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This study seeks to assist in better understanding of non-cohesive sediments movement under 

wave-current actions. The core aim of the present dissertation is to develop novel, advanced 

2DH numerical modelling techniques, and evaluate the advantages limitations of the existing 

ones, with the purpose of precisely simulating morphodynamic mechanisms over a variety of 

complex and irregular bathymetries, considering wave unsteady phenomena and several small-

scale physical processes in the inner surf and swash zone. In addition, the advanced compound 

models, which were tailored within the context of the present research, served to assess the 

hydrodynamic and morphodynamic effects of a number of coastal defence types, such as 

submerged and emerged offshore-detached breakwaters, groynes and jetties. 

To analyse general sediment phenomena in erosion-dominated and high-energy coasts, 

numerical assessments, based on available existing devices, were carried out in selected case 

studies in Greece. Furthermore, laboratory experimental data analysis and advanced coupled 

models were used to study the incipient motion of fine-sand and morphological evolution from 

dissipative to intermediate and reflective beach state. 

Finally, inspired by the capacities and limitations of the existing numerical devices, the 

development of a novel and robust numerical model was achieved in purpose of practical 

applications. In particular, a process-based newly developed sediment transport model, with a 

quasi-3D approach for the assessment of suspended sediment transport, was utilized in tandem 

with a fully non-linear Boussinesq model to evaluate wave-current-sediment transport 

interactions in wave-dominated conditions, with and without the presence of coastal defences. 

In this context, novel 3D and 2D laboratory experimental investigations were exploited to 

corroborate the numerical predictions. The model validation against experimental 

measurements revealed that the main scope of the thesis was fulfilled satisfactorily. 

In summary, this work unveils several fundamental aspects of fine sediment motion under 

the combined and unsteady action of waves and currents. It is believed that this research will 

help to further enhance our understanding of how 2DH modelling techniques can be applied in 

an extended range of coastal engineering problems, while it can be a valuable asset for 

engineers and scientists desiring to obtain accurate bed level evolution predictions.  
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a Coefficient   

A Wave amplitude   

C Sediment concentration by mass or volume   

ὅ Reference sediment concentration   

ὧȟὧ Wave propagation velocities   

ce    

Ὠ Diameter of bed material    

Ὠ  Median size of sediment   

D Deposition rate   

Ὀz Dimensionless particle size   

Ca Reference concentration   

E Erosion rate   

Ὢ Current friction coefficient    

Ὢ Wave friction coefficient    

g Gravitational acceleration    

h Water depth   

H Wave height   

Ὄ  Significant wave height   

Ὄ  spectral significant wave height   

b Wave action density   

ὑ, ὑ Cross-shore and long-shore swash coefficients   

ὑ Transmission coefficient    

Ὧ Roughness height   

q Sediment transport rate    

Ὑ  Eddy-viscosity-type breaking term   

Ὑ Bottom friction term    

ὙὩz Shear Reynolds number   

{ȄȄ, {ȅȅ Radiation stresses   

T Wave period   
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¢, Peak wave period   

u Instantaneous horizontal velocity    

ό Mean horizontal velocity    

ό  Oscillatory horizontal velocity    

Ὗ  Mean current velocity    

όz Shear velocity   

ό Scaling velocity   

v Velocity in y direction    

ὺ Scaling velocity in y direction    

ὺӶ Mean velocity in y direction    

ύ Settling velocity   

z Vertical distance above the bottom   

ᾀ Reference height   

‍ Equilibrium angle    

ɼ Parameter of sediment diffusivity    

ῳ Ripple height   

‏  Thickness of wave boundary layer   

ʀ Empirical sediment coefficient    

‐ Sediment diffusivity    

‐ȟ Current -related sediment diffusivity coefficient    

‐ȟ Wave-related sediment diffusivity coefficient    

ʁ Water level   

ʂ Surface elevation   

ʆ Karman number    

M Horizontal flux    

ʃ Shields number   

— Critical Shields number    

ʍ Water density   

” Sediment density   

ʐ Shear stress   

† Critical shear stress   

ὺ Kinematic viscosity coefficient    

ὺ Eddy viscosity   

ʒ Angle between wave and current   
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•  Internal friction angle    

ʕ Univocal bed function    

ʖ Wave frequency   

    

    

    

General operators    

- Time-average, steady component   

~ Periodic component   

 ᴆ Instantaneous component   
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ˍˇˎ ɰʰˋʾ˂ʶʽˇˎ ɮ˒ʶ˄ˍˇˏ˂ʹ 

 

ɳʻ˄ʽˁˈ ɾʶˍˋˈʲʽˇ ʃˇ˂ˎˍʶ˔˄ʶʾˇ 
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ɳˊʴʰˋˍʺˊʽˇ ɽʽ˃ʶ˄ʽˁ˗˄ ɴˊʴ˖˄ 

 

ʃʰˊʰˍʹˊ˗˄ˍʰˌ ˍˇˎˌ мр ʰˉˈ ˍˇˎˌ нл ˃ʶʴʰ˂ˏˍʶˊˇˎˌ ʰˋˍʽˁˇˏˌ ʽˋˍˇˏˌ ˍˇˎ ˁˈˋ˃ˇˎΣ ˃ˉˇˊˇˏ˃ʶ ˄ʰ 

ˋˎ˃ˉʶˊʱ˄ˇˎ˃ʶ ˉ˖ˌ ˍʰ ˉʰˊʱˁˍʽʰ ʰˋˍʽˁʱ ˃ʷˍ˖ˉʰ ʶʾ˄ʰʽ ˇʽ ˉʶˊʽˇ˔ʷˌ ʶˁʶʾ˄ʶˌ ˉˇˎ ˉʰˊˇˎˋʽʱʸˇˎ˄ 

ˍʹ˄ ˇ˂ˇʷ˄ʰ ˁʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˏ˅ʹˋʹ ˉˎˁ˄ˈˍʹˍʰˌ ˉ˂ʹʻˎˋ˃ˇˏ όRanasinghe, 2016; Luijendijk et 

al., 2018)Φ ʅʶ ˉʰʴˁˈˋ˃ʽʰ ˁ˂ʾ˃ʰˁʰΣ ˇʽ ˉʰˊʱˁˍʽʶˌ ʸ˗˄ʶˌ ˔ʰ˃ʹ˂ʺˌ ˋˍʱʻ˃ʹˌ ˋˎʴˁʶ˄ˍˊ˗˄ˇˎ˄ ˍˇ мл҈ 

ˍˇˎ ˉʰʴˁˈˋ˃ʽˇˎ ˉ˂ʹʻˎˋ˃ˇˏ όMcGranahan et alΦΣ нллтύΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˇʽ ˉʰˊʱˁˍʽʶˌ 

ˉʶˊʽˇ˔ʷˌ ˒ʽ˂ˇ˅ʶ˄ˇˏ˄ ˉʶˊʾˉˇˎ мрп ʶˁʰˍˇ˃˃ˏˊʽʰ ʰ˄ʻˊ˗ˉˇˎˌΣ ˉˇˎ ʽˋˇʵˎ˄ʰ˃ʶʾ ˃ʶ ˍˇ ʷ˄ʰ ˍˊʾˍˇ 

ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˍ˖˄ ˃ʶˋˇʴʶʽʰˁ˗˄ ˉʰˊʱˁˍʽ˖˄ ˔˖ˊ˗˄Σ ʶ˄˗ ʶˁˍʶʾ˄ˇ˄ˍʰʽ ˉʱ˄˖ ˋʶ псΣллл 

˔ʽ˂ʽˈ˃ʶˍˊʰ ʰˁˍˇʴˊʰ˃˃ʺˌΣ ˍˇ рп҈ ˍ˖˄ ˇˉˇʾ˖˄ ʶʾ˄ʰʽ ʲˊʰ˔˗ʵʶˌ ˁʰʽ ˍˇ пс҈ ʽʸʹ˃ʰˍˇʴʶ˄ʷˌ 

(Hénocque and Coccossis, 2001).  
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ʷ˄˄ˇʽʰ ˉˇˎ ʵʾ˄ʶʽ ʷ˃˒ʰˋʹ ˋˍʹ˄ ʶˎˊˏˍʶˊʹ ʸ˗˄ʹ ʺ ˍʹ˄ ʷˁˍʰˋʹ ˍ˖˄ ˉʰˊʱˁˍʽ˖˄ ˇʽˁˇˋˎˋˍʹ˃ʱˍ˖˄ 

(Nicholls et alΦΣ нллтύΦ ʂˋˇ˄ ʰ˒ˇˊʱ ˍʹ˄ ʷˁʻʶˋʹ ˍʹˌ ˋʶ ˉʽʻʰ˄ʺ ʱ˄ˇʵˇ ˍʹˌ ˋˍʱʻ˃ʹˌ ˍʹˌ ʻʱ˂ʰˋˋʰˌΣ 

ˇ ˈˊˇˌ ζˉʰˊʱˁˍʽʰ ʸ˗˄ʹ ˔ʰ˃ʹ˂ʺˌ ˋˍʱʻ˃ʹˌη ʷ˔ʶʽ ˇˊʽˋˍʶʾ ˖ˌ ζʹ ˋˎ˄ʶ˔ˈ˃ʶ˄ʹ ˉʶˊʽˇ˔ʺ ˁʰˍʱ ˃ʺˁˇˌ 

ˍʹˌ ʰˁˍʺˌ ˉˇˎ ʲˊʾˋˁʶˍʰʽ ˂ʽʴˈˍʶˊˇ ʰˉˈ мл ˃ʷˍˊʰ ˉʱ˄˖ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ʻʱ˂ʰˋˋʰˌη 

(Lichter et al., 2011).  
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ˋˏˋˍʹ˃ʰ ʵʽʰ˒ˈˊ˖˄ ˒ˎˋʽˁ˗˄ ˃ʶˍʰʲ˂ʹˍ˗˄ ʶʾ˄ʰʽ ʽʵʽʰʾˍʶˊʰ ʶˏʻˊʰˎˋˍˇ ˁʰʽ ʶˁˍʶʻʶʽ˃ʷ˄ˇ ˋʶ 

ˉˇ˂˂ʰˉ˂ˇˏˌ ˁʽ˄ʵˏ˄ˇˎˌΣ ˈˉ˖ˌ ˉ˂ʹ˃˃ˏˊʶˌΣ ʵʽʱʲˊ˖ˋʹ ʰ˃˃˖ʵ˗˄ ʰˁˍ˗˄ ˁʰʽ ˁʰˍʰˋˍˊˇ˒ʷˌ 

ˎ˂ʽˁˇˍʶ˔˄ʽˁ˗˄ ˎˉˇʵˇ˃˗˄ ˂ˈʴ˖ ʰˁˊʰʾ˖˄ ˎʵˊˇ-˃ʶˍʶ˖ˊˇ˂ˇʴʽˁ˗˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄Σ ˈˉ˖ˌ ˁʰˍʰʽʴʾʵʶˌΣ 

ʷ˄ˍˇ˄ʶˌ ʲˊˇ˔ˇˉˍ˗ˋʶʽˌ ˁʰʽ ˉʰ˂ʾˊˊˇʽʶˌ όPlomaritis et al., 2018; Mori et alΦΣ нлмфύΦ ɳˉʽˉ˂ʷˇ˄Σ ˇʽ 

ˋˇʲʰˊʷˌ ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁʷˌ ˁˇʽ˄˖˄ʽˁʷˌ ˁʰʽ ˇʽˁˇ˄ˇ˃ʽˁʷˌ ʶˉʽˉˍ˗ˋʶʽˌ ˋˍˇ ʻʰ˂ʱˋˋʽˇ ˉʶˊʽʲʱ˂˂ˇ˄ 

ʰ˄ʰ˃ʷ˄ʶˍʰʽ ˄ʰ ʶʾ˄ʰʽ ʰˁˈ˃ʹ ˉʽˇ ˁˊʾˋʽ˃ʶˌ ˋˍˇ ʶʴʴˏˌ ˃ʷ˂˂ˇ˄Σ ˁʰʻ˗ˌ ˇʽ ʶˉʽˉˍ˗ˋʶʽˌ ˍʹˌ ˁ˂ʽ˃ʰˍʽˁʺˌ 

ʰ˂˂ʰʴʺˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʶˉʽʵʶʽ˄˗ˋˇˎ˄ ˍʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʰˎˍʱΦ ʃʶˊʽʲʰ˂˂ˇ˄ˍʽˁʷˌ ʵʽʰˍʰˊʰ˔ʷˌΣ ˈˉ˖ˌ ʹ 

ʱ˄ˇʵˇˌ ˍʹˌ ˋˍʱʻ˃ʹˌ ˍʹˌ ʻʱ˂ʰˋˋʰˌΣ ˇʽ ʰ˂˂ʰʴʷˌ ˋˍʹ˄ ʷ˄ˍʰˋʹ ˍ˖˄ ʲˊˇ˔ˇˉˍ˗ˋʶ˖˄ ˁʰʽ ˍ˖˄ 

ˁʰˍʰʽʴʾʵ˖˄Σ ˇʽ ʰˎ˅ʹ˃ʷ˄ʶˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌΣ ʹ ˇ˅ʾ˄ʽˋʹ ˍ˖˄ ˖ˁʶʰ˄˗˄ ˁʰʽ ʹ ʶ˅ʰ˒ʱ˄ʽˋʹ ʶʽʵ˗˄ 

ˉʰ˄ʾʵʰˌ ˁʰʽ ˔˂˖ˊʾʵʰˌ ʶʾ˄ʰʽ ˃ʶˊʽˁʷˌ ʰˉˈ ˍʽˌ ˉˊˇʲ˂ʶˉˈ˃ʶ˄ʶˌ ˁ˂ʽ˃ʰˍʽˁʷˌ ʶˉʽˉˍ˗ˋʶʽˌ ˉˇˎ ʻʷˍˇˎ˄ 

ˋʶ ˁʾ˄ʵˎ˄ˇ ˍʹ˄ ʽˋˇˊˊˇˉʾʰ ˍ˖˄ ˉʰˊʱˁˍʽ˖˄ ˋˎˋˍʹ˃ʱˍ˖˄Φ 

 

ɶ ʵʽʱʲˊ˖ˋʹ ˍ˖˄ ʰ˃˃˖ʵ˗˄ ʰˁˍ˗˄ ʶʾ˄ʰʽ ˃ʽʰ ʰˊˁʶˍʱ ˉˇ˂ˏˉ˂ˇˁʹ ˒ˎˋʽˁʺ ʵʽʰʵʽˁʰˋʾʰΣ ˁʰʻ˗ˌ 

ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˃ʽʰ ʰ˄ʰˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ʽʸʹ˃ʱˍ˖˄ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ˉʰˊʰ˂ʾʰˌ ʷ˖ˌ ˍʰ ʲʰʻʽʱ 

ˏʵʰˍʰ όZhang et al,. 2004). ɶ ʵʽʱʲˊ˖ˋʹ ʰˁˍ˗˄ ʷ˔ʶʽ ˋʹ˃ʰ˄ˍʽˁʷˌ ʶˉʽˉˍ˗ˋʶʽˌ ˋˍʽˌ ˎˉˇʵˇ˃ʷˌΣ ˍˇ˄ 

ˍˇˎˊʽˋ˃ˈ ˁʰʽ ˍʹ ʲʽˇˉˇʽˁʽ˂ˈˍʹˍʰΣ ˁʰʻ˗ˌ ˋʶ ʰˋˍʽˁˇˉˇʽʹ˃ʷ˄ʶˌ ˉʰˊʱˁˍʽʶˌ ˉʶˊʽˇ˔ʷˌΣ ˇʽ ʰ˃˃˗ʵʶʽˌ 

ʺ ˉʶˍˊ˗ʵʶʽˌ ˉʰˊʰ˂ʾʶˌ ʰˉˇˍʶ˂ˇˏ˄ ʷ˄ʰ ˋʹ˃ʰ˄ˍʽˁˈ ʰ˄ʱ˔˖˃ʰ ˋˍʹ˄ ʷ˄ˍˇ˄ʹ ˁˎ˃ʰˍʽˁʺ ʵˊʱˋʹ 

(Almeida et alΦΣ нлмнύΦ ɶ ʵʽʱʲˊ˖ˋʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌ ˃ˉˇˊʶʾ ˄ʰ ˇˊʽˋˍʶʾ ˖ˌ ʹ ˁʰʻʰˊʺ ʰˉ˗˂ʶʽʰ 

ʽʸʹ˃ʱˍ˖˄ ˋʶ ˃ʽʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˍˇ˃ʺ ˍˇˎ ˉˊˇ˒ʾ˂ ˉˎʻ˃ʷ˄ʰΣ ʶ˄ˍˈˌ ˃ʽʰˌ ˇˊʽˋ˃ʷ˄ʹˌ ˔ˊˇ˄ʽˁʺˌ 

ˁ˂ʾ˃ʰˁʰˌ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌ όCastelle and Harley, 202лύΦ ɮˎˍˈ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ʵʽʱʲˊ˖ˋʹˌ ˃ˉˇˊʶʾ 

ʶˉʾˋʹˌ ˄ʰ ˋ˔ʹ˃ʰˍˇˉˇʽʹʻʶʾ ˖ˌ ʹ ʰ˄ʰˊˊʾ˔ʹˋʹ ˍʹˌ ʻʱ˂ʰˋˋʰˌ ˋˍʹ˄ ˎˉˇʰʷˊʽʰ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ 

ˉʰˊʱˁˍʽˇˎ ˉˊˇ˒ʾ˂ όsub-aerial beach faceύΣ ʹ ˇˉˇʾʰ ˋˎ˔˄ʱ ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˎ˕ʹ˂ʷˌ ˉʰ˂ʾˊˊˇʽʶˌ ˁʰʽ 

ʶ˄ʶˊʴʹˍʽˁʱ ˁˏ˃ʰˍʰ όSenechal et alΦ нлнлύΦ ɶ ˉʰˊʱˁˍʽʰ ʵʽʱʲˊ˖ˋʹ ˃ˉˇˊʶʾ ʶˉʾˋʹˌ ˄ʰ ˇˊʽˋˍʶʾ ˖ˌ 

˃ʽʰ ˎˉˇ˔˗ˊʹˋʹ ˉˊˇˌ ˍʹ ˋˍʶˊʽʱ ˍʹˌ ʻʷˋʹˌ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌΦ ʁʽ ʶˉʽˉˍ˗ˋʶʽˌ ʰˎˍˇˏ ˍˇˎ 

ʶ˂˂ʶʾ˃˃ʰˍˇˌ ˈʴˁˇˎ ʽʸʹ˃ʱˍ˖˄ ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶ ˉʰˊʱˁˍʽʶˌ ʵʽʶˊʴʰˋʾʶˌΣ ˈˉ˖ˌ ʹ ˉʰˊˇˎˋʾʰ 

ˎˉˇ˂ˇʾˉ˖˄ ʰˁˍ˗˄ (beach scarpsύΣ ʹ ˎˉˇˋˁʰ˒ʺ ʰ˃˃ˈ˂ˇ˒˖˄Σ ʲˊʱ˔˖˄ ˁʰʽ ˎˉˇʵˇ˃˗˄Φ  
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ʁʽ ˉʰˊʱˁˍʽʶˌ ˁʰˍʰʽʴʾʵʶˌ ˋˎ˔˄ʱ ˇʵʹʴˇˏ˄ ˋʶ ʰˉˇˋˍʰʻʶˊˇˉˇʾʹˋʹ ˍˇˎ ˉʰˊʱˁˍʽˇˎ ˋˎˋˍʺ˃ʰˍˇˌΣ 

˃ʷˋ˖ ˍʹˌ ʶ˄ˍʰˍʽˁˇˉˇʾʹˋʹˌ ˍˇˎ ˁˎ˃ʰˍʽˁˇˏ ˁ˂ʾ˃ʰˍˇˌ ˁʰʽ ˉʶʵʾˇˎ ˉʰˊʱˁˍʽ˖˄ ˊʶˎ˃ʱˍ˖˄Σ 

ˋˎ˄ˍʶ˂˗˄ˍʰˌ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ˄ ʰˏ˅ʹˋʹ ˍˇˎ ˏ˕ˇˎˌ ˍʹˌ ˋˍʱʻ˃ʹˌ ˍʹˌ ʻʱ˂ʰˋˋʰˌΦ ɮˎˍˇʾ ˇʽ 

˃ʹ˔ʰ˄ʽˋ˃ˇʾ ʰ˄ʰ˃ˇˊ˒˗˄ˇˎ˄ ˍʹ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ʻʰ˂ʱˋˋʽˇˎ ˉˎʻ˃ʷ˄ʰ ˁʰʽ ˍʹ ʻʷˋʹ ʰˁˍˇʴˊʰ˃˃ʺˌΣ 

˃ʶˍʰˁʽ˄˗˄ˍʰˌ ˃ʶʴʱ˂ʶˌ ˉˇˋˈˍʹˍʶˌ ʱ˃˃ˇˎ ˉˊˇˌ ˍʰ ʲʰʻʽʱ ˏʵʰˍʰΦ ʆˇ ˁˏ˃ʰ ˁʰˍʰʽʴʾʵʰˌΣ ʺ ʰ˂˂ʽ˗ˌ 

ˍʰ ʵʽʰˁʶˁˊʽ˃ʷ˄ʰ ʴʶʴˇ˄ˈˍʰ ˁˎ˃ʱˍ˖˄ ˎ˕ʹ˂ʺˌ ʶ˄ʷˊʴʶʽʰˌ, ˉʰˊʱʴˇˎ˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁʱ ˃ˇˍʾʲʰ ˉˇˎ 

ʶʾ˄ʰʽ ˁʰʻˇˊʽˋˍʽˁʱ ʴʽʰ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ʲˎʻˇˏΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˍʰ ˉʰˊʱˁˍʽʰ 

ˊʶˏ˃ʰˍʰ ʶˉʰ˄ʰ˒ˇˊʱˌ (undertow) ̄ ˇˎ ˉʰˊʱʴˇ˄ˍʰʽ ˎˉˈ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍ˖˄ ʰˁˊʽ˗˄ ˁˎ˃ʰˍʽˋ˃˗˄Σ 

˃ˉˇˊˇˏ˄ ˄ʰ ˁʰˍʶˎʻˏ˄ˇˎ˄ ˃ʶʴʱ˂ʶˌ ˉˇˋˈˍʹˍʶˌ ʽʸʺ˃ʰˍˇˌ ˉˊˇˌ ˍʰ ʲʰʻʽʱ ˏʵʰˍʰ όToldo, 2006; 

Guimarães et alΦΣ нлмпύΦ ɳˉʽˉ˂ʷˇ˄Σ ʴʽʰ ʽʵʽʰʾˍʶˊʰ ʰˁˊʰʾʶˌ ˁʰʽˊʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˁʰʽ ˋˎ˄ʻʺˁʶˌ 

ˁˎ˃ʱˍ˖˄Σ ˃ˉˇˊʶʾ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˁʰʻʰˊʺ ʰˉ˗˂ʶʽʰ ʽʸʺ˃ʰˍˇˌ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ʶ˄ʶˊʴˇˏ ˉˊˇ˒ʾ˂ 

ˉʰˊʰ˂ʾʰˌ όʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ˉʰˊʰ˂ʾʰˌ ʺ ˍʰ ˃ʷʴʽˋˍʰ ˍ˖˄ ʻʽ˄˗˄ ˃ʷ˔ˊʽ ˍˇ ʲʱʻˇˌ ˁ˂ʶʽˋʾ˃ʰˍˇˌ 

( Valiente et al., 2018)) Φ ʁʽ ʵʽʶˊʴʰˋʾʶˌ ʵʽʱʲˊ˖ˋʹˌ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ʰˁˊʰʾ˖˄ ˁʰˍʰʽʴʾʵ˖˄ ˃ʽˁˊʺˌ 

ˉʶˊʽˈʵˇˎ ʰ˄ˍʽˉˊˇˋ˖ˉʶˏˇˎ˄ ʷ˄ʰ ˇ˂ˇʷ˄ʰ ˁʰʽ ˉʽˇ ʷ˄ˍˇ˄ˇ ˉˊˈʲ˂ʹ˃ʰ ʴʽʰ ˍʹ ˋˍʰʻʶˊˈˍʹˍʰ ˍˇˎ 

ˉʰˊʱˁˍʽˇˎ ˋˎˋˍʺ˃ʰˍˇˌΣ ˁʰʻ˗ˌ ʴʽʰ ʷ˄ʰ ˃ʶʴʱ˂ˇ ˁʰʽ ʰˉˈˍˇ˃ˇ ʷ˂˂ʶʽ˃˃ʰ ˋˍˇ ʽˋˇʸˏʴʽˇ ʽʸʹ˃ʱˍ˖˄Σ 

˃ˉˇˊʶʾ ˄ʰ ˔ˊʶʽʰˋˍˇˏ˄ ʵʶˁʰʶˍʾʶˌ ˗ˋˍʶ ʰˎˍˈ ˄ʰ ʰ˄ʰˉ˂ʹˊ˖ʻʶʾΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʰˎˍ˗˄ ˍ˖˄ 

ʴʶʴˇ˄ˈˍ˖˄ ˃ʽˁˊʺˌ ˉʶˊʽˈʵˇˎΣ ʹ ˃ˇˊ˒ˇ˂ˇʴʽˁʺ ʶ˅ʷ˂ʽ˅ʹ ˍʹˌ ʴʶ˖˃ʶˍˊʾʰˌ ˍˇˎ ˉˎʻ˃ʷ˄ʰ ʶʾ˄ʰʽ 

ʶˎʻʷ˖ˌ ʰ˄ʱ˂ˇʴʹ ˃ʶ ˍʹ˄ ˉˇˋˈˍʹˍʰ ˍʹˌ ʶʽˋʶˊ˔ˈ˃ʶ˄ʹˌ ˁˎ˃ʰˍʽˁʺˌ ʶ˄ʷˊʴʶʽʰ ̩̀ ˍʹ˄ ˉʰˊʱˁˍʽʰ ʸ˗˄ʹ 

ʶ˄˗ ˇʽ ˔ˊˇ˄ʽˁʷˌ ˁ˂ʾ˃ʰˁʶˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˃ʶˍʰʲʱ˂˂ˇ˄ˍʰʽ ˃ʷ˔ˊʽ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ʷ˄ʰ ˄ʷˇ ˋʹ˃ʶʾˇ 

ʽˋˇˊˊˇˉʾʰˌ ˃ʶˍʰ˅ˏ ʶʽˋʶˊ˔ˈ˃ʶ˄ʹˌ ˋˍʹ˄ ˉʰˊʱˁˍʽʰ ʸ˗˄ʹ ˁˎ˃ʰˍʽˁʺˌ ʶ˄ʷˊʴʶʽʰˌ ˁʰʽ ˃ʶˍʰʲˇ˂ʺˌ ˍˇˎ 

ˉˎʻ˃ʷ˄ʰ όAfentoulis et al., 2017). 

 

ʁʽ ˉˊˈˋ˒ʰˍʶˌ ˁʰˍʰʴˊʰ˒ʷˌ ʰˁˊʰʾ˖˄ ˁʰˍʰʽʴʾʵ˖˄ ˁʰʽ ˁˎ˃ʱˍ˖˄Σ ˉˇˎ ˋʹ˃ʶʽ˗ʻʹˁʰ˄ ˁʰˍʱ ˍʹ 

ʵʽʱˊˁʶʽʰ ˍˇˎ ˔ʶʽ˃˗˄ʰ нлмо - нлмп ˁʰˍʱ ˃ʺˁˇˌ ˍ˖˄ ʶˎˊ˖ˉʰʿˁ˗˄ ʰˁˍ˗˄Σ ʶʾ˔ʰ˄ ˖ˌ ˋˎ˄ʷˉʶʽʰ ˍʹ 

ʻʶʰ˃ʰˍʽˁʺ ˎˉˇ˔˗ˊʹˋʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌ ˉˊˇˌ ˍʹ˄ ˅ʹˊʱ ˃ʷˋʰ ˋʶ ˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ ˃ˈ˂ʽˌ ˂ʾʴ˖˄ 

ʹ˃ʶˊ˗˄Φ ɼʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ʰˎˍʺˌ ˍʹˌ ˉʶˊʽˈʵˇˎΣ ʹ ʰˁˍˇʴˊʰ˃˃ʺ ˃ʺˁˇˎˌ ммл ˔ʽ˂ʽˇ˃ʷˍˊ˖˄ ˍʹˌ 

ɿˇˍʽˇʵˎˍʽˁʺˌ ɱʰ˂˂ʾʰˌ ʲˊʷʻʹˁʶ ʶˁˍʶʻʶʽ˃ʷ˄ʹ ˋˍʽˌ ˉʽˇ ʷ˄ˍˇ˄ʶˌ ˁˎ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˍ˖˄ 

ˍʶ˂ʶˎˍʰʾ˖˄ му ˔ˊˈ˄˖˄ όError! Reference source not found.ύΦ ɸʶʰ˃ʰˍʽˁʷˌ ʰ˂˂ʰʴʷˌ ˋˍʽˌ 

˃ʶˍʶ˖ˊˇ˂ˇʴʽˁʷˌ ˁʰʽ ˁˎ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ʷ˔ˇˎ˄ ʶˉʾˋʹˌ ʶ˄ˍˇˉʽˋˍʶʾ ˋˍʹ˄ ɳ˂˂ʱʵʰ ˍʰ ˍʶ˂ʶˎˍʰʾʰ 

˔ˊˈ˄ʽʰΣ ˉˊˇˁʰ˂˗˄ˍʰˌ ˋʹ˃ʰ˄ˍʽˁʷˌ ˉʰˊʱˁˍʽʶˌ ˉ˂ʹ˃˃ˏˊʶˌ ˁʰʽ ʵʽʰʲˊ˖ˍʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰΦ ʆˇ ʅ˔ʺ˃ʰ 

ˋˍʹ˄ ɳʽˁˈ˄ʰ 2 ʵʶʾ˔˄ʶʽ ˍʽˌ ˁʰˍʰˋˍˊˇ˒ʽˁʷˌ ʸʹ˃ʽʷˌ ˂ˈʴ˖ ˍ˖˄ ʽˋ˔ˎˊ˗˄ ˁʰˍʰʽʴʾʵ˖˄ ˉˇˎ 

ˋʹ˃ʶʽ˗ʻʹˁʰ˄ ˍˇ нлмо ˋˍˇ ˄ʹˋʾ ˍʹˌ ɼˊʺˍʹˌ ˋˍʹ˄ ɳ˂˂ʱʵʰΦ ʁʽ ˉʰˊʱˁˍʽʶˌ ˉ˂ʹ˃˃ˏˊʶˌ ˇʵʺʴʹˋʰ˄ ˋʶ 

ˁʰˍʰˋˍˊˇ˒ʷˌ ˎˉˇʵˇ˃˗˄ ˁʰʽ ˎˉʶˊˉʺʵʹˋʹ ˁˎ˃ʱˍ˖˄ ˋˍˇ ʶˉʾˉʶʵˇ ˍˇˎ ˉʰˊʱˁˍʽˇˎ ˃ʶˍ˗ˉˇˎΣ 

˒ʰʽ˄ˈ˃ʶ˄ˇ ˉˇˎ ˋˎ˄ˇʵʶˏˍʹˁʶ ʰˉˈ ˎˉˇ˔˗ˊʹˋʹ ˍʹˌ h ˁˍˇʴˊʰ˃˃ʺˌ ˁʰˍʱ ʵʶˁʱʵʶˌ ˃ʷˍˊʰΦ 
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ɳʽˁˈ˄ʰ 1 ʃʰˊʱˁˍʽʰ ʵʽʱʲˊ˖ˋʹ ˁʰʽ ˁʰˍʰˋˍˊˇ˒ʷˌ ˎˉˇʵˇ˃˗˄ ˋˍʹ ˄ˇˍʽˇʵˎˍʽˁʺ ˉ˂ʶˎˊʱ ˍʹˌ ɱʰ˂˂ʾʰˌ ˍˇ 
˔ʶʽ˃˗˄ʰ ˍˇˎ нлмоκнлмп 

 

 

ɳʽˁˈ˄ʰ 2 ʊʰʽ˄ˈ˃ʶ˄ʰ ɼʰˍʰʽʴʾʵʰˌ ˋˍˇ ʄʷʻˎ˃˄ˇ όнлмфύ 
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ɳˁˍˈˌ ʰˉˈ ˍʽˌ ʶˉʽˉˍ˗ˋʶʽˌ ˍ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄ ˁˇ˄ˍʱ ˋˍʹ˄ ˅ʹˊʱΣ ˇʽ ʰ˄ʻˊ˖ˉˇʴʶ˄ʶʾˌ 

ʶˉʽˉˍ˗ˋʶʽˌ ˁʰʽ ˇʽ ʱ˄ʰˊ˔ʶˌ ˎˉˇʵˇ˃ʷˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˄ˍʶʾ˄ˇˎ˄ ˍʹ ˋˎ˄ʶ˔ʽʸˈ˃ʶ˄ʹ ˉʰˊʱˁˍʽʰ 

ʵʽʱʲˊ˖ˋʹΦ ʃˊˇʲ˂ʺˍʶˌ ˁʰʽ ʱ˂˂ʰ ʶ˃ˉˈʵʽʰ ˉˇˎ ˃ʶˍʰʲʱ˂˂ˇˎ˄ ˍʹ˄ ˋˍʶˊʶˇ˃ʶˍʰ˒ˇˊʱΣ 

ʰ˄ˍʰ˄ʰˁ˂ʰˋˍʽˁˇʾ ˁʱʻʶˍˇʽ ˍˇʾ˔ˇʽ ˉˇˎ ʶˉʽˍʰ˔ˏ˄ˇˎ˄ ˍʹ ˃ʶˍʰˁʾ˄ʹˋʹ ˉˊˇˌ ˍʰ ʲʰʻʽʱ ˏʵʰˍʰΣ 

˃ʶʴʱ˂˖˄ ˉˇˋˇˍʺˍ˖˄ ʱ˃˃ˇˎ όSeabergh and KrausΣ нллоύΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ˁʰˍʰˋˍˊˇ˒ʺ ˍʹˌ 

ʲ˂ʱˋˍʹˋʹˌ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʰˁˍʺˌ ʰˉˇˍʶ˂ˇˏ˄ ʲʰˋʽˁʷˌ ʰʽˍʾʶˌ ˍʹˌ ʶ˄ˍʰˍʽˁˇˉˇʾʹˋʹˌ ˍʹˌ 

ʵʽʱʲˊ˖ˋʹˌ ˍ˖˄ ʰˁˍ˗˄ ˋʶ ˉʰʴˁˈˋ˃ʽʰ ˁ˂ʾ˃ʰˁʰ ˍˈˋˇ ˃ʶˋˇˉˊˈʻʶˋ˃ʰ ˈˋˇ ˁʰʽ ˃ʰˁˊˇˉˊˈʻʶˋ˃ʰ 

(Gabriel Ruiz-Martínez et alΦΣ нлмсύΦ ɳˉʽˉ˂ʷˇ˄, ˉʰˊʱʴˇ˄ˍʶˌ ˉˇˎ ʵˎˋ˔ʶˊʰʾ˄ˇˎ˄ ˍʹ˄ ʽˋˇˊˊˇˉʾʰ 

ˍˇˎ ˉʰˊʱˁˍʽˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʽ ʶ˄ˍʰˍʽˁˇˉˇʽˇˏ˄ ˍʹ ʵʽʱʲˊ˖ˋʹ ʶʾ˄ʰʽ ʹ ˉʰˊʰˁˊʱˍʹˋʹ ʽʸʹ˃ʱˍ˖˄ 

ˋˍʰ ˒ˊʱʴ˃ʰˍʰΣ ʹ ˃ʶˍʰˍˈˉʽˋʹ ʶˁʲˇ˂˗˄ ˉˇˍʰ˃ˇˏΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ˇʽˁˇʵˈ˃ʹˋʹ ʶˉʾ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ 

ˁʰʽ ˎˉˈʴʶʽ˖˄ ˊʶˎ˃ʱˍ˖˄ (Bird et al., 1996; Waters et alΦΣ нлмсύΦ ʃʶˊʾˉˇˎ мр km2 ʁ ˍʹˋʾ˖ˌ ʶʾ˄ʰʽ ʹ 

ʶˁˍʽ˃˗˃ʶ˄ʹ ˔ʰ˃ʷ˄ʹ ˉʰˊʱˁˍʽʰ ʷˁˍʰˋʹ ˋˍʹ˄ ɳˎˊ˗ˉʹ ˂ˈʴ˖ ˍʹˌ ʵʽʱʲˊ˖ˋʹˌ όvan Rijn, 2011). ɼʰˍʱ 

ˍʰ ʶˉˈ˃ʶ˄ʰ ˔ˊˈ˄ʽʰΣ ˉʰˊʱʴˇ˄ˍʶˌ ˈˉ˖ˌ ʹ ʰˋˍʽˁˇˉˇʾʹˋʹΣ ʹ ʰˏ˅ʹˋʹ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˃ʶ ˍʹ˄ 

ˉʰˊʱ˂˂ʹ˂ʹ ʰˏ˅ʹˋʹ ˍʹˌ ˁʰˍʰˋˁʶˎʰˋˍʽˁʺˌ ʵˊʰˋˍʹˊʽˈˍʹˍʰˌ ʰ˄ʰ˃ʷ˄ʶˍʰʽ ˉ˖ˌ ʻʰ ʶ˄ʽˋ˔ˏˋˇˎ˄ 

ˍʽˌ ʵʽʰʲˊ˖ˍʽˁʷˌ ˍʱˋʶʽˌΣ ˉˊˇˋʻʷˍˇ˄ˍʰˌ ˃ʶʴʰ˂ˏˍʶˊʹ ˉʾʶˋʹ ˋˍʹ˄ ʺʵʹ ˒ʻʾ˄ˇˎˋʰ ˉʰˊˇ˔ʺ 

ʽʸʹ˃ʱˍ˖˄Φ 

 
ʃˇʽˁʾ˂ʶˌ ˋˍˊʰˍʹʴʽˁʷˌ ʰ˂˂ʱ ˁʰʽ ˃ʾʰ ˋʶʽˊʱ ʰˉˈ ˉʰˊʱˁˍʽʰ ʷˊʴʰ ˋ˔ʶʵʽʱʸˇ˄ˍʰʽ ʰˉˈ ˍˇˎˌ ˃ʹ˔ʰ˄ʽˁˇˏˌ 

ˋʺ˃ʶˊʰ ˗ˋˍʶ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ʹ ˉˊˇˋˍʰˋʾʰ ʶˎʱ˂˖ˍ˖˄ ˉʰˊʱˁˍʽ˖˄ ˉʶˊʽˇ˔˗˄Φ ʃˊˈˋ˒ʰˍʶˌ ˃ʶ˂ʷˍʶˌ 

ʷ˔ˇˎ˄ ʶ˅ʶˍʱˋʶʽ ˍʹ˄ ʰˉˈʵˇˋʹ ʰˎˍ˗˄ ˍ˖˄ ʷˊʴ˖˄ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍˇˎˌ ˋˍʹ˄ ʵʽʰˍʺˊʹˋʹ 

ˍʹˌ ʻʷˋʹˌ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌ ʺ ʰˁˈ˃ʰ ˁʰʽ ˍʹ˄ ˉˊˇ˗ʻʹˋʹ ʰˎˍʺˌ όPranzini et al., 2015 ;· Servold et 

al., нлмтύΦ ɾʾʰ ˋʶʽˊʱ ʰˉˈ ʷˊʴʰ ˃ʹ˔ʰ˄ʽˁˇˏΣ ˉˇˎ ʷ˔ˇˎ˄ ˖ˌ ˋˍˈ˔ˇ ˍʹ˄ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˍ˖˄ 

˒ʰʽ˄ˇ˃ʷ˄˖˄ ʵʽʱʲˊ˖ˋʹˌΣ ˃ʶˋˇˉˊˈʻʶˋ˃ʰ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˍʰ ʰˁˊʽʲ˗ˌ ʰ˄ˍʾʻʶˍʰ ˍˇˎ 

ʰ˄ʰ˃ʶ˄ˇ˃ʷ˄ˇˎ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ˁʰʻ˗ˌ ʶˎʻˏ˄ˇ˄ˍʰʽ ˁʰʽ ʴʽʰ ˍʹ˄ ʶ˄ˍʰˍʽˁˇˉˇʾʹˋʹ ˉˊˇʲ˂ʹ˃ʱˍ˖˄ 

ʵʽʱʲˊ˖ˋʹˌ ˋˍʹ ʴʶʽˍ˄ʾʰˋʹ ˍ˖˄ ˁʰˍʰˋˁʶˎ˗˄ όDouglas et al. 2003). 

 

ʅʺ˃ʶˊʰΣ ʰˊˁʶˍʷˌ ˔˗ˊʶˌ ʷ˔ˇˎ˄ ˎʽˇʻʶˍʺˋʶʽ ˄ˇ˃ˇʻʶˋʾʶˌ ʴʽʰ ˍʹ˄ ˉˊˇˋˍʰˋʾʰ ˍˇˎ ˒ˎˋʽˁˇˏ 

ˉʰˊʱˁˍʽˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌΣ ˉˇˎ ʶˉʽʲʱ˂˂ʶʽ ˉʶˊʽˇˊʽˋ˃ˇˏˌ ˋˍʽˌ ˁʰˍʰˋˁʶˎʰˋˍʽˁʷˌ 

ʵˊʰˋˍʹˊʽˈˍʹˍʶˌ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺ ˁʰʽ ˎˉˇ˔ˊʶ˗˄ʶʽ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˃ʶ˂ʶˍ˗˄ ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁ˗˄ 

ʶˉʽˉˍ˗ˋʶ˖˄Φ ʍˋˍˈˋˇΣ ˁʰˍʱ ˍʽˌ ˉˊˇʹʴˇˏ˃ʶ˄ʶˌ ʵʶˁʰʶˍʾʶˌ ʹ ʵʽʱʲˊ˖ˋʹ ʰ˄ˍʽ˃ʶˍ˖ˉʾˋˍʹˁʶ 

ʹ˃ʽʶ˃ˉʶʽˊʽˁʱ ˁʰʽ ʰˉˇˋˉʰˋ˃ʰˍʽˁʱΣ ʶ˄˗ ʵʶ˄ ʶ˂ʺ˒ʻʹˋʰ˄ ˍʰ ʰˉʰˊʰʾˍʹˍʰ ˃ʷˍˊʰΣ ʰ˒ˇˏ ˇʽ 

ˉʰˊʱˁˍʽʶˌ ˉʶˊʽˇ˔ʷˌ ʻʶ˖ˊˇˏ˄ˍʰ˄ ˖ˌ ʷ˄ʰ ˉʶˊʽʲʱ˂˂ˇ˄ ˋ˔ʶˍʽˁʱ ˋˍʰʻʶˊˈΣ ˁʰʽ ʶˉˇ˃ʷ˄˖ˌ ˇʽ 

ʶˉʽˉˍ˗ˋʶʽˌ ˋˍˇ ˋʺ˃ʶˊʰ ʶʾ˄ʰʽ ʽʵʽʰʽˍʷˊʰ ʷ˄ˍˇ˄ʶˌΦ  

 



 (Extended Abstract in Greek).  
 

30 
 

ɶ ˉ˂ʶʽˇ˄ˈˍʹˍʰ ˍ˖˄ ʶˉʶ˃ʲʱˋʶ˖˄ ʴʽʰ ˍʹ ʵʽʰˋ˒ʱ˂ʽˋʹ ˍʹˌ ˋˍʰʻʶˊˈˍʹˍʰˌ ˍʹˌ ʰˁˍʺˌ, ̡ ʰ̀ʾʸʶˍʰʽ ˋˍʹ˄ 

ˍˇˉˇʻʷˍʹˋʹ ˁʰˍʰˋˁʶˎ˗˄ ζˋˁ˂ʹˊʺˌη ˉˊˇˋˍʰˋʾʰˌΦ ʆʰ ʷˊʴʰ ʰˎˍʱ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ʷ˅ʰ˂ˇˎˌ, 

˔ʰ˃ʹ˂ʺˌ ˋˍʷ˕ʹˌ ʺ ˏ˒ʰ˂ˇˎˌ ˁˎ˃ʰˍˇʻˊʰˏˋˍʶˌΣ ˁʱʻʶˍˇˎˌ ˖ˌ ˉˊˇˌ ˍʹ˄ ʰˁˍˇʴˊʰ˃˃ʺ ˉˊˇʲˈ˂ˇˎˌΣ 

ʻ˖ˊʱˁʽˋʹ ʰˁˍ˗˄ ˃ʶ ˒ˎˋʽˁˇˏˌ ʺ ˍʶ˔˄ʹˍˇˏˌ ˇʴˁˈ˂ʽʻˇˎˌΦ ɳˉʽˉ˂ʷˇ˄Σ ˉʰˊʰˍʹˊʶʾˍʰʽ ˉ˖ˌ ˍʰ 

ˍʶ˂ʶˎˍʰʾʰ ˔ˊˈ˄ʽʰ ʹ ˎʽˇʻʷˍʹˋʹ ˉʽˇ ʺˉʽ˖˄ ˂ˏˋʶ˖˄ ʴʽʰ ˍʹ˄ ˉˊˇˋˍʰˋʾʰ ʰˁˍ˗˄ ʰˉˇˍʶ˂ʶʾ ˃ʾʰ 

ˋˍˊʰˍʹʴʽˁʺ ˉˇˎ ˁʶˊʵʾʸʶʽ ˋˎ˄ʶ˔˗ˌ ʷʵʰ˒ˇˌΣ ʆʷˍˇʽʶˌ ˂ˏˋʶʽˌ ʰ˒ˇˊˇˏ˄ ˋˍʹ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʹ ˒ʽ˂ʽˁ˗˄ 

ˉˊˇˌ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ˃ʷˋ˖˄Σ ˈˉ˖ˌ ˇʽ ˅ˏ˂ʽ˄ʶˌ ˁʰˍʰˋˁʶˎʷˌ ˁʰʽ ʴʶ˖-ˋ˖˂ʺ˄˖˄Σ ʹ ʶ˄ʾˋ˔ˎˋʹ ˍʹˌ 

ˉʰˊʱˁˍʽʰˌ ʲ˂ʱˋˍʹˋʹˌ ˁʰʽ ʹ ˒ˏˍʶˎˋʹ ˁʰˍʱ˂˂ʹ˂˖˄ ʵʶ˄ʵˊˎ˂˂ʾ˖˄ ˉˇˎ ˋˍʰʻʶˊˇˉˇʽˇˏ˄ ˍˇ 

ˉʰˊʱˁˍʽˇ ʷʵʰ˒ˇˌΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ʰ˄ʰˉ˂ʺˊ˖ˋʹ ˍ˖˄ ʰˁˍ˗˄ ˃ʶ ʰ˃˃˗ʵʹ ʺ ˉʶˍˊ˗ʵʹ ʽʸʺ˃ʰˍʰ 

˃ʶʴʱ˂ʹˌ ʵʽʰ˃ʷˍˊˇˎΦ 

 

ɶ ˃ʰʻʹ˃ʰˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˒ˎˋʽˁ˗˄ ˉʰˊʱˁˍʽ˖˄ ʵʽʶˊʴʰˋʽ˗˄Σ ˈˉ˖ˌ ʹ ʵʽʱʵˇˋʹ ˍ˖˄ 

ˁˎ˃ɦ̱ ˖˄Σ ʹ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰΣ ʹ ˋˍʶˊʶˇ˃ʶˍʰ˒ˇˊʱ ˁʰʽ ʹ ʶ˅ʷ˂ʽ˅ʹ ˃ˇˊ˒ˇ˂ˇʴʾʰˌΣ ʶʾ˄ʰʽ 

ʷ˄ʰ ˇˎˋʽʰˋˍʽˁˈ ʶˊʴʰ˂ʶʾˇ ʴʽʰ ˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ ˍʹˌ ˉʰˊʱˁˍʽʰˌ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ ˁʰʽ ˁʰˍΩ 

ʶˉʷˁˍʰˋʹ ˍʹˌ ˉˊˈ˂ʹ˕ʹˌ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ ʵʽʱʲˊ˖ˋʹˌΣ ʆʰ ˃ʰʻʹ˃ʰˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ 

ˉʰˊʷ˔ˇˎ˄ ʶˉʾˋʹˌ ˔ˊʺˋʽ˃ʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʴʽʰ ˍˇ ˁʰˍʱ ˉˈˋˇ ʹ ʰˉˈʵˇˋʹ ˍ˖˄ ˉʰˊʱˁˍʽ˖˄ 

ʷˊʴ˖˄Σ ˋˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ʻʷˋʹˌ ˁʰʽ ˍʹˌ ˒ˏˋʹˌ ˍˇˎˌΣ ʶʾ˄ʰʽ ʹ ʽˁʰ˄ʺ ˄ʰ ˋˎʴˁˊʰˍʺˋʶʽ ʺ ʰˁˈ˃ʰ ˁʰʽ 

˄ʰ ˉˊˇ˖ʻʺˋʶʽ ˉˊˇˌ ˍʹ ʻʱ˂ʰˋˋʰ ˍʹ˄ ʻʷˋʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌΦ  

 

ɲʽʰ˒ˇˊʶˍʽˁˇʾ ˍˏˉˇʽ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄ ˋˎ˄ʰ˄ˍ˗˄ˍʰʽ ˋˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ˍʹˌ ˉʰˊʱˁˍʽʰˌ 

˃ʹ˔ʰ˄ʽˁʺˌΣ ʴʽʰ ˍʹ˄ ˉˊˈʲ˂ʶ˕ʺ ˍʹˌ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˁʰʽ ˍʹˌ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ ˁˇ˄ˍʱ 

ˋˍʹ˄ ʰˁˍʺΦ ʅˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ Roelvink όнлммύΣ ˍʰ ˎˉʱˊ˔ˇ˄ˍʰ ˃ˇ˄ˍʷ˂ʰ ˃ˉˇˊˇˏ˄ ˄ʰ ˔˖ˊʽˋˍˇˏ˄ ˋʶ 

ˍˊʶʽˌ ˁʰˍʹʴˇˊʾʶˌΥ 

 

1)  ɾˇ˄ˍʷ˂ʰ ˉʰˊʱˁˍʽ˖˄ ˉˊˇ˒ʾ˂Σ ˈˉˇˎ ˍˇ ʶ˄ʵʽʰ˒ʷˊˇ˄ ʷʴˁʶʽˍʰʽ ˋˍʽˌ ʶʴˁʱˊˋʽʶˌ ʵʽʶˊʴʰˋʾʶˌ ˍʹˌ 

ʰˁˍʺˌ όRoelvink and Brøker, 1993; Schoonees and Theron, 1995). 

нύ ɾˇ˄ˍʷ˂ʰ ʰˁˍˇʴˊʰ˃˃ʺˌ ˁʰʽ ʶ˅ʷ˂ʽ˅ʹ ʰˎˍʺˌ ʲʰˋʽˋ˃ʷ˄ʰ ˋʶ ʵʽʰˁˊʽˍʽˁʱ ˉˊˇ˒ʾ˂ ʵʽʰˋˍʰˎˊ˗ˋʶ˖˄Σ 

ˈˉˇˎ ˇʽ ˃ʽˁˊʺˌ ˔˖ˊʽˁʺˌ ˁʰʽ ˔ˊˇ˄ʽˁʺˌ ˁ˂ʾ˃ʰˁʰˌ ʵʽʰˁˎ˃ʱ˄ˋʶʽˌ ʰ˃ʶ˂ˇˏ˄ˍʰʽ όGENESIS, 

UNIBEST ˁ ʰʽ LITPACK), (Szmytkiewicz et al., 2000). 

3)  ɾˇ˄ˍʷ˂ʰ ˉʰˊʱˁˍʽ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄ ʵʽˋʵʽʱˋˍʰˍʰΣ ˈˉˇˎ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˎˉˈ˕ʹ ˇʽ 

˃ʶˍʰʲˇ˂ʷˌ ˃ʽˁˊʺˌ ˁ˂ʾ˃ʰˁʰˌ όNicholson et al., 1997). 

  



 (Extended Abstract in Greek).  
 

31 
 

 

ɶ ˉʰˊˇˏˋʰ ʵʽʵʰˁˍˇˊʽˁʺ ʶˊʴʰˋʾʰ ʰ˒ˇˊʱ ˋˍʹ ˃ʶ˂ʷˍʹ ˍʹˌ ʵʽʱʵˇˋʹˌ ˍ˖˄ ˁˎ˃ʱˍ˖˄ ˋʶ ˊʹ˔ʱ ˄ʶˊʱ 

ˁʰʽ ˍʹ ˃ʶ˂ʷˍʹ ˍ˖˄ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ ˊʶˎˋˍˇˏ ς ʻʰ˂ʱˋˋʽˇˎ ʰ˃˃˗ʵˇˎˌ ˉˎʻ˃ʷ˄ʰΣ ˎˉˈ 

ʰˋˍʰʻʶʾˌ ˊˇʷˌΣ ˁʰʻ˗ˌ ˁʰʽ ˋˍʰ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˁʰʽ ˉʶˊʽˇˊʽˋ˃ˇˏˌ ˎˉˇ˂ˇʴʽˋˍʽˁ˗˄ 

ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄ ˃ʶ ˃ˇ˄ˍʷ˂ʰ ˉʰˊʱˁˍʽ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄ ʵʽˋʵʽʱˋˍʰˍʰό ˃ʷˋˇˎ ʲʱʻˇˎˌύΦ ʁ̔  

ʲʰˋʽˁˇʾ ˋˍˈ˔ˇʽ ˉˇˎ ˍʷʻʹˁʰ˄ ˋˍʰ ˉ˂ʰʾˋʽʰ ʰˎˍʺˌ ˍʹˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ˋˎ˃ˉˎˁ˄˗˄ˇ˄ˍʰʽ ˋˍʹ˄ 

ˉʰˊʰˁʱˍ˖ ˂ʾˋˍʰΥ 

όмύ ɶ ʶ˒ʰˊ˃ˇʴʺ ˁʰʽ ʹ ̀ˏʴˁˊʽˋʹ ˍ˖˄ ˎ˒ʽˋˍʱ˃ʶ˄˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʶˊʴʰ˂ʶʾ˖˄ ˉʰˊʱˁˍʽʰˌ 

˃ʹ˔ʰ˄ʽˁʺˌΣ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʰ˅ʽˇ˂ˇʴʹʻʶʾ ʹ ʰˉˈʵˇˋʹΣ ʹ ʶ˒ʰˊ˃ˇʴʺ ˁʰʽ ˇʽ ʽʵʽˈˍʹˍʷˌ ˍˇˎˌΦ 

όнύ ɶ ʰ˄ʱˉˍˎ˅ʹ ˄ʷ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄ ˁʰʽ ʶˊʴʰ˂ʶʾ˖˄ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ 

ˉʰˊʱˁˍʽʰˌ ʵʽʱʵˇˋʹˌ ˁˎ˃ʱˍ˖˄ ˁʰʽ ˃ʹ˔ʰ˄ʽˋ˃˗˄ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄Φ 

όоύ ɶ ʶˉʰ˂ʺʻʶˎˋʹ ˍʹˌ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰˌ ˍ˖˄ ˃ˇ˄ˍʷ˂˖˄ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ˄ʲʰʻ˃ˈ ʰˁˊʾ̡ ʶʽʰˌ 

ˉˊˈʲ˂ʶ˕ʹˌ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ʲˎʻˇˏ ˁʰʽ ʹ ˋˏʴˁˊʽˋʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˃ʶ ˉʶʽˊʰ˃ʰˍʽˁʱ 

ʶˎˊʺ˃ʰˍʰ ˁʰʽ ˃ʶˍˊʺˋʶʽˌ ˉʶʵʾˇˎΦ 

όпύ ɶ ʶ˒ʰˊ˃ˇʴʺ ʶˉʽ˂ʶʴ˃ʷ˄˖˄ ʶˊʴʰ˂ʶʾ˖˄ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ ˎʵˊˇ-

˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄ ˋʶ ˉʰˊʱˁˍʽʶˌ ʸ˗˄ʶˌ ˈˉˇˎ ˁˎˊʽʰˊ˔ʶʾ ʹ ʵʽʱʲˊ˖ˋʹΦ 

 

ʃˎˊʺ˄ʰ ˍˇˎ ˉʰˊˈ˄ˍˇˌ ʷˊʴˇˎ ʰˉˇˍʶ˂ʶʾ ʹ ʰˊʽʻ˃ʹˍʽˁʺ ʵʽʶˊʶˏ˄ʹˋʹ ˍ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ 

ʶˉʽʵˊʱˋʶ˖˄ ˋˍˇˎˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏˌ ʵʽʱʲˊ˖ˋʹˌ ˁʰʽ ʰˉˈʻʶˋʹˌ ˃ʹ ˋˎ˄ʶˁˍʽˁ˗˄ ʽʸʹ˃ʱˍ˖˄Σ ˁʰʻ˗ˌ 

ˁʰʽ ʹ ʶˉʾʵˊʰˋ ́ʰˎˍ˗˄ ˋˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌΣ ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʹ ˍʹ˄ ˉʰˊˇˎˋʾʰ 

ʻʰ˂ʱˋˋʽ˖˄ ˁʰˍʰˋˁʶˎ˗˄Σ ˈˉ˖ˌ ʷ˄ʰ ˉʰˊʱ˂˂ʹ˂ˇ ˋˏˋˍʹ˃ʰ ʷ˅ʰ˂˗˄ ʺ ˏ˒ʰ˂˖˄Φ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄Σ 

ʺ ̄ˊˇʲˈ˂˖˄. ʅˍˇ ˉ˂ʰʾˋʽˇ ˍˇˎ ˉʰˊˈ˄ˍˇˌ ʵʽʵʰˁˍˇˊʽˁˇˏ ʰ˄ʰ˂ˏʻʹˁʰ˄ ʵʽʶ˅ˇʵʽˁʱ ˃ʽʰ ˋʶʽˊʱ ʰˉˈ 

ˉʶˊʽˉˍ˗ˋʶʽˌ ˁʰʽ ʶ˒ʰˊ˃ˇʴʷˌ ˉʰˊʱˁˍʽʰˌ ˃ʹ˔ʰ˄ʽˁʺˌΣ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʽˌ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶʽˌ ˊˇʺˌ ˍˇˎ 

ʲˎʻˇˏ ˋʶ ʶˉʽˁ˂ʽ˄ʶʾˌ ˉʰˊʰ˂ʾʶˌ ˁʰʽ ˍʹ˄ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰ ˍ˖˄ ˉʰˊʱˁˍʽ˖˄ ˁʰˍʰˋˁʶˎ˗˄ ˋˍˇ˄ 

ʷ˂ʶʴ˔ˇ ˍ˖˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ʵʽʱʲˊ˖ˋʹˌΦ ɹʵʽʰʾˍʶˊʹ ʷ˃˒ʰˋʹ ʵˈʻʹˁʶ ˋˍʽˌ ˎʵˊˇ-˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʷˌ 

ʵʽʶˊʴʰˋʾʶˌ ˋˍʹ˄ ʶˋ˖ˍʶˊʽˁʺ ʸ˗˄ʹ ʻˊʰˏˋʹˌ ˁʰʽ ʰ˄ʰˊˊʾ˔ʹˋʹˌ - surf ˁʰʽ swash zoneΣ ˈˉˇˎ ˇ 

˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ʶʾ˄ʰʽ ʰˁˈ˃ʰ ʰˋʰ˒ʺˌ (Afentoulis et al., 2022 ; Pourzangbar et 

al., 2022) ˁʰʽ ˃ʽʰ ˋʶʽˊʱ ʰˉˈ ˉʶˊʽˇˊʽˋ˃ˇˏˌ ˔ʰˊʰˁˍʹˊʾʸˇˎ˄ ˍʰ ˎˉʱˊ˔ˇ˄ˍʰ ʰˊʽʻ˃ʹˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ 

ˁˎ˃ʱˍ˖˄-ˊʶˎ˃ʱˍ˖-˄ʲʰʻˎ˃ʶˍˊʽˁʺˌ ʶ˅ʷ˂ʽ˅ʹˌΦ ʁʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˉˊˇʲ˂ʷ˕ʶʽˌ ˍ˖˄ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ 

ˁˏ˃ʰˍˇˌ-ˊʶˏ˃ʰˍˇˌ ˁʰʽ ˇʽ ˃ˇˊ˒ˇ˂ˇʴʽˁʷˌ ʰˉˇˁˊʾˋʶʽˌΣ ˃ʶ  ̋˔˖ˊʾˌ ˍʹ˄ ˉʰˊˇˎˋʾʰ ˉʰˊʱˁˍʽ˖˄ 

ʵˇ˃˗˄Σ ʶ˅ʰˁˇ˂ˇˎʻˇˏ˄ ˄ʰ ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶ ˋʹ˃ʰ˄ˍʽˁʺ ʰʲʶʲʰʽˈˍʹˍʰ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˍʹ˄ 

ʶ˅ʰʽˊʶˍʽˁʱ ˃ʹ ʴˊʰ˃˃ʽˁʺ ˒ˏˋʹ ʰˎˍ˗˄ ˍ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄Φ ʅ ʁˉˊˇʹʴˇˏ˃ʶ˄ʶˌ ˃ʶ˂ʷˍʶˌ 

(Kobayashi et al., 2000; Karambas and Koutitas, 2002; Ding and Wang, 2008; Gallerano et al. 

2016; Klonaris et al., 2016; Malej et al., 2019, Bouvier et al., 2019; Hieu et alΦΣ нлнлύΣ ʶʾˍʶ ʹ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ʶˉʾ˂ˎˋʹ ʵʶ ˂ʰ˃ʲʱ˄ʶʽ ˎˉˈ˕ʹ ˍʹˌ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰ˄ʱˁ˂ʰˋʹˌ ˁʰʽ ˃ʶˍʱʵˇˋʹˌ 
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όˉΦ˔Φ ʵʽʰˉʶˊʰˍˈˍʹˍʰύ ˍ˖˄ ˉʰˊʱˁˍʽ˖˄ ˁʰˍʰˋˁʶˎ˗Σ˄ ʶʾˍʶ ˇʽ ˉˊˇˋʶʴʴʾˋʶʽˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ 

ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʵʶ˄ ʶʾ˄ʰʽ ˁʰˍʱ˂˂ʹ˂ʶˌ ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ˃ʹ ʴˊʰ˃˃ʽˁ˗˄ 

ʶˉʽʵˊʱˋʶ˖˄ ˍˇˎ ˁˏ˃ʰˍˇˌ ˋˍʹ ˋˍʶˊʶˇ˃ʶˍʰ˒ˇˊʱ ˁʰʽ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ˍˊʽˋʵʽʱˋˍʰˍ˖˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍ˖˄ ˒ˇˊˍʾ˖˄ ˃ʶˍʰ˒ˇˊʱˌ ʰʽ˖ˊˇˏ˃ʶ˄˖˄ ʽʸʹ˃ʱˍ˖˄Φ ʁʽ ˔ˊˇ˄ʽˁʷˌ ˁ˂ʾ˃ʰˁʶˌ 

ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌ ˉˇˎ ʁ˅ ʶˍʱˋˍʹˁʰ˄ ˋˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌ 

ˉˇʽˁʾ˂˂ˇˎ˄ ʰˉˈ ˃ʶˊʽˁʷˌ ˗ˊʶˌ ʷ˖ˌ ʰˊˁʶˍˇˏˌ ˃ʺ˄ʶˌΦ 

 

ɱʽʰ ˍʽˌ ʰ˄ʱʴˁʶˌ ʰˎˍʺˌ ˍʹˌ ʶˊʴʰˋʾʰˌΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˍˊʾʰ ʵʽʰ˒ˇˊʶˍʽˁʱ ˉˊˇʹʴ˃ʷ˄ʰ 

ʰˊʽʻ˃ʹˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ ˃ʶ ˋˍˈ˔ˇ ˍʹ˄ ˁʰ˂ˏˍʶˊʹ ˁʰˍʰ˄ˈʹˋʹ ˍ˖˄ ʵʽʶˊʴʰˋʽ˗˄ ˎʵˊˇ-˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ 

ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺΣ ˍʰ ˇˉˇʾʰ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰΦ ɮˎˍʱ ˍʰ ʶˊʴʰ˂ʶʾʰ ʶ˒ʰˊ˃ˈˋˍʹˁʰ˄ ʴʽʰ 

ˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ʻʰ˂ʱˋˋʽˇˎ ˉˎʻ˃ʷ˄ʰ ˋʶ ˉʶˊʽˇ˔ʷˌ ˃ʶ˂ʷˍʹˌΣ ˈˉˇˎ 

ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˎʵˊˇ-˃ˇ́˒ˇʵˎ˄ʰ˃ʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˎ˕ʹ˂ʺˌ ʷ˄ˍʰˋʹˌΦ ɳˉʽˉ˂ʷˇ˄Σ ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄ 

˄ʷˇʽ ʰ˂ʴˈˊʽʻ˃ˇʽ ˁʰʽ ˃ˇ˄ˍʷ˂ʰ ʰˉˈ ˍˇ˄ ˋˎʴʴˊʰ˒ʷʰ ʰˎˍʺˌ ˍʹˌ ʵʽʰˍˊʽʲʺˌ ʴʽʰ ˍʹ˄ ˉʶˊʰʽˍʷˊ˖ 

ʵʽʶˊʶˏ˄ʹˋʹ ˁʰʽ ˃ʶ˂ʷˍʹ ˍ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˁʰʽ ˍʹˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˋʶ ˈ˂ʹ 

ˍʹ˄ ʶˋ˖ˍʶˊʽˁʺ ˉʰˊʱˁˍʽʰ ʸ˗˄ʹΦ ɹʵʽʰʾˍʶˊˇ ʲʱˊˇˌ ʵˈ̒ ʹˁʶΣ ʶʵ˗Σ ˋˍʽˌ ʰ˄ʱʴˁʶˌ ʴʽʰ ʲʷ˂ˍʽˋˍʹ ˁʰʽ ˉʽˇ 

ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍʹˌ ˁˎ˃ʰˍˇʴʶ˄ʺˌ ʵˊʱˋʹˌ ˋˍˇ˄ ʰ˃˃˗ʵʹ ʲˎʻˈΣ 

˃ʶʽ˗˄ˇ˄ˍʰˌ ˍˇ˄ ˎˉˇ˂ˇʴʽˋˍʽˁˈ ˒ˈˊˍˇΦ ʅˎ˄ˇ˕ʾʸˇ˄ˍʰˌΣ ʹ ˉʰˊˇˏˋʰ ʵʽʰˍˊʽʲʺ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ 

ʶ˅ʷ˂ʽ˅ʹ ˎˉʰˊ˔ˈ˄ˍ˖˄ ˁʰʽ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˄ʷ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄ ʲʰˋʽˋ˃ʷ˄˖˄ ˋʶ 

ˋˏʴ˔ˊˇ˄ʶˌ ˃ʶʻˈʵˇˎˌ ʶˉʾ˂ˎˋʹˌ ˉˊˇʲ˂ʹ˃ʱˍ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁʰʽ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ. 

  

ɱʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺΣ ʰˁˇ˂ˇˎʻʺʻʹˁʰ˄ ʵˏˇ 

ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌΦ ɶ ˉˊ˗ˍʹ ˉˊˇˋʷʴʴʽˋʹ ʲʰˋʾˋˍʹˁʶ ˋˍʹ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʹ 

ʶ˄ˈˌ ˎʵˊˇʵˎ˄ʰ˃ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇ ˎˉˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍʽˌ ʵʽˋʵʽʱˋˍʰˍʶˌ ˃ʹ ʴˊʰ˃˃ʽˁʷˌ ʶ˅ʽˋ˗ˋʶʽˌ 

ˊʹ˔˗˄ ˄ʶˊ˗˄ (NSWE) (Marche and Bonneton 2006), (Marche et alΦнллтύΦ ʆˇ ˁˏˊʽˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ 

ʰˎˍʺˌ ˍʹˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ˉˊˇˋʷʴʴʽˋʹˌ ʶʾ˄ʰʽ ˈˍʽ ˍʰ ʴʶʴˇ˄ˈˍʰ ʻˊʰˏˋʹˌ ˃ˉˇˊˇˏ˄ ˄ʰ 

˃ˇ˄ˍʶ˂ˇˉˇʽʹʻˇˏ˄ ˃ʷˋ˖ ˍˇˎ ʰ˄ʰˉˍˏʴ˃ʰˍˇˌ ˍʹˌ ʶ˂ʶˏʻʶˊʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ˍʹˌ ʰˋˎ˄ʷ˔ʶʽʰˌ 

ˊʶˏ˃ʰˍˇˌ όBonneton et alΦ нлмлύΦ ʅʹ˃ʶʽ˗˄ʶˍʰʽΣ ˖ˋˍˈˋˇΣ ˈˍʽ ʶʵ˗ ʵʶ˄ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˎˉˈ˕ʹ ˍʰ 

˒ʰʽ˄ˈ˃ʶ˄ʰ ʵʽʰˋˉˇˊʱˌΣ ˁʱˍʽ ˉˇˎ ʰˉˇˍʶ˂ʶʾ ʲʰˋʽˁˈ ˉʶˊʽˇˊʽˋ˃ˈ ʰˎˍʺˌ ˍʹˌ ˃ʶʻˇʵˇ˂ˇʴʾʰˌΦ ʅˍˇ 

ˉ˂ʰʾˋʽˇ ʰˎˍʺˌ ˍʹˌ ˉˊˇˋʷʴʴʽˋʹˌΣ ˉˊˇʴˊʰ˃˃ʰˍʾˋˍʹˁʶ ˁʰʽ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ʷ˄ʰˌ ʰˊʽʻ˃ʹˍʽˁˈˌ 

ˁˎ ˃ʰˍʽˋˍʺˊʰˌ - wavemaker, ʴʽʰ ˍʹ ʵʽʱʵˇˋʹ ʰˁʰ˄ˈ˄ʽˋˍ˖˄ ˁˎ˃ʱˍ˖˄ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ 

ˁʰˍʶˎʻˎ˄ˍʽˁʱ ˒ʰˋ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰΦ ʁ ˍˊˈˉˇˌ ˁʾ˄ʹˋʹˌ ˍˇˎ ʽʸʺ˃ʰˍˇˌ ʰ˅ʽˇ˂ˇʴʺʻʹˁʶ 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˃ʶʻˈʵˇˎˌ ˉˇˎ ˂ʰ˃ʲʱ˄ˇˎ˄ ˎˉˈ˕ʹ ˍʹ ˃ʹ ʴˊʰ˃˃ʽˁʺ 

ʶˉʾʵˊʰˋʹ ˍ˖˄ ˁˎ˃ʱˍ˖˄ ˋˍʹ˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˋˍˇ ˃ʹ˔ʰ˄ʽˋ˃ˈ 

ˋˍʶˊʶˇ˃ʶˍʰ˒ˇˊʱˌΦ ɱʽʰ ˍʽˌ ʰ˄ʱʴˁʶˌ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʰˎˍ˗˄ ˍ˖˄ ˃ʹ˔ʰ˄ʽˋ˃˗˄ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ 

ʷ˄ʰ ˄ ʷˇ ʰˊʽʻ˃ʹˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʰˍˊʽʲʺˌΦ 
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ɶ ʵʶˏˍʶˊʹ ʰˊʽʻ˃ʹˍʽˁʺ ˉˊˇˋʷʴʴʽˋʹ ʷʴˁʶʽˍʰʽ ˋˍʹ x˔ˊʹˋʽ˃ˇˉˇʾʹˋʹ ʶ˄ˈˌ ˉ˂ʺˊ˖ˌ ˃ʹ ʴˊʰ˃˃ʽˁˇˏ 

ˁˎ˃ʰˍʽˁˇˏ ˁʰʽ ˎʵˊˇʵˎ˄ʰ˃ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ Boussinesq (Madsen et al. 1997; Kennedy et al. 2001), 

ʴʽʰ ˍʽˌ ˉʶˊʽˇ˔ʷˌ ˃ʶ˂ʷˍʹˌ ˉˇˎ ʶˁˍʶʾ˄ˇ˄ˍʰʽ ʰˉˈ ʲʰʻʽʱ ̫ ˖ˌ ˊʹ˔ʱ ˏʵʰˍʰΣ ˗ˋˍʶ ˄ʰ ˁʰˍʰˋˍʶʾ ʵˎ˄ʰˍʺ 

ʹ ʰˁˊʽʲʺˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˒ʰʽ˄ˇ˃ʷ˄˖  ˄ʵʽʰˋˉˇˊʱˌ ʰˁˇ˄ˈ˄ʽˋˍ˖˄ ˁˎ˃ẖ ʽˋ˃˗˄ ˋʶ ˋˏ˄ʻʶˍʶˌ 

ʲʰʻˎ˃ʶˍˊʾʶˌΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˍˇ ˃́ ʴˊʰ˃˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˍˏˉˇˎ Boussinesq, FUNWAVE-TVD 

(Shi et al. 2012), ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˃ʶ ˋˍˈ˔ˇ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʵʽʱʵˇˋʹˌ ˁˏ˃ʰˍˇˌ ˁʰʽ ˍʹˌ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˋʶ ˃ʶˍʰʲʰˍʽˁʷˌ ˉʰˊʱˁˍʽʶˌ ʸ˗˄ʶˌ ˁʰʽ ˋˎˋ˔ʶˍʾˋˍʹˁʶ ˃ʶ ʷ˄ʰ ˄ʷˇ ʹ˃ʽ-

ˍˊʽˋʵʽʱˋˍʰˍˇ ˃ˇ˄ˍʷ˂ˇ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ ˁʰʽ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍʰ ˉ˂ʰʾˋʽʰ ̱ ʹˌ 

ˉʰˊˇˏˋʰˌ ˃ʶ˂ʷˍʹˌ ʴʽʰ ˍʹ˄ ʶˉʾ˂ˎˋʹ ˍʹˌ ˃ʹ ʴˊʰ˃˃ʽˁʺˌ ʶˉʾʵˊʰˋʹˌ ˍ˖˄ ˁˎ˃ʱˍ˖˄ ˋˍʹ ˃ʶˍʰ˒ˇˊʱ 

ʽʸʺ˃ʰˍˇˌΦ ɳˉʽˉ˂ʷˇ˄Σ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˃ʽʰ ˍˊʽˋʵʽʱˋˍʰˍʹ ˉˊˇˋʷʴʴʽˋʹ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ ˃ʶ ʰʽ˖ˊˇˏ˃ʶ˄ˇ ˒ˇˊˍʾˇ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˉʶˊʽʴˊʱ˒ʶʽ ʹ ˁʰˍʰˁˈˊˎ˒ʹ ʵˇ˃ʺ 

ˍ́ ˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ʽʸʺ˃ʰˍˇˌ. 

 

ɳˉʽˉˊˈˋʻʶˍʰΣ ˃ʶ˂ʶˍʺʻʹˁʰ˄ ˉˇ˂˂ʷˌ ʲʰˋʽˁʷˌ ˒ˎˋʽˁʷˌ ʵʽʶˊʴʰˋʾʶˌ ʴʽʰ ˍʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌΣ ˈˉ˖ˌ ˍˇ ˁʰˍ˗˒˂ʽ ʷ˄ʰˊ˅ʹˌ ˁʾ˄ʹˋʹˌ ʽʸʺ˃ʰˍˇˌΣ ˍˇ ˍˊʽˋʵʽʱˋˍʰˍˇ ˉˊˇ˒ʾ˂ 

ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ʰʽ˖ˊˇˏ˃ʶ˄ˇˎ ʽʸʺ˃ʰˍˇˌΣ ʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ʽˋˇˊˊˇˉʾʰˌ ʺ ˁˇˊʶˋ˃ˇˏ ˁˇ˄ˍʱ ˋˍˇ˄ 

ˉˎʻ˃ʷ˄ʰ ˁʰʽ ʹ ˃ʷˋʹ ˁʰˍʱ ʲʱʻˇˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ʰʽ˖ˊˇˏ˃ʶ˄˖˄ ʽʸʹ˃ʱˍ˖˄ ˎˉˈ ˍʹ˄ ˉʰˊˇˎˋʾʰ 

ˁˎ˃ʱˍ˖˄Σ ˊʶˎ˃ʱˍ˖˄ ʺ ˂ˈʴ˖ ˍˇˎ ˋˎ˄ʵˎʰˋ˃ˇˏ ʵˏˇΦ ʁʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˃ʷʻˇʵˇʽ ˉˇˎ 

ʶ˄ˋ˖˃ʰˍ˗ʻʹˁʰ˄ ˋʶ ʰˎˍʺ ˍʹ˄ ʷˊʶˎ˄ʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ʶ˅ʽˋ˗ˋʶʽˌ ʴʽʰ ʰˋˍʰʻʶʾˌ ʺ ˉʰ˂ʽˊˊˇʿˁʷˌ 

ˊˇ̫ˌ ˋʶ ˃ʽʰ ˃ʹ ʶˉʾˉʶʵʹ ˁˇʾˍʹ ʽʸʺ˃ʰˍˇˌΣ ˍʹ˄ ˍˊˇ˔ʽʰˁʺ ˍʰ˔ˏˍʹˍʰ ˁˏ˃ʰˍˇˌ ˁˇ˄ˍʱ ˋˍˇ˄ ˉˎʻ˃ʷ˄ʰ 

ˍʹˌ ʻʱ˂ʰˋˋʰˌΣ ˍˇ˄ ˋˎ˄ˍʶ˂ʶˋˍʺ ˍˊʽʲʺˌ ʴʽʰ ˍʰ ˁˏ˃ʰˍʰΣ  ˍʹ ˍʰ˔ˏˍʹˍʰ ˁʰʻʾʸʹˋʹˌ ˍ˖˄ ˂ʶˉˍ˗˄ 

ˁˈˁˁ˖˄ ʱ˃˃ˇˎΣ ˍʹ˄ ˇˊʽʰˁʺ ˍʱˋʹ ʵʽʱˍ˃ʹˋʹˌ ˋˍˇ˄ ˉˎʻ˃ʷ˄ʰ ˍ˖˄ ˁˈˁˁ˖˄ ʱ˃˃ˇˎ ˂ˈʴ˖ ˍʹˌ ʵˊʱˋʹˌ 

ˍ˖˄ ˊʶˎ˃ʱˍ˖˄ ʺκˁʰʽ ˍ˖˄ ˁˎ˃ʱˍ˖˄Σ ˍˇ ˒ˇˊˍʾˇ ˉˎʻ˃ʷ˄ʰ ˁʰʽ ˇ ˋˎ˄ˇ˂ʽˁˈˌ ˊˎʻ˃ˈˌ ˃ʶˍʰ˒ˇˊʱˌ 

ʽʸʺ˃ʰˍˇˌΦ 

 

ɳˉʽˉ˂ʷˇ˄Σ ʵˈʻʹˁʶ ʽʵʽʰʾˍʶˊʹ ˉˊˇˋˇ˔ʺ ˋˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˍ˖˄ ʽʸʹ˃ʱˍ˖˄ ˋˍʹ ʸ˗˄ʹ 

ʰ˄ʰˊˊʾ˔ʹˋʹˌ - swashΣ ˁʰʻ˗ˌ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ʰˎˍˈˌ ˉʰˊˇˎˋʽʱʸʶʽ ˃ʶʴʱ˂ˇ ʶ˄ʵʽʰ˒ʷˊˇ˄ ɹ ʽʰ ˍʰ ʷˊʴʰ 

˃ʹ˔ʰ˄ʽˁˇˏ ˋˍʹ˄ ˉʰˊʱˁˍʽʰ ʸ˗˄ʹΦ ɶ ʵˎ˄ʰ˃ʽˁʺ ˍˇˎ swash ˁ ʰʻˇˊʾʸʶʽ ˍʹ ʻʷˋʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌΣ ˁʰʽ 

ʶˉˇ˃ʷ˄˖ˌ ʹ ʰˁˊʽʲʺˌ ˃ʶ˂ʷˍʹ ˍ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄ ˋʶ ʰˎˍʺ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˋˎ˃ʲʱ˂˂ʶʽ ˋˍʹ˄ 

ʰ˅ʽˇ˂ˈʴʹˋʹ ˍʹˌ ʰˉˈʵˇˋʹˌ ˍ˖˄ ˉʰˊʱˁˍʽ˖˄ ʷˊʴ˖˄ ˉˊˇˋˍʰˋʾʰˌ ˈˋˇ˄ ʰ˒ˇˊʱ ˋˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˍˇˎˌ 

˄ʰ ʵʽʰˍʹˊʺˋˇˎ˄ ʺ ˄ʰ ˉˊˇ˖ʻʺˋˇˎ˄ ˍʹ˄ ʰˁˍˇʴˊʰ˃˃ʺ ˉˊˇˌ ˍʹ ʻʱ˂ʰˋˋʰΦ 
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ɲˇ˃ʺ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌ 

ɶ ˉʰˊˇˏˋʰ ʵʽʵʰˁˍˇˊʽˁʺ ʵʽʰˍˊʽʲʺ ʰˉh́ ˍʾʸʶˍʰʽ h ˉˈ ˉʷ˄ˍʶ όрύ ʶ˄ˈˍʹˍʶˌκˁʶ˒ʱ˂ʰʽʰ ʁ ˁˍ˗˄ ˇˉˇʾ˖˄ 

ˍˇ ˁʶ˒ʱ˂ʰʽˇ м ʰˉˇˍʶ˂ʶʾ ˍʹ˄ ʶʽˋʰʴ˖ʴʺΣ ʶ˄˗ ˍʰ ʲʰˋʽˁʱ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˁʰʽ ˇʽ ˉˊˇˍʱˋʶʽˌ 

˃ʶ˂˂ˇ˄ˍʽˁʺˌ ʷˊʶˎ˄ʰˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ рΦ ɶ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʹ ʰ˄ʱ˂ˎˋʹ, ˃ʷˋ˖ 

ʰˊʽʻ˃ʹˍʽˁ˗˄ ʶˉʽ˂ˏˋʶ˖˄Σ ˍ˖˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˋʶ ˉˊʰʴ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˁʰʽ 

ˋʶ ˉʶˊʽˇ˔ʷˌ ˈˉˇˎ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ʵʽʰʲˊ˖ˍʽˁʷˌ ˍʱˋʶʽˌ ˃ʶ ˔ˊʺˋʹ ˍ˖˄ ʵʽʰʻʷˋʽ˃˖˄ ˁʰʽ 

ˎˉʰˊ˔ˇˎˋ˗˄ ˊˇˎˍʾ˄˖˄ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ нΦ ɳˉʽˉˊˈˋʻʶˍʰΣ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ о 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʶˊʴʰˋˍʹˊʽʰˁʺ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʶˊʶˏ˄ʹ̀ ʹ ˎʵˊˇ-˃ˇˊ˒ˇ˂ˇʴʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄ 

ˎˉˈ ˉˇ˂ˎˋ˔ʽʵʶʾˌκˋˏ˄ʻʶˍʶˌ ʲʰʻˎ˃ʶˍˊʾʶˌ ˔˖ˊʾˌ ˍʹ˄ ˉʰˊˇˎˋʾʰ ʷˊʴ˖˄Σ ˁʱ˄ˇ˄ˍʰˌ ˔ˊʺˋʹ ˄ʷ̟ ˄

ˋˎ˄ʵˎʰˋˍʽˁ˗  ˄ ˃ˇ˄ˍʷ˂˖  ˄ ˃ʶ ˋˍˈ˔ˇ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍʹˌ ʲʰʻˎ˃ʶˍˊʽˁʺˌ ʶ˅ʷ˂ʽ˅ʹˌ ˁʰʽ ˍ˖˄ 

ˎˉˇ̱̀ ʰʵʾ˖˄ ʰˁˍʺˌ όʰˉˈ ʰˉˇˊˊˇ˒ʹˍʽˁʺ (dissipative) ˋ ʁ ʰ˄ʰˁ˂ʰˋˍʽˁʺ ˃ˇˊ˒ʺ ʰˁˍʺˌ ˁʰʽ 

ʰ˄ˍʾˋˍˊˇ˒ʰύ. ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ п ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʷ˄ʰ ˄ʷˇ ˋˎʸʶˎʴ˃ʷ˄ˇ ʰˊʽʻ˃ʹˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ ʴʽʰ ˍʹ˄ 

ʰ˄ʱˉˍˎ˅ʹ ˍˇˎ ˇˉˇʾˇˎ ʶ˂ʺ˒ʻʹˋʰ˄ ˎˉˈ˕ʹ ˈ˂ʰ ˍʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˉˇˎ ʶ˅ʺ˔ʻʹˋʰ˄ ˁʰˍʱ ˍʰ 

ˉˊˇʹʴˇˏ˃ʶ˄ʰ ˋˍʱʵʽʰ ˍʹˌ ʷˊʶˎ˄ʰˌ όˁʶ˒ʱ˂ʰʽʰ н-3). ʅˎʴˁʶˁˊʽ˃ʷ˄ʰ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʷ˄ʰ ˃ˇ˄ˍʷ˂ˇ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌΣ ʲʰˋʽʸˈ˃ʶ˄ˇ ˋʶ ˃ʽʰ оD ˉˊˇˋʷʴʴʽˋʹ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˃ʶˍʰ˒ˇˊʱˌ 

ʽʸʺ˃ʰˍˇˌ ˋʶ ʰʽ˗ˊʹˋʹΣ ʶ˄˗ ʰˎˍˈ ˋˎ˄ʵˎʱˋˍʹˁʶ ˃ʶ ʷ˄ʰ ˉ˂ʺˊ˖ˌ ˃ʹ ʴˊʰ˃˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇ Boussinesq 

ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍ˖˄ ʵˊʱˋʶ˖˄ ˁˏ˃ʰˍˇˌ-ˊʶˏ˃ʰˍˇˌ ˋˍʹ˄ ˉʰˊʱˁˍʽʰ ʸ˗˄ʹΦ ʅʶ ʰˎˍˈ ˍˇ ˉ˂ʰʾˋʽˇΣ 

ʰ˅ʽˇˉˇʽʺʻʹˁʰ˄ оD ˁʰʽ нD ʶˊʴʰˋˍʹˊʽʰˁʷˌ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ʷˊʶˎ˄ʶˌ ʴʽʰ ˄ʰ ʶˉʽʲʶʲʰʽ˖ʻˇˏ˄ ˇʽ 

ʰˊʽʻ˃ʹˍʽˁʷˌ ˉˊˇʲ˂ʷ˕ʶʽˌΦ ɶ ɻˇ˃ʺ ˍʹˌ ˉʰˊˇˏˋʰ ̩ʵʽɻh ˁˍˇˊʽˁʹ ̩ʵʽʰˍˊʽʲʺ ̩ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʹ˄ 

ɳʽˁˈ˄ʰ 4  
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ɳʽˁˈ˄ʰ 3 ɮˉʶʽˁˈ˄ ʽˋʹ ˍʹˌ ʵˇ˃ʺˌ ˍʹˌ ʵʽʰˍˊʽʲʺˌ ˃ʶ ˍʹ ˃ˇˊ˒ʺ ʵʽʰʴˊʱ˃˃ʰˍˇˌ. 

  

ɳʽˋʰʴ˖ʴʺ

ɼʶ˒ʱ˂ʰʽˇ1

ɮˊʽʻ˃ʹˍʽˁʷˌ ʵʽʶˊʶˎ˄ʺˋʶʽˌ 
ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌ 
ˁʰʽ ˋˎˋˍʹ˃ʱˍ˖˄ sandbar

ɼʶ˒ʱ˂ʰʽˇ3

ɳ˄ʰ ˁʰʽ˄ˇˍˈ˃ˇ ˃ʹ ʴˊʰ˃˃ʽˁˈ 
˃ˇ˄ˍʷ˂ˇ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ 
ʶ˒ʰˊ˃ˇʴ˗˄ ˉʰˊʱˁˍʽʰˌ 
˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ

ɼʶ˒ʱ˂ʰʽˇ4

ʅˎ˃ˉʶˊʱˋ˃ʰˍʰ 
ˁʰʽ ˃ʶ˂˂ˇ˄ˍʽˁʺ 
ʷˊʶˎ˄ʰ

ɼʶ˒ʱ˂ʰʽˇ5

ɳ˒ʰˊ˃ˇʴʷˌ ˎ˒ʽˋˍʱ˃ʶ˄˖˄ 
ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄ ʶ˄ˍˈˌ 
ˉʰˊʱˁˍʽ˖˄ ˉʶˊʽˇ˔˗˄ ˃ʶ˂ʷˍʹˌ 
ˈˉˇˎ ˁˎˊʽʰˊ˔ˇˏ˄ ˒ʰʽ˄ˈ˃ʶ˄ʰ 

ʵʽʱʲˊ˖ˋʹˌ ʰˁˍʺˌɼʶ˒ʱ˂ʰʽˇ н
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ɳ˒ʰˊ˃ˇʴʷˌ ˎ˒ʽˋˍʱ˃ʶ˄˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄ ʶ˄ˍˈˌ ˉʰˊʱˁˍʽ˖˄ ˉʶˊʽˇ˔˗˄ 

˃ʶ˂ʷˍʹˌ ˈˉˇˎ ˁˎˊʽʰˊ˔ˇˏ˄ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʵʽʱʲˊ˖ˋʹˌ ʰˁˍʺˌ 

ɶ ʁ˄ˈˍʹˍʰ ʰˎˍʺ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ н ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺ όCoastal 

area models and applications in erosion-dominated areas). ʇ˒ ʽˋˍʱ˃ʶ˄ hʰˊʽʻ˃ʹˍʽˁ ɦʶˊʴʰ˂ʶʾ h

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˋʶ ʰˎˍˈ ˍˇ ˋˍʱʵʽˇ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ʵʽʱʵˇˋʹˌ ˁˎ˃ʱˍ˖˄Σ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌΣ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ ˁˏ˃ʰˍˇˌ-ˊʶˏ˃ʰˍˇˌΣ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˁʰʽ 

˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˋʶ ˉʶˊʽˇ˔ʷˌ ˃ʶ ʷ˄ˍˇ˄ʰ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰΦ ʆʰ ʰˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ˉʰˊʷ˔ˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʷˌ ˉʰˊʰˍʹˊʺˋʶʽˌ ˁʰʽ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʽˌ ʵʽʶˊʴʰˋʾʶˌ ˍ˖˄ 

ʲʰʻˎ˃ʶˍˊʽˁ˗˄ ʰ˂˂ʰʴ˗˄ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ʰˉˈ ˁˏ˃ʰˍʰ ς ˁʰˍʰʽʴʾʵ˖˄Σ ʰˁˊʰʾ˖˄ 

˃ʶˍʶ˖ˊˇ˂ˇʴʽˁ˗˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄Σ ʰ˂˂ʱ ˁʰʽ ˍˇ ˄˃ ʹ˔ʰ˄ʽˋ˃ˈ ˍʹˌ ˉʰˊʱˁˍʽʰˌ ˘ʱ˃ˎ˄ʰˌ˘ ʴʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ 

ˍʹˌ ʵʽʱʲˊ˖ˋʹˌ ˁʰʽ ˍʹ ʵʽʰˍʺˊʹˋʹ ˍʹˌ ʰˁʶˊʰʽˈˍʹˍʰˌ ˁʰʽ ʽˋˇˊˊˇˉʾʰˌ ˍˇˎ ˉʰˊʱˁˍʽˇˎ 

ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌΦ ʆʰ ˃ˇ˄ˍʷ˂ʰ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʶʵ˗ ʶʾ˄ʰʽΥ ʹ ˋˇˎʾˍʰ MIKE21 DHI ˁʰʽ ˍˇ 

˃ˇ˄ˍʷ˂ˇ XBeachΦ ɳˉʽˉ˂ʷˇ˄Σ ˃ʽʰ ʰˊʽʻ˃ʹˍʽˁʺ ˒ˈˊ˃ˇˎ˂ʰ ʴʽʰ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ 

ʲˎʻˇˏ ˍʹˌ ʻʱ˂ʰˋˋʰˌΣ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʰˉˈ ˍˇˎˌ Bouharguane ˁʰʽ Mohammadi (2013) 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʴʽʰ ˍʹ ˄̄ ˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˍ˖˄ ʽʸʹ˃ʱˍ˖˄ ˎˉˈ ʺ ˔˖ˊʾˌ ˍʹ˄ ˉʰˊˇˎˋʾʰ 

ˉʰˊʱˁˍʽ˖˄ ʷˊʴ˖˄. 

 

ʆʰ ˉˊˈˋ˒ʰˍʰ ˁʰˍʰʴʶʴˊʰ˃˃ʷ˄ʰ ʰˁˊʰʾʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˁʰˍʰʽʴʾʵʰˌ ˁʰʽ ˁˎ˃ʱˍ˖˄ ˋˍʽˌ ʶˎˊ˖ˉʰʿˁʷˌ 

ʰˁˍʷˌ ˉˊˇˁʱ˂ʶˋʰ˄ ʻʶʰ˃ʰˍʽˁʺ ʵʽʱʲˊ˖ˋʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌ ˍʹ˄ ˍʶ˂ʶˎˍʰʾʰ ʵʶˁʰʶˍʾʰ όCastelle et 

alΦ нлмрύΦ ʁ˃ˇʾ˖ˌΣ ˋˍʹ ˄ˉʰˊˇˏˋʰ ˉʶˊʽˇ˔ʺ ˃ʶ˂ʷˍʹˌ - ˍʹ˄ ˉʰˊʰ˂ʽʰˁʺ ˉˈ˂ʹ ˍˇˎ ʄʶʻˏ˃˄ˇˎΣ ˋˍʹ˄ 

ɳ˂˂ʱʵʰΣ ˋʹ˃ʶʽ˗ʻʹˁʰ˄ ˃ʶʴʱ˂ʶˌ ˉ˂ʹ˃˃ˏˊʶˌ ˁʰʽ ʰˁˊʰʾʰ ˁˎ˃ʰˍʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˍʰ ˍʶ˂ʶˎˍʰʾʰ 

˔ˊˈ˄ʽʰΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ˁʰˍʰʴˊʰ˒ˇˏ˄ ̀ ˇʲʰˊʷˌ ʸʹ˃ʽʷˌ ˋʶ ˎˉˇʵˇ˃ʷˌ ˁˎˊʾ˖ˌ ˋˍʹ˄ ʃʰ˂ʽʱ ʃˈ˂ʹ 

ˍˇˎ ʄʶʻˏ˃˄ˇˎ ˁʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʵʽʱʲˊ˖ˋʹˌ ˋˍʽˌ ʰ˄ʰˍˇ˂ʽˁʷˌ ˖ˌ ˉˊˇˌ ʰˎˍʺ˄ ˉʶˊʽˇ˔ʷˌ 

(Makropoulos et al., 2014b; Kragiopoulou et al., 2016; Tsoukala et al., 2016).  

 

ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍʹˌ ˉʶˊʽˇ˔ʺˌ ˃ʶ˂ʷˍʹˌ 

ɶ ˎˉˈ ˃ʶ˂ʷˍʹ ˉʶˊʽˇ˔ʺ ʲˊʾˋˁʶˍʰʽ ˋˍˇ ɿˇ˃ˈ ʄʶʻˏ˃˄ˇˎΣ ˉˇˎ ʶʾ˄ʰʽ ʷ˄ʰˌ ʰˉˈ ˍˇˎˌ ˍʷˋˋʶˊʽˌ ɿˇ˃ˇˏˌ 

ˍʹˌ ɼˊʺˍʹˌ ˋˍʹ˄ ɳ˂˂ʱʵʰ (ɳʽˁˈ˄ʰ 4)Φ ʆˇ ʄʷʻˎ˃˄ˇ ʶʾ˄ʰʽ ˉʰˊʰʻʰ˂ʱˋˋʽʰ ˉˈ˂ʹ ˁʰʽ ˇ ˉ˂ʹʻˎˋ˃ˈˌ ˍʹˌ 

ʰ˄ʷˊ˔ʶˍʰʽ ˋʶ онΦпсу ˁʰˍˇʾˁˇˎˌ ˃ʶ ˉˎˁ˄ˈˍʹˍʰ ˉ˂ʹʻˎˋ˃ˇˏ мпл κkm2Φ ʍˌ ʹ ˍˊʾˍʹ ˋʶ ˉ˂ʹʻˎˋ˃ˈ 

ʰˋˍʽˁʺ ˉʶˊʽˇ˔ʺ ˋˍˇ ˄ʹˋʾ ˍʹˌ ɼˊʺˍʹˌΣ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ʶ˃ˉˇˊʽˁʷˌΣ ʵʽˇʽˁʹˍʽˁʷˌΣ ˉˇ˂ʽˍʽˋˍʽˁʷˌ ˁʰʽ 

ˍˇˎˊʽˋˍʽˁʷˌ ʵˊʰˋˍʹˊʽˈˍʹˍʶˌ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʲˈˊʶʽʰˌ ʰˁˍʺˌ ˈˉˇˎ ʲˊʾˋˁʶˍʰʽ ʹ ˉˈ˂ʹΦ ʆˇ ˃ʷˋˇ 

ʰˉˈ˂ˎˍˇ ˎ˕ˈ˃ʶˍˊˇ ʶʾ˄ʰʽ мр m (Makropoulos et al., 2014aύΦ ɶ ˉʶˊʽˇ˔ʺ ˃ʶ˂ʷˍʹˌ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ 

ˍˇ ˂ʽ˃ʱ˄ʽ ˍˇˎ ʄʶʻˏ˃˄ˇˎΣ ˉˇˎ ʲˊʾˋˁʶˍʰʽ ˋˍʹ ɰˈˊʶʽʰ ˉʶˊʽˇ˔ʺ ˍʹˌ ɼˊʺˍʹˌ ʶ˄ˍˈˌ ˍˇˎ ˇ˃˗˄ˎ˃ˇˎ 
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ˁˈ˂ˉˇˎ ˁʰʽ ˍʹ˄ ˉʰˊʰˁʶʾ˃ʶ˄ʹ ˉʰˊʱˁˍʽʰ ˉʶˊʽˇ˔ʺ ˋˍʰ ʰ˄ʰˍˇ˂ʽˁʱ όˋˎ˄ˇ˂ʽˁʺ ʷˁˍʰˋʹ ˉʶˊʾˉˇˎ мф 

km2ύ ˃ʶ ˃ʺˁˇˌ ʰˁˍˇʴˊʰ˃˃ʺˌ ˉʶˊʾˉˇˎ уΣу km ˁʰʽ ˃ʷʴʽˋˍˇ ʲʱʻˇˌ ʾˋˇ ˃ʶ ол mΣ ˋʶ ʰˉˈˋˍʰˋʹ ʾˋʹ 

˃ʶ мΦф km h ˉˈ ˍʹ˄ ʰˁˍʺ. 

 

ʁʽ ˉ˂ʹ˃˃ˏˊʶˌ ʺˍʰ˄ ˉʱ˄ˍʰ ʷ˄ʰ ˋʹ˃ʰ˄ˍʽˁˈ ʸʺˍʹ˃ʰ (Chondros et al., 2021) ʴʽʰ ˍʹ˄ ˉʰˊʰ˂ʽʰˁʺ 

ˉˈ˂ʹ ˍˇˎ ʄʶʻˏ˃˄ˇˎΦ ʅʹ˃ʰ˄ˍʽˁʷˌ ʸʹ˃ʽʷˌ ˁʰˍʰʴˊʱ˒ʹˁʰ˄ ˍʰ ˍʶ˂ʶˎˍʰʾʰ ˔ˊˈ˄ʽʰ ˁˎˊʾ˖ˌ ˋˍˇ ˁʷ˄ˍˊˇ 

ˍʹˌ ˉˈ˂ʹˌ ˁʰʽ ˋˍʽˌ ʰ˄ʰˍˇ˂ʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ˔ʰ˃ʹ˂ʺˌ ˋˍʱʻ˃ʹˌΦ ɳˉʽˉ˂ʷˇ˄Σ ˇʽ ʰ˂˂ʰʴʷˌ ˋˍʽˌ ˋˎ˄ʻʺˁʶˌ 

ʰ˄ʷ˃ˇˎΣ ˉʽʻʰ˄˗ˌ ˂ˈʴ˖ ˁ˂ʽ˃ʰˍʽˁ˗˄ ʰ˂˂ʰʴ˗˄Σ ˉˊˇˁʰ˂ˇˏ˄ ˁʰˍʰʽʴʾʵʶˌ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ 

ˋˎ˄ʵˎʰˋˍˇˏ˄ ˃ʶ ʷ˄ˍˇ˄ˇˎˌ ˁˎ˃ʰˍʽˋ˃ˇˏˌ ˁʰʽ ʽˋ˔ˎˊʱ ˉʰˊʱˁˍʽʰ ˊʶˏ˃ʰˍʰΦ 

 

 

 

ɳʽˁˈ˄ʰ 4 ʃʶˊʽˇ˔ʺ ˃ʶ˂ʷˍʹˌ ˋˍˇ ʄʷʻˎ˃˄ˇ - Satellite image from Google Earth 31/08/2015 (Google Earth 
Engine Team 2015). 

 

ɱʽʰ ˍʽˌ ʰ˄ʱʴˁʶˌ ˍʹˌ ̄ ʰˊˇˏˋʰˌ ̫ ˊʶˎ˄ʰ̩ Σ ʰ˄ʰ˂ˏʻʹˁʰ˄ ʵʶʵˇ˃ʷ˄ hh ʽˇ˂ʽˁʺˌ ˁʰʽ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌ, 

ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍˇˏ˄ ˇʽ ˁˎ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˉˇˎ ʶˉʽˁˊʰˍˇˏ˄ ˋˍʽˌ ˎˉʶˊʱˁˍʽʶˌ 

ˉʶˊʽˇ˔ʷˌ ˍˇˎ ʄʶʻˏ˃˄ˇˎΣ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ʰˎˍʱ ʰ˄ʰˁˍʺʻʹˁʰ˄ ʰˉˈ ˍʹ˄ ʶˊʴʰˋʾʰ ˍ˖˄ Tsoukala et al., 

нлмс ˁʰʽ Velikou et al., 2014 - CCSEAWAVS project. ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˔́ ʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʰ 

ʵʽʰʻʷˋʽ˃ʰ ʵʶʵˇ˃ʷ˄ʰ ˎˉʶˊʱˁˍʽ˖˄ ˁˎ˃ʱˍ˖˄Σ ʶˉʽˍʶˏ˔ʻʹˁʶ ʹ ˁh ˍʹʴˇˊʽˇˉˇʾʹˋʹ ˍ˖˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ 

ˁʰˍʰʽʴʾʵʰˌΣ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˋˎˋ˔ʶˍʽˋˍˇˏ˄ ˃ʶ ʰ˄ˍʾˋˍˇʽ˔ˇˎˌ ˉʰˊʱʴˇ˄ˍʶˌ ˍˊ˖ˍˈˍʹˍʰˌ ˍ˖˄ ʰˁˍ˗˄Φ 

ɶ ˍʰ˅ʽ˄ˈ˃ʹˋʹ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˃ʶ ʲʱˋʹ ˉʷ˄ˍʶ ˁʰˍʹʴˇˊʾʶˌΥ I - ɮ̀ ʻʶ˄ʺˌ, II - ɾʷˍˊʽʰ, III- 

ʅ́ ˃ʰ˄ˍʽˁʺ, IV - ʅ̌ ʲʰˊʺ ˁʰʽ V ς ɮˁ ˊʰʾʰ (ʃʾ˄ʰˁʰˌ 1)Φ ʁ ˈˊˇˌ  Ψˁʰˍʰʽʴʾʵʰ˘ ˇˊʾˋˍʹˁʶ ʶʵ˗Σ ˖ˌ ˍˇ 
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ʴʶʴˇ˄ˈˌ ˉˇˎ ˎˉʶˊʲʰʾ˄ʶʽ ʷ˄ʰ ʶ˂ʱ˔ʽˋˍˇ ˋʹ˃ʰ˄ˍʽˁˈ ˏ˕ˇˌ ˁˏ˃ʰˍˇˌ όHs > 2 mύ ˁʰʽ ˃ʶ ʶ˂ʱ˔ʽˋˍʹ 

ʵʽʱˊˁʶʽʰ с ˖ˊ˗˄ όLi et al., 2014, Michele et al., 2007). 

 

ɲɳɲʁɾɳɿɮ 2000ς2100 

Kh ˍʹʴˇˊʾʶˌ 
Hs ʁ ˏˊˇˌ 

[m] 
Tp ʁ ˏˊˇˌ [s] 

ɾʷˋˇ Hs 
[m] 

ɾʷˋʹ Tp [s] 
ɾʷˋʹ 
ʵʽʱˊˁʶʽʰ 

[h] 

ɮˊʽʻ˃ˈˌ 
ʴʶʴˇ˄ˈˍ˖˄ 

L ɮˋʻʶ˄ʺˌ 2.0ς5.3 6.4ς10.1 2.5 7.7 14.13 823 

LL ɾʷˍˊʽʰ 2.0ς5.0 6.7ς9.9 2.7 8.0 42.03 94 

LLL ʅʹ˃ʰ˄ˍʽˁʺ 2.0ς6.0 6.9ς10.3 3.0 8.2 61.84 13 

L± ʅˇʲʰˊʺ  2.0ς5.4 6.4ς10.0 3.2 8.2 81.38 8 

± ɮˁˊʰʾʰ 2.0ς5.0 7.8ς9.7 4.2 9.1 72.00 1 

ʃʾ˄ʰˁʰˌ 1 ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁˎ˃ʱˍ˖˄ ˁʰˍʰʽʴʾʵʰˌΣ ˉʶˊʾˇʵˇˌ 2000ς2100 ɹ ʽʰ ʲˈˊʶʽʰ ʵʽʶˏʻˎ˄ˋʹ 
ˉˊˇˋˉʾˉˍˇ˄ˍˇˌ ˁˎ˃ʰˍʽˋ˃ˇˏ ̀ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˍˇˎ ʄʶʻˏ˃˄ˇˎ όMartzikos et al., 2018). 

 

ʅˍˇ ˉ˂ʰʾˋʽˇ ʰˎˍˈΣ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʹ ʰˁˊʽʲʺˌ ˉˊˈʲ˂ʶ˕ʹ ˁʰʽ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ˉʰˊʱˁˍʽ˖˄ 

˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄Σ ˃ʶ ˔ˊʺˋʹ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄Σ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ˍˊ˖ˍˈˍʹˍʰˌ ˍʹˌ 

ʰˁˍʺˌ ˋʶ ̝̀ ʷˋʹ ˃ʶ ˍʰ ʶˉʽ˂ʶʴ˃ʷ˄ʰ ˋʶ˄ʱˊʽʰ ˁʰˍʰʴʾʵʰˌΦ ʆʰ ˃ˇ˄ˍʷ˂ʰ MIKE 21 (DHI 2015a, bύ ˁʰʽ 

XBeach (Roelvink et al. 2009; Smit et alΦ нлмлύ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ 

ʵʽʱʵˇˋʹˌ ˁˎ˃ʱˍ˖˄Σ ˍ˖˄ ˊʶˎ˃ʱˍ˖˄ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ʰˉˈ ˍʰ ˁˏ˃ʰˍʰΣ ˍʹˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ 

ˁʰʽ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌΣ ˎˉˈ ʰˁˊʰʾʶˌ ˁˎ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˋˍʹ˄ ˉʰˊʱˁˍʽʰ ʸ˗˄ʹ ˍˇˎ ʄʷʻˎ˃˄ˇΦ ɮˎˍʱ 

ˍʰ ʰˊʽʻ˃ʹˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ нDH ˃ ˉˇˊˇˏ˄ ˄ʰ ʶ˅ʱʴˇˎ˄ ʵʽʱ˒ˇˊʶˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˁˎ˃ʱˍ˖˄Σ ˈˉ˖ˌ ˏ˕ʹ 

ˁˏ˃ʰˍˇˌΣ ˍʰ˔ˏˍʹˍʶˌ ˋ˖˃ʰˍʽʵʾ˖˄Σ ˃ʷˋʶˌ ˔ˊˇ˄ʽˁʷˌ ˍʰ˔ˏˍʹˍʶˌ - EulerianΣ ˍʱˋʶʽˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΣ 

ˊˇ̫ˌ ˎˉˈʴʶʽ˖˄ ˎʵʱˍ˖˄Σ ˊˎʻ˃ˇˏˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˁʰʽ ˃ˇˊ˒ˇ˂ˇʴʽˁʷˌ ʰ˂˂ʰʴʷˌ ˋˍˇ˄ 

ˉˎʻ˃ʷ˄ʰ ˍʹˌ ʻʱ˂ʰˋˋʰˌΦ ʅʶ ˉˊˇʹʴˇˏ˃ʶ˄ʶˌ ˃ʶ˂ʷˍʶˌ (Lonőar et al., 2016; Ruiz de Alegria-Arzaburu 

et al., 2011)Σ ʰˎˍʱ ˍʰ ˃ˇ˄ˍʷ˂ʰ ˋˎ˄ʵˎʱˋˍʹˁʰ˄ ˃ʷˋ˖ ˃ʽʰˌ ˃ʶʻˈʵˇˎ ʰ˂ˎˋʾʵʰˌΣ ˋˍʹ˄ ˇˉˇʾʰ ˇʽ 

ˎˉˇ˂ˇʴʽˋ˃ˇʾ ˎˉʶˊʱˁˍʽ˖˄ ˁˎ˃ʱˍ˖˄ MIKE нм ˔ˊʹˋʾ˃ʶˎˋʰ˄ ˖ˌ ʶʾˋˇʵˇˌ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˃ʶ ˍˇ 

˃ˇ˄ˍʷ˂ˇ XBeach ˍ˖˄ ˒ˎˋʽˁ˗˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺΦ ʅˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ˉʰˊˇˏˋʰˌ 

ʵʽʰˍˊʽʲʺˌΣ ʰˁˇ˂ˇˎʻʺʻʹˁʶ ˃ʽʰ ʵʽʰ˒ˇˊʶˍʽˁʺ ˉˊˇˋʷʴʴʽˋʹΣ ˁʰʻ˗ˌ ˍʰ ʵˏˇ ʰˎˍʱ ˃ˇ˄ˍʷ˂ʰ 

ʶ˒ʰˊ˃ˈˋˍʹˁʰ˄ ˃ʶ ˋˁˇˉˈ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍ˖˄ ʾʵʽ˖˄ ˎʵˊˇ-˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ ˉʰˊʰ˃ʷˍˊ˖˄ 

(˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁˏ˃ʰˍˇˌ ˁʰʽ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˊʶˎ˃ʱˍ˖˄Σ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ ˃ʷˋ˖ ˒ˇˊˍʾˇ ˎ

ʰ̠̔ ˊʹˋʹˌ ˁʰʽ ˉˎʻ˃ʷ˄ʰΣ ʲʰʻˎ˃ʶˍˊʽˁʺ ʶ˅ʷ˂ʽ˅ʹ) ˁ ʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ʰ˅ʽˇ˂ˇʴʺʻʹˁʰ˄ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ 

ʽˁʰ˄ˈˍʹˍʱ ˍˇˎˌ ˄ʰ ˉˊˇʲ˂ʷˉˇˎ˄ ˍʽˌ ˎʵˊˇʵˎ˄ʰ˃ʽˁʷˌ ʵʽʶˊʴʰˋʾʶˌ ˁʰʽ ˍʹ ˃ʶˍʰ˒ˇˊʱ ʽʸʹ˃ʱˍ˖˄ 

ˋˎʴˁˊʾ˄ˇ˄ˍʰˌ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʱ ˍˇˎˌ ˋʶ ˈ˂ˇ ˍˇ ˃ʺˁˇˌ ˍʹˌ ʻʰ˂ʱˋˋʽʰˌ ˉˊˇˌ ˃ʶ˂ʷˍʹ ʸ˗˄ʹˌ ʰˉˈ 

ˍʰ ̡h ʻʽʱ ʷ˖ˌ ˍʰ ˊʹ˔ʱ ˏʵʰˍʰΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ ʹ ʰˉˈʵˇˋʹ ˁʱʻʶ ˃ˇ˄ˍʷ˂ˇˎ ˃ˉˇˊʶʾ ˄ʰ 

ʰ˅ʽˇ˂ˇʴʹʻʶʾΣ ʶ˄˗ ʹ ˋˎ˃˒˖˄ʾʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍ˖˄ ʵˏˇ ˃ˇ˄ˍʷ˂˖˄ ˉʰˊʷ˔ʶʽ ʷ˄ʰ 

ˎ˕ʹ˂ˈ ʲʰʻ˃ˈ ʰ˅ʽˇˉʽˋˍʾʰˌ ˋˍʹ ˃ʶ˂ʷˍʹ ˍ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄Φ ʆʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ (ɳʽˁˈ˄ʰ 

5, ɳʽˁˈ˄ʰ 6) ʰˉˇˍˎˉ˗˄ˇˎ˄ ˍʹ ˔˖ˊʽˁʺ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˊʶˏ˃ʰˍˇˌ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʰˁˍʺˌ 

ˈˉ˖ˌ ʰˎˍ ̋ˎˉˇ˂ˇʴʾˋˍʹˁʶ ˃ʷˋʰ ʰˉˈ ˍʽˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ. ʆʰ ʰˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 
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ˍ˖˄ ʵˏˇ ˃ˇ˄ˍʷ˂˖˄ ʶˉʽˁˎˊ˗˄ˇˎ˄ ˍʹ˄ ˏˉʰˊ˅ʹ ʶ˄ˈˌ ʷ˄ˍˇ˄ˇˎ ˉʰˊʱ˂˂ʹ˂ˇˎ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ 

ˁˎ˃ʰˍˇʴʶ˄ˇˏˌ ́ ʶˏ˃ʰˍˇˌ ˉˊˇˌ ˍʰ ʵˎˍʽˁʱΣ ˉˇˎ ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˉˈ ˍʰ ˋʶ˄ʱˊʽʰ ˁʰˍʰʽʴʾʵʰˌ ɰ ˁʰʽ ɰɮΣ 

ˉˇˎ ʰˉˇˍʶ˂ʶʾ ˁˎˊʾʰˊ˔ˇ ˉʰˊʱʴˇ˄ˍʰ ʴʽʰ ˍʹ˄ ˁʾ˄ʹˋʹ ˍ˖˄ ʽʸʹ˃ʱˍ˖˄Φ ɳˉʽˉ˂ʷˇ˄Σ ˍʰ ʰˊʽʻ˃ʹˍʽˁʱ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˎˉˇʵʶʽˁ˄ˏˇˎ˄ ˍʹ˄ ˉʰˊˇˎˋʾʰ ʽˋ˔ˎˊ˗˄ ˊʶˎ˃ʱˍ˖˄ ʶˉʰ˄ʰ˒ˇˊʱˌ (rip currents) 

ˋˍʹ˄ ʰ˄ʰˍˇ˂ʽˁʺ ˉˊˇˋʺ˄ʶ˃ʹ ˉ˂ʶˎˊʱ ˍˇˎ ˁˏˊʽˇˎ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹΣ ˍʰ ˇˉˇʾʰ ˉˊˇˁʰ˂ˇˏ˄ ʷ˄ˍˇ˄ʰ 

˒ʰʽ˄ˈ˃ʶ˄ʰ ʵʽʱʲˊ˖ˋʹˌ ˃ʷˋ˖ ˍʹˌ ˃ʶˍʰ˒ˇˊʱˌ ˃ʶʴʱ˂ʹˌ ˉˇˋˈˍʹˍʰˌ ʽʸʺ˃ʰˍˇˌ ʰˉˈ ˍʰ ˊʹ˔ʱ ˋˍʰ 

ʲʰʻʽʱ ˏʵʰˍʰΦ ʆʷ˂ˇˌΣ ˇʽ ̱ ʽ˃ʷˌ ˉˇˎ ʰ˒ˇˊˇˏ˄ ˋˍʽˌ ˃ ʷˋʶˌ ˍʽ˃ʷˌ ˍ˖˄ ˍʰ˔ˎˍʺˍ˖˄ ˃ʷˋˇˎ ̡ ʱʻˇˎˌ ̍ ˉ˖ˌ 

ʰˎˍʷˌ ˎˉˇ˂ˇʴʾˋʻʹˁʰ˄ ˋˍʽˌ ʶ˅ˈʵˇˎˌ ˍ˖˄ ʵˏˇ ˃ˇ˄ˍʷ˂˖˄Σ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˁʰ˂ʺ ˋˎˋ˔ʷˍʽˋʹ ˃ʶˍʰ˅ˏ 

ˍˇˎˌΣ ˁʰʻ˗ˌ ʵʶ˄ ˎˉʶˊʲʰʾ˄ˇˎ˄ ˍʹ ˄ʰˉˈ˂ˎˍʹ ˍʽ˃ʺ ˍ˖˄ н m/sΦ ʍˋˍˈˋˇΣ ˍʰ ʵˏˇ ˃ˇ˄ˍʷ˂ʰ 

ˉʰˊˇˎˋʽʱʸˇˎ˄ ʶˉʾˋʹˌ ˋʹ˃ʰ˄ˍʽˁʷˌ ʵʽʰ˒ˇˊʷˌΣ ˉˇˎ ˋˎ˄ˇ˕ʾʸˇ˄ˍʰʽ ˋˍʰ ʶ˅ʺˌ: 

1. ɴ˂ ˂ʶʽ˕ʹ ˉ˂ʹˊˇ˒ˇˊʽ˗˄ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˎˉʶˊʱˁˍʽʰ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ ˋˍʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ XBeach. 

2. ʆʰ h̄ ˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˍʰ˔ˎˍʺˍ˖˄ ˉʰˊˇˎˋʽʱʸˇˎ˄ ʰˁʰ˄ˈ˄ʽˋˍʰ ˃ˇˍʾʲʰ 

(patterns) ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ XBeachΣ ʶ˄˗ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ MIKE 21 

ˉʰˊˇˎˋʽʱʸˇˎ˄ ˁʰ˂ʱ ˊˎʻ˃ʽˋ˃ʷ˄ʰ ˃ˇˍʾʲʰ ˊʶˏ˃ʰˍˇˌ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺ. ɱʶʴˇ˄ˈˌ ˉˇˎ 

ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ˄ ˉʽˇ ˇ˃ʰ˂ʺ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍʹˌ ˁˎ˃ʰˍʽˁʺˌ ʵʽʱʵˇˋʹˌ 

ό ɼʶ˒ʱ˂ʰʽˇ н : Figure 2-10). 

3. ɮ˄ ˁʰʽ ʴʽʰ ˍˇ ˋʶ˄ʱˊʽˇ ˁʰˍʰʽʴʾʵʰˌ ɰɮΣ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ʵʽʱʵˇˋʹˌ ˍˇˎ ˊʶˏ˃ʰˍˇˌ 

ˉˊˇˌ ˍʰ ʵˎˍʽˁʱ ʶʾ˄ʰʽ ˉʰˊˈ˃ˇʽʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ ˃ˇ˄ˍʷ˂˖˄Σ ʴʽʰ ˍˇ ˋʶ˄ʱˊʽˇ 

ˁʰˍʰʽʴʾʵʰˌ ɿΣ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ XBeach ˉʰˊˇˎˋʽʱʸˇˎ˄ ˃ʽʰ ʷ˄ˍˇ˄ʹ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ʵʽʰʴ˗˄ʽʰ ˁʾ˄ʹˋʹΣ ˁʱˍʽ ˉˇˎ ʷˊ˔ʶˍʰʽ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ̱ ʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ˍˇˎ MIKE 21Σ ˍʰ ˇˉˇʾʰ ̄ ʰˊˇˎˋʽʱʸˇˎ˄ ˃ʾʰ ˁˎˊʾ˖ˌ ˎ ʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁ ʾ˄ʹˋʹ ˁʰˍʱ ˃ʺˁˇˌ 

ˍʹˌ ʰˁˍʺˌΦ 
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ɳʽˁˈ˄ʰ 5 a,b) ʅʶ˄ʱˊʽˇ ʲˈˊʶʽʰˌ ˁʰˍʰʽʴʾʵʰˌ (IV ʅˇʲʰˊʺύ- ʋ˖ˊʽˁʺ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˊʶˏ˃ʰˍˇˌ 

ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʰˁˍʺˌ U ˁʰʽ ˍʹˌ ˁʱʻʶˍʹˌ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˍʰ˔ˏˍʹˍʰˌ V - ˃ˇ˄ˍʷ˂ˇ MIKE 21 FM HDΦ ʴΣʵύ 

ʅʶ˄ʱˊʽˇ ʲˇˊʶʽˇʰ˄ʰˍˇ˂ʽˁʺˌ ˁʰˍʰʽʴʾʵʰˌ - ʋ˖ˊʽˁʺ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˊʶˏ˃ʰˍˇˌ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ 

ʰˁˍʺˌ U ˁ ʰʽ ˍʹˌ ˁʱʻʶˍʹˌ ˉˊˇˌ ̱ ʹ˄ ʰˁˍʺ ˍʰ˔ˏˍʹˍʰˌ V - ˃ ˇ˄ˍʷ˂ˇ MIKE 21 FM HD. 
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ɳʽˁˈ˄ʰ 6 ʅʶ˄ʱˊʽˇ ʲˈˊʶʽʰˌ ˁʰˍʰʽʴʾʵʰˌ (IV ʅˇʲʰˊʺύ - ʋ˖ˊʽˁʺ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˊʶˏ˃ʰˍˇˌ ˁʰˍʱ 
˃ʺˁˇˌ ˍʹˌ ʰˁˍʺˌ U ˁʰʽ ˍʹˌ ˁʱʻʶˍʹˌ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˍʰ˔ˏˍʹˍʰˌ V - ˃ˇ˄ˍʷ˂ˇ XBeachΦ ʴΣʵύ ʅʶ˄ʱˊʽˇ 
ʲˇˊʶʽˇʰ˄ʰˍˇ˂ʽˁʺˌ ˁʰˍʰʽʴʾʵʰˌ - ʋ˖ˊʽˁʺ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˊʶˏ˃ʰˍˇˌ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʰˁˍʺˌ U ˁ ʰʽ 
ˍʹˌ ˁʱʻʶˍʹˌ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˍʰ˔ˏˍʹˍʰˌ V - ˃ ˇ˄ˍʷ˂ˇ XBeach. 
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ʃˊˇˍʶʽ˄ˈ˃ʶ˄ʶˌ ˂ˏˋʶʽˌ ̡ ʰˋʽʸˈ˃ʶ˄ʶˌ ˋʶ ʰˊʽʻ˃ ʹˍʽˁʷˌ ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ  

ɶ ˎˉʱˊ˔ˇˎˋʰ ʵʽʱˍʰ˅ʹ ˍˇˎ ˂ʽ˃ʰ˄ʽˇˏ ʶʾ˄ʰʽ ʽʵʽʰʾˍʶˊʰ ʶˎʱ˂˖ˍʹ ˋʶ ʷ˄ˍˇ˄ʰ ˁʰʽˊʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰΣ ʶ˄˗ 

ʶˉʽˉ˂ʷˇ˄Σ ˇʽ ˃ʶˍʰˍˇˉʾˋʶʽˌ ʽʸʹ˃ʱˍ˖˄ ˉˇˎ ʵʽʶˊʶˎ˄ʺʻʹˁʰ˄ ʰˊʽʻ˃ʹˍʽˁʱ ˇʵʹʴˇˏ˄ ˃ʶʴʱ˂ˇˎˌ ̍ ʴˁˇˎ ̩

ʽʸʺ˃ʰˍˇˌΣ ˉˇˎ ʰˉˇʻʹˁʶˏʶˍʰʽ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ʰ˄ʰˍˇ˂ʽˁʱ ˍˇˎ ˎˉʺ˄ʶ˃ˇˎ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹΣ ˄ʰ 

˃ʶˍʰˁʽ˄ʹʻˇˏ˄ ʶ˄ˍˈˌ ˍʹˌ ˂ʽ˃ʶ˄ˇ˂ʶˁʱ˄ʹˌΦ ɮˎˍʺ ʹ ʵʽʰʵʽˁʰˋʾʰ ˃ˉˇˊʶʾ ˄ʰ ˇʵʹʴʺˋʶʽ ˋʶ ˃ʽʰ 

ʶˉʰˁˈ˂ˇˎʻʹ ˃ʶʾ˖ˋʹ ˍˇˎ ʲʱʻˇˎˌ ˉˎʻ˃ʷ˄ʰ ˋˍʹ˄ ʶʽˋˈʵˇˎ ˍˇˎ ˂ʽ˃ʰ˄ʽˇˏΣ ʶ˃ˉˇʵʾʸˇ˄ˍʰˌ ˍˇ ˄

ʵʽʱˉ˂ˇˎΦ ɳˉʽˉ˂ʷˇ˄Σ ʹ ˎ˕ʹ˂ʺ ʷ˄ˍʰˋʹ̩  ˋˍʶˊʶˇ˃ʶˍʰ˒ˇˊʱ ˉˎˊˇʵˇˍʶʾ ˋʹ˃ʰ˄ˍʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰ 

ʵʽʱʲˊ˖ˋʹˌ ˋˍʽˌ ˉʰˊʰˁʶʾ˃ʶ˄ʶˌ ʰ˄ʰˍˇ˂ʽˁʷˌ ʰˁˍʷˌΦ ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶ˂ʶʴ˔ʻˇˏ˄ ʰˎˍʱ ˍʰ 

˒ʰʽ˄ˈ˃ʶ˄ʰ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄Σ ˉˊˇˍʱʻʹˁʶ ˃ʽʰ ʶ˄ʰ˂˂ʰˁˍʽˁʺ ʵʽʱˍʰ˅ʹ ˂ʽ˃ʰ˄ʽˇˏΣ 

ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʰ˄ˇ˃ʷ˄˖˄ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ˃ʶ ˁʰ˃ˉˏ˂ˇ ˋ˔ʺ˃ʰ ʶ˄ʽˋ˔ˎ˃ʷ˄ˇ ˃ʶ ʻ˖ˊʱˁʽˋʹ 

ʰˉˇˍʶ˂ˇˏ˃ʶ˄ʹ ʰˉˈ ˇʴˁˈ˂ʽʻˇˎˌ XBlocksΦ ɳˉʽˉ˂ʷˇ˄Σ ʰ˅ʽˇ˂ˇʴʺʻʹˁʶ ʹ ʵʽʰ˃ˈˊ˒˖ˋʹ ˂ˏˋʹˌ ʶ˄ˈˌ 

ˋˎˋˍʺ˃ʰˍˇˌ ˏ˒ʰ˂˖˄ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ʴʽʰ ˍʹ˄ ˁʰˍʰˉˇ˂ʷ˃ʹˋʹ ˍ˖˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ʵʽʱʲˊ˖ˋʹˌ 

ˋˍʹ˄ ʰ˄ʰˍˇ˂ʽˁʺ ˉʰˊʱˁˍʽʰ ˉʶˊʽˇ˔ʺΦ H ɳʽˁˈ˄ʰ 7 ʰˉʶʽˁˇ˄ʾʸʶʽ ˍʹ˄ ʶ˄ʾˋ˔ˎˋʹ ˍˇˎ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ 

ˁʰʻ˗ˌ ˁʰʽ ˍʹ ˋ˔ʶʵʾʰˋʹ ˍˇˎ ˉˊˇʲ˂ʶˉˈ˃ʶ˄ˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˏ˒ʰ˂˖˄ ʰˉˇˋˉʰˋ˃ʷ˄˖˄ 

ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʰˁˍʺˌΦ 

 

 

 

ɳʽˁˈ˄ʰ 7 ʃʱ˄˖Υ ɾʶˍʰʲˇ˂ʺ ˍ˖˄ ʴʶ˖˃ʶˍˊʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˍˇˎ ˂ʽ˃ʰ˄ʽˇˏ ˍˇˎ ʄʶʻˏ˃˄ˇˎ ˁʰʽ ʶ˄ʾˋ˔ˎˋʹ ˍˇˎ 
ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ ˃ʶ XblocsΦ ɼʱˍ˖Υ ʅ˔ʷʵʽˇ ˍˇˎ ˉˊˇʲ˂ʶˉˈ˃ʶ˄ˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʰˉˇˋˉʰˋ˃ʷ˄˖˄ 
ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʰˁˍʺˌΦ 
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ɶ ʰˉˈˁˊʽˋʹ ˍʹˌ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹˌ ʵʽʱˍʰ˅ʹˌ ˍˇˎ ˂ʽ˃ʷ˄ʰ ʷ˄ʰ˄ˍʽ ˍʹˌ ˎʵˊˇ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ ˉˇˎ 

ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˉˈ ˁʰˍʰʽʴʾʵʶˌ, ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʶ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʵʽʶˊʶˎ˄ʹʻˇˏ˄ ˍʰ ˃ˇˍʾʲʰ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˁʰʽ ˄ʰ ʶˁˍʽ˃ʹʻʶʾ ʹ ˍʱˋʹ ʰˉˈʻʶˋʹˌ ˋˍʹ˄ ʶʾˋˇʵˇ ˍˇˎ ˂ʽ˃ʰ˄ʽˇˏΦ ɱʽʰ ˍʹ 

ʵˎˋ˃ʶ˄ʷˋˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ˋʶ˄ʰˊʾˇˎ ʲˈˊʶʽˇˎ ʰ˄ʷ˃ˇˎΣ ˇʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ʰ˂ˎˋʾʵʰ ˂ˇʴʽˋ˃ʽˁˇˏ MIKE 21 SW-HD-STΦ ɾʶ ˍʹ˄ 

ʰ˄ʰ˃ˈˊ˒˖ˋʹ ˍ˖˄ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ˃ʶˍʰʲʱ˂˂ʶˍʰʽ ʹ ˁʰˍʶˏʻˎ˄ˋʹ ˍʹˌ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ 

ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˁʰʽ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ʶˉʰˊˁʺˌ ʹˊʶ˃ʾʰ ˍʹˌ ˂ʽ˃ʶ˄ˇ˂ʶˁʱ˄ʹˌΦ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ʵʽʱʵˇˋʹˌ ˁˎ˃ʱˍ˖˄ ʵʶʾ˔˄ˇˎ˄ ˃ʽʰ ˇ˃ʰ˂ʺ ˃ʶˍʰˍˊˇˉʺ ˍ˖˄ ˍʽ˃˗˄ ˍˇˎ ˏ˕ˇˎˌ 

ˁˏ˃ʰˍˇˌ ˉˊˇˌ ˍʽˌ ˉʶˊʽˇ˔ʷˌ ˃ʶ ˊʹ˔ʱ ˄ʶˊʱ όɳʽˁˈ˄ʰ 8ύΦ ʆʰ ˁˏ˃ʰˍʰ ʵʶ˄ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ ˂ʶˁʱ˄ʹ ˍˇˎ 

˂ʽ˃ʰ˄ʽˇˏ ˁʰʽ ʹ ˉʶˊʽˇ˔ʺ ˃ˉˊˇˋˍʱ ʰˉˈ ˍˇ˄ ˉˊˇˋʺ˄ʶ˃ˇ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ ʶʾ˄ʰʽ ʶˉʰˊˁ˗ˌ 

ˉˊˇˋˍʰˍʶˎ˃ʷ˄ʹΦ ʆʰ ʵʽʰ˄ˏˋ˃ʰˍʰ ˍʰ˔ˏˍʹˍʰˌ ˊʶˎ˃ʱˍ˖˄ ʰˁˇ˂ˇˎʻˇˏ˄ ʵʽʰ˒ˇˊʶˍʽˁʱ ˃ˇˍʾʲʰΣ ˋʶ 

ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˎ˒ʽˋˍʱ˃ʶ˄ʹ ʵʽʱˍʰ˅ʹ (ɳʽˁˈ˄ʰ 5, ɳʽˁˈ˄ʰ 6)Σ ʴʶʴˇ˄ˈˌ ˉˇˎ ˇʵʹʴʶʾ ˋʶ ʺˉʽʶˌ ˔˖ˊʽˁʷˌ 

˃ʶˍʰʲˇ˂ʷˌ ˍʰ˔ˏˍʹˍʰˌΦ ʁʽ ʰ˂˂ʰʴʷˌ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˉˎʻ˃ʷ˄ʰ ˁʰʽ ˍʰ ˃ˇˍʾʲʰ ˍ˖˄ ˊˇ˗˄ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ ˁʰˍʱ ˍʹ˄ ʶˉʽ˂ʶʴ˃ʷ˄ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰˁˊʰʾʰˌ ˁʰˍʰʽʴʾʵʰˌΣ ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ 

ˋˍʹ˄ ɳʽˁˈ˄ʰ 9Φ ɶ ˃ˇˊ˒ˇ˂ˇʴʽˁʺ ʶ˅ʷ˂ʽ˅ʹ ʵʶʾ˔˄ʶʽ ˈˍʽ ʹ ˋˎˋˋ˖ˊʶˎ˃ʷ˄ʹ ˉˇˋˈˍʹˍʰ ʽʸʺ˃ʰˍˇˌ ˃ˉˊˇˋˍʱ 

ʰˉˈ ˍʹ˄ ʶʾˋˇʵˇ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ˃ʶʽ˖˃ʷ˄ʹΣ ˈˉ˖ˌ ʺˍʰ˄ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇ ʰˉˈ ˍʰ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ. 
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ɳʽˁˈ˄ʰ 8 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ʵʽʱʵˇˋʹˌ ˁˎ˃ʱˍ˖˄ ˁʰʽ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ -
ʅʶ˄ʱˊʽˇ ʲˈˊʶʽʰˌ ˁʰˍʰʽʴʾʵʰˌ όIV ʅˇʲʰˊʺύ. 

 

 

ɳʽˁˈ˄ʰ 9 ɳ˅ʷ˂ʽ˅ʹ ʲʰʻˎ˃ʶˍˊʾʰˌ - ʅʶ˄ʱˊʽˇ ʲˈˊʶʽʰˌ ˁʰˍʰʽʴʾʵʰˌ όIV ʅˇʲʰˊʺύ.  

 
ʃʰˊʱ˂˂ʹ˂ʰ ˃ʶ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍ˖˄ ˃ˇ˄ˍʷ˂˖˄ XBeach ˁʰʽ MIKE21, ʴ̔ ʰ ˍʹ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹ ˍ˖˄ 

ʴʶ˖˃ʶˍˊʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˍ˖˄ ˏ˒ʰ˂˖˄ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʹ ʰˊʽʻ˃ʹˍʽˁʺ ˊˇˎˍʾ˄ʰ 

ˍ˖˄ Bouharguane and Mohammadi (2013). ɶ ˊˇˎˍʾ˄ʰ ʰˎˍʺ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˋʶ ʷ˄ʰ 

ʰ˄ˍʽˉˊˇˋ˖ˉʶˎˍʽˁˈ ʲʰʻˎ˃ʶˍˊʽˁˈ ̄ ˊˇ˒ʾ˂ ˁʱʻʶˍˇ ˉˊˇˌ ˍʹ˄ ʰˁˍˇʴˊʰ˃˃ʺΣ ˋˍʹ˄ ʰ˄ʰˍˇ˂ʽˁʺ ˉʶˊʽˇ˔ʺ 

ˍˇˎ ʄʶʻˏ˃˄ˇˎΦ ʁʽ ˉʰˊʱ˃ʶˍˊˇʽ ʶʽˋˈʵˇˎ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˍ˖˄ Bouharguane and Mohammadi 
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(2013), ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶ˅ˈʵˇˎ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ MIKEнм ˋʶ ʷ˄ʰ ʲʱʻˇˌ му 

˃ʷˍˊ˖˄Σ ʴʽʰ ˍˇ ˋʶ˄ʱˊʽˇ ɰˈˊʶʽʰˌ ɼʰˍʰʽʴʾʵʰˌ (IV ʅˇʲʰˊʺύ HS = 4.95 m, Tp = 9.65 s. ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ 

ˊˇˎˍʾ˄ʰ ʲʰˋʾʸʶˍʰʽ ˋʶ ʶ˅ʽˋ˗ˋʶʽˌ ˊʹ˔˗˄ ˎʵʱˍ˖˄ ˁʰʽ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ʶʵ˗ ʴʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍ˖˄ 

ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ ˊʶˎˋˍˇˏ - ʻʰ˂ʱˋˋʽˇˎ ˉˎʻ˃ʷ˄ʰΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʰˊ˔ʷˌ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹˌ 

(Mohammadi and Bouchette, 2014). ɱʽʰ ˍʹ˄ ˉˊˇˋˍʰˋʾʰ ˍʹˌ ʰˁˍʺˌ ˋˍʰ h ˄ʰˍˇ˂ʽˁʱ ˍˇˎ ʄʶʻˏ˃˄ˇˎ 

ʶˉʽ˂ʷ˔ʻʹˁʶ ʹ ˂ˏˋʹ ˉˇˎ ʰ˒ˇˊʱ ˋˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˉʰˊʱ˂˂ʹ˂˖˄ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ 

˔ʰ˃ʹ˂ʺˌ ˋˍʷ˕ʹˌ όҌлΣп ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ ˃ʷˋʹ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ʻʱ˂ʰˋˋʰˌύΦ ɶ ˃ʶˍʰʲ˂ʹˍʺ ˉˇˎ ʰ˒ˇˊʱ 

ˋˍʹ˄ ʰˉˈˋˍʰˋʹ ʰˎˍ˗˄ ˖ˌ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ʲʶ˂ˍʽˋˍˇˉˇʽʺʻʹˁʶ ʰ˅ʽˇˉˇʽ˗˄ˍʰˌ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ʶ˅ˈʵˇˎ ˍʹˌ ˊˇˎˍʾ˄ʰˌ ˍ˖˄ Bouharguane and Mohammadi (2013), ʲʷ˂ˍʽˋˍʹ ʰˉˈˋˍʰˋʹ 

ʻʶ˖ˊʺʻʹˁʶ ʶˁʶʾ˄ʹ ˉˇˎ ̌ɻʹʴʶʾ ˋˍʹ˄ ʶ˂ʱ˔ʽˋˍʹ ʵʽʱʲˊ˖ˋʹ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ʶˉʽ˂ʶʴˈ˃ʶ˄ˇˎ 

ʲʰʻˎ˃ʶˍˊʽˁˇˏ ˉˊˇ˒ʾ˂Φ ɶ ɳʽˁˈ˄ʰ 10 ʰˉʶʽˁˇ˄ʾʸʶʽ ˍʹ ˃ˇˊ˒ˇ˂ˇʴʽˁʺ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ ʲˎʻˇˏ ʴʽʰ ˍˊʶʽˌ 

ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍˇˉˇʻʶˋʾʶˌ όʰˉˈˋˍʰˋʹ ʰˉˈ ˍʹ˄ ʰˁˍʺύ ˍˇˎ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹΣ ˃ʶˍʱ ʰˉˈ ˍʹ˄ ˉʶˊʾˇʵˇ 

ˍ˖˄ тн ˖ˊ˗˄ - ˋʶ˄ʱˊʽˇ ʵˎˋ˃ʶ˄ʷˋˍʶˊ˖˄ ˋˎ˄ʻʹˁ˗˄ (HS = 4.95 m, Tp = 9.65 s). ɶ ʰˉˈˋˍʰˋʹ ˍ˖˄ 

200 m h ˉˈ ˍʹ˄ ʰˁˍˇʴˊʰ˃˃ʺ ʰˉˇʵʶʾ˔ʻʹˁʶ ʲʷ˂ˍʽˋˍʹ . 

 

ɳʽˁˈ˄ʰ 10 ɳˉʱ˂˂ʹ˂ʶˌ ʶ˅ʶ˂ʾ˅ʶʽˌ ʲˎʻˇˏ ʴʽʰ ˍʽˌ ˍˊʶʽˌ ʶˉʽ˂ʶʴ˃ʷ˄ʶˌ ʵʽʰ˃ˇˊ˒˗ˋʶʽˌ ˃ʶ ˃ʶˍʰʲ˂ʹˍʺ ʰˉˈˋˍʰˋʹ 

ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ ʰˉˈ ˍʹ˄ ʰˁˍʺ - ̀ ʶ˄ʱˊʽˇ ɰˈˊʶʽʰˌ ɼʰˍʰʽʴʾʵʰˌ όIV ʅˇʲʰˊʺύ (HS = 4.95 m, Tp = 9.65 s). 

 

ʅʶ ʰˎˍʺ ˍʹ˄ ʶ˄ˈˍʹˍʰ ˉˇˎ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ н ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺ 

(Coastal area models and applications in erosion-dominated areas)Σ ʶ˒ʰˊ˃ˈˋˍʹˁʰ˄ 
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ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˃ʶʻˇʵˇ˂ˇʴʾʶˌ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌ ʴʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˒ˎˋʽˁ˗˄ 

ʵʽʶˊʴʰˋʽ˗˄ ˁˇ˄ˍʱ ˋˍʹ˄ ˅ʹˊʱΣ ˈˉ˖ˌ ʹ ʵʽʱʵˇˋʹ ˁˎ˃ʱˍ˖˄Σ ʹ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁʰʽ ʹ 

˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺΦ ɶ ˍˊ˖ˍˈˍʹˍʰ ˍ˖˄ ʰˁˍ˗˄ ˉˇˎ ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˉˈ ˁʰˍʰʽʴʾʵʶˌ ʰ˄ʰ˂ˏʻʹˁʶ ʴʽʰ ˍʹ˄ 

ˉʶˊʽˇ˔ʺ ˃ʶ˂ʷˍʹˌ ˍˇˎ ʄʶʻˏ˃˄ˇˎ ˋˍʹ˄ ɳ˂˂ʱʵʰΣ ˈˉˇˎ ʰ˅ʽˇ˂ˇʴʺʻʹˁʰ˄ ʵʽʱ˒ˇˊʶˌ ˂ˏˋʶʽˌ 

όʵʽʰ˃ˇˊ˒˗ˋʶʽˌ ˉʰˊʱˁˍʽ˖˄ ˁʰˍʰˋˁʶˎ˗˄ύΣ ˃ʷˋ˖ ˉˊˇʹʴ˃ʷ˄ʹˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌ 

ό˃ˇ˄ˍʷ˂ʰ : XBeach , MIKEнм ˁʰʽ ʹ ˊˇˎˍʾ˄ʰ ˍ˖˄ Bouharguane and Mohammadi (2013) )Σ ˖ˌ ˉˊˇˌ 

ˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˍˇˎˌ ˄ʰ ʰˉˇ˃ʶʽ˗˄ˇˎ˄ ˍʽˌ ˁʰˍʰˋˍˊˇ˒ʽˁʷˌ ˋˎ˄ʷˉʶʽʶˌ ˍ˖˄ ˁˎ˃ʱˍ˖˄ ˁ ʰˍʰʽʴʾʵʰˌ.  

 

ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˇˎ ˉˊˇʷˁˎ˕ʰ˄ ʵʶʾ˔˄ˇˎ˄ ˈˍʽ ˍˇ ˉʰˊʱˁˍʽˇ ˋˏˋˍʹ˃ʰ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ʷˊʶˎ˄ʰˌ 

˃ʰˌ ʶʾ˄ʰʽ ʶˁˍʶʻʶʽ˃ʷ˄ˇ ˋʶ ʷ˄ˍˇ˄ʹ ʵʽʱʲˊ˖ˋʹ ˂ˈʴ˖ ʶ˄ʶˊʴʹˍʽˁ˗˄ ˁˎ˃ʱˍ˖˄ ˁʰʽ ʽˋ˔ˎˊ˗˄ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˊʶˎ˃ʱˍ˖˄Φ ɶ ˁˏˊʽʰ ˁʰˍʶˏʻˎ˄ˋʹ ˍʹˌ ˃ʶˍʰˍˈˉʽˋʹˌ ˍ˖˄ ʽʸʹ˃ʱˍ˖˄ 

ˉˊˇˋʵʽˇˊʾˋˍʹˁʶ ˃ʶ ʰˁˊʾʲʶʽʰ(Afentoulis et al, 2017)Σ ˁʰʻ˗ˌ, ˈˉ˖ˌ ʷ˔ʶʽ ˉʰˊʰˍʹˊʹʻʶʾ, ˃ʶʴʱ˂ˇʽ 

ˈʴˁˇʽ ʽʸʹ˃ʱˍ˖˄ ˃ʶˍʰˍˇˉʾʸˇ˄ˍʰʽ ʰˉˈ ˉʶˊʽˇ˔ʷˌ ˎ˕ʹ˂ʺˌ ʶ˄ʷˊʴʶʽʰˌ ˋʶ ˉʶˊʽˇ˔ʷˌ ˔ʰ˃ʹ˂ʺˌ 

ˁˎ˃ʰˍʽˁʺˌ ʶ˄ʷˊʴʶʽʰˌ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ʰˁˊʰʾ˖˄ ˃ʶˍʶ˖ˊˇ˂ˇʴʽˁ˗˄ ʴʶʴˇ˄ˈˍ˖˄Φ ɶ ˋˎ˃˒˖˄ʾʰ 

˃ʶˍʰ˅ˏ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍ˖˄ ʵˏˇ ˃ˇ˄ˍʷ˂˖˄ όXBeach ς MIKE21) ˉʰˊʷ˔ʶʽ ˉʶˊʽˋˋˈˍʶˊʹ 

ʶ˃ˉʽˋˍˇˋˏ˄ʹ ˋˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ʵˊʱˋʶ˖˄ ˒ˎˋʽˁ˗˄ ˉʰˊʱˁˍʽ˖˄ ʵʽʶˊʴʰˋʽ˗˄Φ ʍˋˍˈˋˇΣ ˈˉ˖ˌ 

ʰ˄ʰ˃ʶ˄ˈˍʰ˄Σ ˎˉʱˊ˔ˇˎ˄ ˇˊʽˋ˃ʷ˄ʶˌ ʰˉˇˁ˂ʾˋʶʽˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ʶ˅ˈʵ˖˄ ˍ˖˄ ʵˏˇ 

˃ˇ˄ˍʷ˂˖˄Σ ˂ˈʴ˖ ˍ˖˄ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ʵˎ˄ʰˍˇˍʺˍ˖˄ ˁʰʽ ˍʹˌ ʵʽʰ˒ˇˊʶˍʽˁʺˌ ˒ˏˋʹˌ ̱ ˇˎˌΥ ʆˇ ˃ˇ˄ˍʷ˂ˇ 

XBeach ˉʰˊʷ˔ʶʽ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ʴʽʰ ˍʽˌ ʵʽʶˊʴʰˋʾʶˌ ˋʶ ˉʶˊʽˇ˔ʷˌ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺΣ ʶ˄˗ ˍˇ MIKE 21 

ˉˊˇˋˇ˃ˇʽ˗˄ʶʽ ˁʰ˂ˏˍʶˊʰ ˍʹ ˃ʶˍʰˍˊˇˉʺ ˍ˖˄ ˉ˂ʹˊˇ˒ˇˊʽ˗˄ ʰˉˈ ʲʰʻʽʱ ˄ʶˊʱ ˋʶ ˊʹ˔ʱ ˎʵʱˍʽ˄ʶˌ 

ˉʶˊʽˇ˔ʷˌό ɼʶ˒ʱ˂ʰʽˇ н- Figure 2-10 : Figure 2-14 a, b) North-Eastern Storm Scenario - Spatial 

distribution of sediment transport total load x and y component - XBeach model. c, d) North-

Eastern Storm Scenario - Spatial distribution of sediment transport total load x and y component 

- XBeach model).  

 

ʆʰ ʶˎˊʺ˃ʰˍʱ ˍʹˌ ˉʰˊˇˏˋʰˌ ʷˊʶˎ˄ʰˌ ˎˉˇʵʶʽˁ˄ˏˇˎ˄ ˈˍʽ ʹ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹ ˂ˏˋʹ ʰ˄ʰ˃ˈˊ˒˖ˋʹˌ 

ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˂ʽ˃ʷ˄ʰ ˃ʶ ˁʰ˃ˉˎ˂˖ˍˇˏˌ ˁʰʽ ʶ˄ʽˋ˔ˎ˃ʷ˄ˇˎˌ ˁˎ˃ʰˍˇʻˊʰˏˋˍʶˌ ˉʰˊʷ˔ʶʽ 

ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ ʹˊʶ˃ʾʰ ˂ʽ˃ʶ˄ˇ˂ʶˁʱ˄ʹˌΣ ˂ˈʴ˖ ˃ʶʾ˖ˋʹˌ ˍʹˌ ˉˊˇˋˉʾˉˍˇˎˋʰˌ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌΣ 

˃ʶˍʰʲʱ˂˂ˇ˄ˍʰˌ ˉʰˊʱ˂˂ʹ˂ʰ ˍʽˌ ˁʰˍʶˎʻˏ˄ˋʶʽˌ ˃ʶˍʰˍˈˉʽˋʹˌ ʽʸʹ˃ʱˍ˖˄Φ ʂˋˇ˄ ʰ˒ˇˊʱ ˍˇ˄ 

ˋ˔ʶʵʽʰˋ˃ˈ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄Σ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˇˎ ˉˊˇʷˁˎ˕ʰ˄ ʵʶʾ˔˄ˇˎ˄ 

ʶˎ˄ˇʿˁʷˌ ˍʱˋʶʽˌ ʴʽʰ ˋˎˋˋ˗ˊʶˎˋʹ ʽʸʺ˃ʰˍˇˌ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍˇʴˊʰ˃˃ʺΣ ʴʽʰ ˃ʾʰ ʰˉˈˋˍʰˋʹ ʰˉˈ ˍʹ˄ 

ʰˁˍʺ ʾˋʹ ˃ʶ нлл mΦ ɶ ˃ʶʻˇʵˇ˂ˇʴʾʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʶʵ˗ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ʷˋʶʽ ʷ˄ʰ 

ˋʹ˃ʰ˄ˍʽˁˈ ʶˊʴʰ˂ʶʾˇ ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍ˖˄ ʶˉʽˉˍ˗ˋʶ˖˄ ʰˁˊʰʾ˖˄ ˁʰˍʰʽʴʾʵ˖˄ ˋʶ ˉʶˊʽˇ˔ʷˌ 

˃ʶ˂ʷˍʹˌ ˉˇˎ ʰ˄ˍʽ˃ʶˍ˖ˉʾʸˇˎ˄ ˉˊˇʲ˂ʺ˃ʰˍʰ ʵʽʱʲˊ˖ˋʹˌΦ ɳʽʵʽˁˈˍʶˊʰΣ ˍʰ ʰˊʽʻ˃ʹˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ ˉˇˎ 

ʶ˒ʰˊ˃ˈˋˍʹˁʰ˄Σ ˃ˉˇˊˇˏ˄ ˄ʰ ʲˇʹʻʺˋˇˎ˄ ˃ʹ˔ʰ˄ʽˁˇˏˌ ˁʰʽ ʶˉʽˋˍʺ˃ˇ˄ʶˌ ˉˇˎ ʶˉʽʻˎ˃ˇˏ˄ ˄ʰ 
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˂ʱʲˇˎ˄ ʰˁˊʽʲʶʾˌ ˉˊˇʲ˂ʷ˕ʶʽˌ ʶ˅ʷ˂ʽ˅ʹˌ ˍʹˌ ʴʶ˖˃ʶˍˊʾʰˌ ˉˎʻ˃ʷ˄ʰ ˋʶ ˉˇ˂ˏˉ˂ˇˁʶˌ ʲʰʻˎ˃ʶˍˊʾʶˌ 

ˁʰʽ ˎˉˈ ˍʹ˄ ˉʰˊˇˎˋʾʰ ʷˊʴ˖˄Σ ʲʶ˂ˍʽ˗˄ˇ˄ˍʰˌ ˉʰˊʱ˂˂ʹ˂ʰ ˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˁʰʽ ˍʹ ʵʽʰ˃ˈˊ˒˖ˋʺ ˍ˖˄ 

ˉʰˊʱˁˍʽ˖˄ ˁʰˍʰˋˁʶˎ˗˄Φ  
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ɮˊʽʻ˃ʹˍʽˁʷˌ ʵʽʶˊʶˎ˄ʺˋʶʽˌ ʰ˂˂ʹ˂ ʶˉɻ́̔ ʱˋʶ˖˄ ˎʵˊˇʵˎ˄h ˃ʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˁʰʽ 

ˋˎˋˍʹ˃ʱˍ˖˄ sandbar 

ɶ ʶ˄ˈˍʹˍʰ ʰˎˍʺ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ о ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺ όNumerical 

assessments of sandbar systems and rip channel dynamics). ɶ ˃ ˇˊ˒ˇ˂ˇʴʽˁʺ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ ʲˎʻˇˏ 

ˍʹˌ ʻʱ˂ʰˋˋʰˌ ˎˉˈ ˍʹ ˋˎ˄ʵˎʰˋ˃ʷ˄ʹ ʵˊʱˋʹ ˁˎ˃ʱˍ˖˄ ˁʰʽ ˊʶˎ˃ʱˍ˖˄ ʷ˔ʶʽ ˃ʶ˂ʶˍʹʻʶʾ ʶˁˍʶ˄˗ˌ ˋˍʹ 

ʲʽʲ˂ʽˇʴˊʰ˒ʾʰΣ ʰ˂˂ʱ ˃ʷ˔ˊʽ ˋʺ˃ʶˊʰ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ʰˎˍˈ ʵʶ˄ ʶʾ˄ʰʽ ʰˁˈ˃ʹ ˉ˂ʺˊ˖ˌ ˁʰˍʰ˄ˇʹˍˈ ˋˍˇ 

ˋˏ˄ˇ˂ˈ ˍˇˎΦ ɹˋˍˇˊʽˁʱΣ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˉˇ˂˂ʷˌ ˃ʶ˂ʷˍʶˌ ʴʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍʹˌ ʵʽˈʵˇˎ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˁʰʽ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰκ˃ʶˍʰˍˈˉʽˋʹ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˃ˇˊ˒˗˄ ˊʱʲʵ˖˄ ʱ˃˃ˇˎ 

(Sandbars), (Sleath, 1984; Nielsen 1992; Deigaard and Fredsøe, 1992; Soulsby, 1997; Van Rijn 

мффоΣ нллтύΦ ɽˈʴ˖ ˍʹˌ ˉˇ˂ˏˉ˂ˇˁʹˌ ˒ˏˋʹˌ ʰˎˍ˗˄ ˍ˖˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄Σ ʶʾ˄ʰʽ ʵˏˋˁˇ˂ˇ ˄ʰ 

ʶˊ˃ʹ˄ʶˎʻˇˏ˄ ʰˎˋˍʹˊʱ ˇʽ ˃ʹ˔ʰ˄ʽˋ˃ˇʾ ˍˇˎˌ ˃ʶ ˃ʽʰ ʴˊʰ˃˃ʽˁʺ ʻʶ˖ˊʾʰΦ ʁʽ ˊˇʷˌ ʽʸʺ˃ʰˍˇˌ ˃ˉˇˊˇˏ˄ 

˄ʰ ʵʹ˃ʽˇˎˊʴʹʻˇˏ˄ ˁʰʽ ˄ʰ ˇʵʹʴʹʻˇˏ˄ ʰˉˈ ˍˇ ˋˎ˄ʵˎʰˋ˃ˈ ˋˍʰʻʶˊ˗˄ ˊˇ˗˄ όˊʶˏ˃ʰˍʰύ ˁʰʽ 

ˍʰ˂ʰ˄ˍ˖ˍʽˁ˗˄ ˊˇ˗˄ όˁˏ˃ʰˍʰύΦ ʍˋˍˈˋˇΣ ˉˇ˂˂ʷˌ ʱ˂˂ʶˌ ʵʽʰʵʽˁʰˋʾʶˌ ˉˊʷˉʶʽ ˄ʰ ˂ʹ˒ʻˇˏ˄ ˎˉˈ˕ʹΣ 

ˈˉ˖ˌ ˇʽ ʵʽʰˁˎ˃ʱ˄ˋʶʽˌ ˍʹˌ ˃ʷˋʹˌ ˋˍʱʻ˃ʹˌ ˍʹˌ ʻʱ˂ʰˋˋʰˌ όˉʰ˂ʾˊˊˇʽʰΣ wave setupύΣ ˍʰ 

˒ʰʽ˄ˈ˃ʶ˄ʰ ʻˊʰˏˋʹˌ ˁʰʽ ʹ ʶˉʾʵˊʰˋʹ ˍʹˌ ˁ˂ʾˋʹˌ ˁʰʽ ˍʹˌ ˃ˇˊ˒ʺˌ ˍʹˌ ʲʰʻˎ˃ʶˍˊʾʰˌ όCamenen and 

Larroudé, 2003). 

 

ʁʽ Wright ˁ ʰʽ Short όмфупύ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʰ˄ ˃ʶʴʱ˂ˇ ʰˊʽʻ˃ˈ ˃ʶˍˊʺˋʶ˖˄ ˉʶʵʾ˖˄ ʴʽʰ ʵʶʵˇ˃ʷ˄ʰ 

ˁˎ˃ʱˍ˖˄Σ ˊʶˎ˃ʱˍ˖˄ ˁʰʽ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˉˎʻ˃ʷ˄ʰ ˗ˋˍʶ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʺˋˇˎ˄ ˍˇ ˉʽˇ ʶˎˊʷ˖ˌ 

ʰˉˇʵʶˁˍˈ ˋˏˋˍʹ˃ʰ ˍʰ˅ʽ˄ˈ˃ʹˋʹˌ ʰˁˍ˗˄Φ ɶ ʷ˄˄ˇʽʰ ˍ˖˄ ʵˏˇ ˍʶ˂ʽˁ˗˄ ˋˍʰʵʾ˖˄ ʰˁˍʺˌ 

όʰˉˇˊˊˇ˒ʹˍʽˁʺκdissipative (Dύ ˁʰʽ ʰ˄ʰˁ˂ʰˋˍʽˁʺκreflective (RύύΣ ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˃ʶˍʰʲˇ˂ʺ ˍ˖˄ 

ˋ˔ʶˍʽˁ˗˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄ ˁʰʽ ˍʹˌ ˉʰˊʱ˂˂ʹ˂ʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ˊʶˎˋˍˇˏ - 

ʻʰ˂ʱˋˋʽˇˎ ˉˎʻ˃ʷ˄ʰΦ ɾʾʰ ʰˁˍʺ dissipative (Dύ ʺ ʺˉʽ˖˄ ˁ˂ʾˋʶ˖˄Σ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˃ʶ ˃ʶʴʱ˂ʶˌ ˉʶˊʽˈʵˇˎˌ ˁˎ˃ʱˍ˖˄ ˔ʰ˃ʹ˂ʺˌ ʶ˄ʷˊʴʶʽʰˌΣ ˁʰʽ ʰˉˈ ˍʹ˄ 

ʰˉˇˎˋʾʰ ʻʰ˂ʱˋˋʽ˖˄ ˊʶˎ˃ʱˍ˖˄ ʶˉʰ˄ʰ˒ˇˊʱˌ (rip currentsύΣ ʶ˄˗ ˉʰˊʱ˂˂ʹ˂ʰ ʶʾ˄ʰʽ ˍˇ 

ʰˉˇˍʷ˂ʶˋ˃ʰ ˁˎ˃ʱˍ˖˄ ˉˇˎ ʵʽʰ˔ʷˇ˄ˍʰʽ ˉˊˇˇʵʶˎˍʽˁʱΣ ˁʰʻ˗ˌ ʰˎˍʱ ʶʽˋʷˊ˔ˇ˄ˍʰʽ ˋʶ ˃ʽʰ ʶˎˊʶʾʰ 

ʸ˗˄ʹ ʻˊʱˎˋʹˌΦ ɶ ʰ˄ʰˁ˂ʰˋˍʽˁʺ ʰˁˍʺ όRύ ˋˍʶˊʶʾˍʰʽ ˇˉˇʽ˖˄ʵʺˉˇˍʶ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ʵʽʱ˔ˎˋʹˌΣ 

ˁʰʻ˗ˌ ˇʽ ʰ˄ʽˋˇˊˊˇˉʾʶˌ ˂ˈʴ˖ ʻˊʰˏˋʹˌ ˉʶˊʽˇˊʾʸˇ˄ˍʰʽ ˋˍʹ ʸ˗˄ʹ ˎ˕ʹ˂ʺˌ ʰ˄ˏ˕˖ˋʹˌΣ ˁˇ˄ˍʱ ˋˍʹ˄ 

ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ˉʰˊʰ˂ʾʰˌΦ ɴ˄ˍˇ˄ʰ ˊʶˏ˃ʰˍʰ ʶˉʰ˄ʰ˒ˇˊʱˌ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˋʶ ʰ˄ʰˁ˂ʰˋˍʽˁʷˌ ʰˁˍʷˌΣ 

ˁʰʻˇʵʹʴˇˏ˃ʶ˄ʰ ʰˉˈ ʷ˄ˍˇ˄ʶˌ ʲˎʻˇ˃ʶˍˊʽˁʷˌ ˁ˂ʾˋʶʽˌΦ ɶ ɳʽˁˈ˄ʰ 11 ˉʰˊˇˎˋʽʱʸʶʽ ˋ˔ʹ˃ʰˍʽˁʱ ˍʰ 

ʵʽʱ˒ˇˊʰ ˋˍʱʵʽʰ ˁʰʽ ˎˉˇˋˍʱʵʽʰ ʶ˅ʷ˂ʽ˅ʹˌ ˁʰˍʱˋˍʰˋʹˌ ʰˁˍ˗˄, ʰˉˈ ʰˉˇˊˊˇ˒ʹˍʽˁʺ ˋʶ 

ʰ˄ʰˁ˂ʰˋˍʽˁʺ ʰˁˍʺ ˃ʶ ʲʱˋʹ ˍˇ ʷˊʴˇ ˍ˖˄ Short and Woodroffe, 2009. 
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ɳʽˁˈ˄ʰ 11 ʅ˔ʹ˃ʰˍʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˋˍʰʵʾ˖˄ ˃ʶˍʱʲʰˋʹˌ ʰˉˈ ʰˉˇˊˊˇ˒ʹˍʽˁʺ ˋʶ ʰ˄ʰˁ˂ʰˋˍʽˁʺ ʰˁˍʺ, 
ʶ˄ʵʽʱ˃ʶˋʰ ˋˍʱʵʽʰ : 2. ʃʰˊʱ˂˂ʹ˂ʹ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˊʱʲʵˇˌΣ 3. ʄˎʻ˃ʽˁʺ ˊʱʲʵˇˌ ˁʰʽ ʰˁˍʺΣ 4.Eɹ ˁʱˊˋʽʰ 
ˊʱʲʵˇˌ ˁʰʽ ˊʶˏ˃ʰ ʁ ˉʰ˄ʰ˒ˇˊʱˌΣ 5 . ɳˉʾˉʶʵˇ ˔ʰ˃ʹ˂ʺˌ ˉʰ˂ʾˊˊˇʽʰˌ (Short and Woodroffe, 2009). 

 

ʁʽ Castelle et alΦ όнлмлύ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʰ˄ ʷ˄ʰ ˍˊʽˋʵʽʱˋˍʰˍˇ ʶˊʴʰˋˍʹˊʽʰˁˈ ˉʶʾˊʰ˃ʰ (ɳʽˁˈ˄ʰ 12) 

ʴʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍ˖˄ ˃ʹ˔ʰ˄ʽˋ˃˗˄ ˊʶˎ˃ʱˍ˖˄ ʶˉʰ˄ʰ˒ˇˊʱˌ ˎˉˈ ˃ʶˍʰʲʰ˂˂ˈ˃ʶ˄ˇ ʰ˃˃˗ʵʹ 

ˉˎʻ˃ʷ˄ʰΣ ˋˍʽˌ ʶʴˁʰˍʰˋˍʱˋʶʽˌ ARTELIA /SOGREAH (LHF, GπINPΣ ɱʰ˂˂ʾʰύΣ ʲʰˋʽˋ˃ʷ˄ˇ ˋˍʹ˄ ʶˊʴʰˋʾʰ 

ˍ˖˄ Wright ˁʰʽ Short (мфупύΦ ɳ˒ʰˊ˃ˈˋˍʹˁʰ˄ ʰˉˇʻʶˍʽˁʷˌ ˁʰʽ ʵʽʰʲˊ˖ˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ 

ʰˁʰ˄ˈ˄ʽˋˍ˖˄ ˁˎ˃ʰˍʽˋ˃˗˄Σ ʶ˄˗ ˍʰ ˉʶʽˊʱ˃ʰˍʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ʰ˄ ˈ˂ʰ ˍʰ ˋˍʱʵʽʰ ʶ˅ʷ˂ʽ˅ʹˌ ʰˁˍʺˌΦ ʆʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʷʵʶʽ˅ʰ˄ ˈˍʽ ˇ ˊˎʻ˃ˈˌ ˃ʶˍʰʲˇ˂ʺˌ ˁʰʽ ʹ ʰˁˇ˂ˇˎʻʾʰ ˍ˖˄ ˁˎ˃ʰˍʽˁ˗˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˋˍˇ˄ ˁˎ˃ʰˍʽˋˍʺˊʰΣ ʷ˔ʶʽ ʱ˃ʶˋʹ ʶˉʾˉˍ˖ˋʹ ˋˍʹ˄ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ʴʶ˖˃ʶˍˊʾʰˌ 

ˉˎʻ˃ʷ˄ʰ. ɾʶ ʱ˂˂ʰ ˂ˈʴʽʰ ˃ʶˍʰʲʱ˂˂ˇ˄ˍʰˌ ˃ʷˋʰ ˋʶ ˃̔ ˁˊˈ ˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ (1-3 ˗ˊʶˌύ ˍʽˌ 

ʶˉʽˁˊʰˍˇˏˋʶˌ ʶ˄ʶˊʴʹˍʽˁʷˌ ˁˎ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌΣ ʹ ʲʰʻˎ˃ʶˍˊʽˁʺ ʶ˅ʷ˂ʽ˅ʹ ʶˉʽˍʰ˔ˏ˄ʶˍʰʽ 

ˋʹ˃ʰ˄ˍʽˁʱ ˁʰʻ˗ˌ ˇ h˃ ˃˗ʵʹˌ ˉˎʻ˃ʷ˄ʰˌ ʵʶ˄ ˉˊˇ˂ʰʲʰʾ˄ʶʽ ˄ʰ ˘h ʴʴʾ˅ʁὩ ˍˇ ˋʹ˃ʶʾˇ ʽˋˇˊˊˇˉʾʰˌ 

ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʽˌ ʶˁʱˋˍˇˍʶ ˋˎ˄ʻʺˁʶˌ ˁˏ˃ʰˍˇˌΦ ɮˎˍˈ ʺˍʰ˄ ˍˇ ˉˊ˗ˍˇ ˍˊʽˋʵʽʱˋˍʰˍˇ 
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ʶˊʴʰˋˍʹˊʽʰˁˈ ˉʶʾˊʰ˃ʰ ˉˇˎ ˉʰˊʶʾ˔ʶ ʶˁˍʶ˄ʶʾˌ ˃ʶˍˊʺˋʶʽˌ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁʰʽ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ 

ʰˁˍʺˌ ˋʶ ˈ˂ʰ ˍʰ ˋˍʱɻ ʽʰ ˁʰʽ ˎˉˇˋˍʱʵʽʰ ˃ʶˍʱʲʰˋʹˌΦ ɶ ʵʽʶˊʶˏ˄ʹˋʹ ˍ˖˄ ˎʵˊˇ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ 

˒ʰʽ˄ˇ˃ʷ˄˖˄ ʰˉˇˁʱ˂ˎ˕ʶ ˍʹ˄ ʷ˄ˍˇ˄ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˃ʶˍʰ˅ˏ ˉˇ˂˂˗˄ ˃ʹ˔ʰ˄ʽˋ˃˗˄ ʰ˄ʱʵˊʰˋʹˌ 

ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʽˌ ˁˎˁ˂ˇ˒ˇˊʾʶˌ ˊʶˎ˃ʱˍ˖˄ ʶˉʰ˄ʰ˒ˇˊʱˌ ˁʰʻˇʵʹʴˇˏ˃ʶ˄ʰ ʰˉˈ ˍʰ ˁˏ˃ʰˍʰΣ ˍʹ 

˃ʶˍʰ˒ˇˊʱ ʽʸʹ˃ʱˍ˖˄ ˁʰʽ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ ʲˎʻˇˏΦ 

 

 

 

ɳʽˁˈ˄ʰ 12 ʃʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ˁʰʽ ʶʴˁʰˍʰˋˍʱˋʶʽˌ ʴʽʰ ˍʽˌ ˒ˎˋʽˁʷˌ ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ ˍ˖˄ Castelle et al., 
2010. 

 

ɮˊʽʻ˃ʹˍʽˁʺ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍ˖˄ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌ ς 
ʰ˃˃˗ʵˇˎˌ ʲˎʻˇˏ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʰˊ˔ʷˌ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹˌ 

ɱʽʰ ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ˃ʶ˂ʷˍʹ ʰˎˍˇˏ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ 

ˁˎˁ˂ˇ˒ˇˊʾʰˌ - h ˃˃˗ʵˇˎˌ ˉˎʻ˃ʷ˄ʰΣ ʰ˅ʽˇˉˇʽʺʻʹˁʶ ʷ˄ʰ ʰˊʽʻ˃ʹˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ ʲʰˋʽˋ˃ʷ˄ˇ ˍˈˋˇ ˋʶ 

ʶ˅ʽˋ˗ˋʶʽˌ ˊʹ˔˗˄ ˄ʶˊ˗˄Σ ˈˋˇ ˁʰʽ ˋʶ ˃ʽʰ ˃ʰʻʹ˃ʰˍʽˁʺ ˉˊˇˋʷʴʴʽˋʹ ʴʽʰ ˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ 

ʲʰʻˎ˃ʶˍˊʽˁʺˌ ʶ˅ʷ˂ʽ˅ʹˌΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʰˊ˔ʷˌ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹˌ όBouharguane and 

Mohammadi, 2013; Mohammadi and BouchetteΣ нлмпύΦ ʁʽ ʰˊ˔ʷˌ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹˌ ʷ˔ˇˎ˄ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʰˊˁʶˍʷˌ ˒ˇˊʷˌ ˋˍˇ ˉʰˊʶ˂ʻˈ˄ ʴʽʰ ˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˉˊˇˋˍʰˍʶˎˍʽˁ˗˄ ʷˊʴ˖˄ ˁʰˍʱ 

ˍʹˌ ˉʰˊʱˁˍʽʰˌ ʵʽʱʲˊ˖ˋʹˌ όAzerad et al., 2005), (Isebe et alΦΣ нллуύΦ ʅʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍʰ 

ˉˊˇʴʶ˄ʷˋˍʶˊʰ ʷˊʴʰΣ ˈˉˇˎ ˇʽ ˉˊˇˌ ˃ʶ˂ʷˍʹ ʵˇ˃ʷˌ ʺˍʰ˄ ʰ˄ʶ˅ʱˊˍʹˍʶˌ ʰˉˈ ˍˇ ˔ˊˈ˄ˇΣ ʹ ˉʰˊˇˏˋʰ 

˃ʷʻˇʵˇˌ ˉˊˇ˔˖ˊʱ ʷ˄ʰ ʲʺ˃ʰ ˉʰˊʰˉʷˊʰ ʵʾ˄ˇ˄ˍʰˌ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˋˍʹ ʵˇ˃ʺ ˄ʰ ʰ˂˂ʱʸʶʽ ˃ʶ ˍˇ 

˔ˊˈ˄ˇΦ ɮ˅ʾʸʶʽ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ʹ ʻʶ˃ʶ˂ʽ˗ʵʹˌ ˎˉˈʻʶˋʹ ʰˎˍʺˌ ˍʹˌ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹˌ ˃ʶʻˈʵˇˎ 

ʶʾ˄ʰʽ ˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ʹ ʲʰʻˎ˃ʶˍˊʾʰ ˉˊˇˋʰˊ˃ˈʸʶˍʰʽ ˋˍʹ ˊˇʺ ˃ʶ ˁʱˉˇʽˇ ʶʾʵˇˌ ʲʷ˂ˍʽˋˍʹˌ 

˃ʶˍʰ˒ˇˊʱˌ ʱ˃˃ˇˎ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶ˂ʰ˔ʽˋˍˇˉˇʽʹʻʶʾ ˃ʾʰ ʷˁ˒ˊʰˋʹ ʶ˄ʷˊʴʶʽʰˌΦ ʁʽ ˔ˊˇ˄ʽˁʷˌ 
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ˁ˂ʾ˃ʰˁʶˌ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌ ʶʾ˄ʰʽ ˁʱˍ˖ ʰˉˈ ʷ˄ʰ ˃ʺ˄ʰ ˁʰʽ ˇʽ ʰ˄ʰˁˍʺˋʶʽˌ ˃ʶˍʰ˅ˏ ˁʰˍʰʽʴʾʵ˖˄ ʺ 

ʶˉˇ˔ʽʰˁ˗˄ ˁʰʽ ʵʽʰ˔ˊˇ˄ʽˁ˗˄ ˃ʶˍʰʲ˂ʹˍ˗˄ ʶʾ˄ʰʽ ʶˁˍˈˌ ˍˇˎ ˉʶʵʾˇˎ ʶ˒ʰˊ˃ˇʴʺˌΦ 

ɱʽʰ ˍʽˌ ʰ˄ʱʴˁʶˌ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄ ʰ˅ʽˇˉˇʽʺʻʹˁʶ ʹ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ 

ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ ˉˇˎ ˉʶˊʽʶʴˊʱ˒ʹˁʶ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌ (ɳʽˁˈ˄ʰ 12ύ ˃ʶ ˃ ʷˋˇ ʲʱʻˇˌ ˄ʶˊˇˏ h0= 

0,765 mΣ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˋˎʴˁˊʽʻˇˏ˄ ˍʰ ʰˊʽʻ˃ʹˍʽˁʱ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ h ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʱ 

˃ʶˍˊʹʻʷ˄ˍʰ ˎʵˊˇʵˎ˄ʰ˃ʽˁ ɦˁʰʽ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱΦ ʁʽ ʾʵʽʶˌ ˁˎ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ 

˃ʶ ʰˎˍʷˌ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌ ʶ˒ʰˊ˃ˈˋˍʹˁʰ˄ ˋˍˇ ʰ˄ˇʽ˔ˍˈ ̍ ˊʽˇΣ ʶˉˇ˃ʷ˄˖ˌΣ ʹ ˋˎ˄ˇ˂ʽˁʺ ʵʽʱˊˁʶʽʰ ˍʹˌ 

ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌ όфсΣп ˗ˊʶˌύ ˔˖ˊʾˋˍʹˁʶ ˋʶ н ˒ʱˋʶʽˌΣ ˍʽˌ сн ˗ˊʶˌ ˍʹˌ ʰˁˇ˂ˇˎʻʾʰˌ ˁˎ˃ʱˍ˖˄ 

ʰˉˈʻʶˋʹˌ ˃ʶ ˋˎ˄ʻʺˁʶˌ ɶ-ʺˉʽ˖˄ ˁˏ˃ʰˍˇˌ όHs = 18 cm / T p = 3,5 sύ ˁʰʽ опΣп ˗ˊʶˌ ˍʹˌ 

ʵʽʰʲˊ˖ˍʽˁʺˌ ʰˁˇ˂ˇˎʻʾʰˌ ˃ʶ ˋˎ˄ʻʺˁʶˌ ɳ-ʶ˄ʶˊʴˇˏ ˁˏ˃ʰˍˇˌ όHs = 23 cm / T p = 2,3 s).  

 

ɱʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˁʰʽ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ ˉˊˇ˒ʾ˂ ˍʹˌ ʰˁˍʺˌΣ 

ˍ̌ ˁ ˎ˃ʰˍʽˁ ̍ˁ ˂ʾ˃ʰ ˍ˖˄ ˉʶʽˊʰ˃ʱˍ˖˄ ʰ˄ʰˉʰˊʱ˔ʻʹˁ ʁh ˊʽʻ˃ʹˍʽˁʱΦ ɾˈ˄ˇ ʹ ˉʶˊʽˇ˔ʺ ˃ʶˍʰ˅ˏ с Җ x Җ 

26 m ˂ʺ˒ʻʹˁʶ ˎˉˈ˕ʹΣ ˈˉˇˎ ʶˁˍʶʾ˄ʶˍʰʽ ˇ ʰ˃˃˗ʵʹˌ ˉˎʻ˃ʷ˄ʰˌ ˁʰʽ ˈˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ 

ˉʶʽˊʰ˃ʰˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌ όɳʽˁˈ˄ʰ 12). ʁ ̔ɳʽˁˈ˄ʰ 13 ˁʰʽ ɳʽˁˈ˄ʰ 14 ʰˉˇˍˎˉ˗˄ˇˎ˄ ˍʹ ˋˏʴˁˊʽˋʹ 

ˉʶʽˊʱ˃ʰˍˇˌ ς ˃ˇ˄ˍʷ˂ˇˎ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ʲʰʻˎ˃ʶˍˊʾʰˌ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ 

ʺˉʽ˖˄κʰˉˇʻʶˍʽˁ˗˄ ˁˎ˃ʰˍʽˋ˃˗˄ όaccretive wave sequenceύ ˁʰʽ ʶ˄ʶˊʴʹˍʽˁ˗˄ ˁˎ˃ʰˍʽˋ˃˗˄ 

(erosive wave sequence). ʆˇ ˉʽˇ ʶ˄ˍˎˉ˖ˋʽʰˁˈ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ʰˎˍ˗˄ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄Σ 

ʶʾ˄ʰʽ ˈˍʽ ʹ ˔ˊˇ˄ʽˁʺ ʶ˅ʷ˂ʽ˅ʹ ˍʹˌ ʴʶ˖˃ʶˍˊʾʰˌ ˉˎʻ˃ʷ˄ʰΣ ʰˁˇ˂ˇˎʻʶʾ ˍʹ˄ ʾʵʽʰ ʰˁˇ˂ˇˎʻʾʰ ˃ʶ ʰˎˍʺ 

ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌΦ  

 

ɼʰˍʱ ˍʹ˄ ˉˊ˗ˍʹ ˒ʱˋʹΣ ˉʰˊʰˍʹˊʺʻʹˁʶ ˃ʾʰ ˋˎ˄ˇ˂ʽˁʺ ˍʱˋʹ ʰˉˈʻʶˋʹ ̩ (accretionύ ˃ʶ 

ˉʰˊʱ˂˂ʹ˂ʹ ʰˏ˅ʹˋʹ ˍ̌ ˎ ˏ˕ˇˎˌκˋˍʱʻ˃ʹˌ ˍˇˎ ʰ˃˃˗ʵˇˎˌ ˉˎʻ˃ʷ˄ʰ όbottom elevation) ʴʽʰ ˃ʽʰ 

˔ˊˇ˄ʽˁʺ ˉʶˊʾˇʵˇ сн ˖ˊ˗˄ ʺˉʽ˖˄ ˁʰʽ ˃ʰˁˊ˗˄ ˁˎ˃ʱˍ˖˄ όHm0 = 18 cm / T p = 3,5 sύΦ ɼʰˍʱ ˍʹ 

ʵʽʱˊˁʶʽʰ ʰˎˍˇˏ ˍˇˎ ˋˍʰʵʾˇˎΣ ˍʰ ʰˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵʶʾ˔˄ˇˎ˄ ˃ʽʰ ˃ʶˍʰˍˈˉʽˋʹ ˍ˖˄ 

ʽʸʹ˃ʱˍ˖˄ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˃ ʁˉʰˊʱ˂˂ʹ˂ʹ ʷ˄ˍˇ˄ʹ ʵʽʱʲˊ˖ˋʹ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍ˖˄ ʲʰʻʷ˖˄ ˎʵʱˍ˖˄ 

(offshore) (x Җмл m)(ɳʽˁˈ˄ʰ 13)Φ ɱʽʰ ˍˇ ˋʶ˄ʱˊʽˇ ʰˎˍʺˌ ˍʹˌ ʺˉʽʰˌ ˁˎ˃ʰˍʽˁʺ ̩ʰˁˇ˂ˇˎʻʾʰ,̩  ́

ˋˏʴˁˊʽˋʹ ˍʹˌ ʰˊʽʻ˃ʹˍʽˁʱ ˎˉˇ˂ˇʴʽʸˈ˃ʶ˄ʹˌ ʲʰʻˎ˃ʶˍˊʾʰˌ ˃ʶ ʰˎˍʺ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌΣ ʵʶʾ˔˄ʶʽ ˈˍʽ ʹ 

ʰˉˈʻʶˋʹ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʶˎˊʹ˃ʱˍ˖˄ ʶʾ˄ʰʽ ˉʽˇ ʷ˄ˍˇ˄ʹ ˁʰʽ ʶˉʶˁˍʶʾ˄ʶˍʰʽ 

ˉʶˊʰʽˍʷˊ˖ ˉˊˇˌ ˍʹ ʲʰʻʽʱ ˏʵʰˍʰ.  

 

ʅ˔ʶˍʽˁʱ ˃ʶ ˍˇ ʵʶˏˍʶˊˇ ˋˍʱʵʽˇ ˃ʶˍʰ˅ˏ сн ҖT ҖфсΣп ˖ˊ˗˄ ˃ʶ ˋˎ˄ʻʺˁʶˌ ɳ-ʶ˄ʶˊʴˇˏ ˁˏ˃ʰˍˇˌ ˁʰʽ 

ʲˊh˔ʶʾʰˌ ˉʶˊʽˈʵˇˎ ˁˏ˃ʰˍˇˌ όHm0 = 23 cm / T p = 2,3 sύΣ ˉˊˇˁˏˉˍʶʽ ˃ʽʰ ˋˎ˄ˇ˂ʽˁʺ ˍʱˋʹ 

ʵʽʱʲˊ˖ˋʹ,̩ ɹ ʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˉˊˇʲ˂ʷ˕ʶ˖˄Φ ʂˉ˖ˌ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 

14Σ ˍˇ ˋˏˋˍʹ˃ʰ ˊʱʲʵ˖˄ ʱ˃˃ˇˎ όsandbar system) ˃ʶˍʰˍˇˉʾˋˍʹˁʶ ˉˊˇˌ ˍʰ ʲʰʻʽʱ ˏʵʰˍʰΦ ɶ 
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ˋˏʴˁˊʽˋʹ ˃ʶ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰΣ ʰˉˇʵʶʽˁ˄ˏʶʽ ˈˍʽ ʹ ʵʽʱʲˊ˖ˋʹ ʶʾ˄ʰʽ ˂ʽʴˈˍʶˊˇ ʷ˄ˍˇ˄ʹ 

ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˁʰʽ ʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ʽʸʺ˃ʰˍˇˌ ˋˍˇ 

ˍ˃ʺ˃ʰ x Җс ʶʾ˄ʰʽ ˎ˕ʹ˂ˈˍʶˊʹ ʰˉˈ ʰˎˍʺ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌΦ 

 

 

ɳʽˁˈ˄ʰ 13 ʃʶʽˊʰ˃ʰˍʽˁʱ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶ˅ʷ˂ʽ˅ʹˌ ʲʰʻˎ˃ʶˍˊʾʰˌ ˁʰˍʰ ˍʹ ʵʽʱˊˁʶʽʰ 
ʺˉʽ˖˄κʰˉˇʻʶˍʽˁ˗˄ ˁˎ˃ʰˍʽˋ˃˗˄ όaccretive wave sequenceύΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ 
˒ˈˊ˃ˇˎ˂ʰ ˍ˖˄ Bouharguane and Mohammadi, 2013. 

 

 

ɳʽˁˈ˄ʰ 14 ʃʶʽˊʰ˃ʰˍʽˁʱ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶ˅ʷ˂ʽ˅ʹˌ ʲʰʻˎ˃ʶˍˊʾʰˌ ˁʰˍʰ ˍʹ ʵʽʱˊˁʶʽʰ 
ʶ˄ʶˊʴʹˍʽˁ˗˄ ˁˎ˃ʰˍʽˋ˃˗˄ όerosive wave sequenceύΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ˒ˈˊ˃ˇˎ˂ʰ ˍ˖˄ 
Bouharguane and Mohammadi, 2013. 
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ɮˊʽʻ˃ʹˍʽˁʷ ̩ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˃ʹ˔ʰ˄ʽˋ˃˗˄ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ 
ˋʶ ˊʹ˔ˈ ˁʰʽ ˋˏ˄ʻʶˍˇ ʻʰ˂ʱˋˋʽˇ ˉˎʻ˃ʷ˄ʰ ˃ʶ ʲʱˋʹ ʹ˃ʽ-ʰˋˍʰʻʶʾ̩ ̄ˊˇˋʶʴʴʽˋˍʽˁʷˌ 
ˋ˔ʷˋʶʽˌ. 

ɾʾh ʵʶˏˍʶˊʹ ʰˊʽʻ˃ʹˍʽˁʺ ˉˊˇˋʷʴʴʽˋʹΣ ʲʰˋʽˋ˃ʷ˄ʹ ˋˍʽˌ ˋˎ˃ʲʰˍʽˁʷˌ ˋ˔ʷˋʶʽˌ ʴʽʰ ˍʹ ʵˎ˄ʰ˃ʽˁʺ 

ˍ˖˄ ʽʸʹ˃ʱˍ˖˄Σ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʶʵ˗ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄ ˁʰʽ 

ˍʹˌ ʲʰʻˎ˃ʶˍˊʽˁʺˌ ʶ˅ʷ˂ʽ˅ʹˌ ˎˉˈ ʵʽʰʲˊ˖ˍʽˁʷˌ ˁʰʽ ʰˉˇʻʶˍʽˁʷˌ ˁˎ˃ʰˍʽˁʷˌ ʰˁˇ˂ˇˎʻʾʶˌΦ ɱʽʰ ˍʽˌ 

ˎɻ ˊˇʵˎ˄ʰ˃ʽˁʷˌ ˉˊˇʲ˂ʷ˕ʶʽˌΣ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˃ʽʰ ˊˇˎˍʾ˄ʰ ˉˇˎ ˂ˏ˄ʶʽ ˍʽˌ ʵʽˋʵʽʱˋˍʰˍʶˌ ˃ʹ 

ʴˊʰ˃˃ʽˁʷˌ ʶ˅ʽˋ˗ˋʶʽˌ ˊʹ˔˗˄ ˄ʶˊ˗˄ όNSWE) (Marche and Bonneton, 2006), (Marche et al., 2007). 

ʅˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʷ˄ʰˌ ʰˊʽʻ˃ʹˍʽˁˈˌ 

ˁˎ˃ʰˍʽˋˍʺˊʰˌ - wave-maker ʴʽʰ ˍʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʴʷ˄ʶˋʹˌ ʰˁʰ˄ˈ˄ʽˋˍ˖˄ ˁˎ˃ʱˍ˖˄ 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˁʰˍʶˎʻˎ˄ˍʽˁʱ ˒ʰˋ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰΦ ʁ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˁʾ˄ʹˋʹˌ ʽʸʺ˃ʰˍˇˌ 

ʰ˅ʽˇ˂ˇʴʺʻʹˁʶΣ ˃ʷˋ˖ ʶ˄ˈˌ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ ˉʰˊˇˏˋʰˌ 

ʵʽʰˍˊʽʲʺˌ (Afentoulis et al., 2019), ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʹ˃ʽ-ʰˋˍʰʻʶʾˌ ˋ˔ʷˋʶʽˌ ˉˇˎ ˂ʰ˃ʲʱ˄ˇˎ˄ 

ˎˉˈ˕ʹ ˍʹ ˃ʹ ʴˊʰ˃˃ʽˁʺ ʶˉʾʵˊʰˋʹ ˍ˖˄ ˁˎ˃ʱˍ˖˄ ˋˍʹ˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ ˁʰʽ 

ˁʰˍΩʶˉʷˁˍʰˋʹ ˋˍˇ ˃ʹ˔ʰ˄ʽˋ˃ˈ ˋˍʶˊʶˇ˃ʶˍʰ˒ˇˊʱˌ (Ribberink 1998 ; Camenen and LarsonΩs 2005, 

2007, 2008 ; Soulsby 1997) (ɼʶ˒ʱ˂ʰʽˇ о : Formulas of Ribberink and Camenen ς Larson ˁʰʽ 

Formula of Soulsby-Van Rijn). ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʵˏˇ ˉʰˊʰˉʱ˄˖ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ʶʻˈʵ˖˄ 

ˋˎʴˁˊʾʻʹˁʰ˄ ˃ʶ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʶˎˊʺ˃ʰˍʰ ˍ˖˄ Castelle et al. (2010). 

 

H ɳ̔ˁ ˈ˄  h15 ʰˉʶʽˁˇ˄ʾʸʶʽ ˍˇ ˉʶʵʾˇ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˊʶˎ˃ʱˍ˖˄ ˃ʶˍʱ ʰˉˈ 1, 7, 30 ˁʰʽ 60 ˗ˊʶˌ 

ʵˊʱˋʹˌ ˁˏ˃ʰˍˇˌΣ ˁʰʽ ˍʽˌ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʲˎʻˇ˃ʶˍˊʽˁʷˌ ʰ˂˂ʰʴʷˌ ˋˍˇ ˔ˊˈ˄ˇ ʰˎˍˈ, ˎˉˈ ˋˎ˄ʻʺˁʶˌ 

ʺˉʽ˖˄ ˁʰʽ ˃ʰˁˊ˗˄ ˁˎ˃ʱˍ˖˄ όHm0 = 18 cm / T p = 3,5 s)Φ ɶ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ ʽʸʹ˃ʰˍˇʴʶ˄ˇˏˌ ˉˎʻ˃ʷ˄ʰ 

ʶʾ˄ʰʽ ˉʽˇ ʷ˄ˍˇ˄ʹ ˋˍʽˌ ʸ˗˄ʶˌ ˈˉˇˎ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋʹ˃ʰ˄ˍʽˁʷˌ ˔˖ˊʽˁʷˌ ʵʽʰʲʰʻ˃ʾˋʶʽˌ ˍʹˌ 

ˍʰ˔ˏˍʹˍʰˌΦ ɼˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺΣ ˍʰ ˊʶˏ˃ʰˍʰ ˃ʶ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ˉˊˇˌ ˍʰ ʰ˄ˇʽ˔ˍʱ ʶʾ˔ʰ˄ ˖ˌ 

ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ʰ˂˂ʰʴʺ ˍʹˌ ʲˎʻˇ˃ʶˍˊʽˁʺˌ ˇ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ˖ˌ ˉˊˇˌ ˍʹ˄ ˉʰˊʱˁˍʽʰ ˁʰˍʶˏʻˎ˄ˋʹ 

(Along-shore uniformity)Σ ˃ʶ ˋˎ˄ʰ˒ʶʾˌ ˋˎ˄ʻʺˁʶˌ ʵʽʱʲˊ˖ˋʹˌ ˁˇ˄ˍʱ ˋˍʰ ˉ˂ʶˎˊʽˁʱ ˈˊʽʰΦ ɮ˅ʾʸʶʽ ˄ ʰ 

ʰ˄ʰ˒ʶˊʻʶʾ ˉ˖ˌ ʹ ʰˊ˔ʽˁʺ ʴʶ˖˃ʶˍˊʾʰ ˃ʶ ˋˍʰʻʶˊʺ ˁ˂ʾˋʹ ʰˁˍʺˌ ʵʶ˄ ʶʾ˄ʰʽ ˘́ ʶʰ˂ʽˋˍʽˁʺΣ̆ ʶˉˇ˃ʷ˄˖ˌ 

ˍˇ ˋˏˋˍʹ˃ʰ ˁˏ˃ʰˍˇ-̩ˊʶˏ˃ʰˍˇˌ-ʻʰ˂ʱˋˋʽˇˎ ʲˎʻˇˏ ˍʶʾ˄ʶʽ ˄ʰ ʲˊʶʽ ˃ʽʰ ʽˋˇˊˊˇˉʾʰ ʰ˂˂ʱʸˇ˄ˍʰˌ ˍʽˌ 

ʲʰʻˎ˃ʶˍˊʽˁʷˌ ˁ˂ʾˋʶʽˌ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁ ˍΦ̋ ʍˌ ʶˁ ˍˇˏˍˇˎΣ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˍˊʽˋʵʽʱˋˍʰˍʰ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˋˍʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍˇˎ ˉˎʻ˃ʷ˄ʰ ˃ʶˍʱ ʰˉˈ ол ˗ˊʶˌ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌ (three-

dimensional structure of rhythmic topography)Φ ɮˎˍʺ ʹ ʴʶ˖˃ʶˍˊʾʰ ˃ʶˍʰʲʱ˂ʶʽ ˍʹ˄ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʰˁˍʺˌΣ ˈˉˇˎ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ́ ʶˏ˃ʰˍʰ ˃ʶ ˍʰ˔ˏˍʹˍʰ 

0,1 m/s. ʃʰˊʰˍʹˊʶʾˍʰʽ ʰˁˈ˃ʰ ˉ˖ˌ ʵʶ˄ ˎˉʱˊ˔ˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʷˌ ˃ʶˍʰʲˇ˂ʷˌ ˋˍʹ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ 

ˉˎʻ˃ʷ˄ʰ ˃ʶˍʰ˅ˏ ол ˁʰʽ сл ˖ˊ˗˄ ˁʰʽ ˋˎ˃ˉʶˊʰʾ˄ʶˍʰʽ ˈˍʽ ˇ ˊˎʻ˃ˈˌ ʲʰʻˎ˃ʶˍˊʽˁʺˌ ˃ʶˍʰʲˇ˂ʺˌ 

ʺˍʰ˄ ʰˊ˔ʽˁʱ ˎ˕ʹ˂ˈˌ ˁʰʽ ʶˉʽʲˊʰʵˏ˄ʻʹˁʶ ˁʰʻ˗ˌ ˉ˂ʹˋʾʰʸʶ ʹ ʽˋˇˊˊˇˉʾʰ ˖ˌ ˉˊˇˌ ˍʽˌ 
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ʶˉʽˁˊʰˍˇˏˋʶˌ ˁˎ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌΦ ɼˇ˄ˍʱ ˋˍˇ ˋˍʱʵʽˇ ʽˋˇˊˊˇˉʾʰˌΣ ˋ˔ʶˍʽˁʱ ʰˋʻʶ˄ʶʾˌ ˍʰ˔ˏˍʹˍʶˌ 

ˉʶˊʾˉˇˎ лΣлт m/s ̝ ʰˊʰˁˍʹˊʾʸˇˎ˄ ˍˇ ʶˉʰʴˈ˃ʶ˄ˇ ʰˉˈ ˍˇ ˁˏ˃ʰ ˉʶʵʾˇ ˊʶˏ˃ʰˍˇˌΦ 

 

H ɳʽˁˈ˄ʰ 16 ʰˉʶʽˁˇ˄ʾʸʶʽ ˍˇ ˉʶʵʾˇ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˊʶˎ˃ʱˍ˖˄ ˃ʶˍʱ ʰˉˈ мΣ рΣ мр ˁʰʽ ол ˗ˊʶˌ 

ʵˊʱˋʹˌ ˁˏ˃ʰˍˇˌΣ ˁʰʽ ˍʽˌ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʲˎʻˇ˃ʶˍˊʽˁʷˌ ʰ˂˂ʰʴʷˌ ˋˍˇ ˔ˊˈ˄ˇ ʰˎˍˈΣ ˎˉˈ ˋˎ˄ʻʺˁʶˌ ɳ-

ʶ˄ʶˊʴˇˏ ˁˏ˃ʰˍˇˌ ˁʰʽ ʲˊʰ˔ʶʾʰˌ ˉʶˊʽˈʵˇˎ ˁˏ˃ʰˍˇˌ όHm0 = 23 cm / T p = 2,3 s). ɶ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ 

ʽʸʹ˃ʰˍˇʴʶ˄ˇˏˌ ˉˎʻ˃ʷ˄ʰ ʶʾ˄ʰʽ ˉʽˇ ʷ˄ˍˇ˄ʹ ˋˍʽˌ ʸ˗˄ʶˌ ˈˉˇˎ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋʹ˃ʰ˄ˍʽˁʷˌ ˔˖ˊʽˁʷˌ 

ʵʽʰʲʰʻ˃ʾˋʶʽˌ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌΦ ʃʰˊʰˍʹˊʶʾˍʰʽ ˃ʽʰ ʷ˄ˍˇ˄ʹ ˁʾ˄ʹˋʹ ʽʸʺ˃ʰˍˇˌ ˉˊˇˌ ˍˇ ʰ˄ˇʽ˔ˍˈ ˈˊʽˇ 

ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ̱ ʹ̩ ɻ ʽʰʲˊ˖ˍʽˁʺ ̩h ˁˇ˂ˇˎʻʾʰΦ̩ ɶ ʷ˄ˍʰˋʹ ˁʰʽ ʹ ˁʰˍʶˏʻˎ˄ˋʹ ˍ˖˄ ˊʶˎ˃ʱˍ˖˄ ˉˇˎ 

ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ʰˉˈ ˍʰ ˁˏ˃ʰˍʰ ʶʾ˄ʰʽ ˁʰʻˇˊʽˋˍʽˁʷˌ ʴʽʰ ˍʽˌ ˃ˇˊ˒ˇ˂ˇʴʽˁʷˌ ʰ˂˂ʰʴʷˌ ˍˇˎ ʲˎʻˇˏ ˍʹˌ 

ʻʱ˂ʰˋˋʰˌΦ ɶ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˊˇʺ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ ʷ˄ʰ ˊʶˏ˃ʰ ʶˉʰ˄ʰ˒ˇˊʱˌ, ˃ ʶ ˍʰ˔ˏˍʹˍʰ 0,1 

m/s.  

 

 

ɳʽˁˈ˄ʰ 15 ɮˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶ˅ʷ˂ʽ˅ʹˌ ʲʰʻˎ˃ʶˍˊʾʰˌ ˁʰʽ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˁʰˍʰ ˍʹ 
ʵʽʱˊˁʶʽʰ ʺˉʽ˖˄ ˁ ˎ˃ʰˍʽˋ˃˗˄ όaccretive wave sequence) (Hm0 = 18 cm / T p = 3,5 s). 
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ɳʽˁˈ˄ʰ 16 ɮˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶ˅ʷ˂ʽ˅ʹˌ ʲʰʻˎ˃ʶˍˊʾʰˌ ˁʰʽ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˁʰˍʰ ˍʹ 
ʵʽʱˊˁʶʽʰ ʶ˄ʶˊʴʹˍʽˁ˗˄ ˁˎ˃ʰˍʽˋ˃˗˄ όerosive wave sequence) (Hm0 = 23 cm / T p = 2,3 s). 

 

ɶ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ ʲˎʻˇˏ ˋˍˇ ˍʷ˂ˇˌ ˍʹˌ ʰˎ˅ʹˍʽˁʺˌ ˁʰʽ ʵʽʰʲˊ˖ˍʽˁʺˌ ʰˁˇ˂ˇˎʻʾʰˌ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ 

ˍʽˌ ˋ˔ʷˋʶʽˌ ˍ˖˄ Ribberink ˁʰʽ Camenen ς Larson ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 17 όɼʶ˒ʱ˂ʰʽˇ о : 

Formulas of Ribberink and Camenen ς Larson ˁʰʽ Formula of Soulsby-Van Rijn)Φ ʁʽ ʰ˂˂ʰʴʷˌ ˍˇˎ 

ʲˎʻˇˏ ˋˍˇ ˍʷ˂ˇˌ ˁʱʻʶ ˋˍʰʵʾˇˎ ʶʾ˄ʰʽ ˍʹˌ ʾʵʽʰˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ ˃ʶ ʰˎˍʷˌ ˍ˖˄ ˉʶʽˊʰ˃ʱˍ˖˄, 

ʰˉˇʵʶʽˁ˄ˏˇ˄ˍʰˌ ˃ʶ ʰˎˍˈ ˍˇ ˍˊˈˉˇ ˍ ̌ˁˎˊʾʰˊ˔ ̌ˊˈ˂ˇ ˍ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˃ˇˍʾʲ˖˄ ˋˍʹ 

˃ˇˊ˒ˇ˂ˇʴʾʰ ˍʹˌ ʰˁˍʺˌΦ ʁʽ ˉʰˊʰˍʹˊˇˏ˃ʶ˄ʶˌ ʰˉˇˁ˂ʾˋʶʽˌ ˍʹˌ ˍʶ˂ʽˁʺˌ ʴʶ˖˃ʶˍˊʾʰˌ ˍˇˎ ˉˎʻ˃ʷ˄ʰ 

ˉʶʽˊʱ˃ʰˍˇˌ ˁʰʽ ˃ˇ˄ˍʷ˂ˇˎΣ ʶʾ˄ʰʽ ˃ʶˍʰ˅ˏ -0,1 m ˁʰʽ ҌлΣм m. ɳˉˇ˃ʷ˄˖ˌΣ ʶˉʽˍʶˏ˔ʻʹˁʶ ˃ʽʰ ˁʰ˂ʺ 

ˋˎ˃˒˖˄ʾʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ 
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ɳʽˁˈ˄ʰ 17 ʃʶʽˊʰ˃ʰˍʽˁʱ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶ˅ʷ˂ʽ˅ʹˌ ʲʰʻˎ˃ʶˍˊʾʰˌ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ 
ʺˉʽ˖˄κʰˉˇʻʶˍʽˁ˗˄ ˁˎ˃ʰˍʽˋ˃˗˄ όaccretive wave sequence) (ˉʱ˄˖) ˁʰʽ ʶ˄ʶˊʴʹˍʽˁ˗˄ ˁˎ˃ʰˍʽˋ˃˗˄ 
(erosive wave sequence) (ˁʱˍ˖)Σ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˃ʾʰ ʰˊʽʻ˃ʹˍʽˁʺ ˒ˈˊ˃ˇˎ˂ʰ ʲʰˋʽˋ˃ʷ˄ʹ ˋˍʽˌ 
ˋˎ˃ʲʰˍʽˁʷˌ ˋ˔ʷˋʶʽˌ ʴʽʰ ˍʹ ʵˎ˄ʰ˃ʽˁʺ ˍ˖˄ ʽʸʹ˃ʱˍ˖˄Φ 

 

ʂˉ˖ˌ ʷ˔ʶʽ ʺʵʹ ˋˎʸʹˍʹʻʶʾ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌ ˋʶ ʰˎˍʺ ˍʹ ʵʽʰˍˊʽʲʺΣ ˍˇ ˁˏˊʽˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ʷˊʶˎ˄ʰˌ 

ʶʾ˄ʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ʶ˄ˈˌ ʰ˅ʽˈˉʽˋˍˇˎ ʶˊʴʰ˂ʶʾˇˎ ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍʹˌ ˉʰˊʱˁˍʽʰˌ ˃ʶˍʰ˒ˇˊʱˌ 

ʽʸʹ˃ʱˍ˖˄ ˁʰʽ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌΦ ɶ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰ ˁʰʽ ʹ ʰʲʶʲʰʽˈˍʹˍʰ ˍ˖˄ ʵʽʰ˒ˈˊ˖˄ ̄ ʰˊʱˁˍʽ˖˄ 

˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄ ʶʾ˄ʰʽ ˍˈˋˇ ʷ˄ˍˇ˄ʹ ˉˇˎ ˇʽ ˉˊˇʲ˂ʷ˕ʶʽˌ ˊˇ˗˄ ʽʸʺ˃ʰˍˇ ̩˃ˉˇˊˇˏ˄ ˄ʰ 

ʻʶ˖ˊʹʻˇˏ˄ ʽˁʰ˄ˇˉˇʽʹˍʽˁʷˌΣ ʰˁˈ˃ʰ ˁʰʽ ʰ˄ ʶ˃ˉʶˊʽʷ˔ˇˎ˄ ʷ˄ʰ ˃ʶʴʱ˂ˇ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰʲʶʲʰʽˈˍʹˍʰˌΣ 

ʶʽʵʽˁʱ ʶʱ˄ ˉˊˈˁʶʽˍʰʽ ʴʽʰ ˃ʶˍˊʺˋʶʽˌ ˉʶʵʾˇˎΦ ʍˋˍˈˋˇΣ ˋˍʽˌ ˃ʷˊʶˌ ˃ʰˌΣ ˇʽ ˋˏʴ˔ˊˇ˄ʶˌ ˍʶ˔˄ʽˁʷˌ 

ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʹ ̩ɻ ʽʰ˔ʶʾˊʽˋʹ ˉʰˊʱˁˍʽ˖˄ ʸ˖˄˗˄ ˁʰʽ h ˁˍ˗˄ ʰˉʰʽˍˇˏ˄ ˃ʾʰ ˊʶʰ˂ʽˋˍʽˁʺ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ 

˒ˇˊˍʾ˖˄ ʽʸʹ˃ʱˍ˖˄Σ ˉʰˊʱ ˍˇ ʰˎ˅ʹ˃ʷ˄ˇ ʶˉʾˉʶʵˇ ʰʲʶʲʰʽˈˍʹˍʰˌΦ  
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ʍˌ ʶˁ ˍˇˏˍˇˎΣ ˋʶ ʰˎˍʺ ˍʹ˄ ʶ˄ˈˍʹˍʰΣ ˉˇˎ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ о ˍʹˌ ˉʰˊˇˏˋʰˌ 

ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺ όNumerical assessments of sandbar systems and rip channel dynamics), 

ʷʴʽ˄ʶ ˃ʽʰ ˉˊˇˋˉʱʻʶʽʰ ˄ʰ ʰˎ˅ʺˋˇˎ˃ʶ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˁʰˍʰ˄ˈʹˋʹˌ ˍʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ˁˏ˃ʰˍˇˌ-

ʰ˃˃˗ʵˇˎˌ ˉˎʻ˃ʷ˄ʰ ˔˖ˊʾˌ ˍʹ˄ ˉʰˊˇˎˋʾʰ ˉʰˊʱˁˍʽ˖˄ ʷˊʴ˖˄Φ ʆʰ ʰˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ʶˉʽʲʶʲʰʽ˗ʻʹˁʰ˄ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʶˎˊʺ˃ʰˍʰ ˍ˖˄ Michaellet et al., (2013)Σ ʶ˄˗ 

˔́ ʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʵˏˇ ʵʽʰˁˊʽˍʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌ ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍʹˌ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ ˍ˖˄ 

ʰˁˍ˗˄ ˁʰʽ ʽʵʽʰʾˍʶˊʰ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍ˖˄ ˃ʶˍʰʲˇ˂˗˄ ˍˇˎ ˁ˂ʾ˃ʰˍˇˌ ˍ˖˄ ˁˎ˃ʱˍ˖˄ ˋˍʹ ˃ˇˊ˒ˇ˂ˇʴʾʰΦ 

ɶ ˉˊ˗ˍʹ ʰˊʽʻ˃ʹˍʽˁʺ ˃ʷʻˇʵˇˌ (Numerical assessment of flow-seabed interactions using 

minimization principles.)Σ ʹ ˇˉˇʾʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʶʵ˗Σ ʲʰˋʾʸʶˍʰʽ ˋʶ ʰˊ˔ʷˌ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹˌ 

ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍʹˌ ˉʰˊʱˁˍʽʰˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ (Bouharguane and Mohammadi, 2013; 

Mohammadi and Bouchette, 2014)Φ ɮˎˍʺ ʹ ʰˊʽʻ˃ʹˍʽˁʺ ˃ʷʻˇʵˇˌ ˉʰˊʶʾ˔ʶ ʰ˅ʽˈˉʽˋˍʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ˋ˔ʶˍʽˁʱ ˃ʶ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍ˖˄ ʸ˖˄˗˄Σ ˋˍʽˌ ˇˉˇʾʶˌ ʶˉʽˁˊʰˍʶʾ ʰˉˈʻʶˋʹ ʺ 

ʵʽʱʲˊ˖ˋʹΦ ʍˋˍˈˋˇΣ ˇ ˉʶˊʽˇˊʽˋ˃ˈˌ ʰˎˍˇˏ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ʰ˄ʰˉʰˊʰʴ˖ʴʺ ʶ˄ˈˌ 

ˊʶʰ˂ʽˋˍʽˁˇˏ ˁˎ˃ʰˍʽˁˇˏ ˁ˂ʾ˃ʰˍˇˌΣ ʵˎˋ˔ʶˊʰʾ˄ʶʽ ˍʹ˄ ʰˁˊʽʲʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˊʶˎ˃ʱˍ˖˄ ˁˇ˄ˍʱ ˋˍʹ˄ 

ʰˁˍʺΦ ʂˋˇ˄ ʰ˒ˇˊʱ ˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ ˍʶ˂ʽˁʺˌ ʴʶ˖˃ʶˍˊʾʰˌ ˉˎʻ˃ʷ˄ʰΣ ʶˉʽˍʶˏ˔ʻʹˁʶ ˃ʾʰ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ 

ˋˎ˃˒˖˄ʾʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁʱ ˎˉˇ˂ˇʴʽˋ˃ʷ˄˖˄ ˁʰʽ ˍ˖˄ ˃ʶˍˊˇˏ˃ʶ˄˖˄ ˉʰˊʰ˃ʷˍˊ˖˄Φ ɮˎˍˈ 

˃ˉˇˊʶʾ ˄ʰ ˇʵʹʴʺˋʶʽ ˋˍˇ ˋˎ˃ˉʷˊʰˋ˃ʰ ˈˍʽ ʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʰˊʽʻ˃ʹˍʽˁʺ ˍʶ˔˄ʽˁʺ ˃ˉˇˊʶʾ ˄ʰ 

ˉʰˊʷ˔ʶʽ ʰˁˊʽʲʺ ˉˊˈʲ˂ʶ˕ʹ ʴʽʰ ˃ˇ˄ˇʵʽʱˋˍʰˍʶˌ ʶ˒ʰˊ˃ˇʴʷˌ ˃ʷˋˇˎ ʲʱʻˇˎˌ όмDH cross-shoreύΣ ˃ʶ 

ʺ ˔˖ˊʾˌ ˍʹ˄ ˉʰˊˇˎˋʾʰ ˉʰˊʱˁˍʽ˖˄ ʷˊʴ˖˄Φ 

 

ɴ˄ʰ ʰˁˈ˃ʰ ʰˊʽʻ˃ʹˍʽˁˈ ˋˏ˄ʻʶˍˇ ˃ˇ˄ˍʷ˂ˇ (Numerical approaches for the evaluation of 

sediment transport mechanisms on a shallow sloping sea bottom based on quasi-steady 

approximations.)Σ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˋʶ ʰˎˍʺ ˍʹ˄ ʶ˄ˈˍʹˍʰ ʴʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ 

ˁʰʽ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ʵʽˋʵʽʱˋˍʰˍ˖˄ ʶ˒ʰˊ˃ˇʴ˗˄ ˃ʷˋˇˎ ʲʱʻˇˎˌ нDHΣ ˃ʶ ʲʱˋʹ ˍʽˌ 

˃ʹ ʴˊʰ˃˃ʽˁʷˌ ʶ˅ʽˋ˗ˋʶʽˌ ˊʹ˔˗˄ ˎʵʱˍ˖˄ όNSWEύΣ ʶ˄˗ ˉʰˊʱ˂˂ʹ˂ʰ ʴʽʰ ˍʽˌ ʰ˄ʱʴˁʶˌ ˍˇˎ ˋˏ˄ʻʶˍˇˎ 

˃ˇ˄ˍʷ˂ˇˎΣ ˋˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʶˊʴʰˋʾʰˌ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʷ˄ʰ ˄ʷˇ ˃ˇ˄ˍʷ˂ˇ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ ˁʰʽ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ, ̄ ˇˎ ˋˎʸʶˏ˔ʻʹˁʶ ˃ʶ ˍˇ ˎʵˊˇʵˎ˄ʰ˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇΦ ɮˎˍʺ ʹ 

ʰˊʽʻ˃ʹˍʽˁʺ ˃ʷʻˇʵˇˌ ˃ˉˇˊʶʾ ˄ʰ ʶˉʽˍˏ˔ʶʽ ˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ ˍʹˌ ˋˎ˄ʵˎʰˋ˃ʷ˄ʹˌ ʵˊʱˋʹˌ ˁˎ˃ʱˍ˖˄ - 

ˊʶˎ˃ʱˍ˖˄ ˁʰʽ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍ˖˄ ʶˉʽʵˊʱˋʶ˖˄ ˃ʹ ʴˊʰ˃˃ʽˁ˗˄ ˁˎ˃ʱˍ˖˄ ˋˍˇˎˌ ˊˎʻ˃ˇˏˌ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄. ɾʶ ˍʹ ˔ˊʺˋʹ ˍˇˎ ˋˎʸʶˎʴ˃ʷ˄ˇˎ ˃ˇ˄ˍʷ˂ˇˎ ʵʽʶˊʶˎ˄ʺʻʹˁʰ˄ ˇʽ ʵʽʰʵʽˁʰˋʾʶˌ 

ʵʽʱʵˇˋʹˌ ˁˏ˃ʰˍˇˌ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺΣ ʹ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰΣ ʹ ˃ʶˍʰ˒ˇˊʱ ʽʸʺ˃ʰˍˇˌ ˁʰʽ ʹ 

˃ˇˊ˒ˇ˂ˇʴʾʰΦ ʁʽ ˔ʱˊˍʶˌ ˍʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˏ˕ˇˎˌ ˁˏ˃ʰˍˇˌ ˉˇˎ ʶ˅ʺ˔ʻʹˋʰ˄ ʵʶʾ˔˄ˇˎ˄ ˃ʽʰ ˁʰ˂ʺ 

ˋˎ˃˒˖˄ʾʰ ˋʶ ˋˏʴˁˊʽˋʹ ˃ʶ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰΣ ʰ˄ ˁʰʽ ʹ ˉʰˊʰˍʹˊˇˏ˃ʶ˄ʹ ʻˊʰˏˋʹ 

ˁˏ˃ʰˍˇˌ ˉˇˎ ˉˊˇˋʹ˃ʶʽ˗ʻʹˁʶ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ˃ʷˋ˖ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺ ̩ ʰ˄ʽˋˇˊˊˇˉʾʰ ̩ ˂ˈʴ˖ 

˃ʶˍʰʲˇ˂ʺˌ ˍˇˎ ʲʱʻˇˎˌΣ ʷ˔ʶʽ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ʷ˄ʰ ˂ʽʴˈˍʶˊˇ ʶ˄ʶˊʴʹˍʽˁˈ ˁˎ˃ʰˍʽˁˈ ˉʶʵʾˇ ˁˇ˄ˍʱ 
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ˋˍʹ˄ ʰˁˍʺΣ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ʰˎˍˈ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌΦ ɶ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ ˇʵʹʴʶʾ ˍʽˌ 

ʽʸʹ˃ʰˍˇʴʶ˄ʶʾˌ ˊˇʷˌΣ ʶ˄˗  ́ˎˉˇ˂ˇʴʽˋ˃ʷ˄ ́ˍʶ˂ʽˁʺ ʴʶ˖˃ʶˍˊʾʰ ˉˎʻ˃ʷ˄ʰ ʶʾ˄ʰʽ ˋˏ˃˒˖˄ ́˃ʶ ʰˎˍˈ 

ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌΦ ʍˋˍˈˋˇΣ ʰˎˍʺ ʹ ˉˊˇˋʷʴʴʽˋʹ ˁʰˍʷʵʶʽ˅ʶ ˍʹ˄ ʰ˄ʱʴˁʹ ˄ʰ ʶ˄ˋ˖˃ʰˍ˖ʻʶʾ ʷ˄ʰ ˉʽˇ 

ˋˏ˄ʻʶˍˇ ˎʵˊˇʵˎ˄ʰ˃ʽˁˈ ˁʰʽ ˁˎ˃ʰˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ ˍ˖˄ ˃ʹ ʴˊʰ˃˃ʽˁ˗˄ ˁˎ˃ʱˍ˖˄Σ ˍ˖˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ʵʽʰˋˉˇˊʱˌΣ ˁʰʽ ˍʹˌ ˊˇʺˌΣ ˍˇ ˇˉˇʾˇ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰΦ 

 

ɴ˄ʰ ˁʰʽ˄ˇˍˈ˃ˇ ˃ʹ ʴˊʰ˃˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ ʶ˒ʰˊ˃ˇʴ˗˄ ˉʰˊʱˁˍʽʰˌ 

˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ 

ʆʰ ʰˊʽʻ˃ʹˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ ˉˇˎ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ˄ ʰ˄ʱ˂ˎˋʹ ˍʹˌ ˒ʱˋʹˌ ˍ˖˄ ˁˎ˃ʰˍʽˋ˃˗˄Σ ʶʾ˄ʰʽ ˋʶ 

ʻʷˋʹ ˄ʰ ʶˉʽ˂ˏˋˇˎ˄ ˉˇ˂˂ʷˌ ʰˉˈ ˍʽˌ ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʶˌ ˋʹ˃ʰ˄ˍʽˁʷˌ ʵʽʰʵʽˁʰˋʾʶˌ 

˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ˁˎ˃ʱˍ˖˄ ˋˍʽˌ ˃ʶˍʰʲʰˍʽˁʷˌ ʸ˗˄ʶˌ ʰˉˈ ˍʰ ʲʰʻʽʱ ˋˍʰ ˊʹ˔ʱ ˏʵʰˍʰΣ ˖ˋˍˈˋˇ 

ˋˎ˔˄ʱ ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶ ˋʹ˃ʰ˄ˍʽˁˇˏˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌΣ ˉΦ˔Φ ˃ʶ ʺˉʽʰ ˁ˂ʾˋʹ ˉˎʻ˃ʷ˄ʰ όʴʽʰ ˃ˇ˄ˍʷ˂ʰ ˉˇˎ 

ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ ˁˏ˃ʰˍˇˌ ʺˉʽʰˌ ˁ˂ʾˋʹˌύ ˁʰʽ ʽˁʰ˄ˇˉˇʾʹˋʹ ˍʹˌ ˉˊˇˋʷʴʴʽˋʹˌ ˍ˖˄ 

ʶ˅ʽˋ˗ˋʶ˖˄ ˊʹ˔˗˄ ˄ʶˊ˗˄Φ ʅʶ ʰˎˍˈ ˍˇ ˋʹ˃ʶʾˇ ʰ˅ʾʸʶʽ ˄ʰ ʰ˄ʰ˒ʶˊʻʶʾ ˈˍʽ ˍʰ ˃ˇ˄ˍʷ˂ʰ ʰ˄ʱ˂ˎˋʹˌ 

˒ʱˋʹˌΣ ˍʰ ˇˉˇʾʰ ʲʰˋʾʸˇ˄ˍʰʽ ˋʶ ʶ˅ʽˋ˗ˋʶʽˌ ˊʹ˔˗˄ ˄ʶˊ˗˄Σ ʻʷˍˇˎ˄ ˋʹ˃ʰ˄ˍʽˁˇˏˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌ 

ˋˍˇ ˃ʷʴʽˋˍˇ ˋ˔ʶˍʽˁˈ ʲʱʻˇˌ kh (k ˇ ʰˊʽʻ˃ˈˌ ˁˏ˃ʰˍˇˌ ˁʰʽ h ʲʱʻˇˌύ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ 

ˉˊˇˋʶʴʴʽˋˍʶʾΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˎ˕ʹ˂˗˄ ˍʽ˃˗˄ khΣ ˇʽ ˁʰˍʰˁˈˊˎ˒ʶˌ ʶˉʽˍʰ˔ˏ˄ˋʶʽˌ ʺ ʹ ʵʽʰˋˉˇˊʱ 

ˁˎ˃ʱˍ˖˄ ʵʶ˄ ˃ˉˇˊˇˏ˄ ˄ʰ ˉʰˊʰʲ˂ʶ˒ʻˇˏ˄ ˁʰʽ ʹ ˔ˊʺˋʹ ʶ˅ʽˋ˗ˋʶ˖˄ ˊʹ˔˗˄ ˎʵʱˍ˖˄ ʴʽʰ ˍˇ˄ 

ˎˉˇ˂ˇʴʽˋ˃ˈ ˍ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˁʰʻʾˋˍʰˍʰʽ ʰ˄ʰˁˊʽʲʺˌΦ ɮˉˈ ʲʰʻʽʱ ʷ˖ˌ ˊʹ˔ʱ 

˄ʶˊʱΣ ˍʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʵʽʰˋˉˇˊʱˌ ˃ʹ ʴˊʰ˃˃ʽˁ˗˄ ˁˎ˃ʱˍ˖˄ ˃ˉˇˊˇˏ˄ ˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻˇˏ˄ 

ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˃ˇ˄ˍʷ˂ʰ ˍˏˉˇˎ Boussinesq (Madsen et al., 1997; Kennedy et 

alΦΣ нллмύ ˁʰʻ˗ˌ ʶʾ˄ʰʽ ʽʵʽʰʾˍʶˊʰ ʰˁˊʽʲʺ ˖ˌ ˉˊˇˌ ˍʹ˄ ʶˉʾ˂ˎˋʹ ˁˎ˃ʰˍʽˁ˗˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ˋʶ ʰʲʰʻʺ 

ˏʵʰˍʰΣ ˈˉ˖ˌ ʰˎˍ˗˄ ˍʹˌ ʵʽʱʻ˂ʰˋʹˌ ˁʰʽ ˍʹˌ ˉʶˊʾʻ˂ʰˋʹˌ όDo, 2020). ʍˋˍˈˋˇΣ ˃ʷ˔ˊʽ ˉˊˈˋ˒ʰˍʰΣ 

ʹ ʶ˒ʰˊ˃ˇʴʺ ˍˇˎˌ ˋˍʹ˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ʺˍʰ˄ ˉʶˊʽˇˊʽˋ˃ʷ˄ʹ ˂ˈʴ˖ ˍˇˎ ˎ˕ʹ˂ˇˏ 

ˎˉˇ˂ˇʴʽˋˍʽˁˇˏ ˁˈˋˍˇˎˌΣ ˁʰʻʽˋˍ˗˄ˍʰˌ ˍʹ ˔ˊʺˋʹ ˍˇˎˌ ˋʶ ˉˊʰˁˍʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌ ˋ˔ʶʵˈ˄ 

ʰʵˏ˄ʰˍʹΦ ʅʺ˃ʶˊʰΣ ʰˊˁʶˍʱ ˃ˇ˄ˍʷ˂ʰ ˍˏˉˇˎ Boussinesq ̀ ʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˃ ʽʰ ʰˊʽʻ˃ʹˍʽˁʺ ˊˇˎˍʾ˄ʰ 

ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌΣ ˁʰˍʱ˂˂ʹ˂ʹ ʴʽʰ ʶ˒ʰˊ˃ˇʴʷˌ ˉʰˊʱˁˍʽʰˌ ˃ʹ˔ʰ˄ʽˁʺˌΣ ˃ˉˇˊˇˏ˄ 

˄ʰ ˋˎ˄ʰ˄ˍʹʻˇˏ˄ ˋˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ˍʹˌ ʰˁˍˇ˃ʹ˔ʰ˄ʽˁʺˌ όKobayashi et al., 2001; Karambas, 2002; 

Karambas, 2012; Gallerano et al. 2016, Klonaris et al., 2016; Malej et al., 2019ύΦ ɾʶ ʲʱˋʹ ʰˎˍʺ 

ˍʹ˄ ʽʵʷʰΣ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʷˊʶˎ˄ʶˌ ʷ˔ˇˎ˄ ˉˊˇʲ˂ʷ˕ʶʽ ˋʶ ʷ˄ʰ ʲʰʻ˃ˈ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌ 

ˁʰʽ ˍʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍʹˌ ʰˁˍʺˌ ˋˍʹ ʴʶʽˍ˄ʾʰˋʹ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ɼʰʽ ʱ˂˂˖˄ ˉʰˊʱˁˍʽ˖˄ ʷˊʴ˖˄ 

ˉˊˇˋˍʰˋʾʰˌ όDu et al., 2010; Karambas and Samaras, 2017; Bouvier et al., 2019; Hieu et al., 

2020).  
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ɾʷ˔ˊʽ ˋʺ˃ʶˊʰΣ ˇʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˉˊˇʲ˂ʷ˕ʶʽˌ ˍ˖˄ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ ˁˏ˃ʰˍˇˌ-ˊʶˏ˃ʰˍˇˌ ˁʰʽ ˇʽ 

˃ˇˊ˒ˇ˂ˇʴʽˁʷˌ ʰˉˇˁˊʾˋʶʽˌΣ ˃ʶ ʺ ˔˖ˊʾˌ ˍʹ˄ ˉʰˊˇˎˋʾʰ ˉʰˊʱˁˍʽ˖˄ ʵˇ˃˗˄Σ ʶ˅ʰˁˇ˂ˇˎʻˇˏ˄ ˄ʰ 

˔ʰˊʰˁˍʹˊʾʸˇ˄ˍʰʽ ʰˉˈ ˋʹ˃ʰ˄ˍʽˁˈ ʲʰʻ˃ˈ ʰʲʶʲʰʽˈˍʹˍʰˌ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˍʹ˄ ˎ˕ʹ˂ʺ ˃ʹ 

ʴˊʰ˃˃ʽˁʺ ˒ˏˋʹ ʰˎˍ˗˄ ˍ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄Φ ʅˍʽˌ ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʶˌ ˃ʶ˂ʷˍʶˌΣ ʶʾˍʶ ʹ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ʶˉʾ˂ˎˋʹ ʵʶ˄ ˂ʰ˃ʲʱ˄ʶʽ ˎˉˈ˕ʹ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰ˄ʱˁ˂ʰˋʹˌ ˁʰʽ ʰˉˇˊˊˈ˒ʹˋʹˌ 

όˉΦ˔Φ ʵʽʰˉʶˊʰˍˈˍʹˍʰύ ˍ˖˄ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ˁʰʽ ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ ʶ˃ˉˇʵʾ˖˄Σ ʶʾˍʶ ˇʽ 

ˉˊˇˋʶʴʴʾˋʶʽˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ ˃ʶˍʰ˒ˇˊʱ ʽʸʺ˃ʰˍˇˌ ʵʶ˄ ʶʾ˄ʰʽ ˁʰˍʱ˂˂ʹ˂ʶˌ ʴʽʰ ˍʹ˄ 

ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ˃ʹ ʴˊʰ˃˃ʽˁ˗˄ ʶˉʽʵˊʱˋʶ˖˄ ˍˇˎ ˁˏ˃ʰˍˇˌ ˋˍʹ ˋˍʶˊʶˇ˃ʶˍʰ˒ˇˊʱ ˁʰʽ ʴʽʰ ˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ˍˊʽˋʵʽʱˋˍʰˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍ˖˄ ˒ˇˊˍʾ˖˄ ˃ʶˍʰ˒ˇˊʱˌ ʰʽ˖ˊˇˏ˃ʶ˄˖˄ 

ʽʸʹ˃ʱˍ˖˄Φ ʅˍʹ˄ ˉʰˊˇˏˋʰ ˃ʶ˂ʷˍʹΣ ʷ˄ʰ ˉ˂ʺˊ˖ˌ ˃ʹ ʴˊʰ˃˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇ Boussinesq - FUNWAVE-

TVD (Shi et alΦΣ нлмнύ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʵʽʱʵˇˋʹˌ ˁˏ˃ʰˍˇˌ ˁʰʽ ˍʹˌ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ 

ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˋˎ˄ʵˎʱˋˍʹˁʶ ˃ʶ ʷ˄ʰ ʹ˃ʾ - ˍˊʽˋʵʽʱˋˍʰˍˇ ˃ˇ˄ˍʷ˂ˇ ˋˍʶˊʶˇ˃ʶˍʰ˒ˇˊʱˌ ˁʰʽ 

˃ˇˊ˒ˇ˂ˇʴʾʰˌΣ ˍˇ ˇˉˇʾˇ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʰˉˈ ˍˇ ˋˎʴʴˊʰ˒ʷʰ ʰˎˍʺˌ ˍʹˌ ˃ʶ˂ʷˍʹˌΦ ɴˍˋʽΣ 

ʶˁ˃ʶˍʰ˂˂ʶˎˈ˃ʶ˄ˇʽ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʰ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ FUNWAVE ˄ ʰ ˉʰˊʷ˔ʶʽ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ˋ˔ʶˍʽˁʱ ˃ʶ 

ˍʹ˄ ʰ˄ʱˁ˂ʰˋʹ ˁʰʽ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˃ʶˍʱʵˇˋʹˌ ˁˎ˃ʱˍ˖˄ ˁʰʽ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˉˊˇʹʴ˃ʷ˄ʶˌ 

ˉˊˇˋʶʴʴʾˋʶʽˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄Σ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʰ˄ˇ˃ʷ˄˖˄ ˉˍˎ˔˗˄ ˍʹˌ ʰˋˍʰʻˇˏˌ 

ˋˍʶˊʶˇ˃ʶˍʰ˒ˇˊʱˌΣ ʰˎˍʺ ʹ ˃ʶ˂ʷˍʹ ʶˉʽʵʽ˗ˁʶʽ ˄ʰ ˃ʶʽ˗ˋʶʽ ˍʹ˄ ʰʲʶʲʰʽˈˍʹˍʰ ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ 

ˍʽˌ ˎʵˊˇ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʷˌ ˉˊˇʲ˂ʷ˕ʶʽˌΦ ɹʵʽʰʾˍʶˊʹ ˉˊˇˋˇ˔ʺ ʵˈʻʹˁʶ ˋˍˇ˄ ˊˈ˂ˇ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˋʶ ˈ˂ʹ ˍʹ ʸ˗˄ʹ swashΣ ʶ˄ˋ˖˃ʰˍ˗˄ˇ˄ˍʰˌ ˍʶ˔˄ʽˁʷˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʰˎˍ˗˄ 

ˍ˖˄ ˃ʹ˔ʰ˄ʽˋ˃˗˄ ˋˍˇ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇΣ ʶ˄˗ ˉʰˊʱ˂˂ʹ˂ʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˉˊˇʹʴ˃ʷ˄ʶˌ 

ˍʶ˔˄ʽˁʷˌ ʴʽʰ ˍʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍ˖˄ ˍˊʽˋʵʽʱˋˍʰˍ˖˄ ˃ˇˍʾʲ˖˄ ʰʽ˖ˊˇˏ˃ʶ˄˖˄ ˊˇ˗˄ -  ˒ˇˊˍʾˇˎ 

ʽʸʺ˃ʰˍˇˌ ˁʰʽ ʶ˄ˋ˖˃ʱˍ˖ˋʹˌ ˃ʹ ʴˊʰ˃˃ʽˁ˗˄ ˁʰʽ ʰˋˍʰʻ˗˄ ʶˉʽʵˊʱˋʶ˖˄ ˁˎ˃ʱˍ˖˄ ˋˍʹ˄ ʶˉʾ˂ˎˋʹ ˍˇˎ 

˒ˇˊˍʾˇˎ ˉˎʻ˃ʷ˄ʰΦ ʁ ʲʰˋʽˁˈˌ ˋˁˇˉˈˌ ʶʾ˄ʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ʶ˄ˈˌ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˉˇˎ 

˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˋʶ ʷ˄ʰ ʶˎˊˏ ˒ʱˋ˃ʰ ʶ˒ʰˊ˃ˇʴ˗˄ ˉʰˊʱˁˍʽʰˌ ˃ʹ˔ʰ˄ʽˁʺˌΣ ˍˈˋˇ ʴʽʰ 

ʺˉʽʶˌ ˂ˏˋʶʽˌ ˉˊˇˋˍʰˋʾʰˌ όʰ˄ʰˉ˂ʺˊ˖ˋʹ ˉʰˊʰ˂ʽ˗˄Σ ʵʽʰ˔ʶʾˊʽˋʹ ʰ˃˃ˈ˂ˇ˒˖˄Σ ʰˉˇˋˍˊʱʴʴʽˋʹύ ˈˋˇ 

ˁʰʽ ʴʽʰ ˍʶ˔˄ʽˁʷˌ ʷˊʴ˖˄ ˉˇ˂ʽˍʽˁˇˏ ˃ʹ˔ʰ˄ʽˁˇˏ όˋ˔ʶʵʽʰˋ˃ˈˌ ˁʱʻʶˍ˖˄ ˉˊˇʲˈ˂˖˄Σ 

ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄Σ ʻ˖ˊʱˁʽˋʹˌΣ ˉˊˇʲ˂ʹˍ˗˄ύΦ  

 

ɳˉʽˉ˂ʷˇ˄Σ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʵʽʰˋ˒ʰ˂ʽˋˍʶʾ ʹ ʰ˅ʽˇˉʽˋˍʾʰ ˍʹˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ˉˊˇˋʷʴʴʽˋʺˌΣ ˍˇ 

ˋˏ˄ʻʶˍˇ ˃ˇ˄ˍʷ˂ˇ ʶ˅ʶˍʱˋˍʹˁʶ ˎˉˈ ˉʷ˄ˍʶ ʵʽʰˁˊʽˍʷˌ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌΣ ˁʰ˂ˏˉˍˇ˄ˍʰˌ ʷ˄ʰ 

ʶˎˊˏ ˒ʱˋ˃ʰ ʶ˒ʰˊ˃ˇʴ˗˄ ˉʰˊʱˁˍʽʰˌ ˃ʹ˔ʰ˄ʽˁʺˌ ˍˈˋˇ ˋʶ ˁ˂ʾ˃ʰˁʰ ˒ˎˋʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎΣ ˈˋˇ ˁʰʽ ˋʶ 

ˁ˂ʾ˃ʰˁʰ ˉʶʵʾˇˎΣ ˉʰˊʷ˔ˇ˄ˍʰˌ ˋʹ˃ʰ˄ˍʽˁʷˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ʴʽʰ ˍʹ ˃ˇˊ˒ˇ˂ˇʴʽˁʺ ʰˉˈˁˊʽˋʹ ˍʹˌ 

ʰ˃˃˗ʵˇˎˌ ʰˁˍʺˌ ˋˍʹ ˋˎ˄ʵˎʰˋ˃ʷ˄ʹ ʵˊʱˋʹ ˁˎ˃ʱˍ˖˄ ˁʰʽ ˊʶˎ˃ʱˍ˖˄Φ 
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ɳ˒ʰˊ˃ˇʴʷˌ ˃ˇ˄ˇʵʽʱˋˍʰˍʹˌ ˊˇʺˌ 

ɶ ˉˊ˗ˍʹ ˋʶʽˊʱ ˋˎʴˁˊʾˋʶ˖˄ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍʹ˄ ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ 

ˋˍˇ Grosser Wellenkanal ˋˍˇ ɮ˄˄ˈʲʶˊˇ ˋˍʰ ˉ˂ʰʾˋʽʰ ˍˇˎ ʷˊʴˇˎ EU SAFE (Dette et al., 2002). 

ɳʵ˗Σ ʰ˄ʰˉʰˊʱ˔ʻʹˁʶ ˍˇ ˍʶˋˍ ɰн ˍʹˌ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ˋʶʽˊʱˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʰ˅ʽˇ˂ˇʴʹʻˇˏ˄ ˍʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ ʰˊʽʻ˃ʹˍʽˁˇˏ ˋˎʸʶˎʴ˃ʷ˄ˇˎ ˃ˇ˄ˍʷ˂ˇˎΦ ɳ˒ʰˊ˃ˈˋˍʹˁʰ˄ ʰˁʰ˄ˈ˄ʽˋˍʰ ˁˏ˃ʰˍʰ 

(Hs=1,20 m ˁ ʰʽ Tp=5,5 s)Σ ʴʽʰ ˋˎ˄ˇ˂ʽˁʺ ʵʽʱˊˁʶʽʰ но ˖ˊ˗˄Φ ɶ ʰˊ˔ʽˁʺ ʲʰʻˎ˃ʶˍˊʾʰ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ 

ʰˉˈ ˍˇ ʻʶ˖ˊʹˍʽˁˈ ˉˊˇ˒ʾ˂ ʽˋˇˊˊˇˉʾʰˌ Bruun (Bruun, 1954; DeanΣ мфттύΦ ɶ ˋˏ˄ˇ˕ʹ ˍ˖˄ 

ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ʵʶʵˇ˃ʷ˄˖˄ ˁˎ˃ʱˍ˖˄ ˁʰʽ ʲʰʻˎ˃ʶˍˊʾʰˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˖ˌ ʶʾˋˇʵˇˌ ʴʽʰ 

ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʵʾ˄ʶˍʰʽ ˋˍˇ˄ ʃʾ˄ʰˁʰ н. 

ʃʾ˄ʰˁʰˌ 2 ʃʰˊˇˎˋʾʰˋʹ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ʵʶʵˇ˃ʷ˄˖˄ ˁˎ˃ʱˍ˖˄ ˁʰʽ ʲʰʻˎ˃ʶˍˊʾʰˌ ʴʽʰ ˍˇ ˍʶˋˍ ɰн ˍ˖˄ 
Dette et al. (2002). 

╗▼ (m) 1.20 

╣▬ (s) 5.5 

ɰʱʻˇˌ ˄ʶˊˇˏ ˋˍˇ 
ˁˎ˃ʰˍʽˋˍʺˊʰ (m) 

5.0 

╓  (mm) 0.30 

ɲʽʱˊˁʶʽʰ (h) 23 

ɼ˂ʾˋʹ ˃ʹ ˋˍʰʻʶˊʺ 

 
ɶ ˋˏʴˁˊʽˋʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˉʶʽˊʱ˃ʰˍˇˌ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ 

ˉʰˊʰˁʱˍ˖Φ ɮ˅ʾʸʶʽ ˄ʰ ʰ˄ʰ˒ʶˊʻʶʾ ˉ˖ˌ ʽʵʽʰʾˍʶˊʰ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ ˋˎ˃˒˖˄ʾʰ ˉʰˊʰˍʹˊʺʻʹˁʶ ˍˈˋˇ 

˖ˌ ˉˊˇˌ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ˁˎ˃ʰˍʽˁ˗˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ όʻˊʱˎˋʹΣ ˊʺ˔˖ˋʹ, ɳʽˁˈ˄ʰ 18) ̍ ˋˇ ˁʰʽ ˋʶ 

ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ʶˉʾ˂ˎˋʹ ˍ˖˄ ʽʸʹ˃ʰˍˇʴʶ˄˗˄ ˒ˇˊˍʾ˖˄ ˁʰʽ ˍʹˌ ˍʶ˂ʽˁʺˌ ʴʶ˖˃ʶˍˊʾʰˌ ˉˎʻ˃ʷ˄ʰΦ ʆˇ 

ʰˊʽʻ˃ʹˍʽˁˈ ˋˎʸʶˎʴ˃ʷ˄ˇ ˃ˇ˄ˍʷ˂ˇ ʰ˄ʰˉʰˊʺʴʰʴʶ ʶˉʽˍˎ˔˗ˌ ˍʽˌ ˁˇˊˎ˒ʷˌ ˍʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍˇˎ 

˒ˇˊˍʾˇˎ ʽʸʺ˃ʰˍˇˌ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ˉˊˇ˒ʾ˂ ˍʹˌ ʰˁˍʺˌ (ɳʽˁˈ˄ʰ 20). ʅʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˍʶ˂ʽˁʺ 

ʲʰʻˎ˃ʶˍˊʾʰ όɳʽˁˈ˄ʰ 19ύΣ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ʰ˃˃˗ʵˇˎˌ ˊʱʲʵˇˎ ˉˊˇʲ˂ʷ˒ʻʹˁʶ ˃ʶ ʰˁˊʾʲʶʽʰΣ ʰ˄ ˁʰʽ 

ˍˇ ˃ˇ˄ˍʷ˂ˇ ˎˉʶˊʶˁˍʽ˃ʱ ˍʹ ʵʽʱʲˊ˖ˋʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌ ˋˍʹ ʸ˗˄ʹ ʰ˄ʰˊˊʾ˔ʹˋʺˌ όswash). ʆʰ 

ʶˉˈ˃ʶ˄ʰ ˋ˔ʺ˃ʰˍʰ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ʶ˅ˈʵˇˎ ˋʶ ˋˏʴˁˊʽˋʹ ˃ʶ ˍʽˌ ˉʶʽˊʰ˃ʰˍʽˁʷˌ 

˃ʶˍˊʺˋʶʽˌΦ 
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ɳʽˁˈ˄ʰ 18 ɮˊʽʻ˃ʹˍʽˁʱ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁʰˍʰ˄ˇ˃ʺˌ ˋʹ˃ʰ˄ˍʽˁˇˏ ˏ˕ˇˎˌ ˁˏ˃ʰˍˇˌ - test 
case B2 in Dette et al. (2002). 

 

 

ɳʽˁˈ˄ʰ 19 ɮˊʽʻ˃ʹˍʽˁʱ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʱ ˍʶ˂ʽˁʺˌ ʴʶ˖˃ʶˍˊʾʰˌ ˉˎʻ˃ʷ˄ʰ - test case B2 in Dette et al. 
(2002). 

 

 

 

ɳʽˁˈ˄ʰ 20 ɮˊʽʻ˃ʹˍʽˁʱ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʽʸʹ˃ʰ˃ʰˍˇʴʶ˄˗˄ ˒ˇˊˍʾ˖˄ - test case B2 in 
Dette et al. (2002). 

 
ɶ ʵʶˏˍʶˊʹ ˋʶʽˊʱ ˋˎʴˁˊʾˋʶ˖˄ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍˇ ʷˊʴˇ IȅŘǊŀƭŀō LLL {!b5{ ό{ŎŀƭƛƴƎ ŀƴŘ !ƴŀƭȅǎƛǎ ŀƴŘ 

bŜǿ ƛƴǎǘǊǳƳŜƴǘŀǘƛƻƴ ŦƻǊ 5ȅƴŀƳƛŎ ōŜŘ ǘŜǎǘ{ύΦ ʆˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˉʶʾˊʰ˃ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˋˍˇ 
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/ŀƴŀƭ ŘŜ LƴǾŜǎǘƛƎŀŎƛƻƴ ȅ 9ȄǇŜǊƛƳŜƴǘŀŎƛƻƴ aŀǊƛǘƛƳŀ ό/L9aύ ˋˍˇ ¦ƴƛǾŜǊǎƛŘŀŘ tƻlitecnica de 

/ŀǘŀƭǳƷŀ ό¦t/ύΣ ˋˍʹ ɰʰˊˁʶ˂˗˄ʹΣ ˁʰʽ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʶˎˊʺ˃ʰˍʰ ˉʰˊˇˎˋʽʱˋˍʹˁʰ˄ ˋˍʹ ˃ʶ˂ʷˍʹ 

ˍ˖˄ !ƭǎƛƴŀ Ŝǘ ŀƭΦ όнлмнύΦ ɶ ˋˏ˄ˇ˕ʹ ˍ˖˄ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ʵʶʵˇ˃ʷ˄˖˄ ˁˎ˃ʱˍ˖˄ ˁʰʽ ʲʰʻˎ˃ʶˍˊʾʰˌ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˖ˌ ʶʾˋˇʵˇˌ ʴʽʰ ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʵʾ˄ʶˍʰʽ ˋˍˇ˄ ˉʰˊʰˁʱˍ˖ 

ˉʾ˄ʰˁʰΦ ɶ ʰˊ˔ʽˁʺ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ʹ ˁʰʽ ˃ʶˍˊʹ˃ʷ˄ʹ ˁʰˍʰ˄ˇ˃ʺ ˋʹ˃ʰ˄ˍʽˁˇˏ ˏ˕ˇˎˌ ˁˏ˃ʰˍˇˌ ˃ʶˍʱ ʰˉˈ 

нмΣмр ˗ˊʶˌ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌ ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ ˍʹˌ ɳʽˁˈ˄ʰ 21Φ ʆˇ ʰˊ˔ʽˁˈ ˉˊˇ˒ʾ˂ ʰˁˍʺˌΣ 

ˁʰʻ˗ˌ ˁʰʽ ˍʰ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ʰ ˁʰʽ ˃ʶˍˊʹ˃ʷ˄ʰ ˍʶ˂ʽˁʱ ˉˊˇ˒ʾ˂ ˋˍʽˌ нмΣмр ˗ˊʶˌ ˒ʰʾ˄ˇ˄ˍʰʽ ʶˉʾˋʹˌ 

ˋˍʹ˄ ɳʽˁˈ˄ʰ 21Φ ɶ ˉʰˊˇˏˋʰ ˉʶˊʾˉˍ˖ˋʹ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ʵʽʰʲˊ˖ˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˁˇ˄ˍʱ ˋˍʹ ʸ˗˄ʹ 

swash ˂ˈʴ˖ ˍˇˎ ʰˊ˔ʽˁˇˏ ʰ˄ʰˁ˂ʰˋˍʽˁˇˏ ˉˊˇ˒ʾ˂ ˉʰˊʰ˂ʾʰˌ ˉˇˎΣ ˃ʶ ˍʹ ˋʶʽˊʱ ˍˇˎΣ ʶ˅ʰ˄ʰʴˁʱʸʶʽ 

ˋʹ˃ʰ˄ˍʽˁʷˌ ˉˇˋˈˍʹˍʶˌ ʽʸʺ˃ʰˍˇˌ ˄ʰ ˃ʶˍʰˁʽ˄ʹʻˇˏ˄ ˋʶ ʲʰʻˏˍʶˊʰ ˏʵʰˍʰΦ ʆˇ ˃ˇ˄ˍʷ˂ˇ FUNWAVE-

TVD ʶˁˍʾ˃ʹˋʶ ˃ʶ ʰˁˊʾʲʶʽʰ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˏ˕ˇˎˌ ˁˏ˃ʰˍˇˌ ʰˁˍʺˌ ˂ˈʴ˖ ˍʹˌ ˎ˕ʹ˂ʺˌ ˍʱ˅ʹˌ ˃ʹ 

ʴˊʰ˃˃ʽˁˈˍʹˍʰˌΦ ʍˋˍˈˋˇΣ ˉˊʷˉʶʽ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ˇˊʽˋ˃ʷ˄ʶˌ ʰˉˇˁ˂ʾˋʶʽˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ 

ˁʰʽ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˈˉˇˎ ˍˇ ʲʱʻˇˌ ˍˇˎ ˄ʶˊˇˏ 

ʶʾ˄ʰʽ ˃ʽˁˊˈˍʶˊˇ ʰˉˈ лΣр mΦ ɴ˄ʰ ʴʶʴˇ˄ˈˌ ʻˊʰˏˋʹˌ ˂ʰ˃ʲʱ˄ʶʽ ˔˗ˊʰ ʰ˃ʷˋ˖ˌ ˋˍʹ ʻʷˋʹ x = 20 m 

ˉˇˎ ˇʵʹʴʶʾ ˋˍˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍʹˌ ʶˋ˖ˍʶˊʽˁʺˌ ˊʱʲʵˇˎ ʱ˃˃ˇˎΦ 

 

ʃʾ˄ʰˁʰˌ 3 ʃʰˊˇˎˋʾʰˋʹ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ʵʶʵˇ˃ʷ˄˖˄ ˁˎ˃ʱˍ˖˄ ˁʰʽ ʲʰʻˎ˃ʶˍˊʾʰˌ - SANDS test (Alsina et 
al., 2012). 

╗▼ (m) 0.53 

╣▬ (s) 4.14 

ɰʱʻˇˌ ˄ʶˊˇˏ ˋˍˇ ˁˎ˃ʰˍʽˋˍʺˊʰ (m) 2.47 

╓  (mm) 0.25 

ɲʽʱˊˁʶʽʰ (h) 21.15 

ɼ˂ʾˋʹ 1:10 

 

ʆʰ ʰˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˁʰ˂ʺ 

ˋˎˋˍˇʽ˔ʾʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ˁʰʻ˗ˌ ʶˉʽˍʶˏ˔ʻʹˁʶ ʰˁˊʽʲʺˌ ˉˊˈʲ˂ʶ˕ʹ 

ˍˇˎ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ Ψˋˁʰ˂ˇˉʰˍʽˇˏΩ ς beach stepΦ ʅˎ˄ˇ˂ʽˁʱΣ ʹ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ ʲʰʻˎ˃ʶˍˊʽˁˇˏ ˋ˔ʺ˃ʰˍˇˌ 

˃ʶ ̱́˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ ʰˁˇ˂ˇˎʻʶʾ ˍʹ˄ ʾʵʽʰ ˉˇˊʶʾʰ ˃ʶ ʰˎˍʺ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌΦ ʍˋˍˈˋˇΣ ˃ˉˇˊʶʾ 

˄ʰ ʰ˄ʽ˔˄ʶˎʻʶʾ ˁʱˉˇʽʰ ʰˉˈˁ˂ʽˋʹ ˍʹˌ ˍʱ˅ʹˌ ˍˇˎ ҕ лΣмл cm ̀ ˍʹ ʸ˗˄ʹ swash ˁ ʰʽ surf. 
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ɳʽˁˈ˄ʰ 21 ɮˊʽʻ˃ʹˍʽˁʱ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁʰˍʰ˄ˇ˃ʺˌ ˋʹ˃ʰ˄ˍʽˁˇˏ ˏ˕ˇˎˌ ˁˏ˃ʰˍˇˌ ˁʰʽ 
ˍʶ˂ʽˁʺˌ ʴʶ˖˃ʶˍˊʾʰˌ ˉˎʻ˃ʷ˄ʰ - SANDS test Alsina et al. (2012). 

 

ɳ˒ʰˊ˃ˇʴʷˌ ʵʽˋʵʽʱˋˍʰˍʹˌ ˊˇʺˌ 

ʆˇ ˒ˎˋʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ ˁʰʽ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ʰˉˈ ˍˇˎˌ Baidei et al. (1994) 

ʶˉʽ˂ʷ˔ʻʹˁʶ ʶʵ˗ ˖ˌ ˉʶʾˊʰ˃ʰ ʰ˄ʰ˒ˇˊʱˌ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˁˇ˄ˍʱ ˋˍʹ˄ ˅ʹˊʱ ˁʰʽ 

ˍʽˌ ˃ˇˊ˒ˇ˂ˇʴʽˁʷˌ ʶˉʽʵˊʱˋʶʽˌ ˍ˖˄ ˁʱʻʶˍ˖˄ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˉˊˇʲˈ˂˖˄ όgroynesύ ˋʶ ˃ʽʰ ʰˊ˔ʽˁ˗ˌ 

ʶˎʻˏʴˊʰ˃˃ʹ ʰˁˍˇʴˊʰ˃˃ʺΣ ʹ ˇˉˇʾʰ ʺˍʰ˄ ʶˁˍʶʻʶʽ˃ʷ˄ʹ ˋʶ ʰˁʰ˄ˈ˄ʽˋˍʰ ˁˏ˃ʰˍʰ ˃ʶ ʴ˖˄ʾʰ 

ˉˊˈˋˉˍ˖ˋʹˌ ммΣс ˃ˇʽˊ˗˄Φ ʆˇ ˍʶˋˍ NTн ˍʹˌ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ˃ʶ˂ʷˍʹˌ ʰ˄ʰˉʰˊʱ˔ʻʹˁʶ ʰˊʽʻ˃ʹˍʽˁʱ 

ˋˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ˉʰˊˇˏˋʰˌ ʶˊʴʰˋʾʰˌΦ ɶ ʵʽʱ˃ʶˋʹ ʵʽʱ˃ʶˍˊˇˌ ˍ˖˄ ˁˈˁˁ˖˄ ˍˇˎ ʰ˃˃˗ʵˇˎˌ ˎ˂ʽˁˇˏ 

(Dрлύ ʺˍʰ˄ лΣмн mm ˁʰʽ ʹ ʰˊ˔ʽˁʺ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˁ˂ʾˋʹ ˍʹˌ ˉʰˊʰ˂ʾʰˌ ʺˍʰ˄ мΥмлΦ ʆˇ ʅ˔ʺ˃ʰ ˍʹˌ 

ɳʽˁˈ˄ʰ 22 ʰˉʶʽˁˇ˄ʾʸʶʽ ˍˇ ˉʶʵʾˇ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˊʶˎ˃ʱˍ˖˄ ˃ʶˍʱ ʰˉˈ м ˗ˊʰ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌΦ ɶ 

ˁʱʻʶˍʹ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˁʰˍʰˋˁʶˏʹ ʰ˂˂ʱʸʶʽ ˍʹ˄ ˁʰˍʶˏʻˎ˄ˋʹ ˍ˖˄ ˉʰˊʰʻʰ˂ʱˋˋʽ˖˄ ˊʶˎ˃ʱˍ˖˄ ˋˍʹ 

ʴʶʽˍ˄ʾʰˋʺ ˍʹˌΣ ˁʰʻ˗ˌ ˃ʶʽ˖˃ʷ˄ʶˌ ˍʰ˔ˏˍʹˍʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˒ʰ˄ˇˏ˄ ˋˍʹ˄ ˎˉʺ˄ʶ˃ʹ ˉ˂ʶˎˊʱ ˍʹˌΦ ʆʰ 

ʶʴʴˏˌ ˉʰˊʱˁˍʽʰ ˊʶˏ˃ʰˍʰ ʷ˔ˇˎ˄ ˃ʷʴʽˋˍʹ ˍʰ˔ˏˍʹˍʰ ˉʶˊʾˉˇˎ ʾˋʹ ˃ʶ лΣм m/sΦ ɳˉʽˉ˂ʷˇ˄Σ 

ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˍʰ˔ˏˍʹˍʶˌ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ʷ˄ʶˌ ˉˊˇˌ ˍʰ ʰ˄ˇʽ˔ˍʱΣ ˉˇˎ ʰ˄ˍʰ˄ʰˁ˂˗˄ˍʰʽ ʰˉˈ ˍʹ˄ 

ˉʰˊʰ˂ʾʰΣ ˃ʶ ˃ʷʴʽˋˍʹ ˍʰ˔ˏˍʹˍʰ лΣлс m/sΦ ʆʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʰ˄ʱˁ˂ʰˋʹˌ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍˇˎ groyne 

ʶʾ˄ʰʽ ˉʶˊʽˇˊʽˋ˃ʷ˄ʰΣ ˂ˈʴ˖ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺˌ ʶˋ˖ˍʶˊʽˁ˗˄ ˋˍˊ˖˃ʱˍ˖˄ ʰˉˇˊˊˈ˒ʹˋʹˌ ˉˇˎ 

ʰ˄ˍʽˉˊˇˋ˖ˉʶˏˇˎ˄ ˍʹ˄ ˍˊʽʲʺ ˊˇʺˌ ˁʰʽ ˍʹ ʵʽʱ˔ˎˋʹ ʶ˄ʷˊʴʶʽʰˌ ˃ʷˋʰ ˋˍʹ ˋ˗˃ʰ ˍˇˎ groyne. 
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ɶ ɳʽˁˈ˄ʰ 23 ʵʶʾ˔˄ʶʽ ˍʹ˄ ˍʶ˂ʽˁʺ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ ˉˎʻ˃ʷ˄ʰ ˃ʶˍʱ ʰˉˈ мн ˗ˊʶˌ ʵˊʱˋʹˌ ˁˎ˃ʱˍ˖˄Φ ɶ 

ʰ˄ˇʵʽˁʺ ˋˎˋˋ˗ˊʶˎˋʹ ʽʸʺ˃ʰˍˇˌ ˋˎ˃ʲʱ˂˂ʶʽ ˋˍʹ˄ ˉˊˇ˗ʻʹˋʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌ ˉˊˇˌ ˍʹ ʻʱ˂ʰˋˋʰΣ 

ʶ˄˗ ʹ ʷ˂˂ʶʽ˕ʹ ʽʸʹ˃ʱˍ˖˄ ˋˍʹ˄ ˎˉʺ˄ʶ˃ʹ ˉ˂ʶˎˊʱ ˍʹˌ ʵˇ˃ʺˌ ˇʵʹʴʶʾ ˋʶ ˎˉˇ˔˗ˊʹˋʹ ˍʹˌ 

ʰˁˍˇʴˊʰ˃˃ʺˌΦ ʅˎ˄ˇ˂ʽˁʱΣ ˍʰ ʰˊʽʻ˃ʹˍʽˁʱ ʶˎˊʺ˃ʰˍʰ ˉʰˊˇˎˋʽʱʸˇˎ˄ ʰˊˁʶˍʱ ˁʰ˂ʺ ˋˎˋ˔ʷˍʽˋʹ ˃ʶ ˍʰ 

ˉʶʽˊʰ˃ʰˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 23Φ ɶ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ʹ ˍʶ˂ʽˁʺ ʻʷˋʹ ˍʹˌ 

ʰˁˍˇʴˊʰ˃˃ʺˌ ʶʾ˄ʰʽ ˋ˔ʶʵˈ˄ ˉʰ˄ˇ˃ˇʽˈˍˎˉʹ ˃ʶ ʰˎˍʺ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌΣ ˃ʶ ˁʱˉˇʽʶˌ ˃ʽˁˊʷˌ 

ʰˉˇˁ˂ʾˋʶʽˌ ˉˇˎ ˋˎ˄ʰ˄ˍ˗˄ˍʰʽ ˁˇ˄ˍʱ ˋˍʰ ˉ˂ʶˎˊʽˁʱ ˈˊʽʰΦ 

 

ɳʽˁˈ˄ʰ 22 ɮˊʽʻ˃ʹˍʽˁʱ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁˎ˃ʰˍˇʴʶ˄˄˗˄ ˉʰˊʱˁˍʽ˖˄ ˊʶˎ˃ʱˍ˖˄ - ʆest 
NT2 Baidei et al. (1994). 

 

 

ɳʽˁˈ˄ʰ 23 ɮˊʽʻ˃ʹˍʽˁʱ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶ˅ʷ˂ʽ˅ʹˌ ˉˎʻ˃ʷ˄ʰ - ʆest NT2 Baidei et al. 
(1994). 

 

ʁʽ ˃ʶ˂ʷˍʶˌ ˍ˖˄ Deltares/Delft Hydraulics όмффтύ ˁʰʽ Bos et alΦ όмффсύ ʰ˄ʰ˂ˏʻʹˁʰ˄ ˋ˔ʶˍʽˁʱ ˃ʶ 

ˍʹ˄ ʶ˅ʷˍʰˋʹ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ʶ˄ˈˌ ʰˉˇˋˉʰˋ˃ʷ˄ˇˎ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ ˋˍʹ˄ ˉʰˊʱˁˍʽʰ 

ˎʵˊˇ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˉˊˇˋʶʴʴʾˋʶʽˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌΦ ɮˎˍʺ ʹ 

ʶˊʴʰˋʾʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˖ˌ ˃ʶ˂ʷˍʹ ʰ˄ʰ˒ˇˊʱˌ ʴʽʰ ˍʹ˄ ʶˉʽˁˏˊ˖ˋʹ ˍˇˎ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ʰˌ 

˃ˇ˄ˍʷ˂ˇˎ ˋʶ ˋˎ˄ʻʺˁʶˌ ˉʶʵʾˇˎΦ ɮˎˍʺ ʹ ʶ˒ʰˊ˃ˇʴʺ ˉʰˊˇˎˋʽʱʸʶʽ ʽʵʽʰʾˍʶˊʰ ˃ʶʴʱ˂ˇ ʶ˄ʵʽʰ˒ʷˊˇ˄Σ 

ˁʰʻ˗ˌ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˃ˉˇˊʶʾ ˄ʰ ʵʽʰ˒ʷˊʶʽ ˖ˌ ˉˊˇˌ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʰ 
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ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʶˊʴʰˋˍʹˊʽʰˁ˗˄ ʵˇˁʽ˃˗˄ ˁʰʽ ˋˎ˄ʻʹˁ˗˄ ˉʶʵʾˇˎΦ ɴ˔ʶʽ ʰˉˇʵʶʽ˔ʻʶʾ ˈˍʽ ʹ ʶˉʾˍʶˎ˅ʹ 

ʽˋˇˊˊˇˉʾʰˌ ˉˎʻ˃ʷ˄ʰ ʶʾ˄ʰʽ ˉʽˇ ʰˊʴʺ ˋˍˇ ˉʶʵʾˇ ʰˉˈ ˈΣˍʽ ˋʶ ˋˎ˄ʻʺˁʶˌ ʶˊʴʰˋˍʹˊʾˇˎΣ ˈˉˇˎ ʹ 

˔ˊʺˋʹ ˂ʶˉˍˈˁˇˁˁˇˎ ʽʸʺ˃ʰˍˇˌ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇˁʰ˂ʷˋʶʽ ˉˊˈˋʻʶˍʰ ˉˊˇʲ˂ʺ˃ʰˍʰ ˁ˂ʾ˃ʰˁʰˌ όGorrick 

et alΦΣ нлмпύΦ ʍˌ ʶˁ ˍˇˏˍˇˎΣ ʹ ˉʰˊˇˏˋʰ ʶ˒ʰˊ˃ˇʴʺ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˋˎ˄ˇ˂ʽˁʺ ʵʽʱˊˁʶʽʰ рл ʹ˃ʶˊ˗˄Σ 

ʹ ˇˉˇʾʰ ʻʶ˖ˊʶʾˍʰʽ ʶˉʰˊˁʺˌ ˉʶˊʾˇʵˇˌ ʴʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍʹˌ ʽˁʰ˄ˈˍʹˍʰˌ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˄ʰ 

ˁʰˍʰʴˊʱ˒ʶʽ ˍʽˌ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶʽˌ ˊʶˎˋˍˇˏ-ʻʰ˂ʱˋˋʽˇˎ ˉˎʻ˃ʷ˄ʰΦ ɳ˒ʰˊ˃ˈˋˍʹˁʰ˄ ʰˁʰ˄ˈ˄ʽˋˍʰ 

ˁˏ˃ʰˍʰ ˋˍʰ ʲʰʻʽʱ ˄ʶˊʱ ˃ʶ Hs=2,00 m ˁ ʰʽ Tp=8,0 s. 

 

ɶ ɳʽˁˈ˄ʰ 24 ʵʶʾ˔˄ʶʽ ʷ˄ʰ ˋˍʽʴ˃ʽˈˍˎˉˇ ˍʹˌ ˎˉˇ˂ˇʴʽʸˈ˃ʶ˄ʹˌ ʰˊʽʻ˃ʹˍʽˁʱ ˋˍʽʴ˃ʽʰʾʰˌ ʰ˄ˏ˕˖ˋʹˌ 

ʶ˂ʶˏʻʶˊʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌΦ ʁʽ ʵʽʶˊʴʰˋʾʶˌ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˄ˍˇˉʽˋˍˇˏ˄ ˋʶ ʰˎˍˈ 

ˍˇ ˋ˔ʺ˃ʰ ʶʾ˄ʰʽ ˇʽ ˊʺ˔˖ˋʹΣ ˉʶˊʾʻ˂ʰˋʹ ˋˍʹ˄ ˉˊˇˋˍʰˍʶˎ˃ʷ˄ʹ ˉʶˊʽˇ˔ʺ ˁʰʻ˗ˌ ˁʰʽ ˍˇ wave run-up 

ˁʰʽ run-downΦ ɶ ʻˊʰˏˋʹ ˍˇˎ ˁˏ˃ʰˍˇˌ ˉʱ˄˖ ʰˉˈ ˍˇ˄ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʰˍʹˊʹʻʶʾ 

ˋˍʰ X = 400mΦ ʆˇ ʰˊ˔ʽˁˈ ˉʶʵʾˇ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˊʶˎ˃ʱˍ˖˄ ˃ʶˍʱ ʰˉˈ м ʹ˃ʷˊʰ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌΣ 

ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 25Φ ɴ˄ʰˌ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ʵˏˇ ˋˍˊˇʲʽ˂ʽˋ˃˗˄ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʰˍʹˊʹʻʶʾ 

ˋˍʹ˄ ˎˉʺ˄ʶ˃ʹ ˉ˂ʶˎˊʱ ˍˇˎ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹΦ ɮˎˍˈˌ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˂ˈʴ˖ ˍʹˌ 

˔˖ˊʽˁʺˌ ˃ʶˍʰʲˇ˂ʺˌ ˍʹˌ ˃ʷˋʹˌ ˋˍʱʻ˃ʹˌ ˍʹˌ ʻʱ˂ʰˋˋʰˌ ˃ʶˍʰ˅ˏ ʶˁˍʶʻʶʽ˃ʷ˄ʹˌ ˁʰʽ 

ˉ́ ˇˋˍʰˍʶˎ˃ʷ˄ʹˌ ʰˉˈ ˍˇˎˌ ˁˎ˃ʰˍʽˋ˃ˇˏˌ ˉʶˊʽˇ˔ʺˌΣ ʹ ˇˉˇʾʰ ˖ʻʶʾ ˍʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˉʶˊʾʻ˂ʰˋʹˌ ˃ʶ 

ʶˉʰˁˈ˂ˇˎʻʹ ˗ʻʹˋʹ ˍ˖˄ ˊʶˎ˃ʱˍ˖˄ ˉˊˇˌ ˍˇ ˁʱˍ˖ ˃ʷˊˇˌ ˍʹˌ ˁʰˍʰˋˁʶˎʺˌΦ ʃʰˊʱ˂˂ʹ˂ʰΣ ʰˋʻʶ˄ʺ 

ˊʶˏ˃ʰˍʰ ʶˉʰ˄ʰ˒ˇˊʱˌ ˃ʶ ˍʰ˔ˏˍʹˍʰ лΣн m/s ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˄ˍˇˉʽˋˍˇˏ˄Σ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉ˂ʶˎˊʽˁ˗˄ 

ˇˊʾ˖˄ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˁʰʽ ˍʹˌ ˁʰˍʰˋˁʶˎʺˌΣ ʶ˄˗ ˍʰ˔ˏˍʹˍʶˌ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ʷ˄ʶˌ ˉˊˇˌ ˍʰ ʰ˄ˇʽ˔ˍʱΣ 

ˍʹˌ ˍʱ˅ʹˌ ˍ˖˄ лΣтр m/sΣ ʰ˄ʽ˔˄ʶˏˇ˄ˍʰʽ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺΦ 

 

ɶ ɳʽˁˈ˄ʰ 25 ʵʶʾ˔˄ʶʽ ˍʹ˄ ʰ˂˂ʰʴʺ ˍˇˎ ʲˎʻˇˏ ˃ʶˍʱ ʰˉˈ мл ʹ˃ʷˊʶˌ ˁʰʽ ˍʰ ˋ˔ʶˍʽˁʱ ˁˎ˃ʰˍˇʴʶ˄ʺ 

ˊʶˏ˃ʰˍʰΦ ʃʾˋ˖ ʰˉˈ ˍˇ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹΣ ʹ ʰˁˍˇʴˊʰ˃˃ʺ ʶˁˍʶʾ˄ʶˍʰʽ ˉˊˇˌ ˍʹ ʻʱ˂ʰˋˋʰ ˁʰʽ ˃ʾʰ 

ʰˊ˔ʽˁʺ ˃ˇˊ˒ʺ - ˍˈ˃ˉˇ˂ˇ ʰˊ˔ʾʸʶʽ ˄ʰ ˋ˔ʹ˃ʰˍʾʸʶˍʰʽΦ ɶ ʲʰʻˎ˃ʶˍˊʾʰ ˃ʶˍʱ ʰˉˈ рл ʹ˃ʷˊʶˌ ʵˊʱˋʹˌ 

ˁˎ˃ʱˍ˖˄ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ˋˍˇ ˋ˔ʺ˃ʰ ˍʹˌ ɳʽˁˈ˄ʰ 27Φ ɾˉˇˊʶʾ ˄ʰ ˉʰˊʰˍʹˊʹʻʶʾ ˈˍʽ ʵʶ˄ ˎˉʱˊ˔ˇˎ˄ 

ˋʹ˃ʰ˄ˍʽˁʷˌ ʵʽʰ˒ˇˊʷˌ ˋˍʹ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ʲˎʻˇˏ ˍʹˌ ʻʱ˂ʰˋˋʰˌ ˃ʶˍʰ˅ˏ ˍˇˎ ʵʽʰˋˍʺ˃ʰˍˇˌ мл ˁʰʽ 

рл ʹ˃ʶˊ˗˄Φ ʅˎ˄ʱʴʶˍʰʽ ʷˍˋʽ ˍˇ ˋˎ˃ˉʷˊʰˋ˃ʰ ˈˍʽ ˇ ʰˊ˔ʽˁˈˌ ˊˎʻ˃ˈˌ ˃ʶˍʰʲˇ˂ʺˌ ʺˍʰ˄ ʰˊ˔ʽˁʱ 

ˎ˕ʹ˂ˈˌ ˁʰʽ ʶˉʽʲˊʰʵˏ˄ʻʹˁʶ ˁʰʻ˗ˌ ˉ˂ʹˋʾʰʸʶ ʹ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺ ʽˋˇˊˊˇˉʾʰ ʴʽʰ ˍʽˌ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ʶˉʽˁˊʰˍˇˏˋʶˌ ʰˊ˔ʽˁʷˌ ˋˎ˄ʻʺˁʶˌΦ ɼˇ˄ˍʱ ˋˍˇ ˋˍʱʵʽˇ ʽˋˇˊˊˇˉʾʰˌΣ ˋ˔ʶˍʽˁʱ 

ʰˋʻʶ˄ʶʾˌ ˍʰ˔ˏˍʹˍʶˌ ˉʶˊʾˉˇˎ лΣо m/s ˔ʰˊʰˁˍʹˊʾʸˇˎ˄ ˍˇ ʶˉʰʴˈ˃ʶ˄ˇ ʰˉˈ ˍˇ ˁˏ˃ʰ ˉʶʵʾˇ 

ˊʶˎ˃ʱˍ˖˄Φ ɼʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ʰˎˍʺˌ ˍʹˌ ˒ʱˋʹˌΣ ˍʰ ˁˏ˃ʰˍʰ ʰˉˇˋʲʷ˄ˇˎ˄ ˋˍʹ ˋˁʽʱ ˍˇˎ 

ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ ˂ˈʴ˖ ˍʹˌ ˉʰˊˇˎˋʾʰˌ ˍˇˎ tomboloΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ʷ˄ʰ ˂ʽʴˈˍʶˊˇ ʶ˄ʶˊʴʹˍʽˁˈ 

ˉʶʵʾˇ ˊʶˏ˃ʰˍˇˌ ˋˍʹ˄ ˉˊˇˋˍʰˍʶˎˈ˃ʶ˄ʹ ˉʶˊʽˇ˔ʺΦ ʅˎ˄ʶˉ˗ˌΣ ˁʰʻ˗ˌ ˇʽ ˍʰ˔ˏˍʹˍʶˌ ʶʾ˄ʰʽ ˋ˔ʶˍʽˁʱ 

ʰ˄ʾˋ˔ˎˊʶˌ ˋʶ ʰˎˍˈ ˍˇ ˋˍʱʵʽˇΣ ˇʽ ˊˇʷˌ ˍ˖˄ ʽʸʹ˃ʱˍ˖˄ ʶʾ˄ʰʽ ʰˋʺ˃ʰ˄ˍʶˌ ˁʰʽ ʵʶ˄ ˎˉʱˊ˔ʶʽ 
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ʰ˅ʽˇˋʹ˃ʶʾ˖ˍʹ ʰ˂˂ʰʴʺ ˋˍʹ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ʲˎʻˇˏΦ ɶ ˋˎ˃˒˖˄ʾʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉʰˊˈ˄ˍ˖˄ 

ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ˍʾˋˍˇʽ˔˖˄ ʵʶʵˇ˃ʷ˄˖˄ ˍʹˌ ˃ʶ˂ʷˍʹˌ ˍˇˎ Deltares/Delft Hydraulics 

όмффтύ ˒ʰʾ˄ʶˍʰʽ ʰˊˁʶˍʱ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺΣ ˈˋˇ˄ ʰ˒ˇˊʱ ˍʹ˄ ˍʶ˂ʽˁʺ ʰˁˍˇʴˊʰ˃˃ʺ ˁʰʽ ˍʹ˄ 

ˉʰˊʰˍʹˊˇˏ˃ʶ˄ʹ ʵʽʱʲˊ˖ˋʹ ˋˍʽˌ ʶˁˍʶʻʶʽ˃ʷ˄ʶˌ ˉʶˊʽˇ˔ʷˌ ˍˇˎ ˉʶʵʾˇˎΦ  

 

 

ɳʽˁˈ˄ʰ 24 ɮˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˎˉˇ˂ˇʴʽʸˈ˃ʶ˄ʹˌ ʰˊʽʻ˃ʹˍʽˁʱ ˋˍʽʴ˃ʽʰʾʰˌ ʰ˄ˏ˕˖ˋʹˌ 
ʶ˂ʶˏʻʶˊʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ (Hs=2,00 m, Tp=8,0 s). 

 

 

ɳʽˁˈ˄ʰ 25 ɮˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˉʰˊʱˁˍʽ˖˄ ˊʶˎ˃ʱˍ˖˄ ˁʰʽ ʶ˅ʷ˂ʽ˅ʹ ʲʰʻˎ˃ʶˍˊʾʰˌ 
˃ʶˍʱ ʰˉˈ м ʹ˃ʷˊʰ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌ (Hs=2,00 m, Tp=8,0 s). 
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ɳʽˁˈ˄ʰ 26 ɮˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˉʰˊʱˁˍʽ˖˄ ˊʶˎ˃ʱˍ˖˄ ˁʰʽ ʶ˅ʷ˂ʽ˅ʹ ʲʰʻˎ˃ʶˍˊʾʰˌ 
˃ʶˍʱ ʰˉˈ мл ʹ˃ʷˊʶˌ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌ (Hs=2,00 m, Tp=8,0 s). 

 

 

ɳʽˁˈ˄ʰ 27 ɮˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˉʰˊʱˁˍʽ˖˄ ˊʶˎ˃ʱˍ˖˄ ˁʰʽ ʶ˅ʷ˂ʽ˅ʹ ʲʰʻˎ˃ʶˍˊʾʰˌ 
˃ʶˍʱ ʰˉˈ рл ʹ˃ʷˊʶˌ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌ (Hs=2,00 m, Tp=8,0 s). 

 

ʆˇ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ˇ ˃ˇ˄ˍʷ˂ˇ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˁʰʽ ʴʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˁʰʽ 

˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ ˉˊˇˍˏˉ˖˄ ˁʰʽ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ʶ˄ˈˌ ˏ˒ʰ˂ˇˎ ʰˉˇˋˉʰˋ˃ʷ˄ˇˎ 

ˁˎ˃ʰˍˇʻˊʰˏˋˍʹΦ ɮˎˍʷˌ ˇʽ ˁʰˍʰˋˁʶˎʷˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˇʵʹʴʺˋˇˎ˄ ˋʶ ˃ʶʾ˖ˋʹ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ˍ˖˄ 

ˁˎ˃ʱˍ˖˄ ˃ʷˋ˖ ˍʹˌ ˁʰʻˇʵʹʴˇˏ˃ʶ˄ʹˌ ʰˉˈ ˍʹ ˃ʶˍʰʲˇ˂ʺ ʲʱʻˇˎˌ ʻˊʰˏˋʹˌ ˁˎ˃ʱˍ˖˄Σ ˁʰʽ ʹ 

ʰˉˈˁˊʽˋʹ ˍʹˌ ʰˁˍˇʴˊʰ˃˃ʺˌ ˋˍˇ˄ ˏ˒ʰ˂ˇ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ ʵʽʷˉʶˍʰʽ ʰˉˈ ˎʵˊˇʵˎ˄ʰ˃ʽˁʷˌ 

ʵʽʶˊʴʰˋʾʶˌ ˈˉ˖ˌ ˍˇ wave setup ˁ ʰʽ ˍʰ onshore mass flux (Ranasinghe et alΦΣ нлмлύΦ ʃˊˇˁʶʽ˃ʷ˄ˇˎ 

˄ʰ ʰ˅ʽˇ˂ˇʴʹʻʶʾ ʹ ʶˉʾʵˊʰˋʹ ˍ˖˄ ˏ˒ʰ˂˖˄ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ˋˍʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍʹˌ ʰˁˍʺˌΣ ʹ ˃ʶ˂ʷˍʹ 

ˍ˖˄ Cáceres et alΦ όнллрύ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˖ˌ ˋʹ˃ʶʾˇ ʰ˄ʰ˒ˇˊʱˌΦ ʆˇ ˏ˕ˇˌ ˍʹˌ ˋˍʷ˕ʹˌ ˍˇˎ 

ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ ˇˊʾˋˍʹˁʶ ˋˍʰ -0,5 m ˁʰʽ ʹ ˁʰˍʰˋˁʶˎʺ ˍˇˉˇʻʶˍʺʻʹˁʶ ˋʶ ʰˉˈˋˍʰˋʹ нол m ʰˉˈ 

ˍʹ˄ ʰˁˍʺΦ ɶ ʲʰʻˎ˃ʶˍˊʽˁʺ ʶ˅ʷ˂ʽ˅ʹ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ʴʽʰ ʵʽʱˊˁʶʽʰ нлл ˖ˊ˗˄Σ ʶ˄˗ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ 

ʷ˄ʰˌ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˃ˇˊ˒ˇ˂ˇʴʽˁʺˌ ʶˉʽˍʱ˔ˎ˄ˋʹˌ όMorfac Ґ мрύ ʴʽʰ ˍʹ ˃ʶʾ˖ˋʹ ˍˇˎ ˎˉˇ˂ˇʴʽˋˍʽˁˇˏ 

ˁˈˋˍˇˎˌΦ  
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ɶ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ʹ ʲʰʻˎ˃ʶˍˊʾʰ ˁʰʽ ˍˇ ˋ˔ʶˍʽˁˈ ˉʶʵʾˇ ˊʶˎ˃ʱˍ˖˄ ˃ʶˍʱ ʰˉˈ нлл ˗ˊʶˌ ˁˎ˃ʰˍʽˁʺˌ 

ʵ́ ʱˋʹˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ ˍʹˌ ɳʽˁˈ˄ʰ 28Φ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˋˎ˃˒˖˄ˇˏ˄ 

ˁʰ˂ʱ ˃ʶ ˍʰ ʶˎˊʺ˃ʰˍʰ ˍ˖˄ Cáceres et alΦ όнллрύΣ ˁʰʻ˗ˌ ˍˇ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ˇ ˃ˇ˄ˍʷ˂ˇ ˉʷˍˎ˔ʶ ˄ʰ 

ʰ˄ʰˉʰˊʱʴʶʽ ˈ˂ʰ ˍʰ ˃ˇˊ˒ˇ˂ˇʴʽˁʱ ˁʰʽ ˎʵˊˇʵˎ˄ʰ˃ʽˁʱ ˃ˇˍʾʲʰ ˉʾˋ˖ ʰˉˈ ˍˇ˄ ˁˎ˃ʰˍˇʻˊʰˏˋˍʹ ˁʰʽ 

˃ʷ˔ˊʽ ˍʹ˄ ʰˁˍʺΦ ɱʽʰ ʱ˂˂ʹ ˃ʽʰ ˒ˇˊʱ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˄ˍˇˉʽˋˍˇˏ˄ ʵˏˇ ˋˎ˃˃ʶˍˊʽˁʷˌ ʵʾ˄ʶˌ ʶˁˍˈˌ ˍʹˌ 

ˉˊˇˋˍʰˍʶˎ˃ʷ˄ʹˌ ˉʶˊʽˇ˔ʺˌΣ ʶ˄˗ ˃ʷˋʰ ʰˉˈ ˍʰ ˁʶ˄ʱ ʶˉʽˁˊʰˍˇˏ˄ ʽˋ˔ˎˊʱ ʰˉˇˁ˂ʾ˄ˇ˄ˍʰ ʵʽʰʲˊ˖ˍʽˁʱ 

ˊʶˏ˃ʰˍʰΣ ˃ʶ ˍʰ˔ˏˍʹˍʰ лΣу m/sΦ ɶ ˋˎ˄ˇ˂ʽˁʺ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎ ˉˎʻ˃ʷ˄ʰ ʰˉˇˁʰ˂ˏˉˍʶʽ ˍʹ ʵʽʱʲˊ˖ˋʹ 

ˁˇ˄ˍʱ ˋˍʹ ʵˇ˃ʺΣ ʶ˄˗ ʹ ʰˁˍˇʴˊʰ˃˃ʺ ʰˎ˅ʱ˄ʶˍʰʽ ˁʰʽ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˉˊˇʶ˅ʷ˔ˇ˄ˍˇˌ ˃ˉˇˊʶʾ ˄ʰ 

ˉʰˊʰˍʹˊʹʻʶʾΦ 

 

ɳʽˁˈ˄ʰ 28 ɮˊʽʻ˃ʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˉʰˊʱˁˍʽ˖˄ ˊʶˎ˃ʱˍ˖˄ ˁʰʽ ʶ˅ʷ˂ʽ˅ʹ ʲʰʻˎ˃ʶˍˊʾʰˌ 
˃ʶˍʱ ʰˉˈ нлл ˗ˊʶˌ ˁˎ˃ʰˍʽˁʺˌ ʵˊʱˋʹˌ.  
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ɰʰˋʽˁʱ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ  

ɶ ʵʽʱʲˊ˖ˋʹ ˍ˖˄ ʰˁˍ˗˄ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ ˉʰʴˁˈˋ˃ʽˇ ˉˊˈʲ˂ʹ˃ʰΣ ˉˇˎ ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˉˈ ˒ˎˋʽˁʷ ̩

ʵʽʶˊʴʰˋʾʶˌ ʰ˂˂ʱ ˁʰʽ ʰˉˈ ʰ˄ʻˊ˖ˉˇʴʶ˄ʶʾˌ ʵˊʰˋˍʹˊʽˈˍʹˍʶˌΦ ɶ ʶˉʽ˂ˇʴʺ ˍˇˎ ˁʰˍʱ˂˂ʹ˂ˇˎ ˍˏˉˇˎ 

ˉˊˇˋˍʰˋʾʰˌ ʴʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ ʵʽʱʲˊ˖ˋʹˌ ˍ˖˄ ʰˁˍ˗˄ ʶʾ˄ʰʽ ˍˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ˃ʽʰˌ ʶ˄ʶˊʴˇˏ 

ˋˎʸʺˍʹˋʹˌ ˋʶ ˉˇ˂˂ʷˌ ˔˗ˊʶˌ ˍ̌ ˎ ˁˈˋ˃ˇˎΣ ˁʰʻ˗ˌ ˃ʾʰ ʶˎˊʶʾʰ ʴˁʱ˃ʰ ʰˉˈ ˍʶ˔˄ʽˁʷˌ ʺˉʽʰˌ ˁ˂ʾ˃ʰˁʰˌ, 

ˁʰʻ˗ˌ ˁʰʽ ˃ʶʴʱ˂˖˄ ʷˊʴ˖˄ ˉˇ˂ʽˍʽˁˇˏ ˃ʹ˔ʰ˄ʽˁˇˏ ˃ˉˇˊˇˏ˄ ˄ʰ ʶˉʽˋˍˊʰˍʶˎˍˇˏ˄ ʴʽʰ ˍʹ˄ 

ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎΦ ɶ ʶˉʽ˂ˇʴʺ, ˋˏ˂˂ʹ˕ʹ ˁʰʽ ʵʽʰˋˍʰˋʽˇ˂ˈʴʹˋʹ ʰˎˍ˗˄ ˍ˖˄ ʷˊʴ˖˄ 

ʰˉʰʽˍʶʾ ˍʹ ˔ˊʺˋʹ ˉˊˇʲ˂ʷ˕ʶ˖˄ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ ˎ˕ʹ˂ˇˏ ˎˉˇ˂ˇʴʽˋˍʽˁˇˏ ˁˈˋˍˇˎˌΣ ʴʽʰ ˍʹ˄ 

ʶˁˍʾ˃ʹˋʹ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˁʱʻʶ ʁ˄ʰ˂˂ʰˁˍʽˁʺˌ ˂ˏˋʹˌ ˋˍˇ ˉʰˊʱˁˍʽˇ ˋˏˋˍʹ˃ʰΦ ʆʰ ˍʶ˂ʶˎˍʰʾʰ ˔ˊˈ˄ʽʰΣ 

ʹ ʶˉʽˋˍʹ˃ˇ˄ʽˁʺ ʷˊʶˎ˄ʰ ʷ˔ʶʽ ˋˍˊʰ˒ʶʾ ˋˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˉˊˇʹʴ˃ʷ˄˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˍʶ˔˄ʽˁ˗˄ ʴʽʰ ˍʹ 

ʵʽʶˊʶˏ˄ʹˋʹ ˍʹˌ ʰˉˈʵˇˋʹˌ ˁʰʽ ˍʹˌ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰˌ ʰˎˍ˗˄ ˍ˖˄ ˁʰˍʰˋˁʶˎ˗˄ όʺˉʽ˖˄ ʺ ˃ʹύΣ 

ˈˋˇ˄ ʰ˒ˇˊʱ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˍˇˎˌ ˄ʰ ʶ˂ʰ˔ʽˋˍˇˉˇʽˇˏ˄ ˍʽˌ ˍʱˋʶʽˌ ʵʽʱʲˊ˖ˋʹˌΦ ʍˌ ʶˁ ˍˇˏˍˇˎΣ ʹ 

ˉʰˊˇˏˋʰ ʵʽʵʰˁˍˇˊʽˁʺ ʵʽʰˍˊʽʲʺ ˃ˉˇˊʶʾ ˄ʰ ʻʶ˖ˊʹʻʶʾ ˖ˌ ˃ʷˊˇˌ ʰˎˍˇˏ ˍˇˎ ʶˊʶˎ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

ɮˎˍʺ ʹ ˃ʶ˂ʷˍʹ ʶˉʽʵʽ˗ˁʶʽ ˄ʰ ʲˇʹʻʺˋʶʽ ˋˍʹ˄ ˁʰ˂ˏˍʶˊʹ ˁʰˍʰ˄ˈʹˋʹ ˍʹˌ ˁʾ˄ʹˋʹˌ ˍ˖˄ ˃ʹ 

ˋˎ˄ʶˁˍʽˁ˗˄ ʽʸʹ˃ʱˍ˖˄ ˎˉˈ ˍʹ ʵˊʱˋʹ ˁˎ˃ʰˍˇˊʶˏ˃ʰˍˇˌΦ ɰʰˋʽˁˈˌ ˋˍˈ˔ˇˌ ʶʾ˄ʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ 

ˉˊˇʹʴ˃ʷ˄˖˄ ˍʶ˔˄ʽˁ˗˄ ʰˊʽʻ˃ʹˍʽˁʺˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌΣ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻˇˏ˄ ˃ʶ 

ʰˁˊʾʲʶʽʰ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁˇʾ ˃ʹ˔ʰ˄ʽˋ˃ˇʾ ˋʶ ʷ˄ʰ ˃ʶʴʱ˂ˇ ʶˏˊˇˌ ʰˉˈ ʰˁʰ˄ˈ˄ʽˋˍʶˌ ʲʰʻˎ˃ʶˍˊʾʶˌΣ 

˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʹ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʰˋˍʱʻʶʽʰˌ ˁˎ˃ʱˍ˖˄Σ ˁʰʻ˗ˌ ˁʰʽ ʱ˂˂ʶˌ ˒ˎˋʽˁʷˌ ʵʽʶˊʴʰˋʾʶˌ 

˃ʽˁˊʺˌ ˁ˂ʾ˃ʰˁʰˌ ˋˍʹ˄ ʶˋ˖ˍʶˊʽˁʺ ʸ˗˄ʹ ʻˊʰˏˋʹˌ ˁʰʽ swash. 

 

ʍˌ ˃ʾ ʰ ʵʽʰʵʽˁʰˋʾʰ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁʺ ̩ʰ˄ʰˋˁˈˉʹˋʹΣ̩ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʹ h˄ʱ˂ˎˋʹ ˍ˖˄ 

ˎˉʰˊ˔ˈ˄ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˋˎˋˁʶˎ˗˄ ˁʰʽ ʶˊʴʰ˂ʶʾ˖˄ ˁʰʻ˗ˌ ˖ˌ ˉˊˇˌ ˍʽˌ ʵˎ˄ʰˍˈˍʹˍʶˌ ˍˇˎˌ ˄ʰ 

ˉ́ ˇʲ˂ʷˉˇˎ˄ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˋʶ ˉʶˊʽˇ˔ʷˌ ˃ʶ˂ʷˍʹˌ ˃ʶ ʽʵʽʰʾˍʶˊˇ ˃ˇˊ˒ˇ˂ˇʴʽˁˈ 

ʶ˄ʵʽʰ˒ʷˊˇ˄ όɼʶ˒ʱ˂ʰʽˇ мύΦ ɮˊˁʶˍʷˌ ˃ʶʻˇʵˇ˂ˇʴʾʶˌ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌ ʶ˒ʰˊ˃ˈˋˍʹˁʰ˄ 

ʴʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺΣ ˈˉ˖ˌ ʹ ʵʽʱʵˇˋʹ ˁˎ˃ʱˍ˖˄Σ ʹ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ ˁʰʽ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺΦ ɶ ˍˊ˖ˍˈˍʹˍʰ ̱ ˖˄ ʰˁˍ˗˄ ˉˇˎ ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˉˈ 

ˁˏ˃ʰˍʰ ˁʰˍʰʽʴʾʵʰ̩  ʰ˄ʰ˂ˏʻʹˁʶ ʴʽʰ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˃ʶ˂ʷˍʹˌ ˍˇˎ ʄʶʻˏ˃˄ˇˎ ˋˍʹ˄ ɳ˂˂ʱʵʰΦ ɱʽʰ ˍʹ˄ 

ˉʶˊʽˇ˔ʺ ʰˎˍʺ h ˅ʽˇ˂ˇʴʺʻʹˁʰ˄ ʵʽʱ˒ˇˊʶˌ ˍʶ˔˄ʽˁʷˌ ˂ˏˋʶʽˌ ˉˊˇˋˍʰˋʾʰˌ όʵʽʰ˃ˇˊ˒˗ˋʶʽˌ ˉʰˊʱˁˍʽ˖˄ 

ʷˊʴ˖˄), ˃ʷˋ˖ ˉˊˇʹʴ˃ʷ˄ʹˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌΣ ˖ˌ ˉˊˇˌ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˍˇˎˌ ˄ʰ 

ʰˉˇ˃ʶʽ˗˄ˇˎ˄ ˍʽˌ ˁʰˍʰˋˍˊˇ˒ʽˁʷˌ ˋˎ˄ʷˉʶʽʶˌ ʰˁˊʰʾ˖˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ˁʰˍʰʽʴʾʵʰˌΦ ɶ ʵʽʱʵˇˋʹ ˍ˖˄ 

ˁˎ˃ʱˍ˖˄ ˁʰʽ ˍʰ ˎʵˊˇ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʱ ˃ˇˍʾʲʰ ʶˁˍʽ˃ʺʻʹˁʰ˄ ˃ʷˋ˖ ʵˏˇ ʵʽʰˁˊʽˍ˗˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ 

˃ˇ˄ˍʷ˂˖˄Υ MIKE нм ˁʰʽ XBeach, ʶ˄˗ ʷʴʽ˄ʶ ˋˏʴˁˊʽˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ʶ˅ˈʵˇ  ˎˍˇˎˌΦ ɶ 

ʶ˒ʰˊ˃ˇʴʺ ˍ˖˄ ˃ˇ˄ˍʷ˂˖˄ ʰˎˍ˗˄ ʶʾ˔ʶ ˖ˌ ˋˍˈ˔ˇ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍʹˌ ʽˁʰ˄ˈˍʹˍʱ ̩ʰˎˍ˗˄ ˄ʰ 
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ˉˊˇˋˇ˃ˇʽ˗˄ˇˎ˄ ˃ʶ ʰˁˊʾʲʶʽʰ ˒ˎˋʽˁʷˌ ʵʽʶˊʴʰˋʾʶˌ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺ, ˎˉˈ ʰˁˊʰʾʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ 

ˁʰˍʰʽʴʾʵʰˌΦ ɮˉˇʵʶʾ˔ʻʹˁʶ ˈˍʽ ʹ ˋˎ˄ʶˊʴʰˍʽˁʺ ʰˊʽʻ˃ʹˍʽˁʺ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ MIKE нм ˁʰʽ XBeach 

˃ˉˇˊʶʾ ˄ʰ ʶ˒ʰˊ˃ˇˋˍʶʾ ˋʶ ˃ʶʴʱ˂ʹ ˁ˂ʾ˃ʰˁʰ όˍˇ˃ʷʰˌ ˋˎ˄ˇ˂ʽˁʺˌ ʶˉʽ˒ʱ˄ʶʽʰˌ мп km2ύ ʴʽʰ ˍʹ˄ 

ʰ˅ʽˈˉʽˋˍʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ˎʵˊˇ-˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄ ˎˉˈ ʰˁˊʰʾʶˌ ˋˎ˄ʻʺˁʶˌ 

ˁʰˍʰʽʴʾʵʰˌΦ ʆʰ ʰˊʽʻ˃ʹˍʽˁʱ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ʰ ˉʶʵʾʰ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ ˁʰʽ ˊʶˎ˃ʱˍ˖˄Σ ʷʵʶʽ˅ʰ˄ 

ˉʰˊˈ˃ˇʽʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ (ˁˏ ˊʽʰ ˁʰˍʶˏʻˎ˄ˋʹ ˁʰʽ ʷ˄ˍʰˋʹ ˍʰ˔ˎˍʺˍ˖˄ ˁʰʽ ˒ˇˊˍʾ˖˄ύΣ ʹ ˇˉˇʾʰ 

ʶˉʽʲʶʲʰʽ˗˄ʶʽ ˍʹ˄ ʶʴˁˎˊˈˍʹˍʰ ˍʹˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ˍʶ˔˄ʽˁʺˌΦ  

 

ɶ ʶˉʽ˂ʶʴ˃ʷ˄ʹ ˉˊˇˋʷʴʴʽˋʹ ˉʰˊˇˎˋʾʰˋʶ ˁʰʽ ˇˊʽˋ˃ʷ˄ˇˎˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌΣ ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ 

ˍʹ˄ ˇʽˇ˄ʶʾ ʴˊʰ˃˃ʽˁʺ ˒ˏˋʹ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄ MIKEнм ˁʰʽ XBΣ ˋˍʰ ˇˉˇʾʰ ʹ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˃ʷˋ˖ ʰˉˈ ˃ʾʰ ˍʶ˔˄ʽˁʺ ̩Ψ˃ʷˋ˖˄ ˁˎ˃ʰˍʽˋ˃˗˄Ω(wave-

averaged approach)Φ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˍˇ XBeach ˋʶ ˂ʶʽˍˇˎˊʴʾʰ surf beat ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ 

ʶˉʾ˂ˎˋʹ ˍˇˎ ˃ʷˋˇˎ ˈˊˇˎ ʲˊʰ˔ʷ˖˄ ˁˎ˃ʱˍ˖˄ ˁʰʽ ˇ˃ʱʵʰˌ ˁˎ˃ʰˍʽˋ˃˗˄Σ ʹ ˇˉˇʾʰ ˉˊˇˋʻʷˍʶʽ 

ˋʹ˃ʰ˄ˍʽˁʷˌ ʵˎˋˁˇ˂ʾʶˌ ˋˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ ˃ʹ ʴˊʰ˃˃ʽˁ˗˄ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ ˁˎ˃ʱˍ˖˄-ˊʶˎ˃ʱˍ˖˄, 

ˁʰʻ˗ˌ ˁʰʽ ʶ˄ʵˇ-ˁˎ ˃ʰˍʽˁ˗˄ ʶˉʽʵˊʱˋʶ˖˄ ˋˍʹ˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁʰʽ ˃ˇˊ˒ˇ˂ˇʴʾʰΦ ɳˉʽˉ˂ʷˇ˄Σ ˍʰ 

˒ʰʽ˄ˈ˃ʶ˄ʰ ˉʶˊʾʻ˂ʰˋʹˌ ˁʰʽ ʵʽʰˋˉˇˊʱˌ ʵʶ˄ ˃ˉˇˊˇˏ˄ ˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻˇˏ˄ ʶˉʰˊˁ˗ˌ ʰˉˈ ˍˇ 

˃ˇ˄ˍʷ˂ˇ XB ̀ ʶ ˂ʶʽˍˇˎˊʴʾʰ surfbeat. 

 

ɳˉʽˉ˂ʷˇ˄Σ ˍˇ ˃ˇ˄ˍʷ˂ˇ MIKEнм ˂ʰ˃ʲʱ˄ʶʽ ˎˉˈ˕ʹ ˉʽˇ ˋˏ˄ʻʶˍʶˌ ˒ˎˋʽˁʷ ̩ʵʽʶˊʴʰˋʾʶˌΣ ˈˉ˖ˌ ʹ 

ʻˊʰˏˋʹ ˋˍʰ ʰ˄ˇʽ˔ˍʱ όwhite capping) ˁʰʽ ʹ ˃ʹ ʴˊʰ˃˃ʽˁʺ ˃ʶˍʰ˒ˇˊʱ ʶ˄ʷˊʴʶʽʰˌ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˋˎ˄ʽˋˍ˖ˋ˗˄ ʶ˄ˈˌ ˒ʱˋ˃ʰˍˇˌ ˁˏ˃ʰˍˇˌΦ ʍˋˍˈˋˇΣ ˈˉ˖ˌ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ 

˃ˇ˄ˍʷ˂ˇˎ XBΣ ʰˎˍʺ ʹ ˋˎˋˁʶˎʺ ˉʰˊʷ˔ʶʽ ˃ʽʰ ˉˊˇˋʷʴʴʽˋʹ ʲʰˋʽˋ˃ʷ˄ʹ ˋʶ Ψ˃ ʷˋˇ ̆ˁ ˏ˃ʰˍʽˋ˃ˈ (wave-

averaged approach) ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍ˖˄ ˎʵˊˇ-˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄Σ ˁʰʻ˗ˌ 

ˍ ̌ˎ ʵˊˇʵˎ˄ʰ˃ʽˁˈ ̄ ʶʵʾˇ ˁʰʻˇʵʹʴʶʾˍʰʽ ʰˉˈ ˍʽˌ ˍʱˋʶʽˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌ ˉˇˎ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ˃ʷˋ˖ ˍˇˎ 

˃ˇ˄ˍʷ˂ˇˎ ˒ʰˋ˃ʰˍʽˁ˗˄ ˁˎ˃ʱˍ˖˄Φ ɮˎˍʺ ʹ ˃ʷʻˇʵˇˌ ̒ ʷˍʶʽ ˋʹ˃ʰ˄ˍʽˁˇˏˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌ ˋˍʹ˄ h ˁˊʽʲʺ 

ˉˊˈʲ˂ʶ˕ʹ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ˁˎ˃ʱˍ˖˄ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁˍʺΣ ˈˉˇˎ ˂ʰ˃ʲʱ˄ˇˎ˄ ˔˗ˊʰ ʷ˄ˍˇ˄ʰ ˃ʹ ʴˊʰ˃˃̔ˁʱ 

˒ʰʽ˄ˈ˃ʶ˄ʰ (ʰ˄ ʱˁ˂ʰˋʹΣ ΨˍˊʽˋʵʽʰˋˍˇˋʽˇˉˇʾʹˋʹΩ ˁˏ˃ʰˍˇˌΣ ˁˎ˃ʰˍʽˁʺ ʵʽʰˋˉˇˊʱ). 

 

ɳˉʽˉˊˈˋʻʶˍʰΣ ʹ ʁ ˊʴʰˋˍʹˊʽʰˁʺ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʶˊʶˏ˄ʹˋʹ ˎ ʵˊˇ-˃ˇˊ˒ˇ˂ˇʴʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄ 

ˎˉˈ ˉˇ˂ˎˋ˔ʽʵʶʾˌ ʲʰʻˎ˃ʶˍˊʾʶˌ ˔˖ˊʾˌ ˍʹ˄ ˉʰˊˇˎˋʾʰ ʷˊʴ˖˄ ˃ʶ ˄ʷʰ ˋˎ˄ʵˎʰˋˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ, 

ˉʰˊʶʾ˔ʶ ˔ˊʺˋʽ˃ʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˖ˌ ˉˊˇˌ ˍˇˎˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏˌ ʲʰʻˎ˃ʶˍˊʽˁʺˌ ʶ˅ʷ˂ʽ˅ʹˌ ˁʰʽ 

˃ʶˍʱʲʰˋʹˌ ˃ ʶˍʰ˅ˏ ˍ˖˄ ʶˉʽ˃ʷˊˇˎˌ ˋˍʰʵʾ˖˄Σ ʰˉˈ ʰˉˇˊˊˇ˒ʹˍʽˁʺ ˋʶ ʁ˄ʵʽʱ˃ʶˋʹ ˁʰʽ ʰ˄ʰˁ˂ʰˋˍʽˁʺ 

˃ˇˊ˒ʺ ʰˁˍʺˌ όˁʶ˒ʱ˂ʰʽˇ оύΦ ʆʰ ˂ʶˉˍˇ˃ʶˊʺ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʱ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ 

ˋˎ˂˂ʷ˔ʻʹˁʰ˄ ʰˉˈ ˍˇˎˌ Castelle et alΦΣ όнлмлύ ˁʰʽ Michallet et alΦΣ όнлмоύ ˔ˊʹˋʾ˃ʶˎˋʰ˄ ʶʵ˗ ˖ˌ 

ˋʹ˃ʰ˄ˍʽˁˈ ˋʹ˃ʶʾˇ ʰ˄ʰ˒ˇˊʱˌ ʴʽʰ ˍʽˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʶˉʽ˂ˏˋʶʽˌΦ ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˃ʾʰ 
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ˁʰ˂ʺ ˁʰˍʰ˄ˈʹˋʹ ʰˎˍ˗˄ ˍ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄Σ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʵˏˇ ʵʽʰˁˊʽˍʷˌ 

ˉˊˇˋʶʴʴʾˋʶʽˌ ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍ˖˄ ˃ʹ˔ʰ˄ʽˋ˃˗˄ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺˌ ˁʰʽ ʽʵʽʰʾˍʶˊʰ ˍʹˌ 

ʶˉʾʵˊʰˋʹˌ ˍ˖˄ ˃ʶˍʰʲˇ˂˗˄ ˁˎ˃ʰˍʽˁˇˏ ˁ˂ʾ˃ʰˍˇˌ ˋˍʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ ʰˁˍʺˌΦ ɶ ˉˊ˗ˍʹ ˉˊˇˋʷʴʴʽˋʹ, 

ʹ ˇˉˇʾʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʶʵ˗Σ ʲʰˋʾʸʶˍʰʽ ˋʶ ʰˊ˔ʷˌ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹˌ ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍʹˌ 

˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˉˎʻ˃ʷ˄ʰΦ ɶ ʻʶ˃ʶ˂ʽ˗ʵʹˌ ˎˉˈʻʶˋʹ ʰˎˍʺˌ ˍʹˌ ˃ʶʻˈʵˇˎ ʶʾ˄ʰʽ ˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˇ 

ʽʸʹ˃ʰˍˇʴʶ˄ʺˌ ˉˎʻ˃ʷ˄ʰˌ ˉˊˇˋʰˊ˃ˈʸʶˍʰʽ ˋˍʹ˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˊˇʺ ˃ʶ ˁʱˉˇʽˇ ʶʾʵˇˌ ʲʷ˂ˍʽˋˍʹˌ 

˃ʶˍʰ˒ˇˊʱˌ ʱ˃˃ˇˎ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶ˂ʰ˔ʽˋˍˇˉˇʽʹʻʶʾ ˃ʾʰ ʷˁ˒ˊʰˋʹ ʶ˄ʷˊʴʶʽʰˌΦ ɶ ʲʷ˂ˍʽˋˍʹ 

˃ʶˍʰ˒ˇˊʱ ʻʶ˖ˊʶʾˍʰʽ ʶʵ˗ ˖ˌ ʹ ʁ˂ʱ˔ʽˋˍʹ ʰ˂˂ʰʴʺ ˋˍˇ ˋ˔ʺ˃ʰ ˍʹˌ ʲʰʻˎ˃ʶˍˊʾʰˌΦ ɮˎˍʺ ʹ 

ʰˊʽʻ˃ʹˍʽˁʺ ˃ʷʻˇʵˇˌ ˉʰˊʶʾ˔ʶ ʰ˅ʽˈˉʽˋˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ˋ˔ʶˍʽˁʱ ˃ʶ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍ˖˄ 

ˉʰˊʱˁˍʽ˖˄ ʸ˖˄˗˄Σ ˋˍʽˌ ˇˉˇʾʶˌ ʶˉʽˁˊʰˍʶʾ ʰˉˈʻʶˋʹ ʺ ʵʽʱʲˊ˖ˋʹΦ ʍˋˍˈˋˇΣ ˇ ˉʶˊʽˇˊʽˋ˃ˈˌ ʰˎˍˇˏ 

ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˉˇˎ ʷʴˁʶʽˍʰʽ ˋˍʹ˄ ʰ˄ʰˉʰˊʰʴ˖ʴʺ ʶ˄ˈˌ ˊʶʰ˂ʽˋˍʽˁˇˏ ˁˎ˃ʰˍʽˁˇˏ ˁ˂ʾ˃ʰˍˇˌ 

(ʶ˅ʶˍʱˋˍʹˁʰ˄ ˃ˈ˄ˇ ˁʱʻʶˍʰ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ˁˏ˃ʰˍʰύΣ ʵˎˋ˔ʶˊʰʾ˄ʶʽ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˃ˇˍʾʲ˖˄ ̄ ˇˎ ̄ ʰˊʰˍʹˊʺʻʹˁʰ˄ ˁʰˍʱ ˍʹ˄ ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰΦ ʂˋˇ˄ ʰ˒ˇˊʱ 

ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʱ ˎˉˇ˂ˇʴʽʸˈ˃ʶ˄ʹ ˍʶ˂ʽˁʺ ʴʶ˖˃ʶˍˊʾʰ ˉˎʻ˃ʷ˄ʰ (alongshore averaged profiles), 

ʶˉʽˍʶˏ˔ʻʹˁʶ ˃ʾʰ ˋ˔ʶˍʽˁʱ ˁʰ˂ʺ ˋˎ˃˒˖˄ʾʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˁʰ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ 

ˉʰˊʰ˃ʷˍˊ˖˄Φ ɮˎˍˈ ˃ˉˇˊʶʾ ˄ʰ ˇʵʹʴʺˋʶʽ ˋˍˇ ˋˎ˃ˉʷˊʰˋ˃ʰ ˈˍʽ ʰˎˍʺ ʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʰˊʽʻ˃ʹˍʽˁʺ 

ˍʶ˔˄ʽˁʺ ˉˇˎ ʲʰˋʾʸʶˍʰʽ ˋʶ ʰˊ˔ʷˌ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʷ˔ʶʽ ʰˁˊʽʲʺ ̩ˉˊ̡̌ ˂̫̞ʶʽˌ ʴʽʰ 

˃ˇ˄ˇʵʽʱˋˍʰˍʶˌ ʁ ˒ʰˊ˃ˇʴʷˌ ʰˁˍˇ˃ʹ˔ʰ˄ʽˁʺˌ 1DH.  

 

ɳˉʽˉ˂ʷˇ˄Σ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ о, ˉʰˊˇˎˋʽʱˋˍʹˁʶ ʷ˄ʰ ʶˉʽˉ˂ʷˇ˄ ˋˏ˄ʻʶˍˇ ʰˊʽʻ˃ʹˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ ʴʽʰ 

ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˁʰʽ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ нDHΣ ˃ʶ ʲʱˋʹ ˍʽˌ ˃ʹ 

ʴˊʰ˃˃ʽˁʷˌ ʶ˅ʽˋ˗ˋʶʽˌ ˊʹ˔˗˄ ˎʵʱˍ˖˄ όNSWE) ʶ˄˗ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ ˉʰˊˇˏˋʰˌ 

ʵʽʰˍˊʽʲʺˌ ʷ˄ʰ ˄ʷˇ ˃ˇ˄ˍʷ˂ˇ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ ʲʰˋʽʸˈ˃ʶ˄ˇ ˋʶ ˃ʹ-ʰˋˍʰʻʺˌ ˋ˔ʷˋʶʽˌ ʴʽʰ ˍʹ˄ 

ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˍ˖˄ ʽʸʹ˃ʰˍˇʴʶ˄˗˄ ˒ˇˊˍʾ˖˄Φ ɮˎˍʺ ʹ ˍʶ˔˄ʽˁʺ ˉʰˊʶʾ˔ʶ ˋʹ˃ʰ˄ˍʽˁʷˌ 

ˉ˂ʹˊˇ˒ˇˊʾʶˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ʰˁʰ˄ˈ˄ʽˋˍ˖˄ ˃ˇˍʾʲ˖˄ ˁˎ˃ʰˍˇʴʶ˄˗˄ ˊʶˎ˃ʱˍ˖˄ 

όˊʶˏ˃ʰˍʰ ˉʰˊʱ˂˂ʹ˂ʰ ˉˊˇˌ ˍʹ˄ ʰˁˍʺ ʺ ˊʶˏ˃ʰˍʰ ʶˉʰ˄ʰ˒ˇˊʱˌ)Φ ʅˎ˄ˇ˂ʽˁʱΣ ʶˉʽˍʶˏ˔ʻʹˁʶ ˃ʽʰ ˁʰ˂ʺ 

ˋˎ˃˒˖˄ʾʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ˁʰʽ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄Σ ˁʰʻ˗ˌ ʹ 

ʲʰʻˎ˃ʶˍˊʽˁʺ ʶ˅ʷ˂ʽ˅ʹ h ˁˇ˂ˇˏʻʹˋʶ ˃ʶ ʰˁˊʾʲʶʽʰ ̱ ʽˌ ˃ʶˍʰʲˇ˂ʷˌ ˁˎ˃ʰˍʽˁˇˏ ˁ˂ʾ˃ʰˍˇˌ.  

 

ɽh ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʹ ˈ˂ʰ ˍʰ ˉʰˊʰˉʱ˄˖Σ ˁʰʽ ˃ʶ ʲʱˋʹ ˍʹ˄ ʶ˄ʵʶ˂ʶ˔ʺ ˁʰˍʰʴˊʰ˒ʺ ʰ˄ʰ˒ˇˊʽˁʱ 

˃ʶ ˍʽˌ ʵˎ˄ʰˍˈˍʹˍʶˌ ˁʰʽ ˍˇˎˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌ ˍ˖˄ ˎˉʰˊ˔ˇˎˋ˗˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʶˊʴʰ˂ʶʾ˖˄Σ ʹ 

ˉʰˊˇˏˋʰ ʷˊʶˎ˄ʰ ˉˊˇ˔˗ˊʹˋʶ ʷ˄ʰ ʲʺ˃ʰ ˉʰˊʰˉʷˊ  h˃ ʶ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ʶ˄ˈˌ ˄ʷˇˎ ˁʰʽ ˉˊˇʹʴ˃ʷ˄ˇˎ 

ˋˎ˄ʵˎʰˋˍʽˁˇˏ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ʴʽʰ ˉˊʰˁˍʽˁʷˌ ˁʰʽ ʶˉʽˋˍʹ˃ˇ˄ʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌ όˁʶ˒ʱ˂ʰʽˇ 

4)Φ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʷ˄ʰ ˃ˇ˄ˍʷ˂ˇ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌΣ ʲʰˋʽʸˈ˃ʶ˄ˇ ˋʶ ˃ʽʰ оD 

ˉˊˇˋʷʴʴʽˋʹ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ ˋʶ ʰʽ˗ˊʹˋʹΣ ʶ˄˗ ʰˎˍˈ 
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ˋˎ˄ʵˎʱˋˍʹˁʶ ˃ʶ ʷ˄ʰ ˉ˂ʺˊ˖ˌ ˃ʹ ʴˊʰ˃˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇ Boussinesq ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍ˖˄ 

ʵˊʱˋʶ˖˄ ˁˏ˃ʰˍˇˌ-ˊʶˏ˃ʰˍˇˌ ˋˍʹ˄ ˉʰˊʱˁˍʽʰ ʸ˗˄ʹΦ ɶ ˔ˊʺˋʹ ʰˎˍˇˏ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ʶˉʾ˂ˎˋʹˌ 

˒ʱˋʹˌ ʷʵ˖ˋʶ ˃ʽʰ ˁʰ˂ʺ ˉʶˊʽʴˊʰ˒ʺ ˈ˂˖˄ ˍ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ˁˎ˃ʱˍ˖˄ 

ˁʰʽ ˎʵˊˇʵˎ˄ʰ˃ʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˋˍʰ ˊʹ˔ʱ ˄ʶˊʱ: ˊʺ˔˖ˋʹ, ʻˊʰˏˋʹ ˁˏ˃ʰˍˇˌ, wave run-up and 

run-down , ɻ ʽˋʵʽʱˋˍʰˍʰ ˊʶˏ˃ʰˍʰ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ʰˉˈ ˁˏ˃ʰˍʰ ˋʶ ˉˇ˂ˏˉ˂ˇˁʶˌ ʲʰʻˎ˃ʶˍˊʾʶˌΣ 

˒ʰʽ˄ˈ˃ʶ˄ʰ ʵʽʰˋˉˇˊʱΣ ˂ˇ˅ˈˍʹˍʰ ˁʰʽ ʰˋˎ˃˃ʶˍˊʾʰΣ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˁˏ˃ʰˍˇˌ ˊʶˏ˃ʰˍˇˌΦ ɮˎˍʱ ˍʰ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰˉˇʵʶʾ˔ʻʹˁʰ˄ ʽʵʽʰʾˍʶˊʰ ˋʹ˃ʰ˄ˍʽˁʱ ʴʽʰ ˍʹ˄ ʰˁˊʽʲʺ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ˃ʶˍʰ˒ˇˊʱˌ 

ʽʸʺ˃ʰˍˇˌ ˁʰʽ ˍ˖˄ ˃ˇˊ˒ˇ˂ˇʴʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄Φ ʍˌ ʶˁ ˍˇˏˍˇˎΣ ˍˇ ˉ˂ʺˊ˖ˌ ˃ʹ ʴˊʰ˃˃ʽˁˈ ˃ˇ˄ˍʷ˂ˇ 

Boussinesq-FUNWAVE-TVD ̀ ˎˋ˔ʶˍʾˋˍʹˁʶ ʱ˃ʶˋʰ ˃ʶ ʷ˄ʰ ʹ˃ʾ- ̱ ˊʽˋʵʽʱˋˍʰˍˇ ˃ˇ˄ˍʷ˂ˇ ˃ʶˍʰ˒ˇˊʱˌ 

ʽʸʺ˃ʰˍˇˌ ˁʰʽ ˃ˇˊ˒ˇ˂ˇʴʾʰˌΣ ˍˇ ˇˉˇʾˇ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʰˉˈ ˍˇ˄ ˋˎʴʴˊʰ˒ʷʰ ˍʹˌ ˉʰˊˇˏˋʰˌ 

ʵʽʰˍˊʽʲʺˌΦ ɮˎˍʺ ʹ ˋˎˋˁʶˎʺ ˂ʰ˃ʲʱ˄ʶʽ ˎˉˈ˕ʹ ˍʽˌ ˃ʹ ʴˊʰ˃˃ʽˁʷˌ ʵʽʶˊʴʰˋʾʶˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄Σ 

˃ʶ ˍʹ˄ ˉʰˊʱ˂˂ʹ˂ʹ ʶ˄ˋ˖˃ʱˍ˖ˋʹ ˍ˖˄ ʰˋˍʰʻ˗˄ ˁˎ˃ʰˍʽˁ˗˄ ʶˉʽʵˊʱˋʶ˖˄ ˋˍˇ ˒ˇˊˍʾˇˎ ˉˎʻ˃ʷ˄ʰΦ 

ɹɻ ʽʰʾˍʶˊʹ ˉˊˇˋˇ˔ʺ ʵˈʻʹˁʶ ˋˍˇ ˊˈ˂ˇ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˁʰˍʱ ˃ʺˁˇˌ ̱ ʹ̩ y ˗˄ʹ ̩

ʰ˄ʰˊˊʾ˔ʹˋʺˌ όswash), ʶ˄˗ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˉˊˇʹʴ˃ʷ˄ʶˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ˍʶ˔˄ʽˁʷˌ ʴʽʰ ˍʹ 

˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍ˖˄ ˍˊʽˋʵʽʱˋˍʰˍ˖˄ ˃ˇˍʾʲ˖˄ ˒ˇˊˍʾˇˎ ʰʽ˗ˊʹˋʹˌΦ ʆˇ ˋˎʸʶˎʴ˃ʷ˄ˇ ˃ʹ ʴˊʰ˃˃ʽˁˈ 

˃ˇ˄ˍʷ˂ˇ ʶˉʽˁˎˊ˗ʻʹˁʶ ʵʽʶ˅ˇʵʽˁʱ ˋʶ ˋ˔ʷˋʹ ˃ʶ ʶˊʴʰˋˍʹˊʽʰˁʱ ʵʶʵˇ˃ʷ˄ʰ ˁʰʽ ʱ˂˂ʶˌ ʰˊʽʻ˃ʹˍʽˁʷˌ 

ʷˊʶˎ˄ʶˌΦ ʅʶ ʰˎˍˈ ˍˇ ˉ˂ʰʾˋʽˇΣ ʰ˅ʽˇˉˇʽʺʻʹˁʰ˄ оD ˁʰʽ нD ʶˊʴʰˋˍʹˊʽʰˁʷˌ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ʷˊʶˎ˄ʶˌ 

ʴʽʰ ˄ʰ ʶˉʽʲʶʲʰʽ˖ʻˇˏ˄ ˇʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˉˊˇʲ˂ʷ˕ʶʽˌΦ ɶ ʶˉʽʲʶʲʰʾ˖ˋʹ ˍʹˌ ʰ˅ʽˇˉʽˋˍʾʰˌ ˍˇˎ 

ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ʷ˄ʰ˄ˍʽ ˍ˖˄ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ˃ʶˍˊʺˋʶ˖˄ ʰˉˇˁʱ˂ˎ˕ʶ ˈˍʽ ˇ ˁˏˊʽˇˌ ˋˁˇˉˈˌ 

ˍʹˌ ʵʽʰˍˊʽʲʺˌ ʶˁˉ˂ʹˊ˗ʻʹˁʶ ʽˁʰ˄ˇˉˇʽʹˍʽˁʱΦ  

 

ʃʰˊʱ˂˂ʹ˂ʰΣ ʵʽʶˊʶˎ˄ʺʻʹˁʰ˄ ˃ʾʰ ˋʶʽˊʱ ʰˉˈ ʶˉʽ˃ʷˊˇˎˌ ˉʰˊʱˁˍʽʶˌ ˒ˎˋʽˁʷˌ ʵʽʶˊʴʰˋʾʶˌ ˈˉ˖ˌ ʹ 

˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʺ ˋˍʹ ʸ˗˄ʹ ʰ˄ʰˊˊʾ˔ʹˋʹˌΣ ˁʰʻ˗ˌ ʶˉʾˋʹˌΣ ˉˊˇʲ˂ʷ˒ʻʹˁʶ ˃ʶ ʰˁˊʾʲʶʽʰ ˇ 

ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˊʱʲʵ˖˄ ʱ˃˃ˇˎ όsandbarsύ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ʰˉˈ ˍʹ ʻˊʰˏˋʹ ˁˏ˃ʰˍˇˌ ˁˇ˄ˍʱ ˋˍʹ˄ 

ʰˁˍʺΦ ʃʰˊˈ˂ʰ ʰˎˍʱ ʰˉʰʽˍˇˏ˄ˍʰʽ ˉʶˊʰʽˍʷˊ˖ ʷˊʶˎ˄ʶˌ ʴʽʰ Υ мύ ˍʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍʹˌ 

˃ˇˊ˒ˇ˂ˇʴʾʰˌ ʰ˃˃ˇˁˎ˃ʰˍʾ˖˄ όripplesύ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˂ʶˉˍˈˍʶˊʰ ˉ˂ʷʴ˃ʰˍʰ ˁʰʽ ʰ˂˂ʹ˂ˇˎ˔ʾʶˌ 

˃ʶˍʰʲʰ˂˂ˈ˃ʶ˄˖˄ ˁˎ˃ʰˍʽˋ˃˗˄Σ нύ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ʰˉˈʻʶˋʹˌ όaccretionύ ˁˇ˄ˍʱ 

ˋˍʹ˄ ʰˁˍʺ ˁʰʽ ˋˍʹ ʸ˗˄ʹ ʰ˄ʰˊˊʾ˔ʹˋʹˌ , ʹ ˇˉˇʾʰ ʰˉʰʽˍʶʾ ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ 

ˎˉˈʴʶʽ˖˄ ˄ʶˊ˗˄ ˋʶ ʲʰʻˏˍʶˊʰ ˋˍˊ˗˃ʰˍʰΦ ɳˉʽˉ˂ʷˇ˄Σ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʶˁˍʰʻʶʾ ˍˇ ˉʶʵʾˇ 

ʶ˒ʰˊ˃ˇʴʺˌ ˍˇˎ ˋˎʸʶˎʴ˃ʷ˄ˇˎ ˃ʹ ʴˊʰ˃˃ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ Σ ˇ ˊˈ˂ˇˌ ˍʹˌ ˃ʶˍʰ˒ˇˊʱˌ ʰʽˇ˂ʽˁˇˏ 

ʽʸʺ˃ʰˍˇˌ ʻʰ ˉˊʷˉʶʽ ˄ʰ ˂ʹ˒ʻʶʾ ˎˉˈ˕ʹΣ ʽʵʽʰʾˍʶˊʰ ˋʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ɻ ʽʱʲˊ˖ˋʹˌ ʰ˃˃ˈ˂ˇ˒˖˄ Φ 

 

 

ɽʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʹ ˈ˂ʰ ˍʰ ˉʰˊʰˉʱ˄˖Σ ˍˇ ˉʰˊˇˎˋʽʰʸˈ˃ʶ˄ˇ ʷˊʴˇ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ʷˋʶʽ 

ˉˇ˂ˏˍʽ˃ˇ ˎ˂ʽˁˈ ʴʽʰ ˃ʹ˔ʰ˄ʽˁˇˏˌ ˁʰʽ ʶˉʽˋˍʺ˃ˇ˄ʶˌ ˉˇˎ ʶˉʽʻˎ˃ˇˏ˄ ˄ʰ ʰˉˇˁˍʺˋˇˎ˄ ʰˁˊʽʲʶʾˌ 
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ˉˊˇʲ˂ʷ˕ʶʽˌ ʶ˅ʷ˂ʽ˅ʹˌ ʰ˃˃˗ʵʹ ˉˎʻ˃ʷ˄ʰ ˋ ʁ̄ ˇ˂ˏˉ˂ˇˁʶˌ ʲʰʻˎ˃ʶˍˊʾʶˌ ˁʰʽ ˎˉˈ ˍʹ˄ ˉʰˊˇˎˋʾʰ ʶ˄ˈˌ 

˃ʶʴʱ˂ˇˎ ʶˏˊˇˎˌ ˍˏˉ˖˄ ˁʰˍʰˋˁʶˎ˗˄ ˉʰˊʱˁˍʽʰˌ ˉˊˇˋˍʰˋʾʰˌΣ ˍˈˋˇ ˋʶ ˉʶʽˊʰ˃ʰˍʽˁˈ ˈˋˇ ˁʰʽ ˋʶ 

ˉˊʰʴ˃ʰˍʽˁˈ ˉʶʵʾˇΦ 
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ʅˍˇʽ˔ʶʾʰ ˁʰʽ˄ˇˍˇ˃ʾʰˌ 

ɶ ˉʰˊˇˏˋʰ ʵʽʵʰˁˍˇˊʽˁʺ ʶˊʴʰˋʾʰ ʶˉʽʵʽ˗ˁʶʽ ˄ʰ ˋˎ˄ʵˊʱ˃ʶʽ ˋˍʹ˄ ˉʶˊʰʽˍʷˊ˖ ʶ˅ʷ˂ʽ˅ʹ ˍ˖˄ ˃ʷˋ˖˄ 

ˁʰˍʰ˄ˈʹˋʹˌ ˁʰʽ ʵʽʶˊʶˏ˄ʹˋʹˌ ˉʰˊʱˁˍʽ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʶˊʴʰˋʽ˗˄  ˃ʷˋ˖ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺ ̩

ˉˊˇʹʴ˃ʷ˄ʹˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌΦ ɰʰˋʽˁˈˌ ˋˍˈ˔ˇˌ ʶʾ˄ʰʽ ʹ ˉʰˊʰʴ˖ʴʺ ʰ˅ʽˈˉʽˋˍ˖˄ 

ˉˊˇʲ˂ʷ˕ʶ˖˄ ʲʰʻˎ˃ʶˍˊʽˁʺˌ ʶ˅ʷ˂ʽ˅ʹˌ ˍˇˎ ʰ˃˃˗ʵˇˎˌ ˉˎʻ˃ʷ˄ʰ, ʰ˄ʰˉˍˏˋˋˇ˄ˍʰˌ ˄ʷʶˌ ˍʶ˔ʽˁʷˌ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˁʰʽ ʵʾ˄ˇ˄ˍʰˌ ʽʵʽʰʾˍʶˊʹ ʷ˃˒ʰˋʹ ˋˍʹ ˃ʹ 

ˋˎ˄ʶˁˍʽˁʺ ˁʾ˄ʹˋʹ ʽʸʹ˃ʱˍ˖˄ ˎˉˈ ʵˊʱˋʶʽˌ ˁˎ˃ʰˍˇˊʶˏ˃ʰˍˇˌΦ ʅˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʶˊʶˎ˄ʹˍʽˁˈ ʷˊʴˇ 

ʶ˄ˍˇˉʾʸˇ˄ˍʰʽ ˃ʾʰ ˋʶʽˊʱ ʰˉˈ ˁ ʰʽ˄ˇˍˈ˃ʰ ˋˍˇʽ˔ʶʾʰΥ 

 

ω ɾʽʰ ʶˁˍʶ˄ʺˌ ʰ˄ʱ˂ˎˋʹ ˎ˒ʽˋˍʱ˃ʶ˄˖˄ ˎˉˇ˂ˇʴʽˋˍʽˁ˗˄ ʶˊʴʰ˂ʶʾ˖˄ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʰ 

ʶˉˈ˃ʶ˄ʰ ˁʶ˒ʱ˂ʰʽʰΣ ˍʹˌ ˇˉˇʾʰˌ ʴʶ˄ʽˁˈˌ ˋˍˈ˔ˇˌ ʶʾ˄ʰʽ ʹ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍ˖˄ ʰˊ˔˗˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˉˇˎ ʲʰˋʾʸˇ˄ˍʰʽ ˋʶ ʶ˅ʽˋ˗ˋʶʽˌ ˃ʷˋˇˎ ʲʱʻˇˎˌ ˁʰʽ ˇʽ ˇˉˇʾʶˌ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶˎˊʷ˖ˌ ˋʶ ˉˊˇʲ˂ʺ˃ʰˍʰ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ʰˁˍ˗˄Φ ɱʽʰ ʰˎˍˈ ˍˇ ˋˁˇˉˈΣ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ  ́ʰ˅̔ˇ˂ˈʴʹˋʹ ˍ˖˄ ʵʽʰʻʷˋʽ˃˖˄ ˋˎˋˁʶˎ˗˄κ˃ˇ˄ˍʷ˂˖˄, ˋʶ ˋ˔ʷˋʹ ˃ʶ 

ˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˍˇˎˌ ˄ʰ ˉʰˊʷ˔ˇˎ˄ ʰˁˊʽʲʶʾˌ ˁʰʽ ʰ˅ʽˈˉʽˋˍʶˌ ˉˊˇʲ˂ʷ˕ʶʽˌ ʲʰʻˎ˃ʶˍˊʽˁʺˌ 

ʶ˅ʷ˂ʽ˅ʹˌΦ ɲˏˇ ʵʽʰ˒ˇˊʶˍʽˁʱ ˎˉˇ˂ˇʴʽˋˍʽˁʱ ʶˊʴʰ˂ʶʾ h ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ˒ˎˋʽˁ˗˄ ʵʽʰʵʽˁʰˋʽ˗˄ ˁˇ˄ˍʱ ˋˍʹ˄ ʰˁ̱Σ̋ ˈˉ˖ˌ ʹ ʵʽʱʵˇˋʹ ˁˎ˃ʱˍ˖˄Σ ʹ 

ˎʵˊˇʵˎ˄ʰ˃ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰΣ ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˁˏ˃ʰˍˇˌ-ˊʶˏ˃ʰˍˇˌΣ ʹ ˃ʶˍʰ˒ˇˊʱ 

ʽʸʹ˃ʱˍ˖˄ ˁʰʽ ʹ ˃ˇˊ˒ˇ˂ˇʴʾʰΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˋʶ ʶˉʽ˂ʶʴ˃ʷ˄ʶˌ ˉʶˊʽˇ˔ʷˌ ˃ʶ˂ʷˍʹˌ, 

ʵʽʶˊʶˎ˄ʺʻʹˁʰ˄ ˎʵˊˇ-˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁʱ ˃ˇˍʾʲʰ ˃ʷˋ˖ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ MIKE нм ˁʰʽ 

XBeachΣ ʶ˄˗ ˇʽ ˃ˇˊ˒ˇ˂ˇʴʽˁʷˌ ʶ˅ʶ˂ʾ˅ʶʽˌ ˋˍʹ ʴʶʽˍ˄ʾʰˋʹ ˉʰˊʱ˂˂ʹ˂˖˄ ˏ˒ʰ˂˖˄ 

ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄ ̄ ˊˇˋˇ˃ˇʽ˗ʻʹˁʰ˄ ˃ʷˋ˖ ˃ʽʰˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ˒ˈˊ˃ˇˎ˂ʰˌ ̡ ʰˋʽˋ˃ʷ˄ʹˌ ˋʶ 

ʰˊ˔ʷˌ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹˌΦ ɾʷˋʰ ʰˉˈ ˍʹ˄ ˉʰˊˇˏˋʰ ʶˊʶˎ˄ʹˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰΣ ʶ˅ʺ˔ʻʹˋʰ˄ 

ˉˇ˂ˏˍʽ˃ʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˋ˔ʶ̱̔ ˁʱ ˃ʶ ˍˇˎˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌ ˁʰʽ ˍʰ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˍ˖˄ 

ˎˉʰˊ˔ˇˎˋ˗˄ ˍʶ˔˄ʽˁ˗˄ ˃ ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌ ˃ʷˋˇˎ ʲʱʻˇˎˌ.  

 

ω ɳˉʽˉ˂ʷˇ˄ ˋˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʰˍˊʽʲʺˌΣ ʶˉʽˍʶˏ˔ʻʹˁʶ ʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ 

ˁʰʽ˄ˇˍˈ˃ˇˎ ʰˊʽʻ˃ʹˍʽˁˇˏ ʶˊʴʰ˂ʶʾˇˎ ɹ ʽʰ ʶ˒ʰˊ˃ˇʴʷˌ h ˁˍˇ˃ʹ˔ʰ˄ʽˁʺˌ. ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ 

ʷ˄ʰ ʹ˃ʾ--̱ ˊʽˋʵʽʱˋˍʰˍˇ ˃ˇ˄ˍʷ˂ˇ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌ ˁʰʽ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˉˇˎ ˂ʰ˃ʲʱ˄ʶʽ 

ˎˉˈ˕ʹ ˍʰ ʰˋˍʰʻʺ ˁʰʽ ˃ʹ ʴˊʰ˃˃ʽˁʱ ˎʵˊˇʵˎ˄ʰ˃ʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰΣ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʰˉˈ ˍˇ 

ˋˎʴʴˊʰ˒ʷʰ ˍʹˌ ʶˊʴʰˋʾʰˌΦ ɹʵʽʰʾˍʶˊʹ ˉˊˇˋˇ˔ʺ ʵˈʻʹˁʶ ˋˍˇ˄ ˊˈ˂ˇ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ 

˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʸ˗˄ʹˌ ʵʽʰʲˊˇ˔ʺˌ όswash) ˁʰʽ ˍʹˌ ʶˋ˖ˍʶˊʽˁʺˌ 

ʸ˗˄ʹˌ ʻˊʰˏˋʹˌ (surf)Σ ʶ˄ˋ˖˃ʰˍ˗˄ˇ˄ˍʱˌ ˍʰ ˋˍˇʽ˔ʶʾʰ ʰˎˍʱ ˋˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ. ʃʰˊʱ˂˂ʹ˂ʰΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˉˊˇʹʴ˃ʷ˄ʶˌ ˍʶ˔˄ʽˁʷˌ ʴʽʰ ˍʹ˄ 



 (Extended Abstract in Greek).  
 

75 
 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˊʽˋʵʽʱˋˍʰˍ˖˄ ˃ˇˍʾʲ˖˄ ʰʽ˖ˊˇˏ˃ʶ˄˖˄ ˊˇ˗˄ ʽʸʺ˃ʰˍˇˌ ˁʰʽ ˍʹ˄ ʰ˄ʱ˂ˎˋʹ 

ˍ˖˄ ˃ʹ ʴˊʰ˃˃ʽˁ˗˄ ˁʰʽ ʰˋˍʰʻ˗˄ ʶˉʽʵˊʱˋʶ˖˄ ˁˎ˃ʱˍ˖˄ ˋˍˇ˄ ˊˎʻ˃ˈ ˃ʶˍʰ˒ˇˊʱˌ ̔ ʸʺ˃ʰˍˇˌ 

˃ʷˋ˖ ˒ ˇˊˍʾˇˎ ˉˎʻ˃ʷ˄ʰ. 

 

ω ʆˇ ˄ʷˇ ʰˎˍˈ ˃ˇ˄ˍʷ˂ˇ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʹ˃ʱˍ˖˄ ˋˎʸʶˏ˔ˍʹˁʶ ˃ʶ ʷ˄ʰ ˉ˂ʺˊ˖ˌ ˃ʹ ʴˊʰ˃˃ʽˁˈ 

ˁˎ˃ẖ ʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˍˏˉˇˎ Boussinesq (FUNWAVE-TVDύΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʰ˅ʽˈˉʽˋˍʹ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ˎʵˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ˁ ʰʽ ˍʹ˄ ˉʰˊˇ˔ʺ ʰˁˊʽʲ˗˄ ˉˊˇʲ˂ʷ˕ʶ˖˄ 

ʶ˅ʷ˂ʽ˅ʹˌ ˍʹˌ ʴʶ˖˃ʶˍˊʾʰˌ ʰ˃˃˗ʵˇˎˌ ˉˎʻ˃ʷ˄ʰ, ʴʽʰ ˃ʾʰ ʶˎˊʶʾʰ ʴˁʱ˃ʰ ˔ˊˇ˄ʽˁ˗˄ ˁʰʽ 

˔˖ˊʽˁ˗˄ ˁ˂ʾ˃ʰˁ˖˄ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌΦ ɳˉˇ˃ʷ˄˖ˌΣ ʹ ˁʰʽ˄ˇˍˇ˃ʾʰ ˍˇˎ ˉʰˊˈ˄ˍˇˌ ʷˊʴˇˎ 

ˋˎ˄ʾˋˍʰˍʰʽ ˋˍʹ˄ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹ ˍʹˌ ʰʲʶʲʰʽˈˍʹˍʰˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ˎʵˊˇ/˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄Σ ʹ ˇˉˇʾʰ ˋˎ˔˄ʱ ˋˎ˄ʰ˄ˍʱˍʰʽ ˋˍʽˌ 

ˉʰˊʰ˃ʷˍˊˇˎˌ ʶ˅ˈʵˇˎ ˍ˖˄ ˎ˒ʽˋˍʱ˃ʶ˄˖˄ ˎˉˇ˂ˇʴʽˋˍʽˁ˗˄ ʶˊʴʰ˂ʶʾ˖˄.  

 

ω ɳˉʽˉˊˈˋʻʶˍʰΣ ˇ ˊˈ˂ˇˌ ˍ˖˄ ʵˇ˃˗˄ ˉʰˊʱˁˍʽʰˌ ˉˊˇˋˍʰˋʾʰˌ ό ˉˊˈʲˇ˂ˇʽκGroynes, ̫ ˅ʰ˂ˇʽ 

ʺ ˏ˒ʰ˂ˇʽ ˁˎ˃ʰˍˇʻˊʰˏˋˍʶˌύ ʰ˅ʽˇ˂ˇʴʺʻʹˁʶ ʶ˄ʵʶ˂ʶ˔˗ˌ ˖ˌ ˉˊˇˌ ˍʹ˄ ˉˊˇˋˍʰˋʾʰ ˉˇˎ 

ʰˎˍʷˌ ˉʰˊʷ˔ˇˎ˄ ˋˍʽˌ ˎˉˇ-ʵʽʱʲˊ˖ˋʹ ʰ˃˃˗ʵʹˌ ʰˁˍʷˌ, ʁ ˒ʰˊ˃ˈʸˇ˄ˍʰˌ ̱ ˇ ˄ʷˇ ˋˎʸʶˎʴ˃ʷ˄ˇ 

ˎˉˇ˂ˇʴʽˋˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ. ɾʷˋ˖ ʰˎˍʺˌ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ ʶˉʽˍʶˏ˔ʻʹˁʶ ʷ˄ʰˌ ʵʽˍˍˈˌ ˋˍˈ˔ˇˌ 

ˉˇˎ ʰ˒ˇˊʱ ˋˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ 

ˁˎ˃ʰˍʽˁ˗˄ ˁʰʽ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˋˍʹ ʴʶʽˍ˄ʾʰˋʹ ˉʰˊʱˁˍʽ˖˄ ʷˊʴ˖˄Σ 

ʶ˄˗ ˉʰˊʱ˂˂ʹ˂ʰ ʵʽʶˊʶˎ˄ʺʻʹˁʶ ˉ˂ʺˊ˖ˌ ˁʰʽ ˇ ˊˈ˂ˇˌ ˍ˖˄ ʾʵʽ˖˄ ˍ˖˄ ˁʰˍʰˋˁʶˎ˗˄ ˋ˔ʶˍʽˁʱ 

˃ʶ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʰ ʰˎˍ˗˄ ˄ʰ ʶ˃ˉˇʵʾʸˇˎ˄ ˍʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʵʽʱʲˊ˖ˋʹˌΦ ɹʵʽʰʾˍʶˊʹ ʷ˃˒ʰˋʹ 

ʵˈʻʹˁʶ ˋˍʹ ˃ʶ˂ʷˍʹ ˍʹˌ ˃ʶˍʰʲˇ˂ʺˌ ˁˎ˃ʰˍʽˁˇˏ ˉʶʵʾˇˎ ˁʰʽ ˃ˇˊ˒ˇʵˎ˄ʰ˃ʽˁ˗˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄Σ ˈˉ˖ˌ ʰˎˍʺ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋˍʽˌ ˉʶˊʽˇ˔ʷˌ ʰ˄ʱ˄ˍʹ ˁʰʽ ˁʰˍʱ˄ˍʹ ˍ˖˄ 

ˉʰˊʱˁˍʽ˖˄ ʷˊʴ˖˄ ˉˊˇˋˍʰˋʾʰˌΦ ɰʰˋʽˁʺ ʶˉʽʵʾ˖˅ʹ ˍˇˎ ʶˊʶˎ˄ʹˍʺ ʺˍʰ˄ ˄ʰ ʵʽʰˍʹˊʹʻʶʾ ʹ 

ˎˉˇ˂ˇʴʽˋˍʽˁʺ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰ ˋʶ ˂ˇʴʽˁʱ ʶˉʾˉʶʵʰ ˃ʷˋ˖ ˍʹ̩ ˔ˊʺˋʹ ̩ ˍʶ˔˄ʽˁ˗˄ 

˃ˇˊ˒ˇ˂ˇʴʽˁʺˌ ʶˉʽˍʱ˔ˎ˄ˋʹˌ ˁʰʽ ˍʹ˄ ʶˁ˃ʶˍʱ˂˂ʶˎˋʹ ˎˉˇ˂ˇʴʽˋˍʽˁ˗˄ ˍʶ˔˄ʽˁ˗˄ 

ˉʰˊʱ˂˂ʹ˂˖˄ ˋ˔ʹ˃ʱˍ˖˄Φ ʍˌ ʶˁ ˍˇˏˍˇˎΣ ʹ ˔ˊʺˋʹ ˍˇˎ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ˇˎ hˊʽʻ˃ʹˍʽˁˇˏ 

˃ˇ˄ˍʷ˂ˇ ˃ˉˇˊʶʾ ˄ʰ ˁʰˍʰˋˍʶʾ ʵˎ˄ʰˍʺ ʴʽʰ ʷ˄ʰ ʶˎˊˏ ˒ʱˋ˃ʰ ˉˊʰˁˍʽˁ˗˄ ʶ˒ʰˊ˃ˇʴ˗˄ 

ʰˁˍˇ˃ʹ˔ʰ˄ʽˁʺˌ όʰ˄ʰˉ˂ʺˊ˖ˋʹ ʰˁˍ˗˄Σ ˁʰˍʰˋˁʶˎʺ ˉˊˇʲˇ˂˗˄ ˁʰʽ ˁˎ˃ʰˍˇʻˊʰˎˋˍ˗˄, 

ɰˎʻˇˁˇˊʺˋʶʽˌΧύ, ʰˉˇ˒ʶˏʴˇ˄ˍʱˌ ʷˍˋʽ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ʰˁˈ˃ʹ ʶˊʶˎ˄ʹˍʽˁˇˏ 

ʶˊʴʰ˂ʶʾˇˎ ˉˇˎ ʶ˒ʰˊ˃ˈʸʶˍʰʽ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ˋʶ ˉˊˇʲ˂ʺ˃ʰˍʰ ʶˊʴʰˋˍʹˊʽʰˁˇˏ ˍˏˉˇˎΦ  

 

ω ɾʽʰ hˁ ˈ˃ʰ ˉˍˎ˔ʺ ˁʰʽ˄ˇˍˇ˃ʾʰˌ ˍʹˌ ʵʽʰˍˊʽʲʺˌ ˋˎ˄ʾˋˍʰˍʰʽ ˋˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˇʽ 

ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶʽˌ ˉʰˊʱˁˍʽ˖˄ ˊʶˎ˃ʱˍ˖˄ ˁʰʽ ʻʰ˂ʱˋˋʽˇˎ ˉˎʻ˃ʷ˄ʰ ˃ʶ˂ʶˍʺʻʹˁʰ˄ 

ʵʽʶ˅ˇʵʽˁʱ ʴʽʰ ˁˎ˃ʰˍʽˁʷˌ ʰˁˇ˂ˇˎʻʾʶˌ ʵʽʱʲˊ˖ˋʹˌ ˁʰʽ ʰˉˈʻʶˋʹˌ όbeach down-state and 
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up-state transitionsύΦ ɱʽʰ ˍˇ ˋˁˇˉˈ ʰˎˍˈ ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄ ˁʰʽ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ 

ʶˉʽˉ˂ʷˇ˄ ˎˉˇ˂ˇʴʽˋˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ ʲʰˋʽʸˈ˃ʶ˄ʰ ˋʶ ʰˊ˔ʷˌ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹˌ ʰ˂˂ʱ ˁʰʽ ˋʶ 

ˉʰˊʰʵˇˋʽʰˁʷˌ ˒ˈˊ˃ˇˎ˂ʶˌ ˃ʶˍʰ˒ˇˊʱˌ ʽʸʺ˃ʰˍˇˌΣ ʰˉˇˁʰ˂ˏˉˍˇ˄ˍʰˌ ˋʹ˃ʰ˄ˍʽˁʷˌ ˉˍˎ˔ʷˌ 

ʶ˅ʷ˂ʽ˅ʹ ̩˃ˇˊ˒ˇ˂ˇʴʾʰˌ ʰˁˍʺˌ ˎˉˈ ˍʹ˄ ʶˉʾʵˊʰˋʹ ʵʽʰʲˊ˖ˍʽˁ˗˄ ˁʰʽ ˃ʹ ˁˎ˃ʰˍʽˋ˃˗˄Σ ʴʽʰ 

ˍʰ ˋˍʱʵʽʰ ˃ʶˍʱʲʰˋʹˌ ˃ʶˍʰ˅ˏ ʶ˄ˈˌ ʰ˄ʰˁ˂ʰˋˍʽˁˇˏ ˍˏˉˇˎ ʰˁˍʺˌ ˁʰʽ ˃ʾʰˌ ʰˁˍʺˌ ʺˉʽʰˌ 

ˁ˂ʾˋʹˌ όDissipative) . ɱʽʰ ˍʽˌ ʰ˄ʱʴˁʶˌ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʷˊʶˎ˄ʰˌ, ˇʽ ˉʶʽˊʰ˃ʰˍʽˁʷˌ 

˃ʶˍˊʺˋʶʽˌ ʶ˄ˈˌ ˍˊʽˋʵʽʱˋˍʰˍˇ ˎ ˒ˎˋʽˁˇ ˏ ˃ˇ˄ˍʷ˂ˇΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˖ˌ ˋʹ˃ʶʾˇ 

ʰ˄ʰ˒ˇˊʱˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʽʲʶʲʰʽ˖ʻˇˏ˄ ˇʽ ʵˏˇ ʵʽʰˁˊʽˍʷˌ ˍʶ˔˄ʽˁʷˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ 

ˉˇˎ ʶ˒ʰˊ˃ˈˋˍʹˁʰ˄ ʴʽʰ ˍʽˌ ˉˊˇʲ˂ʷ˕ʶʽˌ ˍ˖˄ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ ˁˏ˃ʰˍˇˌ-ʰ˃˃˗ʵˇˎˌ 

ˉˎʻ˃ʷ˄ʰ. ʋˊʺˋʽ˃ʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʶ˅ʺ˔ʻʹˋʰ˄ ˃ʷˋʰ ʰˉˈ ˍʰ ʰˊʽʻ˃ʹˍʽˁʱ ˁʰʽ 
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1.1 Context and research areas  

Including to 15 of the world's 20 megalopolis, the coastlines are among the most populated 

areas in the world (Ranasinghe, 2016; Luijendijk et al., 2018). Worldwide, Low-laying coastal 

zones concentrate 10% of the global population (McGranahan et al., 2007). The coastal areas 

host about 154 million people, which is equivalent to one third of the population of 

Mediterranean coastal countries, along about 46,000 km of shoreline, 54% of which is rocky and 

46% is sedimentary (Hénocque and Coccossis, 2001). Littoral systems and low-lying areas, also 

known as coasts, include all the areas close to mean sea level. In a general sense, there is no 

global definition for the coast and the coastal zone/area, where the latter put emphasis on the 

area or extent of the coastal ecosystems (Nicholls et al., 2007). Regarding the exposure to 

ǇƻǘŜƴǘƛŀƭ ǎŜŀ ƭŜǾŜƭ ǊƛǎŜΣ ǘƘŜ ǘŜǊƳ Ψƭƻǿ-ƭȅƛƴƎ Ŏƻŀǎǘŀƭ ȊƻƴŜΩ Ƙŀǎ ōŜŜƴ ŘŜŦƛƴŜŘ ŀǎ άǘƘŜ ŎƻƴǘƛƎǳƻǳǎ 

ŀǊŜŀ ŀƭƻƴƎ ǘƘŜ Ŏƻŀǎǘ ǘƘŀǘ ƛǎ ƭŜǎǎ ǘƘŀƴ мл Ƴ ŀōƻǾŜ ǎŜŀ ƭŜǾŜƭέ ό[ƛŎƘǘŜǊ Ŝǘ ŀƭΦΣ нлммύΦ 

 

Coasts are important zones in natural ecosystems, often home to a wide range of biodiversity 

and human social activities. This complex system of natural variables is particularly fragile and 

exposed to multiple risks, including flooding, shoreline erosion and infrastructural damages due 

to extreme hydro-meteorological events: storm surges, heavy precipitation and very high tides 

(Plomaritis et al., 2018; Mori et al., 2019). Furthermore, the severe environmental social and 

economic impacts in the marine environment are expected to become even more critical in the 

near future, as climate-driven effects can aggravate the problem. Environmental disruptions, 

such as sea level rise, changes in precipitation and storm intensity, increased temperatures, 

ocean acidification, disappearance of species are some of the projected climate effects that put 

coastal systems at a significant risk.  

 

Over the last few years, there has been an increasing amount of discussion in the literature, 

which draws attention to the hindcasting and forecasting of the physical parameters of coastal 

systems, highlighting a strong link between climate change effects and coastal hazards (Nicholls 

et al., 2007; Wang et al., 2014; Toimil et al., 2017; Brown et al., 2013). The role of two parameters 

related to change of climate, such as the potential rise of the sea water level and the increasing 

frequency of extreme storm coastal storms, has been thoroughly analysed. According to the 5th 
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Assessment Report (AR5) of the Intergovernmental Panel on Climate Change, the global sea level 

rise within 80 years to range between 0.50 and 0.98 m with regards to the 1986ς2005 period, 

in the case of the highest emission RCP 8.5 scenario (Church et al., 2013). Furthermore, a high 

amount of studies has been dedicated to investigating the effects of a storm on coastal 

environment during the last few years (Barnard et al., 2014; Hondula and Dolan, 2010; Klemas, 

2009; Rangel Buitrago and Anfuso, 2011; Sanchez-Vidal et al., 2012), (Walker and Basco, 2011; 

Massey et al., 2011). The definition of a coastal storm is considered very challenging, since it 

requires the combination of several parameters regarding the atmospheric conditions, water 

level, tidal cycle, as well as the time of a storm beginning and how long it is active (Martzikos et 

al., 2021). Harley (2017) in his detailed analysis, provided a new definition for the coastal storm 

ŀǎ ŀ άƳŜǘŜƻǊƻƭƻƎƛŎŀƭƭȅ-induced disturbance to the local maritime conditions (i.e. waves and/or 

water levels) that has the potential to significantly alter the underlying morphology and expose 

ǘƘŜ ōŀŎƪǎƘƻǊŜ ǘƻ ǿŀǾŜǎΣ ŎǳǊǊŜƴǘǎ ŀƴŘκƻǊ ƛƴǳƴŘŀǘƛƻƴέΦ 

 

Coastal Vulnerability Indices (CVI) can be utilized to identify potential impacts of sea storms 

based on the characteristics of a number of physical drivers and physical or socioeconomic 

factors (i.e., wave height, tidal heights, subsidence, potential sea water rise, historical data of 

shoreline retreat, dune geometry, beach slope, population density, land use) (Grases et al., 

2020). However, these indicators cannot consider the role of nearshore hydro-

morphodynamics, and therefore a quantitative assessment of shoreline movement and flooding 

conditions cannot be provided. Although, they can be utilized to assess whether the study area 

is resilient or susceptible to a specific risk within a geographical domain and even at different 

time scales. 

 

1.1.1 Costal Hazards:  

1.1.1.1 Inundations 

Coastal floods are amongst the most destructive natural hazards affecting urban zones adjacent 

to the shorelines. During recent years, an increasing number of extreme meteorological events 

has been recorded, storm surges, wave setup and high tides that trigger intense coastal flooding 

events, affecting hundreds of millions of people. Figure 1-1 shows the frequency of flooding 

along U.S. Coasts, through the comparison between the recorded events of 1950-1959 and 

2010-2015 (Sweet et al., 2014). Extreme coastal water levels may lead to considerable impacts 

in densely populated low-lying coastal areas. Coastal flooding usually occurs during high tides 
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and storms that force water masses toward the shore. Effects of coastal flooding also include 

road closures, less stormwater drainage capacity, deterioration of infrastructure, and intrusion 

of saltwater to drinking water. In addition, these impacts can affect human health, as 

deterioration of water infrastructure and saltwater intrusion can put people at the high risk of 

being exposed to harmful chemicals. 

 

Flood hazard is rarely a function of one process alone but comprises multiple drivers, 

including energetic waves, extreme coastal water levels, heavy precipitation, and high river 

discharge (Ganguli and Merz, 2019). These extreme flooding events are largely natural, however 

human influence on the nearshore environment can exacerbate coastal inundation (Ramsay and 

Bell, 2008). Anthropogenic unplanned infrastructures and poor governance are additional 

factors that increase flood risk, while massive development in coastal margins increases the 

consequences of coastal hazards. Managing this escalating risk over the near future is a 

significant challenge for planning authorities worldwide. Inundation and flooding affect a 

number of socioeconomic sectors such as freshwater resources, agriculture and forestry, 

fisheries and aquaculture, health, biodiversity, settlements/infrastructure, recreation and 

tourism. 

 

Figure 1-1 Frequency of recorded flooding along U.S. coasts, 2010-2015 versus 1950-1959 (Sweet et al., 
2014).  
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1.1.1.2 Shoreline Erosion 

Erosion of sandy coasts is a completely different physical process from inundation, as it involves 

a redistribution of sediment from the beach face to offshore depths (Zhang et al. 2004). Coastal 

erosion has significant impacts on infrastructure, tourism, and biodiversity, while there are no 

considerable effects on the other sectors that can be affected by coastal flooding, such as 

fisheries and aquaculture, agriculture and forestry or freshwater resources, according to the 

study of Nicholls et al. (2011). In urbanized coastal zones, sand or gravel beaches form an 

important buffer between storm attack and property (Almeida et al., 2012). In basic terms, 

shoreline erosion can be defined as the net loss of sediments over a particular vertical (2D) 

crosshore section of the bottom profile within a specific timescale of interest (Castelle and 

Harley, 2020). This erosion phenomenon can be manifested by the overwash of the subaerial 

beachface, which is often associated with high tides and large wave set-ups (Senechal et al. 

2020). The coastal erosion can also be defined as a landward retreat of the shoreline position. 

The effects of this deficit of sediment budget concerns nearshore processes such as the presence 

of beach scarps and the undermining of dunes, cliffs and any back-shore infrastructure that may 

be situated. 

 

Coastal storms are often associated with a destabilization of the littoral system, while natural 

processes involving waves, currents, sea level variability and wind forcing can seriously affect 

the nearshore system by reshaping the shoreline and moving large amounts of sand offshore. 

Storm surge, breaking events of high energetic waves and high wave set-up drive hydrodynamic 

patterns which are determinants for the evolution of seabed morphology. In particular, the 

nearshore undertow or rip currents (Afentoulis et al., 2016) can drive large amounts of sediment 

from high to low wave energy areas (Toldo, 2006; Guimaraes et al., 2014). Furthermore, for 

particularly extreme weather and wave conditions, a net loss of sediment might take place along 

the active beach profile (from the beach face or dune maxima down to closure depth). The 

erosion processes during short-period extreme storms represents a growing problem in the long 

term for stability of littoral system, as an immense and abrupt deficit of sediment may take 

decades to be recovered). In the case of these short-period events, the morphological evolution 

of the bottom geometry is directly proportional to the amount of the incoming wave energy in 

the coastal zone (Afentoulis et al., 2017). 

 

The recent records of extreme storms and wave events, which were encountered during the 

winter of 2013 - 2014 along the European coasts, have as a consequence spectacular landward 
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retreat of the shoreline within a time interval of a few days. During that period, the 110-km 

coastline of Southwestern France was exposed to the most intense wave conditions over the 

last 18 years (Figure 1-2). Spectacular changes in meteorological and wave conditions were also 

identified in Greece over the last few years, triggering significant coastal flooding and erosive 

events. (Figure 1-3) 

 

An equally significant aspect of beach erosion has been experienced in United States, where 

coastal erosion is responsible for about $500 million per year concerning coastal property loss, 

including damage to structures and loss of land. More than $150 million are spent every year on 

beach nourishment and other shore protection solutions (Dean et al., 2008). In addition to 

shoreline retreat, about 325 km2 of coastal wetlands are lost in an annually basis, which is 

equivalent to seven football fields disappearing every hour of every day (Dahl and Stedman, 

2013.). Figure 1-4 shows an overview of cliff erosion caused by a storm-induced energetic wave 

field along the West Coast of U.S.A. 

 

 

Figure 1-2 Images of the severe damaged sea defences and coastal erosion during the extreme storm 
events of the winter 2013/2014 in SW France. 

 

  



 Introduction.  
 

87 
 

 

 

Figure 1-3 Damages of coastal infrastructures and intense beach erosion due to high energetic storm 
events; Crete, Greece 2013. 

 

 

Figure 1-4 Cliff erosion is a common storm-induced hazard along the West Coast in USA. (Source: 
https://toolkit.climate.gov)  
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Besides the effects of nearshore physical processes, anthropogenic unplanned 

infrastructures can intensify the ongoing coastal erosion, as jetties and other obstacles to 

longshore transport, reflective vertical walls that accelerate offshore sand bar migration 

(Seabergh and Kraus, 2003), as well as devegetation along coasts are key causes of beach erosion 

intensification in the long term (Gabriel Ruiz-Martínez et al., 2016). Moreover, erosion is also 

produced due to sediment bypassing at dams, elimination of river bed quarrying, and other 

changes in river sediment supply to the coastal zone (Bird et al., 1996; Waters et al., 2016.). 

About 15 km2 per year is the estimated lost coastal area in Europe due to marine erosion (van 

Rijn, 2011). During next coming years, urbanization, population growth and increase in 

construction activity will grow this coastal risk, adding more pressure to an already dwindling 

sediment supply. 

 

1.1.2 Coastal Protection Solutions 

The EUROSION study (2004) suggests opposing coastal erosion by restoring the sediment 

balance in every coastal cell, which can be defined as a part that contains a complete cycle of 

erosion, accretion, sediment sources and sinks as well as the transport paths involved (Niesing, 

2005). Furthermore, in the CONSCIENCE project (2010) coastal cells are analysed by investigating 

the sand volume accumulated in large-scale and small-scale coastal cells at various study areas 

(van Rijn, 2011). It should be noted that the strategic planning for the management of our littoral 

environment is implicitly based on the studying of the nearshore processes that are responsible 

for the evolution of coastal morphology (Williams et al., 2017; Reeve and Spivak, 2001). 

 

Government policies or private actors define the response to the physical processes, while 

the institutional, legal, technological and financial aspects of the implemented strategies to 

control coastal erosion can be summarized in Figure 1-5. Each point inside the pyramid with a 

specific weighting represents every plan that can be employed to control coastal erosion (Figure 

1-5 C). Defence is often costly and frequently temporary, consisting of hard and soft engineering 

techniques (Pranzini and Williams, 2013; Pranzini et al., 2015). Moreover, the management of 

retreat - structures, including the movement, demolition, or degradation of infrastructures is a 

ŘŜŎƛǎƛƻƴ ǘƘŀǘ ƛǎ ōŜŎƻƳƛƴƎ ƳƻǊŜ ŦǊŜǉǳŜƴǘ ƴƻǿŀŘŀȅǎΦ IƻǿŜǾŜǊΣ ΨDǊŜŀǘŜǊ ŀǘǘŜƴǘƛƻƴ ƛǎ ƴƻǿ ōŜƛƴƎ 

paid to the advantages of retreating from the coast as an adaptation strategy, rather than 

ƛƳǇƭŜƳŜƴǘƛƴƎ ŘŜŦŜƴŎŜǎ ǘƻ ǊŜǎƛǎǘ ǎƘƻǊŜƭƛƴŜ ŎƘŀƴƎŜ ƛƴ ǎƛǘǳΩ όbƻǊŘǎǘǊƻƳ Ŝǘ ŀƭΦΣ нлмрύΦ CƛƴŀƭƭȅΣ 

Sacrifices or no active intervention is a third strategy that can be followed when the 

implementation of other policies is not feasible.  
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Figure 1-5 Standard strategies available to Government w.r.t. coastal erosion. b). Defend, Adapt and 
Retreat strategies. c) Adaptation with a further axis. (Williams et al. 2017). 

 

While coastal defence structures are built to protect vulnerable areas, recent studies have 

analyzed the performance of these works to maintain shoreline position or to advance it 

(Pranzini et al. 2015; Servold et al. 2017). It has long been known that the engineering projects, 

which aim to deal with beach erosion issues, they are also responsible for intensifying problems 

at nearby locations (side - effects). Douglas et al. (2003) presents analytical examples of these 

side effects; 1 billion m3 of sediment is removed from the American coasts due to engineering 

works during the past century. 

 

Nowadays, many countries have created legislations to protect natural coastal environments, 

that enforces restrictions on construction activities close to the shore and oblige the execution 

of impact assessment studies. However, during the previous decades, no serious measures were 

decided since the coastal areas was considered as an environment that is relatively stable. Until 

ƴƻǿΣ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ Ŏƻŀǎǘŀƭ ƛƴǘŜǊǾŜƴǘƛƻƴǎ ǘƻ ŜƴǎǳǊŜ ǘƘŜ ōŜŀŎƘ ǎǘŀōƛƭƛǘȅ ōŀǎŜŘ ƻƴ ǘƘŜ άƘŀǊŘέ 

protection concept. The effect of these structures upon the coastal environment was treated 

semi-empirically and fragmentarily.  

 



 Introduction.  
 

90 
 

1.1.2.1 Soft engineering protection solutions 

 

The choice of an appropriate type of structures is the object of an active discussion in many 

ŎƻǳƴǘǊƛŜǎΣ ŀǎ ΨǎƻŦǘΩ ŀƴŘ ΨƘŀǊŘΩ engineering techniques can be used to deal with beach erosion. 

Nowadays, coastal management is shifting towards soft techniques or nature-based coastal 

defence. Sandscaping and sand dunes, mangroves, seagrass, coral and shellfish reefs, 

reinforcement of vegetated and unvegetated dunes by a rocky core can be utilized to improve 

the stability of coastal environment (Vikolainen et al. 2017; Morris et al. 2018). Figures 1-6 ς 1-

8 show distinct nature- based solutions that have been already discussed in the literature of 

coastal engineering. Mangroves provide an effective natural protection against erosion, while 

they can also reduce flood risk and damages. Furthermore, the geotextile tube technology has 

been employed in recent years for flood and water control, but it can also be used to control 

beach erosion (Koerner and Koerner, 2006; Muthukumaran and Ilamparuthi, 2006). These 

devices can also be located within the surf zone to decrease the incoming wave energy, 

contributing to a depth-induced breaking of the incident waves. The Geotube® containers for 

instance are a proven solution that contributes to rebuild beaches and reclaim land from water 

masses for recreational, residential or industrial purposes and for half the cost of armour stone 

or riprap.  

 

Applying soft-engineered measures requires ongoing and regular monitoring and 

maintenance. The efficiency of nature-based techniques for shoreline stabilization, such as 

vegetation and biogenic reefs is the object of an active debate and sceptical comments were 

available in the literature (Garcia et al. 2018). Finally, in order to reduce the uncertainty and risk, 

nature-based and hardened/improved infrastructure can be combined to form the optimal 

solution (Schoonees et al., 2019; Silva et al., 2017) 
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Figure 1-6 This illustration shows the impact of storm surge on coastal infrastructure and people with 
and without mangrove forests. (Credit: © World Bank and Punto Aparte) 

 

  

Figure 1-7 Section of a geotextile tube which placed along the beach to reinforce the sand dune (Source: 
Geotubes®) 

 

1.1.2.2 Hard engineering protection solutions 

Coastal protection hard structures are related to the construction of large structures made of 

concrete or natural stones such as detached emerged or submerged breakwaters and groynes, 

seawalls, revetments. They have been employed worldwide to control coastal erosion and to 

provide protection against flooding phenomena to the inland (Charlier and De Meyer, 1989; van 

Rijn, 2013; Nordstrom, 2014; Pranzini et al., 2015; Servold et al., 2017). The presence of 

breakwaters results in a significant reduction of the wave energy reaching the sheltered area of 

the structure. The reduced wave agitation, in combination with the altered nearshore breaking 

wave-induced current field, create the appropriate conditions for sediment deposition while 

simultaneously enabling shoreline advance. It should be noted that emerged breakwaters have 
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been used at a lesser extent the last decades as a protection solution due to their impact on the 

aesthetics of coastal landscape. Hence, submerged structures provide a good compromise 

between the need to reduce the wave energy close to the shore and the aim to ensure landscape 

preservation and a good water quality though the exchange of water between offshore and 

inshore areas. However, the underlaying processes of shoreline response to submerged 

breakwater structures are not yet fully understood, due to limited available data concerning the 

performance of prototype-submerged structures (Ranasinghe et al., 2010).  

 

Moreover, groynes, another commonly used coastal protection structure, are employed to 

retain the beach and maintain the stability of the littoral system. Sediment deposition occurred 

on the updrift side of a groyne due to wave diffraction, while erosion can be observed on the 

downdrift side. To avoid downdrift erosion a groyne field comprised of multiple groynes is often 

selected as an optimal protection solution (Baelus et al., 2019). A groyne system contributes to 

the seaward advance of shoreline by hindering wave-induced nearshore currents, deflecting 

energetic tidal currents, and intercepting longshore littoral drift (Bakker et al., 1970). The 

hydrodynamic and morphodynamic characteristics around groynes and breakwaters are partly 

known based on laboratory studies, field observations, and numerical investigations (van Rijn, 

2011). However, the effects of these structures on the evolution of nearshore hydrodynamics 

and morphodynamics is still not yet fully understood. 

 

Alternatively, high-strength precast concrete can be utilized as solution for protecting littoral 

systems and halting beach erosion. That type of structures (Figure 1-8) has generated an 

increased interest and acceptance in the coastal engineering community. Different patents of 

artificial reef barriers consist of precast concrete as available, such as Wave Attenuation 

5ŜǾƛŎŜǎϯΣ wŜŜŦ .ŀƭƭǎϰ ŀƴŘ .ŜŀŎƘ tǊƛǎƳǎϰΦ !ƴ ƛƳǇƻǊǘŀƴǘ ŀŘǾŀƴǘŀƎŜ ǇǊŜŎŀǎǘ Ƙŀǎ ƛǎ ǘƘŀǘ ƛǘΩǎ 

environmentally friendly, unlike the surplus armored vehicles, old steel barges, trawlers and 

tugboats that are sometimes used to create artificial reefs. 

 

It should be mentioned that hard structures are effective in the short-term, but they are 

often costly, and their long-term sustainability has come under growing critique (Betzold, 2017). 

The implementation of hard structures to oppose coastal erosion, can have negative impacts on 

littoral systems due to interfering processes operating at a wide spatial scale of several 

kilometres (Pilkey and Young, 2010, Neal et al., 2017, Rangel-Buitrago et al., 2017). To avoid such 

negative experiences, correct application of adequate management policy is required to 
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preserve ecosystems as well as socio-economic activities and above all a real time monitoring of 

the performance of these structures is required. 

 

 

Figure 1-8 !ǊǘƛŦƛŎƛŀƭ wŜŜŦǎ ϧ /ƻŀǎǘŀƭ wŜǎǘƻǊŀǘƛƻƴ LƴŎΦΩǎ ǇŀǘŜƴǘŜŘ ²ŀǾŜ !ǘǘŜƴǳŀǘƛƻƴ 5ŜǾƛŎŜΦ ό{ƻǳǊŎŜ bt/! 
and Living Shoreline Solutions Inc). 

 

 

1.1.3 Nearshore processes and predictive numerical modelling 

 

The modelling of nearshore physical processes, such as the propagation of surface gravity waves, 

hydrodynamic circulation, sediment transport and morphology, is an essential key in order to 

predict coastal morphodynamics, as outlined throughout this thesis.  

1.1.3.1 Surface waves 

Waves play an important role in stirring up sediments from the bed level, as well as forcing 

current motions such as alongshore currents, rip currents, and mass-transport (or streaming) 

velocities, which carry the sediments. Waves can be generated either locally, known as wind-

sea, due to the impact of local winds blowing for a specific distance (the fetch), and time (the 

duration); or as swell, which results from distant storms and often has a longer wavelength and 

less spread in period and direction than a locally generated sea (Soulsby, 1997). Other type of 

waves can also be encountered in coastal regions, such as infragravity waves, tsunamis or tidal 

surges. For the needs of this study only wind-generated surface gravity waves, sea and swell, 

were considered.  
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ΨAt deeper water these waves are only weakly non-linear and as a consequence the wave 

field can characterized as a summation of a large number of independent wave components 

resulting in a Gaussian sea state creating an irregular wave fieldΩ όwƻŜƭǾƛƴƎΣ нлммύ. While waves 

propagate from offshore to shallow water regions, depth-induced non-linearities appear, 

associated with a reduction of wave propagation speed due to bottom dissipation. The latter 

results in the reduction of the incoming wave energy through the shoaling effect. Wave 

refraction and diffraction are also nearshore physical processes that appear while incident 

waves interact with shallow water depths.  

 

In addition, wave breaking is a physical phenomenon of high importance regarding its impact 

on hydrodynamic patterns and subsequently on sediment dynamics. In a large scale, wave 

breaking results in energy dissipation, which is the result of many local hydrodynamic 

phenomena, ultimately leading to dissipation due to small scale viscous effects. Different 

criterions can be found in the literature for the identification of the conditions under which wave 

breaking take place, based on limiting steepness, limiting wave height on a horizontal or sloping 

bed, local non-linearities, Froude number, hybrid slope/vertical velocity (Bacigaluppi et al. 

2019). Wave breaking drive shear instabilities that are responsible for the generation of 

nearshore flows and the initiation of motion of sediment particles. This process is the most 

significant energy input into wave-dominated coastal environments and particularly in a region 

known as the surf zone. This zone is that part of the shoreface extending from the seaward 

boundary of wave breaking to the swash zone.  

 

Deigaard et al. (1991) demonstrated that the breaking wave-induced bed shear-stresses in 

the surf zone do not differ significantly from those of unbroken offshore waves, but they exhibit 

an important wave to-wave variability, so that occasional large values could prevail. Thus, the 

neglect of wave breaking processes may lead to an underestimate of suspended sediment 

concentrations in the upper half of the water column throughout the nearshore zone. 

 

1.1.3.2 Hydrodynamic circulation 

Tidal motions, wind stresses, atmospheric pressure gradients, wave-induced forces, river 

outflows, large-scale water surface slopes and horizontal density gradients associated with 

oceanic circulations can result in the generation of sea-currents (Soulsby 1997). Close to the 

coast, wave-induced currents are especially intense, whereas further offshore combinations of 
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tidal and meteorological forcing dominate. The modelling of breaking wave-induced nearshore 

circulation such as alongshore currents, and rip currents is an object of active research 

nowadays. A big variety of modelling techniques have been used, based on depth-integrated 

equations. These include phase resolving (e.g., Chen et al., 2003; Clark et al., 2011), group-

averaged (Reniers et al., 2004), or fully phase-averaged models (Geiman et al. 2011). However, 

it should be noted that these techniques are unfortunately not satisfactory adapted for large-

scale continental shelf processes, which are driven by stratification, making it difficult to model 

cross-shore transport processes uniformly from the beach to the shelf break (Michaud et al. 

2012).  

 

When waves travel with a normal angle of incidence towards the coast, they drive complex 

circulation cells and rip currents throughout the surf zone. On the other hand, waves that 

approach the coast obliquely, they responsible for the generation of an alongshore littoral drift. 

Despite the alongshore and crosshore currents, attention should be focused on the undertow. 

Nadaoka et al. (1982) and Stive (1980, 1983) revealed the existence of seaward velocities under 

the wave trough during wave breaking, while shoreward velocities were observed in the vertical 

layer above the wave trough. Assuming no net flow over the vertical, the time-averaged return 

flow occurs under the wave trough level can be defined as undertow (van Rijn 1993), which is 

responsible for the transfer of significant sediment masses offshore in the surf zone. 

 

Currents both stir up and transport sediments, hence the sediment trajectories globally 

follow the current circulation. Although, because the sediment transport fluxes depend non-

linearly on the current velocities, and also due to the effect of wave-stirring, the direction of 

long-term net sediment transport may differ from the residual current direction. 

 

1.1.3.3 Combined current and waves 

Close to the shore, wave propagation can be affected by the existence of strong currents, 

that alter wave characteristics. Especially, opposing currents have an important effect on wave 

steepness even to the point of breaking (Chawla and Kirby, 1999). On the other hand, following 

currents enlarge wave troughs and thereby wave lengths, resulting in a wave height reduction. 

Van der Kaaij and Nieuwjaar - (1987) found that following currents reduce the velocities near 

the bed and near the water surface while they increase intermediate depth velocities. This 

phenomenon is especially pronounced in case of a weak current and a high wave. On the 
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contrary opposing currents contribute to the reduction of near bed velocities, increasing the 

velocities of water particles close to the surface. 

 

1.1.3.4 Sediment transport 

In coastal zones once the sediments are detached can be transported by gravity, wind, water, 

or a combination of the above. When the near bed shear velocity exceeds a critical value, which 

is responsible for the initiation of motion, bed materials start be rolling or sliding and interacting 

with the bed. Regular or irregular jumps of sediments may occur for intense bed shear velocities. 

For the values of shear velocities than exceed sediment falling velocities, sediment particles are 

lifted towards the water surface driven by turbulent forces. The transport of particles that 

ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ǎƭƛŘƛƴƎ ƛǎ ǊŜŦŜǊǊŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ǘƻ ŀǎ ΨōŜŘ ƭƻŀŘ ǘǊŀƴǎǇƻǊǘΩΣ ǿƘƛƭǎǘ ǘƘŜ 

ǘǊŀƴǎǇƻǊǘ ǘƘŀǘ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǘƘŜ ƭƛŦǘƛƴƎ ƛǎ ǿƛŘŜƭȅ ƪƴƻǿƴ ŀǎ ΨǎǳǎǇŜƴŘŜŘ ƭƻŀŘ ǘǊŀƴǎǇƻǊǘΩΦ 

Moreover, the transport of very fine slit suspended materials of 50 ˃Ƴ ƛǎ ŎŀƭƭŜŘ ΩǿŀǎƘ ƭƻŀŘΩΦ 

These materials are in near-permanent suspension and, therefore, are transported through the 

stream without deposition. 

 

1.1.3.4.1 Threshold of motion 

The threshold motion condition of the sediment materials can be defined by estimating the 

balance between the forces tending to move sediments the forces contrasting this motion. The 

following forces are imposed on the particles: forces which tend to move the grain (drag and lift 

force); force that tries to keep the grain in its place (gravity force) ( Figure 1-9). This approach 

considered by Armanini 2018 and it was initially derived from the classical theory originally 

proposed by Shields (1936) under the assumption of homogeneous, non-cohesive particles lying 

on a quasi-horizontal and -straight bed. In the case of sloping beds, different processes must be 

taken into consideration, such as avalanching or repose angle, especially close to the swash zone 

where the slope effect is dominant.  

 

The threshold of motion of sediments is an essential factor in most types of computation and 

numerical modeling concerned with sediment response to hydrodynamics. It is required in 

applications involving scour around vertical maritime structures; sea bed morphology 

investigations; bed load transport (especially of coarser sediments); and entrainment of finer 

sediments into suspension 
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Figure 1-9 Scheme of the forces acting on an individual grain on a streambed. Particles are considered 
non-cohesive (Bosboom and Stive 2021) 

 

1.1.3.4.2 Bed load 

Bagnold (1956) defines the bed-load transport as that in which the continuous contacts of the 

materials with the bed are limited by the effect of gravity, whilst the suspended-load transport 

is determined as that in which the excess weight of the sediments is supported by random 

successions of upward forces, triggered by turbulent eddies. Einstein (1950), however, stated a 

different approach. He defines the bed-load transport as the transport of particles in a narrow 

layer of 2 particle diameters thick, above the bed by sliding, rolling, or jumping in a longitudinal 

distance of a few particle diameters. The bed layer is defined as a layer in which the turbulent 

mixing is low without any influence on the sediment particles, and therefore suspension of 

sediments is impossible in the bed-load layer. Further, Einstein considers that the distance 

travelled by bed-load particle is a constant distance of 100 particle diameters, independent of 

the hydrodynamic conditions, the transport rate and the bed characteristics.  

 

According to the ISO-standard definitions (ISO 4363), bed load is the motion of the sediment 

in almost continuous contact with the bed, carried forward by rolling, sliding or hoping. Van Rijn 

(1984) based on the equations of motions of individual bed-load particles and computed the 
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saltation characteristics and the particle velocity as a function of the hydrodynamic conditions 

and the particle size for plane bed conditions. Figure 1-10 show a schematic view of bed load 

mechanism and the equilibrium of shear stress applied on sediment particles. The results of his 

analysis show that the bed load transport is weakly affected by particle sizes, this conclusion is 

ƛƴ ƭƛƴŜ ǿƛǘƘ ƻǘƘŜǊ ǇǊŜǾƛƻǳǎ ƛƴǾŜǎǘƛƎŀǘƛƻƴǎ ŀōƻǳǘ ǘƘŜ ǇŀǊǘƛŎƭŜ ǎƛȊŜΩǎ ƛƳǇŀŎǘ ƻƴ ǎŜŘƛƳŜƴǘ ŦƭǳȄŜǎ 

(Figure 1-11). The difference between the fluid shear stresses and the critical shear stresses gives 

the magnitude of the bed load transport according to the study of van Rijn (1993). 

 

 

Figure 1-10 Stresses at base of bed load (van Rijn 1993) 
 

 

Table 1 Bed load transport rates according to van Rijn (1993). 
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Figure 1-11 Influence of grain size on bed load transport rate (Guy et al. 1966) 

 

 

1.1.3.4.3 Suspended load 

For current velocities or wave values significantly above the threshold of motion, sand is 

entrained off the bed and into suspension, where it is carried at the same speed as the current. 

When this happens, the proportion of sediment carried in suspension is generally much larger 

than that being carried simultaneously as bedload, and hence the suspended load is an 

important contribution to the total sediment transport rate. An important factor in the design 

of cooling water intakes for power stations is prevention of ingress of suspended sediment, for 

which calculations of the concentrations and grain sizes at the height of the intake are required. 

 

When bed-shear velocity exceeds the particle fall velocity, the grains can be lifted to a specific 

level at which the upward turbulent forces will be comparable to or higher than the submerged 

particle weight, where random particle trajectories appear because of turbulent fluctuations. 

Globally, the behavior of the suspended sediment particles is described in terms of the sediment 

concentration, which can be expressed as the solid volume per unit fluid volume or the solid 
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mass per unit fluid volume (Figure 1-12). Experimental observation showed that the suspended 

sediment concentrations decrease with distance up from the bed (van Rijn 1984). An important 

part of morphological computations with suspended sediment transport is the usage of a 

reference concentration as a bed-boundary condition, which distinguish bed load and 

suspended load van Rijn (1984, 1993). This resembles also to the theory introduced by Einstein 

(1950), who defined the bed-load transport in a layer of two particle diameters.  

 

While bed load is assumed to instantaneously adapt to the local hydrodynamic conditions, 

suspended load responds in a time and space lag manner, related to the time that the suspended 

particle needs to reach the bed. Two methods have been widely used to describe the mechanism 

of suspended load transport: the sediment transport rates that consider the combine action of 

waves and currents and the diffusion- advection equation. The spreading of suspended 

sediments due to random motions and by turbulence is termed diffusion, whilst the spreading 

due to gradients of time-averaged velocity components is termed advection. The latter method 

was utilized for the needs of the present thesis.  

 

 

Figure 1-12 Definition sketch suspended load transport by Van Rijn (1993). 

 

1.1.3.5 Morphology - Sediment Continuity. 

Morphological changes vary at a different and slower rate as compared to the short-term 

variations of hydrodynamics. Thus, the estimation of bathymetry update requires to keep a 

budget of the sediment fluxes that have been derived by averaging the instantaneous flow 

parameters. These sediment transport fluxes are often integrated over a number of time steps, 
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which corresponds to several wave periods. In order to estimate bathymetry update the 

sediment mass conservation (Exner) equation can be employed. Effectively: 

 

 ​Ͻή  , (1.1) 

where, ὲ is the sediment porosity, ▲◄▫◄=(ή ȟȟή ȟ denotes the total volumetric 

sediment transport rate equal to the sum of suspended and bed load transport rate and ᾀ is 

the local bottom elevation 

 

The Exner equation was originally developed to describe morphological changes in terms of 

sediment mass conservation in rivers (Exner, 1925). The effect of the bed slope on sediment 

transport has been included in this equation by and Karambas et al. (2002) further analyzed it. 

tŀƻƭŀ Ŝǘ ŀƭΦ όнллсύ ŘŜǊƛǾŜŘ ŀƴƻǘƘŜǊ ²ŀǘŀƴŀōŜ όмфууύ ŀƴŘ [ŜƻƴǘΩȅŜǾ όмффсύ ŦƻǊƳ ƻŦ ǘƘŜ ǎǘŀƴŘŀǊŘ 

Exner equation for sediment mass balance that considers effects of tectonic uplift and 

subsidence, soil formation and creep, compaction, and chemical precipitation and dissolution. 

Wolinski (2009) has refocused the generalized Exner equations in relation to coastal areas. 

Based on his work, Deng et al. (2017) introduce two types of Exner equations: the generalized 

Exner equation based on the sediment column at a specific point and the shoreline Exner 

equation based on a cross-shore profile of the shoreface which explicitly includes 

interconnections between external sediment fluxes, shoreline position, and relative sea-level 

changes.  

 

1.1.4 Coastal area numerical approaches: 2DH models 

Different types of numerical predictive models can be encountered in the literature of coastal 

engineering for the evaluation of nearshore hydrodynamics and morphodynamics. According to 

Roelvink (2011), the existing models can be described as been in three categories:  

 

1) Coastal profile models, where the focus is on the cross-shore processes, while long-shore 

variability is neglected (Roelvink and Brøker, 1993; Schoonees and Theron, 1995);  

2) Coastline models and shoreline evolution based on distinctive cross-shore profiles, where 

short-term fluctuations of the profile are smoothed out and bar behaviour is not considered 

(GENESIS, UNIBEST and LITPACK), (Szmytkiewicz et al., 2000);  
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3) Coastal area models, where alongshore and cross-shore variabilities are considered 

(Nicholson et al., 1997).  

 

Hydro-morphological models had been developed since 1980 (Nicholson et al., 1997). 

Amongst them, devices that employ an unstructured flexible mesh can be utilized in order to 

describe thoroughly the geometry of solid boundaries in a coastal zone. These devices provide 

different resolution levels between offshore and nearshore regions, in order to keep a low 

computational cost. Some of these models are listed below: 

 

¶ Delft3D (Deltares, 2014); 

¶ XBeach (Roelvink et al., 2009); 

¶ FUNWAVE-TVD (Shi et al. 2012) 

¶ MIKE DHI (Pietrzak et al., 2002); 

¶ Telemac (Villaret, 2010); 

¶ ECOMSED (Blumberg, 2002); 

¶ ADCIRC (Luettich and Westerink, 2004); 

¶ ROMS (Warner et al., 2008); 

¶ Wallingford, COHERENS (Luyten et al., 2006). 

 

The above numerical models, used for the simulation of nearshore processes, can be 

distinguished in two board categories, concerning their approaches to incorporate wave effects. 

Those that are based on the spectrum concept (or phase averaged) as well as on models based 

on the momentum concept (or phase resolving). These distinct approaches have been 

highlighted (Hotlhiujsen, 2003) for the numerical investigation of the dominant processes 

governing wave transformation. In particular: 

 

1. The phase-averaged approach describes wave propagation in the spatial and time 

domain nature using the variance-density spectrum, which is the Fourier transformation 

of the auto-covariance function of free-surface elevation. The most notoriously used 

models following this approach are 3rd generation spectral wave models (Benoit et al., 

1996, Group WAMDI, 1988). Due to the complex nature of wind-nearshore waves, the 

usage of a deterministic approach to describing the sea surface elevation is generally 

not feasible for large-scale analyses (Rusu and Soares, 2013). Thus, many efforts have 

been made during the recent years to describe wave propagation in the frequency 
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domain, rather than in time-domain. Third-generation models, such as the WAM, 

MIKE21 -SW and SWAN are based on the spectral concept. The physical processes that 

can be assessed are wave refraction, shoaling, reflection, wave-induced setup, wave-

wave interactions, depth-induced breaking, bottom friction, wind energy transfers and 

whitecapping. Furthermore, a phase-decoupled method, to consider wave diffraction, 

was implemented by Holthuijsen et al. (2003). 

 

2. The phase resolving deterministic approach describing properties of the wave field in 

the spatial and temporal domain at a fine resolution. The spatial step is often a small 

fraction of the wavelength. In this category, models solving the mild slope, shallow 

water (SWE) or Boussinesq equations have been employed. The prediction of the 

surface gravity waves by means of the phase resolving models has proven, in the recent 

years, to be a valuable tool in simulating waves propagating from deep to shallow water. 

These devices give reliable predictions in comparisons with filed or experimental data.  

 

Within the framework of the present work, several advanced existing numerical devices were 

utilized, such as MIKE21 DHI, XBeach and FUNWAVE ς TVD, for the investigation of nearshore 

physical processes, with a special focus on wave-current-sediment interactions and they were 

applied in study areas where erosion phenomena are particularly intense. Figure 1-13 illustrates 

an example of numerical outputs of Mike 21 HD concerning the current field in the vicinity of 

harbour structures in the city of Rethymno in Greece (Afentoulis et al. 2017). The usage of the 

above numerical tools provided significant insights and conclusions that contributed to the 

development of new numerical hydro-morphodynamic models in the context of the present 

dissertation. 

 

Figure 1-13 MIKE21 HD results: U velocity contours and net velocity vectors for a reshaped harbour 
layout (Afentoulis et al. 2017). 
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1.2 Objectives and research questions 

The present dissertation concerns the study of wave propagation in shallow water and the study 

of fluid ς seabed interactions under unsteady flows. The main purpose is the numerical 

investigation of hydrodynamic effects on the erosion and deposition mechanisms of non-

cohesive sediments, as well as their impact on coastline evolution, taking into account the 

presence of maritime structures, such as a shore parallel system of emerged or submerged 

breakwaters, groynes and jetties. A variety of test cases and coastal engineering applications, 

regarding flow seabed interactions in sloping beaches and the efficiency of coastal structures to 

control erosion phenomena, were thoroughly analysed in this research. Special focus was placed 

on the hydro-morphodynamic processes in the inner surf and swash zone, where the mechanism 

of sediment transport is still unclear and a number of uncertainties and limitations are 

associated with the existing waves-currents-bathymetric evolution numerical models. The time 

scales of interest vary from a couple of hours to several months. 

 

For the needs of this work, several advanced existing numerical tools and models were 

utilized to better understand nearshore hydro-morphodynamics processes. These devices were 

applied to predict bed morphology in study areas, where intense erosion phenomena appear. 

Furthermore, new algorithms and models were developed by the author of this dissertation for 

the assessment of hydrodynamic parameters and sediment transport dynamics throughout the 

inner surf and swash zone. A further research was based, herein, on the needs for optimal and 

more effective simulation of the flow impact on the sea bottom reducing the computational 

burden. Thus, this thesis involves the development and the evolution of existing or new 

numerical models based on modern methods for solving flow problems. 

 

The already developed state-of-the-art models that were employed here are the MIKE21 DHI 

suite, XBeach and FUNWAVE ςTVD model. In addition, a numerical formulation for sea--bed 

evolution, developed by Bouharguane and Mohammadi (2013) was applied to evaluate 

sediment dynamics with and without the presence of coastal defences. Initially, short time scale 

wave events, which can have a serious impact on the reshaping of coastline, were analysed 

within our research. These phenomena relate to climate and seasonal changes and to the 

manifestation of extreme events, storms and floods with a parallel increase of the 

meteorological tide.  
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For the evaluation of hydrodynamic characteristics nearshore, two different numerical 

approaches were followed. A model that solves the two-dimensional non-linear shallow water 

equations (NSWE) in conservative form was initially used (Marche and Bonneton  2006),(Marche 

et al.2007). The main advantage of this numerical approach is that breaking events can be 

modelled as the development of a free surface and current discontinuity (Bonneton et al. 

2010).It is noted, however, that dispersion effects are not considered, which a limitation of this 

approach is. A wave-maker was developed and implemented for the generation of irregular 

waves using directional spectral data. These irregular waves can be obtained by superposing a 

series of wave components with different frequencies and directions, using random phases. 

 

Thereafter, in deep to shallow water, dispersive nonlinear wave effects were simulated 

satisfactorily using a Boussinesq approach (Madsen et al. 1997; Kennedy et al. 2001). In the 

present study, a highly nonlinear Boussinesq model (Shi et al. 2012) tasked with the simulation 

of wave propagation and hydrodynamic circulation was directly coupled to a newly developed 

quasi 3-D sediment transport and morphology model., since these equations are sufficiently 

accurate in resolving nearshore wave phenomena, such as refraction and diffraction (Do 2019). 

 

Several key approaches for sediment transport modelling were studied, such as the threshold 

motion, the suspended sediment concentration profile, the equilibrium or saturation 

concentration near the bottom and the depth-averaged suspended sediment concentration 

under the presence of waves, currents or due to the combined action of both environmental 

forces. The numerical methods incorporated in this research, include formulae for: the drag 

coefficient for unsteady or tidal flows on a non- flat bed of sediment, wave orbital velocity at 

the sea bed, the friction coefficient for waves, bottom dissipation in combined wave and current 

flow, the settling velocity of fine sand grains, the threshold bed shear-stress of sand grains due 

to the action of currents and/or waves, the bedload and total transport rate of sand under 

currents and/or waves, and the longshore transport of sediment. In addition, a 3-D approach for 

the estimation of the suspended load sediment transport was implemented in order to describe 

the vertical structure of the sediment concentration.  

 

Furthermore, special attention was given to the investigation of swash sediment dynamics, 

as their role is of high interest for engineering applications. Swash dynamics determine the 

shoreline position, thus the precise evaluation of the natural processes in this zone contribute 

in the performance evaluation  of coastal defence structures in terms of their capacity to 

maintain or advance the shoreline seaward. 
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1.2.1 Research Goals 

Based on the above objectives the goals of the thesis are: 

(1) The application and comparison between existing coastal engineering numerical 

devices and software suites, in order to evaluate their performance, capacity and 

properties. 

(2) The development of new numerical models and tools, based on previous codes and 

algorithms, for the simulation of coastal wave propagation and sediment transport 

mechanisms. 

(3) ¢ƘŜ ǾŜǊƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ƳƻŘŜƭΩǎ ŎŀǇŀŎƛǘȅ ŀƴŘ ŜŦŦƛŎƛŜƴŎȅ ǘƻ ŀŎŎǳǊŀǘŜƭȅ ǇǊŜŘƛŎǘ ǎŜŀōŜŘ 

morphology and the validation against experimental results and real-filed 

measurements. 

(4) The application of selected devices and numerical models in order to assess hydro-

morphodynamic processes in erosion-dominated coastal zones. 

 

1.2.2 Research Questions 

Moreover, the present PhD dissertation aims at providing answers to the following research 

questions: 

(1) How existing numerical models and software suites perform in terms of the prediction 

of nearshore complex morphological processes, influenced by the unsteady impact of 

the wave-current combined action and how they consider coastal structures effects? 

(2) What are the key approaches for the modelling of beach up-state or down-state 

transitions and the prediction of sandbar systems and rip channels behaviour? 

(3) How to develop time-dependent techniques for fine sediment transport modelling, 

including non-linear wave effects in nearshore region and swash zone, for practical 

purposes (e.g., to improve the approaches of sediment simulation in 2DH/3D model)? 

(4) How coupled numerical modelling techniques can incorporate the role of coastal 

structures/obstacles on the mechanisms of wave propagation, wave-induced current, 

sediment transport by waves and currents, and bed morphology evolution. 
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1.3 Innovative points  

This thesis seeks to assist in better understanding of nearshore physical processes and the 

application of advanced numerical modelling, for the simulation of nearshore sediment 

transport dynamics, with a special focus on non-cohesive sediment movement under wave-

current actions. The following innovative aspects are included: 

¶ An extensive review is provided in this work, whose overall objective is to evaluate 

existing 2DH modeling techniques that are currently been utilized in coastal 

morphology problems. A complete assessment of available devices was made, in 

terms of their capacities to provide accurate and reliable predictions of bathymetric 

evolution. This analysis contains a plethora of modeling suites that was employed for 

the simulation of nearshore physical processes, such as wave propagation, 

hydrodynamic circulation, wave-current interaction, sediment transport and 

morphology. Therefore, in selected case studies, hydro-morphodynamic patterns 

were investigated through MIKE 21 and XBeach software, whilst seabed 

morphological evolutions in the vicinity of detached submerged breakwaters were 

simulated by means of a minimization principles-based numerical formulation. 

Valuable insights were gained about the limitations and advantages of existing 2DH 

coastal area modeling approaches. 

¶ Inspired by the capacities and limitations of the existing numerical devices, the 

development of a novel and robust numerical model was achieved in purpose of 

practical applications. In particular, a quasi-3-D sediment transport and morphology 

model that fully considers unsteady and nonlinear hydrodynamic effects, was 

developed and introduced in the context of the present dissertation. Special 

attention was given to the role of sediment transport dynamics across the swash and 

inner surf zone, incorporating them in the numerical device. In addition, advanced 

numerical techniques were utilized to simulate three-dimensional patterns of 

suspended load fluxes and consider wave nonlinear and unsteady effects on bed load 

transport rate. This new predictor was tailored for the Suspended Sediment 

Transport based on the solution of the three-dimensional convection-diffusion 

(mass-balance) equation for the sediment concentration. 

¶ This newly tailored sediment transport predictor was coupled to a fully nonlinear 

Boussinesq wave driver (FUNWAVE-TVD), for the purpose of performing reliable 

computations and providing accurate predictions of bed level evolution, across 

various timescales of interest. Therefore, the innovation of the proposed approach 
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consists in reducing the uncertainty in hydro-morphodynamic simulations, which is 

often associated with the existing and available numerical tools that can be 

encountered in the literature of coastal engineering. In a rigorous modelling 

framework, this study provides a series of tools and algorithms that assist the 

modeller to analyse model sensitivity, undertake parameter optimisation and 

quantify parameter-induced uncertainty. Lƴ ƻǊŘŜǊ ǘƻ ǾŜǊƛŦȅ ǘƘŜ ƳƻŘŜƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜ 

and corroborate the applied formulations, the compound model was validated 

thoroughly against a number of laboratory data and other numerical investigations. 

¶ Furthermore, the role of several coastal protection structures (Groynes, emerged or 

submerged breakwaters) was rigorously evaluated in terms of their capacity to 

control beach erosion. A particular effort was made to keep the computational 

complexity at a reasonable level by utilizing morphological acceleration techniques 

and exploiting computational techniques of parallel schemes. It was, therefore, 

demonstrated that this newly developed integrated model can be utilized to a wide 

range of maritime engineering applications, both for soft engineering (beach 

replenishment, sand dune management, drainage) and hard engineering techniques 

(design of groynes, breakwaters, seawalls, revetments). 

¶ A further innovation aspect of the dissertation consists of the fact that the beach 

down-state and up-state transitions were investigated via different numerical 

approaches, unveiling important discoveries about morphodynamic effects of rip 

current systems. In that regard, measurements of a 3D physical experiment were 

utilized as benchmark in order to corroborate two distinct simulation techniques that 

were applied herein for the predictions of wave-sandy bed interactions over an initial 

shallow sloping bottom. 

 

1.4 Thesis organization 

This thesis in all has five chapters: 

¶ (1) Chapter one, this introduction, presents the research issues, background and 

overviews of wave, current circulation and sediment transport modelling, as well as 

techniques and strategies to control beach erosion. Objectives and research 

questions were proposed. 

¶ (2) Chapter two, presents the applications of several existing coastal area models in 

erosion-dominated areas. This chapter also provides numerical observations on 

sediment dynamics under waves and currents using MIKE21 and XBeach devices, 
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while a novel numerical approach based on minimization principles were applied to 

optimize the form of coastal defences. General features and limitations of available 

process-based models are summarized. 

¶ (3) Chapter three is about sediment transport phenomena associated with the 

presence of sandbars and rip channels. Numerical techniques were developed in 

order to predict beach up-state and down-state transitions, while the numerical 

findings were qualitatively validated against experimental data. A special focus was 

placed on the incipient motion of fine-sand particles under combined waves and 

currents and seabed evolutions. For this purpose, minimization principles and 

advanced formulas for the estimations of sediment fluxes were employed, while the 

hydrodynamic solution was based non-linear shallow water equations.  

¶ (4) Chapter four develops a 2DH model for morphodynamic simulations under wave-

current interactions, inspiring by the capacities and limitations of the already existing 

numerical process-based models, that have been discussed in previous chapters. The 

new sediment transport model accounts for unsteady wave effects and swash zone 

morphodynamics, and it was coupled to a fully nonlinear Boussinesq wave model, 

providing integrated predictions of bed level evolution, across various timescales of 

interest. This novel model was validated thoroughly against laboratory data and 

other numerical investigations. Discussions are made on the impact of several coastal 

structures and configurations on nearshore morphology. 

¶ (5) Chapter five summarizes the whole work, gives answers to the pre-defined 

research questions and makes suggestions for future study. 
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Figure 1-14 Thesis structure. 
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2.1 Context  

Coastal zone is a significant geographical and particular region, since it gathers a wide range of 

social-humanΩǎ activities and appears to be a complex as well as fragile system of natural 

variables. Coastal communities are increasingly at risk from serious coastal hazards, such as 

shoreline erosion and flooding related to extreme hydro-meteorological events: storm surges, 

heavy precipitation, tsunamis and tides. Coastal defence predisposed to coastline recession, due 

to the action of high tides and increased wave energy nearshore, may involve various protection 

structures to reduce or at least to mitigate shoreline erosion problems. Therefore, it is necessary 

to describe the driving mechanisms, which contribute to the destabilization of coastal 

environment. Within the context of the present research, a comprehensive analysis of hydro-

morphodynamic phenomena was effectuated in study areas where intense erosion or 

sedimentation problems occur, applying advanced existing numerical devices.  

 

A plethora of existing and new numerical devices was employed for the simulation of wave 

propagation, hydrodynamic circulation, wave-current interactions, sediment transport and 

morphology. The results of this study provide valuable insights into the mechanisms of storm-

induced bathymetric changes and the performance of coastal defences to control beach erosion 

and maintain landscape integrity respecting a functional design and environmental or aesthetic 

values, within the context of an integrated coastal zone management. The state-of-the-art 

models that were employed here are: the MIKE21 DHI suite and XBeach model. In addition, a 

numerical formulation for sea--bed evolution, developed by Bouharguane and Mohammadi 

(2013) was utilized to assess sediment dynamics with and without the presence of coastal 

structures.  
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2.2 The investigation of form and processes in the coastal zone under extreme 

storm events - the case study of Rethymno, Greece 

The recently recorded extreme storm and wave events in the European coast caused spectacular 

erosion of the shoreline (Castelle et al. 2015). Similarly, in our case study - the coastal city of 

Rethymno, in Greece, major flood and extreme wave events were encountered during the last 

few years, resulting in serious damages mainly on the Old Town of Rethymno and the east low-

laying areas followed by significant erosion phenomena (Makropoulos et al. 2014b; 

Kragiopoulou et al. 2016; Tsoukala et al. 2016). Rethymno city was one of the eleven case study 

areas of PEARL (Preparing for Extreme And Rare events in coastal regions) project, an EU funded 

research project, which aims at developing adaptive risk management strategies for coastal 

communities focusing on extreme hydro-meteorological events, with a multidisciplinary 

approach integrating social, environmental and technical research and innovation so as to 

increase the resilience of coastal regions all over the world.  

2.2.1 Case Study characteristics 

The area under study is located at the Prefecture of Rethymno, which is one of the four 

Prefectures of Crete in Greece. Rethymno is a coastal city and its population stands at 32,468 

inhabitants with a density of 140 population/km2. As the third most populous urban area in the 

island of Crete, commercial, administrative, cultural and tourist activities are being developed 

along the north coast where the city is located. The mean absolute altitude is 15 m (Makropoulos 

et al. 2014a). The case study area includes the port of Rethymno, located in the Northern area 

of Crete within the homonymous bay and the adjacent coastal area on the east (a total area of 

about 19 km2) with a coastline length of approximately 8.8 km (Figure 2-1) and a maximum 

depth equal to 30 m.  

 

Flooding has always been an important issue for the coastal city of Rethymno. Major flood 

events were encountered throughout the years, resulting in serious damages mainly in city 

centre and the east low-lying areas. In addition, changes in wind conditions, potentially due to 

climatic changes, lead to a more frequent occurrence of storm events. The extreme weather 

conditions of strong winds drive storm waves that can be combined with flash floods from 

ephemeral streams. These storm-induced flooding usually occurs through three basic processes: 

1) overflowing or inundation, (2) wave overtoppin, causing floods intermittently due to the wave 

run-up (3) barrier breaching.  
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Energetic wave conditions close to the land trigger violent wave overtopping discharges along 

the windward breakwaters of the harbour, as shown in Figure 2-2 - Figure 2-3, affecting the 

stability of breakwaters and port facilities as well as human safety. An additional severe effect 

of wave overtopping is the flood inundation of the harbour's surface area and the surrounding 

roads. The quantities of seawater (Figure 2-2) that penetrates from the west (Parking area) 

during those storm events, overflows the harbour's surface area, as well as the wider coastal 

area, causing disruption to loading and unloading operations, damage to the port facilities and 

the cargo, traffic problems and damage to coastal shops and restaurants. 

 

 

 

Figure 2-1 Location, coordinates and size of the case study area - Satellite image from Google Earth 
31/08/2015 (Google Earth Engine Team 2015) 

 

Moreover, the adjacent sandy beaches are exposed to intense erosion, spoiling the coastal site 

and affecting the tourism's contribution to local economy. The coastal bed is comprised mostly 

of fine sand, with a median sediment diameter of D50 =0.15 mm, which was used for the 

morphological simulations. These fine sand materials render the coast especially vulnerable 

against erosive wave sequences, as sand particles can be easily transported due to their light 
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special specific weight. A shoreline retreat of several meters has been observed in recent years, 

which can be validated by available field measurements and satellite photos (Karambas, 2010).  

 

The combined occurrence of extreme hydro-meteorological events poses a real threat to 

Rethymno's community, while it emphasizes the need for specific actionable roadmaps that will 

enhance the existing infrastructure and operational strategies against the danger of flood. A 

multidisciplinary approach, involving monitoring of swash dynamics on structures and beaches, 

evaluation of land-use and land-cover change due to urban expansion and unplanned 

construction, implementation of soft and nature-based techniques is required to prevent floods 

and subsequent coastal erosion. This wide range of actions is necessary for helping stakeholders 

to identify areas that are sensitive to floods and also to define efficient flood management 

strategies and socio-economic measures for Rethymno. 

 

 

Figure 2-2 Recent floods at the harbour area of Rethymno (2010ς2013). 
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Figure 2-3 Recent floods at the harbour area of Rethymno (2019). 

 

2.2.2 Prevailing environmental conditions 

For the needs of our research, a number of wind and wave hindcast and forecast data were 

analysed in order to determine the wave prevailing conditions at the offshore areas of 

Rethymno, these data were retrieved from the work of Tsoukala et al., 2016 and they had 

initially been presented in the study of Velikou et al., 2014 - CCSEAWAVS project. In those 

projects, wind regional and local measurements were utilized to force a global wave model in 

the north offshore zone of our study area and a 3-level SWAN-based scheme was uilized 

(Athanassoulis et al., 2014), the nested areas are illustrated in Figure 2-4. This technique was 

developed in the framework of Thales project CCSEAWAVS (Prinos, 2014), which aimed to 

estimate the effects of climate change on sea level and wave climate of the Greek seas, the 

coastal vulnerability and the safety of coastal and marine structures. This simulation scheme 

used past and future projections climatic wind fields for the estimation of wave characteristics 

with resolution 0.2 * 0.2 degrees in the Mediterranean basin. These data provided boundary 

information for repeating the simulation using a finer mesh 0.05*0.05 degrees inside an Eastern 

Mediterranean subsection. Then, a high-resolution 0.005*0.005 degrees mesh was applied in 
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the selected coastal region of Rethymno. Details of the methodology were described in 

Athanassoulis et al. (2015).  

 

Figure 2-4 Estimation of offshore wave characteristics using a 3-level downscaling approach (Tsoukala 
et al., 2016). 

 

The distribution of significant wave height, wave peak period and mean wave direction in a 

water depth of about 100 meters in the offshore area of our case study, for one past (1961-

2000) and two bi-centurial future periods (2001-2050, 2051-2100) is shown in Figure 2-5. 

Overall, the projected future distributions remain very close to those of the past period. Some 

weak but noticeable discrepancies can be identified during period 2051-2100, with higher 

occurrence of waves originating from the North sector. Although relatively small, this probability 

shift towards southward waves can be significant due to the North-facing orientation of 

Rethymno coast. 

 

Using the available offshore wave data, a categorization of storm events was achieved, in 

order to treat the storm surges in-group and not individually and, associating them with 

respective factors of coastal vulnerability for the needs of the present research. This was done 

by following the definition and identification of the storms through the energy content as 

proposed by Dolan and Davis (1992). The classification was accomplished into five classes: I - 

weak, II - moderate, III- significant, IV - severe and V - extreme. The first step before applying 

this approach was the characterization of the forcing. A storm can be defined as the event 

exceeding a minimum significant wave height (e.g. Hs > 2 m) and with a minimum duration of 6 

h (Li et al., 2014, Michele et al., 2007).  
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Figure 2-5 Probability density functions for the significant wave height Hs (left panel), peak wave period 
Tp (central panel) and mean wave direction (right panel), for three time periods at points ni,i = 1ς
3(down) (Tsoukala et al., 2016). 

 

The threshold of significant wave height (Hs) was considered here to be 2 m in order to describe 

rare events with only 10% of total wave heights and thus defined as the 90th percentile of the 

data set (Rangel-Buitrago and Anfuso, 2011). The energy content of each event can then be 

estimated as follows: 

Ὁ ὌὨὸ 

Where, (t1ςt2) is the storm duration and Hs is always greater than Hs threshold. 

 

The above analysis was divided into two periods: 1960-2000 (past climate) and 2000-2100 

(future climate). The results of the average wave height, period and duration in n2 grid point, of 

Figure 2-5, for each storm class are given in the following Tables. Furthermore, Martzikos and 

Afentoulis, 2017, carried out a further analysis and categorization of storms in this coastal area. 
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North wind direction 1960ï2000 

Storm class 

Hs 

range 

[m]  

Tp 

range 

[s] 

Average 

Hs [m]  

Average 

Tp [s] 

Average 

duration 

[h]  

No. of 

events 

I  Weak 2.0ï4.6 6.2ï9.4 2.5 7.7 14.20 318 

II  Moderate 2.0ï5.7 6.5ï10.0 2.9 8.1 34.50 27 

III  Significant 2.0ï4.6 7.5ï9.6 3.6 8.1 44.25 4 

IV  Severe 2.0ï5.6 6.7ï10.7 3.3 8.3 72.50 6 

V Extreme ï ï ï ï ï 0 

Table 2 Storm events for the period 1960ς2000 N direction. 

 

North wind direction 2000ï2100 

Storm class 

Hs 

range 

[m]  

Tp 

range 

[s] 

Average 

Hs [m]  

Average 

Tp [s] 

Average 

duration 

[h]  

No. of 

events 

I  Weak 2.0ï5.3 6.4ï10.1 2.5 7.7 14.13 823 

II  Moderate 2.0ï5.0 6.7ï9.9 2.7 8.0 42.03 94 

III  Significant 2.0ï6.0 6.9ï10.3 3.0 8.2 61.84 13 

IV  Severe 2.0ï5.4 6.4ï10.0 3.2 8.2 81.38 8 

V Extreme 2.0ï5.0 7.8ï9.7 4.2 9.1 72.00 1 
Table 3 Storm events for the period 2000ς2100 N direction. 

 

Northwest wind direction 1960ï2000 

Storm 

class 

Hs 

range 

[m]  

Tp 

range 

[s] 

Average 

Hs [m]  

Average 

Tp [s] 

Average 

duration [h]  

No. of 

events 

I  Weak 2.5ï4.6 6.2ï9.4 2.5 7.7 11.40 10 
Table 4 Storm events for the period 1960ς2000 NW direction. 

 

Northwest wind direction 2000ï2100 

Storm class 

Hs 

range 

[m]  

Tp range 

[s] 

Average 

Hs [m]  

Average 

Tp [s] 

Average 

duration 

[h]  

No. of 

events 

I  Weak 2.0ï4.6 6.2ï9.4 2.5 7.7 10.55 33 

II  Moderate 2.0ï5.7 6.5ï10.0 3.0 8.1 39.00 1 
Table 5 Storm events for the period 2000ς2100 NW direction. 

 

Northeast wind direction 1960ï2000 

Storm class 

Hs 

range 

[m]  

Tp range 

[s] 

Average 

Hs [m]  

Average 

Tp [s] 

Average 

duration 

[h]  

No. of 

events 

I  Weak 2.0ï2.8 6.2ï9.4 2.3 7.7 10.55 24 

II  Moderate 2.0ï3.1 6.5ï10.0 2.6 8.1 24.00 14 

III  Significant 2.0-3.7 6.9-11.0 2.8 8.4 31.00 8 
Table 6 Storm events for the period 1960ς2000 NE direction. 
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Northeast wind direction 2000ï2100 

Storm class 

Hs 

range 

[m]  

Tp range 

[s] 

Average 

Hs [m]  

Average 

Tp [s] 

Average 

duration 

[h]  

No. of 

events 

I  Weak 2.0ï2.9 6.2ï9.4 2.3 7.7 10.55 24 

II  Moderate 2.0ï3.5 6.5ï10.0 2.6 8.1 24.00 14 

III  Significant 2.0-3.8 7.0-11.2 2.9 8.4 31.00 8 
Table 7 Storm events for the period 2000ς2100 NE direction. 

 

For the investigation of nearshore morphodynamics, the necessary wave condition at the 

offshore boundary of the local geographical area were derived from a downscaling approach, 

based on the transformation of global wind fields carrying the effect of climate change and 

affecting nearshore wave conditions. The obtained offshore wave parameters (directional 

spectrum) presented in the study of Tsoukala et al., 2016 were used to determine the input 

parameters of the nearshore models (MIKE21 and XBeach) which were applied for the 

transformation of the offshore information to shallower regions, up to the coast. The overall 

duration of the selected storm surge scenarios is equal to the real duration of specific storm 

events as obtained in a previous study (Kragiopoulou et al. 2016), in which four storm scenarios 

have been identified as worst-case.  

 

Two selected scenarios accounting for the largest incoming wave energy, attributable to 

North and North-East incident wave directions, were selected and simulated within the present 

study, considering that the coastline is well protected from waves incoming from the north-west 

direction because of the presence of the jetties and the nearby hill. Thus, the N-direction storm 

event with highest identified significant wave height (HS = 4.95 m) and storm duration (D = 72 

h), and the NE-direction storm event with highest identified significant wave height (HS = 2.66 

m) and storm duration (D = 24 h), are selected to be simulated. The basic characteristics of the 

two storm scenarios are listed below in Table 8, while the energy density spectra for the incident 

waves of the respective scenarios are illustrated in Figure 2-6 

 

Direction 
H S range 

(m) 

T p range 

(s) 

H S Average 

(m) 

T p Average 

(s) 

Event 

Duration (h) 

N 2.46-4.95 7.84-9.65 4.18 9.07 72 

NE 2.07-2.66 6.78-8.96 2.41 8.16 24 
Table 8 Characteristic storm events in the case study area. 
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Figure 2-6 Energy density spectra for the average input wave characteristics for (a) the North Storm 
Scenario and (b) the North-East Storm Scenario (Afentoulis et al., 2017). 

 

2.2.3 Coastal Processes Assessment Using Numerical Modelling Approaches 

Within this context, the precise assessment of coastal physical processes, using advanced 

numerical models, was carried out to estimate the vulnerability of the coast. MIKE 21 (DHI 

2015a, b) and XBeach (Roelvink et al. 2009; Smit et al. 2010) models were employed to simulate 

wave propagation, wave-induced currents, sediment transport and morphology, under extreme 

wave conditions in the coastal zone of Rethymno. These 2DH-numerical models can output 

several wave parameters, such as wave heights, velocities of particles, time-averaged eulerian 

velocities, radiation stresses, groundwater discharges, sediment transport rates and 

morphological changes of the sea bottom. In previous studies, these models were combined 

through a nesting method, in which MIKE 21 offshore wave calculations served as an input to 

XBeach simulation in the nearshore area (Carevic et al. 2016; Ruiz de Alegria-Arzaburu et al. 

2011). Here, a different approach was followed. The models were tested on their ability to assess 

hydrodynamic processes and sediment transport by comparing their results. In such manner, 
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the performance of each model can be evaluated, while agreement between the two models 

results provides reliability in the assessment of physical processes. 

 

2.2.3.1 Models description and set-up  

2.2.3.1.1 MIKE21 Coupled Model FM 

MIKE 21 by DHI Water and Environment is a state of the art numerical model, used here to 

evaluate waves, hydrodynamics, sediment transport and equivalent bed evolution, through the 

coupling of its SpectralWaves (SW) module with the Hydrodynamics (HD) and Sediment 

Transport (ST) aspects of the MIKE 21 Coupled Model FM . This process-based numerical model 

has been used extensively in a variety of coastal engineering applications, with and without the 

presence of coastal protection structures. The MIKE21 Coupled model FM suite includes several 

complementary numerical models and tools three of which were used for the purpose of this 

research:  

¶ MIKE21 SW, a 3rd generation spectral wave model based on the conservation of the 

wave action balance, suited for the propagation and transformation of waves in the 

coastal zone.  

¶ MIKE21 HD, a depth-averaged hydrodynamic model based on the Reynolds averaged 

Navier-Stokes equations of motion (RANS), for the description of the nearshore 

circulation.   

¶ MIKE21 ST, a sand transport and morphology updating model, used to calculate 

sediment transport rates and ultimately the morphological bed evolution.  

 

These devices are directly coupled, allowing for the interaction between waves and currents 

and the effect of bed level changes in waves and hydrodynamics. The calculations are performed 

in an unstructured finite element mesh, which is especially suitable for calculations with a high 

degree of flexibility, reducing the computational burden and offering a more precise 

representation of the coastline and complex topography features. In the following subsections 

the governing equations of each model will be presented. 

 

2.2.3.1.2 MIKE21 SW model 

MIKE 21 SW model is a 3rd generation spectral wave model suited for the propagation of waves 

in the oceanic scale and in nearshore areas. The governing equation of the model is based on 

the principle of conservation of the wave action-balance, which reads in Cartesian coordinates: 
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where bόȄΣȅΣˋΣʻΣǘύ is the wave action density, ŎȄ, Ŏȅ are the propagation velocities in the 

spatial domain, Ŏ̀ is the propagation velocity in the frequency domain and ὧ is the propagation 

velocity in the directional domain. All the aforementioned transfer velocities are computed 

according to the linear wave theory . In the right part of Equation (13) the term { denotes the 

source and sink terms of the energy balance equation (e.g. generation due to wind, white-

capping dissipation, non-linear wave interactions, depth-induced breaking etc). 

 

The discretization in the geographical and spectral domain is carried out using a finite volume 

cell-centered method. In frequency space, a logarithmic discretization is used, whereas in the 

directional space an equidistant division is used. The time integration is performed based on a 

fractional step approach. The propagation step is at the first level solved without taking the 

source terms into account, utilizing an explicit Euler scheme. To deal with severe stability 

restrictions, a multi-sequence integration scheme is implemented, allowing for the use of large 

time steps for the wave propagation and spectrum evolution. On the second level the source 

term integration step is solved using an implicit method. 

 

2.2.3.1.3 MIKE21 HD model 

The hydrodynamic and transport model MIKE21 HD is based on the solution of the depth-

integrated shallow water equations, expressed by the continuity and momentum equations in 

the Cartesian space: 
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(2.4) 

 

Where Ὤ is the total depth of the water column, ǳ and Ǿ are the depth-averaged velocity 

components in the x and y direction respectively,  ́is the surface elevation, Ŧ  is the Coriolis 
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parameter, ́  is the water density, {ȄȄ, {ȅȅ, {Ȅȅ, are components of the radiation stress tensor, Ǉŀ 

is the atmospheric pressure, { being the magnitude of point sources, with ǳǎ, Ǿǎ being the 

velocity vectors of the point discharge and ¢ȄȄ, ¢ȅȅ, ¢Ȅȅ denoting lateral stresses including viscous, 

turbulent friction and differential advection. 

 

2.2.3.1.4 MIKE21 ST model 

MIKE 21 ST model calculates the sediment transport rates and the morphological bed evolution 

either in a pure current case, or under the combined effect of waves and currents. The model is 

valid for sand grains and often overestimates shingle-sized material transport rates. For the case 

of wave and current induced sediment transport, the rates are calculated by linear interpolation 

on an externally formed sediment transport table. The core of this utility is a quasi three-

dimensional sediment transport model (STPQ3D). The model calculates the instantaneous and 

time-averaged hydrodynamics and sediment transport in the two horizontal directions. 

 

The determination of the bed level evolution is the rate of bed level change  at the element 

cell centers. This parameter is obtained by solving the well-known equation of sediment 

continuity, denoted as Exner equation: 
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Where n is the sediment porosity, {Ȅ, {ȅ is the total load sediment transport rates in the x 

and y direction respectively and ɲ{ is a sediment source or sink term. The new bed level is then 

obtained by a forward in time differential scheme. 

 

2.2.3.1.4.1 MIKE21 SETUP 

The aforementioned MIKE21 modules were applied on a triangulated flexible mesh 

generated on the wet part of the case study area, while the bathymetrical data were 

interpolated over this computational domain, as shown in Figure 2-1, and covering a total 

surface of 14 km2.  

Figure 2-7 shows the initial bathymetry used in the model runs. Initial conditions for the 

storms events are waves which enter the computational domain through the northern 

boundary, as it is presented in Figure 2-8. Different levels of spatial resolution were applied in 

order to capture wave non-linear effects close to the shore with a wide spatial step offshore, 

while keeping the computational cost at a minimum. The ST module simulated sediment 

transport phenomena due to the combined action of wave and currents, and predicted the 
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morphological evolution of the seabed. In the model run, the sediment particles are treated as 

non-cohesive, representing uniform sand with porosity of 0.4 and size of 0.2 mm, the main input 

parameters that were used for MIKE21 and XBeach model similarly are listed in Table 9. 

 

 

Figure 2-7 Initial Bathymetry of MIKE 21 model (Afentoulis et al., 2017). 

 

 

Figure 2-8 Mike 21 Unstructured Mesh with Boundary conditions (Afentoulis et al., 2017). 

 

Mean Grain 

Diameter 
Porosity 

Relative Sediment 

Density 

Bed Resistance - Chezy 

No. 

0.2 mm 0.4 2650 kg/m 3 32 m 0.5/s 

Table 9 Main input parameters for MIKE 21 and XBeach. 

 

 

2.2.3.1.5 XBeach model 

XBeach (Roelvink et al., 2009) is an open-source code, developed to model near-shore wave 

propagation, hydrodynamics, sediment transport and morphodynamics. It has been initially 

tailored for storm impacts on sandy beaches in the United States (McCall et al., 2010), but has 

been widely used for the evaluation of morphodynamic conditions for sandy beaches (Mickey 

et al., 2020; Afentoulis et al., 2017). In recent years, important features were added, such as an 

efficient phase-resolving wave solver, allowing to estimate intra-wave motions on the incident-

band wave time scale. XBeach in Surf Mode does not solve the short waves individually, thus, 

their phase information cannot be obtained. XBeach-SB calculates short wave motions using a 
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wave action equation with time-dependent forcing. This equation solves the variation in the 

short wave envelope on the scale of wave groups: 
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Where, A is the wave action density, c is the group velocity associated with the peak 

frequency, ʃ represents the angle of incidence with respect to the x-axis, and Ὀύ and ὈὪ are 

dissipation terms for the respective waves and bottom friction [34]; Ὓύ is the wave energy 

density in each directional bin, and intrinsic frequency ʎ is calculated as: 

„ ὫὯὸὥὲὬὯὬ (2.8) 

The low-frequency waves and mean flows are solved in the time domain using the nonlinear 

shallow water equation as follows: 
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where ό and ὺ represent the Lagrangian velocities, vh is the horizontal viscosity, f is the 

Coriolis coefficient, †  and †  are wind shear stresses, †ὦὼ and †ὦώ are the bed shear stresses 

determined by the Chezy coefficient C. ʂ is the water level and h is the water depth. ʍ represents 

the water density and g the gravitational constant. Ὂ and Ὂ are the wave forces due to radiation 

stress. 

 

In the present version of XBeach, two sediment transport formulations are available. For both 

methods the total equilibrium sediment concentration is calculated using a depth-averaged 

advection-diffusion scheme with a source-sink term. In this study, the Soulsby-Van Rijn sediment 

transport formulation (keyword: form = soulsby_vanrijn) was employed.  
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XBeach SETUP 

The computational grid, over which the available bathymetrical and topographical data were 

interpolated, is constructed with spatial dimensions of 1500 × 5160 m in cross-shore- and 

alongshore direction, respectively, while the spatial steps are uniforms (dx = dy = 5m). This 

domain has a total surface that is relatively smaller than that of MIKE 21, because ƻŦ ǘƘŜ ƳƻŘŜƭΩǎ 

limitation to use a structured grid. A 3D view of the initial bathymetry is illustrated in Figure 2-9. 

Similarly to the set-up of MIKE21 ST module, the sediment properties represent here a uniform 

sand with a porosity of 0.4 and a particle size of 0.2 mm (Table 9). XBeach is 2DH model that 

runs under stationary and hydrostatic conditions, for simulation of the two selected storm 

scenarios (Table 8). This configuration is based on a sequence of time-varying wave groups 

generated using a JONSWAP spectrum (keyword: wbctype = jons_table). As in the case of 

MIKE21, waves can enter in the computational domain through the northern offshore open 

boundary, which is parallel to the shoreline. For a more precise investigation of the flow effects 

on wave propagation nearshore, the wave-current interaction option was activated (keyword: 

wci = 1). MPI (Message Passing Interface) function was enabled, allowing XBeach grid to be 

divided into parts, which are simulated on different cores, speeding up the total simulation time. 

Wave height, velocities, sediment transport and bathymetry updates are the output variables of 

interest for the selected wave scenarios. 

 

Figure 2-9 3D view of initial bathymetry of XBeach model (Afentoulis et al., 2017).  
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2.2.3.2 Model Performance and Comparison 

The two models offer different capabilities of simulating the coastal response during extreme 

storm events. The capacity of the models to simulate basic nearshore processes is compared in 

Table 10. Regarding the simulation of sediment transport under storm events, XBeach provides 

key information on the cross-shore limits, while MIKE 21 provides important information on 

alongshore scheme impacts (Williams et al. 2014).  

 

Additionally, the two models differentiate on how deep water wave propagation can be 

predicted. MIKE21 SW module takes into consideration a number of phenomena, occurring in 

deep water, such as white capping and nonlinear energy transfer amongst the different wave 

components of a directional-frequency spectrum that plays a crucial role for the temporal and 

spatial evolution of a wave field. On the other hand, XBeach model does not sufficiently account 

for these phenomena. Finally, an important aspect in order to accurately simulate the 

hydrodynamic processes, is wave-current interaction. XBeach provides a limited representation 

of this process, when non-stationary conditions was not considered ƛƴ ΨǎǳǊŦ ōŜŀǘΩ ƳƻŘŜ, as it 

was still on experimental state at the time of writing of this research. More specifically, XBeach 

in surf beat mode is based on a short-wave averaged and wave-group resolving concept, which 

put significant difficulties in predicting nonlinear wave-wave interactions, as well as intra-wave 

effects on hydrodynamics and morphology. Additionally, diffraction and dispersion phenomena 

cannot be adequately simulated using XB model in surfbeat mode. Although small-scale 

morphological processes in the inner surf and swash zone can be precisely evaluated using this 

device, as special focus was placed on avalanching and slope-limited sediment mobilization, 

while the forcing of wave breaking-induced roller energy dissipation on the hydrodynamic 

circulation, was considered in the calculations of gradients of radiation stresses. Moreover, 

overwash, inundation, vegetation and hard structure impact, and breaching were included in 

computations. 

Simulated processes Mike21 XBeach SB 

Shoaling and Refraction ṉ ṉ 

Wave Breaking ṉ ṉ 

Wave diffraction ṉ × 

White Capping ṉ × 

Wave-Current interaction ṉ ṉ 

Alongshore Sediment Transport ṉ ṉ 

Cross-shore Sediment Transport ṉ ṉ  

Table 10 Comparison of the two models: capacity to simulate basic processes.  
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2.2.3.3 Numerical predictions and proposed solution methods. 

The obtained numerical findings concerning the parameters of wave heights, wave-induced 

current velocities, sediment transport rates and bottom evolution. These variables are time-

averaged over several wave periods and they were extracted after the simulations have reached 

a quasi-steady state. The first 30 minutes were omitted from the analysis to allow the waves to 

pass through the domain. 

 

2.2.3.3.1 Wave propagation 

The maps of computed wave height across the computational domain, as generated during 

MIKE21 SW and XBeach simulations, are illustrated in Figure 2-10. These Figures depicts the 

distribution significant wave height (HS ) and the root mean square wave height (Hrms ) for 

MIKE21and XBeach model results, respectively.  

 

Wave height value range is similar in the output of the two models, taking into account that 

HS is slightly higher than Hrms (HS  ρȢτρ Hrms). However, MIKE 21 wave heights tend to steadily 

decrease as waves propagate nearshore, while in XBeach the wave decay is not directly 

proportional to the decrease of the water depth. This is due to the nature of the wave generator, 

employed by XBeach model, which incroporates the role of different directional bins 

όƪŜȅǿƻǊŘΥΨƳǳƭǘƛ-dir with a directional ōƛƴ ǎƛȊŜ ƻŦ мл ŘŜƎΦΩύΦ ¢ƘŜ ǿŀȅ ǘƘŜ ŘƛǊŜŎǘƛƻƴŀƭ ǿŀǾŜ ƎǊƻǳǇǎ 

are treated leads to an excessive smoothing of the longshore wave groupiness, whilst the wave 

energy from different directional bins is added up, without considering the interference of the 

distinct wave components (Roelving et al., 2018). The final distribution of wave energy (or 

ŀŎǘƛƻƴύ ƛƴ ȄΣ ȅ ŀƴŘ ʻ ǎǇŀŎŜ Ŏŀƴ ōŜ ŀŎƘƛŜǾŜŘ ōȅ ƛƴ-stationary runs where the time-varying wave 

energy balance equation is solved, as it is described in paragraph 2.2.3.1.5. 

 

Thus, considering wave height differentiations in a small spatial scale, XBeach shows a non-

uniform image of wave height distributions, while MIKE 21 shows a smooth transformation of 

wave height values. Waves significantly affect the harbour basin and the outer region in front of 

the windward breakwater. Wave heights reach the values of 2.0 and 1.4 meters for the North 

and North-East storm scenarios, respectively, and this energetic wave field can trigger 

considerable overtopping discharges, followed by high wave run-up heights. More precisely, for 

the N storm scenario, the harbour basin seems to be well protected, which is not the case for 

the NE scenario, where disturbance is caused by incoming waves. As it can be deduced by the 
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results of Figure 2-10-C, XBeach model does not account for simulating the diffraction 

phenomenon. 

 

Figure 2-10 Spatial distribution of significant wave height (Hs ) by MIKE 21 SW for the North (a) and 
North-East (b) storm scenarios. Spatial distribution of the root mean square of wave height (Hrms ) by 
XBeach for the North (c) and North-east (d) storm scenarios (Afentoulis et al., 2017).  
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2.2.3.3.2 Hydrodynamics 

The spatial distribution of alongshore and cross-shore depth-averaged and time-averaged 

velocity components U, V of wave-induced currents is presented in Figure 2-11 and Figure 2-12, 

respectively. The colour map depicts the magnitude of each velocity component (in U figures 

positive values represent eastward direction, while in V figures positive values represent 

northward direction). The black arrows represent the velocity net vector of both alongshore and 

cross-shore components, whose magnitude was calculated as:  ╥ Ѝό ὺ. The numerical 

results of the two models validate the existence of an intense alongshore current to the west, 

caused by both the N and the NE storm scenarios, which can be a dominant factor for sediment 

ƳƻǘƛƻƴΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘƘŜ ƳƻŘŜƭΩǎ ƻǳǘǇǳǘǎ indicate the presence of strong undertow currents at 

the East windward side of the main breakwater.  

 

Finally, the mean values of the depth-averaged velocities are in good agreement between 

the two models, as they do not exceed an absolute of 2 m/s for both models. However, the two 

models do also exhibit significant differences: 

1. There is a lack of information on offshore hydrodynamic circulation in XBeach 
model results; 
 

2. In nearshore areas, velocity values from MIKE 21 are significantly lower than the 
corresponding ones of XBeach; 
 

3. The velocity vectors form irregular patterns in the case of XBeach, whereas MIKE 
21 results exhibit well-regulated nearshore current patterns; 
 

4. Although for the NE storm scenario, westward current propagation results are 
similar between the two models, for the N storm scenario, XBeach results present 
an intense cross-shore movement, whereas MIKE 21 results present mainly an 
alongshore movement. 
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Figure 2-11 a,b) Northern Storm Scenario - Spatial distribution of alongshore velocity U and cross-shore 
velocity V - MIKE 21 FM HD model. c,d) North-Eastern Storm Scenario - Spatial distribution of alongshore 
velocity U and cross-shore velocity V - MIKE 21 FM HD model 
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Figure 2-12 a, b) Northern Storm Scenario- Spatial distribution of alongshore velocity U and cross-shore 
velocity V - XBeach model. c, d) North-Eastern Storm Scenario - Spatial distribution of alongshore 
velocity U and cross-shore velocity V - XBeach model  
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2.2.3.3.3 Sediment transport fluxes 

The alongshore and cross-shore components of the sediment transport rates, as extracted by 

the numerical simulation, are illustrated in Figure 2-13, Figure 2-14. Once more, the arrows 

represent the sediment drift net vector of both alongshore and cross-shore components, whose 

magnitude is calculated as: ╢ Ὓ Ὓ . The sediment transport, in x- and y-directions, 

includes both bed and suspended load. As shown in the below Figures, the cross-shore sediment 

motion is significantly intense for the case of the N storm scenario where the rates reach values 

of 0.005 m3/s/m in front of the leeward breakwater and 0.014 m3/s/m at the east area of the 

shoreline, which signifies the storm-induced erosion phenomena that the area is facing.  

 

The formation of these offshore drifts is induced by the undertow currents that were 

identified in the analysis of the hydrodynamic processes. Our findings appear to be well 

substantiated by a number of studies in the literature of coastal engineering, as it has been 

observed that the offshore sand bar migration, which is driven by strong offshore-directed mean 

currents, can be observed when incident waves are more energetic (Gallagher et al., 1998; 

Thornton et al., 1996). Furthermore, as it was expected from the observation of the 

hydrodynamic patterns, the alongshore sediment transport fluxes attain high values in the 

southeast part of the case study area, indicating a westward sediment circulation. Comparing 

the sediment transport results of the two models, a good agreement can be seen in the values 

of alongshore transport. On the contrary, in terms of cross-shore sediment transport, XBeach 

provides results only in shallow water depths, while MIKE 21 shows mild sand movements in 

deep waters. Finally, the obtained numerical outputs are in good agreement with field 

observation, which reveals an important deposition of sediment particles in the entrance of 

harbor basin. 

https://link.springer.com/article/10.1007/s40710-017-0253-8#ref-CR16
https://link.springer.com/article/10.1007/s40710-017-0253-8#ref-CR31
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Figure 2-13 a, b) Northern Storm Scenario - Spatial distribution of sediment transport total load x and y 
component - MIKE 21 ST model. c, d) Northern Storm Scenario - Spatial distribution of sediment 
transport total load x and y component - MIKE 21 ST model 
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Figure 2-14 a, b) North-Eastern Storm Scenario - Spatial distribution of sediment transport total load x 
and y component - XBeach model. c, d) North-Eastern Storm Scenario - Spatial distribution of sediment 
transport total load x and y component - XBeach model  
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2.2.3.3.4 Tested configurations ς Harbour design  

The existing layout of the harbour is especially vulnerable to severe weather events, as 

significant wave-induced overtopping discharges have been encountered over the windward 

breakwater (Tsoukala et al. 2016). Furthermore, the sediment drifts that were numerically 

investigated in this study force a high volume of sediment, which is stored in the area east of 

the leeward breakwater, to move inside the harbour basin. This process can lead to a 

subsequent decrease of the water depth and the shoaling of the harbour entrance, which can 

obstruct or hinder the navigation. Moreover, the high amount of the transported sand triggers 

significant erosion phenomena along the adjacent eastern coasts. Figure 2-15 depicts an 

overview of the identified vulnerable areas of our study zone. 

 

Both satellite image of Figure 2-16 and the MIKE 21 ST bed level change results for the case of 

the N storm (Figure 2-16 - down) validate the existence of a sediment longshore movement and 

deposition of sand towards the west past part of the computational domain, in front of the 

leeward breakwater. In order to control these sediment transport phenomena, an alternative 

harbour layout was proposed, including breakwaters with a curved shape reinforced with 

XBlocks concrete armour. Moreover, the solution- configuration of a submerged breakwater 

system was evaluated in order to combact erosion phenomena in the eastern low-lying coastal 

area. Figure 2-17 ŘŜǇƛŎǘǎ ǘƘŜ ǊŜƛƴŦƻǊŎŜƳŜƴǘ ƻŦ ǘƘŜ ōǊŜŀƪǿŀǘŜǊΩǎ ŜƳōŀƴƪƳŜƴǘ ŀƴŘ ŀƭǘŜǊŀǘƛƻƴ ƻŦ 

the harbour geometric properties, as well as the drawing of the projected system of submerged 

detached breakwaters along the coast. 

 

 

Figure 2-15 Identification of Vulnerable areas 
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Figure 2-16 Up: Satellite image from Google Earth (31/08/2015), displaying sediment deposition inside 
the harbor basin (Google Earth Engine Team 2015). Down: Bed level change for the Northern Storm 
Scenario with the current harbour layout ςMIKE21 predictions. 

 

 

 

Figure 2-17 Up: ǊŜƛƴŦƻǊŎŜƳŜƴǘ ƻŦ ǘƘŜ ōǊŜŀƪǿŀǘŜǊΩǎ ŜƳōŀƴƪƳŜƴǘ ŀƴŘ ŀƭǘŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ƘŀǊōƻǳǊ 
geometric properties. Down: Scheme of the projected system of submerged detached breakwaters 
along the coast.  
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The response of the proposed harbour layout against storm-induced hydro-morphodynamics 

was evaluated in order to investigate sediment transport patterns and assess the sedimentation 

tendency in the harbour entrance. For the worst-case of North Storm Scenario, the numerical 

investigations were carried out using the MIKE 21 SW-HD-ST module chain. Through the 

reshaping of the breakwaters, the main direction of hydrodynamic circulation is altered, and a 

sufficient tranquility of the harbour entrance was achieved. The results of wave propagation 

show a smooth transformation of wave height values towards the shallow water regions (Figure 

2-18). Waves do not affect the harbour basin and the outer region in front of the windward 

breakwater is well protected.  

 

Our investigations show that the reinforcement of the breakwaters dissipates wave energy 

reducing the wave run-up, overtopping and reflection phenomena. Wave heights reach the 

values of 1.0-1.4 meters close to the breakwater area for the originated from North storm 

scenario. As it can be deduced by the results of Figure 2-19, net velocity vectors follow altered 

patterns, comparing to the initial state, which leads to avoid significant spatial velocity gradients 

close to the harbour that drive the sediment deposition. Bed level changes and the patterns of 

the sediment transport fluxes during the selected extreme storm event are illustrated in Figure 

2-20 as obtained by MIKE21 ST module. The morphological evolution shows what was expected 

from the analysis of the hydrodynamic patterns, the accumulated amount of sediment in front 

of the entrance is significantly decreased for this configuration and some erosion can be 

identified in the toe of the windward breakwater. 

 

  

Figure 2-18 Map of Wave Height distribution for the case of the North wave scenario as obtained by 
MIKE21 SW module. 












































































































































































































































