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A B S T R A C T
Shoreline models have usually been recognized by professionals as the most appropriate tool
for reproducing the long-term morphodynamic evolution of the shoreline of sandy beaches.
Despite their underlying simplifications, the simulation of shoreline evolution at large temporal
and spatial scales may imply significant computational efforts. Hence, to reduce computational
costs, many approaches aimed to optimize the size of the input wave datasets have been proposed
so far. A simplified novel method to reduce long-term offshore wave series is proposed herein.
The rationale of the approach is to build reduced series that induce the same morphodynamic
effects in the long-term as the ones induced by the whole, and more computationally expensive,
original series. The method is conceived to define offshore reduced time series with the same
chronological order of the complete series and is able to represent the bi-modal features of
the wave climate. In-depth hydrodynamic and morphodynamic parametric analyses have been
performed and it has been demonstrated that the method is capable to get reliable reduced
offshore wave time series for reproducing the long-term evolution of sandy beaches with
decreased computational costs.

roduction 1

in the frame of the optimization of long-term planning, the role of simplified one-line models has been shown 2

sential for their low computational costs. Despite their simplifications and criticisms raised by many authors 3

oper and Pilkey, 2004), their use is usual and quite effective to identify areas affected by either shoreline 4

s or retreats, and aid planners in defining the most appropriate actions for the management of the coastal zone. 5

the effectiveness of one-line models often allows the reproduction of different scenarios, which, in turn, is 6

o evaluating the long-term performance of different strategies (e.g. Pasquali and Marucci, 2021) that often rely 7

ptimization of soft (e.g. Bruun, 1983; Capobianco et al., 2002; Damiani et al., 2011; Fischione et al., 2022), hard 8

uble and Tabar, 2003; Celli et al., 2019, 2021) or mixed (e.g. Creter et al., 1994; Saponieri et al., 2018; Di Risio 9

010) interventions. The main input data for one-line models are at least: initial shoreline configuration, sand 10

ristics (e.g. mean grain size), and wave parameters (e.g. significant wave height, peak wave period, and wave 11

n). It is worth reminding that one-line models rely on the assumption that the cross-shore sediment transport 12

re negligible with respect to the longshore component (e.g. Larson et al., 1987). Hence, as a consequence, 13
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Reduced wave time series for long-term morphodynamic applications

e of the cross-shore beach profile remains constant in the long term. A plethora of formulae exists to estimate 14

shore sediment transport responsible for the long-term evolution as per one-line model assumptions. Many of 15

late the magnitude of the longshore sediment transport to wave parameters at breaking conditions (e.g. U.S. 16

orps of Engineers, 1984; Kamphuis, 1991). Hence, either simplified wave transformation models (e.g. Dally 17

85) or wave models with different levels of complexity and reliability (e.g. Holthuijsen et al., 1993; Beltrami 18

01) are usually implemented within one-line models to estimate the synthetic parameters of breaking waves. 19

er the type of wave propagation model, the definition of offshore wave time series to be propagated nearshore 20

rucial influence on the results (de Vriend et al., 1993). In general, deep water wave information are available by 21

eld measurements by wave buoys or hindcast by numerical models, which provide long-term time series. Thus, 22

techniques have been developed to define reduced synthetic wave time series representing the wave climate. 23

eral rationale of existing methods consists in representing the wave climate as a short series of representative 24

s with a given frequency of occurrence for each wave height and direction bin. The main difference between 25

e methods lies in the approach applied to Eselect the bins and estimate the representative sea state parameters. 26

mining bins, wave height and direction could be grouped according to statistical clustering techniques (e.g. 27

algorithm, Self Organizing Maps, Maximum Dissimilarity Algorithm, Camus et al., 2011b,a; Besio et al., 28

r conservation of wave energy flux and bulk sediment transport (e.g. Walton and Dean, 1973; Steijn, 1989, 29

hesher and Miles, 1992; Walton and Dean, 2010; Daly et al., 2014). Benedet et al. (2016) performed a detailed 30

son between different methods of wave time series reduction, including “Energy Flux method", “Energy Flux 31

treme Wave Condition Method" and “CERC Method", in which the wave height and direction bins are defined 32

g to the concepts of equal wave energy and equal sediment transport intervals. The synthetic parameters of 33

esentative sea state for each class are then estimated as the average values of the elements of the considered 34

according to the mean wave energy flux of the class. 35

eover, each one-line model available in the literature uses its own strategy to reduce wave data in a limited 36

of combinations of wave height and direction. As an example, the well-known GENESIS model (Hanson, 37

duces the number of sea states of the whole wave time series by applying a user-defined threshold on the 38

re sediment transport rate: waves inducing transport rate values higher than the threshold are grouped into a 39

mber of wave height and direction bins to limit the computational cost of wave transformation calculations. 40

aves inducing trasport rate values lower than the selected threshold are totally neglected. As a further example, 41

ST-CL+ model (Deltares, 2011) simplifies wave time series in a limited number of waves by employing a 42

listic approach. The occurrence frequency of a given wave condition is used to obtain a wave time series of given 43

(usually one year). As the last example, as per COVE model (Hurst et al., 2015), offshore wave parameters 44
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Reduced wave time series for long-term morphodynamic applications

hesized by relying on the estimation of their statistical measures (i.e. mean value and standard deviation) in 45

le time series. 46

t of the above methods consider the whole set of offshore information to define a reduced wave time series. 47

eless, it has to be emphasized that only sea states that induce long-term shoreline changes should be taken 48

ount for long-term morphodynamic studies (e.g. Walton and Dean, 1973). In this respect, Walstra et al. (2013) 49

ted a reduction method conceived to reproduce the long-term evolution of sandy coastal stretches. Unlike other 50

hes, the initial time series is divided into shorter time series with a duration defined by the reduction period. The 51

rameter is selected as representative of the time scale of cyclic morphological changes. The definition of the 52

tative wave conditions is based on a weighting algorithm, which accounts for the frequency of occurrence of 53

ve condition in the subset. The Equivalent Wave (EW) is a further widely used method (e.g. Ciccaglione et al., 54

ased on the assumption that the equivalent wave has the same morphodynamic effects induced by the whole 55

e series. The synthetic parameters of EW are usually estimated for directional sectors, chosen according to the 56

e orientation. The EW is characterized by energy flux and steepness representative of those of all waves which 57

o the given directional sector. Chonwattana et al. (2005) proposed a method to reduce the offshore time series 58

es of representative waves, similar to the EW concept, by taking into account the dominant sediment transport 59

s. Indeed, the whole time series is divided into bins of wave height and wave direction for given intervals. For 60

, the synthetic parameters of the equivalent deep water wave are estimated equating the deep water energy flux 61

hole bin with that related to the equivalent sea state, for which the frequency of occurrence (e.g. its duration) 62

stimated. Plecha et al. (2007) modified the method proposed by Chonwattana et al. (2005), by estimating the 63

nt wave parameters at breaking for each bin, equating the energy flux at breaking of the whole bin with that 64

uivalent wave. Recently, Malliouri et al. (2023) proposed a novel wave input reduction method that takes into 65

chronology in wave reduction techniques by using the offshore synthetic parameters of sea states only. 66

reliability of the employed approach depends on the correct selection of the most representative sea states, 67

hould induce the same long-term morphodynamic impacts as the whole wave time series. This work aims to 68

a novel and easy-to-use method to define a reduced deep water wave time series starting from long historical 69

e series. The proposed method may be classified as a probabilistic approach aimed to define the reduced 70

time series that induces the same long-term morphodynamic effects on sandy beaches, i.e. that has the same 71

re sediment transport of the whole time series. Then, the method can be intended as an extension of the approach 72

d by Plecha et al. (2007) based on the exploitation of the EW concept with the aim of providing an offshore 73

e series rather than a nearshore synthetic wave climate. It has to be stressed that the proposed method allows 74

e the offshore reduced time series based on the long-term effects in the nearshore. It should be underlined that 75

nological succession of the original wave time series is also kept. Furthermore, the method allows to preserve 76
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Reduced wave time series for long-term morphodynamic applications

modal or bi-modal wave regime of the original series. One of the main strengths of the proposed method is its 77

ty which is intended to not increase the computational cost of the overall long-term analyses. 78

aim of this work is then threefold. First, the definition of the offshore wave time series opens the doors to 79

of reliable numerical models for wave propagation nearshore (if compared to the proposed simplified method 80

d to reduce the time series). Second, the chronological succession is kept as it is crucial in the diagnostic 81

ction of past evolution usually needed to calibrate one-line numerical models. Third, the bi-modal feature of 82

inal time series is also kept as it can play a significant role in the shoreline response. 83

paper is structured as follows. In the next Section 2, the proposed method is described in details. The results 84

ydrodynamic and morphodynamic parametric analyses are illustrated in Sections 3 and 4 respectively. The 85

are discussed in Section 5 that also draw some concluding remarks. 86

proposed method 87

proposed method aims to define a reduced offshore time series (𝑒) with the same longshore sediment transport 88

ffshore time series (𝑤). 89

e assumption that the long-term evolution of the shoreline is driven only by the longshore component of 90

ment transport applies, the reduced offshore time series 𝑒 will have the same morphodynamics effect as the 91

wave time series (i.e. 𝑤) upon the long-term evolution of the shoreline. Thus, the short-term morphodynamic 92

f storm induced sediment transport acting along the transversal direction are neglected. It should be underlined 93

-line models rely on the same assumptions. 94

longshore component of the sediment transport can be inferred from the synthetic parameters of the given sea 95

. a statistical measure of the wave height, wave period, and wave angle) in its incipient breaking conditions. 96

espread CERC formulation (U.S. Army Corps of Engineers, 1984) is one of the empirical tools that allow the 97

on of the longshore sediment transport per unit width of the shoreline (𝑄𝑙): 98

𝑙 = 𝐶𝑄𝐻̃
5∕2
𝑏 sin

(
2𝛼̃𝑏

) (1)

̃ 𝑏 is a statistical measure of the wave height at breaking and 𝛼̃𝑏 is a statistical measure of the angle the wave 99

vector forms with the normal direction to the (local) bathymetric line. The dimensional coefficient 𝐶𝑄 is aimed 100

nto account the role played by the porosity (𝑝), the density (𝜌𝑠) of sediments and the features of breaking waves 101

s of the breaker index (𝛾): 102
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Reduced wave time series for long-term morphodynamic applications

𝑤,𝑗 𝑋𝑤𝑏,𝑗 ≡ 𝑥𝑒𝑏,𝑗

𝑥𝑒,𝑗

Figure 1: Sketch of the rationale of the proposed method.

𝑄 = 𝜌𝑔1∕2𝐾
16𝛾1∕2

(
𝜌𝑠 − 𝜌𝑤

)
(1 − 𝑝)

(2)

is the gravitational acceleration and 𝜌𝑤 is the density of the (salt) water. The characteristic diameter of the 103

ins is empirically taken into account by means of the coefficient c. it should be underlined that the value of the 104

er 𝐾 depends also on the statistical measures selected for wave height. 105

cally, the proposed method can be synthesized in the succession of the following steps (see Figure 1): 106

opagation of each offshore sea states belonging to the 𝑗 − 𝑡ℎ generic subset 𝑤,𝑗 of the wave time series 𝑤 107

𝑤,𝑗 ⊂ 𝑤), up to the breaking point in order to get the breaking wave time series 𝑤𝑏,𝑗 ; 108

timation of the total longshore sediment transport per unit width related to the sea states belonging to 𝑤𝑏,𝑗 ; 109

timation of the synthetic parameters at breaking of an equivalent sea state 𝐱𝑒𝑏,𝑗 that, with a duration (Δ𝑒𝑡) equal 110

the duration of the subset 𝑤,𝑗 , induces the same longshore sediment transport per unit width; 111

ck-propagation offshore of the equivalent sea state to get the equivalent offshore sea state 𝐱𝑒,𝑗 . 112

ce, the (original) offshore time series𝑤 =
⋃

𝑗 𝑋𝑤,𝑗 is reduced to the succession𝑒 =
{
𝐱𝑒,1, 𝐱𝑒,2,… , 𝐱𝑒,𝑗 ,…

}, 113

educed offshore time series, both inducing the same total longshore sediment transport per unit width. 114

the wave time series 𝑤 be the set of a series of chronological ordered sea states, either measured or hindcast 115

: 116

𝑤 =
{
𝐱𝑤,1,… , 𝐱𝑤,𝑖,… 𝐱𝑤,𝑀

} (3)

is the total number of the considered sea states and 𝐱𝑤,𝑖 is the offshore synthetic parameters vector of the 117

eneric sea state: 118

et al.: Preprint submitted to Elsevier Page 5 of 31
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Reduced wave time series for long-term morphodynamic applications

,𝑖 =
{
𝐻̃𝑖, 𝑇̃𝑖, 𝛼̃𝑖

}
𝑖 = 1,… ,𝑀 (4)

̃ 𝑖 is a statistical measure of the wave height (i.e. the significant wave height, the spectral wave height, or the 119

an square wave height), 𝑇̃𝑖 a statistical measure of the wave period (i.e. the peak wave period or the mean wave 120

and 𝛼̃𝑖 a statistical measure of the angle the wave number vector forms with the normal direction to the (local) 121

tric line (i.e. the mean wave direction). 122

, let 𝑤,𝑗 be a chronological ordered subset of 𝑤: 123

𝑤,𝑗 =
{
𝐱𝑤,𝑖, 𝐱𝑤,𝑖+1,… 𝐱𝑤,𝑛,… , 𝐱𝑤,𝑖+𝑁−1

}
⊂ 𝑤 (5)

is the number of the sea states 𝐱𝑤,𝑛 belonging to the subset 𝑤,𝑗 and 𝐱𝑤,𝑖 is the first sea state of the subset. 124

eneral, the propagation of each sea state can be performed by using a plethora of methods with different 125

tional costs and reliability. It must be underlined that the method used to perform the estimation of the synthetic 126

ers of the sea state at the breaking conditions does not influence the method rationale, it can influence at least 127

bility of the results. Due to its simplicity, the linear theory along with the Snell’s law are used hereinafter. It 128

then stressed that the results should be intended as a rough approximation valid only when (i) small amplitude 129

waves (with respect to both the wavelength and the water depth), (ii) mild slope, and (iii) rectilinear and parallel 130

try assumptions apply. By intending the statistical measures 𝐻̃𝑛, 𝑇̃𝑛, and 𝛼̃𝑛 (i.e. the component of the vector 131

the characteristic values of a regular wave, the related (regular) breaking wave height (𝐻̃𝑏,𝑛) reads as follows: 132

𝑏,𝑛 =
(√

𝛾
𝑔

cos 𝛼̃𝑛
cos 𝛼̃𝑏,𝑛

𝐶𝑔0,𝑛

)2∕5
𝐻̃4∕5

𝑛 (6)

e wave angle at the breaking point (𝛼̃𝑏,𝑛) is: 133

𝑏,𝑛 = sin−1
⎛⎜⎜⎝

√
𝑔𝐻̃𝑏,𝑛

𝛾
sin 𝛼̃𝑛
𝐶0,𝑛

⎞⎟⎟⎠
(7)

𝐶𝑔0,𝑛 the wave-group celerity that can be estimated by resorting again to the linear theory approximation taking 134

ount the water depth at which the offshore time series is either measured or hindcast. To get the relationships 135
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Reduced wave time series for long-term morphodynamic applications

(7), the definition of the breaker index 𝛾 (= 𝐻̃𝑏,𝑛∕ℎ𝑏,𝑛 with ℎ𝑏,𝑛 the breaking water depth; e.g. Liu et al., 2011; 136

Cho, 2021) has been used. 137

ations (6) and (7) can then be (numerically) solved in order to get the value of wave height and wave direction 138

ing (i.e. 𝐻̃𝑏,𝑛 and 𝛼̃𝑏,𝑛) needed to build the set 𝑤𝑏,𝑗 : 139

𝑤𝑏,𝑗 =
{
𝐱𝑏,𝑖, 𝐱𝑏,𝑖+1,… , 𝐱𝑏,𝑛,… 𝐱𝑏,𝑖+𝑁−1

} (8)

𝑏,𝑛 is the breaking synthetic parameters vector of the 𝑛 − 𝑡ℎ generic sea state: 140

,𝑛 =
{
𝐻̃𝑏,𝑛, 𝑇̃𝑛, 𝛼̃𝑏,𝑛

} (9)

be noted that the linear assumption has been used, i.e. the wave period does not change due to the propagation. 141

synthetic parameters of the equivalent sea state at breaking conditions (𝐻̃𝑒𝑏,𝑗 , 𝑇̃𝑒𝑏,𝑗 , 𝛼̃𝑒𝑏,𝑗) can be estimated by 142

its longshore sediment transport per unit width to the average longshore sediment transport per unit width of 143

states in 𝑤𝑏,𝑗 , in order to obtained 𝐻̃𝑒𝑏,𝑗 . It should be underlined that the rationale of the method does not 144

on the formulation employed to estimate the longshore sediment transport. Hereinafter, equation (1) is used to 145

nalytical solution. Then: 146

𝑒𝑏,𝑗 =

[
Δ𝑤𝑡

Δ𝑒𝑡 sin
(
2𝛼̃𝑒𝑏,𝑗

)
𝑖+𝑁−1∑
𝑛=𝑖

𝐻̃5∕2
𝑏,𝑛 sin

(
2𝛼̃𝑏,𝑛

)]2∕5

(10)

e direction of the equivalent sea state (𝛼̃𝑒𝑏,𝑗) is the direction of the resultant energy flux vector related to the 147

𝑤𝑏,𝑗 . In equation (10), the time intervals Δ𝑤𝑡 and Δ𝑒𝑡 are the temporal resolution of the original and equivalent 148

ies respectively. It can be easily argued that Δ𝑤𝑡 < Δ𝑒𝑡 and that Δ𝑒𝑡 = 𝑁Δ𝑤𝑡 (i.e. the duration of the subset 149

150

ould be noted that the 𝑁 sea states in 𝑤𝑏,𝑗 have been reduced to one sea state with synthetic parameters 151

d 𝛼̃𝑒𝑏,𝑗 . It could be also noted that the value of the equivalent wave period (𝑇̃𝑒𝑏,𝑗) is not needed to estimate the 152

nt wave height due to the CERC formulation (1) that does not take into account its influence on the longshore 153

t transport. 154

back-propagation of the equivalent sea state is performed by resorting again to the linear theory. The wave 155

onservation can then be used: 156
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2
𝑒,𝑗𝐶𝑔𝑒,𝑗 cos 𝛼̃𝑒,𝑗 = 𝐻̃2

𝑒𝑏,𝑗𝐶𝑔𝑒𝑏,𝑗 cos 𝛼̃𝑒𝑏,𝑗 (11)

̃ 𝑒,𝑗 is the unknown statistical measure of the offshore wave height of the equivalent sea state, 𝛼̃𝑒,𝑗 and 𝐶𝑔𝑒,𝑗 are 157

ed unknown statistical measures of the wave direction and group celerity respectively. It could be noticed that 158

knowns must be evaluated. 159

n, two more equations are needed. The first one is the Snell’s law, and the second one is the dispersion 160

ship for deep water conditions at the offshore location. 161

stimation of the statistical measure of the wave period of the equivalent sea state is needed. A possible definition 162

ate the steepness of the offshore equivalent sea state to the average steepness of the waves belonging to the 163

𝑤,𝑗 . Then, the wave period of the equivalent sea state reads as follows: 164

𝑒,𝑗 =

√√√√ 𝐻̃𝑒𝑏,𝑗
1
𝑁
∑𝑖+𝑁−1

𝑛=𝑖 𝐻̃𝑛∕𝑇̃ 2
𝑛

(12)

ations (11) and (12) (along with the Snell’s law equation and the dispersion relationship) can be solved to 165

values of 𝐻̃𝑒,𝑗 , 𝑇̃𝑒,𝑗 and 𝛼̃𝑒,𝑗 , i.e. the offshore synthetic parameters of the sea state 𝐱𝑒,𝑗 that induces the same 166

re sediment transport generated by the subset 𝑤,𝑗 ⊂ 𝑤: 167

𝑒,𝑗 =
𝐻̃𝑒𝑏,𝑗

𝐾𝑅𝐾𝑆
(13)

𝑒,𝑗 = sin−1
( 𝐶𝑒,𝑗

𝐶𝑒𝑏,𝑗
sin 𝛼̃𝑒𝑏,𝑗

)
(14)

𝑅 and 𝐾𝑆 are the refraction and shoaling coefficients, respectively, and 𝐶𝑒,𝑗 and 𝐶𝑒𝑏,𝑗 are the offshore and at 168

wave celerity, respectively. 169

e whole offshore wave time series 𝑤 is divided in 𝑁𝑠 non-overlapping and consecutive subsets, the method 170

pplied to obtain the equivalent reduced offshore time series 𝑒: 171

et al.: Preprint submitted to Elsevier Page 8 of 31
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𝑒 =
{
𝐱𝑒,1,… , 𝐱𝑒,𝑗 ,… , 𝐱𝑒,𝑁𝑠

}
(15)

172

,𝑗 =
{
𝐻̃𝑒,𝑗 , 𝑇̃𝑒,𝑗 , 𝛼̃𝑒,𝑗

}
𝑗 = 1,… , 𝑁𝑠 (16)

re 2 depicts the rationale for the offshore time series reduction. 173

ould be underlined that the equivalence is related to the net longshore sediment transport. Nevertheless, the 174

volution of the shoreline is affected by the real succession of sea states and by the related direction of the 175

re sediment transport. This is particularly true when the average wave climate is bi-modal, i.e. when the 176

n of the longshore sediment transport is not always the same. In such cases, it is crucial to keep the bi-modal 177

lso in the reduced time series. 178

n a bi-modal wave climate is concerned, the subset 𝑤,𝑗 is further divided into two subsets, say them  (+)
𝑤,𝑗 and 179

180

𝑤,𝑗 =  (+)
𝑤,𝑗 ∪  (−)

𝑤,𝑗 (17)

proposed method remains unchanged, but the duration of the equivalent sea states, i.e. Δ𝑒𝑡(+) (the duration of 181

et  (+)
𝑤,𝑗) and Δ𝑒𝑡(−) (the duration of the subset  (−)

𝑤,𝑗). In order to achieve a reduced time series equally spaced 182

a constant Δ𝑒𝑡 must be defined beside the actual duration of  (+)
𝑤,𝑗 and  (−)

𝑤,𝑗 . It should be stressed that the 183

ce of the longshore sediment transport is respected thanks to equation (10) whatever the time resolution of the 184

time series, given that Δ𝑒𝑡(+) + Δ𝑒𝑡(−) = 𝑁Δ𝑤𝑡. Hence, the duration of each sea state can be defined as half 185

uration of the subset 𝑤,𝑗 , i.e. Δ𝑒𝑡 = 𝑁Δ𝑤𝑡∕2. 186

ould be observed that, depending on the subset 𝑤,𝑗 , either  (+)
𝑤,𝑗 or  (−)

𝑤,𝑗 could be empty. In this case, the 187

al version of the method can be applied to estimate the synthetic parameters of the equivalent sea state for 188

le subset 𝑤,𝑗 that must be repeated twice (with duration 𝑁Δ𝑤𝑡∕2) to keep a constant time resolution of the 189

time series. As a final observation, it should be noted that the number of sea states belonging to the reduced 190

ies 𝑒 for bi-modal wave climates is doubled if compared to the number of sea states belonging to reduced 191

ies for uni-modal wave climates. 192
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𝑿𝒘

𝑿𝒆

𝑋𝑤,𝑗⊂ 𝑋𝑤𝑋𝑤,1⊂ 𝑋𝑤 𝑋𝑤,𝑁𝑠⊂ 𝑋𝑤

𝑥𝑒,1 𝑥𝑒,𝑗 𝑥𝑒,𝑁𝑠

. . . . . .

. . . . . .

Figure 2: Sketch of the rationale of the offshore time series reduction.

application of method requests the selection of a series of parameters: the number of sea states belonging to 193

ets (hereinafter referred to as “block duration”) and the statistical measures of the offshore synthetic wave 194

ers. Furthermore, it is usual to neglect the sea states with a wave height below a given threshold which can 195

e results. Hence, in order to highlight the capability and reliability of the proposed method, and to gain insight 196

influence of the selection of the method’s parameters, a detailed parametric analysis has been performed (as 197

ed in the next two sections). 198

drodynamic parametric analysis 199

hydrodynamic parametric analysis has been performed by applying the proposed method to a hindcast long- 200

ve series. The considered wave series has been extracted from the ERA5 reanalysis dataset provided by 201

opean Centre for Medium-Range Weather Forecasts (ECMWF, e.g. Hersbach et al., 2020), spanning from 202

/01 to 2021/12/31 for a total duration of 72 years. Wave data have been extracted from a grid point (317773.89 203

41018.08 m N - WGS84/UTM 33 N), located in the Tyrrhenian Sea. The extracted wave information are the 204

nt height of combined wind waves and swell (𝐻𝑠), the peak wave period (𝑇𝑝), and the mean wave direction (𝛼𝑚), 205

emporal resolution of one hour. Figure 3 shows the average wave climate of the selected point: it is possible 206

ify a prevailing offshore directional sector (W) with waves coming from different directions that cannot be 207

d. 208

rder to apply the proposed method, the direction of the rectilinear and parallel bottom contours must be defined. 209

fter, NW-SE oriented contours are considered, with the normal direction to the contours equal to 𝜃𝑠 = 250◦N. 210

rence frame illustrated in Figure 4 is then defined. The x-axis is directed along the bottom contours, hence along 211

eline. Thus, waves coming from the angular sector [250,340)◦N induce negative longshore sediment fluxes (and 212

et al.: Preprint submitted to Elsevier Page 10 of 31
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Hs = 0.25÷0.50 m

Figure 3: Rose diagram of the wave climate.

ative longshore sediment transport), and waves coming from the angular sector [160,250)◦N induce positive 213

re sediment fluxes. As a consequence, the results of the parametric analysis illustrated in the following are 214

o the method applied for a bi-modal wave climate. 215

parametric analysis, described hereinafter, aims to investigate the method’s reliability for different selections 216

ethod’s parameters. The results obtained for the whole (i.e. original) offshore wave time series are kept as the 217

e test case. 218

articular, the proposed method has been applied by changing the following parameters: 219

ration of the blocks (Δ𝑒𝑡); 220

reshold of the offshore wave height (𝐻 (𝑙𝑖𝑚)
𝑂 , where the subscript 𝑂 stands for offshore conditions); 221
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Figure 4: Definition sketch of shoreline orientation and positive sediment transport direction.

reshold of the reduced breaking wave height (𝐻 (𝑙𝑖𝑚)
𝑏 , where the subscript 𝑏 stands for breaking conditions); 222

atistical measures of wave height and period (i.e. significant wave height, 𝐻𝑠, and peak period, 𝑇𝑝, vs root 223

ean squared wave height, 𝐻𝑟𝑚𝑠, and mean period, 𝑇𝑚, respectively). 224

t, the analysis has been carried out by comparing longshore sediment transport (net, negative and positive) 225

by the whole wave series with those induced by the reduced wave series for different combinations of the 226

ers. 227

rder to gain insight into the influence of the choice of the block duration, a series of tests has been conducted 228

ing the original wave series into blocks of duration Δ𝑒𝑡 ranging from 3 to 84 hrs, with a step of 3 hrs. The first 229

sts has been performed keeping constant the values of the parameters 𝐻 (𝑙𝑖𝑚)
𝑠−𝑂 and 𝐻 (𝑙𝑖𝑚)

𝑠−𝑏 , both kept equal to 0.0 230

y using the significant wave height as the statistical measure of the wave height and the peak wave period as 231

stical measure of the wave period. The mean wave direction has been taken as the statistical measure of the 232

rection. 233

a preliminary comparison aimed to evaluate the influence of the choice of the block duration, Figure 5 shows 234

tion curves of the significant wave height of the whole wave series (Δ𝑒𝑡 = 1 hr) and of the reduced ones (for 235

rations Δ𝑒𝑡 = 6, 12, 18, 24, 30, 36, 42, 48 hrs). Figure inspection reveals that the curves are rather close. Table 236

arizes the numerical values of the significant wave height that is exceeded for one day in a year (𝐻1𝑑), seven 237
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1 3 6 9 12
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.10
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 t = 48 hours

Figure 5: Duration curves of the significant wave height of the original and reduced wave series.

a year (𝐻7𝑑), and 𝑖 months in a year (𝐻𝑖𝑚, i = 1, 2, 3, 4, 5, 6, 7 and 8) for varying block duration. The lower 238

ificant wave height duration, i.e. the larger the exceedance probability, the larger the influence of the block 239

. This expected finding highlights that the longer the block duration, i.e. the larger the time step of the reduced 240

ies (Δ𝑒𝑡), the lower the largest values of the significant wave height in the time series. The values of typical 241

al parameters of the duration curves of the significant wave height (i.e. the wave height for duration equal to 1, 242

nths), remain almost unchanged for each block duration. As an example, Figure 6 shows the significant wave 243

xceeded one month in one year on the average (𝐻1𝑚) as a function of the block duration (from 1 hr, i.e. the 244

wave series, up to 84 hrs). The dark grey band represents the area of ±5% of the statistical value obtained from 245

inal series, whilst the light grey bands represent the area of the ±10% of the statistical value obtained from the 246

series. The value of 𝐻1𝑚 clearly decreases as the block duration increases. For block durations lower than 45 247

decrease is lower than 5%. 248

second group of tests has been carried out in order to investigate the role of the threshold of the offshore wave 249

(𝑙𝑖𝑚)
𝑠−𝑂 , by keeping 𝐻 (𝑙𝑖𝑚)

𝑠−𝑏 equal to 0.0 m. Indeed, usually, in long-term morphodynamic applications, calm 250

ns are neglected, since they generate a weak longshore sediment transport (∝ 𝐻5∕2). It could be observed that 251

roach is implemented in GENESIS model (see section 1). Then, a threshold wave height must be defined to 252

calm conditions. 253
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al parameters of the duration curve of the significant wave height series as a function of the block duration (𝐻1𝑑
lue of the significant wave height that is exceeded one day in a year on the average, 𝐻7𝑑 is the value of the

nt wave height that is exceeded seven days in a year on the average, 𝐻𝑖𝑚 are the values of the significant wave
hat are exceeded 𝑖 month in a year on the average, i = 1, 2, 3, 4, 5, 6, 7 and 8).

Block duration H1𝑑 H7𝑑 H1𝑚 H2𝑚 H3𝑚 H4𝑚 H5𝑚 H6𝑚 H7𝑚 H8𝑚
(hrs) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)

1 3.95 2.70 1.68 1.19 0.91 0.71 0.56 0.44 0.34 0.26
6 3.90 2.67 1.67 1.18 0.88 0.69 0.53 0.41 0.32 0.24
12 3.83 2.62 1.64 1.17 0.88 0.68 0.53 0.41 0.31 0.23
18 3.56 2.56 1.62 1.18 0.89 0.69 0.53 0.41 0.32 0.24
24 3.46 2.50 1.64 1.18 0.90 0.70 0.54 0.42 0.33 0.25
30 3.39 2.43 1.63 1.19 0.91 0.71 0.55 0.43 0.33 0.25
36 3.38 2.38 1.62 1.18 0.92 0.72 0.56 0.44 0.34 0.25
42 3.29 2.36 1.62 1.17 0.92 0.72 0.57 0.44 0.34 0.26
48 3.23 2.34 1.59 1.20 0.93 0.73 0.59 0.45 0.36 0.27

0 10 20 30 40 50 60 70 80
Block Duration (hrs)

+10%

+5%

-5%

-10%

: Wave height with a duration of one month (𝐻1𝑚) as a function of the block duration. The shaded areas refer to
ive difference with respect to the original series (i.e. Δ𝑡𝑒 = 1 hr).

parameter 𝑟, expressed as a percentage, equal to the complement to 1 of the ratio between the total (over the 254

ated 72 years) longshore sediment transport induced by the reduced series and the one induced by the original 255

ries has been computed for the net, the positive, and the negative sediment transport for varying block duration. 256

shows the results of the tests carried out setting 𝐻 (𝑙𝑖𝑚)
𝑠−𝑂 equal to 0.0 m (left panel), 0.25 m (middle panel) and 257

right panel). Two considerations arise from figure inspection. The results suggest a general underestimation of 258
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Reduced wave time series for long-term morphodynamic applications
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s O = 0.25 m

20 40 60 80
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H(lim)
s O = 0.50 m

: Parameter 𝑟, expressed as a percentage, equal to the complement to 1 of the ratio between the total (over the
ted 72 years) longshore sediment transport induced by the reduced series and the one induced by the original wave
r varying block duration and threshold of the breaking significant wave height (𝐻 (𝑙𝑖𝑚)

𝑠−𝑂 ).

shore sediment transport of the reduced series: the larger the block duration, the larger the underestimation for 259

sted thresholds of the offshore significant wave height. For reduced series achieved with 𝐻 (𝑙𝑖𝑚)
𝑠−𝑂 = 0.00 m, the 260

t transport maximum underestimation is roughly equal to 5%, 7% and 10% for the net, negative and positive 261

t transport respectively. As the threshold of the offshore significant wave height increases, the underestimation 262

s too. For 𝐻 (𝑙𝑖𝑚)
𝑠−𝑂 = 0.25 m the maximum underestimation slightly increases with respect the threshold equal to 263

Nevertheless, the results obtained for 𝐻 (𝑙𝑖𝑚)
𝑠−𝑂 = 0.50 m reveal that the maximum underestimation dramatically 264

s up to roughly 30%. On the one hand, it should be stressed that this finding is site dependent (in this case the 265

ge of wave with significant wave height 𝐻𝑠−𝑂 < 0.50 m is equal to 40.6%) as it is heavily influenced by the 266

curve of the significant wave height (e.g. Figure 5). On the other hand, it highlights the needing to investigate 267

of the threshold to be used to get reliable results (with respect to the whole wave time series). 268

milar comparison has been made for the threshold 𝐻 (𝑙𝑖𝑚)
𝑠−𝑏 , by keeping 𝐻 (𝑙𝑖𝑚)

𝑠−𝑂 equal to 0.0 m. Figure 8 shows the 269

results, for 𝐻 (𝑙𝑖𝑚)
𝑠−𝑏 equal to 0.0 m (left panel), 0.25 m (middle panel) and 0.50 m (right panel). The sediment 270

t underestimation increases as the block duration and the threshold 𝐻 (𝑙𝑖𝑚)
𝑠−𝑏 increase. From a quantitative point 271

similar values as discussed for the offshore threshold of the offshore significant wave height are obtained. 272

hermore, the proposed method has been applied by using root mean square wave height (𝐻̃𝑖 = 𝐻𝑟𝑚𝑠) and 273

riod (𝑇̃𝑖 = 𝑇𝑚) as the statistical measure of the offshore wave parameters. By assuming that the individual 274
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Reduced wave time series for long-term morphodynamic applications

20 40 60 80
Block Duration (hrs)

H(lim)
s b = 0.00 m

Negative
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Net

20 40 60 80
Block Duration (hrs)

H(lim)
s b = 0.25 m

20 40 60 80
Block Duration (hrs)

H(lim)
s b = 0.50 m

: Parameter 𝑟, expressed as a percentage, equal to the complement to 1 of the ratio between the total (over the
ted 72 years) longshore sediment transport induced by the reduced series and the one induced by the original wave
r varying block duration and threshold of the breaking significant wave height (𝐻 (𝑙𝑖𝑚)

𝑠−𝑏 ).

ight belongs to the population of a stochastic variable with a Rayleigh Cumulative Distribution Function (e.g. 275

and Groenendijk, 2000; Celli et al., 2018), the following relationships apply: 276

𝑟𝑚𝑠 =
𝐻𝑠√
2

𝑇𝑚 =
𝑇𝑝
1.2

(18)

use of the root mean squared wave height requests a discussion on the computation of sediment transport. 277

the CERC formula (U.S. Army Corps of Engineers, 1984) can be applied by using both significant and root 278

uare wave height at breaking by changing the value of the parameter 𝐾 (equal to 0.39 and 0.77 for significant 279

mean squared wave height respectively). 280

parameter 𝑟, expressed as a percentage, equal to the complement to 1 of the ratio between the longshore 281

t components induced by the wave series of 𝐻𝑟𝑚𝑠 and 𝑇𝑚, and those induced by the original wave series 282

nd 𝑇𝑝 has been evaluated. The thresholds 𝐻 (𝑙𝑖𝑚)
𝑟𝑚𝑠−𝑂 and 𝐻 (𝑙𝑖𝑚)

𝑟𝑚𝑠−𝑏 are both set equal to 0.00 m. Figure 9 shows 283

ined results. It can be noted, also in these cases, that the parameter 𝑟 decreases as the duration of the block 284

s. Differently from the results of Figures 7 and 8, 𝑟 assumes negative values of about 17% already for small 285

urations, up to values greater than 20% for block duration of 84 hrs. This result is related to the different 286
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Reduced wave time series for long-term morphodynamic applications
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: Parameter 𝑟, expressed as a percentage, equal to the complement to 1 of the ratio between the longshore sediment
ents induced by the wave series of 𝐻𝑟𝑚𝑠 and 𝑇𝑚, for varying block duration, and those induced by the original wave
𝐻𝑠 and 𝑇𝑝.

n of the ratio 𝑟 that is defined with respect to the results obtained with the original wave time series of the 287

nt wave height that is not totally recovered by the increased value of the 𝐾 parameter in the CERC formula 288

e different propagation results (performed with 𝑇𝑚 instead of 𝑇𝑝). 289

rther investigation has been carried out by comparing the cross-shore distribution of energy dissipation due to 290

waves. For this purpose, the whole original and the reduced wave series (obtained keeping 𝐻 (𝑙𝑖𝑚)
𝑠−𝑂 and 𝐻 (𝑙𝑖𝑚)

𝑠−𝑏 291

0.0 m) have been propagated inshore along an ideal Dean profile (ℎ = 𝐴𝑦2∕3 with ℎ the water depth, 𝑦 the 292

ore distance and 𝐴 the shape parameter, e.g. Dean, 1977) defined by setting the parameter 𝐴 = 0.01. The 293

opagation up to the shoreline location has been performed by using the wave transformation model proposed 294

et al. (1985). Then, the dissipation rate due to wave breaking has been estimated using the formula proposed 295

es and Janssen (1978): 296

𝑏 =
𝛼
4
𝑄𝑏𝑓𝜌𝑤𝑔𝐻

2
𝑚 (19)

re 𝛼 is a constant (≃ 1); 𝜌𝑤 is the seawater density; 𝑔 is the gravitational acceleration; 𝑓 is the representative 297

cy of the energy spectrum (= 1∕𝑇̃𝑖);𝐻𝑚 is the maximum possible wave height for breaking or broken waves and 298
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Reduced wave time series for long-term morphodynamic applications

calculated applying one of the breaking criterion presented in literature (e.g. Liu et al., 2011). The parameter 299

esents the fraction of broken waves that can be estimated as follows (e.g. Battjes and Janssen, 1978): 300

−𝑄𝑏
n𝑄𝑏

= −
(
𝐻𝑟𝑚𝑠
𝐻𝑚

)2
(20)

e upper panel of Figure 10, the dimensionless dissipation functions𝐷∗ (= 𝐷∕𝐷𝑚𝑎𝑥), given by the superposition 301

ation rate of all the considered sea states (𝐷) normalized by its maximum value (𝐷𝑚𝑎𝑥) dissipation of the 302

ries, is represented as a function of the water depth ℎ. The original wave series with a time resolution of 1 hr 303

ibed by a solid line, the reduced ones, with block duration ranging between 3 to 45 hrs with 3 hrs step, are 304

ted by solid grey lines, and the reduced wave series with block duration equal to 48 hrs is represented by the 305

line. It is possible to realize that the normalized dissipation function moves towards the shore as the block 306

increases, due to the lower values of the significant wave height 𝐻𝑠 of the reduced series (in according with 307

f Table 1). In the lower panel of Figure 10, the width of the surf zone (defined as the distance from the shore 308

∗ is greater than a given value 𝐷𝑚𝑖𝑛) is shown for each reduced wave series: the larger the block duration the 309

r the surf zone. This result is consistent with the discussion of the duration curve of the significant wave height: 310

er the block duration, the lower the largest values of the significant wave height in the time series, and then the 311

e water depth where the breaking processes start to occur. 312

shaded area refers to the water depth interval between the annual and decennial closure depths, estimated by 313

Hallermeier’s formula (Hallermeier, 1978, 1980) as approximated by CUR (1987): 314

𝑜𝐶 = 1.6𝐻𝑠12ℎ (21)

𝑠12ℎ is the significant wave height which occurs 12 hrs during the considered time interval (either one year 315

l closure depth – or ten years – decennial closure depth) on average. Figure 10 inspection reveals that the 316

d long-term surf zone width is roughly consistent with the long-term active coastal zone width. 317

rphodynamic parametric analysis 318

section aims to address the influence of the block duration upon the (numerically simulated) evolution of an 319

ndy beach under the action of waves. Both the long- and short-term evolution of the shoreline have been then 320

ated. 321
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Reduced wave time series for long-term morphodynamic applications

2 4 6 8 10 12 14
h (m)

 t = 1 hour

 t = 48 hours

12 24 36 48 60 72 84
Block duration (hrs)

D *
min = 0.05

D *
min = 0.10

D *
min = 0.15

0: Comparison of dissipation function shape between the original and the reduced wave series (upper panel) and
d long-term extension of the surf zone (lower panel). The shaded area refers to the water depth interval between
ated annual and decennial closure depths.

far as the long-term evolution is concerned, the one-line modeling approach has been applied. The used 322

al model has been implemented to reproduce the long-term morphodynamic evolution of sandy beaches in 323

e to gradients in longshore sediment transport, generated by breaking waves. The model is based on the well- 324

Pelnard-Considére’s assumption that the cross-shore beach profile shape (average profile) remains constant 325

ng-term (e.g. Pelnard-Considére, 1956). Hence, it is allowed to translate along the normal direction to the 326

he beach profile extends offshore up to the depth of closure, where there is no significant sand transport (e.g. 327

eier, 1978, 1980). The governing equation for the simplified problem is then the conservation of the sediment 328

329

𝑦𝐿
𝑡

= − 1
𝐷𝑜𝐶 +𝐷𝐵

(
𝜕𝑄𝑙
𝜕𝑥

± 𝑞
)

(22)
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Reduced wave time series for long-term morphodynamic applications

re 𝑦𝐿 represents the position of the long-term shoreline, 𝑡 is the time, 𝐷𝑜𝐶 is the depth of closure, 𝐷𝐵 is the 330

ight, 𝑥 represents the axis parallel to the average direction of shoreline, 𝑄𝑙 is the longshore sediment transport 331

𝑞 empirically accounts for gains or losses of sand, per unit width, in the cross-shore direction (i.e. due to river 332

t transport, losses related to rip currents, beach nourishment, sand by-passing, etc...). 333

longshore sand transport 𝑄𝑙 has been estimated by using the CERC (U.S. Army Corps of Engineers, 1984) 334

(see Equation 1). The synthetic parameters of breaking waves are evaluated by means of the method proposed 335

et al. (1985). The governing Equation (22) is numerically solved by using Runge Kutta 4th-order method. The 336

re gradient of the sediment transport is approximated by a centered first-order scheme applied on a staggered 337

338

model has been validated by means of comparison with the analytical solutions, proposed by Larson et al. 339

for different shoreline configurations (e.g. Scipione, 2022). Since shoreline evolution models have a significant 340

he planning process and optimization of coastal area restoration, the proposed model allows to reproduce the 341

dynamic impacts of coastal defense measures, such as groynes and nourishment, usually used to protect and 342

beaches against erosion (e.g. Di Risio et al., 2010). 343

model is also capable to simulate shoreline response to transversal coastal structures (i.e. groynes) by means 344

n-linear time-dependent bypassing coefficient. Indeed, groynes act on the longshore sediment transport by 345

it partially or totally, depending on the effective length (𝐿𝑒𝑓𝑓 ) of the groyne, i.e. depending on the distance 346

the offshore tip of the structure and the (instantaneous) long-term location of the shoreline. Since the long- 347

oreline location (𝑦𝐿) varies in time, also 𝐿𝑒𝑓𝑓 varies in time. In order to estimate the trapping efficiency 348

es, the longshore sediment transport distribution along the transversal direction must be known. Thus, the 349

ore distribution of the longshore sediment transport inside the surf zone has been assumed proportional to the 350

onless wave-breaking dissipation function 𝐷 given by equation (19), which varies with the propagated sea state 351

gnold, 1963; Bailard and Inman, 1981; Bodge, 1989; Smith and Wang, 2002; Baykal et al., 2012; Goda, 2013). 352

roynes’ effects on the long-term evolution of the shoreline, i.e. the longshore sediment transport 𝑄𝑔 at the 353

location, can be described by applying a bypass coefficient (𝜉𝑔) to the longshore sediment transport evaluated 354

s of the CERC formula updrift the groyne (𝑄(𝑢)
𝑙 ): 355

𝑔 = 𝜉𝑔𝑄
(𝑢)
𝑙 (23)

e bypass coefficient, which accounts for sand bypassing around the offshore tip of the groyne, can be defined 356

s: 357
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Reduced wave time series for long-term morphodynamic applications

(𝑡) = 1 −
∫ 𝐿𝑒𝑓𝑓 (𝑡)
0 𝐷𝑑𝑦

∫ 𝑦∗
0 𝐷𝑑𝑦

(24)

∗ is the offshore limit of the surf zone. 358

bypass coefficient 𝜉𝑔(𝑡) is a function of 𝐿𝑒𝑓𝑓 (𝑡) and of the cross-shore distribution of the longshore sand 359

t that depends on the instantaneous sea state. 360

model has been applied to an ideal sandy pocket beach. The initial shoreline is rectilinear, directed along the 361

t the lateral boundaries, the longshore sediment transport is imposed to be zero. The simulated period is equal 362

ear. The extension of the numerical domain along the x-axis has been set to 3000 m. 363

r case studies have been considered: the long-term evolution of the shoreline without any structure (referred to 364

long-term evolution" hereinafter); the long-term evolution of the shoreline influenced by a groyne deployed at 365

er of the numerical domain with different lengths (referred to as "long-term evolution with groyne" hereinafter). 366

the influence of the groyne configuration has been investigated by simulating three different groyne lengths: 50 367

red to as "short groyne" hereinafter), 250 m (referred to as "medium groyne" hereinafter), and 500 m (referred 368

ng groyne" hereinafter). The governing equation has been then integrated with a time step equal to 10 minutes. 369

tial derivative (of the longshore sediment transport) has been evaluated with a uniform spatial discretization 370

25 m. 371

re 11 shows the numerical results in terms of the average and final configuration of the computed long-term 372

e (left panels) and of the Interquartile Range (hereinafter referred to as 𝐼𝑄𝑅𝐿) of the long-term shoreline 373

n (right panels). The results are reported for the original wave series (Δ𝑒𝑡 = 1 hr) and for the reduced series for 374

84] hrs (by using the significant wave height as the statistical measure of the wave height, the peak wave period 375

atistical measure of the wave period, and with thresholds of offshore and breaking significant wave height set 376

. In the upper panels, the results obtained for the free evolution test case are shown. In the lower panels, from 377

own, the results obtained for short, medium, and long groyne are reported. 378

t, the long-term free shoreline evolution is commented on. It can be observed that the net sediment transport is 379

, consistently with the wave climate (see Figure 3). Then, the shoreline rotates clockwise. The block duration 380

e is rather clear: the larger the block duration, the lower the shoreline displacement (for both the mean shoreline 381

nal configuration). This is consistent with the increase of the underestimation of longshore sediment transport 382

asing block duration (Figure 7, Section 3). Table 2 synthesizes the obtained numerical results. For the longest 383

lock duration (84 hrs), the underestimation of the shoreline displacement at the boundary of the numerical 384

reaches about 19.0 m and 15.0 m for the averaged and final configurations, respectively. The analysis of the 385
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Reduced wave time series for long-term morphodynamic applications
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1: Computed long-term evolution of the shoreline. Left panels: average (thick lines) and final (thin lines)
ation of the shoreline. Right panels: Interquartile Range (𝐼𝑄𝑅𝐿) of the shoreline evolution. In each panel, the
btained for block duration equal to 1 hr (continuous lines), 6 hrs (dashed lines), and 84 hrs (dot-dashed lines) are
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Reduced wave time series for long-term morphodynamic applications

al measure of the shoreline displacement over time is meaningful (i.e. the Interquartile Range, Figure 11, upper 386

the right). Indeed, the center of rotation (𝐼𝑄𝑅𝐿 = 0) is the same for all the tested block duration, as expected 387

he symmetry of the domain and the numerical scheme). In general, the larger the block duration, the lower the 388

n of the shoreline. This is not the case directly close to the boundaries of the domain where the longest tested 389

ration is related to a larger variation of the shoreline location. 390

n the long-term effect of groynes is concerned, the interpretation of the obtained results seems to be less 391

(see numerical results in Table 3). Negligible differences with respect to the long-term free evolution are 392

d in terms of the influence of the block duration: the maximum underestimation is again equal to about 19.0 393

rtheless, the underestimation seems to decrease for increasing block duration if the final configuration of the 394

e is considered. To shed light on this anomalous features of the results, the shoreline just updrift the groyne 395

𝑥+𝐺) has been sampled and analyzed. In this case, an overestimation is observed if the final configuration of the 396

e is considered. The overestimation is small (at least negligible) for the shortest (i.e. 50 m) and longest (i.e. 500 397

ne lengths. The largest overestimation (i.e. +16.1 m) is observed for the medium groyne (i.e. 250 m long). The 398

results can be interpreted by the trapping efficiency of the groyne and to the results of the parametric analysis 399

of the curve duration of the significant wave height. Indeed, for the short and long groyne, it can be argued 400

trapping efficiency is not significantly affected by the block duration. For short groyne, only the longshore 401

t transport induced by sea state with low energy are totally trapped. For long groyne, the longshore sediment 402

t induced by almost all the sea states is trapped. For the medium groyne, the sediment transport induced by 403

nificant wave heights is not totally trapped. As the larger the block duration, the lower the highest value of 404

nt wave height (in the time series), the narrower the surf zone width (Figure 10, section 3) and then the larger 405

ping efficiency of the groyne. The influence of the surf zone width with respect to the groyne length upon its 406

efficiency is a key to understanding also the decrease of the underestimation at the boundary of the domain: 407

shore sediment transport underestimation (Figure 7, Section 3) is balanced by the variation of the trapping 408

y of the groyne and by the decreased distance to the boundary of the "centre of rotation" (𝐼𝑄𝑅𝐿 ≃ 0 in right 409

f Figure 11) of the shoreline. 410

ar as the short-term evolution is concerned, the model proposed by Yates et al. (2009) has been applied for 411

ries with varying block duration. They argued that the short-term evolution of the shoreline location (𝑦𝑠) is 412

ed by the instantaneous difference between the incoming wave energy (𝐸𝑤) and a kind of equilibrium energy 413

414

𝑦𝑠
𝑡
= −𝐶𝐸1∕2 (𝐸𝑤 − 𝐸𝑒𝑞

) (25)
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Reduced wave time series for long-term morphodynamic applications

y of the numerical results in terms of the free long-term evolution of the shoreline. The long-term location of the
, 𝑦𝐿(𝑥, 𝑡) is sampled at the boundary of the domain (𝑥 = 0) and averaged over the whole simulation (the overbar
indicates the averaged values). The final values are also reported (𝑡 = 𝑡𝑒𝑛𝑑). The symbol Δ indicate the difference
pect the original wave series (i.e. duration equal to 1 hr). The speed up of the simulation is reported as well.

Free long-term evolution

Block duration (hrs) 1 6 84
𝑦𝐿(𝑥 = 0, 𝑡) (m) 52.0 47.9 33.4
Δ𝑦𝐿(𝑥 = 0, 𝑡) (m) = −4.1 −18.6
𝑦𝐿(𝑥 = 0, 𝑡𝑒𝑛𝑑) (m) 75.9 69.3 61.0
Δ𝑦𝐿(𝑥 = 0, 𝑡𝑒𝑛𝑑) (m) = −6.6 −14.9
Speed up (-) = 5.4 27.2

y of the numerical results in terms of the long-term evolution of the shoreline when a groyne is deployed at the
f the domain (𝑥𝐺). The superscript in 𝑥+

𝐺 indicates the updrift side of the groyne. See caption of Table 2 for other
.

Short Groyne Medium Groyne Long Groyne

Block duration (hrs) 1 6 84 1 6 84 1 6 84
𝑦𝐿(𝑥 = 0, 𝑡) (m) 53.0 48.8 34.3 56.6 51.7 37.4 56.5 51.8 37.7
Δ𝑦𝐿(𝑥 = 0, 𝑡) (m) = −4.2 −18.7 = −4.9 −19.1 = −4.8 −18.8
𝑦𝐿(𝑥 = 0, 𝑡𝑒𝑛𝑑) (m) 76.2 69.5 61.2 68.0 63.5 59.1 64.8 61.2 59.2
Δ𝑦𝐿(𝑥 = 0, 𝑡𝑒𝑛𝑑) (m) = −6.7 −15.0 = −4.6 −6.7 = −3.6 −5.6
𝑦𝐿(𝑥 = 𝑥+

𝐺, 𝑡) (m) 5.1 5.0 4.4 43.0 41.0 36.2 52.5 49.5 37.4
Δ𝑦𝐿(𝑥 = 𝑥+

𝐺, 𝑡) (m) = −0.1 −0.7 = −2.0 −6.8 = −3.0 −15.1
𝑦𝐿(𝑥 = 𝑥+

𝐺, 𝑡𝑒𝑛𝑑) (m) 1.6 1.8 2.9 37.2 39.1 53.3 57.1 56.4 59.6
Δ𝑦𝐿(𝑥 = 𝑥+

𝐺, 𝑡𝑒𝑛𝑑) (m) = +0.2 +1.3 = +1.9 +16.1 = −0.7 +2.4
Speed up (-) = 5.1 20.5 = 5.1 20.7 = 5.1 20.7

is the change rate coefficient for both short term accretion (𝐸𝑤 < 𝐸𝑒𝑞) and erosion (𝐸𝑤 > 𝐸𝑒𝑞), as suggested 415

sek et al. (2017) and Long and Plant (2012). 416

(measure of the) instantaneous wave energy (𝐸𝑤) has been defined as the wave height squared (Yates et al., 417

itousek et al., 2017). 418

equilibrium wave energy (𝐸𝑒𝑞) is related to the instantaneous short-term location of the shoreline. An empirical 419

ship for the equilibrium wave energy has been proposed by Yates et al. (2009): 420

𝑒𝑞 = 𝑎𝑦𝑠 + 𝑏 (26)

and 𝑏 are two empirical parameters of the model. 421
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Reduced wave time series for long-term morphodynamic applications

a physical point of view, equations (25) and (26) state that an equilibrium wave energy exists for a given 422

of the short-term location of the shoreline. 423

model proposed by Yates et al. (2009) has been applied to investigate the role of the block duration upon 424

t-term evolution of the shoreline location. Then, equation (25) has been integrated by Runge-Kutta 4th order 425

with a time step equal to 10 minutes. Typical values of the parameters 𝐶 , 𝑎 and 𝑏 have been considered, equal 426

/m3/day), −0.05 (m2/m) and 0.5 (m2) respectively (e.g. Vitousek et al., 2017). 427

initial condition is set to 𝑦𝑠(0) = 0. 428

re 12 shows the obtained results in terms of time series of the short-term location of the shoreline. As underlined 429

et al. (2009), the transient effects of the unbalanced wave energy (i.e.𝐸𝑤 ≠ 𝐸𝑒𝑞) is superposed to the long-term 430

of the short-term shoreline (𝑦𝑠−𝑒𝑞). Hence, the mean value of the computed short-term shoreline (i.e. 𝑦𝑠−𝑒𝑞) 431

n removed from the time series shown in Figure 12. As expected, the short-term location of the shoreline is 432

rized by advances and retreats. Nevertheless, the amplitude of the oscillations decreases as the block duration 433

s (Figure 12, lower panels). Again, this is related to the influence of the block duration upon the duration curve 434

gnificant wave height: the larger the block duration, the lower the highest value of significant wave height (in 435

series), the lower the incoming wave energy (see 𝐸𝑤 in Figure 12), the lower the short-term displacement of 436

eline. 437

cussion and concluding remarks 438

proposed method allows to define the (reduced) offshore wave time series that has the same effects upon the 439

m evolution of the original wave time series. 440

articular, the method allows to preserve the chronological order of the whole time series and the dominant 441

rections of the original wave series. Both aspects, that are not always considered in previous methods (e.g. 442

ttana et al., 2005; Plecha et al., 2007; Benedet et al., 2016), are recognized to play a crucial role in the long- 443

ponse of the shoreline of sandy beaches (e.g. Southgate, 1995; Walstra et al., 2013; Antolínez et al., 2016). On 444

d, the correct sequence of the reduced wave time series can be meaningful within the frame of numerical model 445

on. Indeed, the use of one-line models relies on the correct selection of the models’ parameters. Usually, this 446

n is based on the comparison of observed long-term shoreline evolution against the estimated one. Then, the use 447

esentative wave time series with the appropriate time sequence may be of great interest for numerical modelers. 448

se, the chronological order can be synthesized only for diagnostic studies, e.g. only for numerical simulations 449

o reproduce past long-term evolution. Nevertheless, the method can be further used to define representative 450

wave time series to estimate future long-term evolution. Indeed, the reduced offshore time series can be used 451
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2: Computed short-term evolution of the shoreline. In each panel, the results obtained for block duration equal to
ntinuous lines), 6 hrs (dashed lines) and 84 hrs (dot-dashed lines) are shown.

data to methods available in the literature to synthesize reliable (future) series with appropriate time sequence 452

uthgate, 1995; Walstra et al., 2013; Antolínez et al., 2016). 453

hermore, the correct reproduction of the approaching wave climate is necessary to get a reliable reproduction 454

iction of the long-term beach response (e.g. Daly et al., 2014). Indeed, the bi-modal features of certain wave 455

, correctly reproduced by the proposed method, influence the long-term morphodynamic response of the beach 456

of longshore sediment transport direction, thus of distribution of sediment along the stretch and, finally, of 457

e orientation (e.g. Pelnard-Considére, 1956). 458
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Reduced wave time series for long-term morphodynamic applications

proposed method relies on a series of simplifications in order to make it both reliable and easy-to-use for 459

l applications by professionals. In particular, the linear theory is used to propagate the (original) wave series 460

e breaking point and, then, to perform the back-propagation offshore of the (reduced) wave series (Figure 461

rtheless, the back-propagation step allows to use accurate wave propagation methods at the modeling stage. 462

the simplification of the reduction method can be removed when actual morphodynamics simulations are 463

ed. This observation highlights the needing to have the reduced wave series at the offshore boundary of the 464

interest instead of the breaking wave time series. A further simplification of the proposed method is related 465

e of the CERC formula (e.g. U.S. Army Corps of Engineers, 1984) to perform the parametric analysis aimed 466

tigate the reliability approach (Sections 3-4). However, it should be underlined that the method is flexible and 467

rmulations for the estimation of the longshore sediment transport can be used as well (e.g. Kamphuis, 1991). 468

simplifications of the proposed approach are inherited from the one-line model assumptions, intimately related 469

m of the analysis to assess the long-term evolution of shorelines, hence by neglecting the phenomena taking 470

the short-term (i.e., related to the temporal scale of storms). Indeed, the long-term evolution is assumed to 471

n by longshore sediment-transport gradients, while the cross-shore sediment transport is neglected. The latter 472

ion means that the cross-shore profile remains unchanged and is given as a mean profile (e.g. Dean, 1977). 473

words, the effects of storm-induced phenomena are not taken into account (i.e., the influence of breaking 474

could be observed that severe storms will produce important variations in the long-term shoreline evolution if 475

t losses occur. Nevertheless, such kind of short-term phenomena influencing long-term evolution can be taken 476

ount in the mass conservation equation solved by one-line models by including sediment losses (e.g. storm 477

g). Furthermore, the effects of short-term variation of sea level (i.e. tides, wave set-down, wave set-up, etc...) 478

ncluded in the method. These aspects are further discussed in the following. 479

parametric analysis (see Sections 3-4) revealed that the larger the block duration of the reduced time series, i.e. 480

r the number of sea states belonging to the series (and then the lower the computational cost of morphodynamic 481

ons), the lower the highest value of the significant wave height. As expected, the increase of block duration 482

rse the capability of the reduced series to represent the storms, i.e. the most energetic sea state in the original 483

ies. On the one hand, this aspect could be important if the short-term evolution has to be reproduced (e.g. 484

2) or if the long-term trapping efficiency of groynes, related to the width of surf zone, has to be taken into 485

(e.g. Figure 11). On the other hand, the long-term evolution and the induced longshore sediment transport are 486

l reproduced for large block duration (e.g. Figure 7), at least within the typical accuracy of one-line models. 487

ametric analysis served also to investigate the role of the selection of the statistical measures of synthetic 488

ers of sea states. This selection does not significantly influence the reliability of the method. Rather, the 489
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Reduced wave time series for long-term morphodynamic applications

on coefficients (e.g. parameter 𝐾 of the CERC formula) can mitigate the unreliability mainly related to the 490

employed for propagation, and back-propagation as well. 491

ar as the reduction of the computational cost is concerned, it has to be stressed that the speed-up of the 492

l morphodynamic simulations increases, i.e. the computational cost decreases, as the block duration increases, 493

ding a value of 20. These large speed-up values are achieved by implementing the proposed procedure aimed 494

e the original wave time series. It must be underlined that the proposed method is very simple to implement 495

haracterized by a very low computational cost. 496
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