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Abstract This study aimed to investigate the capability of the one-dimensional (1D) mode of 
the Simulating WAves till SHore (SWASH), as a non-hydrostatic wave-flow model with six ver- 
tical layers, to reproduce the cross-shore wave evolution. For this purpose, the given model 
was initially calibrated for wave energy and the outputs were then verified with the field data 
measured at the Southern Caspian Sea. The calibration coefficients obtained for wave breaking 
are significantly less than the ones which have been mostly reported in previous studies for 
the two-dimensional (2D) mode of the SWASH. Although the reproduced wave height parame- 
ters are generally in good accordance with the field observations, the period parameters and 
the number of waves are overestimated and underestimated by the model, respectively. More- 
over, the inaccuracies at the shallow stations are worse than at the transitional depths. The 
overestimation in both the reproduced energy of infragravity waves (IG) and their wavelength 
along with the underestimation in the wind-wave energy content are also among the factors 
responsible for the model deficiencies. The findings have revealed that the overestimation of 
the reproduced IG waves is the main reason for the underestimation of the breaking dissipation 
rate for irregular wave trains in the 1D mode. Therefore, more intensive breaking dissipation 
via selecting lower coefficient values is necessary to exhaust a certain energy content from 

longer waves in the 1D mode. This approach ultimately induces an over-dissipation of short 
wind-waves. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

lmost all nearshore hydrodynamic processes are controlled 
y wave transformations. Wind-waves, with periods last- 
ng between 4 and 20 s, propagating toward shorelines 
lso sense seabed disturbance, become skewed and asym- 
etric, and then break. The energy released from depth- 

nduced wave breaking then drives nearshore currents, rips, 
nd undertows and consequently causes sediment trans- 
ort and morphological changes ( Hoefel and Elgar, 2003 ; 
onguet-Higgins and Stewart, 1964 ; Longuet-Higgins, 1970 ; 
acMahan et al., 2006 ; Svendsen, 1984 ). Some energy con- 
ent also transfers to low-frequency waves, known as infra- 
ravity (IG) waves or surf beat, having periods in the range 
f 20—200 s, and some other part transfers to higher har- 
onics through wave coupling or bore waves. 
The IG waves, with small heights in deep water 

 Webb et al., 1991 ), may thus have the most energy con- 
ribution of the total wave train across inner surf and swash 
ones, especially under high-energy conditions ( Gao, et al., 
019 ; Guza and Thornton, 1982 ). The domination of IG 

aves for stormy conditions in very shallow water also re- 
ults in energy spectra with IG peaks, concurrent with flat- 
ening wind-wave peaks due to breaking dissipation. Nu- 
erous studies reported the stronger dependency of IG 

ave energy on swell than sea waves (e.g., Elgar et al., 
992 ; Mahmoudof, 2018a ; Ruessink, 1998 ). Such waves can 
ave significant impacts on dune erosion, sand bar, or mud- 
at formation ( de Bakker et al., 2016a ; de Vries et al., 
008 ; Roelvink et al., 2009 ), and may give rise to resonance 
nd disorder in continuous dock operations in large har- 
ors ( Gao et al., 2020 , 2021 ; González-Marco et al., 2008 ).
he time-varying breakpoints of irregular waves during high- 
nergy conditions and negative nonlinear wave-wave inter- 
ctions under moderate conditions are known as two main 
enerating sources of released and bound IG waves, re- 
pectively ( Hasselmann, 1962 ; Longuet-Higgins and Stewart, 
962 ; Symonds et al., 1982 ). Battjes et al. (2004) realized 
he role of normalized bed slope parameter as βb = 

α

ω 

√ 

g 
d b 

in 

he domination of each generating mechanism of IG waves. 
n this relationship, α is the bed slope, ω denotes the angu- 
ar frequency, g , and d b are the gravitational acceleration 
nd the averaged breaking depth, respectively. In a mild- 
lope regime with βb < 0 . 3 , the generation of bound IG type
s a result of nonlinear interactions is dominant. Larger val- 
es of βb imply a steep-slope regime wherein the released 
ype of IG due to moving breakpoints dominates in the surf 
one. On very steep beaches or coastal cliffs, wherein IG 

aves are not fully dissipated, a significant proportion of 
heir energy can thus reflect toward the sea, resulting in 
ignificant reflection coefficients close to or even greater 
han unity ( Guza and Thornton, 1985 ; Mahmoudof et al., 
021 ; Sheremet et al., 2002 ). However, the energy of such 
aves is considerably dissipated until shorelines. The dissi- 
ation mechanisms of these waves have been thus far dis- 
ussed in numerous studies (e.g., de Bakker et al. 2014 ; 
uju et al., 2012 ). On the other hand, positive triad wave- 
ave interaction is one of the processes that can transfer 
nergy to higher harmonics in the shoaling zone. The pri- 
ary swell waves can also decouple and decompose to sev- 
ral shorter and smaller secondary waves indicating a mild 
m
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nergy transfer to high-frequency harmonics especially on 
arred beaches ( Masselink, 1998 ). 
Considering the complexity of coastal hydrodynamic pro- 

esses controlled by wave transformation, numerical mod- 
ls are useful tools to assess and predict these phenomena. 
herefore, the models proposed for this purpose need to 
valuate coastal wave evolution accurately. To meet this 
bjective, wave characteristics and statistics (e.g., wave 
eights and period parameters) reproduced by such mod- 
ls must be verified with those observed in the field and 
aboratory measurements. 

In this regard, phase-averaged or spectral wave models 
perate based on the energy-action equation, and solve the 
nown source and sink terms ( Komen et al., 1994 ; the Wave
odel Development and Implementation Group [WAMDI], 
988 ). One of the important assumptions of these models is 
hat the wave field is often founded on the near-Gaussian 
istribution, which is not valid in the shallow waters of 
earshores due to the nonlinear effects of the wave field. 
he inaccuracy of phase-averaged models as a result of this 
iscrepancy accordingly reveals the demand for models with 
he capability to capture high-order wave-wave interactions 
nd reproduce wave nonlinearities near the shores. 
Phase-resolving wave models can simulate the nonlin- 

arities of shallow-water waves and reproduce nearshore 
ydrodynamic processes driven by wave transformations. 
enerally, the success of these models to represent coastal 
ave evolution has been thus far confirmed in several stud- 
es (e.g., Madsen et al., 2002 ; Torres-Freyermuth et al., 
007 ). The main concerning problem facing the applica- 
ion of these models is their high computational cost and 
ime, even for small-scale domains. The Boussinesq and 
on-hydrostatic types of phase-resolving models are gener- 
lly exploited to simulate coastal scale applications. The 
rst type is a developed representation of weakly dis- 
ersive models ( Gao, et al., 2017 ; Madsen et al., 2002 ;
wogu, 1993 ; Wei et al., 1995 ). On the other hand, the non-
ydrostatic models solve the basic conservation equations 
or mass and momentum ( Ma et al., 2012 ; Stelling and Zi-
lema, 2003 ; Yamazaki et al., 2009 ). In the non-hydrostatic 
odels, the free surface of the water is described using 
 single-valued function of the horizontal plane. However, 
hese models often fail to accurately reproduce the details 
f wave-breaking processes such as air entrainment, wave- 
nduced turbulence, and overturning. 

The Simulating WAves till Shore (SWASH), as a non- 
ydrostatic wave-flow model based on nonlinear shallow 

ater equations, is capable to explain complex changes in 
apidly varying flows. The model assumes a hydrostatic pres- 
ure approximation in the frontline of breaking waves, en- 
uring that the waves develop a vertical face. The SWASH 

s also known as a valuable tool to investigate coastal wave 
rocesses controlled by wave breaking, such as frequency 
nergy transfer, cease of wave-wave coupling, as well as IG 

ave generation and dissipation. Thus, an accurate evalu- 
tion of coastal wave breaking and evolution is a prereq- 
isite to attain a proper estimation of other dependent 
rocesses. Although the model can simulate complex pat- 
erns in horizontally two-dimensional (2D) configurations, 
he horizontally one-dimensional (1D) mode is usually suffi- 
ient to study most wave evolution processes with efficient 
odeling time for engineering applications. 
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Coastal wave transformation reproduced by the 
WASH has been thus far extensively validated 
gainst laboratory experiments. In this regard, Torres- 
reyermuth et al. (2012) reported a good agreement 
etween the model outcomes and the experimental mea- 
urements for wave transformation on a fringing reef. As 
ell, Smit et al. (2013 and 2014 ) compared the model 
utputs with some experimental observations of random 

nd unidirectional waves on a mild-slope beach, wherein 
he general success of the model to reproduce the surf zone 
ave characteristics was verified. Ruju et al. (2014) simi- 
arly confirmed the model reliability to simulate the run-up 
nduced by irregular wave breaking on a gentle-slope beach 
y comparing the model results with laboratory experiment 
easurements. Moreover, de Bakker et al. (2016b) showed 
he appropriate capability of the SWASH to represent the 
G waves generated by nonlinear triad interactions, using 
he experimental data recorded by Ruessink et al. (2013) . 
n the same way, Mendes et al. (2018) assessed the impact 
f bars on energy transfer between IG and wind-waves on a 
issipative beach utilizing the SWASH. 
In contrast to laboratory validations, comparisons be- 

ween the model results and field measurements are not 
ery extensive. Moreover, some of these few studies in- 
orporating field validations deduced the underestimation 
f wave-breaking dissipation and the overestimation of IG 

ave generation by the default 1D mode of the SWASH (e.g., 
e Bakker et al., 2014 ; Lerma et al., 2017 ). Therefore, the 
resent study aimed to accurately investigate the capability 
f the 1D mode of SWASH to reproduce the profiles and char- 
cteristics of nearshore waves during storm periods. The 
odel results were then compared with in-situ data mea- 
ured on the Nowshahr beaches, located in the Southern 
aspian Sea. 
In this study, field measurements and conditions are ex- 

lained in Section 2 , and the numerical governing equations 
nd model setup are reviewed in Section 3 , as well as analy- 
is methods are provided in Section 4 . The results and their 
iscussions, including the model calibration and the findings 
f time and frequency domain analyses, are then presented 
n Section 5 , and the study is concluded in the last section. 

. Field study area 

he Caspian Sea is the largest lake in the world, enclosed 
etween Azerbaijan, Iran, Kazakhstan, Russia, and Turk- 
enistan. This inland water body has a 371,000 km 

2 area 
nd its freshwater is mostly provided by the Volga, the 
ongest European river. The Caspian Sea is divided into three 
eographic regions, namely, the Northern, the Middle, and 
he Southern parts. The oceanic depths of more than 900 m 

an be found in the Southern Caspian Sea. The Northern and 
iddle parts are typically frozen within winter. This region 
s mostly encountering northwesterly strong winds, result- 
ng in various hydrodynamic phenomena dependent on wave 
ransformation on the southern beaches of the Caspian Sea. 
he negligible tidal range in the Southern part, commonly 
ess than 10 cm, alongside the sandy beaches, provides a 
uitable environment to study shallow-water wave transfor- 

ations. t
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The field data acquisition, including water level varia- 
ions, was thus accomplished on a straight shore perpen- 
icular transect located in the west of Nowshahr Port on 
he Southern Caspian Sea ( Figure 1 a). The study area has a
andy and single-barred beach. The measurement program 

as accordingly started on March 4, 6:00 p.m., and termi- 
ated on March 16, 9:00 a.m., 2014, lasting 13 days. Five 
ressure sensors and an Acoustic Doppler Current Profiler 
ADCP) were deployed on the transect at the stations with 
epths varying between 4.8 m out of the surf zone till 0.8 
 near the shore ( Figure 1 b). A buoy, installed at the depth
f 22.5 m by the Iranian Ports and Maritime Organization, 
lso measured the offshore spectral wave height. However, 
he data collected at this station were not applicable in 
he present study since the time series of the water level 
as not accessible. The water column pressure data were 
ontinuously recorded at ST1 and ST2 with a rate of four 
ieces of data per second. Moreover, the water-level and 
irectional wave data were uninterruptedly measured for 
7.07 min per hour by the ADCP at ST6. The pressure data 
ere additionally gathered by pressure transducers at the 
ther three stations with a sampling rate of 1 Hz. Data re- 
rieval was mandatory after two days of measurement at 
hese three stations due to the capacity of the data logger. 
ata recording was also conducted for three two-day cycles 
t ST3 and ST4 and one cycle at ST5. More details on in-
trumentation and measurement conditions are presented 
n Table 1 . 

The current profiles were measured using the ADCP at 
T6 by averaging the velocity values within 20 minutes for 
ach hour. The recoded current magnitude values were less 
han 0.1 m/s, indicating that no important event, depen- 
ent on current interactions, was expected. 
The bathymetric data and beach profile were also gath- 

red and recorded by a single-beam echo sounder at the 
eginning and end of the field measurement period. No sig- 
ificant bathymetric variation could be pointed out within 
he field measurement period. Moreover, the processed hy- 
rographic data demonstrated no significant lateral vari- 
tion and bathymetric event, parallel the shoreline. The 
ecorded profile also has a mild bed with an averaged 
eaward slope of approximately 0.02. Some complemen- 
ary details about field measurements can be realized in 
ahmoudof et al. (2016) . 

. Methods 

.1. Governing equations 

ver the last decade, non-hydrostatic models have been 
ncreasingly implemented to simulate wave evolution un- 
er very different conditions, extended from long tsunami 
aves in oceanic scales to short wind-waves in coastal ap- 
lications. The SWASH ( Zijlema et al., 2011 ), as an open- 
ource flow-wave model, is thus capable to simulate the 
ree surface of waters, based on non-hydrostatic pres- 
ure distribution. The model can also describe nearshore 
ave transformations across surf and swash zones as re- 
ults of nonlinear wave interactions, breaking, and runup 
t shorelines. The model can generally address the equa- 
ions in the orthogonal and vertical multi-layered approach 
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Figure 1 a) Location of the study area; b) bed profile variations of study area and measurement station positions. 

Table 1 Characteristics of measurement stations. 

Stations Instrument 
name 

Sampling 
rate (Hz) 

Depth (m) Distance 
from shore 
(m) 

Duration 

ST1 RBRvirtuoso 4 0.8 35 2014/03/04 — 2014/03/16 
(continuously) 

ST2 RBRvirtuoso 4 1.4 103 2014/03/04 — 2014/03/16 
(continuously) 

ST3 DST-centi 
Star-Oddi 

1 2.2 120 2014/03/05 — 2014/03/07, 
2014/03/09 — 2014/03/11, 
2014/03/12 — 2014/03/14 

ST4 DST-centi 
Star-Oddi 

1 2.5 135 2014/03/05 — 2014/03/07, 
2014/03/09 — 2014/03/11, 
2014/03/12 — 2014/03/14 

ST5 DST-centi 
Star-Oddi 

1 3.2 245 2014/03/05 — 2014/03/07 

ST6 ADCP 2 4.8 310 2014/03/03 — 2014/03/16 
(continuously) 

a
t
t
c
n
t

i
lthough they are typically introduced in the Cartesian sys- 
em for simplicity purposes. These governing equations are 
he Reynolds-Averaged Navier-Stokes (RANS) types for an in- 
ompressible and constant-density fluid, which can explain 
onlinear shallow-water events. However, the SWASH solves 
he transformed representation of the following equations 
460 
n the sigma vertical-layer system: 

∂η

∂t 
+ 

∂ 

∂x 
∫ 

η

−d udz = 0 (1) 

∂u 

∂t 
+ 

∂uu 

∂x 
+ 

∂wu 

∂z 
= − 1 

ρ

∂ ( P h + P nh ) 
∂x 

+ 

∂ τxz 

∂z 
+ 

∂ τxx 

∂x 
(2) 
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∂w 

∂t 
+ 

∂uw 

∂x 
+ 

∂ww 

∂z 
= − 1 

ρ

∂ P nh 

∂z 
+ 

∂ τzz 

∂z 
+ 

∂ τzx 

∂x 
(3) 

∂u 

∂x 
+ 

∂w 

∂z 
= 0 (4) 

here η stands for the free water surface relative to still 
ater level, t denotes the time, d is the still water depth, 
 and w indicate the depth-averaged flow velocities in the 
 and z directions, respectively, g shows the gravitational 
cceleration, ρ represents the fluid density, P h and P nh are 
he hydrostatic and non-hydrostatic pressure terms, respec- 
ively, and τ parameters are turbulent stresses evaluated 
ased on a turbulent viscosity approximation and applying a 
tandard κ- ε model (e.g., τxz = ν∂ z u , where ν is the kine- 
atic eddy-viscosity). 
Near the shores, the main restricting and dissipating fac- 

or for wave energy is depth-induced wave breaking, which 
an exhaust considerable energy content within a few hun- 
red meters. In the SWASH, energy dissipation due to wave 
reaking is applied by considering the similarity between 
reaking waves and moving hydraulic jumps along with con- 
rolling the vertical speed of the free surface. Accordingly, 
he wave breaking initiates once this value exceeds a break- 
ng threshold ( α < 1) of the shallow water celerity as fol- 
ows: 
∂η

∂t 
> α

√ 

gh (5) 

The wave breaking is also persistent while the frac- 
ion coefficient drops to β ( < α). The default values of α
nd β coefficients have been respectively set as 0.6 and 
.3 according to Smit et al. (2013) , in agreement with 
onguet-Higgins and Fox (1977) . However, the values of 
hese coefficients depend on the number of vertical layers 
or each simulation and can be set for a certain vertical 
ayer number. For simulating mild nonlinear waves, prop- 
gating from deep to transitional depth, applying one to 
hree layers is often sufficient for the model to capture the 
ave characteristics in an accurate manner ( Smit et al., 
013 ). In shallow waters, wherein waves are highly non- 
inear and close to break and flow velocity gradients in- 
rease, higher resolution is necessary for traditional non- 
ydrostatic models to accurately capture the vertical speed 
f the free surface. High vertical resolution also increases 
he time of simulation and reveals the importance of time 
nd accuracy management for modeling purposes. How- 
ver, the numerical approaches embedded in the SWASH 

an provide an opportunity to resolve nearshore wave evo- 
ution with relatively lower vertical layer numbers (see e.g., 
ijnsdrop et al., 2015 ; Smit et al., 2014 ). In several studies, 
ifferent vertical layers have been also applied to assess 
ave hydrodynamics in the presence of broken waves. In 
his line, de Bakker et al. (2014) , Rijnsdrop et al. (2015) , 
nd Lerma et al. (2017) employed two vertical layers, and 
e Bakker et al. (2016b) and Mendes et al. (2018) set six 
ayers in the vertical direction following Smit et al. (2014) . 

.2. Model setup 

he present simulation was performed in a non-stationary 
nd 1D mode of the SWASH (version 7.01) using the Cartesian 
461 
oordinate as the reference framework. It is usually rec- 
mmended that the numerical spatial resolution should be 
ypically set as 1/100 to 1/50 of the dominant wavelength 
or flow-wave models to accurately capture wave dynamics 
 Smit et al., 2013 ). In the present simulations, the compu- 
ational grid size was thus selected to be equal to 0.4 m in
he 1D mode match to less than 1/150 wavelength, corre- 
ponding to the stormy peak period. Therefore, the compu- 
ational distance with a length of 380 m was divided into 950 
eparated meshes. This resolution could ensure that at least 
0 points were appointed per wavelength for the waves up 
o 3 f p (as three times the main peak frequency) to accu- 
ately capture the characteristics of the dominant wave- 
eld. The vertical resolution was additionally defined with 
ix equidistant layers for the model to reproduce the wave 
volution in an accurate manner. The time step was also set 
t �t = 0.005 s. The simulation was then repeated for 300 
easured bursts for 1200 s. As well, the open boundary was 
orced by 2048 water level data gathered by the ADCP at 
T6 with the rate of 2 Hz. The water level data were also
ecorded at the locations corresponding to the other five 
easurement stations. The analyses were accomplished on 
he most energetic time series with a 1024-s duration for 
ach station and burst. The breaker parameters were re- 
arded as the calibration coefficients to tune the coastal 
ave energy in the surf zone. Other input parameter values 
ere also set to the default values embedded in the SWASH. 

. Analysis method 

n the present study, the SWASH performance to predict the 
ave transformation in the nearshore shallow water has 
een investigated qualitatively and quantitatively. There- 
ore, the time and frequency domain analyses have been 
ccomplished to process the model results and field mea- 
urements. The field pressure data were thus converted 
nto water-level ones, applying the depth attenuation- 
orrection method considering the frequency of f = 0.35 
z as the upper correction limit and wind-wave cutoff. The 
ime-domain analysis is founded on zero-down/up crossing 
nalysis. The significant wave height in the time domain 
nalysis ( H 1/3 ) is defined as the mean of the highest one-
hird of the waves as follows: 

 1 / 3 = 

1 
N/ 3 

N/ 3 ∑ 

j=1 

H j (6) 

here j represents the rank number of the sorted waves ac- 
ording to their heights in the zero-crossing analysis. The 
orresponding period parameter to H 1/3 is also T 1/3 and cal- 
ulated as follows: 

 1 / 3 = 

1 
N/ 3 

N/ 3 ∑ 

j=1 

T j (7) 

herein j is defined as the above and T j shows the period 
f waves in the zero-crossing analysis. The parameters of 
ean height ( H mean ) and mean period ( T mean ) of the wave
rain are also expressed as the average height and period of 
otal waves in a similar approach. It is clear that the number 
f total counted waves (hereafter referred to as nw ) is a key
actor in the time domain analysis. 
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For the spectral analysis, all 1024-s time series of water 
evels, resulting from the measurements and reproduced by 
he model, were divided into 128-s data blocks with 50% 

verlap. The coefficients developed from the fast Fourier 
ransform (FFT) were then averaged for each frequency. 
herefore, the degree of freedom and fundamental fre- 
uency of analysis were approximated as 32 and 0.0078 Hz, 
espectively. 
The frequency of f = 0.05 Hz was also regarded as the 

eparation threshold of IG and wind (sea-swell) waves fol- 
owing previous studies (e.g., Herbers et al., 1994 , 1995 ; 
homson et al., 2006 ). In some researches, the frequency 
hreshold of f = 0.04 had been similarly applied for longer 
ceanic IG waves (e.g., Elgar et al., 1992 ; Inch et al., 2017 ;
uessink, 1998 ). The heights of IG ( H ig ) and wind-waves ( H ss )
ere accordingly calculated using the following relation- 
hips, respectively: 

 ig = 4 . 004 
√ 

∫ 

0 . 05 Hz 
0 E ( f ) df (8) 

 ss = 4 . 004 
√ 

∫ 

0 . 35 Hz 
0 . 05 E ( f ) df (9) 

here E ( f ) shows the energy density of wave trains at the
requency of f . Three standard statistical indices of the 
catter index ( SI ), the index of agreement ( IA ), and the nor-
alized bias ( NB ) were also utilized to assess the perfor- 
ance and accuracy of the model to reproduce the wave 
nergy content (spectral height; H m 0 ). The predicted and 
bserved values of the wave height ( H pre and H obs , respec- 
ively) were then placed in the following relationships to 
alculate the values of the above-mentioned statistical in- 
ices. 

I = 

√ 

1 
N 

∑ N 
i =1 

(
H 

i 
pre − H 

i 
obs 

)2 

H̄ obs 

(10) 

A = 1 . 0 −
∑ N 

i =1 

(
H 

i 
pre − H 

i 
obs 

)2 
∑ N 

i =1 

(∣∣∣H 

i 
pre − H̄ obs 

∣∣∣ + 

∣∣∣H 

i 
obs − H̄ obs 

∣∣∣
)2 (11) 

B = 

∑ N 
i =1 

(
H 

i 
pre − H 

i 
obs 

)
∑ N 

i =1 H 

i 
obs 

(12) 

. Results and discussion 

.1. Field observations of wave regime 

wo storms were the most important events recorded dur- 
ng the field measurements in this study. The wave heights 
ithin these two storms also reached approximately 1.3 m 

 Figure 2 ). The maximum peak period was more than 9 s 
nd the maximum deviation of mean wave direction from 

he shore normal direction was 4 °. The wave spectra for the 
torms were composed of one wave system with one sin- 
le significant peak. As well, the offshore stormy waves had 
ot broken before reaching ST6 according to the observa- 
ional investigations at the coastal watchtower. The waves 
f both storms were modest swells, originated from the Mid- 
le Caspian Sea near 600 km away from the study area. Dur- 
ng the storms, the local wind was also calm with velocities 
462 
ess than 6 m/s, recorded by a coastal synoptic station in- 
talled 10 km west of the study area. 
Of note, very long-traveling and highly energetic swell 

aves can’t be generally expected in the Caspian Sea due 
o the absence of a very long fetch, as well frozen body in
he Northern part for more than half a year. In the present 
tudy, the bursts with the measured wave heights greater 
han 0.6 m at ST6 (including 19 and 30 bursts within the 
rst and second storms, respectively) were thus supposed 
s high-energy conditions. The wave breaking was also the 
ominant shoreward phenomenon for such bursts. There- 
ore, they were utilized and investigated to tune the depth- 
nduced wave breaking in the SWASH. The directional wave 
ata gathered by the ADCP at ST6 also revealed minor wave 
eflections from the shoreline. The measured reflection co- 
fficients calculated based on the method explained by 
ahmoudof and Azizpour (2020) were less than 8% for the 
nergetic wave conditions. 

.2. Wave energy content calibration 

ost nearshore and coastal hydrodynamic processes are 
ontrolled by the energy content received from incident 
aves, directly or indirectly. Therefore, it is necessary to 
nsure the accuracy of numerical hydrodynamic models in 
he evaluation of significant spectral wave heights with an 
mphasis on wave energy. Accordingly, applying an accurate 
ave-breaking scheme is mandatory for numerical models 
o appropriately reproduce coastal phenomena. 
As mentioned before, the SWASH regards the breaking 

issipation for waves with the ratio of vertical speed of 
ree surface to shallow water celerity, varying between β
nd α ( β < α < 1). The default values of α and β coef- 
cients embedded in the SWASH are also respectively 0.6 
nd 0.3, according to the modeling results proposed by 
mit et al. (2013) with two vertical layers. However, these 
alues have resulted in a significant overestimation of spec- 
ral wave heights ( SI = 0.24, NB > 0.22, and IA < 0.38) in
he present study with the applied model setup within storm 

eriods. This preliminary result indicates that the dissipa- 
ion of default wave breaking setup is not sufficient for the 
resent 1D mode of the SWASH, in agreement with the find- 
ngs reported by Lerma et al. (2017) . Therefore, considering 
he breaking parameters as the calibration coefficients was 
ecessary to tune the energy of stormy waves within the 
tudied surf zone. The numerical model was repeated 80 
imes with different values of α and β in the range of 0.2—
.6 and 0.05—0.30, respectively, with emphasis on pairs 
ncorporating α < 0.4 to compensate for the abovemen- 
ioned overestimation. The statistical indices Eqs. (10) —(12) 
ere then calculated for these 80 tests and three two- 
imensional (2D) planes were developed via the Kriging 
echnique (see https://worldwidescience.org/topicpages/ 
/kriging+interpolation+technique.html for more scientific 
etails) for interpolation and extrapolation. The results are 
llustrated in Figure 3 , wherein the data are shown as black 
ots in these diagrams. The hollow areas at upper left cor- 
ers of the diagrams are indicating ranges with α < β condi- 
ions as theoretically unacceptable values of α and β. All the 
tatistical indices confirm that the coefficients of α = 0.25 
nd β = 0.13 have resulted in the most accurate reproduc- 
ion of spectral significant wave height ( H m 0 ) during high 

https://worldwidescience.org/topicpages/k/kriging+interpolation+technique.html
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Figure 2 Variations of significant wave heights measured at the six stations within the measurement period. 

Figure 3 Distribution of statistical indices as functions of α and β; a) SI ; b) IA ; and c) NB. 
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Figure 4 Time series of significant wave height at measurement stations reproduced by SWASH. 
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nergy conditions. For the best result, the attained values 
f indices were less than 0.08 for the averaged SI , more than 
.80 for IA , and less than 0.01 for NB . The resulted values of
reaking coefficients are also in good agreement with those 
ttained in Lerma et al. (2017) for 1D mode and less than 
hose in most of the values found in previous 2D-mode in- 
estigations. In this respect, Lerma et al. (2017) found that 
xerting α = 0.30 and β = 0.15 could significantly improve 
heir 1D model configuration results for very shallow wa- 
ers. That SWASH calibration was for field-measured data at 
 complex and ripped bathymetry system. In another recal- 
bration for 2D mode, according to laboratory experimen- 
al data, Smit et al. (2014) recommended the values of 1.0 
nd 0.6 for the coefficients of α and β when using six verti- 
al layers, respectively. Mendes et al. (2018) and de Bakker 
t al. (2016b) correspondingly followed these suggested val- 
es for their laboratory experimental dataset measured by 
uessink et al. (2013) . The default values of breaking co- 
fficients were also applied in several 2D studies such as 
e Bakker et al. (2014) , Liang et al. (2015) , and Zhang and
tive (2019) . 
The time series of the spectral wave height ( H m 0 ), re- 

roduced by the calibrated model at ST1—ST5, are depicted 
n Figure 4 . Comparing Figure 4 and Figure 2 also reveals a 
ery good capability of the model to accurately predict the 
ariations of energetic wave regime and significant wave 
eights across the shore. As well, the wave height vari- 
tions evaluated by the model indicate that the depth- 
imited condition is dominant during two storm periods and 
aturated wave breaking decreases the wave height across 
he shore. Considering the wave setup calculated at the 
tations (but not shown here) by the model also resulted 
n relative wave height values (or spectral breaker index, 

= H m 0 /( d + setup)) varying in the range of 0.37 at ST5 to
.66 at ST1. This value at ST1 is comparable to that of 0.73 
roposed by Batjjes and Stive (1985) as the constant index 
or the spectral concept of depth-induced wave breaking. 

.3. Water-level profile assessment 

he time-domain variables of H 1/3 , H mean , T 1/3 , T mean , and 
he nw were selected and calculated using the zero-down 
464 
rossing method to verify the modeled wave profiles. These 
arameters, particularly period ones and nw , are strongly 
nfluenced by the variations of short and long waves as the 
esults of wave breaking in the surf zone. The results reveal 
hat the model has properly predicted the general spatial 
rends of these parameter variations during the storms. For 
xample, the wave height parameters have been expectedly 
ecreased from ST5 to ST1 as the result of depth-induced 
ave-breaking domination across the shore. On the other 
and, the period parameters and nw show a shoreward rise 
nd fall, respectively. These variations are the results of 
horeward enhancement of IG waves due to water depth at- 
enuation, as reported in several numerical and field stud- 
es on different beach environments (e.g., Mahmoudof and 
iadatmousavi, 2020 ; Ruessink, 1998 ; Thomson et al., 2006 ). 
Figures 5—7 compare the reproduced values of the 

bove-mentioned wave parameters by the model and those 
bserved in the field measurements. It can be generally seen 
hat the SI values for height parameters are in the same or- 
er at all stations ( Figure 5 ). Since the model has been cal-
brated for wave energy content, the values of reproduced 
ave height parameter are expectedly in acceptable accor- 
ance with the observed ones. However, the conditions for 
he period parameters and nw are different from the height 
nes. The resulted period parameters and nw by the model 
re somewhat acceptable at the transitional stations (viz. 
T3 and ST4) and inaccurate at the shallow ones (namely, 
T1 and ST2). Although the period parameters have been 
omewhat overestimated at ST3 and ST4, the model has ex- 
ggerated these parameters at ST1 and ST2 ( Figure 6 ). While 
I values for the period parameters are less than 0.15 for 
ransitional stations, similar values have reached more than 
.00 at ST1. In other words, the model has overestimated 
he period parameters with an increasing trend toward the 
hore. The model approximately predicted the T 1/3 values 
ore than two times of observed values at ST1 (the equa- 
ion of the fitted line in Figure 6 a). On the contrary, the
odel has underestimated nw with a shoreward increasing 
ate of inaccuracy ( Figure 7 ). The predicted rising rate of 
w values is also about one-quarter of the similar rate mea- 
ured at the shallowest station (the slope of the fitted line 
n Figure 7 a). All these results imply that a shoreward over- 
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Figure 5 Comparison of height parameters reproduced by the model (pre) and those observed in the field measurements (obs); 
H 1/3 at a) ST1; b) ST2; c) ST3; d) ST4 and H mean at e) ST1; f) ST2; g) ST3; h) ST4. 
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stimation in the generation of long IG waves, as a result of 
ave breaking or underestimation in short wind-waves can 
e probably responsible for these inaccurate estimations. 
igh long waves can also make the zero-crossing analysis 
nsensitive to short waves and decrease nw , consequently. 
oreover, this can normally increase the period parameters. 
l

465 
.4. Investigation of modeled long and short waves 

ypically, the coastal wave regime is influenced by infra- 
ravity wave energy within high-energy conditions. These 
aves rarely break in the surf zone due to their long wave- 
ength. However, breaking is one of their dissipating mech- 
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Figure 6 Comparison of period parameters reproduced by the model (pre) and those observed in the field measurements (obs); 
T 1/3 at a) ST1; b) ST2; c) ST3; d) ST4 and T mean at e) ST1; f) ST2; g) ST3; h) ST4. 
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Figure 7 Comparison of the number of waves reproduced by the model (pre) and those observed in the field measurements (obs) 
at a) ST1; b) ST2; c) ST3; d) ST4. 
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nisms ( de Bakker et al., 2014 ). Therefore, the increase 
n wave period parameters is expected at shallow waters 
ithin stormy durations. Moreover, wind-wave breaking and 
ecomposition result in bore and short wave generation and 
ome energy transfers to short waves ( Mahmoudof, 2018b ; 
asselink, 1998 ). 
Generally, bispectral analysis is necessary to determine 

he proportion of released and bound IG waves. However, 
he IG waves emerging in the present study can be regarded 
s the released type since they have been generated in the 
resence of severe breaking of wind-waves, as well all cal- 
ulated values of βb are greater than 0.3. The spectral anal- 
sis with similar conditions was also performed for model re- 
ults and field measurements. The heights of IG waves were 
alculated for all time series using Eq. (8) to assess the accu- 
acy of the model. Figure 8 a—d compares the IG wave height 
alues ( H ig ) reproduced by the model against those observed 
t all measurement stations for stormy periods. Although 
he model can appropriately reproduce the saturation of IG 

aves in very shallow waters, it has considerably overesti- 
467 
ated the heights of this type of wave at all stations. Com- 
aring the resulted IG heights at the locations of stations 
eveals the general capability of the model to show the spa- 
ial enhancement of the IG waves. Nevertheless, the slopes 
f the fitted lines in Figure 8 a—d indicates that the rela-
ive overestimation has been augmented from the deepest 
tation toward the shore (from ST4 to ST1). Most similar pre- 
ious studies confirmed the capability of the SWASH to con- 
ider the generation and development of released IG waves 
ear shorelines ( de Bakker et al., 2016b ; Mendes et al., 
018 ; Rijnsdorp et al., 2015 ). In contrast, the earlier ver- 
ions of phase-averaged spectral models such as the Simu- 
ating WAves Nearshore (SWAN) or WAVEWWATCH III were un- 
ble to predict the generation of IG waves as a result of ran-
om breaking points of wind-waves. The absence of relevant 
ource-term in those spectral models had made them im- 
ractical and fruitless for similar wave modeling in the very 
hallow water of beaches. Mahmoudof et al. (2018) accord- 
ngly tuned the breaking schemes embedded in the SWAN for 
he wind-waves for the present dataset and inevitably ig- 
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Figure 8 Comparison of infragravity and wind-waves heights reproduced by the model (pre) and those observed in the field 
measurements (obs); H ig at a) ST1; b) ST2; c) ST3; d) ST4 and H ss at e) ST1; f) ST2; g) ST3; h) ST4. 
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Figure 9 Wave energy and normalized bias spectra for the first storm at: a) ST1; b) ST2; and the second storm at: c) ST1; d) ST2; 
e) ST3, and f) ST4. 
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ored the low frequencies less than 0.05 Hz. However, some 
ecent investigations have attempted to equip them with 
alculations of IG waves, but more verifications and valida- 
ions are required ( Reniers and Zijlema, 2022; Zheng et al., 
021 ). The study of Ardhuin et al. (2014) was one of the be-
inner investigations which incorporated the calculations of 
ree IG waves in WAVEWWATCH III. The slope of the fitted 
urve at ST2 (in Figure 8 b) is similar to the results of model
un without bottom friction in Ardhuin et al. (2014) at sensor 
 deployed during the DUCK’94 experiment (see Figure 5 in 
rdhuin et al., 2014 ). The slopes of fitted lines in Figure 8 c
nd d are comparable with those of model runs with bot- 
om friction applied only for wind sea and swell waves in 
hat study. However, the comparisons of free IG waves in 
rdhuin et al. (2014) pertained to offshore water depths. 
A similar assessment was performed for wind-waves ( f 

 0.05 Hz) using Eq. (9) to calculate the relevant heights 
 H ss ). Figure 8 e—h shows the results and compares the pre- 
icted and measured values of wind-wave heights. It is re- 
lized that the model has underestimated the wind-wave 
eights at all stations. The imperfection has also consider- 
bly increased for higher measured waves at ST3 and ST4 
see Figure 8 g and h). 
For more detailed investigations, the energy spectra 

ere averaged in two groups of model outputs and measure- 
469 
ents for the first and second storms with 19- and 30-hour 
urations, respectively. Also, the normalized bias spectra 
ere evaluated deploying a formulation similar to Eq. (12) . 
he results and comparisons are depicted in the six panels 
f Figure 9 . 
Generally, the calibrated model over-dissipated the main 

pectral peak of the wind-wave at all the stations within 
oth storm durations. Moreover, the energy content of high 
nd low harmonics has been respectively underestimated 
nd overestimated by the model. The negative values of 
ias spectra are indicating that the wind-wave frequencies 
etween 0.1 and 0.35 Hz have been generally underesti- 
ated by the model with a decreasing rate at all stations. 
n the other hand, the positive normalized bias of model 
stimation about the energy of low frequencies, f < 0.1 
z, reaches values greater than + 200% for f < 0.02 Hz. 
he overestimation in the narrow IG band ( f < 0.05 Hz) 
s so important that the predicted energy at the first fre- 
uency is more than four times the observed value. There- 
ore, the first frequency is finally determined as the spec- 
ral peak by the model even for transitional depths (ST3 and 
T4). Some ignored directional factors in 1D mode can be 
ccordingly responsible for this overestimation. In this re- 
ard, de Bakker et al. (2014) pointed out that disregard- 
ng directional spreading in the 1D mode could be one of 
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he probable reasons for the overestimation of IG waves 
n the model results. Here, the opposite misevaluations of 
igh and low harmonics are approximately balancing to- 
ether and result in the same total energy content with the 
eld data and equal significant wave heights ( H m 0 ) to the 
easured values. The overestimation of IG and the under- 
stimation of wind-waves have an indirect numerical con- 
equence. These deficiencies result in a decrease in the 
reaking dissipation rate for the total irregular wave train 
y further resistance against breaking due to a reduction 
n wave steepness. Therefore, the lower values of break- 
ng coefficients are necessary to dissipate a certain energy 
ontent from longer waves. Consequently, the calibration 
oefficients found in the present investigation for the 1D 

ode are less than those recommended in some previous 
tudies for the 2D one. These decreased values of breaking 
oefficients can accordingly induce over-dissipation for and 
nderestimation of short wind-wave heights. However, the 
bility of the model to present flattened, double-peaked, 
nd IG-peaked spectra as the result of the frequency trans- 
ission of energy at nearshore shallow waters is admirable 

 Figure 9 ). However, this transferred energy from the main 
ind-wave frequencies to lower ones has been overesti- 
ated by the model. 
In agreement with the measured data, a local peak at 

he frequency of f = 0.23 Hz as two times of the main spec-
ral peak can be found in the model outputs at ST3 and ST4, 
ndicating the probable capability of the model to evaluate 
nd preserve the bound super harmonics ( Figure 9 e and f). 
owever, these minor local peaks were eliminated after in- 
ensifying wave breaking at ST1 and ST2. 
An accurate survey in Figure 9 also reveals that some mi- 

or challenges may face the model outputs. The minor ob- 
erved wind-wave (at ∼0.11 Hz) and local IG energy peaks 
at ∼0.03 Hz) are not also represented in the modeled spec- 
rum at ST1 for the first storm ( Figure 9 a). Similarly, the ob-
erved peak frequency is f = 0.0313 Hz at ST1 for the sec- 
nd storm, but the model results show the first frequency 
fundamental spectral frequency; f = 0.0078 Hz) as the cal- 
ulated peak one (Fig.ure 9c). This means that the model 
as evaluated longer IG waves than real ones observed at 
his station. These findings have been similarly repeated at 
T2 for both storms ( Figure 9 b and d). 
The investigation of short and long waves reproduced by 

he model confirms that the calibrated SWASH model can 
ppropriately predict the total energy content of the waves 
ear the shorelines in the study area. However, the mod- 
led water level profiles have some problems, which can 
e detected using zero-crossing analysis. Such deficiencies 
re the results of the overestimation of IG energy, the over- 
issipation of short wind-waves, and representing lower IG 

eaks (that is, longer IG waves) by the model than those 
easured in the study area. 

. Conclusion 

he capability of the 1D mode of the SWASH to repro- 
uce the wave profile in very shallow waters was investi- 
ated in the present study, and then the results were com- 
ared with in-situ data measured at the Southern Caspian 
ea during two storm events. The field data included wa- 
470 
er column pressure variations measured at six stations lo- 
ated on a perpendicular transect of the shoreline in the 
est of Nowshahr Port within ∼two weeks. Two storms, in- 
luding the modest swell waves with approximately 1.3 m 

eights, were also the most important recorded events oc- 
urring during the measurement period. The bursts with 
ffshore wave heights greater than 0.6 m were then se- 
ected to assess the capability of the model to predict 
he wave evolution across the shore within high-energy 
onditions. 
The model was run in the non-stationary and 1D mode 

ith six vertical layers and spatial resolution less than 1/150 
tormy wavelength. Two breaking parameters of the start- 
ng ( α) and ending ( β) wave break were also regarded as
he calibration coefficients to tune the wave energy content 
n the study area. All the statistical indices implemented 
n the study ( SI, IA, and NB ) agree that the pair values of

= 0.25 and β = 0.13 result in the most accurate values 
f H m 0 . The attained values for the statistical parameters 
ere SI < 0.08, IA > 0.80, and NB < 0.01 for the best re-
ults. The values of breaking coefficients found in this study 
re in good agreement with the reported values for the pre- 
ious 1D mode simulations and less than those for previous 
imilar 2D modeling studies. 
The time-domain analysis has shown that although the 

alibrated model can appropriately predict the wave height 
arameters ( H 1/3 and H mean ), the reproduced water level 
rofiles by the model have some deficiencies. These prob- 
ems are more significant for shallow stations than transi- 
ional water depths. The predicted period parameters ( T 1/3 

nd T mean ) and the number of waves by the model are re-
pectively greater and less than those observed in the field 
easurements. 
Spectral analysis was also applied to investigate the de- 

ails of the wave energy spectra reproduced by the model. 
enerally, the capability of the model to transfer energy 
rom wind-waves to IG bands because of time-varying break- 
ng points of wind-waves is satisfactory. However, the model 
verestimates the IG wave and underestimates the wind- 
ave energy content with a shoreward increasing rate of in- 
ccuracy. These opposite inaccuracies are closely balanced 
ogether and the reproduced spectral wave heights are ap- 
roximately equal to the observed values. Nevertheless, the 
odeled energy spectra are different from those observed 

n the field and then an exaggeration of IG wave heights 
s resulted from the model. The shoreward inaccuracy is 
ncreased in such a way that the fundamental frequency 
f analysis has been determined as the peak frequency of 
he nearshore waves by the model. The secondary effect 
f this inaccuracy is predicting longer IG waves than those 
etermined in the field. Therefore, a more intensive break- 
ng scheme (by exerting low values of breaking coefficients, 
ound in the present study) is required to dissipate a cer- 
ain energy content from longer waves reproduced by the 
odel. 
Finally, higher and longer IG waves and lower wind 

nes reproduced by the model can make the zero- 
rossing method insensitive to short wind-waves. There- 
ore, the time domain analysis represents a lower num- 
er of waves and greater values of period parameters for 
he model results compared with those found in the field 
easurements. 
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