
Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2024  93 

Original article 

Modeling of Artificial Beach Morphodynamics 

in the Koktebel Village Coastal Zone (Crimea) 

under the Storm Wave Impact 

L. V. Kharitonova *, D. I. Lazorenko, D. V. Alekseev, V. V. Fomin 

Marine Hydrophysical Institute of RAS, Sevastopol, Russia 

* e-mail: l.kharitonova@mhi-ras.ru

Abstract 

Artificial beaches are one of the most effective methods of protecting shores and hydrau-

lic structures under shortage of natural beach-forming material. This work investigates 

the influence of extreme storms on the erosion zone width of an artificial pebble beach 

located in front of a vertical concrete seawall in the village of Koktebel (Feodosia, Crimea). 

The storm power index in the central part of Koktebel Bay was calculated on the basis of 

wind wave reanalysis data for 1979–2020 obtained using the SWAN spectral model and 

ERA-Interim and ERA5 surface wind fields. We identified 146 storm situations with dura-

tion of at least 12 hours. Three most extreme storms were analysed: in terms of power index 

(660 m2∙h), the storm of 26–29 January 1988; in terms of mean significant wave height 

(3.6 m), the storm of 10–11 November 2007; and in terms of duration (95 h), the storm of 

25–29 September 2017. The profile deformations of the artificial pebble beach attached to 

a vertical concrete seawall were calculated for the first and second storms using a one-

dimensional version of the XBeach (eXtreme Beach behavior) numerical model. It was 

shown, that under the impact of storm waves, the coast steepness near the coastline changes 

gradually and material from the beach nearshore part slid down the underwater slope lead-

ing to a local depth decrease near the shore. It was found, that the underwater erosion zone 

width of the beach was three times greater than the surface one. The most significant 

deformations of the beach profile occurred during the first 6 hours of storm action, and 

then the rate of beach deformation decreased. It was obtained that the coastline in the area 

of interest could retreat up to 10 m under the impact of an extreme storm. The study 

revealed that ≥ 20 m wide pebble beaches (a mean particle size of 30 mm) would fully  

absorb the wave energy of extreme storms and provide adequate protection for the coastal 

zone of Koktebel Bay. 
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под воздействием штормового волнения 
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Аннотация 

Искусственные пляжи являются одним из наиболее эффективных методов защиты 

берегов и гидротехнических сооружений в условиях дефицита естественного пляже-

образующего материала. В статье на примере района берега пгт Коктебель 

(г. Феодосия, Крым) исследуется изменение ширины зон размыва искусственного 

галечного пляжа, расположенного перед отвесной бетонной гидротехнической стен-

кой, под воздействием экстремальных штормов. На основе данных реанализа ветро-

вого волнения, полученных с использованием спектральной модели SWAN и полей 

приземного ветра ERA-Interim и ERA5 за 1979–2020 гг., проведены расчеты индекса 

мощности шторма в центральной части бухты Коктебель. Выделено 146 штормовых 

ситуаций с продолжительностью не менее 12 ч. Проанализировано три наиболее экс-

тремальных шторма: по индексу мощности (660 м2ч) – шторм 26–29 января 1988 г.; 

по средней высоте значительных волн (3.6 м) – шторм 10–11 ноября 2007 г.; по дли-

тельности (95 ч) – шторм 25–29 сентября 2017 г. Для первого и второго штормов на 

основе одномерного варианта численной модели XBeach (eXtreme Beach behavior) 

рассчитаны штормовые деформации профиля искусственного, прислоненного к от-

весной бетонной стенке галечного пляжа. Показано, что под воздействием штор-

мового волнения крутизна берега в районе уреза постепенно меняется и происхо-

дит сползание материала с приурезовой части пляжа вниз по подводному склону. 

Это приводит к локальному уменьшению глубины у берега. Установлено, что шири-

на зоны размыва подводной части пляжа в три раза больше надводной. Наиболее 

значительные деформации профиля пляжа происходят в первые 6 часов действия 

штормов, далее скорость деформации снижается.  Отступание береговой линии 

под воздействием экстремального шторма для исследуемого района может достигать 

10 м. При средней крупности пляжеобразующего материала 30 мм для береговой зоны 

бухты Коктебель пляжи шириной 20 м и более могут полностью гасить энергию вол-

нения экстремальных штормов и в достаточной мере выполнять защитные функции. 

Ключевые слова: пляж, берегозащитные сооружения, ветровое волнение, экстре-

мальный шторм, XBeach, Крым, Коктебель 

Благодарности: работа выполнена в рамках темы  государственного задания 

ФГБУН ФИЦ МГИ FNNN-2024-0016. 

Для цитирования: Моделирование морфодинамики искусственного пляжа 

в береговой зоне пгт Коктебель (Крым) под воздействием штормового волнения / 

Л. В. Харитонова и [др.] // Экологическая безопасность прибрежной и шельфовой зон 

моря. 2024. № 3. С. 93–109. EDN OILBDL. 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2024  95 

Introduction 

Since ancient times, the economic activity of mankind has been inextricably 

linked with the development of the coasts of seas and oceans. In most cases, 

the Crimean coastline is used in an integrated manner for urban, port and resort 

construction [1]. Therefore, the requirements for coast protection are the following: 

coast protection structures should be effective and well integrated into natural pro-

cesses. Both artificial free beaches and those with beach-retaining structures fulfil 

such requirements. According to [2], on the Black Sea coast, a wave-absorbing 

beach should have a width of about 25 m to dampen waves that may occur once 

in 25 years. Under shortage of beach material, effective and long-term operation of 

coast protection structures is mainly based on timely and sufficient beach nourish-

ment. When the width of beaches is reduced, not only their wave-absorbing func-

tion, but also their recreational opportunities decrease. Thus, recreational beaches 

should be at least 35 m wide. An important factor for comfortable recreation 

on the beach is the material forming it. Artificial wave-absorbing pebble and 

crushed stone beaches have the greatest efficiency and creation and operation of 

such beaches is 2–3 times cheaper than the creation of sandy beaches from the eco-

nomic point of view (less volumes of initial filling, abrasion and entrainment of 

beach-forming material) [2]. The optimum material size for recreational purposes 

is 30–40 mm. 

Currently, a common problem for the Crimean coastline is the significant wear 

and damage of coast protection structures, the service life of which is close to 

the limit (50 years) [3]. A significant part of them is in an emergency condition as 

they were not properly maintained: no beach nourishment has been made, storm-

damaged structures were not repaired. From 2014 to the present day, a significant 

number of coast protection complexes have been reconstructed in the Republic of 

Crimea under the Federal Target Program. No master plan for coast protection has 

been implemented in the region. In accordance with Point 5.8 of Regulations 

277.1325800.2016 1), additional scientific research is required for its development. 

In this regard, it is an urgent task to study the dynamics of beaches of different areas 

of the peninsula under the influence of real extreme storm situations with the help 

of mathematical modeling methods. 

One of the modern freely available models for the study of coastal zone re-

shaping by hydrodynamic processes is the two-dimensional XBeach (eXtreme 

Beach behavior) model 2) [4, 5]. Regional modeling studies of coastal zone dynamics 

1) JSC TsNIITS, 2016. Book of Rules СП 277.13258000.2016. Coastal protection constructions.

Design rules. Moscow, 91 p. (in Russian).

2) Roelvink, D.J.A., van Dongeren, A., McCall, R.T., Hoonhout B., van Rooijen, A., van Geer, P.,

de Vet, L., Nederhoff, K. and Quataert, E., 2015. XBeach Technical Reference: Kingsday Release.

Model Description and Reference Guide to Functionalities . Delft: Deltares, 141 p.

doi:10.13140/RG.2.1.4025.6244
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for the Black Sea coasts have been carried out for the Bulgarian [6, 7] and Western 

Crimea coasts [8–15]. The application of the model to the problems of design and 

construction of protective hydraulic structures is described in [15]. 

The purpose of this work is to study the influence of extreme storms on the ero- 

sion zone width of an artificial pebble beach located in front of a vertical concrete 

seawall in the village of Koktebel on the basis of numerical modeling. 

Characteristics of area under study 

The anthropogenic load varies for different parts of the Crimean coastline. 

Thus, the eastern coast has been affected by economic activity to the least extent 

[16]. However, the coastal zone has been transformed to a significant extent in local 

areas, such as the popular resort village of Koktebel. 

The village is located on the Black Sea coast of Koktebel Bay bounded 

by Cape Planerny from the south-west and Cape Lagerny from the east (Fig. 1). 

The coastline of the bay is about 7 km long. The bay is shallow: depths of 5 m are 

noted at a distance of about 200-300 m from the coast and those of about 10–15 m – 

at the outer boundary of the bay. Winds coming from the land side (sector 0°–90°) 

are most frequent (~39 %), and the maximum frequency of strong winds (more 

than 15 m/s) corresponds to the northeastern direction. From the sea side, the most 

wave-prone sector for the study area is 90°–180°. More than 50 % of all storms 

enter the study area from the east (90°) and east-southeast (112.5°), with the highest 

storm waves with heights greater than 2.5 m entering the bay from the east-

southeast direction. A study of the bay wind climate based on a reanalysis of wind 

waves for the present climate period 1979–2020 is given in [17]. The analysis of 

extreme wave characteristics showed that the duration of storms with significant 

wave heights greater than 1.57 m varied from 5.6 to 34.3 days, with their average 

value of 16.4 days. The duration of storms averaged by months varies from 0.6 to 

9.8 days. The longest storms (more than 7 days) occur from November to March. 

The minimum duration of storms (less than 1 day) is observed in May–August. 

A detailed description of the anthropogenic impact on the Koktebel Bay coastal 

zone over the last 100 years is given in [18]. Since the 1950s, the active transfor-

mation of the coast began. Industrial extraction of sand and gravel mixtures, con-

struction of a complex of coast protection structures (their refinement and recon-

struction) over a significant length of the area led to degradation of natural sand, 

gravel and pebble beaches which had been 20–30 m wide before that. Blocking of 

cliffs and regulation of watercourses have led to the fact that at present the natural 

supply of Koktebel Bay beaches is provided by the abrasion of undeveloped cliffs 

in the western and eastern parts of the bay and the intake of biogenic material from 

the underwater coastal slope. Since almost half of the coastal zone is occupied 

by man-made shores (about 3 km), beaches are largely composed of imported 

material [18]. 
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F i g .  1 .  Location of the area under study (a); bathymetric 

map of Koktebel Bay (b) (reference point with depth of 11.5 m 

for SWAN-ERA statistical analysis; red line represents profile 

of the modeled coastal zone) 

In [19], a study of the current granulometric composition of sediments  

in the Koktebel coastal zone is presented. It is found that the granulometric compo-

sition of the sediment is quite varied: coarse-grained pebble and gravel material 

predominates in the nearshore zone with an admixture of coarse- and fine-grained 

sandy material (about 15 %); the central part of the beaches consists mainly of 

coarse gravel (27 %) and coarse sand (26 %) with inclusions of fine gravel (18 %) 

and medium sand (14 %); coarse gravel predominates (about 60 %) in the rear zone 

of the beaches. 
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Reconstruction of the complex of coast protection structures of Koktebel  

settlement was last carried out in the late 1980s when embankments were built, 

an  artificial beach was created and a reserve crushed stone filling was made 

on the westernmost section of the coast. This scheme of coast protection structures 

functioned effectively. However, the area of the reserve filling was developed 

at  the beginning of the 21st century, which resulted in active degradation of 

beaches and made it necessary to reconstruct the complex of coast protection 

structures [18]. Reconstruction of the embankment and restoration of the Koktebel 

Bay beaches with a total length of 1850 m are currently in progress (the period 

of works is 2023 – end of 2024). The project takes into account the results of 

this work. 

Materials and methods 

Data from retrospective wind wave calculations for 1979–2020 from the model 

data array (hereinafter referred to as the SWAN-ERA array) were used to calculate 

storm deformations of the beach profile. The reanalysis was obtained using SWAN 

(Simulating Waves Nearshore) numerical spectral model [20] on an unstructured 

computational grid with densification in the Black Sea coastal zone [21]. 

Atmospheric forcing of the model was provided by data from ERA-Interim and 

ERA5 global atmospheric reanalyses 3). 

A node of the calculation grid located in the centre of Koktebel Bay  

at an isobath of ~11.5 m was selected from the SWAN-ERA array (Fig. 1, b). 

Long-term series of parameters with a time discreteness of 1 h were formed for this 

point, including: wind speed and direction at a height of 10 m; significant wave 

height hs; mean wave period τ ; mean wave direction ; peak wave period p.  

The calculated operational wave characteristics for Koktebel Bay are presented 

in [17]. For further calculations, storms were identified from the SWAN-ERA 

array and the SPI (storm power index) was calculated. 

Condition [22] was used as a criterion to distinguish storms 

2 σs sh h   , (1) 

where hs is significant wave height at a fixed moment of time, m; sh  = 0.61 m 

is long-term average of hs for this series;  = 0.48 m is standard deviation of 

the hs series. We obtain that the minimum threshold value of significant wave 

height is hst = 1.57 m. Thus, a storm is an event defined as a period of time during 

which hs exceeds the minimum threshold value of hst for a sufficiently long time. 

The SPI was calculated with formula [22, p. 5] 

pd ThSPI  2
, (2) 

where hd is average value of hs for the storm period, m; Td is storm duration, h. 

                                                 

3) Available at: https://www.ecmwf.int/en/forecasts [Accessed: 20 August 2024]. 
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The coastal zone profile for modeling was selected to correspond to the central 

part of the Koktebel village embankment (Fig. 1, b). A profile of the coastal slope 

was constructed based on the survey data of the nearshore water area of the bay. 

In the beach area, the original profile was rearranged according to the parameters 

of the dynamic equilibrium profile of the pebble beach with a mean particle size of 

homogeneous pebble material D50 equal to 30 mm, which corresponds to the most 

comfortable beach recreation. 

Based on the data on the wave regime in Koktebel Bay [17], the parameters of 

the transverse profile of the above-water and underwater parts of the beach were 

calculated according to the regulatory methodology set out in Regulations  

277.13258000.2016 1) which define the procedure for the arrangement of coast 

protection structures on the seashore of the Russian Federation. The calculations 

were carried out for the third wave breaking, the wave height at the line of the first 

breaking of 1 % probability was 2.55 m and it was 1.45 m at 30 % probability. 

According to data from the Feodosia Marine Hydrometeorological Station, in the Bal- 

tic Sea System (BS), the sea level of 1% probability of the highest annual values 

is H1% = 0.28 m BS; mean sea level is H50% = −0.2 m BS. Fig. 2, а shows 

the obtained dynamic equilibrium profile of the beach. 

On the coast, the model profile is bounded by a steep concrete embankment 

seawall which was given as a non-erodible object with a height mark of 4 m. 

Further, the initial profile was changed in the nearshore part: the width of the arti- 

ficial pebble beach was assumed to be equal to 10 (F10), 20 (F20), 30 (F30) 

and 40 m (F40) in front of the embankment seawall (Fig. 2, b). Since the width 

of the estimated dynamic equilibrium profile is about 24 m, the beach profile was 

linearly extended at the 2.73 m height mark for a width of more than 20 m. 

 

 

 

 
 

F i g .  2 .  Modeling profiles at the width of the designed beach 

F10 = 10 m, F20 = 20 m, F30 = 30 m and F40 = 40 m in the central 

part of the embankment in the village of Koktebel. The inset shows 

the estimated dynamic equilibrium profile for a mean particle 

size of 30 mm 
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A one-dimensional version of the XBeach numerical model was used to simu-

late storm deformation of beach and underwater coastal slope profiles. The source 

code of the model is in the public domain 4). The model uses a local coordinate 

system in which axis x is orientated in the coastal direction perpendicular to 

the coastline. 

The storm waves at the seaward boundary of the computational domain (x = 0) 

were given with JONSWAP 2) spectrum which is defined by angular wave disper-

sion index s = 10, significant wave height hs and peak wave period p. 

The spatial resolution in the XBeach model was 0.5 m and the computational 

domain length was ~550 m. The model time integration was performed with a step 

Δt = 0.025 s. During the time integration, the beach profiles z(x, t) were produced 

with a discreteness of 1 h. The beach profile deformation at time t was estimated as 

)0,(),(),( xztxztxz  , (3) 

where z(x, 0) is beach profile at t = 0. 

Discussion of results 

SPI calculation for the Koktebel Bay central part made it possible to identify 

146 storms with duration of at least 12 h from SWAN-ERA data for 1979–2020. 

The selected storms exhibit SPI values that range between 62 and 660 m²·h, with 

average duration of the active phase of storms T = 26 h. During the developed 

phase of the storm, significant wave height hs varies from 2.3 to 3.6 m, with an av-

erage value of 2.6 m. Table 1 presents the characteristics of 25 strongest storms 

according to storm power index ranked in descending order of its value. 

Figs. 3–5 show significant wave height and mean wave direction for three 

different storms which are extreme by storm index, mean hs and active phase 

duration. 

The first storm situation, designated as S1, commenced on 10 November 2007 

and was constituted by a deep, rapidly moving autumn cyclone (Fig. 3). The active 

phase of the storm lasted 25 h. The prevailing winds were of southeastern and 

southern directions. The mean significant wave height (hs) for the active phase of 

the storm was 3.6 m (the maximum value for all identified storms); period (p) was 

9.6 s. At the same time, the SPI storm index was only 320 m2h (Table 1). 

The second (S2) (Fig. 4) and third (S3) (Fig. 5) storm situations commenced 

on 26 January 1988 and 25 September 2017, respectively. The storms in question 

were caused by the occurrence of intense prolonged low-moving anticyclonic 

anomalies characterised by winds originating from the east-southeast (112.5°). 

Storm S2, having the maximum value of the SPI power index equal to 660 m2h, 

is characterised by the following parameter values for the active phase: hs = 2.9 m;  

p = 9.4 s; T = 72 h. Storm S3 exhibited the longest active phase duration of all 

identified storms, spanning a total of 95 h, the power index was 625 m2h, 

with a mean significant wave height of 2.6 m. 

                                                 

4) Available at: http://oss.deltares.nl/web/xbeach [Accessed: 20 August 2024]. 
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T a b l e  1 .  Characteristics of intense storms in the central part of Koktebel Bay 

according to the SWAN-ERA wave reanalysis data for 1979–2020 

Storm start date,  

yy. mm. dd 

Storm  

duration, h 

Average value,  

hs, m 

Storm Power 

Index, m2h 

1988.01.30 77 2.9 660 

2017.09.25 95 2.6 625 

1979.02.18 83 2.7 623 

1993.11.22 87 2.7 615 

2005.02.03 94 2.5 570 

2012.01.25 67 2.9 560 

2014.10.25 58 2.8 465 

2012.02.06 40 3.4 460 

1997.12.15 55 2.9 450 

1983.09.19 56 2.7 398 

1998.01.22 50 2.8 378 

1988.03.01 53 2.6 360 

1993.11.29 50 2.7 360 

1981.02.28 44 2.8 338 

2007.11.10 25 3.6 320 

1987.10.27 44 2.7 312 

1993.01.02 45 2.6 310 

1994.10.21 38 2.9 308 

2020.02.10 30 3.1 286 

1979.12.25 39 2.7 274 

2002.12.01 32 2.9 263 

1993.11.10 38 2.6 256 

1980.01.03 32 2.8 254 

2008.11.22 28 3.0 252 

2001.11.24 24 3.2 249 
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Fig.  3 .  Significant wave heights (a) and mean wave 

direction (b) in the central part of Koktebel Bay for 

storm (S1) which is extreme by significant wave 

height value (hs = 3.6 m, T = 25 h, SPI = 320 m2h) 

according to SWAN-ERA data 

 

 

 

 
 

F i g .  4 .  Significant wave heights (a) and mean 

wave direction (b) in the central part of Koktebel 

Bay for storm (S2) which is extreme by storm 

index (SPI = 660 m2h, hs = 2.9 m, T = 77 h)  

according to SWAN-ERA data 
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F i g .  5 .  Significant wave heights (a) and mean 

wave direction (b) in the central part of Koktebel 

Bay for storm (S3) which is extreme by duration 

(T = 95 hours, hs = 2.6 m, SPI = 625 m2h) 

according to SWAN-ERA data 
 

 

 

Figs. 6, 7 show the modeling results of the artificial pebble beach deformation 

profile for their four options during S1 and S2 storms having maximum values of 

height and power index. 

A detailed examination of the graphical data allows us to make the following 

observations. Under the impact of storm waves, the coast steepness near the coast-

line changes gradually and pebble material from the beach nearshore part slides 

down the underwater slope leading to a local depth decrease near the shore. 

In the upper part of the beach profile, the process of erosion occurs, which results 

in the retreat of the coastline. The extent of the bottom deformation zone from 

the coastline is significantly greater than that of the erosion zone of the above-

water part of the beach. The most significant deformations of the beach profile  

occur during the initial stages of the storm. Subsequently, the deformation rate 

declines due to the increase in wave energy dissipation on the underwater ledge 

formed by waves. 

In order to quantify the extent of coastal zone deformations induced by storms, 

the following calculations were performed for each of four profile options: LC – 

erosion zone width of the coast; LS – extent of the bottom deformation zone from 

the coastline towards the sea. The starting point for determining the LC and LS pa-

rameters was the position of the coastline at the initial moment of time. The outer 

boundary of the bottom deformation zone was identified by locating the coordinate 

of the initial point out at sea, at which the bottom deformation reached a value of 

0.1 m in absolute terms. 
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F i g .  6 .  Calculated beach profile F40 (a) and F10 (b) 

for four points of time during S1 storm 
 

 

 

Tables 2, 3 present the results of the LC and LS parameter calculations. 

The data indicate that the most significant changes in LC and LS occur during 

the initial six hours of a storm. Therefore, the rate of shoreline retreat can reach 

3.9–5.3 m even in a relatively brief storm. Following a period of storm activity 

lasting 24 hours, the LC values for the S1 storm were observed to range between 

6.4 and 8.3 m, while those for the S2 storm ranged between 6.1 and 6.7 m. At the end 

of the S2 storm (t = 72 h), the LC values attained a maximum range of 9.1–10.0 m. 

The extent of the underwater erosion zones is three times greater than that of the ero-

sion zones of the above-water part of the beach for all profile types. 

The most critical situation occurs at the end of the S2 storm for a profile 

with a beach width of 10 m (F10): the value of LC = 10 m at t = 72 h. Storm waves 

erode the beach completely down to the base of the protection seawall, which can 

be clearly seen in Fig. 7, b. At the same time, the calculated bottom deformation 

zone also reaches maximum values, with LS = 26.5 m. This phenomenon can be 

attributed to the augmented backflow that occurs when waves reflect off a concrete 

seawall and pulls the material to greater depths. A profile with a beach width of 20 m 

(F20) will result in a shoreline retreat of 9.7 m at the end of the S2 storm, thus 

leaving an above-water beach width of 10.3 m. 
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F i g .  7 .  Calculated beach profile F40 (a) and F10 (b) 

for six points of time during S2 storm 
 

 

 
T a b l e  2 .  Erosion zone width of the above-water part of beach LС 

(m) at different durations of S1 and S2 storms 

 

Beach 

profile 

S1 S2 

Storm duration, h 

6 12 24 6 12 24 48 72 

F40 5.3 6.5 7.6 4.0 5.5 6.7 8.2 9.1 

F30 4.1 5.8 7.3 3.9 5.2 6.5 8.1 9.7 

F20 5.0 6.9 8.3 4.0 5.5 7.2 8.8 9.7 

F10 4.1 5.7 6.4 3.9 5.0 6.61 7.3 10.0 

Averaged 4.6 6.2 7.4 4.0 5.3 6.6 8.1 9.6 
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T a b l e  3 .  Width of bottom deformation zone LS (m) from the coast-

line at different durations of S1 and S2 storms 

Beach 

profile 

S1 S2 

Storm duration, h 

6 12 24 6 12 24 48 72 

F40 18.5 21.0 23.0 15.0 18.5 20.5 22.5 24.0 

F30 16.5 19.0 23.0 14.0 17.5 20.5 23.5 25.5 

F20 18.0 20.5 23.0 15.0 18.0 20.0 22.5 24.0 

F10 15.5 20.0 24.0 14.5 17.5 20.0 23.0 26.5 

Averaged 17.1 20.1 23.3 14.6 17.9 20.3 22.9 25.0 

 

 

 

In the more intense but less prolonged S1 storm, no erosion of the F10 profile 

to the foundation of the protection seawall is observed. After the storm, the beach 

width is ~3.5 m, and even a relatively minor swell will cause the embankment sea-

wall to be bombarded with pebbles and to collapse as soon as possible. 

The calculations conducted for the S2 storm demonstrated that the profile de-

formations remained insignificant even after 48 hours of storm impact. The results 

for a longer, weaker storm (S3) yielded comparable outcomes and are not included 

in the paper. Accordingly, calculations for a longer, weaker storm were not con-

ducted. 

Thus, the results of the numerical experiments suggest that at mean particle 

size of the beach-forming material D50 = 30 mm, the construction of artificial beach 

profiles with a width of 20 m or more can serve to mitigate the impact of storm 

surges, thereby providing an effective means of protection from extreme wave 

action. 

Conclusion 

The storm power index (SPI) was calculated for the central part of Koktebel 

Bay based on the wave reanalysis data for 1979–2020. A total of 146 storms with a 

minimum duration of 12 h were also identified. Three most extreme storms were 

analyzed. The storm of 10–11 November 2007 had the maximum value of signifi-

cant wave height (hs = 3.6 m). The storm of 26–29 January 1988 was the most pow-

erful (SPI = 660 m2h) in the 41-year period under review. The storm situation of 

25–29 September 2017 was also identified as the longest on record (T = 95 h). 

For real extreme storms, the deformation profile of the artificial pebble beach 

located in front of the steep seawall of the embankment was calculated. The width of 

the beach was 10, 20, 30 and 40 m. It was shown that under the impact of storm waves, 
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the coast steepness near the coastline changed gradually and material from the beach 

nearshore part slid down the underwater slope leading to a local depth decrease 

near the shore. 

In the upper part of the beach profile, erosion occurs, resulting in the retreat 

of the coastline. The length of the erosion zone of the underwater coastal slope 

in the nearshore zone is three times the width of the above-water beach erosion. 

The most significant deformations of the beach profile occur during the first 6 hours 

of storms. Further, the beach deformation rate decreases due to the increase in wave 

energy dissipation on the underwater ledge formed by waves. The erosion of 

the above-water part of the beach can reach 10 m.  

In light of the findings from the numerical experiments, it can be concluded 

that at mean particle size of the beach-forming material D50 = 30 mm, a beach 10 m 

wide or less in front of a cliff or breakwater cannot absorb the energy of storm 

waves. Even a brief storm would result in significant erosion of the beach and 

active erosion of the breakwater seawall by pebble bombardment. It is improbable 

that the beach at this location would be restored naturally, as the reflection of 

waves from the surface of the seawall would tend to pull beach-forming material 

down to depth and carry it away by the longshore flow. 

The study revealed that ≥ 20 m wide pebble beaches would fully absorb 

the wave energy of extreme storms and provide adequate protection. Nevertheless, 

when designing a beach with recreational value, it is recommended that the width 

of the beach exceed 30 m. 
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