2002).

The Baltic Sea coast is a prime example of how natural and anthropogenic factors
interact to shape coastal morphology. Its unique appearance is formed by the interac-
tion of sea and wind, leading to the creation of various coastal forms (Bitinas et al.,
2005, 2004; Jarmalavicius et al., 2017). The litho- and morphodynamic processes
that drive shoreline formation are influenced by aeolian (wind-related) processes on
land and hydrodynamic processes at sea (Burningham, 2006; Masselink et al., 2006;
Valiente et al., 2019).

By the end of the 20th century, the anthropogenic impact became an important fac-
tor influencing various coastal formation processes (Brown et al., 2017). The primary
factors influencing coastal evolution and requiring professional management include
intensification of storms, increased sand discharge from coastal zones, rising global
sea level, port development and dredging, and the expansion of recreational areas
(IPCC, 2022; Meier et al., 2021; Weisse et al., 2021). Therefore, under persistent
change and environmental pressure, management is the top priority in the coastal zone
(Brand et al., 2022; Herrera et al., 2010; Johnson et al., 2021).

Understanding the functioning of cross-shore profiles is essential for understand-
ing not only whether a beach is in equilibrium, but even more importantly for coastal
structure design and construction, and coastal protection strategy planning (Bain et al.,
2021; Bergillos et al., 2017; Gong et al., 2017). It is also needed in coastal models
for predicting beach dynamics (Esteves et al., 2009). Shoreline relocation is the most
commonly used indicator for assessing coastal erosion or accumulation. It could reflect
various causes, such as storms, changes in wind or wave regime, and human activities
(Almonacid-Caballer et al., 2016; Benkhattab et al., 2020; Hanslow, 2007). Monitoring
its features could help predict changes in morphodynamics in the coastal area.

The features of coastal morphodynamic processes—the interaction between bathym-
etry (seafloor topography) and hydrodynamics (movement of water)—Ilargely deter-
mine the volume distribution during sediment transport (Bain et al., 2021; Belibassakis
and Karathanasi, 2017). Bathymetry data are the most crucial input for analysing seabed
morphology and sedimentation patterns (Bezzi et al., 2021; Rosier et al., 2018; Sakhaee
and Khalili, 2021; Yutsis et al., 2014). Variations in the bathymetry can reveal and char-
acterise processes of seabed erosion or sedimentation (Guo et al., 2021).

The Baltic Sea is characterised by distinct geomorphic, hydrographic, and hydro-
dynamic features that influence the seafloor’s morphology and coastal zone dynamics
(Hoffmann and Lampe, 2007; Kaskela, 2017). Among the factors that impact the Bal-
tic Sea’s seabed, anthropogenic pressures are particularly significant. Key human ac-
tivities, such as port construction, dredging, installation of cables and pipelines, or the
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1. Introduction

development of nearshore and offshore renewable energy infrastructure, can induce
coastal erosion or alter the direction of underwater sediment transport, thereby often
adversely affecting specific regions of the Baltic Sea (Coelho et al., 2013). Therefore,
these risk factors must be carefully evaluated before undertaking any construction
activities (Aragonés et al., 2019; Coelho et al., 2013; Weisse et al., 2021).

Beach nourishment, which involves adding sediment to eroding beaches, is one
of the most effective yet complex methods to address coastal erosion (Regard et al.,
2023). Many factors, including local conditions, weather patterns, and human activity,
can influence its success (Brand et al., 2022). Nourishment projects can be imple-
mented on the subaerial beach or in the nearshore (Johnson et al., 2021). Dredged sed-
iment is frequently used for beneficial purposes when placed in the nearshore, form-
ing a sand bar or nearshore berm (Bain et al., 2021; Brutsché et al., 2014; Johnson et
al., 2021) that resembles a soft, submerged breakwater (Bain et al., 2021; Brutsché
et al., 2014). On many occasions, nearshore nourishment can use sediment dredged
from nearby navigation channels, subtidal bars, or offshore deposits while the beach
remains in use while the nourishment is taking place.

Alongshore sediment transport can redistribute sand after nearshore nourishment
in various ways, depending on the specific conditions of the coastal system (Brutsché
etal., 2014; McGill et al., 2022). The distribution of added sand can be influenced by
the direction and intensity of waves and currents and the beach’s and seafloor’s to-
pography and sediment characteristics (George et al., 2020; Wang, 2004; Work et al.,
2004). Specific outcomes can vary depending on many factors and local conditions
(Chowdhury and Behera, 2017; Kumar et al., 2017). Therefore, it is crucial for coastal
managers and engineers to consider these factors when implementing nourishment
projects to achieve the desired outcomes and avoid unintended consequences (John-
son et al., 2021; Kuang et al., 2019).

A comprehensive understanding of the variability of the behaviour of beaches over
entire cross-shore profile, encompassing both terrestrial and underwater components,
is essential for sustainable coastal management. This knowledge enables more precise
implementation of various coastal engineering operations: (i) coastal nourishment
(Cantasano et al., 2023; Jiménez and Sanchez-Arcilla, 1993; Kelpsaité-Rimkiené et
al., 2021); (i1) design of coastal protection structures (Aagaard et al., 2004; Aragonés
et al., 2019; Hinton and Nicholls, 1998; Kelpsaité-Rimkiené et al., 2021); (iii) coastal
sediment budget calculations (Aragonés et al., 2019; Coelho et al., 2013). Single re-
cords of cross-shore profiles and calculations based on their changes are vital tools
for assessing alongshore sediment transport rates and for developing and predicting
erosion and accretion volumes (van Rijn et al., 2003). While detecting changes in the
swash zone—the most dynamic part of the coastal profile—remains challenging, a
deeper understanding of sediment transport processes in the nearshore zone is crucial
(Héquette et al., 2001; Oo et al., 2022).
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1. Introduction

1.1. Aim and Objectives

The main aim of the thesis is twofold: (i) to comprehensively study sediment trans-
port dynamics as the central factor in south-eastern Baltic coastal sustainability by
examining its interactions with anthropogenic pressures, natural forces, and socio-
economic factors, and (ii) to develop a knowledge-sharing platform that prioritises
sediment transport knowledge to inform sustainable strategies and mitigate environ-
mental impact.

The following single objectives were addressed to realise this aim:

1. To evaluate the impact of anthropogenic pressure and natural factors on cross-

shore profile changes at sandy, high-energy coast on a country scale.

2. To analyse the impact of sediment transport on the shoreline dynamics in the
context of changing weather patterns and increased anthropogenic pressure on
a country scale.

3. To evaluate the core properties, spatial extent and time scale of local sand
relocation processes in a specific, partially sheltered location of low-energy
environment after nearshore nourishment using high-resolution data.

4. To use the collected data and results of their analysis to create architecture for
a systemic knowledge sharing platform that enables addressing the knowl-
edge gaps and determining thresholds that could limit activities or change the
course of short- and long-term strategies from local to regional scales.

The core research object is the dynamics of the entire shoreline of Lithuania driven
jointly by natural drivers and anthropogenic interventions. As the coast of Lithuania is
almost straight, this dynamic is apparently well represented by processes in represen-
tative coastal segments in the vicinity of major man-made structures. Thus, Paper I
and Paper II focus on coastal processes that occur within 10 km from the jetties of the
Klaipéda Strait, the most significant man-made structures in the area. To understand
the impact range and time scale of local anthropogenic interventions, the focus of
Paper I1I is zoomed into an about 5 km long coastal stretch to the north of Klaipéda.
The outcome of the analysis of these studies is consolidated and generalised for the
use in knowledge sharing platforms at local, regional or country scale in Paper IV
and Paper V.

1.2. Novelty

Coastal processes in the vicinity of the Lithuanian port city Klaipéda are anal-
ysed in detail with a focus on coastal sediment (re)distribution and associated near-
shore changes. The findings about the impact of highly localised beach nourishment
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1. Introduction

efforts, with significant sediment relocation even under mild wave conditions, offer
new insights into the challenges of managing coastal erosion and studying sediment
transport patterns. The observation that nourishment effects are limited in range and
heavily influenced by specific local conditions, such as proximity to jetties and pre-
dominant wave directions, highlights the need for adaptive and site-specific manage-
ment strategies. This nuanced understanding of post-nourishment dynamics is critical
for refining future coastal protection measures and ensuring their effectiveness.

The research uniquely identifies and quantifies the impact of (wind regime) shifts
in terms of wind direction on coastal erosion and sediment transport, linking these
changes with broader climatic trends observed since the early 1990s. Focusing on
the role of wind regime shifts, particularly the significant changes observed in 1992
and 2012, adds a novel dimension to understanding how climate change influences
coastal dynamics. By correlating these shifts with varying erosion rates and changes
in sediment distribution patterns, the study provides new evidence of direct impacts
of climate variability on coastal environments.

Establishing a knowledge-sharing platform through the EASTMOC (Environmen-
tal Alert System for Timely Maintenance sOlutions of the Coastal zone) system intro-
duces a novel mechanism for engaging stakeholders in the coastal management pro-
cess. The platform facilitates real-time data exchange and observations and enhances
collaboration among diverse stakeholders, including port authorities, safety admin-
istrations, and environmental agencies. This approach not only improves decision-
making but also fosters a more integrated and responsive management framework
tailored to the specific needs and challenges of the Lithuanian coastal zone.

1.3. Scientific and Applied Significance of the Results

The performed research of the evolution of coastal geomorphology and sediment
transport in the nearshore of Lithuania provides significant scientific insights and
practical applications that contribute to the broader understanding and management
of coastal dynamics. The findings have several important implications:

e The detailed analysis of sediment transport patterns and shoreline changes
offers critical insights into the complex interactions between natural drivers,
such as wind and hydrometeorological conditions, and anthropogenic pres-
sures like seaport activities. These findings contribute to the broader knowl-
edge of coastal geomorphology, particularly in regions where human activities
significantly impact natural processes.

e The study also explains the impact of wind direction changes and hydrody-
namic conditions on sediment (re)distribution, highlighting the importance of

17



1. Introduction

considering both short-term and long-term environmental changes in coastal
studies.

* The observed shifts in wind regime and their subsequent impact on coastal
erosion and sediment dynamics are crucial for understanding the implications
of climate change on coastal environments. The data indicating changes in
wind speed and direction provide valuable evidence for climate change stud-
ies, particularly in understanding how these shifts influence coastal erosion
and accumulation patterns.

* The proposed implementation of the EASTMOC system represents a novel
approach to integrating real-time monitoring with long-term observation data.
This methodological advancement addresses existing knowledge gaps and cre-
ates a framework for more comprehensive and adaptive coastal management,
potentially serving as a global model for similar coastal environments. The
development of the EASTMOC system, which facilitates real-time data shar-
ing and monitoring, will enable stakeholders to make more informed decisions
regarding coastal management and operations. This system can be particularly
beneficial for managing the complex interactions between natural coastal pro-
cesses and human activities, reducing the risk of unforeseen consequences and
enhancing coastal infrastructure resilience.

* The findings directly contribute to the efficacy of management of coastal ero-
sion, particularly in the context of the Port of Klaipéda’s beach nourishment
efforts. The research highlights the necessity for continuous monitoring and
adaptive management strategies to ensure the long-term success of nourish-
ment projects. These insights can be directly applied to optimise future nour-
ishment campaigns and other coastal protection measures, enhancing their ef-
fectiveness.

* Identifying critical knowledge gaps, particularly regarding sediment transport
in Baltic Sea, highlights areas where further research is needed. By pinpoint-
ing these gaps, the study sets the stage for future research initiatives that can
build on the existing findings, leading to a more comprehensive understanding
of coastal dynamics and more effective management strategies.

Overall, the results presented in this thesis have both scientific and practical signifi-
cance, advancing the understanding of coastal processes in Lithuania while providing
actionable insights for managing and protecting these vulnerable coastal environments.
Integrating scientific research with practical applications highlights the importance of
interdisciplinary methods in addressing complex environmental challenges.
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1. Introduction

1.4. Scientific Approvals

The author has presented the main results described in this thesis at the following
national and international conferences:

Oral presentations:

Sakurova, L., Kondra, V., Baltranaité, E., Kelpsaité-Rimkiené, L., 2021. Sandy
beach evolution under the climate change and increasing anthropogenic pressure:
eastern Baltic Sea case. Smart urban coastal sustainability days 2021: Interdisciplin-
ary approaches to the understanding of coastal systems (8-9 April 2021, La Rochelle,
France, online).

sakurova, L., Kondrat, V., Baltranaité, E., Kelpsaité-Rimkiené, L., 2022. Estima-
tion of longshore sediment transport: the case of Lithuania. European Geosciences
Union General Assembly 2022 (23—27 May 2022, Vienna, Austria, online).

§akur0va, I., Kondrat, V., Kelpsaité-Rimkieng, L., 2022. Assessment of under-
water slope change on the Lithuanian coast. Lithuanian Academy of Sciences confer-
ence Biofuture: perspectives for nature and life sciences (24 November 2022, Vilnius,
Lithuania).

Sakurova, I., Kondrat, V., Baltranaité, E., Vasiliauskiené, E., Kelpsaité-
Rimkiené, L., 2023. Jiros kranto kaitos vertinimas Lietuvos kranto zonoje. VII Na-
tional Conference “GEOGRAPHIA JUVENTA” (28 March 2023, Vilnius, Lithuania).

Poster presentations:

gakurova, L., Kondrat, V., Kelpsaité-Rimkiené, L., Baltranaité, E., Soomere, T.,
2020. Changes in coastal lithodynamical processes of semi-enclosed seas under chang-
ing climate: the case of Lithuania. Eurolag9 (20-24 January 2020, Venice, Italy).

Sakurova, I., Kondrat, V. Kelpsaité-Rimkiené, L., Baltranaité, E.,
Dabuleviciené, T., Soomere, T., 2020. Fluctuations in coastal lithodynamical pro-
cesses of semi-enclosed seas under changing climate: the case of Lithuania. Ocean
Science Meeting 2020 (16-21 February 2020, San Diego, USA).

Sakurova, I., Kondrat, V., Gardauske, V., Kelpsaité-Rimkiené, L., 2023. The in-
fluence of artificial nourishment on underwater profile. Baltic Sea Science Congress
2023 (21-25 August 2023, Helsinki, Finland).
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2

Materials and methods

This cumulative thesis is based on five peer—reviewed publications. The original publi-
cations were published during the Ph.D. research period and are provided in Annex 1.

2.1. Study Area

The intention in the thesis is to improve understanding and better characterise core
coastal processes in the entire shoreline of Lithuania (Figure 1). The analysis in Pa-
per I and Paper II focuses on about 20 km long coastal stretch centred at the Klaipéda
Strait and covering sections of the mainland coast and the Curonian Spit. This stretch
that covers almost 1/4 of the Lithuanian Baltic proper shoreline is assumed to be
representative of coastal dynamics under joint impact of natural drivers and anthropo-
genic activities. The analysis presented in Paper III focuses on the consequences of
a beach nourishment on the nearshore and dry beach of the mainland coast of Lithu-
ania part. The focus is on about 5 km long coastal stretch to the north of the Klaipéda
Strait. Paper IV and Paper V formulate the ideas of a prospective knowledge sharing
platform so that the outcome could be used at different spatial scales.
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Figure 1. The overview of the study site. ST1—Palanga Aviation meteorological station,
ST2—KIlaipéda meteorological station, ST3—Port of Klaipéda station (Paper I).

1 pav. Tyrimo vietos apzvalga. ST1-Palangos aviacijos meteorologijos stotis,
ST2—-Klaipédos meteorologijos stotis, ST3—Klaipédos uosto stotis (I straipsnis).

The Lithuanian coastal zone is a narrow strip of land extending along the Baltic
Sea’s eastern coast for approximately 90 km. It is characterised by a diverse landscape
of sandy beaches, dunes, wetlands, lagoons, and forests. The shoreline is relatively
straight and the nearshore land is gently sloping, with the highest points over many
dozens of meters reaching only a few meters above sea level (Bagdanaviciute et al.,
2012). Therefore, the properties of hydrometeorological drivers that impact the coast
and shape the shoreline, and beaches vary slowly along the entire coastline of Lithua-
nia. The sandy beaches are primarily located in the southern part of the coast along the
Curonian Spit, while coarser sand, rocky shores and cliffs are typical in the northern
part along the mainland of Lithuania (Bagdanaviciute et al., 2012). Thus, the reaction
of the beaches and other elements of the coastal system may substantially vary even
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under spatially almost homogeneous forcing. This coastal zone is an important eco-
logical and cultural landscape, supporting a rich diversity of plant and animal species
and human communities that rely on the sea for their livelihoods (Inacio et al., 2022;
Jurkus et al., 2021). It is a unique and valuable resource that requires careful manage-
ment to ensure sustainability (Baltranaite et al., 2021; Inacio et al., 2022).

The Lithuanian nearshore zone is fully open to the hydrometeorological drivers
from the Baltic proper. It is a complex and dynamic environment affected by waves,
currents, and weather conditions that evolves under the impact of relatively mild
wave climate (Bjorkqvist et al., 2018) and two systems of moderate and strong winds
(Soomere, 2003). South-western winds are the most frequent, whereas north-western
or north-north-western winds are less frequent but could be even stronger.

The coastal system has been historically adjusted to waves approaching from the
western directions having the greatest heights, reaching ~0.9 m on average, whereas
mean wave heights for waves approaching from the southern directions are ~0.6 m,
~0.5 m for waves approaching from the northern direction, and ~0.3 m for waves
approaching from the eastern direction. (Jakimavicius et al., 2018; Kelpsaite et al.,
2008). The predominant sediment transport along the Lithuanian coast is from the
south to the north, with a few temporary reversals on the annual scale (Viska and
Soomere, 2013). Consistently with the above remarks, the segments of coasts at dif-
ferent sides of the the Klaipéda Strait respond differently to the drivers. While the
shores of the Curonian Spit to the south of Klaipéda are generally stable (Bitinas et
al., 2005), erosion usually predominates on the mainland coast north of the Klaipéda
Strait (Bitinas et al., 2005; Viska and Soomere, 2013).

To preserve the beaches in this coastal area, beach nourishment has become a fre-
quent and effective erosion mitigation method in Lithuania. For example, in the resort
town of Palanga, beach nourishment has been used to widen the beach and provide
additional recreational space (Kelpsaité-Rimkiené et al., 2021; Pupienis et al., 2014).
However, this coastal management tool was utilised for the first time in the impact
zone of jetties of the Port of Klaipéda. A detailed analysis of this intervention is used
to understand how hydrodynamic drivers relocate sediment immediately after nour-
ishment in Paper III.

The Port of Klaipéda is the largest and busiest port in Lithuania (Zilinskas et al.,
2020). It is an important hub for international trade and commerce, serving as a gate-
way to the Baltic States and the wider region (Inacio et al., 2022). Its jetties extend to
depths that are clearly larger than closure depth (~6 m) in this region (Soomere et al.,
2017) and thus almost entirely stop wave-driven sediment alongshore transport. The
presence of these massive structures thus creates a sediment deficit in the downdrift
direction of alongshore sediment flux. A beach or nearshore nourishment is a natural
way to restore sediment balance in the affected area north of the jetties.
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The Klaipéda Strait divides the Lithuanian Baltic Sea coast into two geomorpho-
logically different parts — coastal segments of the mainland and the Curonian Spit
(Bitinas et al., 2005). The Curonian Spit coast represents an accumulative environ-
ment consisting entirely of sandy sediments (Bitinas et al., 2005). On the contrary, the
mainland coast is geomorphologically diverse, representing mostly erosive processes
on the beach and in the nearshore (Bitinas et al., 2005). The Lithuanian mainland
coast’s northern section is dominated by fine-grained sand (grain size 0.25-0.1 mm).
The southern and central parts are dominated by medium-grained (0.5-0.25 mm) and
coarse-grained (1-2.5 mm) sand (Bitinas et al., 2005).

2.2. Cross—Shore Profile and Shoreline Evolution (Paper I, IT)

Cross-shore profiles within the study area in Papers I and II were measured from
the shoreline to the dune crest, with a total of 40 profiles taken at 500 m intervals.
Data collection in 2019-2022 was performed using an Emlid Reach RS+ RTK GNSS
receiver, which provides centimetre—level precision, and a dual-band GPS receiver
(Table 1). Additionally, cross-shore profile data from the Lithuanian Geological Sur-
vey, spanning the years 1993 to 2022, were utilised (Table 1). The collected profile
data were used to calculate sediment volume changes by applying the following equa-
tion (Guillot et al., 2018):

p=1(SD)
v == e)
where p is the sequential number of the cross—shore profile, # is the total number of
such profiles along the coastal segment in questions, S is (seabed or dry beach) sur-
face height, / represents extrapolation between two neighbouring profiles, and L is
the distance between the profiles, used here to normalise the estimates of changes to
reach the output of Eq. (1) in terms of volume changes in m*/m, equivalently, per unit
of the shoreline.
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Table 1. Variables used in this research.

1 lentelé. Siame tyrime naudoti kintamieji.

Variables Data source Time scale Details Paper
Wind speed, Lithuanian Hy- 1960-2019 | The data were collected us- | II, IV, V
m/s drometeorological ing meteorological instru-

Service under the ments, in line with the State
Minist?'y of Environ- 19932022 Environmental Monitoring m
ment; the Palanga Programme approved by >~ > " |
Wind direction, |  Aviation Meteoro- | 1960-2019 | the Government of the Re- | IL IV, V
degrees logical Station 1993-2022 | public of Lithuania (2024- | 1,1V, V
06-27 Nr. 2024-11746).
Wave height, m | Marine Environment | 1993-2022 The data were collected LIV,V
Assessment Division using oceanographic instru-
Wave direc- of the Environmental | 1993-2022 | ments, in line with the State | 1, IV, V
tion, degrees Protection Agency; Environmental Monitoring
the Port of Klaipéda Programme approved by
administration the Government of the Re-
Water level, cm | Marine Environment 2022 public of Lithuania (2024- 111
Assessment Division 06-27 Nr. 2024-11746).
of the Environmental
Protection Agency
Sediment The Lithuanian Geo- | 1993-2003 | Data were collected in line | I, IV, V
(grain size) logical with the Lithuanian Geo-
Survey logical Survey methodol-
Sampling campaign | 2003-2022 | 0gY at 3 points in every
cross-shore profile.
Cross-shore Geological atlas of | 1993-2003 | The data were used for val- I
profile the Lithuanian coast idation and interpolation.
of the Baltic Sea
(2004)
Depth, m The Port of Klaipéda | 1993-2022 | Collected with a Kongs- | I, III, 1V,
administration berg EM2040C multibeam Vv
echo sounder (Kongsberg
Gruppen ASA, Norway),
following International
Hydrographic Organization
Standards for Hydrographic
Surveys (IHO, 2020).
Sampling campaign June to Collected using a 3-fre- | I, III, 1V,
October quency Deeper Smart v
2022 Sonar CHIRP+ 2 (Deeper-

sonar, 2024).
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Variables Data source Time scale Details Paper

Aerial maps Lithuanian National | 1984, 1990 All shoreline position 1L IV,V

Land Service under changes were determined

the Ministry of Agri- using the available high

It 1:10,000) carto-
Orthophotos cutture 1995, 2005 | ceuracy (1:10,000) carto- 7, %15
graphic data.

Survey datas- 2010, The shoreline position was | 11, IV, V
ets from GPS 2015, established at the middle of
determined 2019-2022 | the swash zone by an Em-
shoreline posi- lid Reach RS+ RTK GNSS
tions receiver with centimeter

precision and a dual-band
GPS receiver, Leica 900.

Time series of shoreline positions from 1993 to 2022 were determined using aer-
ial maps, orthophotos, and GPS-based survey datasets (Table 1). A dual-band “Leica
900” GPS receiver was used to measure the shoreline location in the middle of the
swash zone. Historical shoreline positions were recorded at 25 m intervals along 800
transects. The changes in shoreline positions were analysed using the Digital Shore-
line Analysis System (DSAS) v. 5.0 (Himmelstoss et al., 2018), an ArcGIS (Esri,
2023) extension developed by the United States Geological Survey (USGS). Analysis
of long—term shoreline changes revealed that the long—lasting processes responsible
for shaping and balancing the shoreline have intensified due to the human impact of
port reconstruction.

Three types of errors related to shoreline positioning and detection were calculated
(Crowell et al., 1993) to evaluate shoreline changes using data from different sources
and time periods (Table 1):

1) for the aerial photo charts

Ut=JE3+E§+E5+EEC+Eg, 2)

2) for the orthophotos

Ut=JE3+E§+E5+E3+Eg, 3)
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3) for the GPS survey data
Ut=VE5?+ECg, (4)

where E_ stands for the inaccuracy of representation of sea level fluctuations, £, ex-
presses digitisation inaccuracy (often called digitisation error), E is a similar inac-
curacy of pixelisation of data (often called pixel error), E_represents shoreline line
detection or resolution errors, £, are T-sheets plotting errors, and is rectification error.

2.3. Beach Sediment Sampling and Processing (Paper I)

Historical sediment data from 1993 to 2003 (Table 1) were sourced from the Lithu-
anian Geological Survey (Bitinas et al., 2004). For the period from 2003 to 2019 (Table
1), sediment samples were collected by team of Physical Geography and Oceanography
Department at Klaipéda University, and from 2019 to 2022 by the authors of Paper I,
following the Lithuanian Geological Survey’s methodology at three specific locations
within each cross-shore profile: the dynamic shoreline, the mid-beach, and the foredune.
These samples were then processed in the laboratory using a series of 19 sieves with the
following size fractions: >2500 pm; 2500-2000 pm; 2000-1600 pm; 1600-1250 um;
1250-1000 pm; 1000-800 pm; 800—630 pwm; 630-500 pm; 500400 pum; 400-315 pm;
315-250 pm; 250-200 pm; 200-160 pm; 160—-125 um; 125-100 pm; 100-80 pm; 80—
63 um; 63—50 um; <50 um. This large set of sieves makes it possibly to quantify a large
range of sediment fractions, from silt (<50 um) to very fine gravel (2500-2000 pm)
while all fractions with >2500 pm are considered as gravel. The resulting data were ana-
lysed using the GRADISTAT add-in for Excel (Blott and Pye, 2001)however, be a labo-
rious process. A computer program called GRADISTAT has been written for the rapid
analysis of grain size statistics from any of the standard measuring techniques, such as
sieving and laser granulometry. Mean, mode, sorting, skewness and other statistics are
calculated arithmetically and geometrically (in metric units, which employs the Udden
(Udden, 1914) and Wentworth (Wentworth, 1922) sediment size classification scales to
determine the grain size distribution and sediment characteristics.

This thesis used the historical grain size data until 2003 alongside the classification
provided by the Lithuanian Geological Survey while the classification based on Ud-
den (1914) and Wentworth (1922) was used starting from 2004. In order to ensure data
integrity and comparability between the two classifications, adjustment was made
to align with the following grain size categories: 2500-2000 um: very fine gravel;
2000-1000 pm: very coarse sand; 1000—500 um: coarse sand; 500-250 um: medium
sand; 250—100 um: fine sand; 100-50 pm: very fine sand; <50 um: silt.
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2.4. Bathymetric Survey Data

Bathymetric data for the period 1993-2022 (Table 1) were obtained from three
sources: (1) The data set from the Port of Klaipéda administration covers the near-
shore of the Port of Klaipéda access area with a 0.5 m resolution and extends to the
north and south from the jetties ~5 km. (2) The data set from the Lithuanian Geo-
logical Survey covers the entire coast of Lithuania with a 1.5 m resolution. These
data sets were collected using a Kongsberg EM2040C multibeam echo sounder in
accordance with the International Hydrographic Organization>s Standards for Hydro-
graphic Surveys (S-44) (Paper I, I1I). Depth data were processed with Hypack Max
(HYSWEEP), a specialised hydrographic data recording and processing software. (3)
Nearshore bathymetry data for a coastal segment to the north of the Klaipéda Strait
were collected on 24 June 2022, prior to the beach nourishment at Klaipéda, and on
01 October 2022, several months after the nourishment campaign (Paper III), using
a 3-frequency Deeper Sonar. Seabed elevation measurements were conducted along
10 cross-shore transects every 500 m. These transects extended from the shoreline
to approximately 6 m deep water and covered about 5 km long coastal segment to
the north of the northern jetty. All these data have inaccuracies of a few centimetres,
which is much smaller than the typical amplitudes of fluctuations of seabed height
over a few days.

To represent the surface morphology, a triangular irregular network (TIN) was
created in Global Mapper 2022 (Marbel, 2019) using data from a point cloud dataset.
This method joins three-dimensional (3D) point features (x, y, z) into a network of
triangles. The software then interpolated over the triangular faces, using the feature el-
evation and slope values to create an elevation grid layer. The digital elevation model
(DEM) (Hell, 2011; James et al., 2012) was then developed and used to create a bathy-
metric surface to calculate volume by comparing surface grids from different periods.
The Path Profile tool in Global Mapper 2022 (Marbel, 2019) generated a cross-section
of the analysed surface to more accurately assess bathymetric features and seabed
elevation changes. Elevation changes were calculated in 114 approximated profiles
every 25 m along the studied coast. The total sediment transport rate per unit length of
the coastline at a particular location x, of a profile between any two time instants (A?)
is calculated as follows (Baldock et al., 2011, 2010):

*n AZb
Q) = Q) — [ (1= p2dx, ©)

Xn—-1

where O(x ) is the integral volume of sediment transport (m?/s) at position 7, z, is
the difference in the bed elevation between measurement intervals (mm).
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The bulk cross-shore sediment transport () across the profile between two time
instants was calculated by integrating the local transported volume across the profile
as follows:

0 = At f maxQ(x)dx . (6)

Xmin

The quantity () represents the amount of sediment moved either shoreward (posi-
tive values) or offshore (negative values) along a particular profile. This measure has
been used to categorise the overall beach response as erosive (@ < 0), accretionary
(Q > 0) or stable (Q ~ 0) .An alternative (normalised) parameter that considers the
width of the beach or a beach segment in a particular location is Q/(Xpmax — Xmin)
where Xpqx — Xmin 18 the width of the active beach profile. This quantity provides
the mean volume of sediment moved per unit profile length.

The depth of closure £, refers to the seaward limit of profile variability over long-term
(seasonal or multi-year) time scales. Hallermeier (1981, 1978) devised the first rational
method for evaluating closure depth based on evidence from the field and laboratory.
Hallermeier (1981) established this depth as a threshold, deeper to which waves do not
systematically shape the seabed and usually do not excite systematic sediment motion.
His estimate is based on properties of the most intense waves. The effective wave period
T and effective significant wave height /, that govern the closure depth were calculated
using H, that was exceeded only 12 hours annually, or 0.14 percent of the time, and the
associated periods 7. The following equation approximates the depth of closure:

HZ
h, = 2.28H, — 68.5 77) @)

We applied the following approximations:
H, =H + 5.60y , (8)
h. = 2H + 110y , )

where g ~ 9.81 m/s? is acceleration due to gravity, H is the annual mean significant
height and 0y is the annual wave height standard deviation. Also, h, = 1.57 H,
provides a first approximation of the closure depth (Soomere et al., 2017).
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2.5. Hydrometeorological Data

The hydrometeorological data, including 10-minute mean wind speed (m/s) and
direction (degrees) from 1993 to 2021, as well as mean wave height (m) and wave
propagation direction (degrees) from 1993 to 2019, were utilised in Paper I and pro-
cessed using Origin Pro 2021 software (OriginLab, 2021) for statistical analysis and
visualisation. These datasets were sourced from several institutions, including the
Marine Environment Assessment Division of the Environmental Protection Agency
(MEAD EPA), the Lithuanian Hydrometeorological Service under the Ministry of En-
vironment (LHS), Palanga Aviation Meteorological Station, and the Port of Klaipéda
administration.

The data were collected at various stations in the city of Klaipéda, Palanga, and the
Port of Klaipéda area. The wind speed data were generally recorded with an accuracy
of £0.5 m/s or better. Wind direction was recorded in the 16-rhumb system (that is,
with a step of 22.5°) until about 1992 and with a step of 10° or better since then. The
Klaipéda meteorological station, situated near the jetties of the Port of Klaipéda, is
located at an elevation of 6.2 m above sea level. It is surrounded by constructions,
lacking direct access to the Baltic Sea, and thus only partially reflect offshore meteo-
rological conditions. However, the timing and nature (e.g., increase or decrease) of
regime shifts in time series of meteorological parameters are adequately reflected in
such data sets.

The meteorological data (annual mean wind speed and direction) in 1960-2019
(Table 1) was analysed to detect the regime shifts in wind properties, with focus on
wind directions in Paper II. The meteorological data were acquired from EPA and
derived from the Klaipéda coastal meteorological station under the Lithuanian Min-
istry of Environment)s environmental monitoring program. The program has been
prepared in accordance with EU legislation, primarily the Water Framework Directive
(2000/60/EC), the Ambient Air Quality Directive (2008/50/EC), and other relevant
directives and regulations.

A STAR (Sequential #-test Analysis of Regime Shifts) algorithm was applied to
determine regime shifts in the analysed time series (https://www.beringclimate.noaa.
gov/, accessed 10 October 2021). The algorithm was built upon a sequential #-test that
can signal the possibility of a real-time regime shift (Rodionov, 2004). The algorithm
can process the data regardless of whether it is presented in terms of anomalies (devia-
tions from the mean) or as raw time series. It can automatically calculate regime shifts
in large sets of variables (Rodionov and Overland, 2005; Rodionov, 2004). For this
study, the following set of input parameters were used: cutoff length (/) was set to 10
years and Hubert’s weight parameter was set to 1. This parameter is used to determine
the weight of outliers by calculating the average values of the regime shift. The con-
fidence level was set to 0.1.
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The hydrometeorological data (wind speed (m/s) and direction (°), water level
(cm), and wave height (m)) for 2022 were obtained from the MEAD EPA and the LHS
(Paper III). According to the LHS, measurements of wind properties are conducted
at three-hour intervals and presented as averaged values in observation stations. Auto-
mated measurement stations provide hourly average values of wind data. Wind speed
data provided by the LHS is measured with accuracy of £0.5 m/s. The MEAD EPA
records hydrometeorological data using automated measurement stations. The results
of all measured parameters including wave height and period, as well as sea level are
recorded every 10 minutes and presented as average values over this interval. The ac-
curacy of measured wave height and sea level is £0.1 m and +1-4 cm.
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3

Results and discussion

The information presented comprises the most relevant fragments of results and
discussion to support the conclusions. It is covered by five publications included in
the thesis.

Paper I presents and analyses data on the evolution of coastal geomorphology of
the Baltic Proper shores of Lithuania under joint influence by anthropogenic pres-
sures, such as tourism and seaport activities, and natural factors like (changes in)
hydrometeorological conditions. Coastal erosion on the coast of the mainland of Lith-
uania is associated with local hydrodynamic conditions and hydro-technical construc-
tions, mostly seaport jetties. Sediment flow patterns along the Curonian Spit and the
Lithuanian mainland coast are governed by the prevailing wave directions. These in
turn largely follow the predominant wind directions.

The orientation of the shoreline is from the south to the north along the Curonian
Spit and the Lithuanian mainland coast. The sediment flow is predominantly to the
north. This pattern substantially affects sediment budget northwards of Klaipéda (Fig-
ure 2). The jetties of the port almost entirely stop alongshore sediment transport and
thus erosion is expected at some distance to the north of these jetties. Accumulation is
the predominant coastal process on the Curonian Spit coast, while erosion prevails on
the mainland coast (Figure 2).
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Figure 2. Elevation changes of the coastal zone on the Curonian Spit (A) and the mainland
(B) coasts (Paper I).

2 pav. Auksciy pokyciai Kursiy nerijos (A) ir Zemyninés (B) karnto zony dalyje (I straipsnis).

To manage and restore coastal segments affected by erosion, the Port of Klaipéda
initiated a beach nourishment campaign from 2014 to 2018. During this initiative,
237.78 x 10° m? of sand was placed in the nearshore of Melnragé and Giruliai beach-
es. The grain size distribution is a natural result of sediment transport processes, main-
ly related to the effects of erosion and accumulation. During the study period from
2003-2022, the grain size of sediment on the mainland coast became slightly finer
and more evenly distributed (Figure 3), possibly due to the beach replenishment. In
contrast, sediment became coarser on the Curonian Spit coast during this time.
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Figure 3. Grain size composition of surface sediment (%) at profiles from Karkle, Giruliai,
Melnrage I, Smiltyné I, and Smiltyné II. The columns indicate the situation at a) the dynamic
shoreline, b) mid-beach, and c) foredune. The data reflect samples in 2003 (red line),
2012 (orange line), and 2022 (yellow line) years (Paper I).

3 pav. Granulometriné nuosédinés medziagos sudétis Karkléje, Giruliuose, Melnragéje 1,
Smiltynéje I ir Smiltynéje 1, kur a) dinaminé kranto linija, b) papltidimio vidurys ir
¢) apsauginio kopagtbrio papédé, 2003 (raudona), 2012 (oranziné), ir 2022 (geltona) metais
(I straipsnis).

The regime shift in wind direction (Figure 4; Paper II) naturally translates into
morphological changes in the coastal zone, with winter erosion and summer accretion
occurring in the Lithuanian coastal zone. The shift in hydrometeorological conditions
could change the predominant sediment transport intensity and even direction, pos-
sibly leading to major changes in the location of erosion and accumulation processes.
An increase in the frequency of wind speeds in the range of 2—4 m/s and 4-6 m/s
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occurred during the study period (Paper I). These wind conditions have significant
impact on the hydrodynamic processes that determine coastal development and geo-
morphology. Waves excited by lower wind speeds continuously affect the shore, lead-
ing to a slow shore regeneration process as described in (Eelsalu et al., 2022).

The findings of this study align with previous research on shoreline changes and
sediment dynamics (Paper II). Morphological changes to a sandy beach often occur
rapidly as a response to changes in the properties of the forcing, such as wind direction
or speed, wave climate, or sea level regime. In the Baltic Sea, climate change becomes
evident inter alia in changes in several properties of the wind (and associated wave)
climate, which can alter the magnitude and predominant direction of alongshore sedi-
ment transport (Soomere et al., 2015).

Average wind direction is the simplest property that can be used to detect varia-
tions in the directional structure of wind properties. It is commonly understood as
the direction of the vector sum of all recorded wind properties expressed as vectors
(speed and direction). In essence, this direction and speed express so-called average
air flow direction and speed used, e.g., in (Soomere et al., 2015) to detect regime shifts
in geostrophic air flow in the entire Baltic Sea and in (Keevallik and Soomere, 2014)
to detect similar shifts in surface-level wind properties in the Gulf of Finland region.
As the Baltic Sea wind climate is substantially anisotropic, with most winds blowing
from the western directions, this concept (that is meaningless in isotropic wind cli-
mates) is applicable in this region.

A major change in the directional structure of winds occurred in 1992. As its mag-
nitude is about 30°, it is unlikely that it stems from a change in the measurement
routine and/or directional resolution from the 16 rthumb system (22.5°) to a higher
resolution. Another, less obvious and apparently temporary shift is evident in the av-
erage wind direction in 2012. These shifts have eventually caused significant chang-
es in coastal processes and evolution. Shifts in wind direction (Figure 4) coincide
with changes in properties of coastal erosion on both the Curonian Spit and mainland
coasts. The shoreline predominantly experienced a shift towards the sea in the 19th
century on both the Curonian Spit and the mainland coast of Lithuania. The rate of
erosion on this coast was 4.57 + 0.09 m/year in 1990-1995 and 4.24 + 0.12 m/year in
2015-2019 (Paper II).
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Figure 4. A shift in the annual average wind direction in Klaipéda in 1960-2019 (Paper II).

4 pav. Véjo krypties rezimo pokytis (vidutiné metiné reikSme) Klaipédoje 1960-2019 metais
(I straipsnis).

These tendencies and patterns are crucial for sustainable coastal management. One
of the coastal management methods actively used in Lithuanian coastal areas is nour-
ishment. The effectiveness of nourishment, properties of post-nourishment processes
and potential implications on coastal erosion management of one of such campaigns
are addressed in Paper III. On 29 June 2022, a dredging campaign in the Klaipéda
Strait entrance channel started. The dredged material was first tested to see if it met
the required physical and chemical properties (Filipkowska et al., 2011; Staniszewska
and Boniecka, 2017) and then placed in the proximity of the northern jetty (Figure 5).
About 180,000 m*® of compliant sand was pumped there to form a 700-750 m long
underwater bar about 120 m from the shore in the area where the depth before nour-
ishment was 2—-3.5 m (Port of Klaipéda, 2024).

The findings highlight several critical aspects of post-nourishment sediment dy-
namics. The added sand exhibited significant relocation, even under mild wave con-
ditions. Specifically, around Profile 1, approximately 10,000 m?® of sediment was re-
located, and around Profile 2, about 5,000 m* (Figure 5). Interestingly, notable rapid
reshaping occurred within just six weeks under wave conditions that were much mild-
er than average. This unexpected finding underscores the dynamic nature of sediment
transport in the study area and its challenges for coastal management.
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Figure 5. Changes in seabed elevation at the study site nearshore during the study period
from 24 June 2024 to 01 October 2024 (Paper III).

5 pav. Kranto povandeninio $laito pokyc¢iai tiriamosios vietos priekrantéje tiriamuoju
laikotarpiu nuo 2024-06-24 iki 2024—10-01 (III straipsnis).

The direction of alongshore sediment transport was highly variable. The observed
transport was mainly to the south near Profile 1 and to the north near Profile 2 (Figure
5 and 6). This variability is likely governed by the proximity to the jetties of the Port
of Klaipéda, which affect local hydrodynamic loads by sheltering the southernmost
part of the nourished beach against waves from the south-west. Such extensive vari-
ability complicates predictions and requires adaptive management strategies to ac-
count for specific local conditions.
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Figure 6. Comparison of seabed elevation along nearshore profiles (left column) and net se-
diment transport rate (right column) at profiles 1 to 5 (see Figure 5 for locations) (Paper III).

6 pav. Auksciy poky¢iai (kair¢je) ir nuosédinés medziagos transporto greitis (desinéje) profi-
liuose nuo 1 iki 5 (zr. 5 pav.) (III straipsnis).
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The range of sediment relocation was relatively limited, with little to no impact ob-
served at longer distances from the nourished beach on Profiles 3, 4, and 5 (Figure 5 and
6). This feature suggests that the nourishment effects are highly localised and possibly
influenced by specific wave directions, which, in this case, were dominated by western
winds and the presence of the jetties. This localised impact indicates that while nourish-
ment can be effective in targeted areas, its broader influence may be restricted.

The analysis in Paper III observed typical sediment transport patterns, including
offshore transport along profiles where sand was added and a combination of offshore
erosion with onshore transport in other areas. These patterns indicate that it will take
longer time than a few weeks for the nourished profiles to achieve equilibrium. This
feature demonstrates the need for continuous monitoring and adjustment.

During the study period, a notably low sea level event occurred, particularly from
06 to 11 September 2022 (Figure 7). This sea level drop and prevailing wind patterns
from the south-east to the south-west significantly influenced sediment dispersion as
even small waves reached dumped sands in locations that are impacted only by higher
or longer waves under average water level (Eelsalu et al., 2022). Most of sediment
transport under the wind and sea level conditions during the survey occurred in the
cross-shore direction while the nourishment’s alongshore effects were quite limited.
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Figure 7. Sea level (cm, 500 cm corresponds to the long-term average) during the year 2022
with the highlighted survey dates (Paper III).

7 pav. Juros lygis (cm, atitinka daugiametj 500 cm vidurkj) 2022 m. su pazymétomis tyrimy
datomis (III straipsnis).
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3. Results and discussion

The results indicate that comprehensive measurements are essential to understand
the broader impacts of nourishment on more distant coastal segments and to refine
management strategies accordingly. Such research would provide a more holistic un-
derstanding of the effects of nourishment and improve coastal management practices.
Overall, the study emphasises that while beach nourishment can be a valuable tool
in managing coastal erosion, its success depends on careful consideration of local
conditions, continuous monitoring, and adaptive management to address the dynamic
nature of coastal environments.

The gathered data and implemented research led to the idea of developing a system
that addresses the knowledge gaps, creates a knowledge-sharing platform and deter-
mines thresholds that could limit activities or change the course of short- and long-
term strategies (Paper IV and Paper V). As hydrometeorological data alone cannot
explain current changes, a holistic approach and modelling are needed to ensure that
decision-makers operating in the Klaipéda coastal zone are well-informed about the
causation of coastal dynamics. The development of the EASTMOC system (Figure 8)
results from this collaboration, where stakeholders are the initiators.
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Figure 8. Conceptual diagram of the EASTMOC system (Paper V).

8 pav. EASTMOC sistemos koncepciné schema (IV straipsnis).

A knowledge gap exists regarding alongshore and cross-shore sediment transport

in the Baltic Sea. This area requires funding and technical solutions for research. A pi-
lot study was conducted with ten selected stakeholders, including the Port of Klaipéda

41



3. Results and discussion

Authority, SC “Smiltynés perkéla”, and the Lithuanian Transport Safety Administra-
tion. The most relevant data on natural factors used for day-to-day operations and
future plans included beach width, underwater slope, shoreline position, significant
wave height and direction, wind speed and direction, current speed and direction, ice
cover, and visibility.

Critical gaps were identified as nearshore bathymetry, hydrological data of riv-
ers and the Curonian lagoon, and easy access to real-time hydrometeorological data.
Stakeholders’ activities depend on different variables and the nature and scale of their
operations. For example, monitoring operations and shipping of small vessels in the
nearshore area can be limited at a wind speed of 7 m/s and a wave height of above
1.5 m. Shoreline position is the most commonly used indicator for assessing coastal
erosion or accumulation processes (Bagdanaviciute et al., 2012) and is important for
long-term planning.

The net shoreline movement analysis from 1993 to 2022 revealed that 39% of the
shoreline was experiencing erosion, 34% showed accumulation, and 26.5% remained
stable within an uncertainty range of +5.02 m (Figure 9). A comparison of shoreline
changes in time periods of 1993-2003 and 2003-2022 indicated that the length of
the eroded coastal area increased by 4.4 times, from 2.73 km to 11.90 km. Notably,
significant coastal erosion, up to 51.95 m, was observed in a coastal segment to the
north of the jetties of the Port of Klaipeda (Figure 9). Such analysis could reach broad
society of stakeholders and locals once put in the proposed system.

The gathered data supports the need for timely knowledge sharing. It was con-
cluded that while catering to select stakeholders and providing monitoring data and
personalised alerts is possible, the datasets need to be continuously updated.

In order to support the idea of the study, an automated system and timely data
input are needed. The EASTMOC system, a short insight into which is provided in
Paper V, aims to create a link between long- and short-term observation and moni-
toring data to stakeholders (wind speed and direction, wave direction and significant
height, water and air temperature, atmospheric pressure, sediment size and distribu-
tion, cross—shore elevation, shoreline position, beach width, change in beach protec-
tion measures, beach wreck, and marine debris management). In general, applying
systems thinking and integrated modelling methods can significantly improve our
understanding of complex systems and support the development of more effective and
sustainable management strategies.
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Figure 9. a) Transect positions along the study area, b) net shoreline movement (m) during
1993-2003 and 2003-2022 along the study area, and ¢) elevation change for 1993-2003 and
2003-2022, including underwater and onshore parts on both the Curonian Spit (A) and main-

land (B) coasts (Adapted from Kondrat et al., 2023 and Sakurova et al., 2023) (Paper IV).

9 pav. a) transekty padétis iSilgai tiriamos teritorijos, b) kranto linijos kismas (m) 1993-2003
m. ir 2003-2022 m. i8ilgai tiriamos teritorijos ir ¢) auks¢io pokytis 1993—-2003 m. ir 2003—
2022 m., jskaitant povandening ir sausumos dalis tick Kursiy nerijos (A), tick Zemyninéje
(B) dalyse (adaptuota pagal Kondrat et al., 2023 ir Sakurova et al., 2023) (IV straipsnis).
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4

Conclusions and recommendations

The bathymetric data and cross-shore profiles were used to calculate seabed
height changes and variations in the underwater and dry beach sediment vol-
ume. The sediment loss on the shores of the Curonian Spit and mainland coasts
of Lithuania increased after the Port of Klaipéda reconstruction. The estimated
net sediment loss was about 1,5 million m’. The rate of sediment loss de-
creased on the Curonian Spit coast, indicating that hydro-technical structures
influence sediment flow along the coast. This process was accompanied with
steepening of underwater parts of beach profiles near jetties at the entrance
of the Klaipéda Strait. This feature signals that more wave energy reached
the shore under the existing climate conditions. Recreational activities in the
coastal zone are not directly affected by these changes until the sandy beach
persists but are highly dependent on planners’ decisions. The study emphasises
the need to monitor sediment dynamics to provide customised coastal manage-
ment methods.

The northern part of the coast exhibits more intense erosion, and the eroding
coast length increased three times. Short-term shoreline changes are associ-
ated with wind direction and the effect of dredging works. The research also
identified the part of the mainland coast that exhibits other properties, such as
accumulation.
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4. Conclusions and recommendations

The results indicate that comprehensive measurements are essential to under-
stand the broader impacts of nourishment on more distant coastal segment and
to refine management strategies accordingly. Such research would provide a
more holistic understanding of the effects of nourishment and improve coastal
management practices. Overall, the study emphasises that while beach nour-
ishment can be a valuable tool in managing coastal erosion, its success de-
pends on careful consideration of local conditions, continuous monitoring, and
adaptive management to address the dynamic nature of coastal environments.
The pilot research and the determined thresholds demonstrated the necessi-
ty of an environmental notification system. The stakeholder effort has also
highlighted the coastal region’s traits and characteristics that require closer
monitoring. Their involvement ensures that a working system is feasible. The
development of an environmental notification system highlighted important
differences between the two segments of the study region — the mainland coast
and the Curonian Spit coast. Along with different geomorphologies, the two
regions also have different access points, social and economic values, and
uses. A natural conjecture is that each assessment of them in the system should
use a different data set.
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Santrauka

IVADAS

Manoma, kad zZymiausia istorija cituojama tarp, neSmeny pernasos tema dirbanciy,
mokslininky ar inzinieriy kilo i§ Alberto Einsteino ir jo vyresniojo stinaus Hanso Al-
berto Einsteino diskusijos, vykusios daugiau nei pries 70 mety (Nelson, 1999). H. A.
Einsteinas informavo téva apie savo planus tirti neSmeny pernasos dinamika. A. Eins-
teinas pataré stnui nesiekti akademinio laipsnio §ia tema, nes, jo nuomone, neSmeny
pernasa tokia sudétinga, kad jos nejmanoma iSspresti (Nelson, 1999). A. Einsteinas
tai pat dirbo $ioje srityje, jis doméjosi suspenduotos medziagos nusédimo greiciais
(Nelson, 1999). Kaip ir daugelis stiny pries jj, Hansas nepaisé tévo patarimo ir pateko
1 zymiy mokslininky, prisidéjusiy prie Siuolaikinés neSmeny pernasos teorijos ir prak-
tikos sukiirimo, burj (Nelson, 1999).

NeSmeny pernasa yra labai svarbus veiksnys, padedantis suprasti jiros kranto
aplinka, ypa¢ smeélétus papliidimius. Papliidimiai kinta laike ir erdvéje priklausomai
nuo nesSmeny morfologijos ir hidrodinaminiy salygy regione, kuriame jie yra (Eelsalu
et al., 2022; George et al., 2019; Quadrado ir Goulart, 2020). ISilgai ir skersai kranto
perneSami neSmenys bangy gozos zonoje, hidrometeorologinés salygos ir jvairi Zmo-
gaus veikla pakrantés zonoje gali labai paveikti kranto zonos geomorfologija, kas
pirmiausia atsispindi kranto linijos padéties pokyciuose (Belibassakis ir Karathana-
si, 2017; Brutsché ir kt., 2014; Wang ir kt., 2002). Tod¢l i§samus priekrantés fiziniy
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procesy supratimas ir vertinimas yra labai svarbus planuojant ir jgyvendinant kranto
zonos plétros programas (Bain et al., 2021; McGill et al., 2022).

Baltijos jiiros pakranté yra puikus pavyzdys, kaip gamtiniai ir antropogeniniai
veiksniai sgveikauja formuodami juros kranto morfologijg. Lito- ir morfodinaminius
procesus, salygojancius kranto linijos formavimasi, veikia eoliniai procesai sausu-
moje ir hidrodinaminiai procesai juroje (Burningham, 2006; Masselink et al., 2006;
Valiente et al., 2019). Tad savitg Baltijos juros krastovaizdj formuoja jlros ir véjo
saveika, sukurianti jvairias pakrantés formas (Bitinas ir kt., 2005, 2004; Jarmalavi¢ius
ir kt., 2017).

XX a. pabaigoje antropogeninis poveikis tapo jvairius pakrantés formavimosi
procesus veikianc¢iu veiksniu (Brown ir kt., 2017). Pagrindiniai kranto zonos raida
lemiantys ir profesionalaus valdymo reikalaujantys veiksniai Salia gamtiniy tokiy,
kaip audry intensyvéjimas, didé¢jantis smeélio praradimas papliidimiuose, kylantis pa-
saulinio vandenyno lygis yra ir zmogaus tkinés veiklos nulemti tokie, kaip uosty ir
kity hidrotechniniy statiniy jrengimas, uosty gilinimas, rekreaciniy zony plétra (IPCC,
2022; Meier et al., 2021; Weisse et al., 2021). Todél, vykstant nuolatiniams poky-
¢iams, kranto zonos valdymas tampa svarbiu prioritetu Siuolaikingje visuomengje
(Brand et al., 2022; Herrera et al., 2010; Johnson et al., 2021).

Vertinant papliidimiy stabiluma, projektuojant, statant ir vystant visuomening ir
rekreacing kranto zonos infrastruktiira, planuojant kranto zonos apsaugos strategija,
labai svarbus tampa gebéjimas suprasti skersiniy kranto profiliy formavimosi ypatu-
mus (Bain et al., 2021; Bergillos et al., 2017; Gong et al., 2017). Sios Zinios reika-
lingos, tiksliau prognozuojant paplidimiy dinamikg jiros kranto raidos modeliuose
(Esteves et al., 2009), o kranto linijos poslinkis yra dazniausiai naudojamas rodiklis,
vertinant kranto erozijos ar akumuliacijos procesus. Pastarasis gali atspindéti jvairiy
veiksniy poveikj — audry sukeliamas pasekmes, véjo ar bangy rezimo kitimus, taip pat
zmogaus veikla (Almonacid-Caballer ir kt., 2016; Benkhattab ir kt., 2020; Hanslow,
2007). Nuosekli $io rodiklio kitimo stebéseng leidzia geriau suprasti pakrantés zonos
morfodinaminius procesus ir sudaro prielaidas jy raidos prognozéms.

Jaros kranto morfodinaminiy procesy (dugno reljefo ir hidrodinamikos sgveikos)
ypatumai daugiausia lemia smelio tirio perskirstyma pernesant nuoséding medziaga
(Bain et al., 2021; Belibassakis ir Karathanasi, 2017). Batimetriniai duomenys yra
svarbiis analizuojant jiiros dugno sedimentacijos ir morfologijos kaitos désningumus
(Bezzi ir kt., 2021; Rosier ir kt., 2018; Sakhaee ir Khalili, 2021; Yutsis ir kt., 2014).
Baltijos jurai budingi saviti geomorfologiniai, hidrografiniai ir hidrodinaminiai re-
zimai, lemiantys jiros dugno morfologija ir kranto zonos dinamikg (Hoffmann ir
Lampe, 2007; Kaskela, 2017). Tarp Baltijos jiros dugna veikianc¢iy veiksniy ypac
reik§mingos yra antropogeninés apkrovos. Pagrindinés zmogaus veiklos formos to-
kios kaip uosty statyba, gilinimo darbai, kabeliy ir vamzdyny tiesimas bei priekrantés
ir jurinés atsinaujinancios energetikos infrastrukttiros plétra, gali skatinti pakrantés
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erozijg arba keisti povandeninés neSmeny pernasos kryptj, taip neretai neigiamai pa-
veikdamos atskiras Baltijos jiiros akvatorijos dalis (Coelho et al., 2013). Todé¢l Siuos
rizikos veiksnius biitina kruopsciai jvertinti, prie§ imantis bet kokios vystymo veiklos
(Aragonés et al., 2019; Coelho et al., 2013; Weisse et al., 2021).

Papltdimiy papildymas (maitinimas) nuosédine medziaga, t. y. smélio jterpimas j
eroduojancius paplidimius, yra vienas veiksmingiausiy ir sudétingiausiy krantosau-
gos priemoniy (Regard et al., 2023). Jo efektyvuma lemia daugybé veiksniy, jskaitant
vietos salygas, ory rezimg ir Zzmogaus veiklg (Brand et al., 2022). Smélio papildymas
gali biiti vykdomas tiek papluidimyje tiek priekrantéje (Johnson ir kt., 2021). Priekran-
téje neretai tikslingai panaudojamos uosty gilinimo metu iskasta nuosédiné medziaga,
suformuojant berma arba smélio sekluma (Bain et al., 2021; Brutsché et al., 2014;
Johnson et al., 2021), kuri funkciskai veikia kaip ,,minkstas“, panardintas bangolau-
zis (Bain ir kt., 2021; Brutsché ir kt., 2014). Daznais atvejais priekrantés papildymui
galima naudoti netoliese esanciy laivybos farvateriy, sékliy ar atviros jiros telkiniy
nuoséding medziagg, o papludimys papildymo metu licka naudojamas.

I8ilginé neSmeny pernasa gali jvairiai perskirstyti smélj po papliidimiy papildymo,
priklausomai nuo konkreciy pakrantés sistemos salygy (Brutsché et al., 2014; McGill
et al., 2022). Papildyto smélio sklaidg lemia bangy ir sroviy kryptis bei intensyvumas,
papliidimio ir jiros dugno topografija, taip pat neSmeny granuliometrinés charakte-
ristikos (George et al., 2020; Wang, 2004; Work et al., 2004). Todél siekiant pasiekti
maksimaliai geriausig rezultat ir iSvengti nenumatyty pasekmiy, kranto zonos valdy-
tojams ir inzinieriams planuojant papliidimiy papildyma sméliy, biitina jvertinti miné-
tus veiksnius (Johnson ir kt., 2021; Kuang ir kt., 2019).

Tvariam kranto zonos valdymui labai svarbu visapusiskai suprasti viso skersinio
kranto profilio kintamuma, apimantj tiek sausuma, tick povandeninj $laita. Sios Zi-
nios leidzia tiksliau ir efektyviau taikyti jvairias pakran¢iy inzinerines priemones: i)
kranto zonos maitinimg sméliu (Cantasano ir kt., 2023; Jiménez ir Sanchez-Arcilla,
1993; Kelpsaité-Rimkiené ir kt, 2021); ii) krantosauginiy statiniy (pvz.: bangolauziy)
projektavima (Aagaard et al., 2004; Aragonés et al., 2019; Hinton ir Nicholls, 1998;
Kelpsaité-Rimkiené et al., 2021); iii) neSmeny pernasos balanso skai¢iavimg (Ara-
gonés et al., 2019; Coelho et al., 2013). Skersiniy kranto profiliy matavimai ir jy po-
ky¢iais pagristi skai¢iavimai yra svarbis jrankiai, vertinant iSilgai kranto pernesamy
neSmeny greitj bei prognozuojant kranto erozijos ir akumuliacijos mastg (van Rijn et
al., 2003). Nors aptikti pokycius bangy gozos zonoje — dinamiskiausioje jiiros kranto
profilio dalyje — tebéra sudétinga, labai svarbu geriau suprasti neSmeny pernasos pro-
cesus visoje kranto zonoje, tad nuolatiné stebésena bei monitoringas yra neatsiejama
Sio proceso dalis (Héquette et al., 2001; Oo et al., 2022).
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Tyrimo tikslas ir uZdaviniai

Pagrindinis disertacijos tikslas yra dvejopas: i) visapusiskai istirti neSmeny per-
nasos dinamika kaip pagrindinj pietryciy Baltijos jiiros pakranciy tvarumo veiksnj,
nagriné¢jant jos sgveikg su antropogeniniu poveikiu, gamtinémis jégomis ir sociali-
niais bei ekonominiais veiksniais, ir ii) i§vystyti ziniy dalijimosi platforma, kurioje
biity teikiami duomenys apie kranto zonoje vykstancius, neSmeny pernasg lemiancius
procesus, siekiant suteikti tikslingg informacija tvariy krantosauginiy strategijy kiirimui ir
susvelninti poveikj aplinkai.

Siekiant jgyvendinti §j tiksla, buvo keliami Sie uzdaviniai:

1. Ivertinti antropogeniniy ir gamtiniy veiksniy poveikj skersinio kranto profilio
pokyciams smélingoje, atviroje bangy energijos veikiamoje kranto zonos da-
lyje.

2. ISanalizuoti neSmeny pernasos poveikj kranto linijos dinamikai klimato kaitos
ir padidéjusio antropogeninio poveikio kontekste.

3. Ivertinti smélio perskirstymo procesy pagrindines savybes, erdving apréptj ir
laiko mastelj i$ dalies uzuovéjingje, mazos energijos aplinkoje po priekrantes
papildymo sméliu, naudojant didelés raiskos duomenis.

4. Remiantis surinktais duomenimis ir jy analizés rezultatais, sukurti sisteminés
ziniy dalijimosi platformos architektiira, kuri leisty spresti Ziniy spragas ir nu-
statyti ribines vertes, kurios galéty apriboti veikla arba pakeisti trumpalaikiy ir
ilgalaikiy strategijy kryptj.

Pagrindinis tyrimo objektas — visos Lietuvos kranto dinamika, kurig lemia gam-
tiniai veiksniai ir antropogeniné veikla. Kadangi Lietuvos jiiros kranto linija beveik
tiesi, §i dinamika gerai atsispindi reprezentatyviuose kranto ruozuose, esanciuose
prie stambiy hidrotechniniy jrenginiy. Todél I ir II straipsniuose démesys sutelkia-
mas ] kranto raidg lemiancius procesus, vykstancius iki 10 km nuo Klaipédos sa-
siaurio moly — reikSmingiausiy Sio regiono hidrotechniniy statiniy. Siekiant suprasti
vietiniy antropogeniniy intervencijy poveikio mastg ir trukme, III straipsnyje analize
sukoncentruota ] mazdaug 5 km ilgio kranto ruoza j Siaur¢ nuo Klaipédos. IV ir V
straipsniuose Siy tyrimy analizés rezultatai konsoliduojami ir apibendrinami, kad bty
pritaikomi vystant Ziniy dalijimosi platforma.

Darbo naujumas

Siame darbe iSanalizuota Lietuvos uostamiesc¢io Klaipédos jliros kranto raida ir jos
priezastingumas, daugiausia démesio skiriant kranto neSmeny perskirstymui ir su tuo
susijusiems kranto zonos pokyc¢iams. PateiktosiSvados, apie taskinio papliidimio maitini-
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mo darby poveikj, kai net esant nedideléms bangoms vyksta didelis neSmeny perklos-
tymas, suteikia naujy jzvalgy apie neSmeny pernasos désningumus ir kranto erozijos
priklauso nuo konkrec€iy vietos salygy, pavyzdziui, atstumo iki moly ir dominuojanciy
bangy krypciy. Tai parodo biitinybe kurti ir taikyti konkreciai vietovei skirtas krantosau-
gines strategijas. Toks nuoseklus po papildymo dinamikos supratimas yra itin svarbus
siekiant tobulinti ateities krantosaugos priemones ir uztikrinti jy veiksminguma.

Be to, tyrime nustatytas ir kiekybiSkai jvertintas vyraujanciy véjo krypc¢iy pokyciy
poveikis pakran¢iy erozijai ir neSmeny pernasai, susiejant $iuos pokycius su plates-
némis klimato tendencijomis, stebétomis nuo XX a. deSimtojo deSimtmecio pradzios.
Démesio sutelkimas j reikSmingus véjo rezimo pokycius, uzfiksuotus 1992 ir 2012
metais, atveria nauja dimensijg aiSkinantis, kaip klimato kaita lemia kranto zonos di-
namika. Siuos poky¢ius gretinant su erozijos intensyvumo svyravimais ir ne$meny
persiskirstymo désningumais, pateikiami nauji jrodymai apie tiesioginj klimato
kintamumo poveikj kranto zonai. Sukiirus dalijimosi Ziniomis platformg — aplinkos
perspejimo sistema, skirta savalaikiams kranto zonos prieziiiros sprendimams, biity
idiegiamas naujas mechanizmas, kaip jtraukti suinteresuotasias Salis j kranto zonos
valdymo procesa. Si platforma palengvinty keitimasi duomenimis ir aplinkos ste-
béjimais realiuoju laiku ir stiprinty jvairiy suinteresuotyjy Saliy, jskaitant Klaipédos
uosto ir mazyjy uosteliy administracijy, transporto administracijos ir aplinkosaugos
agentiiros, bendradarbiavima. Si sistema ne tik prisidéty prie sprendimy priémimo
gerinimo, bet ir skatinty labiau integruotg ir operatyvesne valdymo sistema, pritaikyta
konkretiems Lietuvos kranto zonos poreikiams ir i§stikiams.

Rezultaty moksliné ir praktiné reik§mé

Lietuvos kranto geomorfologijos ir neSmeny pernasos priekrantéje tyrimai suteikia
reik§mingy moksliniy jzvalgy ir praktinio pritaikymo galimybiy, kurios prisideda prie
platesnio jiiros kranto dinamikos supratimo ir valdymo. Tyrimo rezultatai yra reiks-
mingi keliais aspektais:

* ISsami neSmeny pernasos désningumy ir kranto linijos pokycCiy analizé sutei-
kia svarbiy jzvalgy apie sudétingg gamtiniy jégy ir antropogeninio poveikio
saveikg. Sie rezultatai prisideda prie jiros kranto geomorfologijos Ziniy pléti-
mo, ypac tuose regionuose, kuriuose zmogaus tikiné veikla daro didelj poveikj
gamtiniams procesams.

* Tyrime taip pat aiskinamas véjo krypties kaitos ir hidrodinaminiy salygy po-
veikis neSmeny pasiskirstymui, pabréziant biitinybe | kranto zonos tyrimus
itraukti tiek trumpalaikiy, tiek ilgalaikiy aplinkos poky¢iy analize.
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Pastebéti véjo rezimo poky¢iai ir jy poveikis kranto erozijai ir neSmeny dina-
mikai yra labai svarbiis siekiant suprasti klimato kaitos poveikj jiiros kranto
aplinkai. Duomenys apie véjo greicio ir krypCiy pokycius tampa vertingu jro-
dymu klimato kaitos tyrimams, ypac siekiant suprasti, kaip Sie pokyciai lemia
erozijos procesy intensyvuma ir neSmeny kaupimosi désningumus.

Sitlomas EASTMOC sistemos jgyvendinimas yra naujas poziiris j realaus
laiko stebésenos ir ilgalaikiy stebéjimy duomeny integravima. Si metodologi-
né pazanga uzpildo esamas ziniy spragas ir sudaro pagrinda iSsamesniam bei
adaptyvesniam kranto zonos valdymui, galin¢iam tapti pavyzdziu ir kitoms
panasioms smélétoms pakrantéms pasaulyje. EASTMOC sistema, palengvi-
nanti realaus laiko duomeny mainus ir stebéseng, leis suinteresuotosioms Sa-
lims priimti labiau pagrijstus sprendimus dél kranto zonos priezitros ir naudo-
jimo. Si sistema gali biiti ypa¢ naudinga valdant sudétinga natiiraliy procesy
ir zmogaus veiklos saveika, mazinant nenumatyty pasekmiy rizika ir didinant
kranto ir pakranciy infrastruktiiros atsparuma.

Gauti rezultatai tiesiogiai prisideda prie kranto erozijos valdymo, ypac Klaipé-
dos uosto vykdomy papliidimiy papildymo darby kontekste. Tyrime pabrézia-
ma nuolatinés stebésenos ir adaptyvaus valdymo strategijy butinybé, siekiant
uztikrinti ilgalaike sékmingg papliidimiy papildymo projekty jgyvendinima.
Sios jzvalgos gali biiti tiesiogiai pritaikytos optimizuojant biisimas papliidimiy
maitinimo kampanijas ir planuojant taikyti kitas krantosaugos priemones bei
didinant jy efektyvuma.

Nustacius esmines ziniy spragas, ypac susijusias su neSmeny pernasa Balti-
jos juroje, iSryskéja sritys, kuriose reikalingi tolimesni tyrimai. Nustacius Sias
spragas, tyrimu sudaromos prielaidos blisimoms moksliniy tyrimy iniciaty-
voms, kurios gali buti grindziamos esamais rezultatais, padedanciais geriau
suprasti kranto dinamika ir kurti veiksmingesnes kranto zonos valdymo stra-
teguas.

Apskritai $iame darbe pateikti rezultatai turi tiek moksline, tiek prakting reikSme,
nes padeda geriau pazinti Lietuvoje vykstancius krantodaros procesus ir kartu pateikia
praktiniy jzvalgy, kaip valdyti ir saugoti $ig pazeidziama aplinkg. Moksliniy tyrimy
ir praktinio taikymo integracija pabrézia tarpdisciplininiy metody svarbg sprendZiant
sudeétingus aplinkosauginius i$§tikius.

Rezultaty aprobavimas

Autorius pagrindinius Siame darbe aprasytus tyrimy rezultatus pristaté Siose naci-
onalinése ir tarptautinése konferencijose:
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TYRIMU MEDZIAGA IR METODAI

Si kaupiamoji disertacija parengta penkiy moksliniy straipsniy, paskelbty
recenzuojamuose leidiniuose, pagrindu. Originalios publikacijos buvo paskelbtos
doktorantiiros tyrimy laikotarpiu ir pateikiamos disertacijos pabaigoje.

Tyrimuy objektas
Siame darbe siekiama pagerinti supratima ir tiksliau apibiidinti pagrindinius Lietu-
vos Baltijos jiiros (1 pav.) krantodaros procesus. I ir II straipsniuose yra analizuojamas
mazdaug 20 km ilgio kranto ruozas — 10 km | Siaure ir pietus nuo Klaipédos sasiaurio,
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apimantis tiek Kursiy nerijos tiek Zemyninio kranto ruozus. Si atkarpa, apimanti be-
veik 1/4 Lietuvos Baltijos jiros kranto linijos, laikoma reprezentatyvia kranto rai-
dos dinamikai, kurig lemia gamtiniy veiksniy ir antropogeninés veiklos sgveika. 111
straipsnyje nagrinéjama ne$Smeny dinamika po taskinio papliidimio papildymo smé-
liu. Tyrimas sufokusuotas j 5 km ilgio kranto atkarpg Siauriau Klaipédos sgsiaurio,
kur ir buvo vykdomas papliidimio papildymas. IV ir V straipsniuose formuluojamos
biisimos ziniy dalijimosi platformos idéjos, kad anksCiau gauti tyrimy rezultatai biity
pritaikomi praktikoje skirtingais erdviniais masteliais.

Lietuvos kranto zona — tai siaura mazdaug 90 km ilgio sausumos juosta besitiesianti
palei rytine Baltijos jiros pakrante, kuriai budingas jvairus smélio papliidimiy, kopy,
mariy ir misky krastovaizdis. Kranto linija gana tiesi, o priekrantés sausuma nuolaidi —
per keliasdeSimt metry j sausumg reljefo altitudés tesiekia tik kelis metrus vir§ jros
lygio (Bagdanaviciute ir kt., 2012). Dél to hidrometeorologiniy veiksniy, formuojanciy
kranto linijg ir paplidimius iSilgai Lietuvos pakrantés, poveikis kinta létai.

Klaipédos sasiauris lietuviskajj Baltijos juiros kranta skiria j dvi geomorfologiskai
skirtingas dalis — Zemyninj ir Kur$iy nerijos (Bitinas ir kt., 2005). Tod¢l net esant beveik
tolygiems erdviniams poveikiams, papliidimiy ir kity kranto sistemos elementy reakcija
zemyniniame ir Kur$iy nerijos krantuose gali reikSmingai skirtis. Kursiy nerijos kran-
tas yra akumuliaciné aplinka, kurig sudaro smélinga nuosédiné medziaga (Bitinas ir
kt., 2005). PrieSingai, Zemyninis krantas yra geomorfologiskai jvairus, jame paplitusios
stambesnio smélio, akmenuotos pakrantés ir skardziai bei vyrauja eroziniai procesai
(Bitinas ir kt., 2005, Bagdanavi¢iaté ir kt., 2012). Siaurinéje Zemyninés pakrantés da-
lyje vyrauja smulkus smélis (0,25-0,1 mm), pietinéje ir centrinéje — vidutinio rupumo
(0,5-0,25 mm) ir stambus (1-2,5 mm) smélis (Bitinas ir kt., 2005). Si kranto zona yra
svarbus ekologinis ir kultrinis krastovaizdis, palaikantis gausig augaly ir gyviiny rasiy
jvairove bei vietos bendruomenes, kuriy pragyvenimas priklauso nuo jiiros (Inacio et
al., 2022; Jurkus et al., 2021). Tai unikalus ir vertingas isteklius, kuriam biitinas atidus,
tvaruma uztikrinantis valdymas (Baltranaité ir kt., 2021; Inécio ir kt., 2022).

Lietuvos priekrante visiSkai atvira Baltijos jliros hidrometeorologiniams povei-
kiams. Tai sudétinga ir dinamiska aplinka, kurig formuoja bangos, srovés ir ory sa-
lygos; jai budingas palyginti Svelnus bangy rezimas (Bjorkqvist ir kt., 2018) ir dvi
vidutiniy bei stipriy véjy sistemos (Soomere, 2003). Dazniausi pietvakariy véjai, o
retesni Siaurés vakary ar Siaurés—Siaurés vakary véjai gali biiti net stipresni.

Kranto sistema prisitaikiusi prie i$ vakary krypties atkeliaujanciy bangy, kuriy di-
dziausi auksciai siekia ~0,9 m (vidutiniskai), tuo tarpu vidutiniai bangy auksciai i§
piety — ~0,6 m, i$ Siaurés — ~0,5 m, i8 ryty — ~0,3 m (Jakimavicius ir kt., 2018; Kelp-
Saite ir kt., 2008). Vyraujanti neSmeny pernasa iSilgai Lietuvos jiros kranto vyksta
i§ piety | Siaure, su keliais laikinais vyraujancios pernasos krypties pokyciais mety
eigoje (Viska ir Soomere, 2013). Atitinkamai skirtingos pakrantés atkarpos, abipus
Klaipédos sasiaurio, | poveikj reaguoja skirtingai: KurSiy nerijos krantai j pietus nuo
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Klaipédos paprastai yra stabil@is (Bitinas ir kt., 2005), o Zemyninéje pakrantés dalyje
dazniau vyrauja erozija (Bitinas ir kt., 2005; Viska ir Soomere, 2013).

Siekdama iSsaugoti paplidimius, Lietuva daznai taiko paplidimiy papildyma nes-
menimis — efektyvig erozijos mazinimo priemong. Pavyzdziui, Palangoje papildymas
buvo naudotas papliidimiui praplatinti ir rekreacinei erdvei didinti (KelpSaité-Rimkiené
ir kt., 2021; Pupienis ir kt., 2014). Vis délto §i priemoné pirma kartg pritaikyta ir Klai-
pédos uosto moly poveikio zonoje; III straipsnyje §is atvejis detaliai analizuojamas, sie-
kiant nustatyti, kaip hidrodinaminiai veiksniai iskart po papildymo perklosto neSmenis.

Klaipédos uostas — didZiausias ir intensyviausias Lietuvoje (Zilinskas ir kt., 2020),
svarbus tarptautinés prekybos ir logistikos mazgas Baltijos Salims ir platesniam re-
gionui (Inacio ir kt., 2022). Jo molai siekia didesnius nei efektyvus bangy poveikio
gylis (~6 m) Sioje akvatorijoje (Soomere ir kt., 2017), todél beveik visiskai sustabdo
bangy varoma iSilging neSmeny pernasa. D¢l Siy masyviy statiniy, statmeny neSmeny
srauto krypciai, susidaro neSmeny deficitas. Todél kranto papildymas neSmenimis yra
efektyvus budas atkurti neSmeny balansa moly Siaurinéje puséje.

Skersinio profilio ir kranto linijos raida

Tyrimo teritorijoje (I ir II straipsniai) esantys kranto profiliai buvo matuojami nuo
kranto linijos iki apsauginio kopagtbrio vir$aus, i$ viso buvo isskirti 40 profiliy inter-
valais kas 500 metry. Kranto profiliavimas buvo atliekamas naudojant Emlid Reach
RS+ RTK GNSS imtuvg (kuris uztikrina duomenis centimetro tikslumu), ir dviejy
dazniy GPS imtuva Leica 900 (1 lentel¢). Lauko darbams planuoti ir palyginamumui
uztikrinti profiliai buvo parinkti ir suderinti taip, kad jy erdviné padétis ir orientaci-
ja atitikty Lietuvos geologijos tarnybos 1993-2022 mety kranto profiliy duomenis
(1 lentel¢). Surinkti profiliy duomenys buvo naudojami neSmeny ttiriui krante apskai-
¢iuoti, taikant lygtj (Guillot et al., 2018) (I ir III straipsniai):

G
LY

(1

Uq

kur p yra kranto profilio eilés numeris, n — bendras tokiy profiliy skai¢ius atitinka-
mame kranto segmente, S — pavirSiaus aukstis, / — interpoliacija tarp dviejy gretimy
profiliy, o L — atstumas tarp profiliy, naudojamas pokyc¢iy jver¢iams normalizuoti
taip, kad (1) lygties rezultatas biity iSreikstas tiirio pokyciais m*/m (t. y. vienam kranto
linijos metrui).
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Kranto linijos padétis 1993-2022 m. buvo nustatyta naudojant aerofotonuotrau-
ky zemelapius, ortofotografijas ir tiesioginius GPS matavimy duomenis (1 lentel¢).
Kranto linijos padétis, bangy plismo zonoje, matuota dviejy dazniy Leica 900 GPS
imtuvu. Kranto linijos padéties pokyciai buvo analizuojami naudojant skaitmening
kranto linijos analizés sistemg (DSAS) v. 5.0 (Himmelstoss et al., 2018), ArcGIS
(Esri, 2023) plétinj, kurj sukiiré Jungtiniy Valstijy geologijos tarnyba (USGS). Poky-
¢iams fiksuoti buvo pasirinkta 800 transekty kas 25 metrus. Ilgalaikiy kranto linijos
poky¢iy analizé parodé, kad procesai, susije su kranto linijos formavimusi suintensy-
véjo dél antropogeninio, uosto rekonstrukcijos, poveikio.

Norint jvertinti kranto linijos pokyc¢ius (II straipsnis), naudojant skirtingy Saltiniy
ir laikotarpiy duomenis (1 lentelé), buvo apskaiciuotos trijy tipy paklaidos, susijusios
su kranto linijos aptikimu ir padéties nustatymu (Crowell et al., 1993):

4) aerofotografinéms diagramoms

Utz\/E52+E§+E5+E§C+EC2, )

5) ortofotografinéms nuotraukoms

Ut=JE§+E§+E5+Er2+E3, 3)

6) GPS tyrimo duomenims
U, = JEZ + EZ )

kur E — juros lygio svyravimo paklaida, £, — skaitmeninimo paklaida, £ — pikseliy
paklaida, £ — kranto linijos aptikimo/skiriamosios gebos paklaida, £_— T-lapy brai-
zymo paklaidos, o £ — iStaisymo paklaida.

Nuosédinés medZiagos éminiy analizé

Istoriniai nuosédinés medziagos granuliometriniai duomenys 1993-2003 m. gau-
ti 1§ Lietuvos geologijos tarnybos (Bitinas ir kt., 2004) (1 lentelé). 2003—2019 m.
(1 lent.) éminiai buvo rinkti Klaipédos universiteto Geofiziniy moksly katedros
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komandos, 0 2019-2022 m. — I straipsnio autoriy, vadovaujantis Lietuvos geologijos
tarnybos metodika, kiekvieno skersinio kranto profilio trijuose vietose: dinamiskoje
kranto linijoje (bangy pliismo zonoje), papludimio viduryje ir ties apsauginiu kopa-
giibriu. Tada Sie méginiai laboratorijoje buvo apdorojami naudojant 19 siety rinki-
nj su tokio dydzio frakcijomis: >2500 pum; 2500-2000 pm; 2000-1600 pm; 1600—
1250 pm; 1250-1000 pm; 1000—-800 pm; 800—-630 pm; 630-500 um; 500400 pm;
400-315 pm; 315-250 pm; 250-200 pm; 200-160 pm; 160—125 pm; 125-100 pm;
100-80 pm; 80—63 pm; 63-50 um; <50 um. Rezultatai buvo analizuojami naudojant
GRADISTAT papildinj, skirta MS Excel (Blott and Pye, 2001), kuriame naudojamos
Udden (Udden, 1914) ir Wentworth (Wentworth, 1922) nuosédinés medziagos dydzio
klasifikavimo skalés, siekiant nustatyti smélio gradeliy dydzio pasiskirstyma krante.

Siame darbe kartu su Lietuvos geologijos tarnybos pateikta klasifikacija buvo nau-
dojami istoriniai smélio granulometriniai duomenys iki 2003 m., o Uddeno (1914 m.)
ir Wentwortho (1922 m.) pagrindu sukurta klasifikacija buvo naudojama nuo 2004 m.
(I straipsnis). Siekiant uztikrinti $iy dviejy klasifikacijy duomeny vientisuma ir paly-
ginamuma, buvo atliktas koregavimas, kad biity suderinta su Siomis smélio dydzio
frakcijomis: 2500-2000 um: labai smulkus Zzvyras; 2000-1000 pm: labai Siurkstus
smélis; 1000—500 um: Siurkstus smélis; 500-250 um: vidutinis smélis; 250-100 pum:
smulkus smeélis; 100-50 pm: labai smulkus smélis; <50 um: dumblas.

Batimetriniai duomenys

1993-2022 m. batimetriniai duomenys gauti i$ trijy Saltiniy. (i) Klaipédos valsty-
binio jiiry uosto administracijos priekrantés uosto jplaukos kanalo zonoje batimetri-
niai matavimai su 0,5 m raiska, t¢siasi ~5 km | Siaure ir pietus nuo moly. (ii) Lietuvos
geologijos tarnybos visos Lietuvos priekrantés batimetrija su 1,5 m raiska (1 lente-
le) (I straipsnis). Abu Sie duomeny rinkiniai buvo surinkti naudojant Kongsbergo
EM2040C daugiaspindulinj echolotg pagal Tarptautinés hidrografijos organizacijos
hidrografiniy tyrimy standartg IHO S—44 (1, I1I straipsniai). Gylio duomenys buvo ap-
dorojami naudojant Hypack Max (HY SWEEP), specializuotg hidrografiniy duomeny
jraSymo ir apdorojimo programing jranga. (iii) Trecias batimetrijos duomeny masyvas
buvo rinktas 2022 m. birzelio 24 d., prie§ papliidimio papildyma, j Siaure nuo Klaipé-
dos sasiaurio, ir 2022 m. spalio 01 d., praéjus keliems ménesiams po papildymo darby
(III straipsnis), naudojant 3 dazniy ,,Deeper* sonarg. Gyliai (z) matuoti 10 skersiniy
transekty kas 500 m, nuo kranto linijos iki ~6 m gylio, apimant ~5 km ilgio ruozg j
Siaure nuo Siaurinio molo, tesiant antzeminés dalies skersinius kranto profilius. Visy
rinkiniy paklaidos — kelios centimetro dalys.

Siekiant pavaizduoti tiriamo pavirSiaus morfologija, ,,Global Mapper 2022 (Mar-
bel, 2019) aplinkoje buvo sukurtas netaisyklingas trikampiy tinklas (TIN), naudojant
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duomenis is taskinio debesies duomeny rinkinio (III straipsnis). Taip pat buvo sukur-
tas skaitmeninis auksc¢io modelis (DEM) (Hell, 2011; James et al., 2012) skirtas bati-
metriniam pavirSiui sudaryti ir nuosédy turiy pokyciams jvertinti, lyginant skirtingy
daty pavirsiy gardeles. ,,Global Mapper 2022 programoje pasirinktas Path profilio
jrankis (Marbel, 2019), sugeneravo analizuojamo pavirSiaus skerspjuvi, kad buty ga-
lima tiksliau jvertinti tiriamos teritorijos batimetrines savybes ir gylio pokycius. Z
altitudés pokyciai buvo apskaiciuoti 114 profiliy suskirstyty kas 25 m palei tiriamag
priekrantés ruoza. Bendras neSmeny pernasos intensyvumas priekrantés ilgio vienetui
tam tikroje skersinio profilio vietoje tarp bet kuriy dviejy laiko momenty () apskai-
¢iuojamas taip (Baldock et al., 2011, 2010):

*n Az,
Q) = Q) - [ (-pPax ©

Xn—-1

kur Q(x ) yra bendras neSmeny pernaSos tiiris (m?/s) taSke n, z, — gylio (altitudés)
skirtumas tarp gretimy matavimo intervaly (mm).

Bendras ne§meny pernestas tiris Q tarp dviejy laiko momenty buvo apskai¢iuotas
integruojant vietinj transportuojama turj visame profilyje:

0 =At J maxQ(x)dx. (6)

Xmin

Q parodo neSmeny kiekj, tam tikrame profilyje, pernesta arba kranto link (teigia-
mos vertés), arba jjiirin (neigiamos vertés). Sis dydis buvo naudotas bendrai papli-
dimio biisenai klasifikuoti kaip eroduojama Q < 0, akreaciné (Q > 0), ar stabili
(@ x 0), Alternatyvus (normalizuotas) parametras, kuriuo atsizvelgiama j papladi-
mio ar paplidimio segmento plotj tam tikroje vietoje, yra Q / (Cmax — Xmin) kur
Xmax — Xmin yra aktyvaus paplidimio profilio plotis. Sis kiekis rodo vidutinj nes-
meny tiirj, pernesta per profilio ilgio vieneta.

Efektyvus bangy poveikio gylis (angl. Depth of Closure) 4_ reiskia juros link esan-
¢ig profilio kintamumo ribg ilguoju laikotarpiu (sezoniniai arba daugiameciai). Hal-
lermeier (1978, 1981) sukiireé pirmajj bangy poveikio gylio jvertinimo metoda, pagris-
ta lauko ir laboratoriniais tyrimais. Hallermeier (1981) $j gylj apibrézé kaip slenkstj,
zemiau kurio bangos sistemiskai nebeformuoja juros dugno ir paprastai nesukelia sis-
temingo nuosédy judéjimo. Jo bangy poveikio gylio vertinimas buvo paremtas inten-
syviausiy bangy parametrais, tokiais kaip reikSmingas bangy aukstis / ir periodas 7.
ReikSmingas bangy aukstis /, apibréZia bangy aukstj, kuris buvo virSytas tik 12 val.
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per metus, arba 0,14 % laiko, ir juos atitinkantis reikSmingas bangy periodas 7. Si
lygtis apytiksliai nurodo efektyvy bangy poveikio gylj:

H¢
he = 2.28H, = 685 (7 ). (7)

Skaic¢iavimams atlikti buvo taikytos Sios aproksimacijos:

H, = H + 5.6 - @®)

h. = 2H + 110y, ©

kur g =~ 9,81 m/s? — pagreitis dél sunkio jégos, H — metinis vidutinis kontrolinis auks-
tis, 0 oH — metinis bangos aukscio standartinis nuokrypis. Be to, ic = 1,57 He pateikia
pirmaja efektyvaus bangy poveikio gylio aproksimacija (Soomere ir kt., 2017) (III
straipsnis).

Hidrometeorologiniai duomenys

Hidrometeorologiniai duomenys, jskaitant vidutinj véjo greitj (m/s) ir krypti (°)
nuo 1993 iki 2021 m., taip pat vidutinj bangy aukstj (m) ir bangy sklidimo kryptj (°)
nuo 1993 iki 2019 m., buvo panaudoti I straipsnyje ir apdoroti naudojant “Origin Pro
20217 programing jranga statistinei analizei ir vizualizavimui. Sie duomeny rinkiniai
buvo gauti i§ keliy institucijy: Aplinkos apsaugos agentiiros (AAA) Jiros aplinkos
vertinimo skyriaus, Lietuvos hidrometeorologijos tarnybos prie Aplinkos ministe-
rijos, Palangos aviacijos meteorologijos stoties ir Klaipédos uosto administracijos
(1 Ientelé).

1960-2019 m. meteorologiniai duomenys (vidutinis véjo greitis ir kryptis) buvo
analizuojami siekiant nustatyti véjo savybiy rezimo pokycius, daugiausia démesio
skiriant véjo kryptims II straipsnyje. Meteorologiniai duomenys gauti i§ Aplinkos
apsaugos agentiiros (AAA) Juros aplinkos vertinimo skyriaus ir i§ Lietuvos hidrome-
teorologijos tarnybos prie Aplinkos ministerijos. Siekiant nustatyti rezimo pokycius
analizuojamose laiko eilutése, buvo taikomas STAR (nuoseklios t—testo rezimo po-
slinkiy analizés) algoritmas (https:// www.beringclimate.noaa.gov/, zitiréta 2021 m.
spalio 10 d.). Algoritmas buvo pagrjstas nuosekliu t—testu, kuris gali signalizuoti apie
realaus laiko rezimo pasikeitimo galimybe (Rodionovas, 2004). Algoritmas gali apdo-
roti duomenis nepriklausomai nuo to, ar jie pateikiami anomalijose (nukrypimai nuo
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vidurkio), ar kaip neapdorotos laiko eilutés. Jis gali automatiskai apskaiciuoti rezimo
poky¢ius dideliuose kintamyjy rinkiniuose (Rodionov ir Overland, 2005; Rodiono-
vas, 2004). Siame tyrime buvo naudojamas toks jvesties parametry rinkinys: ribinis
ilgis (I) buvo nustatytas 10 mety, o Huberto parametras (HWP) — 1. HWP nustato
i$skirtiniy reikSmiy reikSminguma apskaiciuojant rezimo pokycio vidutines reikSmes.

2022 m. hidrometeorologiniai duomenys (véjo greicio (m/s) ir krypties (°), van-
dens lygio (cm) ir bangy aukséio (m) duomenys) gauti i§ Aplinkos apsaugos agentii-
ros (AAA) Jury aplinkos vertinimo skyriaus ir Lietuvos hidrometeorologijos tarnybos
prie Aplinkos ministerijos (III straipsnis).

TYRIMU REZULTATAI IR JU APTARIMAS

Pateikta informacijg sudaro svarbiausi rezultaty fragmentai ir diskusija i§vadoms
pagrijsti. Jg apima penki j disertacija jtraukti moksliniai straipsniai.

Viename i§ tyrimy buvo analizuojami duomenys apie juros kranto geomorfolo-
gijos raidg Lietuvoje, esant bendrai antropogeninio poveikio (jiiry uosto veiklos) bei
gamtiniy veiksniy, tokiy kaip hidrometeorologiniy salygy poky¢iai, jtakai (I straips-
nis). Kranto erozija zemyninéje tyrimo teritorijos dalyje yra susijusi su vietinémis hi-
drodinaminémis salygomis ir hidrotechniniais statiniais, daugiausia jiiry uosto molais.
NesSmeny transporto désningumams KurSiy nerijoje ir Lietuvos Zemyninéje kranto
dalyje jtakos turi kampinis véjy pasiskirstymas, kai kranto linijos padétis yra j Siaure
palei Kursiy nerija ir Lietuvos Zemyninj krantg. Sis ne$meny transporto désningumas
veikia neSmeny biudzeto pasiskirstyma j Siaurg nuo Klaipédos (2 pav.).

Siekdamas suvaldyti erozijos paveiktus krantus, Klaipédos uostas 2014-2018 m.
inicijavo papliidimiy maitinimo akcija, kurios metu Melnragés ir Giruliy priekrantése
buvo iSpilta 237,78 x 10°* m*® smélio. Smélio granulometrinis pasiskirstymas yra na-
turalus neSmeny transportavimo proceso rezultatas, daugiausia susijes su erozijos ir
akumuliacijos poveikiu. 2003—-2022 m. tiriamuoju laikotarpiu zemyninés kranto dalies
smélio frakcijy dydis tapo Siek tiek smulkesnis ir tolygiai pasiskirstes (3 pav.), galimai
del Klaipédos uosto direkcijos atlikty papludimiy papildymo darby. Nepaisant to, per
ta laikg KurSiy nerijos krante aptikta stambesnés frakcijos nuosédiné medziaga.

Pasikeitus hidrometeorologinéms salygoms (4 pav.; I straipsnis), gali pasikeisti vy-
raujanti neSmeny pernesimo Kkryptis ir tiiris, o tai lemty pokytj erozijos ir akumuliacijos
procesuose. Tyrimo laikotarpiu véjo grei¢io dazniy pasiskirstymas atskleidé daznesnj
véjo greiio pasireiskima 2—4 m/s ir 4-6 m/s intervaluose (I straipsnis). Sios véjo saly-
gos turi vienodg ar didesnj poveikj hidrodinaminiams procesams, lemiantiems kranto
vystymasi ir geomorfologija. Mazesnis véjo greitis nuolat veikia krantg, todél kranto
regeneracijos procesas yra létesnis, kaip aprasyta Eelsalu ir kt., 2022 darbe.
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Sio tyrimo i§vados atitinka ankstesnius kranto linijos poky¢iy ir nesmeny dinamikos
tyrimus (II straipsnis). Morfologiniai smélio paplidimio pokyciai vyksta greitai laiko
ir erdvés skaléje, kaip atsakas j natiralius procesus, tokius kaip véjo kryptis ar greitis,
bangy rezimas ir juros lygio svyravimai. Baltijos juroje klimato kaita galima pastebéti
vyraujancio v€jo ir bangy rezimo pokyciais, kurie gali pakeisti priekrantés neSmeny
pernasos dyd;j ir dominuojancia krypti (Soomere et al., 2015). Véjo krypties pokyciai
stebimi nuo 1992 m., o antrasis poslinkis pastebétas 2012 m. siejami su kranto procesy
ir evoliucijos poky¢iais.

V¢jo krypties pokyciai (4 pav.) sutampa su kranto erozija tieck Kursiy nerijoje, tick
zemyninéje dalyje (II straipsnis). XIX a. kranto linija daugiausia slinkosi jiros link
tiek Kursiy nerijoje, tiek zemyningje dalyje. 1990—1995 m. erozijos greitis tiriamame
kranto ruoze buvo 4,57 £ 0,09 m/m, 0 2015-2019 m. — 4,24 + 0,12 m/metus.

Nustatytos tendencijos ir désningumai yra labai svarbiis siekiant jgyvendinti tvary
kranto zonos valdyma. 2022 m. birzelio 29 d. prasidé¢jo Klaipédos sgsiaurio gilinimo
darbai. Pirmiausia buvo nustatyta, ar iSkasta medziaga atitinka fiziniy ir cheminiy
savybiy reikalavimus (Filipkowska et al., 2011; Staniszewska ir Boniecka, 2017) ir
po to iSpilta netoli Siaurinio molo. Apie 120 m nuo kranto, kur gylis prie§ papildy-
ma sieké 2-3,5 m, buvo ispilta apie 180 000 m’ reikalavimus atitinkan¢io smélio,
kad buty suformuotas 700-750 m ilgio povandeninis séklius (https://portofklaipeda.
It/naujienos/smelingam—i—melnrages—papludimiui—povandeninis— pylimas/, ziiiréta
2024 m. birzelio 14 d.). Smélio papildymo ir tolesniy kranto erozijos valdymo proce-
sy efektyvumas Lietuvos Baltijos jiiroje nagrinétas Il straipsnyje. ISvadose pabrézia-
mi keli kritiniai neSmeny dinamikos po papildymo darby aspektai. Papildytas smélis
pasizyméjo dideliu perskirstymu net ir esant vidutinéms bangoms. Konkreciai, apie
1 profilj buvo perklostyta apie 10 000 m* neSmeny, o apie 2 profilj — apie 5 000 m?
(5 pav.). Sis greitas nesmeny perklostymas jvyko vos per $esias savaites, esant daug
$velnesnéms nei vidutinés bangy salygoms. Sis netikétas atradimas pabrézia dinamis-
ny pernesimo isilgai kranto kryptis buvo labai jvairi. Stebétas transportas daugiausia
buvo i pietus netoli 1 profilio ir j Siaur¢ netoli 2 profilio (5 ir 6 pav.). Tikétina, kad §j
kintamuma lemia Klaipédos uosto molo artumas, kuris veikia vieting hidrodinamika,
apsaugodamos pieciausig paplidimio dalj nuo pietvakariy bangy. Toks kintamumas
apsunkina prognozes ir reikalauja adaptyviy valdymo strategijy, kad biity atsizvelgta
1 konkrecias vietos salygas.

Nesmeny perklostymo diapazonas buvo palyginti ribotas, 3, 4 ir 5 profiliuose di-
desniais atstumais nuo papildyto paplidimio buvo pastebétas nedidelis poveikis arba
jo visai nebuvo (5 ir 6 pav.). Sis ribotas diapazonas rodo, kad papildymo poveikis yra
labai lokalus ir priklauso nuo bangy krypties, Siuo atveju dominavo vakary kryptis, ir
hidrotechniniy statiniy buvimo. Sis lokalus poveikis rodo, kad nors papildymas gali
biti veiksmingas tikslinése vietovése, platesné jo jtaka gali biiti ribota.
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Tyrimas atskleidé budingus neSmeny pernasos raidos désningumus: smélio per-
nasa juros kryptimi tose profiliy vietose, kur atliktas papildymas, ir erozijos jiiros
link bei sausumos krypties pernasos derinj kitose vietose. Sie désningumai rodo, kad
prireiks daugiau nei keliy savaiciy, kol profiliai pasieks pusiausvyra po papildymo.

Tiriamuoju laikotarpiu buvo pastebétas Zymus santykinai Zemo jiros lygio jvykis,
ypac nuo 2022 m. rugséjo 6 d. iki rugséjo 11 d. (7 pav.). Sis jiros lygio kritimas ir vy-
raujantys pietry¢iu ir pietvakariy véjai reikSmingai paveiké neSmeny perklostyma, nes
net nedidelés bangos pasieké iSpilta smelj tose vietose, kurias veikia tik aukstesnés ar
ilgesnés bangos, esant vidutiniam vandens lygiui (Eelsalu et al., 2022). Didzioji dalis
neSmeny pernesimo pagal véja ir jiros lygj, tyrimo metu jvyko skersine kranto kryp-
timi, o papildymo poveikis iSilgai kranto buvo gana ribotas. Rezultatai rodo, kad is-
samils matavimai yra biitini norint suprasti platesnj papildymo poveikj tolimesniems
kranto segmentams ir atitinkamai patobulinti valdymo strategijas. Tokie moksliniai
tyrimai suteikty holistinj supratimag apie papliidimio papildymo poveikj ir pagerinty
kranto zonos valdymo praktikg. Apskritai tyrime pabréziama, kad nors paplidimiy
papildymas gali biiti vertinga kranto erozijos valdymo priemong, jo sekmé priklauso
nuo kruopstaus vietos salygy jvertinimo, nuolatinés stebésenos ir pritaikomo valdy-
mo, siekiant spresti dinamisko juros kranto aplinkos pobtidzio problemas.

Surinkti duomenys ir jgyvendinti moksliniai tyrimai paskatino sukurti sistemos ar-
chitektiira, kuri padéty uzpildyti Ziniy spragas, sukurty dalijimosi Ziniomis platforma
ir nustatyty ribas, kurios galéty apriboti veiklg arba pakeisti trumpalaikiy ir ilgalaikiy
strategijy eiga (IV ir V straipsniai). Kadangi vien hidrometeorologiniai duomenys negali
paaiskinti dabartiniy poky¢iy, reikalingas holistinis poziiiris ir modeliavimas, siekiant
uztikrinti, kad Klaipédos kranto zonoje veikla vykdantys asmenys biity gerai informuoti
apie kranto ir pakranciy dinamikos priezastingumg. EASTMOC sistemos kiirimas yra
Sio bendradarbiavimo rezultatas, kai suinteresuotosios Salys yra iniciatoriai.

Baltijos jiiroje vis dar egzistuoja ziniy spraga, susijusi su neSmeny pernasa isilgai
ir skersai kranto. Siai sri¢iai reikalingas moksliniy tyrimy finansavimas ir techniniai
sprendimai. Darbo metu buvo atliktas bandomasis tyrimas su deSimcia atrinkty suin-
teresuoty Saliy, tarp jy — Klaipédos uosto direkcija, AB “Smiltynés perkéla”, Lietu-
vos transporto saugos administracija. Svarbiausi duomenys apie gamtinius veiksnius,
naudojami jy kasdiené¢je veikloje ir ateities planuose, buvo Sie: paplidimio plotis,
povandeninio $laito nuolydis, kranto linijos padétis, reikSmingas bangy aukstis ir
kryptis, véjo greitis ir kryptis, srovés greitis ir kryptis, ledo danga ir matomumas.
Nustatytos kritinés ziniy spragos: priekrantés batimetrija, upiy ir KurSiy mariy hidro-
loginiai duomenys, lengva prieiga prie realaus laiko hidrometeorologiniy duomeny.
Suinteresuotyjy Saliy veikla priklauso nuo jvairiy kintamyjy ir jy veiklos pobiidzio
bei masto. Pavyzdziui, mazyjy laivy laivyba gali buti ribojama, kai véjo greitis sie-
kia 7 m/s, o bangos aukstis virsija 1,5 metro. Tad kuriama Ziniy dalijimosi platforma
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padéty suinteresuotoms $alims nusistatyti jy veiklai pritaikytas ribas, taip pagerinant
veiklos planavimg ir efektyvinant darbo nasuma.

Kranto linijos padétis yra dazniausiai naudojamas rodiklis, vertinant kranto ero-
zijos ar akumuliacijos procesus (Bagdanaviciuté et al., 2012) ir yra svarbus ilgalai-
kiam planavimui. 1993-2022 m. kranto linijos judéjimo analize atskleid¢, kad 39 %
kranto linijos patyré erozija, 34 % — akumuliacija, 0 26,5 % — iliko stabili +5,02 m
neapibréztumo ribose (8 pav.). Palyginus kranto linijos poky¢ius 1993-2003 m. ir
2003-2022 m. laikotarpiais, nustatyta, kad eroduotos pakrantés teritorijos ilgis padi-
déjo 4,4 karto — nuo 2,73 km iki 11,90 km. Pazymétina, kad didelé kranto erozija, iki
51,95 m, buvo pastebéta kranto segmente j Siaur¢ nuo Klaipédos uosto moly (8 pav.).
Tokia analizé galéty pasiekti placiaja suinteresuoty Saliy ir vietos bendruomeniy au-
ditorija, kai tik ji bus jtraukta j sitilomg sistemg. Surinkti duomenys patvirtina, kad
reikia laiku dalytis ziniomis. Padaryta iSvada, kad, nors galima aptarnauti atrinktas
suinteresuotasias Salis ir teikti steb&jimo duomenis bei asmeniniams poreikiams pri-
taikytus jspé&jimus, duomeny rinkinius reikia nuolat atnaujinti. Norint paremti tyrimo
idéja, reikalinga automatizuota sistema ir savalaikis duomeny jvedimas. EASTMOC
sistema siekiama sukurti rysj tarp ilgalaikiy ir trumpalaikiy steb&jimo ir monitoringo
duomeny suinteresuotosioms salims (véjo greitis ir kryptis, bangy kryptis ir reik§min-
gas aukstis, vandens ir oro temperatiira, atmosferos slégis, neSmeny dydis ir pasis-
kirstymas, kranto linijos padétis, paplidimio plotis, papliidimio apsaugos priemoniy
pasikeitimas). Taigi, sisteminio mgstymo ir integruoty modeliavimo metody taikymas
gali reikSmingai pagerinti miisy supratimg apie sudétingas sistemas ir padéti kurti
veiksmingesnes bei tvaresnes jy valdymo strategijas.
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ISVADOS IR REKOMENDACIJOS

Batimetriniai duomenys ir kranto profiliai buvo naudojami apskaiciuojant
juros gylio poky¢ius ir nuosédy turio pokycius. Po Klaipédos uosto rekons-
trukcijos nuosédinés medziagos nuostoliai KurSiy nerijoje ir Zemyninéje Lie-
tuvos kranto dalyje padidéjo. Apskaiciuotas bendras nuosédinés medziagos
nuostolis sieké apie 1,5 milijono m®. Kur$iy nerijos kranto dalyje nuosédinés
medziagos praradimo greitis sumaz¢jo, o tai rodo, kad hidrotechninés struk-
tiiros daro jtaka ne§meny srautui priekrantéje. Sj procesa lydéjo povandeniniy
kranto profiliy dalies statéjimas ties Klaipédos uosto molais. Tai reiskia, kad
krantg pasiekia didesnés energijos bangos. Rekreaciné veikla kranto zonoje
néra tiesiogiai paveikta Siy pokyciy, kol islieka smélio paplidimys. Tyrime
pabréziamas poreikis stebéti neSmeny dinamika, kad buity galima taikyti spe-
cializuotus kranto zonos valdymo metodus.

Siaurinéje jiros kranto dalyje pastebima intensyvesné erozija, o eroduojamas
kranto ilgis padidéjo tris kartus. Trumpalaikiai kranto linijos pokyc¢iai yra su-
sije su véjo krypties pasikeitimais ir dugno gilinimo darby poveikiu. Tyrimas
taip pat atskleidé zemyninio kranto ruozg, kuriame vyrauja kiti pozymiai, to-
kie kaip akumuliacija.

Rezultatai rodo, kad iSsamiis matavimai yra biitini norint suprasti platesnj
papildymo poveikj atokesniems kranto segmentams ir atitinkamai patikslinti
valdymo strategijas. Tokie moksliniai tyrimai leisty visapusiskiau suprasti pa-
pludimio papildymo poveikj ir pagerinty kranto valdymo praktika. Apskritai
tyrime pabréziama, kad nors paplidimiy stiprinimas gali buti vertinga kranto
erozijos valdymo priemoné, papildymo sékmé priklauso nuo kruopstaus vie-
tos salygy jvertinimo, nuolatinés stebésenos ir adaptyvaus valdymo, siekiant
spresti dinamiSko kranto aplinkos pobtidZio problemas.

Bandomasis tyrimas ir nustatytos ribos atskleidé, kad biitina sukurti Ziniy dali-
jimosi apie aplinka sistema. Suinteresuotyjy Saliy pastangos taip pat iSryskino
kranto zonos bruozus ir ypatybes, kurias reikia atidziau stebéti. Jy dalyvavi-
mas uztikrina, kad bity jmanoma sukurti veikiancig sistemg. Aplinkosaugos
pranesimy sistemos kiirimas leido tyrimy grupei suvokti skirtumus tarp abiejy
tiriamojo regiono pusiy. Be skirtingos geomorfologijos, abu regionai taip pat
turi skirtingus prieigos taSkus, socialines ir ekonomines vertes bei paskirtis.
Todél kiekvienam jy vertinimui sistemoje turéty biiti naudojamas skirtingas
duomeny rinkinys.
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Gyvenimo apraSymas

Disertacinio darbo autoré Ilona Sakurova gimé 1994 mety vasario 24 die-
ng. 2012 metais baigé Visagino technologijos ir verslo profesinio mokymo centrg.
2013 metais baigé Visagino technologijos ir verslo profesinio mokymo centrg (dabar
Visaginas TECH) ir jgijo Kompiuteriy derintojo kvalifikacijg. 2013 metais jstojo |
Klaipédos universiteto Gamtos ir matematikos moksly fakulteto (dabar Juros techno-
logijy ir gamtos moksly fakultetas) Hidrologijos ir okeanografijos (dabar Gamtinés
geografijos ir okeanografijos) bakalauro studijy programg. Bakalauro studijas baigé
2017 metais, apgynusi baigiamajj darbg ,,Izostaziniy vandens lygio pokyc¢iy modelia-
vimas pietrytinéje Baltijos juroje“. Studijas tgsé Klaipédos universitete Ekologijos ir
aplinkotyros (dabar Tvaraus vandens ekosistemy valdymo) magistrattiros studijy pro-
gramoje. 2019 metais apgyné magistro darbg ,,Modeling of eutrophication processes
in the Curonian lagoon®. 2019 metais jstojo j gamtos moksly srities fizinés geografi-
jos mokslo krypties doktorantiiros studijas Klaipédos universitete.

75






Publications



PAPER I



. water

Publications

Article

Assessment of Coastal Morphology on the South-Eastern Baltic
Sea Coast: The Case of Lithuania

Ilona Sakurova *, Vitalijus Kondrat, Eglé Baltranaite

check for
updates

Citation: Sakurova, I.; Kondrat, V.;
Baltranaité, E.; Vasiliauskieng, E.;
Kelpsaite-Rimkiene, L. Assessment of
Coastal Morphology on the
South-Eastern Baltic Sea Coast: The
Case of Lithuania. Water 2023, 15, 79.
https://doi.org/10.3390/w15010079

Academic Editor: Diego Vicinanza

Received: 29 November 2022
Revised: 20 December 2022

Accepted: 23 December 2022
Published: 26 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Erika Vasiliauskiené (© and Loreta Kelpsaité-Rimkieneé

Marine Research Institute, Klaipéda University, Universiteto Ave. 17, LT-92294 Klaipéda, Lithuania
* Correspondence: ilona.sakurova@ku.lt

Abstract: The Port of Klaipéda, located at the Klaipeda strait, divides the Lithuanian coast into
two different geomorphological parts: southern—the coast of the Curonian Spit, and northern—the
mainland coast. Port jetties interrupt the main sediment transport path along the South-Eastern Baltic
Sea’s coast. Port of Klaipéda reconstruction in 2002 and the beach nourishment project which started
in 2014 significantly influenced the northern part of the coast, which led to changes in the coastal
zone evolution. The measurements in various periods are essential for cross-shore profile elevation to
analyze seabed morphology and sedimentation patterns. These data highlight our understanding
of the scale and timing of seabed erosion or sedimentation processes scale and timing. This study
evaluates the impact of anthropogenic pressure and natural factors on coastal geomorphology and
dynamics. In order to assess the latter changes, the cross-shore profile evolution and sediment budget
were analyzed as well as nearshore bathymetry changes. The data illustrated a changing picture of
the entire shore profile—on land and underwater.

Keywords: sediment volume; bathymetry; cross-shore profile; Baltic Sea

1. Introduction

The unique relief of the Baltic Sea coast is and has always been formed by two
main natural elements—the sea and the wind. Therefore, most coastal relief forms are
related to their geological activity [1-3]. Depending on the sea level, wave parameters,
underwater currents, and several other natural and often anthropogenic factors are forming
wider and/or narrower beaches [1,2]. The litho- and morpho-dynamics processes play an
important role in the shore formation mechanism. On land, they are mainly determined by
aeolian processes, while at sea and on the beach, by hydrodynamic processes [2—4].

The coastal zone is under constant change and environmental pressure from various
natural processes (sea level rise, increased storminess, shifting hydrometeorological condi-
tions) and anthropogenic activities (port activities, dredging, coastal protective measures,
coastal tourism) [5]. At the end of the 20th century, the anthropogenic impact became an
independent geological factor affecting many coast formation processes [2,6]. Changes in
the Lithuanian coastal area are related to human activity and natural factors [2,7]. Stronger
storms, more intensive sand discharge from the coastal zone, rising global sea levels, de-
velopment and dredging of the port area, and expansion of the recreational zone are the
most common factors that are considered to mitigate the pressure affecting the coastal zone
nowadays [2,7,8].

Aside from the natural factors and the various human activities to consider, a vast
institutional framework and a set of national policies are in place to be satisfied in accor-
dance with the major world climate action agreements: the Paris Agreement under the
1992 United Nations Framework Convention on Climate Change (UN-FCCC), the UN
agreements on Disaster Risk Reduction (Sendai) and Finance for Development (Addis
Ababa), and the Sustainable Development Goals (SDGs). Therefore, a holistic approach,
coordinated policies, and cross-sector planning are crucial to ensure sustainable territory
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management and avoid or reduce trade-offs between mitigation and adaptation to climate
change [9].

The characteristics of coastal morphodynamic processes—the interaction between
bathymetry (topography) and hydrodynamics—largely determine the volume distribution
during sediment transport [5]. Sediment budget and geology determine the morphology
and dynamics of coasts, which affects the nature and health of coastal systems [10,11]. Hu-
man activities affecting sediment dynamics along the coast and inland can alter naturally
occurring patterns of erosion and accumulation [10,11]. Of the various beach types around
the world, sandy beaches are the most heavily used and geomorphologically complex,
and the shoreline is constantly changing due to the interaction between natural and an-
thropogenic factors causing the erosion or accretion processes occurrence [11]. Although
coastal geomorphology depends on complex processes in nature, knowledge of wind-wave
climate [12-14], the correspondence of interactions with sediment particles, and a better
understanding of coastal dynamics on the spatiotemporal scale make coastal evolution
easier to predict [5,15].

Bathymetry data are important for analyzing seabed morphology and sedimentation
patterns [16-19]. From the variation of bathymetry data, seabed erosion or sedimentation
could be detected and evaluated [20]. The Baltic Sea has unique geomorphic, hydrographic,
and hydrodynamic characteristics that shape the seafloor landscape and influence coastal
zone dynamics [21,22]. Anthropogenic pressure among natural factors affecting the Baltic
Sea seabed morphology is important to consider. The most significant human activities
are harbor constructions, dredging, various cable and pipeline projects, and renewable
energy constructions. This can cause coastal erosion or alter underwater mass direction [23],
negatively affecting some areas of the Baltic Sea. Therefore, such risk factors should be
considered before any construction work is undertaken [8,23,24].

Understanding the variability of the entire cross-shore profile, which includes on
land and underwater parts, is crucial for sustainable coastal management, as it allows
for a more accurate application of different coastal engineering operations: (i) coastal
nourishment [25-27], (ii) design of coastal protection structures [24,27-29], (iii) coastal
sediment balance calculations [23,24]. Cross-shore profiles and their calculations are used to
evaluate longshore sediment transport rates and develop and predict erosion and accretion
volumes [30]. Although it is challenging to observe changes in a swash zone (transitional
area of the coastal profile) that is the most dynamic part of the coastal profile, a better
understanding of sediment transport processes in the nearshore zone is necessary [31,32].

The main objective of this paper is to evaluate the impact of anthropogenic pressure
and natural factors on cross-shore profile changes at the sandy, high-energy coast. In
order to assess the changes in coastal geomorphology, the cross-shore profile evolution, the
granulometric composition of sediments, and hydrometeorological data were analyzed as
well as nearshore bathymetry changes. The data provided a changing picture of the entire
shore profile—on land and underwater.

2. Materials and Methods
2.1. Study Site

The Lithuanian coast (90.6 km) of the Baltic Sea (Figure 1) represents a generic type
of almost straight, relatively high-energy, actively developing coasts that (1) contain a
large amount of fine, mobile sediment, (2) are open to predominating wind and wave
directions, and (3) are exposed to waves from a wide range of directions [7,33]. The specific
two-peak directional structure of predominant winds has created a subtle balance of litho-
dynamical processes on the Lithuanian coast [34,35]. This balance has changed during
the last 50 years [36]. The shore is more actively eroded now, leading to the deterioration
of recreational space, and endangering different coastal engineering structures and other
infrastructure objects in the coastal zone [7,8].
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Figure 1. Overview of the study site. ST1—Palanga Aviation meteorological station, ST2—Klaipéda
meteorological station, ST3—Port of Klaipéda station.

The Port of Klaipéda, located at the Klaipéda strait (the SE Baltic Sea), divides the
Lithuanian coast into two geomorphologically different sites—southern and northern [3].
The southern part of the Lithuanian coast includes the Curonian Spit coast, which consists
of sandy sediments and represents accumulation processes on the nearshore [2]. The
distribution of the sandy sediments is mainly affected by longshore sediment transport, in
which the main path is from south to north [37,38].

The northern part of the Lithuanian coast is the mainland coast, which extends north
from the Port of Klaipéda jetties. This part of the Lithuanian coast is more geologically
diverse than the southern part [2,7]. In the northern part of the mainland coast (Palanga—
Butinge), sandy sediments prevail, forming mainly in the Littorina and Post-Littorina
seas [2,39]. The southern part of the mainland coast (Giruliai, Nemirseta, Melnrage)
consists of the moraine (glacial deposits) and coarse sand (Figures 2 and 3) [2,39].
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Figure 2. Geomorphological map of the study area.
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Figure 3. Klaipéda district municipality’s coast (a) Karkle; Klaipéda city municipality’s official
beaches: (b) Giruliai, (c) Melnrage I, (d) Smiltyneé I, (e) Smiltyne II.

2.2. Hydrometeorological Data

The hydrometeorological data of mean wind speed (m/s) and direction (degrees) of
1993-2021, as well as mean wave height (m) and direction (degrees) data of 1993-2019
used in this study, were processed in Origin Pro 2021 software for statistical analysis
and graphing [40]. These data were obtained from the Marine Environment Assessment
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Division of the Environmental Protection Agency (EPA), Lithuanian Hydrometeorological
Service under the Ministry of Environment, Palanga Aviation Meteorological Station, and
the Port of Klaipéda administration. The data were initially collected at the Klaipéda
meteorological stations on the Baltic Sea coast, Palanga Aviation Meteorological station in
Lithuania, and the port area (Figure 1). Klaipéda meteorological station is located near the
Port of Klaipéda jetties. As constructions surround it, there is no direct access to the Baltic
Sea. The height above sea level is 6.2 m.

2.3. Cross-Shore Profile Evolution

Cross-shore profiles along the study area were measured from the shoreline to the
dune crest. In total, 40 profiles every 500 m were measured. Data were collected using
an Emlid Reach RS+ RTK GNSS receiver with centimeter precision and a dual-band GPS
receiver, Leica 900. Moreover, cross-shore profile data were obtained from the Lithuanian
Geological Survey, covering the 1993-2022 period.

The cross-shore profiles were used to calculate a volume by applying the following
equation [41]:

p—1(51) )
T ()

where p is the cross-shore profile, S is a surface, I is an extrapolation between two profiles,
and L is the linear part of the coast concerned by the calculation to get the m3/m linear
alongshore variations.

vl =

2.4. Beach Sediment Sampling and Processing

Historical sediment data for 1993-2003 were obtained from the Lithuanian Geological
Survey (Bitinas 2004). Sediment samples for 2003-2022 were collected in line with the
Lithuanian Geological Survey methodology at 3 points in every cross-shore profile: the
dynamic shoreline, the middle part of the beach, and the foredune. The collected sediment
samples were processed in the laboratory using a set of nineteen sieves in the following
fractions: >2500; 2500-2000; 2000-1600; 1600-1250; 1250-1000; 1000-800; 800-630; 630-500;
500-400; 400-315; 315-250; 250-200; 200-160; 160-125; 125-100; 100-80; 80-63; 63-50;
<50 um. In the second step, the obtained data were calculated using the GRADISTAT
add-in in the Excel program [42]. The latter Excel add-in applied the Udden (1914) [43]
and Wentworth (1922) [44] sediment size classification scale to calculate the grain size and
distribution of sediments.

In this research, the historical grain size data until 2003 were used alongside the
classification provided by the Lithuanian Geological Survey and the Udden (1914) [43]
and Wentworth (1922) [44] classification-based data starting from 2004. To ensure data
integrity and comparability, transitioning between the two classifications adjustment was
made to use the following grain size: 2500-2000 very fine gravel; 2000-1000 very coarse
sand;1000-500 coarse sand; 500-250 medium sand; 250-100 fine sand; 100-50 very fine
sand; <50 silt [42].

2.5. Bathymetric Data

The bathymetric data for 1993-2022 were procured from the Port of Klaipéda admin-
istration with a 0.5 m grid resolution and the Lithuanian Geological Survey with a 1.5 m
grid resolution. The provided data were collected with a Kongsberg EM2040C multibeam
echo sounder following Standards for Hydrographic Surveys S-44 of the International
Hydrographic Organization [45]; the depth data were processed using the hydrographic
data recording and processing software Hypack Max (HYSWEEP).

In addition, nearshore bathymetry data were collected in 2022 using 3-frequency
Deeper Sonar. Elevations were observed on cross-shore transects extending from the
shoreline to ~6 m depth. Measurements were made in the mainland part of the study area,
10 km north of the northern jetty.
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The triangular irregular network (TIN) was created using obtained data from a point
cloud dataset in Global Mapper 2022 [46] to represent the studied surface morphology.
This method connects 3D (X, Y, Z) point features into a network of triangles. From there,
the program ran interpolation over the triangular faces using the feature elevation and
slope values to generate an elevation grid layer. Then, the digital elevation model (DEM)
was extracted and used to create a bathymetric surface to calculate volume comparing a
studied period (1993, 2003, 2022) surface grids [47,48]. The Path Profile tool generated a
cross-section of the analyzed surface to more accurately assess bathymetric features and
seabed elevation changes. Elevation changes in 446 profiles every 50 m along the studied
coast were calculated in the total.

3. Results

The bathymetry data were used to evaluate changes in the underwater bottom slope
and calculate sediment volume changes. The GPS survey data from cross-shore profile
measurements were used to estimate sediment volume changes in the beach area. Both data
sets allowed to evaluate the alteration of sediment volume in a coastal zone. In order to
identify the possible impact of the Port of Klaipéda reconstruction on coastal evolution, the
study period was divided into two sections: 1993-2003 before reconstruction and 2003-2022
after the elongation of the port jetties. Hydrometeorological data were also analyzed for
these periods separately.

According to calculations performed by Global Mapper (Figure 3) for the period 1993—
2022, the net volume on the mainland coast was —429,631.47 m3, while on the Curonian
Spit coast, it was —2,615,669.7 m®. Before Klaipéda seaport reconstruction, 1993-2003, the
net sediment volume on the mainland coast was 348,070.61 m?, and on the Curonian Spit
—4,633,217.1 m®. In the period after reconstruction, 2003-2022, sediment loss increased
compared to the previous period to —1,520,535.2 m® on the mainland coast. However,
sediment loss decreased on the Curonian Spit respectively to —553,413.63 m>.

During the study period of 1993-2022 on both the Curonian Spit and the mainland
coasts, average loss of sediments Q = —1148.98 m?/profile & 294.29 m3/profile was ob-
served. The average velocity of sediment volume change on the mainland was q = —0.02
(m3/m)/year =+ 0.004 (m3/m)/year, while on the Curonian Spit coast, an average velocity
of volume change was q = —0.03 (m®/m)/year + 0.01 (m®/m)/year.

In order to represent geomorphological changes in the Lithuanian coastal zone, profiles
from Karkle, Giruliai, Melnragé I, Smiltyné I, and Smiltyné II were chosen (Figure 4). In
the period 1993-2022, in profile from Karklé (Figure 4), sediment loss was observed that
reached —1253.68 m3/profile. Overland to the shoreline (0 m isoline), the observed profile
volume changed a 30.74 m3/profile. In comparison, the underwater part to the —10 m
depth experienced a sediment loss of —1290.84 m3/profile. In the most dynamic part,
sediment accumulation was observed from 0 to —2.5 m depth, and sediment volume was
101.61 m®/profile.

In the profile from Giruliai (Figure 4), the total change in sediment volume was
94.34 m3. Overland sediment volume increased to 20.23 m®>. In the swash zone, from 0 to
—2.5m depth, the sediment volume was 187.5 m?3. However, the underwater part from —2.5
to —10 m depth experienced a loss of sediments, and the change reached —126.98 m>. The
loss of sediment prevailed in profile from Melnragé I (Figure 4) and reached —159.51 mS.
In the land part of the profile, the observed sediment volume change was —71.45 m3. From
0 to —2.5 m depth, the profile lost —62.45 m? of sediments; in total, the underwater part of
the profile lost —83.94 m? of sand.
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Figure 4. Elevation changes of the coastal zone on the Curonian Spit (A) and the mainland (B) coasts.

The positive shore formation processes were observed in the profile from Smiltyné I
(Figure 4). Here, volume of sediment increased by 113.26 m3. Overland sediment volume
increased by 29.79 m®. An accumulation was observed in a swash zone from 0 to —2.5 m
depth, and the total change was 330.71 m>. In the remaining underwater part, to —10 m
depth, sediment volume decreased by —203.44 m?3. The total sediment volume change
in profile from Smiltyne II (Figure 4) was —2089.22 m®. However, the overland part of
the profile experienced an increase in sediment volume and reached 60.30 m®. From 0
to —2.5 m depth, sediment volume in this profile decreased by —20.58 m?; from —2.5 to
—10 m depth, the sediment loss was —2134.14 md.

According to hydrometeorological data analysis, during 1993-2021, westerly, south-
westerly, and southerly winds prevailed in a study area, while during 1993-2019, wave
directions were west and southwest (Figure 5). Throughout the study period, the prevailing
wind speeds of 2—4 m/s and 4-6 m/s was observed, while the mean wave height was
between 0-0.5 m and 0.5-1 m.
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Figure 5. The wind rose diagram for wind direction, and wind speed (m/s) from 1993 to 2021, and
wave rose diagram for wave direction and mean wave height (m) from 1993 to 2019, the frequency
distribution of wind speed (m/s) from 1993 to 2021, and frequency distribution of wave height (m)
from 1993 to 2019.

In 1993-2003, the sediment volume in the profile from Karkleé (Figure 4) decreased
by —1071.84 m3. Overland part of the profile to the shoreline, the volume of sediments
increased by 30.37 m3/profile. The volume change reached —1287.77 m?/profile in the
underwater part to —10 m depth. However, from 0 to —2.5 m depth, sediment volume
changed by 95.45 m3/profile. The total change of sediment volume in the profile from
Giruliai (Figure 4) was 77.23 m3. Overland sediment volume increased by 20.19 m3. The
increase of sediment volume was observed underwater from 0 to —2.5 m depth and reached
185.29 m®. In contrast, the underwater part from —2.5 to —10 m experienced sediment
loss of —125.85 m®. In the Melnrage I (Figure 4) profile, the sediment volume increase
was observed and reached 913.66 m®. Overland, the volume of sediments in this profile
increased by 58.62 m®. The sediment loss was observed from 0 to —2.5 m depth and reached
—35.25 m3. However, in total, the sediment volume of the underwater part of the profile
increased by 851.22 m®.

The volume of sediments in profile from Smiltyne I (Figure 4) increased by 428.31 m®.
The overland part of the profile represents the accumulation process; here, sediment
volume increased by 71.61 m>. In the swash zone of the profile (from 0 to —2.5 m depth),
the sediment volume increased by 358.49 m3/m. In the rest of the underwater profile
(to —10 m depth), the sediment volume changes reached 328.65 m>. In the profile from
Smiltyné II (Figure 4), the total change in sediment volume was —1853.24 m®. However,
the accumulation process prevailed on land; the total increase in sediment volume reached
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206.74 m3. A total of —2066.66 m> of sand was lost in the underwater part. From 0 to
—2.5 misobath profile lost —51.71 m3, and from —2.5 to —10 m, —2016.50 m3.

In 1993-2003, the wind direction slightly shifted to southerly directions, and an in-
crease in the southeast directions of the waves were observed. The 2-4 m/s wind speed
still prevailed. However, the increase in wind speed was observed at 4-6 m/s and 6-8 m/s.
The 0-0.5 m mean wave height prevailed in all directions, and waves higher than 0.5 m
were observed in the south, west, and northwest directions (Figure 6).
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Figure 6. The wind rose diagram for wind direction and speed (m/s) from 1993 to 2003, a wave rose
diagram for wave direction and mean wave height (m) from 1993 to 2003, the frequency distribution

of wind speed (m/s) from 1993 to 2003, and frequency distribution of waves height (m) from 1993
to 2003.

Between 2003 and 2022, the profile from Karkleé (Figure 4) experienced a sediment
loss of —166.82 m3/profile. However, on land up to the 0 m isobath (shoreline), the profile
changed by 0.40 m®/profile. In the underwater part up to —10 m depth, the change in
sediment volume was —147.96 m®/profile, and from 0 to —2.5 m isobath volume change in
the profile was 1.47 m®/profile. The total change of sediment volume in the profile from
Giruliai (Figure 4) was 101.07 m?3. Overland, the volume changed to —1.60 m3. In the
underwater part of the profile, from 0 to —2.5 m isobaths, the total amount of sediment
decreased by —6.59 m®. However, the underwater part from —2.5 to —10 m isobath
experienced an increase, which reached 110.32 m®. In the profile from Melnrage I (Figure 4),
the total sediment volume change reached —1072.98 m®. Overland, the profile experienced
a change of —65.36 m® of sediments. From 0 to —2.5 m isobath profile lost —202.30 m® of
sand, in the total underwater part of the profile lost —1011.98 m> of sand.

In the profile from Smiltyné I (Figure 4), the sediment volume changed by —277.19 m®.
Overland, the loss of sediments was observed and reached —34.61 m>. From 0 to —2.5 m
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isobaths in the underwater part, sediment loss reached —17.5 m3. In the rest of the un-
derwater profile, up to —10 m, the total sediment volume changed by —225.23 m®. In the
profile from Smiltyne II (Figure 4), the total change in sediment volume was —251.13 m>.
On land, the total change in sediment volume reached —96.69 m3. In total, —153.98 m® of
sand was lost in the underwater part, from 0 to —2.5 m isobaths, profile lost —4.07 m3 of
sand, and from —2.5 to —10 m depth, —149.99 md.

In the most recent decade of 2003-2022, the wind direction shifted to the south and
southeast directions, and waves from westerly and south-westerly directions were observed.
The prevailing wind speed was 2—4 m/s and 4-6 m/s, while the mean wave height was
0-0.5 m and 0.5-1 m (Figure 7).
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Figure 7. The wind rose diagram for wind direction and speed (m /s) from 2003 to 2021, a wave rose
diagram for wave direction and mean wave height (m) from 2003 to 2019, the frequency distribution
of wind speed (m/s) from 2003 to 2021, and frequency distribution of wave height (m) from 2003
to 2019.

Granulometric analysis was performed on the profiles by sampling at three points:
the dynamic shoreline, the mid-beach, and the foredune (Figure 8). On the mainland coast,
sediment type and sorting were dominated by well-sorted medium sand, slightly very fine
gravelly coarse sand, slightly very fine gravelly medium sand, and very fine gravelly fine
sand. The Ds size varied from 231.6 to 712.0 pum. On the Curonian Spit coast, sediment
type and sorting were dominated by very well-sorted fine sand, well-sorted fine sand, and
moderately well-sorted medium sand. The D5 size varied from 194.7 to 274.4 pm.
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Figure 8. Grain size composition of surface sediments at profiles from Karkl¢, where a—dynamic
shoreline, b—mid-beach, and c—foredune; Giruliai, where a—dynamic shoreline, b—mid-beach, and
c—foredune; Melnrage I, where a—dynamic shoreline, b—mid-beach, and c—foredune; Smiltyné
I, where a—dynamic shoreline, b—mid-beach, and c—foredune; Smiltyneé II, where a—dynamic
shoreline, b—mid-beach, and c—foredune, throughout 2003 (red line), 2012 (orange line), and 2022
(yellow line) years.

Profiles from Karkle, Giruliai, and Melnrage I represent the mainland coast, and
according to grain size distribution since 2003, the sand is evenly distributed in the profiles
but indicates a higher concentration of finer particles. At the same time, profiles from
Smiltyné I and Smiltyné II represent the Curonian Spit coast. According to the grain size
distribution, visible particles coarsen, indicating an occurring erosion process.

4. Discussion

The analyzed data allowed us to describe the evolution of coastal geomorphology
affected by anthropogenic pressure (tourism, seaport activities, hydro-technical structures)
and natural factors such as changes in hydrometeorological conditions.
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The authority of the Port of Klaipéda, in 20142018, ordered 237.78 x 103 m? of sand to
be dumped on the nearshore of Melnragé and Giruliai beaches at 4-6 m depth [7] (Figure 1).
This amount of sand was extracted while deepening the Klaipéda strait and used to nourish
the mainland coast affected by erosion processes. Coastal erosion on the mainland coast is
associated with local hydrodynamic conditions and hydro-technical constructions, mostly
seaport jetties. On average, wave-induced longshore sediment transport is caused by the
angular distribution of winds, and the position of the shoreline is northwards along the
Curonian Spit and the Lithuanian mainland coast [37,38]. This prevailing sediment flow
pattern means that changes in sediment availability or transport patterns along with these
areas substantially affect the sediment budget northwards from Klaipéda. While sediment
flows along the spit predominantly occur under natural conditions, further sediment
transport to the mainland coast of Lithuania is blocked by jetties and breakwaters of Port
of Klaipéda, out-flowing currents from Klaipéda Strait, and dredging of the port entrance
channel [33,37]. Therefore, on the Curonian Spit coast, the predominant coastal process is
accumulation, while on the mainland coast, erosion prevails [7].

The regime shift in wind direction discussed in previous works by authors [7] indicates
morphological changes in the coastal zone. The morphology of most sandy beaches changes
under wave conditions and is generally highly variable at the seasonal scale, with winter
erosion and summer accretion [49]. In the Lithuanian coastal zone, wind-driven waves
are observed [50]. Therefore, the shift in hydrometeorological conditions could alter the
predominant sediment transport direction as well as the transported volume of sediments,
and the erosion and accumulation processes could alternate.

The frequency of occurred wind speeds during the study period revealed the increased
number of 2—4 m/s and 4-6 m/s wind speeds, which means lower wind speeds have an
equal or more significant influence on the hydrodynamic processes that determine coastal
geomorphology and development. Winds of those speeds continuously affect the shore,
leading to a slower shore regeneration process.

Grain size distribution is a natural result of sediment transport processes, primarily
related to the effects of erosion and accumulation [51,52]. Throughout the study period of
2003-2022, the grain size of the sediments on the mainland coast slightly became finer and
evenly distributed in the profiles. This could be related to the beach replenishment work
performed by the Port of Klaipéda Authorities. However, sediments became coarser on
the Curonian Spit coast during 2003-2022. This observation proves the statement made
by authors in earlier works where coastal erosion on both coasts has been detected by
analyzing shoreline evolution [7].

The detection of changes in volumes of sediment during the study period was possible
due to the analysis of bathymetry and cross-shore elevation data. The results revealed that
in the period of 2003-2022, after the reconstruction of the Port of Klaipeda in 2002, both
the Curonian Spit and the mainland coasts experienced the loss of sediments on land and
underwater. This led to a steepening of underwater slopes and narrowing beaches on both
coasts. The sediment loss after the seaport reconstruction is linked to the hydro-technical
constructions and their configuration changes. The position of the north jetty of the Port
of Klaipéda was changed, and the entrance channel has narrowed, causing the alteration
in nearshore hydrodynamics and sediment circulation [53]. Throughout the entire study
period from 1993 to 2022, steepening of the underwater bottom profile was observed in
the nearest proximity to the Port of Klaipéda jetties (Figure 3); waves, therefore, reach
the shore with higher energy. On the social aspect, such changes could be contradictory
for beachgoers as a narrow beach could be less attractive for sunbathers that frequent
recreational areas of the coastal zone. However, the strong winds are most favorable for
extreme sports that are widely practiced along the coast.

Research in sediment transport both improves knowledge and provides diagnoses to
decision-makers. Initially developed for civil engineering, this topic has been recognized
as a scientific field. Science, to serve society, must make it possible to assess environmental
hazards and vulnerability and identify early warning signs of critical transitions, and the
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general society should perceive sediment dynamics as a critical matter requiring atten-
tion [49]. Therefore, it is necessary to understand the involved processes better and to
monitor and analyze the evolution of sediment budgets to adapt the information to be
transferred to decision-makers in suitable forms for strategic planning [49,54].

5. Conclusions

In this study, the use of bathymetric data and cross-shore profiles to calculate elevation
changes underwater as well as to estimate sediment volume and overland changes revealed
that during a study period of 1993-2022, loss of sediments on both the Curonian Spit
and the mainland coasts was on an average Q = —1148.98 m?/profile. After the Port of
Klaipéda reconstruction, 2003-2022, sediment loss increased compared with the period
before the renewal of jetties, and the net sediment volume on the mainland coast was
—1,520,535.2 m>. Nevertheless, sediment loss decreased on the Curonian Spit coast, and
the net sediment volume was —553,413.63 m?, verifying that the position and construction
of the hydro-technical structures influence sediment flow along the coast.

Together with anthropogenic factors, hydrometeorological conditions are the key
driver for coastal development tendencies. The evaluation of the coastal profile indicates
a tendency for steepening of the underwater profile next to the jetties, causing the waves
to reach the shore with higher energy. Recreational activities in the coastal zone are not
among contributing factors of change. They are, however, under the direct influence of
changes and highly dependent on planners’ decisions on how to adapt and mitigate the
influencing ones.

The results of this study emphasize the need for monitoring sediment dynamics in the
coastal zone to provide customized coastal development management methods such as
beach nourishment or hard construction. Observing coastal processes specifies a need for
strategic coastal management plans and demonstrates the current adapted tools work.
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Abstract: Port of Klaipéda is situated in a complex hydrological system, between the Curonian
Lagoon and the Baltic Sea, at the Klaipéda strait in the South-Eastern part of the Baltic Sea. It has
almost 300 m of jetties separating the Curonian Spit and the mainland coast, interrupting the main
path of sediment transport through the South-Eastern coast of the Baltic Sea. Due to the Port of
Klaipeéda reconstruction in 2002 and the beach nourishment project, which was started in 2014, the
shoreline position change tendency was observed. Shoreline position measurements of various
periods can be used to derive quantitative estimates of coastal process directions and intensities.
These data can be used to further our understanding of the scale and timing of shoreline changes
in a geological and socio-economic context. This study analyzes long- and short-term shoreline
position changes before and after the Port of Klaipéda reconstruction in 2002. Positions of historical
shorelines from various sources were used, and the rates (EPR, NSM, and SCE) of shoreline changes
have been assessed using the Digital Shoreline Analysis System (DSAS). An extension of ArcGIS
K-means clustering was applied for shoreline classification into different coastal dynamic stretches.
Coastal development has changed in the long-term (1984-2019) perspective: the eroded coast length
increased from 1.5 to 4.2 km in the last decades. Coastal accumulation processes have been restored
by the Port of Klaipéda executing the coastal zone nourishment project in 2014.

Keywords: Baltic Sea; Port of Klaipéda; shoreline changes; DSAS; clusterization; regime shift detection;
dredging; sand nourishment

1. Introduction

Erosion is a significant problem affecting sandy beaches that will worsen with climate
change and anthropogenic pressure. Sandy shorelines are highly dynamic due to altering
wave conditions, sea levels and winds, geological factors, and human activity [1]. Therefore,
identifying the most vulnerable areas to erosion is crucial for nearshore communities since
it could significantly affect their socio-economic state through destruction of infrastructure,
loss of land and property on the coast, and valuable beach areas used for recreation.

Shore regeneration is a slow process lasting for more than one year, while erosion
usually occurs in a matter of a few days, making it difficult to detect visually. As short-term
measurements do not reflect actual multi-annual dynamic trends, studies involving several
shoreline decay and regeneration cycles are necessary to determine long-lasting changes in
the shoreline dynamics. Typically, coastal research to assess and predict long-term shoreline
dynamics and the erosion rates is based on the data covering up to 10 years (short-term),
10-60 years (medium-term), and more than 60 years (long-term) of shoreline position [2—4].

Shoreline dynamics depend on different causes, mainly on the sediments in the
sea-land system [5-7]. Furthermore, the different coastal stretches have particular fa-
vorable hydrometeorological conditions for the accumulation or erosion processes. The
rapid urbanization of the coastal zone has a significant impact on shoreline develop-
ment [8-10]. Sustainable coastal development requires knowledge of the coastal processes
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combined with incorruptible urbanization and properly chosen shoreline erosion mitiga-
tion methods [10,11]. Often, an insufficient understanding of the coastal processes causes
costly incidents.

A number of studies [8,12,13] show the impact of anthropogenic factors in particular
port activities on shoreline positions. Erosion and accumulation are naturally occurring
processes that often coincide in a dynamic equilibrium [14]. However, increasing an-
thropogenic pressure at the coast has disrupted the natural development of the coast,
accelerating erosion processes in some places and causing accumulation in others [14].
Analysis of shoreline changes is a well-developed field that has progressed complex data
processing and analytical protocols [15]. However, quantifying coastal development trends
is only one aspect of the problem; it is necessary to understand the drivers of change and
address local impacts in a broader regional context that is important from a decadal to a
centennial timescale [15]. Understanding the causes of atypical coastal development is
important to make sustainable coastal zone management plans. Such knowledge is crucial
not only for the coastal dynamics experts, but also for the port managers, as it can serve as
the basis for future decisions on how to reduce port damage to the coasts.

This paper analyses the shoreline dynamic in the context of climate change and
increased anthropogenic pressure, focusing on identifying long- and short-term shoreline
movement tendencies and identifying the direct impact zone of the Port of Klaipéda.
As well as answering the question of whether and how shoreline evolution is affected
by the artificial sand nourishment carried out in accordance with the Port of Klaipéda
management plan.

2. Study Site

The Lithuanian coast of the Baltic Sea represents a generic type of almost straight,
relatively high-energy, actively developing coasts that (i) contain a large amount of fine
mobile sediment; (ii) are open to predominating wind and wave directions; and (iii) are
exposed to waves from many directions [16]. The study area extends 10 km from Klaipéda
seaport jetties to the north and 10 km to the south. This particular area was chosen based
on the following aspects: (i) the broad demand spectrum of recreational uses [17]; (ii) the
high risk of coastal erosion [18,19]; (iii) the possibility of direct and indirect anthropogenic
impacts [20,21].

The South-Eastern coast of the Baltic Sea is formed by the presence of the Port of
Klaipéda [21,22]. Historically, the Port of Klaipéda has been known from the 13th century
when vessels of Lubeck and Bremen merchants used to moor in the small port neighboring
the Klaipéda castle [23]. Port expansion to the Klaipéda strait started in 1745, and the
chronicle of 1797 mentions that Port of Klaipéda consists of the Dane river port and a big
water basin in the strait of the Curonian Lagoon. In the 19th century, wooden jetties were
constructed [22]. 1924-1939 was a period when Klaipéda seaport was at its flourishing
peak—new stony jetties and quays were assembled [24,25]. Since the occurrence of the first
jetties, ongoing coastal engineering problems were encountered relating to wave exposure,
siltation within the port, extensive dredging requirements, and seiching within the confines
of the present harbor [22,26].

After the construction of the first port jetties, at the end of the 19th century, the
shoreline moved seawards significantly on both sides of the jetties [20]. This insight raises
doubts about the predominant sedimentary direction from south to north [6]. The dumping
of the dredged sand can partly explain this accumulation tendency in the northern part of
the jetties from the Klaipéda strait [22]. Up until the beginning of the 20th century, sand
dredged from the port had been dumped at shallow depths north of the jetties, initiating
coast accumulation [22].

After the prolongation and construction of new concrete jetties at the beginning of
the 20th century (works finished till 1934) [21] alongside changed dredging policies [13],
observations were made that sand dredged next to the port jetties returns into the inlet and
continues dredging works to ensure the depth of the entrance channel.
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Figure 1. The Klaipeda seaport jetties before and after the reconstruction of 2002, (a) 1997, and (b) 2005.
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Due to depth restrictions in the Danish Straits, vessels with a maximum draft of 16.5 m,
and in some cases, vessels with a draft of up to 17 m can enter the Baltic Sea. Another
limitation for ships entering the Baltic Sea is the bridge height to about 65 m entering the
strait of the Great Belt, which connects the Danish islands of Zeeland and Funen. These
restrictions prevent vessels with a draft greater than 16.5 m from entering the Baltic Sea
from those of Class Panamax (Baltmax). The long-term competitiveness and sustainability
of the Klaipéda seaport can be ensured only by increasing the technical capability of the
port to receive and service ships of the maximum capacity [27].

Therefore, in 1999, the final design for reconstruction of the Port of Klaipéda jetties
was established. The seaport jetties system was reconstructed by narrowing the entrance
channel and changing the position of the northern pier. In 2002 the northern pier was ex-
tended by 205 m (up to 733 m) and the southern pier by 278 m (up to 1374 m) (Figure 1) [28].
At the same time, the entrance channel was dredged to a depth of 14.5 m. According to the
recent port development plan, the entrance channel will be dredged up to 17 m by 2023.
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The Port of Klaipeéda, located at the Klaipéda strait (Figure 2) (South-Eastern coast
of the Baltic Sea), divides the Lithuanian coast into two geologically and geomorphologi-
cally different parts: southern—the coast of the Curonian spit, northern—mainland coast
(Figure 3) [29]. Port jetties interrupt the main sediment transport path and significantly
influence the Lithuanian coast’s northern (38.49 km long) part [6,20]. Only Quaternary
sediments are found on the Lithuanian coast of the Baltic Sea [6,30]. From the geologi-
cal point of view, the mainland coast and the Curonian Spit coast are not homogenous
(Figure 4). The geological structure of the mainland coast was mainly determined by the
sediments formed during the last few glaciations. The sediments of the Curonian Spit coast
were formed in the Baltic Sea basin—starting with the Baltic Ice Lake and ending with the
modern Baltic Sea [6,30].
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Figure 2. Location of the study site in the south-eastern Baltic Sea, A: the Curonian Spit coast, B: the mainland coast.

The sandy sediments form the part of the Curonian Spit coast: this Lithuanian coastal
sector is characterized by accumulation relief [6]. The mainland coast of Lithuania is
geologically heterogeneous: the northern part of the mainland coast is mainly formed of
fine-grained sand (0.25-0.1 mm), while the southern and central parts of the mainland
coast are formed by the medium-grained (0.5-0.25 mm) and coarse-grained (1-2.5 mm)
sand [6,14]. A detailed description of the Lithuanian coast geomorphological and geological
structure is provided by Bitinas et al. (2005)

According to the granulometric analysis of sediment samples from 2019 along the
study area (Figure 4), on the Curonian Spit coast (A, a), very well and moderately sorted
(0 =1.21-1.47 mm) fine sand (Md = 0.20-0.37 mm) prevails, while on the mainland coast
(B, b, ¢), the sorting of the sediments differs in a cross-shore profile. In profile b, moderately
well-sorted (0 = 1.44 mm) medium sand (Md = 0.32 mm) prevails in a shoreline area,
well-sorted (o = 1.19 mm) slightly very fine gravelly medium sand (Md = 0.21 mm) prevails
in a beach area, and moderately well-sorted (o = 1.47 mm) sand prevails (Md = 0.36 mm)
in a foredune area. In profile ¢, poorly sorted (¢ = 3.84 mm) very fine gravelly fine sand
(Md = 0.24 mm) prevails in a shoreline area, poorly sorted (o = 10.69 mm) medium gravelly
fine sand (Md = 0.23 mm) prevails in a beach area, and poorly sorted (o = 18.21 mm) sandy
very fine gravel prevails (Md = 1.12 mm) in a foredune area.
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Figure 3. Study site shoreline features: (a) the Curonian Spit coast Smiltyné I beach (© 1. Sakurova); (b) the Curonian Spit
coast Smiltyné I beach (© 1. Sakurova); (c) the mainland coast Giruliai beach (© L. Kelpsgaité-Rimkiené); (d) the mainland
coast Melnrageé I beach (© V. Kondrat).

During the dredging of the Klaipéda strait, the glaciogenic moraine deposits and
alluvial sediments are mainly excavated—sand (0.002 mm 10-30%—-2 mm 50%) and silt
(0.002 mm 10-30%-2 mm 30-50%). All lithological sediment types are dumped in dumping
area I (Figure 4) at a depth of 45-50 m. The II dumping area (Figure 4) is intended only
for the dumping of sandy sediments—fine (0.25-0.1 mm > 50%) and aleuritic (<0.063 mm
10-30%) sand at a depth of 28-35 m. Since 2001, clean sand that meets sanitary-hygienic
requirements excavated from the port entrance channel has been dumped in the dumping
area III (Melnrage-Giruliai) at a 4-6 m depth. This area is intended to replenish the sediment
balance and restore beach sand reserves [24].
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Figure 4. Map of Quarternary sediment type of coastal area and dumping zones of dredging material. Lg III B—
glaciolacustrine sediments of the Baltic Ice Lake (fine sand); 1g IIT bl—glaciolacustrine sediments (various sand); gt
III bl—marginal glaciolacustrine deposits (fine sand); m IV L—Litorina Sea sediments (fine sand); v IV—aeolian deposits
(fine sand); m IV a—nearshore sediments (extra fine sand (0.05—0.1 mm)); m IV b—nearshore sediments (fine sand
(0.1—0.25 mm)); m IV c—nearshore sediments (gravel with sand); gll-Ill—glacial deposits of Middle and Upper Pleis-
tocene (unseparated), glacial loam, boulders and gravel (washed till). I—distant dumping area; Il—near dumping area;
III—nearshore dumping area (adapted from Bitinas et al., 2004). Grain-size composition of surface sediments at Smiltyné I
(a), Melnrage I (b), and Karklé (c). Orange color line—western part of the dunes (foredune); blue line—the middle of the
beach; red line—a dynamic shoreline in July of 2019.

3. Materials and Methods
3.1. Analysis of Cartographical Data

In this paper, we evaluate a period of 35 years of shoreline position variation tendencies
for 1984-2019. All shoreline position changes were determined using the available high
accuracy (1:10,000) cartographic data for the years: 1984, 1990, 1995, and 2005 (Table 1)
obtained from Lithuania’s National Land Service under the Ministry of Agriculture and
GPS survey data for 2015 and 2019. The shoreline position was established at the middle of
the swash zone by dual-band GPS receiver “Leica 900”.

Shoreline position changes were analyzed with the ArcGIS extension DSAS v. 5.0 (Dig-
ital Shoreline Analysis System) package, developed by the United States Geological Survey
(USGS) [31,32]. The DSAS is executed in five steps: (1) shorelines digitizing and uniforming
to WGS-84 coordinate systems (UTM Zone 34); (2) computation of the uncertainties; (3)
baseline creation and transects generation; (4) computation of distances between baseline
and shorelines at each transect; and (5) computation of shoreline change statistics.

Three statistical parameters—net shoreline movement (NSM), end-point rate (EPR),
and the shoreline change envelope (SCE)—were estimated and analyzed along with each
transect every 25 m along the shoreline (796 transects in total). NSM values report the net
change of the shoreline in the study period between the oldest and most recent shoreline.
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EPR rate (m/yr) indicates change rates between the earliest and most recent shoreline

positions. SCE capacity provides the envelope of shoreline variability, and it is the only

measure of the total shoreline change among all the available shoreline positions [33].

Table 1. Shoreline positioning and detection errors. Ed—digitization error, Ep—pixel error, Es—sea-level fluctuation error,

Ec—shoreline line detection or resolution errors, Etc—T-sheets plotting errors, Er—rectification error, Ut—shoreline capture error.

Data Source Exrors (m)
Ed Ep Es Ec Etc Er Ut

T-Sheets (1984) 2.961 0.987 0.680 3.948 7.500 9.058
T-Sheets (1990) 2.760 0.920 0.570 2.680 7.500 8.498
Orthophotos (1995) 2.500 0.506 0.490 2.024 0.500 3.331
Orthophotos (2005) 2.500 0.513 0.720 2.052 0.500 3.390
GPS (2010) 0.590 0.295 0.660
GPS (2015) 0.610 0.295 0.678
GPS (2019) 0.570 0.295 0.642

3.2. Data Reliability and Limits of Uncertainty

The shoreline position is highly variable in short time scales due to heavy storms,
waves, and wind setup when extreme natural variations induce significant temporary
shoreline retreat. Mapping the historical shorelines introduces additional uncertainties [34].
Although most researchers have similar techniques for estimating shoreline value changes,
the methodology used to estimate changes varies considerably, significantly altering the
accuracy and reliability of the data collected or determined. The dynamics of the shore
itself may also cause certain differences and inaccuracies in shoreline surveys. Therefore,
the values of the same shoreline determined by two independent scientists in the same
field of science can vary considerably in their size and accuracy [35].

The most significant differences in the data occur during the digitization and pro-
cessing of cartographic material. The differences in the values of shoreline changes may
also occur due to the different statistical research methods used to determine the degree
of shoreline change (shoreline change rate). The primary data and the analysis methods
are the main factors defining the shoreline variations and accuracies. Therefore, prior to
choosing a statistical research method, it is imperative to estimate the errors in determining
the shoreline position in the cartographic material [36].

In this study, we determined three shoreline positioning and detection errors (Table 1)
based on [14,36,37]:

The error in the position of the shoreline when determining in the T-Sheets:

Ut = 4 (Ed%+ Ep?+ Etc>+ Es?+ Ec?)!/2 (1)
The positioning error of the shoreline in orthophotos equals:
Ut = + (Er?+ Ed?+ Ep?+ Es?+ Ec?)!/2 @)

GPS data error:
Ut = + (Bs+ Ec?)1/2 @)

Here: Ut—shoreline capture error, Er—rectification error, Ed—digitization error, Ep—
pixel error, Ets—photo plan creation error, Ec—shoreline line detection or resolution errors,
Eg—georeferencing error; Es—sea-level fluctuation error; Etc—T-sheets plotting errors.
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The shoreline uncertainty limit for different periods is equal to the sum of the shoreline
fixation errors for different periods:

Y Ut = (Utng + Utny + Utn)'/2 @)

Here nj, ny,—shoreline detection errors for different periods.
The shoreline uncertainty threshold (minimum time criterion) in the statistical meth-
ods for deter-mining shore change (EPR) equals:

Y Ut/n (5)
Here n—research period.

3.3. Clusterization

K-Mean cluster analysis for the net shoreline movement (NSM) values was applied to
identify shoreline zones with similar evolution tendencies [38]. The K-means algorithm is a
simple and popular clustering approach used in various applications [39]. It is a point-based
clustering approach that starts with cluster centers located initially in arbitrary locations
and goes through each stage of the cluster center to reduce the cluster error [39-41].

E=Y"|IX; — m|? (6)

where E is the sum of squared errors for all objects in the data, X; is the point in a cluster,
and my; is the mean of cluster k;. The objective of K-means is to minimize the sum of squared
errors over all k clusters. The algorithm first places k points in the space represented by
the objects clustered as initial group centroids. The second step is to assign each object
to the nearest cluster center. Then, the mean of each cluster is calculated to obtain a new
centroid. These steps are repeated until the centroids do not change. The within-cluster
sum of squares measures the variability of the observations within each cluster. In general,
a cluster with a small sum of squares is more compact than a cluster with a large sum
of squares [38,39]. Clusters with higher values exhibit more significant variability of the
observations within the cluster [38,39]. The number of clusters is chosen based on the
elbow method [38], whose main idea is to define groups such that the total intra-cluster
variation (or the total sum of squares within clusters (WSS)) is minimized. In this case, the
elbow of the curve is formed for the five clusters (Figure 5).
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Figure 5. The number of clusters is chosen based on the within-cluster sum of squares parameter.
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3.4. Analysis of Meteorological Data

The meteorological data (annual mean wind speed and direction) of the 1960-2019
time period were analyzed to detect the wind direction’s regime shift. The meteorological
data were acquired from the Marine Environment Assessment Division of the Environmen-
tal Protection Agency (EPA) and derived from the Klaipéda coastal meteorological station
(Figure 2) under the Lithuanian Ministry of Environment’s environmental monitoring pro-
gram. The program has been prepared in line with the legislation of the European Union.
A STAR (Sequential T-test Analysis of Regime Shifts) algorithm was applied to de-
termine regime shifts in the analyzed time series (https://www.beringclimate.noaa.gov/
(accessed on 10 October 2021)). The algorithm was built upon a sequential ¢-test that can
signal the possibility of a real-time regime shift [42]. The algorithm can process the data
regardless of whether it is presented in anomalies and/or absolute values or not. It can
automatically calculate regime shifts in large sets of variables [42].

For this study, the following set of input parameters were used: cut-off length (I) was
set to 10 years; Hubert’s weight parameter (HWP) was set to 1. HWP determined the
weight of outliers in the calculation of average values of the regime shift. The confidence
level was set to 0.1.

4. Results

4.1. Long-Term Shoreline Changes

NSM for the entire study period 1984-2019 showed (Figure 6) that 60.43% of the
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shoreline was accumulative, 20.98% erosive, and 18.59% was stable or within the range of
uncertainty £9.08 m (Table 2). Generally, the studied coast can be described as accumulative

with the average 14.46 £ 1.92 m shoreline movement offshore tendency; the average
shoreline movement velocity was 0.42 4= 0.03 m/year.
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Figure 6. Net Shoreline Movement (NSM) rates 1984-2019 short-term vs long-term tendencies on the Curonian Spit coast

(A) and the mainland coast (B). Annual shoreline change rates are shown on the transects graph. Purplish color tones on

the transects indicate a trend of coastal erosion, while green tones indicate a trend of accretion, and grey color indicates

shoreline variation values in its positioning and detection uncertainty range. Numbers and lines on the A and B coasts
indicate transects distribution along the study site.
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Table 2. Shoreline uncertainty range.
+Uncertainty Range +Uncertainty Range
Years Years
(m) (m/yr) (m) (m/yr)
1984 * and 1990 * +12.42 +2.07 1990 * and 1995 ** +9.13 +1.83
1984 * and 1995 ** +9.65 +0.88 1995 ** and 2005 ** +4.75 +0.48
1984 * and 2005 ** 19.67 +0.46 2005 ** and 2010 *** +3.45 +0.69
1984 * and 2010 *** +9.08 +0.35 2010 *** and 2015 *** +0.95 +0.19
1984 * and 2015 *** +9.08 +0.29 2015 *** and 2019 *** +0.93 +0.23
1984 * and 2019 *** +9.08 +0.26
* T-Sheets; ** Orthophotos; *** GPS.

Comparing trends of shoreline changes in 1984-2019, we found that the accumulation
processes on the shores of the Curonian Spit accounted for 96.12% (396 out of 412) of
transects. The shoreline moved towards the sea at an average speed of 1.01 4= 0.02 m/year
(Figure 7), with the highest rates of the EPR 2.15 m/year. The NSM value was 35.97 £ 0.69 m,
stable shoreline changes were found in 3.64% of transects and erosions in 0.24% of transects.
The highest intensity of erosion processes at the Curonian Spit was recorded in 1984-1995.
The negative shoreline shift towards the mainland was found in 6.07% (25 out of 412) of
transects, where the average NSM value was —19.38 4 2.50 m. Stable shoreline changes
were found in 18.69% (77 of 412) of transects, and accumulation was detected in 75.24%
(310 of 412) of transects with an accumulation rate of 2.17 £ 0.05 m/year, NSM value was
23.86 £ 0.52 m.
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Figure 7. Graph showing the distribution of EPR (a) and wind rose (b) for 1984-2019.

In 1984-2019, accumulation processes occurred in 22.14% (85 out of 384) of transects
on the mainland coast. The shoreline shifted towards the sea within 20.30 + 1.04 m, with
an average speed of 0.57 & 0.03 m/year (Figure 7). Erosion during this period accounted
for 43.23% (166 out of 384) of transects, and the shoreline shifted towards the mainland
at an average velocity of —0.70 4= 0.02 m/year; the NSM value was —24.84 + 0.74 m.
Stable shoreline was found in 34.64% (133 of 384) of transects. Significant coastal erosion
extends at the northern pier of the Port of Klaipéda —56.9 m in transect 413 (Figure 6).
Accumulation processes in the accesses of Port of Klaipéda piers changed to intensive
erosion, which in 2019 covered 700 m (28 transects) of the coast; the total NSM in them was
—28.28 m, the EPR value was —0.76 + 0.04 m/year.

4.2. Short-Term Shoreline Changes

Comparison of the shoreline changes in 1984-1990 and 1984-2019 showed that the area
of eroded coast increased 2.7 times, from 1.50 km (60 transects) to 4.15 km (166 transects).
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The effect of accumulation processes in 1984-2019 was recorded in 85 transects instead of
145 transects in 1984-1990. The accumulation rate decreased from 4.33 £ 0.11 m/year to
0.57 4 0.03 m/year. The area of stable shores decreased from 3.325 km (133 transects) to
4.475 km (179 transects).

During the 1984-1990 period (Figure 8), the overall shoreline change was positive—
the coast moved seawards on average 23.95 & 0.76 m. During this period, the predominant
wind direction was W, WSW, and the average wind speed variated from 0 to 16 m/s.
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Graph showing the distribution of EPR (a) and wind rose (b) for 1984-1990.

Accumulation was detected in all transects of the Curonian Spit coast, where the
shoreline moved seawards by 12.99-65.08 m with an average velocity of 6.56 4= 0.08 m/year.
On the mainland coast, the shoreline position changes were observed within the range of
determination 4 12.42 m and can be considered as quasi-stable.

Coastal erosion was observed in a 1.5 km (60 transects) area to the north in the 6.2 km
from the northern seaport jetty. The shoreline moved landward at an average velocity of
—3.97 4 0.13 m/year. The most significant negative change occurred in the 672nd transect
and reached —41.58 m. Accumulation occurred in 37.8% of transects on the mainland coast,
and here the shoreline moved seawards, with an average velocity of 4.33 4= 0.11 m/year.

In the 1990-1995 period (Figure 9), the coast has been intensively eroded, with the
predominant 0-16 m/s W, WSW, SW wind direction. The shoreline moved landwards in
620 (77.9%) from 796 transects with an average of —22.85 £ 0.46 m. Significant changes in
shoreline movement were observed in the immediate proximity of the seaport jetties. In the
Curonian Spit coast, the maximum value of NSM was —100.85 m and was detected in the
412rd transect, next to the southern Klaipéda seaport jetty (Figure 8). The most significant
shoreline movement landwards was observed in a 250 m (402—412 transects) coastal area
to the south from the southern seaport jetty. Here the shoreline moved toward land on
average 77.88 £ 1.11 m with an average velocity of (EPR) —15.58 & 0.22 m/year.
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Graph showing the distribution of EPR (a) and wind rose (b) for 1990-1995.

106



J. Mar. Sci. Eng. 2021, 9, 1456

Publications

120f22

EPR (m/yr.)
< 4 w

W

65.9% of transects on the mainland coast can be described as erosive. The average
change velocity reached —4.09 & 0.10 m/year, and the shoreline moved landwards about
—20.45 £ 0.51 m. The quasi-stable coast was observed in 131 transects (34.1%), and an
average EPR value was 0.44 4 0.08 m/year. The most significant shoreline movement
>30 m was detected in the 419443 transect. The maximum value was observed in the
424th transect and reached 49.61 m (EPR —9.92 m/year).

The following ten years, 1995-2005, with the predominant SW, SSW, and WSW
(0-16 m/s velocity) winds (Figure 10), had accumulative tendencies at the Curonian spit
coast. The coast started recovery after the previous erosive period. Furthermore, hurricane
Anatoly, which occurred in December 1999 [20], was not visible in the coastal evolution
processes. It is evident that the quasi-stable part became erosive during the last five years
at the mainland coast, and all other parts stayed accumulative.

—N WY _NNE

— 1995-2005 N2 DNE
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Figure 10. Graph showing the distribution of EPR (a) and wind rose (b) for 1995-2005.

The total change of the shoreline in the studied area in 1995-2005 was positive and
amounted to 6.72 £ 0.39 m with an EPR value of 0.67 + 0.04 m/yr. The Curonian Spit
coast was characterized as accumulative. Here accumulation processes were observed
in 320 transects from 412, and the accumulation rate was 1.70 £ 0.044 m/yr. Erosion
was observed in 27 transects (650 m). From 304 to 320 the transect EPR value was
—1.00 £ 0.03 m/yr. From 277 to 282, the EPR value reached —0.86 + 0.10 m/yr. The
significant accumulation rate of 4.15 m/yr. (NSM 41.52) was noted in the immediate
proximity of the jetties.

In the next five years, 2005-2010 (Figure 11), wind accumulation processes prevailed,
with the WSW, SW, S, SE (0-12 m/s). In 61.1% of transects, the shoreline moved seawards
with an averaged velocity of 2.12 4= 0.05 m/yr., and NSM value reached 10.62 & 0.25 m.
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Figure 11. Graph showing the distribution of EPR (a) and wind rose (b) for 2005-2010.

Accumulation processes were more frequent on the Curonian Spit coast, which was
observed in 67.7% of transects. The average velocity of shoreline movement seawards
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was +2.42 + 0.07 m/yr. During 2005-2010 the shoreline erosion on the Curonian Spit
coast occurred only in 10.40% of transects that amounted to 1075 m out of 10.3 km. The
significant erosive coastal stretch was found in the southern part of the Curonian Spit
between 10 and 34 transects. In the 625 m section, the shoreline moved landwards, on
average —12.82 4= 0.29 m (EPR —2.56 + 0.26 m/yr). The maximum value of NSM was
noted in the 26th transect and reached —26.69 m.

On the mainland coast, accumulation was detected in 53.9% (270 out of 384) of tran-
sects, and the shoreline moved towards the sea by an average of 8.62 £ 0.28 m. The
average EPR value was 1.73 £ 0.06 m/yr. Stable shoreline changes or changes in the
shoreline determination uncertainty range within £0.69 m/yr were detected at 119 or 31%
of transects. Coastal erosion was recorded in 15.1% of transects (58 transects), in which the
shoreline moved landwards at an average speed of —2.01 £ 0.19 m/yr. The most signifi-
cant adverse changes in the shoreline position were found between 413 and 446 transects.
In this 850 m-long coast stretch, the shoreline shifted to the mainland on average by
—9.64 £ 0.28 m (EPR was —1.93 + 0.06 m/yr).

During the 2010-2015 period (Figure 12), with the predominant WSW, SW, S, SE
(0-12 m/s) winds, accumulation processes were noticed in 94.9% of transects (391 out of
412 transects) on the coast of the Curonian Spit, in which the shoreline moved seawards at
an average speed of 3.40 & 0.09 m/yr. In 50% of transects (206 out of 412 transects), the
shoreline shifted from land to sea by an average of 27.82 & 0.04 m (NSM). The maximum
value of NSM reached 49.67 m in the 318th transect.

— 2010-2015

E 004 48 @8-12 @12-16
Transects No / Distance I Accumulation * Stable IErosion Wind speed (m/s)

(a) (b)

Figure 12. Graph showing the distribution of EPR (a) and wind rose (b) for 2010-2015.

On the mainland coast, erosive processes were observed during 2010-2015. Neg-
ative tendencies of shoreline displacement landwards were recorded in 47.4% of tran-
sects (182 out of 384), in which the shoreline generally shifted at an average speed of
—0.51 £ 0.07 m/yr. The significant shoreline movement towards land was recorded in
the 1175 m shoreline section north of the northern seaport jetty (between tr. 413 and
459). The average EPR value was —1.49 & 0.01 m/yr, and the average NSM value was
—8.63 £ 0.07 m; the maximum value of EPR was —2.57 m/yr in 421 transects, and the max-
imum NSM value was —14.84 m. The section of the shore from 746 to 796 transects stands
out. This shore of 1275 m in 2010-2015 moved towards the sea in total —5.10 4= 0.07 m,
and the erosion rate reached —0.88 4 0.01 m/yr. The central part of the mainland coast
was mainly formed by accumulation processes, which accounted for 41.9% of all transects
(182 out of 284). The average accumulation rate in these transects was 1.14 + 0.06 m/yr,
the value of NSM was 6.80 + 0.34 m. Stable shoreline fluctuations of about + 0.19 m/yr
were recorded in the 41st transect.

During the last analyzed period 2015-2019 (Figure 13), the predominant wind direc-
tion was WSW, SW, SWS, S, SSE (0-12 m/s velocity) and all of the coast was erosive. Over
these 4 years, the shoreline moved seawards in 80.9% of transects (644 out of 796) with the
average EPR value —4.24 £+ 0.12 m/yr., and NSM — —15.91 + 0.46 m.
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Figure 13. Graph showing the distribution of EPR (a) and wind rose (b) for 2015-2019.

On the Curonian Spit coast, erosion processes were detected at 97.3% of transects
(401 out of 412) and were 3 times more intense than on the mainland. Here the EPR value
reached —5.72 + 0.15 m/yr., and the NSM respectively was —1.80 £ 0.07 m/yr.

The mainland coast moved seawards in 63.3% of transects (243 out of 384). In the
southern part of the mainland coast, 105 transects (27.3%) were accumulative with an
average velocity of 1.30 & 0.08 m/yr; here, the NSM value was 4.86 & 0.29 m.

In 2015, the Klaipéda seaport authorities started a nearshore nourishment project in
front of the mainland coast (Figure 2). As a result, the additional sediments in the longshore
sediment transport system led to milder coastal erosion on the mainland coast.

4.3. Clusterization

K-Means cluster analysis was used to group the transects to identify stretches of
shoreline with similar development tendencies. Net Shoreline Movement (NSM) values
over the study period were grouped into five clusters (Figure 14). The NSM and SCE values
and results of the cluster analysis distinguish different processes in different stretches of the
Curonian Spit and the mainland coast and reflection of the influence of Klaipéda seaport
piers on the morpho-lytodynamic processes of the coast.
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Figure 14. Graph showing the distribution of shoreline change envelope (SCE) (gray line) and net shoreline movement (NSM) (black
line) along the study area for 1984-2019, and five clusters: cluster No. 1 (CL1), cluster No. 2 (CL2), cluster No. 3 (CL3), cluster No. 4
(CL4), cluster No. 5 (CL5).
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The SCE corresponds closely with the NSM, implying that progressive and continuous
change is more common than cyclical or reverse behavior in the spatial pattern of shoreline
variability along the Curonian Spit. This stretch of coast connects Clusters No. 2 and
No. 5, where the shoreline shifted towards the sea at an average of 38.93 & 1.53 m and
27.66 & 2.17 m, respectively (Table 1). Both clusters indicate accumulation processes on the
coast. In cluster No. 2, the accumulation rate was 1.10 & 0.04 m/yr., the SCE range was
65.14 m. In cluster No. 5, the shoreline moved towards the sea at an average velocity of
0.78 4 0.06 m/yr. The SCE ranged between 38.01 m and 102.62 m (64.61 m). Moreover, on
the coast of the Curonian Spit, Cluster No. 4 enters the southern port pier impact zone,
which includes 27 transects (675 m long shoreline), where the shoreline may have different
trends onshore dynamics at different times depending on hydrometeorological conditions.
During the study period, the total change of the shoreline position in this cluster was
positive and reached 20.74 4 5.52 m, and the accumulation speed was 0.58 £ 0.16 m/yr.
NSM values in this cluster ranged from —11.66 to 37.07 m.

The SCE closely corresponds with NSM along the mainland coast, except for the
445 and 547 transect section. The section of Cluster No. 1 is alternating, mainly due to
anthropogenic activity, such as beach nourishment.

The majority (67.2%) of the mainland coast transects belong to cluster No. 1 (No. 2—3.1%,
No. 3—29.7%). Four coast sections can be distinguished in this area, where the shoreline
has different movement tendencies in the transects in the 675 m long section of the coast
(from 415 to 442 tr.) North of the northern port jetty, erosion processes took place during the
study period. The average erosion rate (EPR) was —0.64 & 0.04 m/year, and the NSM value
was —24.59 £ 1.31 m. The NSM range covered values from —4.19 m to —43.49 m, with a
mean SCE of 56.74 4= 0.96 m. From 445 to 547 transects, the shoreline position changed at an
average speed of 0.47 4= 0.01 m/year. The total NSM in transects was 16.67 + 0.36 m. from
—0.33 m to 47.25 m. SCE from 11.8 m to 47.25 m. In 2014-2018, by order of the Klaipéda
seaport Authority, 237.78 103 m3 of sand was dumped on the coast near the beaches of
Melnrage-Giruliai (Figure 2).

Another group of transects from 519 to 619 in Cluster No. 1 showed slightly negative
shoreline position changes, in which the shoreline moved towards the mainland during the
study period by —0.05 £ 0.01 m/yr., the mean NSM value was —1.93 & 0.30 m. SCE ranges
from 15.78 m to 26.37 m, NSM from —16.07 to 10.73 m. In the northern part of cluster
No. 1, from 736 to 796 transects, changes in the shoreline influenced by erosive processes
were recorded. Here the shoreline changed at an average velocity of —0.20 £ 0.02 m/yr.
NSM was —7.15 & 0.72 m (from —29.23 to 25.7 m), SCE covered an overall change of
23.83 £ 0.32 m and ranged from 12.82 m to 37.52 m.

Cluster No. 3 covers the central part of the mainland coast and indicates transects in
which negative trends in shoreline dynamics have occurred during the study period. The
shoreline of the 117 transects of this cluster moved towards the mainland at an average
velocity of —0.64 + 0.05 m/yr. The overall change in NSM was —22.70 + 1.74 m.

This indicates the accretion processes in the Curonian Spit coast. The clusterization
approach also suggests the accretion processes on the Curonian Spit coast with positive
values of SCE and NSM (Table 3).

Table 3. Net Shoreline Movement (NSM) values and Shoreline Change Envelope (SCE) values per cluster.

Clusters Transects SCE (m) NSM (m)
No. No. Mean Min Max Mean Min Max
1 285 29.34 +£1.38 11.8 70.36 4.07 £2.07 —43.49 65.62
2 255 55.74 +1.44 27.29 9243 3893 +1.53 43 69.97
3 117 2541+ 141 11.92 46.76 —22.70 +1.74 —45.53 0.7
4 27 64.25 £ 691 40.51 108.85 20.74 £ 5.52 —11.66 37.07
5 114 62.68 £ 2.18 38.01 102.62 27.66 £2.17 3.13 74.44
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4.4. Meteorological Data Analysis

Changes in the wind direction are determined as the primary driver for sediment
transport and drive coastal erosion [1,16,43,44]. The long-term wind direction and velocity
at the studied area were analysed to indicate such changes.

The time series of yearly mean wind direction at Klaipeda is presented in Figure 15,
and demonstrates changes in the regime of wind direction in the 1960-2019 period and
suggests that at least two regime shifts have occurred during this period. The regime shift
timings are found using a cut-off length of 10 years and Hubert’s weight parameter of
1 [42]. This method detected that from 1960 till 1992, the wind direction on average was
216° (SW), then an average direction shifted to 188° (S), and the recent shift that occurred in
2011 was to 177° (S). The applied Rodionov regime shift method indicates that the average
wind direction is shifting to the southern direction.

Wind direction, *
240 Cut off length = 10,

Wind direction,

1962 1965 1968 1971 1974 1977 1980 1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 2013 2016 2019
Year

Figure 15. A shift in the annual average wind direction in Klaipéda in 1960-2019.

The first observed regime shift in the mean values of wind direction occurred in 1992
(Figure 15). At this point, we observed that the wind direction shifted to the west-south
direction. This change in the regime coincides with the changes in the shoreline that
occurred when erosion was observed both on the Curonian Spit and on the mainland
coast. Another detected regime shift occurred in 2011 with the same shift to the southern
direction. During this period on the mainland coast, erosion processes were observed, and
accumulation prevailed on the Curonian Spit coast.

The frequency distribution (Figure 16) of the predominant wind direction at Klaipéda
in the 19602019 period determines that the predominant wind, up t01995, was 270° (W).
The applied Rodionov shift detection method (Figure 15) confirms that in 1995 the predom-
inant wind direction shifted to 209° (SSW).
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Figure 16. Frequency of occurrence wind directions at Klaipéda in 1960-2019.
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5. Discussion

The Port of Klaipéda jetties location interrupts the natural longshore sediment trans-
port path from the south to north at this point of the South-East Baltic Sea [6,23,45,46]. This
should create favorable conditions for the two different processes: accumulation on the
Curonian Spit south of the jetties and erosive—north of the jetties. Although the long-term
analysis of shoreline changes in the whole study area indicates a total positive shoreline
shift towards the sea, on the average velocity of 0.43 + 0.03 m/yr, over the 35 years, the
shoreline had different trends in both geomorphological and temporal changes. From the
long-term perspective, the 10 km long Curonian Spit coast to the south of the southern
Klaipéda seaport jetties is attributed to the accumulating coastal stretch. The mainland
coast encompassing the northern part of the study site is affected by erosive processes.

The jettie’s seaport systems on a straight sandy shore block the natural littoral
drift [47,48], which determines the development of shoreline configurations. Typically, an
up and down littoral drift is formed when hard breaking structures interrupt the predomi-
nant sediment transport direction. Due to the prevailing W and SW winds off the coast
of Lithuania, sand transport is directed from south to north [49-52]. As a result, up-drift
accretion occurs on the Curonian Spit coast on the south side of the jetties. Down-drift
erosion occurs after losing its replenishment to maintain stability on the mainland coast
(on the north side of the jetties).

The morphological changes of sandy beaches occur rapidly on a spatio-temporal scale
as a response to natural (wind direction and speed, wave climate, sea-level fluctuations,
etc.) processes [53]. Signs of climate change in the Baltic Sea can be more than just seawater
level rise [54-56], increase in storminess [1], but also changes in the predominant wind and
wave climate [43]. The climate change indicator in the wind regime is characterized as
increasing in the wind velocity or intense wind events and changes in the predominant
wind direction. This indicates changes in the cyclone patches over the Baltic Sea [57].
Changes in the wind direction and wave climate can alter longshore sediment transport
magnitude and the dominant direction [58,59].

During this study, changes were observed in the predominant wind direction since
1992 (Figure 14), when the first regime shift occurred. The second shift in the wind direction
regime was observed in 2012 (Figure 14). Significant changes in the predominant coastal
evolution processes were observed after the wind direction shifts. Observed shifts of wind
direction regime correspond with short-term changes of shoreline dynamics.

Shifts of wind direction regimes influenced intensified coastal erosion on both the
Curonian Spit and the mainland coasts. In particular, the change in the wind direction
regime influenced the short-term development of the Curonian Spit coast. In the periods
of 1990-1995 and 2015-2019, the degree of erosion on this coast reached the respective
levels of 4.57 4= 0.09 and 4.24 + 0.12 m/year. The shoreline movement tendency of
the 19th century was observed when the shoreline shifted towards the sea on both the
Curonian Spit and the mainland coast [21]. This tendency reoccurred in the period of
2015-2019, on the usually accumulative Curonian Spit coast, which became erosive, while
the average rate of erosion processes on the mainland coast decreased. In order to identify
shoreline movement changes related to shifts in hydrometeorological conditions, a detailed
investigation of wave climate (height, direction, period), sea-level fluctuations, and stormy
events is required. Wave climate is driven by the wind climate [1,60] combined with the
wind-driven coastal currents, and these are the major drivers for erosion and sedimentation,
especially along the sandy sections of sandy beaches, dunes and soft moraine cliffs [2,61].
Future coastal process predictions are complicated as potential changes in the long-term
mean and extreme wind speeds have a high uncertainty rate [1,62].

Moreover, significant changes in shoreline dynamics were observed in periods after
the 2002 Klaipéda seaport reconstruction. Intensive erosion was observed on the mainland
coast in the nearest proximity to the seaport jetties. Erosion after the reconstruction is
acknowledged in other authors’ [13,63] research. However, nowadays, as well as in the
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past, the main factor for the coastal erosion processes was attributed to dredging works in
the Klaipéda seaport and especially in port jetty area [22,64].

Dredging works are carried out to maintain proper water levels in fairways, water-
ways, and ports. Work related to the extraction of bottom sediments includes various areas
of activity related to their extraction, transportation, storage, cleaning, and practical use.
Dredging works disturb the natural integrity of bottom sediments (benthos) and directly
and indirectly impact all marine environment elements [65,66]. Sediments excavated from
the Baltic Sea coast are stored in designated areas at sea or on land. Such sites are usually
located near port areas for economic motives [65]. Current environmental trends encourage
the recycling or practical use of excavated sediments. One of the essential practical advan-
tages is the beach nourishment with extracted sand if it meets the established physical and
chemical properties. Artificial sand nourishment can be used as a coastal erosion mitigating
measure by adding sediments directly to the coast or supplementing the natural longshore
sediment transport budget.

In 2014-2018, by order of the Klaipéda seaport Authority, 237.78 x 103 m® of fine sand
was dumped on the nearshore beaches of Melnrage-Giruliai at 4-6 m depth (Figure 4). The
extracted sediments from the Klaipéda strait were used to restore the mainland sediment
budget and replenish the coast. Beach sand nourishment is a widely known method to
widen and restore the subaerial beach and decrease coastal erosion [67-69]. The nour-
ishment material redistribution is driven by local hydrodynamic conditions (waves and
currents). The predominant longshore current is directed from south to north along the
Lithuanian coast [49,51]. Therefore, to mitigate the disrupted natural sediment transport by
Klaipéda seaport jetties, the sediment dumping areas are located north of Klaipéda seaport
jetties (Figure 4). The grain size distribution of the sand is dominated by grains with a size
of 0.1-0.25 mm, representing 70-96% of grains with an Md between 0.14 mm and 0.22 mm,
which corresponds precisely to the composition of the beach sand. Such sand composition
detected on the mainland coast indicates that the nourishment material is transported in a
predominant longshore direction and significantly influences cross-shore profile evolution.

Understanding the short- and long-term variability of the shoreline changes could help
design shore nourishment in such a way that anthropogenic activity would be carried out
in coherence with natural processes rather than in conflict [70,71]. Usually, shoreline change
rates are best suited for the quasi-linear trend analysis. However, values of the shoreline
variation are often non-linear and have different trend reversals. It is possible to single out
the behaviors of certain groups that have the same or similar tendencies of change when
using a joint shoreline change rates trend and cluster-based segmentation analysis.

According to K-means clustering of long-term changes in five different short-term
periods in 796 transects, 369 transects covering clusters No. 2 and No. 5 are essentially
distributed at the Curonian Spit and indicate accumulation processes. The positive dy-
namic characteristics of this coastal stretch are essentially in line with the multi-year
shoreline changes in this coast type. Moreover, they reflect the main geomorphological and
sedimentary conditions of the Curonian Spit.

The Klaipéda seaport impact zone was reflected in clusters No. 1 and No. 5. Still,
cluster No. 1 identifies significant anthropogenic activities or impacts on the mainland
coastal stretch due to shore replenishment. At the same time, on the mainland coast further
from the direct port jetties impact area [20,28], Cluster No. 3 shows the presence of other
factors with a more significant impact on the shoreline evolution. The trend in the SCE
indicator also distinguishes the accumulative stretch of shore from 445 to 550 transects,
which proves the impact of damping of the dredged sand from the Klaipéda strait.

6. Conclusions

Forecasting and continuous estimation of the intensity of the sandy South-Eastern
Baltic Sea coast dynamics are essential to customizing coastal development management
methods and techniques that affect the nature and economics of the coastal environment.
The analysis of long- and short-term shoreline changes should provide the required knowl-
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edge for reducing the extent of the anthropogenic intervention factors into the natural
coastal system with long-lasting consequences.

This study aims to qualitatively and quantitatively identify the sandy South-Eastern
Baltic Sea coast shoreline evolution tendencies. The reconstruction of Klaipeda jetties
disrupted the settled equilibrium stage, interrupted the longshore sediment transport, and
activated erosion processes. As a result, in the long-term (1984-2019) perspective, the
northern part of the coast became abrasive, eroded coast length increased three times, from
1.5to 4.2 km.

Assessment of short-term shoreline changes combined with K-means cluster analysis
has helped identify the direct impact zone of the Port of Klaipéeda. In this study, short-
term shoreline changes correspond with shifts in wind direction and reflect the effect
of the dredging works in the Klaipéda strait. The research helped identify the part of
the mainland coast (transects from 445 to 550) that acquires other dynamic properties
of the shore—accumulation. Although according to the hydrometeorological and litho-
geomorphological characteristics and the impact of the port, erosion processes should
prevail. It occurs due to coastal zone nourishment works. Therefore, this site needs
continuous research because it is sensitive to anthropogenic and meteorological conditions.
It also requires regular monitoring of the coast nourishment, as the development of coastal
infrastructure, coastal use for recreational purposes, and planning of coastal protection
measures depend on it.
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ABSTRACT

We analyze the spatio-temporal dynamics of sand relocation for beach nourishment in the
low-energy coastal segment north of the Port of Klaipéda, eastern Baltic Sea, under mild wave
conditions, with significant wave heights below 0.9 m and water level variations from =30 to
44 cm with respect to the long-term average. In summer 2022, about 180 000 m® of sand was
added approximately 120 m from the shore at water depths of 2-3.5 m to form a 750 m long
underwater bar. Sand relocation is evaluated based on repeated water depth measurements
along 114 cross-shore coastal profiles. Some sand was rapidly transported to greater depths,
down to about 6 m, even though wave conditions were particularly mild. The predominant
sand motion was directed offshore, and characteristically for the area, wave-driven sediment
transport was directed to the north. The analysis confirms that even very mild wave conditions
can substantially relocate large volumes of deposited sand in shallow water, both offshore
and onshore, from its original location during the initial adjustment phase following nour-
ishment.

Introduction

Beach nourishment is one of the most effective yet complex ways to address coastal
erosion (Regard et al. 2023). Success depends on many factors, including local
conditions, such as grain size (Dean and Campbell 2016), weather patterns, existing
coastal engineering structures, and human activity (Herrera et al. 2010; Brand et al.
2022). Sand can be deposited on the subaerial beach or in the nearshore (Johnson et
al. 2021). Sediment placed on the nearshore profile can form sand bars or nearshore
berms (Brutsché et al. 2014; Bain et al. 2021; Johnson et al. 2021) that resemble soft
submerged breakwaters (Brutsché et al. 2014; Bain et al. 2021). On many occasions,
nearshore nourishments can use sediments dredged from nearby navigation channels,
subtidal bars, or offshore deposits, and sands can be deposited while the beach
remains in use.

Beach nourishment offers numerous benefits to coastal areas, including increased
recreational space, improved coastal protection, enhanced biodiversity, economic
benefits, and long-term cost savings (Greene 2002; Pupienis et al. 2014). Adding sand
to eroded beaches increases their width, providing more space for recreation and
tourism (Luijendijk et al. 2018). Nourishment can protect coastal infrastructure and
property from erosion and storm damage, acting as a buffer and reducing erosion
rates (Mendes et al. 2021; McGill et al. 2022; Pinto et al. 2022), and careful placement
offshore can operate as a “beach feeder” that releases sand during periods of higher
wave energy (Colleter et al. 2019).

Cross-shore and alongshore sediment transport can redistribute sand after near-
shore nourishment in various ways, depending on the specific conditions of the coastal
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system (Brutsché et al. 2014; McGill et al. 2022). The dis-
tribution of added sand can be influenced by the direction and
intensity of waves and currents, as well as the topography and
sediment characteristics of the beach and nearshore (Wang
2004; Work et al. 2004; George et al. 2020). The specific out-
comes can vary, depending on many factors and local con-
ditions (Chowdhury and Behera 2017; Kumar et al. 2017).
The type and quality of sand, the timing and frequency of
nourishment events (Dean 2002), and the availability of fund-
ing for ongoing maintenance (Staniszewska and Boniecka
2017) can influence the success of nourishment projects.
Environmental factors, such as storms, erosion, and rising sea
levels, can also impact the long-term effectiveness of beach
nourishment efforts (Hanslow 2007; Ferreira and Coelho
2021). This complexity calls for a comprehensive approach
that includes regular monitoring and evaluation of project
outcomes and ongoing stakeholder engagement to ensure that
beach nourishment is aligned with broader coastal manage-
ment goals (Hinkel et al. 2013; Hasan et al. 2020). Successful
beach nourishment requires a commitment to adaptive manage-
ment and a willingness to adjust strategies based on changing
conditions (Kuang et al. 2019; Johnson et al. 2021). There-
fore, proper planning and monitoring are essential to ensure
that the added sand is distributed to maximize its effective-
ness in protecting the coastal zone while maintaining the
natural characteristics of the beach (Greene 2002; Armstrong
et al. 2016). Effective beach nourishment requires a careful
balance between human intervention, natural processes, and
monitoring and maintenance to ensure long-term success
(Armstrong et al. 2016; Mendes et al. 2021; Pinto et al. 2022).
Intrinsically, most beach nourishment actions take place
on relatively high-energy beaches that lose sand owing to
various hydrodynamic loads (Dean 2002). In these circum-
stances, wave activity, possibly combined with water level
variations, rapidly relocates the added sand toward a new
equilibrium (Guillén and Hoekstra 1997). However, even under
relatively high energy conditions, relocation of sand over long
distances can take significant time (Strauss et al. 2009).
Conceptually, the establishment of a new equilibrium that
accommodates the additional sand should take much longer
on low-energy beaches and, in particular, on those with a
small tidal range. We use a beach nourishment project under-
taken in the summer of 2022 along a sandy Baltic Sea coastal
section near the entrance to the Port of Klaipéda, Lithuania,
to evaluate the time scale of sand relocation processes in a
micro-tidal, low-energy environment driven by short and low
energy waves of the Baltic Sea. This task is accomplished
using repeated mapping of cross-shore beach profiles and an
evaluation of sand relocation along and across such profiles
based on short-term changes in the bottom surface height.

Materials and methods

Study site

The Lithuanian coastal zone (Fig. 1) is a narrow strip of land
extending along the Baltic Sea’s eastern coast for approxi-
mately 90 km. It contains a diverse landscape of sandy
beaches, dunes, wetlands, lagoons, and forests. The shoreline

is relatively straight and contains several wide, low-lying,
almost flat segments, with the highest points reaching only
The sandy beaches are primarily located in the southern part
along the Curonian Spit, while coarser sand, shores partially
protected with boulders, and easily erodable cliffs are more
common in the northern part along the mainland shore of
Lithuania (Bagdanaviciiité et al. 2012). The coastal zone of
Lithuania is an important ecological and cultural landscape,
supporting a rich diversity of plant and animal species and
human communities that rely on the sea for their maintenance
(Jurkus et al. 2021; Inacio et al. 2022). It is a unique and
valuable resource that requires careful management to ensure
its sustainability (Baltranaité et al. 2021; Inacio et al. 2022).

The Klaipéda Strait divides the Lithuanian Baltic Sea coast
into two geomorphologically different parts: the mainland
and the Curonian Spit (Bitinas et al. 2005; Kondrat et al.
2021). The Curonian Spit coast is an accumulative environ-
ment consisting entirely of sandy sediments (Bitinas et al.
2005). In contrast, the mainland coast is geomorphologically
diverse, with mostly erosive processes on the beach and
nearshore (Bitinas et al. 2005).

The Lithuanian nearshore zone is fully open to hydro-
meteorological drivers from the Baltic Sea. It is a complex
and dynamic environment affected by waves, currents, and
weather conditions that evolve due to the Baltic Sea’s
relatively mild wave climate (Bjorkqvist et al. 2018) and two
systems of moderate and strong winds in the northern Baltic
proper. Southwestern winds are the most frequent, whereas
(north-)northwestern winds are less frequent but may be even
stronger (Soomere 2003). Waves approaching the study area
from the western directions have the largest average sig-
nificant wave heights (SWH), reaching approximately 0.9 m.
The average SWH of waves approaching from the southern
directions is about 0.6 m, and around 0.5 m for waves ap-
proaching from the northern directions. Waves propagating
from the east to the west (to the offshore) can reach around
0.3 m at measurement locations 500-600 m from the shore
(Kelpsaite et al. 2008, 2011; Jakimavicius et al. 2018). These
waves are short and evidently have negligible impact on sedi-
ment transport in the study area.

Sediment transport along the Lithuanian coast is pre-
dominantly from the south to the north, with a few temporary
reversals (Viska and Soomere 2013). While the shores of the
Curonian Spit south of Klaipeda are generally stable (Bitinas
etal. 2005), erosion usually predominates along the mainland
coast north of the Klaipéda Strait (Bitinas et al. 2005; Viska
and Soomere 2013). To preserve the beaches in this coastal
zone, beach nourishment has become a frequent and effective
erosion mitigation method (Kondrat et al. 2021). For example,
in the resort town of Palanga, beach nourishment has been
used to widen the beach and provide additional recreational
space (Pupienis et al. 2014; Kelp3aité-Rimkiené et al. 2021).

Beach nourishment was recently utilized for the first time
in the impact zone of the jetties protecting the fairway to the
Port of Klaipéda. This port, located in the Klaipéda Strait on
the eastern coast of the Baltic Sea, is the largest and busiest
port in Lithuania (Zilinskas et al. 2020; Kondrat et al. 2021).
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Fig. 1. Schematic map of the study site, the nourishment area, and the network of beach profiles. The red dot marks the location of the
wave model grid cell centered at 55.75° N, 21.04° E: a) Curonian Spit, b) Giruliai Beach. The Port of Klaipéda is located about 2 km to the
southeast along the Klaipéda Strait. Numbers 1-5 indicate cross-shore profiles that are discussed below in detail.

It is an important hub for international trade and commerce,
serving as a gateway to the Baltic States and the wider region
(Baltranaité et al. 2021). Its jetties extend to depths greater
than closure depths in this region, at about 5.5 m (Soomere
et al. 2017), stopping most wave-driven sediment transport.
These massive structures thus create sediment deficit in the
downdrift direction of alongshore sediment flux. A beach or
nearshore nourishment is a natural way to restore sediment
balance in the affected area north of the jetties.

The beach nourishment project

On 29 June 2022, dredging started in the Klaipéda Strait en-
trance channel. The dredged material was tested to meet the
established physical and chemical requirements (Filipkowska
et al. 2011; Staniszewska and Boniecka 2017), and was then
deposited near the northern jetty (Fig. 1). About 180 000 m?
of compliant sand was pumped there to form a 700-750 m
long underwater bar about 120 m from the shore, where the
depth before nourishment was 2-3.5 m. The project, funded
by the European Union’s Operational Investment Programme
2014-2020, was part of the Coastal Management Programme
of Lithuania’s Ministry of Environment. Previously, between

2001 and 2018, the Port of Klaipéda Authority had added
1220 000 m? of sand to replenish the beaches, including
a 2018 nourishment at Giruliai Beach (55.75° N, 21.08° E;
Port of Klaipéda 2023).

Data sources

The analysis relies on the outcome of three surveys. The
nearshore bathymetry data were collected using a 3-frequency
Deeper Smart Sonar CHIRP+ 2 (Deepersonar 2024) twice:
on 24 June 2022, before the nourishment, and on 1 October
2022, a few months after the nourishment campaign. Changes
in seabed height were observed along cross-shore profiles
extending from the shoreline to about 6-m depth. Measure-
ments were made on the mainland segment of the study
area, 5 km north of the northern jetty of the Port of Klaipeda
(Fig. 1).

The Port of Klaipéda authorities provided the third set of
bathymetry data sampled on 20 August 2022 (after the nour-
ishment). This dataset was collected with a Kongsberg
EM2040C multibeam echo sounder (Kongsberg Gruppen
ASA, Norway), following International Hydrographic
Organization Standards for Hydrographic Surveys (IHO
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2020). The depth data were processed using Hypack Max
(HYSWEEP) hydrographic data acquisition and processing
software (Xylem Water Solutions 2023).

A triangular irregular network (TIN) was created in
Global Mapper 2022 (Blue Marble Geographics 2019) using
a point cloud dataset to represent the seabed surface mor-
phology. This method joins 3D point features (x, y, z) into a
network of triangles. The software then interpolated over the
triangular faces, using the feature elevation and slope values
to create an elevation grid layer. The digital elevation model
(DEM) (Hell 2011; James et al. 2012) was extracted to create
a bathymetric surface and calculate volume changes by com-
paring surface grids from different periods. The Path Profile
tool (Blue Marble Geographics 2019) created a cross-section
of the studied surface to more accurately assess seabed ele-
vation changes and bathymetric features. Elevation changes
were calculated for 114 profiles located every 25 m along the
study area. The changes in the volume of sand along all cross-
shore profiles (AV) were calculated by applying the following
equation (Guillot et al. 2018):

1 n
AV =— S, Q)]

Liuj—y
where n = 114, j is the sequential number of the cross-shore
profile (Fig. 1), S is the seabed surface height, / is an extrap-
olation between two profiles, and L is the distance between
the subsequent profiles. The volume changes are estimated in
cubic meters per shoreline unit length (m*/m).

The total sediment transport rate per unit length of the
coastline at a particular location x, of a profile between any
two time instants (Af) is calculated as follows (Baldock et al.
2010, 2011):

*n Az,
Q(xn) = Q(xn—1) — ¢ —P)A—dxv @
o t
n-1
where the positive values of O(x,) (m%Af) represent onshore
sediment transport at position n along a profile, Az, (m) is the
difference in bed elevation between measurement intervals,
and p = 0.4 is the sand porosity.

The bulk cross-shore sediment transport Q (m3/m) along
the profile between two measurement instants was calculated
by integrating the local transported volume across the profile
from the seaward end x . of the profile to its landward

min
end x

max*

R Xmax
Q= Atf Q(x)dx. (3)
Xmin
The quantity Q represents the amount of sediment moved
either shoreward (positive values) or offshore (negative
values) along a particular profile. This measure has been used
to categorize the overall beach response as erosive (Q <0),
accretionary (Q > 0), or stable (Q ~ 0). An alternative
(normalized) parameter that considers the width of the beach
or a beach segment in a particular location is Q (X e = X i)
wherex,  —x, . is the width of the active beach profile. This
quantity provides the mean volume of sediment moved per
unit length of profile.

The hydrometeorological data for 2022, including wind
speed (m/s) and direction (degrees), water level (cm), and
wave height (m), were obtained from the Lithuanian Environ-
mental Protection Agency’s Marine Environment Assessment
Division and the Lithuanian Hydrometeorological Service
under the Ministry of Environment.

During the nourishment period (24 June to 20 August
2022), westerly winds prevailed with an average wind speed
of 2-5 m/s (Fig. 2). The water level peaked at 544 cm on
15 July 2022 and gradually decreased after that (Fig. 3). Note
that this value is given in the historic height system linked to
the so-called Kronstadt zero, where the long-term average is
500 cm. In essence, the water level fluctuated around the
long-term average in the range from —30 to 44 cm.

The predominant wind directions during the period after
nourishment (20 August to 1 October 2022) were east and
southeast, with an average wind speed of 1.5-5 m/s (Fig. 2).
This wind pattern led to the lowest observed sea level during
the study period, measuring 470 cm, 30 cm below the long-
term average (Fig. 3).

The term “closure depth” is commonly used in coastal
engineering and sediment transport studies to describe the
offshore limit beyond which sediment movement is negli-
gible (Dean and Dalrymple 2002; Li et al. 2022). It is often
defined as the depth at which there is no systematic net sedi-
ment transport, meaning that waves and currents can move
sediment beyond that depth but do not shape a profile with
specific properties (Hallermeier 1978; Guillén and Hoekstra
1997). While the closure depth is more commonly associated
with long-term average conditions rather than specific
seasonal variations, it can still be relevant in the context of
synchronization of seasonal wave and coastal processes
(Cerkowniak et al. 2017; Soomere et al. 2017). Seasonal
variations in wave climate, storm events, and sediment trans-
port patterns can influence the effectiveness of sediment
movement along the coast.

The closure depth (4,) refers to the seaward limit of profile
variability over long-term (seasonal or multi-year) time scales.
Hallermeier (1978, 1981) devised the first rational method
for its evaluation based on evidence from the field and lab-
oratory (Soomere et al. 2017). Hallermeier (1981) also estab-
lished a requirement for sediment motion coming from very
unusual wave situations based on correlations with the Shields
parameter. The effective wave period (7,) and effective
maximum significant wave height (/,) that govern the clo-
sure depth were calculated, using H, that was exceeded for
only 12 hours annually, or 0.14% of the time, and the as-
sociated periods (7,). The closure depth is approximated by
the following equation:

2

Hg
he = 228H, — 685 (75 ). @

We apply the following approximations:
H, = H + 5.60y, )

he = 2H + 110y, (6)
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where g = 9.81 m/s? is the acceleration due to gravity, H is
the annual mean significant height, and o, is the annual wave
height standard deviation. Furthermore, 4, = 1.57 H, provides
a first approximation of the closure depth (Soomere et al.
2017).

The predominant approach direction of wave energy flux
(the quantity that governs coastal processes) in the Lithuanian

Baltic Sea nearshore varies from west-south-west (WSW) in
the north to west-north-west (WNW) in the south (Soomere
et al. 2024). The second most important direction varies from
north-west in the north to north-north-west (NNW) in the
south. Waves approaching from WSW-WNW are the most
significant in terms of height, and SWH reaches 0.9 m on
average (Jakimavicius et al. 2018). The wave parameters for
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2022 near the study site were calculated using the SWAN
wave model cycle III, version 41.31A (Giudici et al. 2023)
that covers the entire Baltic Sea with a regular grid with a
spatial resolution of 3 x 3 nautical miles. During the study
period, the simulated SWH reached up to 2.3 m (Fig. 4). With
the mean SWH of 0.9 m and standard deviation of 0.6 m, H,
for the year 2022 was 4 m. The corresponding short-term
closure depth for Klaipeda reached 8.6 + 0.5 m.

Results and interpretation

As described above, about 180 000 m® of dredged material
was placed approximately 120 m from the shore, at an
original still water depth of 2—3.5 m, to form a 700-750 m
long underwater sand bar. This operation led to apparent
changes in the seabed height. We chose five cross-shore
profiles (Fig. 1) to characterize sediment relocation processes
in different segments of the study area.

The estimated net sediment transport along all profiles
(right column of Fig. 5) shows extensive spatio-temporal
variations, indicating active changes across the entire study
area, even under relatively mild wave conditions. While
negative (offshore-directed) net transport prevailed in most
profiles between 24 June and 20 August 2022, this direction
reversed during the period from 20 August to 1 October 2022.
Total net transport was positive during the entire study period
along profiles 3—5, while it was sign-variable along profiles
1 and 2. The changes represented on profiles 1 and 2 in the
nourishment area (Figs 5, 6) were directly shaped by the
added sand. The cross-section of the formed sand bar in the
nourishment area gradually decreased to the north from the
jetties.

The seabed height along profile 1 (Fig. 5) increased by
0.5 m on average between 24 June and 20 August 2022, at
depths from —1.6 to —5.4 m. At greater depths, from -5 to -6 m,
the seabed height decreased by 0.2 m on average. The most
significant decrease reached 0.4 m. The reasons for this
process are unclear and probably unrelated to the nourish-
ment. The sand volume along the entire profile increased
by AV = 68.6 m*/m (sand volume per meter of the coast-

line). The net sediment transport rate Q = —33.4 m?/At
was negative (Fig. 5), indicating offshore-directed net sedi-
ment transport. The sea level was slightly (about 10 cm)
above the long-term average (MSL) during most of this time
and increased to 44 cm above MSL for a short time (Fig. 3),
while wave heights remained well below 1 m (Fig. 4).
This early relaxation phase of the nourishment thus oc-
curred under a basically constant sea level and mild wave
conditions.

During the six subsequent weeks from 20 August to
1 October 2022, sediment moved landward along profile 1
(Fig. 5). The profile’s sand volume increased by 27.2 m*m
(Fig. 6). This continuing increase most likely indicates sub-
stantial alongshore sediment relocation. Cross-shore transport
moved most of the sediment from depths of —2.5 to -4 m
closer to the shore (to depths from —1.5 to —2 m), raising the
seabed height by 0.8 m on average. The seabed height in-
creased rapidly (up to 1.5 m) at depths from —1 to —2.5 m.
Part of the nourished material was distributed into the deeper
segments of the profile. The average seabed height at depths
from —5 to —6.5 m increased by 0.5 m. This increase may
reflect a reversal of the earlier decrease in the seabed height,
or may be the result of alongshore sediment transport (most
likely from the north) and its further relocation to deeper
water.

During the whole study period from 24 June to 1 October
2022, the sediment volume along the entire profile 1 in-
creased by 95.9 m¥/m. This increase demonstrates that the
nourishment significantly impacted the system (Figs 5, 6).
The negative net sediment transport rate Q = —46.7 m?/At
again indicates that sediment, on average, was transported
offshore. The average height of the seabed along this profile
increased by 0.2 m. At depths from —1.5 to —5.5 m, the
average height increased by 0.7 m. The maximum increase
was 1.5 m.

The seabed height along profile 2 during the nourishment
and initial relaxation period from 24 June to 20 August 2022
was also clearly impacted by the added sand (Fig. 5) at depths
from -3 to —4 m. The seabed height increased by 0.8 m on
average, and the volume along this profile increased by
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Fig. 4. Modeled significant wave height (red line) and wave direction (cyan line) during the year 2022, with the highlighted survey dates
in the wave model grid cell at 55.75° N, 21.04° E (red dot in Fig. 1). Waves approaching from the east are generated by easterly winds.
These short waves propagate offshore and have a negligible impact on sediment transport in the study area.
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70.6 m*/m. This is a natural outcome of nourishment for the
entire profile. The net sediment transport rate Q =-33.9 m?*/At
was negative and signals that sediment was, on average,
transported offshore (Fig. 5).

Relatively intense sediment relocation was observed in a
deeper part of profile 2 between 20 August and 1 October
2022 (Fig. 5). The seabed height decreased by an average of
0.1 m at depths from 2.5 to —5.5 m, with a maximum
change of —0.5 m. During the analyzed period, this profile
lost 17.1 m?*/m of sediment. Differently from the above, the
net sediment transport rate Q = 7.6 m%*A¢ was positive,

indicating onshore sediment transport. This situation may
reflect the restorative role of mild swell waves.

As a whole, profile 2 (Fig. 5) gained sediment throughout
the study period. The sand volume along the profile increased
by 53.5 m*/m, as very little material was placed north of
profile 2 (Figs 5, 6). This result indicates that the nourished
material was transported from the south (the area between
profiles 1 and 2) to profile 2. The overall net sediment trans-
port rate Q = —26.3 m%At was negative, indicating offshore
sediment transport also at this location. This feature signals
that offshore parts of both profiles 1 and 2 had a severe sand
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deficit and were at least partially filled by the added sand. In
this context, nourishment likely impacted the system toward
a more balanced status.

Even though no sand was added to the vicinity of profile 3,
this profile showed accumulation during and after the
nourishment from 24 June to 20 August 2022 (Fig. 5). The
seabed height increased by 0.1 m on average, with a maxi-
mum increase of 0.4 m at depths from —3.5 to —5.5 m (Fig. 6).
The sand volume along this profile increased by 33.6 m*/m.
Similar to the above, the negative sediment transport rate
O = —14.4 m%At indicates that sediment was transported
offshore.

During the following six weeks (20 August—1 October
2022), erosion prevailed along profile 3 (Fig. 5). The seabed
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udy site during the study period.

height decreased by 0.1 m on average. At depths from -3 to
—5.5 m, the seabed surface sank by 0.2 m on average, with a
maximum decrease of 0.5 m. The sediment loss during this
period reached 37.3 m3/m. Therefore, all sand possibly trans-
ported from the nourishment area was relocated to other
areas. Unlike with other profiles, the net sediment transport
was directed onshore, as the net sediment transport rate was
positive, O = 11.7 m?At. Consistent with this estimate, during
the entire study period, accumulation was observed in the
nearshore part of the profile down to a depth of —3.5 m, while
erosion prevailed on the deeper part of the profile (Fig. 5).
At depths from the shoreline to —4 m, changes in the profile
averaged 0.03 m, while in the dredged area, the profile’s
elevation decreased by 0.1 m on average. Throughout the
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studied period, the sediment loss along the profile reached
3.7 m*/m, while sediment transport was directed onshore, as
the net sediment transport rate was positive, O = 2.6 m?/At.

Changes along other profiles were much smaller and
apparently almost unaffected by the nourishment. Profile 4
was the most dynamic in its deeper part (Fig. 5) from 24 June
to 20 August 2022. Changes in the seabed height at depths
from —3.5 to —6 m averaged 0.03 m. The range of seabed
height changes was from —0.2 to 0.2 m. During this period,
sediment was added, and the volume along this profile
increased by 7.6 m3/m. The net sediment transport rate
0O = —4.1 m*/At was negative, indicating that sediment was
transported offshore.

Profile 4 suffered from erosion throughout the entire
relaxation phase (20 August—1 October 2022). While some
locations along this profile remained unchanged, the most
significant decrease in the seabed height was 1.2 m. The most
dynamic part of the profile was from the shoreline to a depth
of —3.5 m (Fig. 5). The positive net sediment transport rate
O = 31.2 m%A¢ during this period indicates overall onshore
sediment transport, whereas this profile rapidly lost 64.1 m*/m
of sediment. This process continued from 24 August to
1 October 2022, during which the profile lost an additional
56.5 m3/m of sediment (Fig. 5). The net sediment transport
rate O = 27.1 m?/At remained positive, further confirming the
onshore transport direction. The loss of sediment could mean
increased erosion along the analyzed profile. However, ad-
ditional measurements are required to fully explain the impact
of nourishment on further areas.

Similar to the above, profile 5 represents the dynamics of
an eroding beach (Fig. 5). During the entire study period from
24 June to 1 October 2022, the average seabed height de-
creased by 0.17 m. At depths from the shoreline to -2 m, the
seabed height changed by —0.5 m on average, with a maxi-
mum change of —1.5 m. The most active part of the profile
was located at depths from —3.20 to —7 m, where seabed
height changes ranged from 0.3 (24 June—20 August 2022) to
—0.4 m (20 August—1 October 2022).

Between the first two surveys (24 June-20 August),
profile 5 gained 16.8 m*/m of sand, even though sediment
transport was directed offshore (Q = —2.5 m?/Af). However,
a much more rapid sediment loss of 86.4 m3/m was observed
between 20 August and 1 October. The positive net sediment
transport rate Q = 26.2 m?/At during this period indicates the
onshore transport direction. Over the entire study period, the
profile lost 69.6 m3/m of sediment, indicating fast erosion of
the underwater profile. However, the positive net sediment
transport rate Q = 23.6 m?*/At signals that a large part of
sediment transport was directed onshore. Consequently, the
erosion of the profile’s underwater parts is masked for the
observer on the dry beach by an increase in the sand volume
in the immediate nearshore.

Discussion and conclusions

The study evaluated the effectiveness of sand nourishment
for coastal erosion management in the Lithuanian Baltic Sea

area, focusing on sand redistribution processes after the
nourishment. The findings highlight several critical aspects
of post-nourishment sediment dynamics. The added sand
exhibited significant relocation, even under mild wave con-
ditions. Specifically, approximately 10 000 m* of sediment
was relocated along profile 1, and about 5000 m* along
profile 2. This rapid reshaping is notable, as it occurred within
just six weeks under wave conditions much milder than
average. This unexpected finding underscores the dynamic
nature of sediment transport in the study area and its chal-
lenges for coastal management.

The direction of alongshore sediment transport was highly
variable, mostly to the south near profile 1 and to the north
near profile 2. This variability is likely influenced by the
proximity of the jetties at the Port of Klaipéda, which affect
local hydrodynamics. Such variability complicates predic-
tions and requires adaptive management strategies to account
for specific local conditions.

The range of sediment relocation was relatively limited,
with profile changes almost certainly related to the nourish-
ment seen only on profiles 1 and 2, and with little or no
impact observed on profiles 3—5, which were farther from the
nourishment site. This limited range suggests that the nour-
ishment effects are highly localized and possibly influenced
by specific wave directions, which, in this case, were domi-
nated by western directions, and the presence of the jetties.
This localized impact indicates that while nourishment can
be effective in targeted areas, its broader influence may be
restricted, at least over the time scale of this study.

The study observed typical sediment transport patterns,
including offshore transport in profiles where sand was added,
and a combination of offshore erosion with onshore transport
in other areas. These patterns indicate that nourished profiles
may not achieve equilibrium quickly, necessitating continu-
ous monitoring and adjustment.

During the study period, a notable decrease in sea level
was observed, particularly from 6 to 11 September 2022. This
sea-level drop and prevailing southeastern to south-south-
western wind patterns significantly influenced sediment dis-
persion. These conditions led to sediment being transported
primarily in the cross-shore direction, thereby limiting the
nourishment’s alongshore effects.

Importantly, the presented pattern and magnitudes of
changes essentially characterize the relatively mild conditions
encountered during the study period. The strong seasonal vari-
ation in the Baltic Sea wave intensity suggests that this period
mostly falls within the relatively mild season. Therefore, the
natural beach profiles apparently reflect “summer” profiles
(see, e.g., Ruessink et al. 2016). As the study period also
includes one stronger wave event in September, it is likely
that the observed changes on profiles 3-5 reflect a transition
between the “summer” and “winter” profiles rather than a
direct or indirect impact of nourishment. It remains unclear
whether the described patterns and/or sediment transport
directions are at least qualitatively the same under more
energetic (“winter”) conditions and/or clearly elevated water
levels that are characteristic of the region’s autumn and winter
seasons.
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The results indicate inter alia that comprehensive mea-
surements are essential to understanding the broader impacts
of nourishment on more distant profiles and refining man-
agement strategies accordingly. Such research would provide
a more holistic understanding of nourishment effects and im-
prove coastal management practices. Overall, the study empha-
sizes that while beach nourishment can be a valuable tool for
managing coastal erosion, its success depends on careful con-
sideration of local conditions, continuous monitoring, and
adaptive management to address the dynamic nature of coas-
tal environments.
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Rannaprofiilide veealuse osa kiire kohanemine parast ranna taitmist
livaga vaikses lainekliimas Klaipéda lahistel

llona Sakurova, Vitalijus Kondrat, Eglé Baltranaité, Vita Gardauské,
Loreta Kelps$aité-Rimkiené, Tarmo Soomere ja Kevin E. Parnell

Enamasti tuleb lisada liiva randadele, mida kujundab tugev lainetus, kuid vahel vajavad tditmist ka vaikse-
mates kohtades asuvad liivarannad. Kdesolevas uurimuses naditame, et ka selliste randade taastamiseks ka-
sutatud liiv voib kiiresti imber paikneda. Analiiisime, mis suunas ja kui kiiresti liigutas suhteliselt tagasihoidlik
lainetus Laanemere idarannikul Klaipéda véina pdhjamuuli I1ahistele lainete eest osaliselt varjatud madalmerre
paigaldatud liiva esimese kolme kuu jooksul. Ligikaudu 180 000 m? liiva paigaldati 2022. aasta suvel umbes
120 m kaugusele rannajoonest, moodustades piirkonnas, kus vee siigavus oli algselt 2-3,5 m, ligi 750 m pik-
kuse veealuse liivavalli. Liiva Umberpaiknemise kiirust ja suunda hinnati 114 rannaprofiili muutuste pdhjal.
Oluline lainekdrgus oli uuringute perioodil alla 0,9 m ning veetase kdikus -30 ja 44 cm vahel vorreldes pika-
ajalise keskmisega. Sellest hoolimata hakkas osa paigaldatud liivast kiiresti likuma. Uldiselt paiknes liiv imber
madalamalt sigavamale ning I16una poolt pdhja poole ehk selles piirkonnas tavapérases lainetuse pdhjustatud
rannasetete liilkumise suunas. Osa liivast liikus kiiresti kuni 6 m sligavusele. Keskne jareldus on, et isegi Laa-
nemere kontekstis tagasihoidliku kdrgusega lained véivad liigutada suure koguse madalmerre paigutatud
taiteliiva nii sligavamale merre kui ka madalamasse vette, eriti esimeste kuude jooksul pérast liiva lisamist.
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Abstract: The Lithuanian coastal area is divided by the jetties of the Port of Klaipéda and represents
two geomorphologically distinct parts. Local companies and institutions contribute to shaping the
coastal area through infrastructure development. Awareness of the changes in the coastal zone can
play an important role in the planning and economic feasibility of activities in the Klaipéda coastal
region. Therefore, developing a notification system that provides long— and short-term monitoring
data for the Lithuanian coastal zone is necessary. In order to do so, the authors intend to create a
system that should provide a link between long— and short-term observation and monitoring data
for stakeholders, such as wind speed and direction, wave direction and significant height, water
and air temperature, atmospheric pressure, sediment size, and distribution, height above sea level,
shoreline position, beach width, change in beach protection measures, beach wreckage, and marine
debris management, in order to provide timely notifications to end users.

Keywords: EASTMOC; shoreline; coastal morphology; stakeholder involvement

1. Introduction

Sandy beaches are coastal environments that change in time and space depending on
the depositional morphology and hydrodynamic behavior of the region in which they are
located [1-3]. A detailed understanding of nearshore physical processes is critical to the
planning and implementation of coastal development programs. Coastal geomorphology
can be significantly affected by the longshore and cross—shore sediment transport in the
surf zone, shoreline position changes, hydrometeorological conditions, and various human
activities in the coastal area [4-7].

Hydrometeorological conditions and various human activities significantly alter the
morphological characteristics of the coastal area [7-9]. The cross—shore profile is an im-
portant tool for equilibrium beach assessment, coastal structure design and construction,
and coastal protection strategy planning. It is also needed in coastal models for predicting
beach dynamics [10,11]. Shoreline movement is the most commonly used indicator for
assessing coastal erosion or accumulation processes. It could indicate various causes, such
as storms, changes in wave-wind regimes, and human activities [12-14]. Monitoring the
latter features could help predict changes in morphodynamics in the coastal area. There-
fore, a detailed plan for monitoring coastal morphological features, hydrometeorological
conditions, and human activities is critical to establishing an environmental notification
system. In addition, the forecast and early notification system also serve as a long—term
management tool, as it can simulate the response to future scenarios related to changing
environments, such as mean sea level rise and /or storm intensity [15].

Since local businesses and institutions are the actors that contribute to the development
and planning of the study area, they are also the ones that contribute to shaping the
coastal zone [16]. Timely knowledge of the changes can play an important role in the
planning and economic feasibility of the activities in the coastal area of the Klaipéda
region. To address this issue, the authors attempted to develop an environmental alert
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system for timely maintenance solutions of the coastal zone—EASTMOC. To ensure the
sustainability and optimal functioning of the EASTMOC system, local stakeholders—
businesses, public institutions, and NGOs operating in the study area—were approached.
Interviews helped identify the data (wind, waves, currents) that stakeholders use in their
day-to—day operations, data sharing practices, data gaps (depth of a slope, monitoring, and
other scientific data), and relevant thresholds for different sectors. Hydrometeorological
thresholds place short-term limits on daily activities in the harbor area for port authorities,
passenger ferries, and commercial fishermen. They can also have long-term implications
that lead to changes in strategic plans at the municipal and national levels.

As noted in previous studies by authors [17-20], air temperature and wind direction
were more important than other natural factors based on Bayesian networks because their
conditional probability was higher than other variables. The most influential predictors of
natural factors were the temperature and the temperature of the bathing water, which were
acceptable and preferable for bathing according to the recreational needs of the inhabitants
of Klaipéda [17]. Hydrometeorological conditions and anthropogenic factors are the main
driving force for coastal development trends [21-23]. Coastal profile assessment shows a
tendency for the underwater profile to steepen near the jetties, causing waves to reach the
shore with higher energy [20]. Recreational activities in the coastal zone are not among
the factors contributing to the changes. However, the changes directly influence them and
depend on planners’ decisions to adjust and mitigate the influencing factors [20].

According to previous findings [18,19], a comparison of the shoreline changes in
1993-2003 and 20032022 revealed that the area of the eroded coast increased 4.4 times,
from 2.73 km to 11.90 km. Significant coastal erosion extends north from the port jetties
of Klaipéda with a net shoreline movement (NSM) value of —51.95 m [18,19]. Depending
on the hydrometeorological and litho—-geomorphological characteristics and the impact of
the port, erosion processes should prevail [19,24]. Long-term changes in erosion might
immediately impact society, influencing sectors such as coastal protection and shipping,
among others [9,25].

The current phase of developing this concept includes creating a network of data
sources to ensure the availability and accessibility of data among stakeholders. These
sources are essential to the design of the overall notification system, as thresholds will be
established based on these data. The aim of the EASTMOC concept is to bridge the gap
in access to up-to—-date data, serve as a hub for knowledge sharing, and provide early
notification to various stakeholders according to thresholds established in accordance with
the specifics of their activities.

The lack of a systemic approach to knowledge and data sharing is the main problem
of this study. The authors of the paper operate under the premise that the shoreline,
coastal evolution, and hydrometeorological data are the basis of the solution and a systemic
approach to address the problem; EASTMOC being the delivery method.

This paper aims to demonstrate a proof of concept for EASTMOC and its practical
potential for stakeholders operating in the study area. In addition, create an architecture
for the system, address the knowledge gaps and create a knowledge-sharing platform,
and determine thresholds that could limit activities or change the course of short— and
long-term strategies. A pilot study was performed, and the results confirmed the feasibility
of the system’s idea [18].

2. Materials and Methods
2.1. Study Site

Lithuanian nearshore is a part of the Baltic Sea and has a short sandy shoreline of
approximately 90.6 km [26]. The country’s main harbor is located in the Klaipéda Strait
on the eastern coast of the Baltic Sea, which connects it with the Curonian Lagoon [27,28]
(Figure 1). During the last decade, the seaport rapidly developed and required several sig-
nificant reconstructions. The last one was accomplished in 2002, including the construction
of new quays and a fairway dredging [28]. These works have notably altered sediment
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transport processes in the Klaipéda Strait and nearshore [19,28,29]. Changes in the coastal
processes are also presumed to be associated with natural factors such as regime shifts in
the wind direction [19,20].
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Figure 1. Overview of the study site, where I—Klaipeda, II—Klaipéda district, [II—Municipality of
Neringa, D1—distant dumping area, D2—near dumping area, and D3—nearshore dumping area,
A—the Curonian Spit coast, B—the mainland coast.

The angular distribution of winds and the geometry of the coast is such that the wave—
induced longshore sediment transport is, on average, to the north over the entire Curonian
Spit and the mainland coast of Lithuania [30-32]. This prevailing pattern of sediment flux
means that variations in sediment availability or transport patterns along with these areas
significantly affect the sediment budget north of Klaipéda [19,20]. Although sediment
flows in the spit mainly occur under natural conditions, the further transport of sediments
to the mainland coast of Lithuania is hindered by the jetties of the Klaipéda port, the
currents coming out of the Klaipéda Strait, the deepening of the port inlet channel and
other factors [19,20].

The study area is important for recreation [17,33]. Official beaches, accommodations,
restaurants, and various tourist infrastructures are located near the shoreline. Tourism is
a growing sector in the region, supported by a cruise terminal that opened in 2003 [17]
and increasing passenger numbers on ferry connections to Germany and Scandinavian
countries. The study area is located between two national resorts—Neringa and Palanga—
and has characteristics of a resort in many respects. Although Klaipéda has no status
granted by law, it is a residential area that contains scientifically studied and recognized
natural healing factors. It has infrastructure for the use of these factors for wellness, tourism,
and recreation purposes [34]. The vegetation consists mainly of pine trees [35]. The area
offers a large concentration of resources important for health tourism and health promotion,
such as the coastal microclimate, the therapeutic sapropel of the lagoon, amber, coastal
algae, and many others [36].
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The Port of Klaipéda, located on the Baltic Sea’s south—eastern shore, splits the Lithua-
nian coast into two geologically and geomorphologically distinct parts: southern—the
Curonian Spit coast—and northern—the mainland coast. The port jetties disrupt the pri-
mary sediment movement and substantially impact the northern area of the Lithuanian
coast [19,37]. Only Quaternary sediments are discovered on the Baltic Sea coast of Lithuania.
Geologically, the mainland shore and the Curonian Spit coast are not homogeneous. The
sediments produced during the past several glaciations largely impacted the geological
structure of the continental coast [26]. The Curonian Spit coast’s sediments developed in
the Baltic Sea basin, beginning with the Baltic Ice Lake and ending with the present Baltic
Sea stage [26]. Sandy sediments form the Curonian Spit coast: this Lithuanian coastal
region is distinguished by accumulation processes. The Lithuanian mainland coast is more
geologically diverse: the northern section is dominated by fine-grained sand (0.25-0.1 mm),
and the southern and central parts are dominated by medium-grained (0.5-0.25 mm) and
coarse-grained (1-2.5 mm) sand (Table 1) [19,38]. Since longshore sediment transport along
the Lithuanian coast is directed from south to north, the mainland coast is affected by
erosion, which explains the diversity of the sediment distribution [19,20,26].

Table 1. Key characteristics of the study site.

B: The Mainland Coast

Baltic Sea Thalassological
Reserve, Pajiiris Regional Park

A: The Curonian Spit Coast

Kursiu Nerija (Curonian Spit)

Nature protected areas National Park

Coastal area, nearshore, and
coastal zone’s terrestrial areas

Coastal area, nearshore, and

Natura 2000 sites , .
coastal zone’s terrestrial areas

UNESCO World Heritage sites Curonian Spit

Designated resorts Neringa
- . A . . Melnrages I, Melnrages I,
Official beach Smiltynés I, Smiltynes IT Handicapt, Giruliu
Blue Flag sites Smiltynés I Melnrages II

State of shoreline

Mostly accumulative

Mostly erosive

Very well and moderately

S orting of the sediments

Granulometry sorted fine sand prevails differs in a cross-shore profile
. . . D2—near dumping area,
Dumping D1—distant dumping area D3—nearshore dumping area
3.
2014 932,711 m? 114,571 m ina nearshore
dumping area
581,820 m® in near dumping
2015 779,645 m® area, 112,603 m® in nearshore
dumping area
47,772 m® in near dumping
2016 672,778 m® area, 29,548 m® in nearshore
dumping area
28,273 m® in near dumping
2017 458,065 m3 area, 46,727 m? in nearshore
dumping area
3.
2018 945,482 m® 48,898 m 11.1 a nearshore
dumping area
Accessibility Waterway only On land transportation

The two parts of the case study differ in more than geomorphological features alone
(Table 1). Differences between the two areas are recognized and utilized differently by the
users of the Klaipéda municipality, the district, and tourists. Both parts are held in high
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regard; however, their value is not equal. The entire Lithuanian coast is part of Natura
2000 sites and contains national nature-protected areas. However, only the Curonian Spit is
inscribed in UNESCO World Heritage sites as a unique, vulnerable sandy wooded cultural
landscape with documented Outstanding Universal Value.

Coastal areas are among the most developed and populated land areas in the world,
as the majority of the world’s population lives near the coast [39-42]. The same is true
for tourists [43]. Beach tourism is an important pillar of the tourism industry due to the
inevitable attraction of the beach [44,45]; proximity to the water and the world’s oceans
attracts tourists. Therefore, their preferences are the best determinant of the value of a
particular destination [46]. The beaches on both sides have been used as recreational areas
for many years [47]. Currently, there is a 3400 m stretch for official beaches in study area A
and a 4420 m stretch in area B [17]. The larger part of the Lithuanian part of the Curonian
Spit is located in the municipality of Neringa, which is a resort town. In connection with
the state-recognized status of Neringa, the municipality of Klaipéda and inhabitants of
Smiltyneés settlement are driving a process to grant this part of the Spit the status of a
resort area.

Since 2001, the Klaipéda Port entrance channel of Klaipeda harbour has been dredged,
and the clean dredged sand, meeting sanitary requirements, is used to restore the sediment
budget of the mainland and replenish the coast [19,29,37]. These sand replenishment
campaigns have significantly impacted the Melnragé-Giruliai section of area B, where a
decrease in the erosion process can be observed [19].

Since 2002, the beaches of the Curonian Spit in the municipality of Neringa have been
awarded the Blue Flag. Since 2017 (Smiltynes I) and 2018 (Melnarages II), the beaches in
the study area have also received this recognition.

The Curonian Spit has a land connection via the Russian Federation, as the two
neighboring countries share the Spit. However, this access is restricted by the visa regime
in the usual circumstances. Currently, access is completely closed due to the closed border
between the two countries, leaving locals and tourists to predominantly rely on the regular
ferry connection and continue by road. Meanwhile, anyone wishing to visit the mainland
coast has much easier access through various land transport options.

The construction of a bridge between Klaipéda and the Curonian Spit has been debated
for decades. This highlights another significant difference between the two areas—building
restrictions and development limitations that come with the exceptional value of the
Curonian Spit [48].

2.2. Data Sources

Shoreline: aerial maps, orthophotos, and survey datasets from GPS determined shore-
line positions from 1993 to 2022. A dual-band “Leica 900” GPS receiver measured the
shoreline position in the swash zone’s middle. Historical shoreline positions were measured
every 25 m along the shoreline in 800 transects. Shoreline position changes were analyzed
with the ArcGIS extension DSAS v. 5.0 (Digital Shoreline Analysis System) package [49],
developed by the United States Geological Survey (USGS).

Coastal elevation: the analysis of coastal geomorphology and underwater elevation
changes was calculated from bathymetry data from 1993-2022 using Global Mapper soft-
ware [50]. It indicated that reconstruction works and continuous dredging of Klaipéda
harbor affected the sediment budget along the study area. Bathymetry data were obtained
from the Klaipéda Port Administration with a grid resolution of 0.5 m and from the Lithua-
nian Geological Survey with a grid resolution of 1.5 m. The data provided were obtained
using a Kongsberg EM2040C multibeam echo sounder in accordance with the International
Hydrographic Organization’s Standards for Hydrographic Surveys S-44 [51].

Hydrometeorological: the hydrometeorological data used for this study were obtained
from the Marine Environment Assessment Division of the Environmental Protection
Agency, the Lithuanian Hydrometeorological Service, which is under the Ministry of
Environment, the Palanga Aviation Meteorological Station, and the National Oceanic and
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Atmospheric Administration. Data were initially collected at the Klaipeda meteorolog-
ical station on the Lithuanian Baltic coast and processed by the authors. The Klaipéda
meteorological station is located near the Klaipéda Sea port jetties.

2.3. Methods

Analysis of long—term trends in shoreline changes showed that the stable operating
processes of shoreline formation, which determine and form the balance of shoreline change,
have intensified due to the anthropogenic impact of port reconstruction.

Shoreline positions were determined from aerial photo charts, orthophotos, and GPS
survey data sets. The shoreline position was measured in the middle of the swash zone
by a dual-band GPS receiver, “Leica 900”. Historical coastline positions are measured
every 25 m along the coastline. Three coastline positioning and detection errors were
calculated [52]:

(1) for the aerial photo charts

Ut = +(Bs>+ Ed? + Ep?+ Etc? + Ec)'/2, @
(2)  for the orthophotos

Ut = +(Bs®+ Ed? + Ep? + Er? + Ec)/?, )
(3) for the GPS survey data

Ut = Ut = +(Es? + Ec?)'/2 ©)

where Es—sea-level fluctuation error, Ed—digitization error, Ep—pixel error, Ec—shoreline
line detection or resolution errors, Etc—T-sheets plotting errors, and Er—rectification
error. Shoreline position changes were analyzed with the ArcGIS extension DSAS v. 5.0
(Digital Shoreline Analysis System) package [49], developed by the United States Geological
Survey (USGS).

Analysis of the coastal geomorphology and underwater slope changes were calculated
from the bathymetry data using Global Mapper software [50] and helped identify that the
reconstruction works and the continuous dredging of the Klaipéda port influenced the
sediment budget along the study area. In the period of 2003-2022, about 2.5 km north of
the port jetties, a bottom sediment deficit was observed, where the coastal elevation has
lowered about 5-7 m. The sediment loss during seaport reconstruction corresponds to
hydro-technical constructions and changes in their configuration. The Port of Klaipéda’s
north jetty site has been altered, and the entry channel has narrowed, creating changes in
nearshore hydrodynamics and sediment movement [20]. Throughout the study period from
1993 to 2022, a steepening of the undersea bottom profile was detected in close proximity
to the Port of Klaipéda jetties; as a result, waves reached the beach with more intensity [20].

3. Results and Discussion
3.1. Background for EASTMOC

The location of the Port of Klaipéda jetties interrupts, at this point of the south—eastern
Baltic Sea, the natural path of longshore sediment transport from south to north [19,20,29,31,53].
This should create favorable conditions for two different processes: accumulation on the
Curonian Spit south of the jetties and erosion north of the jetties. Although the long—term
analysis of shoreline changes in the whole study area indicates a total positive shoreline
shift towards the sea, at an average velocity of 0.43 £ 0.03 m/yr, over the 35 years, the
shoreline had different trends in both geomorphological and temporal changes [19]. In the
long term, the accumulated coastal stretch includes the 10 km shoreline of the Curonian Spit
south of the southern Klaipéda seaport jetties [19]. The mainland coast, which comprises
the northern part of the study area, is affected by erosive processes [19,20].
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The grain size distribution of sediments is a natural result of sediment transport
processes, mainly related to erosion and accumulation [54-56]. During the study period
from 2003 to 2022, the grain size of sediments on the mainland coast became finer and more
evenly distributed in the profiles. This could be due to the beach replenishment works
carried out by the authorities of the Port of Klaipéda. On the other hand, sediments became
coarser on the Curonian Spit coast between 2003 and 2022. This observation confirms the
authors’ statement of previous works, in which the coastal erosion on both coasts was
determined [19,20].

Hydrometeorological data alone could not explain current changes. It is a common
understanding that there should be a holistic approach to the question and use of modeling.
This is to ensure that decision-makers operating in the Klaipéda coastal zone are well-
informed about the causation of coastal dynamics. The authors of the study attempt to do
50 in a timely manner so that needed decisions can be made and implemented in due time.
Development of the EASTMOC system results from this collaboration, where stakeholders
are the initiators.

Net shoreline movement analysis for the entire study period 1993-2022 confirmed that
39.05% of the shoreline was erosive, 34.04% accumulative, and 26.53% was stable or within
the range of uncertainty +5.02 m (Figure 2). The Curonian Spit coast’s net volume was
—2,615,669.7 m?, whereas the mainland coast’s net volume was —429,631.47 m?, according
to Global Mapper’s (Figure 2) calculations for 1993 to 2022. Net sediment volume on
the mainland coast was —348,070.61 m?, and on the Curonian Spit was —4,633,217.1 m3
in 1993-2003, before the reconstruction of Klaipéda seaport, which took place in 2002.
Sediment loss on the mainland coast increased to —1,520,535.2 m? in the years following
reconstruction, from 2003 to 2022, compared to the prior years. In contrast, the Curonian
Spit experienced a decrease in sediment loss to —553,413.63 m3 [20].

Endpoint rate shoreline change for 19932022 confirmed that accumulation processes
dominate the Curonian Spit coast while the mainland coast is eroded (Figure 3). The most
significant erosion occurrence was observed in the nearest proximity to the northern port
jetty. In the period after the Port of Klaipéda reconstruction, erosion processes intensified on
both the Curonian Spit and mainland coasts (Figure 3) [19]. During 1993-2022 on average,
the shoreline changed by —0.01 & 0.04 m/yr, meaning that the shoreline moved landward
on both coasts. In the period before the Port of Klaipéda reconstruction, 1993-2003, the
endpoint rate on average was 0.67 = 0.07 m/yr, and in the period after reconstruction,
2003-2022, the erosion rate increased on average to —0.35 & 0.04 m/yr (Figure 3).

The need for the alert system occurred after several meetings with stakeholders con-
cerning the research the team is currently carrying out. In 2022 it was especially true when
the planned coastal protective measures were carried out—the beach enrichment campaign
in the northern part of the Klaipéda coast in Spring. Even though the weather conditions
were stable, coastal erosion was prominent and raised the concern of the Municipality
and port authorities. The Port of Kaipéda is also highly affected by the Curonian Lagoon
processes [57,58], and the annual dredging campaign is essential to ensuring its activities’
stability [59,60]. More context is needed to operate in the area and make informed, sustain-
able decisions. A knowledge gap exists regarding long and cross—shore sediment transport
in the Curonian Lagoon and the Baltic Sea. Those processes are evaluated based on the
literature [31,61-63], as no actual data or research has been done in this area. Researching
long— and cross—shore sediment transport in the study area would require funding and
technical solutions.
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Figure 2. (a) Transect positions along the study area, (b) net shoreline movement (m) during
1993-2003 and 20032022 along the study area, and (c) elevation change for 1993-2003 and 2003-2022,
including underwater and onshore parts on both the Curonian Spit (A) and mainland (B) coasts
(Adapted from Kondrat et al. 2023 [18] and Sakurova et al. 2023 [20] ).

3.2. Pilot Study

Stakeholder mapping was performed in the first step of the pilot study, and all actors
in the Klaipéda Port impact area were identified alongside possibly affected institutions and
organizations. The pilot study was performed in cooperation with ten selected stakeholders
that provided the following data: relevant information on natural factors that is essential to
their continuous operations, information gaps, and main thresholds limiting their day—to—
day operations and/or planning strategies. Selected stakeholders include the main actors
operating in the area: Klaipéda State Sea Port Authority, the biggest operator acting on the
national level, SC “Smiltynés perkéla” provides regular passenger ferry connections to the
Curonian Spit; Lithuanian Transport Safety Administration and others.
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Figure 3. Endpoint rate shoreline change (m/yr) for periods 1993-2022, 1993-2003, and 2003-2022 on
the Curonian Spit (A) and mainland (B) coasts.

The most relevant data on natural factors used for day-to-day operations and fu-
ture plans were indicated as follows: beach width and length, underwater slope (depth),
shoreline position, significant wave height and direction, wind speed and direction, and
current speed and direction, ice cover, and visibility. First, important gaps were identified
as nearshore bathymetry (0-6 m depth), hydrological data of rivers and the Curonian
lagoon, and easy access to real-time hydrometeorological data.

Various stakeholders act in a small area, and their activities depend on different
variables and the nature and scale of their operations. For example, the need to limit
operations of passenger ferries occurs at the following conditions (to name a few): wind
speed 14 m/s; southwest 240°, west 270° turning north 300°; long waves—southwest/west
direction. Monitoring operations and shipping of small vessels in the nearshore area can be
limited at a wind speed of 7 m/s and above a wave height of 1.5 m.

Stakeholders also identified that shoreline position is the most commonly used in-
dicator for assessing coastal erosion or accumulation processes and is important for the
long—term planning of their activities. Port reconstruction, planning, and beach nourish-
ment depend on the long—term changes as they could serve as a prediction model.

The gathered data supports the need for sharing knowledge in a timely manner. The
team concluded that, for the moment, it is possible to cater to several select stakeholders
and provide monitoring data and personalized alerts. However, the datasets need to be
continuously updated daily. This creates a need for an automated system and timely data
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Meteorological
data

Manual input of air

temperature, solar
radiation, wind speed and
direction files

input in order to support the idea of the study—to provide access to the database to every
interested institution or possibly on a personal level.

3.3. EASTMOC System

In order to provide timely notifications to end users, the EASTMOC system (Figure 4)
is intended to create a link between long— and short-term observation and monitoring data
to stakeholders, such as wind speed and direction, wave direction and significant height,
water and air temperature, atmospheric pressure, sediment size and distribution, cross—
shore elevation, shoreline position, beach width, change in beach protection measures,
beach wreck, and marine debris management.

Hydrodynamical
and bathymetry
data

EASTMOC wave speed
Manual input of wave and direction, currents,
speed and direction, water level, bathymetry

currents, water level, files time series files

bathymetry files

EASTMOC thresholds

EASTMOC air temperature,
solar radiation, wind speed

Manual input of coastal
erosion/accumulation,
elevation files

and direction time series files

R

EASTMOC dredging,
EASTMOC coastal hydrotechnical infrastructure
erosion/accumulation, time series files

|

Geomorphological
data

I

/

elevation time series files

R

Human activities
data

Manual input of dredging,
hydrotechnical
infrastructure files

— /

Local businesses and institutions contribute to shaping the coastal area through in-
frastructure development. Awareness of the changes in the coastal zone can play an
essential role in the planning and economic feasibility of activities in the Klaipéda coastal
region. Therefore, to ensure the sustainability and optimal functioning of EASTMOC,
local stakeholders—businesses, public institutions, and non-governmental organizations
operating in the study area—were consulted. Discussions with stakeholders helped identify
the data (e.g., wind, waves, currents) they use in their day—to—day operations, data shar-
ing practices, data gaps (slope depth, monitoring, and other scientific data), and relevant
thresholds for various industries that form the basis for the EASTMOC notification system
(Figure 5).

To identify and predict trends in various processes, looking at long—term data spanning
years, decades, or even centuries is necessary. Such time scales reveal how the system
under study behaves under different processes or conditions. For example, how changing
wind directions and velocities alter certain sections of the beach (erosion or accumulation).
Such long-term data are important to companies and institutions operating in the coastal
zone because they determine their long—term strategic plans, coastal zone infrastructure
development, and beach replenishment needs. In the short-term, coastal zone changes may

Figure 4. Conceptual diagram of the EASTMOC system.
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interest local residents, transportation companies, port operations, tourists, and extreme
sports enthusiasts.
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Figure 5. EASTMOC database structure, where the personal level is planned as a further study step.

The chosen tool for implementing the EASTMOC system is Bayesian Networks (BNs).
The Bayesian Network’s approach is particularly useful in complex systems where multiple
factors interact to produce outcomes [64]. By incorporating a wide range of variables, the
model can capture the distinctions and interdependencies of the system, leading to more
accurate predictions and better—informed decision-making. Additionally, the iterative
nature of the modeling process allows for ongoing alteration and improvement as new data
and insights emerge. This can lead to a more robust and adaptable model that can respond
to changing conditions over time. Overall, the use of systems thinking and integrated
modeling approaches has the potential to revolutionize our understanding of complex
systems and inform more effective strategies for sustainably managing them.

As previous research from the authors shows [17], the Bayesian Networks application
will provide a continuous evaluation of understanding as new information occurs, each
time updating the probability that something is true. The BN modeling methodology helps
to represent the causal relationships of a system in the context of variability, uncertainty,
and subjectivity; elicits subjective expert opinion; and provides a framework for model
improvement as new data and knowledge become available [64].

The pilot study results demonstrate a proof of concept for the EASTMOC and its
potential value for stakeholders operating in the study area. The architecture of the system
addresses the knowledge gaps. It has the potential to provide a knowledge—sharing
platform as well as determine thresholds that could limit activities or change the course
of short and long—term strategies in the study area or could be applied in other areas in
the future.

4. Conclusions

The development of EASTMOC drew the research team’s attention to the distinctions
between two different sides of the study area. In addition to geomorphological differences,
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the two parts also differ regarding access, social and economic values, and use. Therefore,
their evaluation in the system should be done separately and comprise unique data sets.

The pilot study and the identified thresholds proved the need for a notification system.
Moreover, the stakeholder initiative has identified the features and characteristics of the
coastal area that need to be monitored more closely. Their participation underpins the
feasibility of a functioning system.

Further steps are needed to advance the development of the EASTMOC into a fully
functional system. It is expected that stakeholders and various actors in the Klaipéda Port
impact area will initially use the system. Additional funding will be required to make the
system available to the general public.

Author Contributions: Conceptualization, 1.5. and VK,; methodology, 1.5. and V.K; software, VK,;
validation, LS., VK. and E.B.; formal analysis, 1S,; investigation, V.K.; resources, E.B. and V.G.;
data curation, V.G.; writing—original draft preparation, 1.3.; writing—review and editing, E.B.;
visualization, V.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.
15.

16.

Quadrado, G.P; Goulart, E.S. Longshore sediment transport: Predicting rates in dissipative sandy beaches at southern Brazil. SN
Appl. Sci. 2020, 2, 1421. [CrossRef]

Eelsalu, M.; Parnell, K.E.; Soomere, T. Sandy beach evolution in the low—energy microtidal Baltic Sea: Attribution of changes to
hydrometerological forcing. Geomorphology 2022, 414, 108383. [CrossRef]

George, |.; Sanil Kumar, V.; Victor, G.; Gowthaman, R. Variability of the local wave regime and the wave-induced sediment
transport along the Ganpatipule coast, eastern Arabian Sea. Reg. Stud. Mar. Sci. 2019, 31, 100759. [CrossRef]

Sundar, V.; Sannasiraj, S.A. Longshore sediment transport rate from the field measured wave and sediment characteristics along
the coast of Karaikal, India. ISH J. Hydraul. Eng. 2022. [CrossRef]

Belibassakis, K.A.; Karathanasi, F.E. Modelling nearshore hydrodynamics and circulation under the impact of high waves at the
coast of Varkiza in Saronic-Athens Gulf. Oceanologia 2017, 59, 350-364. [CrossRef]

Karathanasi, F.E.; Belibassakis, K.A. A cost-effective method for estimating long—term effects of waves on beach erosion with
application to Sitia Bay, Crete. Oceanologia 2019, 61, 276-290. [CrossRef]

Hapke, CJ.; Kratzmann, M.G.; Himmelstoss, E.A. Geomorphic and human influence on large-scale coastal change. Geonorphology
2013, 199, 160-170. [CrossRef]

Anderson, D.; Ruggiero, P; Antolinez, ]. A.A.; Méndez, FJ.; Allan, J. A Climate Index Optimized for Longshore Sediment Transport
Reveals Interannual and Multidecadal Littoral Cell Rotations. J. Geophys. Res. Earth Surf. 2018, 123, 1958-1981. [CrossRef]
Weisse, R.; Dailidiene, I.; Hiinicke, B.; Kahma, K.; Madsen, K.; Omstedt, A.; Parnell, K.; Schone, T.; Soomere, T.; Zhang, W.; et al.
Sea level dynamics and coastal erosion in the Baltic Sea region. Earth Syst. Dyn. 2021, 12, 871-898. [CrossRef]

Gong, Z.; Jin, C.; Zhang, C.; Zhou, Z.; Zhang, Q.; Li, H. Temporal and spatial morphological variations along a cross—shore
intertidal profile, Jiangsu, China. Cont. Shelf Res. 2017, 144, 1-9. [CrossRef]

Reeve, D.E.; Horrillo-Caraballo, J.; Karunarathna, H.; Pan, S. A new perspective on meso-scale shoreline dynamics through
data—driven analysis. Geomorphology 2019, 341, 169-191. [CrossRef]

Almonacid—Caballer, J.; Sanchez-Garcia, E.; Pardo-Pascual, J.E.; Balaguer—Beser, A.A_; Palomar-Vazquez, ]. Evaluation of annual
mean shoreline position deduced from Landsat imagery as a mid—term coastal evolution indicator. Mar. Geol. 2016, 372, 79-88.
[CrossRef]

Benkhattab, F.Z.; Hakkou, M.; Bagdanaviciate, I; Mrini, A.E.; Zagaoui, H.; Rhinane, H.; Maanan, M. Spatial-temporal analysis of
the shoreline change rate using automatic computation and geospatial tools along the Tetouan coast in Morocco. Nat. Hazards
2020, 104, 519-536. [CrossRef]

Hanslow, D.J. Beach erosion trend measurement: A comparison of trend indicators. J. Coast. Res. 2007, 588-593.

Fortes, C.J.E.M.; Reis, M.T.; Poseiro, P.; Santos, ].A.; Pinheiro, L.; Craveiro, J.; Rodrigues, A.; Sabino, A.; Silva, S.F,; Ferreira, ].C.;
et al. HIDRALERTA Project: A Flood Forecast and Alert System in Coastal and Port Areas. IWA World Water Congr. Exhib. 2014,
21-26. [CrossRef]

Phillips, M.R.; Jones, A.L. Erosion and tourism infrastructure in the coastal zone: Problems, consequences and management. Tour.
Manag. 2006, 27, 517-524. [CrossRef]

143



Publications

J. Mar. Sci. Eng. 2023, 11, 1561 13 0f 14

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.
45.

Baltranaite, E.; Kelp3aite-rimkiene, L.; Povilanskas, R.; Sakurova, I.; Kondrat, V. Measuring the impact of physical geographical
factors on the use of coastal zones based on bayesian networks. Sustainability 2021, 13, 7173. [CrossRef]

Kondrat, V,; Sakurova, L; Baltranaité, E.; Kelpsaité-Rimkien¢, L. EASTMOC: Environmental Alert System for Timely Maintenance
of the Coastal Zone. Oceanography 2023, 36, 8. [CrossRef]

Kondrat, V.; Sakurova, I; Baltranaite, E.; Kelpsaite-Rimkiene, L. Natural and anthropogenic factors shaping the shoreline of
klaipéda, Lithuania. ]. Mar. Sci. Eng. 2021, 9, 1456. [CrossRef]

Sakurova, L; Kondrat, V.; Baltranaite, E.; Vasiliauskiené, E.; Kelpsaité-Rimkiené, L. Assessment of Coastal Morphology on the
South-Eastern Baltic Sea Coast: The Case of Lithuania. Water 2023, 15, 79. [CrossRef]

Ouillon, S. Why and how do we study sediment transport? Focus on coastal zones and ongoing methods. Water 2018, 10, 390.
Keevallik, S.; Soomere, T. Regime shifts in the surface-level average air flow over the gulf of Finland during 1981-2010. Proc. Est.
Acad. Sci. 2014, 63, 428-437. [CrossRef]

Keevallik, S.; Soomere, T. Shifts in early spring wind regime in North-East Europe (1955-2007). Clim. Past 2008, 4, 147-152.
[CrossRef]

Cuevas Jiménez, A.; Euan Avila, J.I; Villatoro Lacouture, M.M.; Silva Casarin, R. Classification of Beach Erosion Vulnerability on
the Yucatan Coast. Coast. Manag. 2016, 44, 333-349. [CrossRef]

Weisse, R.; Bisling, P.; Gaslikova, L.; Geyer, B.; Groll, N.; Hortamani, M.; Matthias, V.; Maneke, M.; Meinke, I; Meyer, EMM.; et al.
Climate services for marine applications in Europe. Earth Perspect. 2015, 2, 3. [CrossRef]

Bitinas, A.; Zaromskis, R.; Gulbinskas, S.; Damusyte, A.; Zilinskas, G.; Jarmalavicius, D. The results of integrated investigations of
the Lithuanian coast of the Baltic Sea: Geology, geomorphology, dynamics and human impact. Geol. Q. 2005, 49, 355-362.
Jakimavic¢ius, D.; Kriauditinieng, J.; Sarauskiene, D. Impact of climate change on the Curonian Lagoon water balance components,
salinity and water temperature in the 21st century. Oceanologia 2018, 60, 378-389. [CrossRef]

Kriaugitiniene, J.; Gailiusis, B.; Rimavitiate, E. Modelling of shoreface nourishment in the Lithuanian nearshore of the Baltic Sea.
Geologija 2006, 53, 28-37.

Zilinskas, G.; Janugaité, R.; Jarmalavicius, D.; Pupienis, D. The impact of Klaipéda Port entrance channel dredging on the
dynamics of coastal zone, Lithuania. Oceanologia 2020, 62, 489-500. [CrossRef]

Kelpsaite, L.; Dailidiene, I. Influence of wind wave climate change on coastal processes in the eastern Baltic Sea. ]. Coast. Res.
2011, 220-224.

Vigka, M.; Soomere, T. Simulated and observed reversals of wave-driven alongshore sediment transport at the eastern baltic sea
coast. Baltica 2013, 26, 145-156. [CrossRef]

Soomere, T.; Bishop, S.R.; Viska, M.; Radmet, A. An abrupt change in winds that may radically affect the coasts and deep sections
of the Baltic Sea. Clim. Res. 2015, 62, 163-171. [CrossRef]

Inacio, M.; Gomes, E.; Bogdzevi¢, K.; Kalinauskas, M.; Zhao, W.; Pereira, P. Mapping and assessing coastal recreation cultural
ecosystem services supply, flow, and demand in Lithuania. J. Environ. Manag. 2022, 323, 116175. [CrossRef]

Tourism Law of the Republic of Lithuania. 2018. Available online: https:/ /e-seimas.lrs.lt/portal /legal Act/1t/ TAD /3¢c3504d280
4011e89188e16a6495e98¢ (accessed on 29 June 2023).

Kutorga, E.; Adamonyte, G.; IrSenaite, R.; Juzenas, S.; Kasparaviius, ].; Markovskaja, S.; Motiejunaite, J.; Treigiene, A. Wildfire
and post—fire management effects on early fungal succession in Pinus mugo plantations, located in Curonian Spit (Lithuania).
Geoderma 2012, 191, 70-79. [CrossRef]

Armaitiene, A.; Bertuzyte, R.; Vaskaitis, E. Conceptual Framework for Rethinking of Nature Heritage Management and Health
Tourism in National Parks. Procedia—Soc. Behav. Sci. 2014, 148, 330-337. [CrossRef]

Jarmalavi¢ius, D.; Zilinskas, G.; Pupienis, D. Impact of Klaipda port jetties reconstruction on adjacent sea coast dynamics. J.
Environ. Eng. Landsc. Manag. 2012, 20, 240-247. [CrossRef]

Bagdanaviciate, I.; Kelpsaité-Rimkiene, L.; Galiniené, J.; Soomere, T. Index based multi—criteria approach to coastal risk assesment.
J. Coast. Conserv. 2019, 23, 785-800. [CrossRef]

Luijendijk, A.; Hagenaars, G.; Ranasinghe, R.; Baart, F.,; Donchyts, G.; Aarninkhof, S. The State of the World’s Beaches. Sci. Rep.
2018, 8, 6641. [CrossRef] [PubMed]

Small, C.; Nicholls, R.J. A global analysis of human settlement in coastal zones. J. Coast. Res. 2003, 19, 584-599.

Hallegatte, S.; Green, C.; Nicholls, R.J.; Corfee-Morlot, J. Future flood losses in major coastal cities. Nat. Clim. Chang. 2013, 3,
802-806. [CrossRef]

Hinkel, J.; Nicholls, R.J.; Tol, R.S.].; Wang, Z.B.; Hamilton, ].M.; Boot, G.; Vafeidis, A.T.; McFadden, L.; Ganopolski, A.; Klein, R.J.T.
A global analysis of erosion of sandy beaches and sea-level rise: An application of DIVA. Glob. Planet. Change 2013, 111, 150-158.
[CrossRef]

Hasan, K.; Abdullah, S.K. Determining factors of tourists’ loyalty to beach tourism destinations: A structural model. Asia Pacific ].
Mark. Logist. 2020, 32, 169-187. [CrossRef]

Picken, F. The SAGE International Encyclopedia of Travel and Tourism 2017; SAGE: Newcastle upon Tyne, UK.

Baltranaité, E.; Jurkus, E.; Povilanskas, R. Impact of physical geographical factors on sustainable planning of South Baltic seaside
resorts. Baltica 2017, 30, 119-131. [CrossRef]

144



Publications

J. Mar. Sci. Eng. 2023, 11, 1561 14 0f 14

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

Azizah, EN.; Kausar, D.R K; Gunadi, LM.A_; Yuan, Y. The Preferences of Indonesian Outbound Tourists Toward Travel Types and
Tourism Attributes. In Proceedings of the First International Conference on Global Innovation and Trends in Economy, InCoGITE,
Java, Indonesia, 7 November 2019.

Abromas, J.; Grecevicius, P; Jankauskaite, A.; Piekien¢, N. Trends of Lithuanian Cultural Landscapes in the Recreational Territorial
System of the Southeast Baltic Sea Region. Rural Sustain. Res. 2018, 39, 8-18. [CrossRef]

Simanauskiené, R.; Linkeviiene, R.; Povilanskas, R.; Satkiinas, J.; Veteikis, D.; Baubinien¢, A.; Taminskas, J. Curonian Spit Coastal
Dunes Landscape: Climate Driven Change Calls for the Management Optimization. Land 2022, 11, 877. [CrossRef]
Himmelstoss, E.A.; Henderson, R.E.; Kratzmann, M.G.; Farris, A.S. Digital Shoreline Analysis System (DSAS) Version 5.0 User Guide;
Open-File Report 2018-1179; US Geological Survey: Reston, VA, USA, 2018. [CrossRef]

Marbel, B. GLobal Mapper Getting Started Guide; Blue Marble Geographics: Hallowell, ME, USA, 2019.

Mills, G.B. International Hydrographic Organization Standards for Hydrographic Surveys. Int. Hydrogr. Rev. 2020, 6, 5-13.
Crowell, M.; Leatherman, S.P.; Buckley, M.K. Shoreline Change Rate Analysis: Long Term Versus Short Term Data. Shore and
Beach 1993, 61, 13-20.

Soomere, T.; Viska, M. Simulated wave-driven sediment transport along the eastern coast of the Baltic Sea. ]. Mar. Syst. 2014, 129,
96-105. [CrossRef]

Le Roux, J.P; Rojas, E.M. Sediment transport patterns determined from grain size parameters: Overview and state of the art.
Sediment. Geol. 2007, 202, 473-488. [CrossRef]

Prodger, S.; Russell, P.; Davidson, M. Grain-size distributions on high-energy sandy beaches and their relation to wave dissipation.
Sedimentology 2017, 64, 1289-1302. [CrossRef]

Yu, X.; Zhan, C; Liu, Y.; Bi, J.; Li, G.; Cui, B.; Wang, L.; Liu, X.; Wang, Q. Retrieval of Remotely Sensed Sediment Grain Size
Evolution Characteristics along the Southwest Coast of Laizhou Bay Based on Support Vector Machine Learning. J. Mar. Sci. Eng.
2022, 10, 968. [CrossRef]

Cerkasova, N.; Ertiirk, A.; Zemlys, P.; Denisov, V.; Umgiesser, G. Curonian Lagoon drainage basin modelling and assessment of
climate change impact. Oceanologia 2016, 58, 90-102. [CrossRef]

Umgiesser, G.; Zemlys, P; Erturk, A.; Razinkova—Baziukas, A.; Mezine, J.; Ferrarin, C. Seasonal renewal time variability in the
Curonian Lagoon caused by atmospheric and hydrographical forcing. Ocean Sci. 2016, 12, 391-402. [CrossRef]

Mezine, J.; Ferrarin, C.; Vaiciute, D.; Idzelyte, R.; Zemlys, P.; Umgiesser, G. Sediment transport mechanisms in a lagoon with high
river discharge and sediment loading. Water 2019, 11, 1970. [CrossRef]

Vigka, M. Sediment Transport Patterns Along the Eastern Coasts of the Baltic Sea; Tallin University of Technology: Tallin, Estonia, 2014;
ISBN 9789949236381.

Zaromskis, R.; Gulbinskas, S. Main patterns of coastal zone development of the Curonian Spit, Lithuania. Baltica 2010, 23, 146-156.
Lampe, R.; Nordstrom, K.F; Jackson, N.L. Cross-shore Distribution of Longshore Sediment Transport Rates on a Barred Non-Tidal
Beach. Estuaries 2003, 26, 1426-1436. [CrossRef]

Marcot, B.G.; Penman, T.D. Advances in Bayesian network modelling: Integration of modelling technologies. Environ. Model.
Softw. 2019, 111, 386-393. [CrossRef]

Geurts, L. An Overview of the B Programming Language or B without Tears. ACM SIGPLAN Not. 1982, 17, 49-58. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

145



PAPER V



Publications

EASTMOC: Environmental Alert System for Timely Maintenance

of the Coastal Zone

By Vitalijus Kondrat, llona Sakurova, Eglé Baltranaité, and Loreta Kelp$aite-Rimkiené

Healthy beaches are essential for managing the coastal
zone, including growing coastal tourism, maintaining sea-
side property values, developing infrastructure, and sus-
taining coastal ecosystems and communities. Beaches
worldwide face problems such as erosion and shoreline
recession caused by both natural factors and anthropo-
genic pressures. Beach erosion is caused by short-term
fluctuations such as storms or by longer-term processes
related to sediment budget deficits, rising sea levels, and
wave regime changes. Responsible beach management
requires precise knowledge of the short-term fluctuations
and long-term processes involved in coastal evolution in
order to assess the risks to infrastructure and to iden-
tify acceptable weaknesses in future development or in
coastal management. Knowledge of short- and long-term
shoreline changes could also contribute to the design of
beach nourishment plans so that human activities can be
conducted consistent with natural processes rather than
in conflict with them.

This study focuses on the need for an Environmental
Alert System for Timely Maintenance of the Coastal Zone
(EASTMOC) along Lithuania’s Baltic Sea coast. It is based
on coastal research conducted in the Port of Klaipeda.
Because this area is affected by constant dredging of the
port, intensive shipping, recreational zones, and continu-
ous reconstruction of jetties, it is important to create an
environmental alert system for timely port maintenance.

THE KLAIPEDA PORT IMPACT ZONE

The Lithuanian Baltic Sea coast is affected by wind and
waves from a wide range of directions. The study site was
chosen based on its (1) broad spectrum of recreational
uses, (2) high risk of coastal erosion, and (3) possibility of
direct and indirect anthropogenic impacts.

The Port of Klaipeda is located at the Klaipeda Strait and
divides the Lithuanian coast into two morphologically and
geologically diverse parts: the Curonian Spit coast to the
south and the mainland coast to the north (Figure 1; Bitinas
et al., 2005). The port's jetties disturb the main sediment
transport path (from south to north) along the Lithuanian
coast and significantly influence its northern sector.

Analysis of long-term trends in shoreline change show
that shoreline formation processes, which determine
and form the balance of shoreline change, have intensi-
fied due to port reconstruction. Net shoreline movement
analysis for the entire 1993-2022 study period (Figure 2)
shows that 39.05% of the shoreline was erosive, 34.04%
was accumulative, and 26.53% was stable or within the
range of uncertainty (+5.02 m). A comparison of shoreline
changes for the periods 1993-2003 and 2003-2022 shows
that the area of eroded coast increased 4.4 times, from
2.73 km to 11.90 km. Significant coastal erosion (-51.95 m)
extends north from the port jetties of Klaipeda. Shoreline
positions were determined from sets of aerial photo
charts, orthophotos, and GPS survey data. Measurements

of coastline position were collected in the mid-
-150E dle of the swash zone using Leica 900 dual-band
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FIGURE 1.

Location of

the study site in

the southeastern

Baltic Sea. (A) The
Curonian Spit coast.
(B) The mainland coast.

55°400'N

GPS receivers. Historical coastline positions were
measured every 25 m along the coastline. Three
coastline positioning and detection errors were
calculated (see Crowell et al., 1993), and shore-
line position changes were analyzed with the
ArcGIS extension DSAS v. 5.0 (Digital Shoreline
Analysis System) package developed by the
US Geological Survey.

Coastal geomorphology and underwater ele-
vation changes calculated from bathymetry data
using Global Mapper software helped to identify
that reconstruction and continuous dredging of
the Port of Klaipeda influence the sediment bud-
getalongthe study area. In the period 2003-2022,
about 2.5 km north of the port jetties, a bottom
sediment deficit was observed, with the coastal
elevation reduced by about 5-7 m (Figure 2).
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EASTMOC combines research and monitoring of coastal
morphological features, hydrometeorological conditions,
and human activities, which are critical inputs to an envi-
ronmental warning system (Figure 3). In order to ensure
that EASTMOC addresses stakeholders’ needs, interviews
with stakeholders helped to identify the data they use
in day-to-day operations (e.g., wind speed and direction,
wave direction and height, water and air temperatures,
atmospheric pressure), data gaps, and data sharing prac-
tices, as well as to determine the relevant thresholds for
various industries. Stakeholders are interested in hydro-
meteorological thresholds because they limit the activities
of port authorities, passenger ferries, and commercial fish-
ermen. For example, strong winds (=15 m s~") limit local
passenger ferry traffic, interrupting transportation links to
the Curonian Spit. They also disrupt port activities, some-
times resulting in port closures to ship traffic for several
hours or days. In addition, the long-term effects of local
hydrometeorological conditions can lead to adjustments
in municipal to national-level strategic plans.

Bayesian networks are well suited for explicitly integrat-
ing both prior knowledge and information obtained from
daily environmental observations. As determined in pre-
vious studies based on Bayesian networks, there is a cor-
relation between socioeconomic and natural factors, such
as air and water temperature, the presence of dunes and
sandy beaches, and tourists’ recreational needs (Baltranaité
etal., 2021). EASTMOC will include quantitative assessment
and prediction modeling based on the Bayesian networks
to ensure sustainable planning and operation of all parties
active in the study area. The current stage of development
of EASTMOC includes creating a network of data sources
to ensure data availability and accessibility among stake-
holders. These sources are essential to the alert system
concept, as the thresholds will be set based on these data.

1993-2022

FIGURE 2. (a) Net shoreline movement rate
tendencies on the (A) Curonian Spit coast,
and (B) mainland coast. (b) Wind direction and
speed (m s7") during 1993-2022. (c) Coastal
zone elevation changes (m) on the (A) Curonian
Spit coast, and (B) mainland coast.

KLAIPEDA

FIGURE 3. Essential inputs to EASTMOC.

Cross -
A Port Coastal
: shore Wind Waves activities | tourism
A volume

Hydrometeorological
conditions

[TRRRRRARS

3
3

Beach evolution

-

Coastal morphology

The database compiled in EASTMOC will be directed to
the stakeholders and end users. Stakeholders involved in
the development of EASTMOC will receive tailored alerts
generated according to the thresholds that are relevant
to their specific activities. While some end users require
simple wind speed and direction warnings, others need
more complex correlation of several data sets. However,
EASTMOC may become relevant to the general popula-
tion and further adapted on a smaller scale. For instance,
beachgoers and extreme watersport enthusiasts may ben-
efit from strong wind warnings while planning a day out,
as strong winds may not be favorable for sunbathing but
beneficial for extreme sports.

EASTMOC has the potential to fill the gap in access to
current data, serve as a hub for knowledge sharing, and
provide early warning to stakeholders in accordance with
the thresholds set up in line with the specifics of their activ-
ities. Though our study area is significant on a regional
scale, our research methodology can be adapted to assess
similar coasts worldwide.
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