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Abstract: Port of Klaipėda is situated in a complex hydrological system, between the Curonian 

Lagoon and the Baltic Sea, at the Klaipėda 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 

Klaipėda 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 Klaipėda 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 Klaipėda executing the coastal zone nourishment project in 2014. 

Keywords: Baltic Sea; Port of Klaipėda; 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 favorable 
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hydrometeorological conditions for the accumulation or erosion processes. The rapid 

urbanization of the coastal zone has a significant impact on shoreline development [8–10]. 

Sustainable coastal development requires knowledge of the coastal processes combined 

with incorruptible urbanization and properly chosen shoreline erosion mitigation 

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 

anthropogenic 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 Klaipėda. 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 Klaipėda 

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 Klaipėda 

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 

Klaipėda [21,22]. Historically, the Port of Klaipėda has been known from the 13th century 

when vessels of Lubeck and Bremen merchants used to moor in the small port 

neighboring the Klaipėda castle [23]. Port expansion to the Klaipėda strait started in 1745, 

and the chronicle of 1797 mentions that Port of Klaipėda 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 Klaipėda 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 Klaipėda 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]. 
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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. 

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 Klaipėda 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 Klaipėda 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 

extended 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. 

  

(a) (b) 

Figure 1. The Klaipėda seaport jetties before and after the reconstruction of 2002, (a) 1997, and (b) 2005. 

The Port of Klaipėda, located at the Klaipėda strait (Figure 2) (South-Eastern coast of 

the Baltic Sea), divides the Lithuanian coast into two geologically and geomorphologically 

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 geological 

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. 

  

(a) (b) 
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(c) (d) 

Figure 3. Study site shoreline features: (a) the Curonian Spit coast Smiltynė I beach (© I. Šakurova); (b) the Curonian Spit 

coast Smiltynė I beach (© I. Šakurova); (c) the mainland coast Giruliai beach (© L. Kelpšaitė-Rimkienė); (d) the mainland 

coast Melnragė I beach (© V. Kondrat). 

 

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); lg III bl—glaciolacustrine sediments (various sand); lgt 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); gII-III—glacial deposits of Middle and Upper Pleistocene 

(unseparated), glacial loam, boulders and gravel (washed till). I—distant dumping area; II—near dumping area; III—

nearshore dumping area (adapted from Bitinas et al., 2004). Grain-size composition of surface sediments at Smiltynė I (a), 

Melnragė I (b), and Karklė (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. 
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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 

(σ = 1.21–1.47 mm) fine sand (Md = 0.20–0.37 mm) prevails, while on the mainland coast 

(B, b, c), the sorting of the sediments differs in a cross-shore profile. In profile b, 

moderately well-sorted (σ = 1.44 mm) medium sand (Md = 0.32 mm) prevails in a shoreline 

area, well-sorted (σ = 1.19 mm) slightly very fine gravelly medium sand (Md = 0.21 mm) 

prevails in a beach area, and moderately well-sorted (σ = 1.47 mm) sand prevails (Md = 

0.36 mm) in a foredune area. In profile c, poorly sorted (σ = 3.84 mm) very fine gravelly 

fine sand (Md = 0.24 mm) prevails in a shoreline area, poorly sorted (σ = 10.69 mm) 

medium gravelly fine sand (Md = 0.23 mm) prevails in a beach area, and poorly sorted (σ 

= 18.21 mm) sandy very fine gravel prevails (Md = 1.12 mm) in a foredune area. 

During the dredging of the Klaipėda 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 (Melnragė-Giruliai) at a 4–6 m depth. This area is intended to replenish 

the sediment balance and restore beach sand reserves [24]. 

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”. 

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  
Errors (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 

Shoreline position changes were analyzed with the ArcGIS extension DSAS v. 5.0 

(Digital Shoreline Analysis System) package, developed by the United States Geological 



J. Mar. Sci. Eng. 2021, 9, 1456 7 of 22 
 

 

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. 

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]. 

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 

processing 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 = ± (Ed2+ Ep2+ Etc2+ Es2+ Ec2)1/2 (1)

The positioning error of the shoreline in orthophotos equals: 

Ut = ± (Er2+ Ed2+ Ep2+ Es2+ Ec2)1/2 (2)

GPS data error: 

Ut = ± (Es2+ Ec2)1/2 (3)

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. 

The shoreline uncertainty limit for different periods is equal to the sum of the 

shoreline fixation errors for different periods: 

∑Ut = (Utn1 + Utn2 + Utn)1/2 (4)

Here n1, n2,—shoreline detection errors for different periods. 

The shoreline uncertainty threshold (minimum time criterion) in the statistical 

methods for deter-mining shore change (EPR) equals: 

∑Ut/n (5)
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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 = ∑‖Xi − mi‖2 (6)

where E is the sum of squared errors for all objects in the data, Xi is the point in a cluster, 

and mi is the mean of cluster ki. 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). 

 

 

Figure 5. The number of clusters is chosen based on the within-cluster sum of squares parameter. 

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 
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Environmental Protection Agency (EPA) and derived from the Klaipėda coastal 

meteorological station (Figure 2) under the Lithuanian Ministry of Environment’s 

environmental monitoring program. 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 

determine regime shifts in the analyzed time series (https://www.beringclimate.noaa.gov/ 

(accessed on 10 October 2021)). The algorithm was built upon a sequential t-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 

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 ± 0.03 m/year. 

 

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 
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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. 

Table 2. Shoreline uncertainty range. 

Years 
±Uncertainty Range 

Years 
±Uncertainty Range 

(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 ** ±9.67 ±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 ± 

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 ± 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. 

  

(a) (b) 

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 ± 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 Klaipėda −56.9 m in transect 413 (Figure 6). 

Accumulation processes in the accesses of Port of Klaipėda 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. 
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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). 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 ± 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. 

 

(a) (b) 

Figure 8. 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 ± 0.08 m/year. 

On the mainland coast, the shoreline position changes were observed within the range of 

determination ± 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 ± 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 ± 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 Klaipėda 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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(a) (b) 

Figure 9. Graph showing the distribution of EPR (a) and wind rose (b) for 1990–1995. 

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 ± 0.08 m/year. The most significant shoreline movement >30 

m was detected in the 419–443 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. 

  

(a) (b) 

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 ± 0.05 m/yr., and NSM value reached 10.62 ± 0.25 m. 
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(a) (b) 

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 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 ± 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 

transects, 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 significant 

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. 

  

(a) (b) 

Figure 12. Graph showing the distribution of EPR (a) and wind rose (b) for 2010–2015. 
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On the mainland coast, erosive processes were observed during 2010–2015. Negative 

tendencies of shoreline displacement landwards were recorded in 47.4% of transects (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 maximum 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 ± 0.07 m, and the erosion rate 

reached -0.88 ± 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 

direction 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. 

  

(a) (b) 

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 Klaipėda 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 

Klaipėda 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). 

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 ± 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 ± 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 ± 0.96 m. From 445 to 547 transects, the shoreline position 

changed at an average speed of 0.47 ± 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 

Klaipėda seaport Authority, 237.78×103 m3 of sand was dumped on the coast near the 

beaches of Melnragė-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. 
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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 92.43 38.93 ± 1.53 4.3 69.97 

3 117 25.41 ± 1.41 11.92 46.76 −22.70 ± 1.74 −45.53 0.7 

4 27 64.25 ± 6.91 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 

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 Klaipėda 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. 

 

Figure 15. A shift in the annual average wind direction in Klaipėda 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 
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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 Klaipėda 

in the 1960–2019 period determines that the predominant wind, up to1995, was 270° (W). 

The applied Rodionov shift detection method (Figure 15) confirms that in 1995 the 

predominant wind direction shifted to 209° (SSW). 

 

Figure 16. Frequency of occurrence wind directions at Klaipėda in 1960–2019. 

5. Discussion 

The Port of Klaipėda jetties location interrupts the natural longshore sediment 

transport 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 Klaipėda 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 

predominant 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 
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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 ± 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 Klaipėda 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 

past, the main factor for the coastal erosion processes was attributed to dredging works 

in the Klaipėda seaport and especially in port jetty area [22,64]. 

Dredging works are carried out to maintain proper water levels in fairways, 

waterways, 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 advantages 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 Klaipėda seaport Authority, 237.78 × 103 m3 of fine sand 

was dumped on the nearshore beaches of Melnragė-Giruliai at 4–6 m depth (Figure 4). 

The extracted sediments from the Klaipėda 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 

nourishment 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 
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transport by Klaipėda seaport jetties, the sediment dumping areas are located north of 

Klaipėda 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 

dynamic 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 Klaipėda 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 Klaipėda 

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 

knowledge 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 Klaipėda 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 1.5 to 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 Klaipėda. In this study, short-

term shoreline changes correspond with shifts in wind direction and reflect the effect of 

the dredging works in the Klaipėda 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 
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development of coastal infrastructure, coastal use for recreational purposes, and planning 

of coastal protection measures depend on it. 
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