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Abstract: Severe shoreline erosions are commonly observed due to the side effects of breakwaters
constructed to protect the habitat. These breakwaters can cause wave energy differences behind the
structure due to diffraction, inducing longshore sediment transport and resulting in shoreline
changes. Therefore, it is essential to correctly simulate the effect of wave transformation in the lee
side of structures, but such studies reporting performance of models in the field have been relatively
rare. In this study, two wave models of the TELEMAC system were used to investigate the accuracy
of modeling the wave transformation effect in a lee area of a breakwater built to secure the harbor’s
tranquility, near Jukbyeon Port in Korea, through comparisons with field observations. Two cases
of wave conditions with different wave heights and directions were tested. In both cases, the
TEL EMAC-ARTEMIS model had lower errors than TELEMAC-TOMAWAC at the onshore wave
location, confirming that the phase-resolving ARTEMIS showed better performance in simulating
the wave transformation than the phase-averaged TOMAWAC, as expected. However, ARTEMIS
had slightly higher errors than TOMAWAC at the offshore location, probably due to the interfer-
ence by reflected waves from the complex coastlines formed by the different coastal structures. The
results also provide various implications learned from the numerical experiments, which can be

usefully applied to engineering aspects, such as for the estimation of harbor tranquility.

Keywords: coastal habitat protection; wave transformation; TELEMAC-TOMAWAC;
TELEMAC-ARTEMIS; coastal risk

1. Introduction

One serious problem that many sandy beaches are currently facing is coastal erosion,
as it can cause economic and environmental damage to habitats and nearby communities.
The threat of erosion has been increasing due to natural causes, such as climate change
[1,2]. However, human interventions such as coastal structures can also lead to side effects
of erosional damages [3]. In some extreme cases, the coastal structures constructed to pro-
tect the sand on the beach can even worsen the erosional process. For example, Figure 1
shows that a set of coastal structures, headland breakwaters (HBs), and submerged break-
waters (SBs), were built to protect the sand at the study site. However, the erosion became
more severe due to the presence of these breakwaters, which was unexpected when they
were initially designed. The main reason for the erosion was the wave transformation —
diffraction and refraction—in the lee area of the structures [4]. When shadow zones
formed in the lee area of the HBs, the diffracted waves produced gradients in the wave
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energy distribution to move sand toward the HBs, causing erosion in the shoreline, in-
between the HBs. To understand and precisely predict the sediment’s motions and ero-
sional process around such coastal structures, it is therefore essential to increase the mod-
eling accuracy to simulate the effect of the wave transformation caused by the presence of
these structures.
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Figure 1. (a) Map of the Korea Peninsula and the location of Jukbyeon Port (JP); (b) map of JP.
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In this study, the effect of wave transformation in a two-dimensional field behind a
breakwater (BW) was examined through comparisons of numerical models developed for
wave propagation in coastal areas. There are numerous studies that have investigated
wave transformation behind BWs using numerical models [5-8]. However, numerical ex-
periments in a real sea environment have been relatively rare, according to the authors’
knowledge. In the present study, the simulation results of two wave models were com-
pared with observational data to analyze the models” performance in terms of the imple-
mentation of the refraction and diffraction effect behind a BW.

Behind a BW, the combined effects of wave shoaling, refraction, and diffraction
would lead to the transformation of the propagating waves, modifying the waves’ heights
and directions [9], leading to a reduction in the wave energy, which contributes to enhanc-
ing the tranquility inside the port/harbor [10]. However, unexpected side effects such as
coastal erosion could also occur in the shadow zone behind the BW due to the gradient of
the wave energy generated along the coast, caused by the wave transformation [4]. There-
fore, an accurate estimation of the effect of the transformation of the propagating waves
is necessary not only to secure harbor tranquility but also to protect the coastal areas from
anthropogenic disasters by coastal structures.

For this purpose, area models in which wave, current, sediment, and morphology
modules are combined [11,12] have been widely used for lab experiments [13,14] or for
simulations in the field [15,16]. These process-based models are computationally efficient
in simulating the wave transformation and the consequent morphological changes in the
lee area of BW or similar coastal structures. However, their accuracy has been questioned
as the wave modules are usually based on the phase-averaged wave models that solve the
wave action balance equation. These phase-averaged models may not properly calculate
the effects of wave diffraction, reflection, and run-up in the nearshore [8].

On the other hand, the phase-resolving wave models that solve mild-slope [17] or
Boussinesq equations [18] could have better performance in resolving the wave transfor-
mation processes. One of the shortcomings of these phase-resolving models is the high
computational cost; thus, their applications for long-term predictions in wide coastal re-
gions have been limited [19]. However, the coupling of phase-resolving wave models with
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sediment transport and morphology modules has been recently practiced for their appli-
cation in various processes around coastal structures, such as emerged detached BW [20],
submerged detached BW [21,22], groyne [8], or for the simulation of ship-wake induced
morphological changes [23]. Specifically, Karambas and Samaras [21] tested their model
not only with the lab data, but they also applied it in the field where multiple coastal
structures had been established.

These previous studies were focused on simulating wave-induced currents and mor-
phological changes around the coastal structures. The present study focused on simulat-
ing the effect of wave transformation, specifically the diffraction/refraction of the waves
that propagated to the port behind a BW, which is an important process to secure a port’s
tranquility but still limited when using numerical models.

For this, we employed two different wave propagation models: the phase-resolving
model based on the mild-slope equation, TELEMAC-ARTEMIS [17]; the phase-averaged
model based on the wave action balance equation, TELEMAC-TOMAWAC [24]. These
two wave models are part of the TELEMAC system [24], which is, a set of software for the
numerical modeling of hydrodynamics, waves, sediment, and morphology. The purpose
of this study was then to examine the performance of these models in estimating the effect
of wave transformation around a BW constructed to secure harbor tranquility in the
Jukbyeon Port in Korea. This was conducted by comparison with the real-field observa-
tion data, which is one of its advantages, as previous studies that tested the wave model
performance on transformation (diffraction and refraction) behind the coastal structures
by comparisons with the in situ observational data are rare, to the authors knowledge.
Previously, the wave transformation effect was examined using only one phase-averaged
wave model, TELEMAC-TOMAWAC, by controlling the diffraction mode applied in the
lee area of a breakwater to estimate the impact on the coastal erosion that was caused by
the gradient of the sediment transport along the shore due to the transformation of the
propagating waves in the lee area [4]. In this study, we did not simulate the sediment
transport and the consequent shoreline evolution. Instead, we focused on investigating
the wave propagation in the lee area of the BW, aiming to compare the effect of the wave
transformation between the two models: the phase-averaged and phase-resolving models.

2. Materials and Methods
2.1. Study Site

Jukbyeon Port (JP) is located in the middle of the east coast of the Korean Peninsula
(Figure 1a). North of the port, a cape was developed from which a breakwater (BW) was
constructed in the SE direction. Therefore, the BW could effectively block waves that prop-
agated from the NE and E directions, the primary direction of the propagating waves in
this region. In Figure 2, two wave roses are plotted showing the wave conditions in winter
and summer in this area. The winter wave rose was based on the measurements from
December 2019 to February 2020 in H1, and the summer rose was based on the measure-
ments from June to August 2020. In winter, the wave propagation direction (D,) ranged
from NNE to NE, with the majority of the waves approaching in the NE direction, which
confirmed the effectiveness of the BW when the waves approached in the represented
direction. In summer, the primary wave direction was still NE. However, the waves ap-
proached from more diverse directions, as ~30% of the waves were from E and ESE direc-
tions. The measured wave height was higher in winter. The significant wave height (H;)
which was greater than 1 m was observed to be ~43.7% in winter. In addition, ~13.5% of
H; was greater than 2 m, as they could be categorized as storm waves in this area [25]. In
contrast, more than 85.2% of H; was lower than 1 m in summer. As confirmed from the
data in the wave roses, the wave condition is usually rougher in winter in this region,
except for the extreme storm waves caused by typhoons that are usually affiliated with
the Korean Peninsula in late summer or early autumn.
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Figure 2. Rose diagram: (a) winter (December 2019-February 2020); (b) summer (June-August
2020).

Although the BW effectively reduced the wave energy inside JP, side effects also oc-
curred due to the shadow zone formed in the lee area of the BW. A shadow zone is an
area behind an obstacle, into which the waves can be bent into due to wave diffraction.
Because the wave energy gradually decreased in the shadow zone, as the diffracted wave
was further propagated behind the obstacle (the BW in this case), the capacity of the sed-
iment movement varied along the shore causing shoreline erosion near the outer edge of
the shadow zone, whereas shoreline accretion occurred behind the obstacle [4]. Similar
coastal erosion occurred in the beach located in the south of JP in which the coastal struc-
tures—a set of headland breakwaters (HBs) —were built to protect the beach from coastal
erosion, as shown in Figure 1b. In addition, two submerged breakwaters (SBs) were
placed in between the three HBs. The results of the construction of these structures were,
however, not successful. In Figure 3, a collection of snapshot pictures shows the beach
status throughout the history of these structures. In 2005, only one piece of the HB, a groin,
and an SB were built at the southern end of the beach (Figure 3a). This set of structures
was effective in conserving the beach sand, as the shoreline was considerably advanced
at that time. However, further construction of the structures led to unfavorable results. As
shown in Figure 3b,c, the shorelines in 2010 and 2018 had retreated compared to 2005,
likely due to the additional structures. In particular, after the set of HB and SB was com-
pleted in 2018, the shorelines in between the HB were severely eroded, whereas the sand
was moved and accumulated near the HBs that were built perpendicular to the shore. The
severe erosions of this beach have brought concerns regarding the coastal protection of
this area, which have motivated various experiments and observations in the study site
near JP.
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Figure 3. (a) Aerial photo of the area near the HB and SB shown in Figure 1b, taken on 16 October
2005 and (b) 29 September 2010; (c¢) Google Earth image of the same site, taken on 3 March 2018.

2.2. Field Experiment

Considering the wave climate in the study area, where the wave conditions are
more energetic in the winter, the field experiment in the present study was conducted for
46 days from 15 December 2019 to 29 January 2020, when the storm waves (H; > 2 m)
frequently attacked the study site. In this period, an AWAC (acoustic wave and current
profiler, Nortek, Rud, Norway) was moored in J1, in front of the cape, as shown in Figure
1b, to observe the wave conditions outside the port. At the same time, vector velocimeters
by Nortek were moored at the three wave stations of B1, B2, and B3 (Figure 1b). B1 was
located just behind the BW outside JP at a depth of 5 m, which had its position within the
shadow zone formed behind the BW. Therefore, the waves that reached B1 would be
transformed by the diffraction. B2 was located near the border of the shadow zone at a
depth of 10 m, considering that the majority of the waves approached in the NE direction
in this area, specifically during the time of the field experiment, as shown in Figure 2a. In
case of B3, the vector was located outside the shadow zone, ~870 m south of B2 along the
coast at a depth of 10 m. The positions of B1, B2, B3, and ]J1 were determined to observe
the wave transformation along the propagation paths toward the port, during the field
experiment. It is to be noted that in the lee (shoreward) of B3, the HB and SB were located
as shown in Figure 1b, which provided the complex feature of the shorelines, specifically
in the lee area of B3.
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2.3. Numerical Model Experiments

The two wave models employed in this study to simulate wave propagation were
TELEMAC-TOMAWAC [26] and TELEMAC-ARTEMIS [17]. Both TOMAWAC and AR-
TEMIS are wave modules in the TELEMAC system [24]. The TELEMAC system is an in-
tegrated suite that consists of modules of solvers for hydrodynamics, waves, sediment,
and morphology, and it was developed based on the finite-element method using unstruc-
tured grids. TOMAWAC is a phase-averaged wave propagation model in the TELEMAC
system, whereas ARTEMIS is a phase-resolving model. In this section, these models are
only briefly described, because they are well documented in the listed references. Phase-
averaged wave models such as TOMAWAC are based on the spectral action balance equa-
tion for wave energy [27]:

ON | CgxN  0CgyN  3CgoN | 3CgeN _ Sror 1)
at ox ay do a6 o

where N is the wave action spectral density, ¢ is the intrinsic frequency, 8 is the wave
direction, C, is the group velocity in space (x, y, o, 8), and S, is the total source/sink
for the wave action. One of the characteristics of TOMAWAC is that this wave module is
internally coupled with the hydrodynamic module in the TELEMAC system, so that the
interaction between the waves and currents can be modeled by TOMAWAC [28], which
is distinguished from other phase-averaged wave models such as SWAN [29].

In TOMAWAUC, the effect of the wave diffraction can be considered based on the
approximation from the mild-slope equation [30], which suggests that the wavelength
could change in the presence of diffraction:

lkeal? = Iy *(1 + 6) )

where k; and k, are the wave numbers without/with diffraction, respectively, and & is
the diffraction parameter given as:

_ V(ccyva)

0= ki2CCqa ®)
where a is the wave amplitude, C is the celerity, and C; is the group velocity. The
wave energy propagation speed with diffraction (C,4) is given as:

k
Cga =1 Cg (4)

TELEMAC-ARTEMIS is another wave module in the TELEMAC system, but it is a
phase-resolving model that solves the mild-slope equation [31] as:

V- (CCV0) + CCk*P =0 (5)

where @ is the reduced velocity potential based on the consideration of inviscid, irrota-
tional, and incompressible fluid and for a mildly-varying bottom slope ([%] / [%] «1).

From @(x,y) in Equation (5), the total velocity potential @(x,y,z,t) can be calculated,
and other wave parameters, such as wave amplitude and wave phase, can be derived from
B(x,y,z1t).

The two wave models were set-up in the same unstructured grid system shown in
Figure 4, in which JP and the beach, located south of the port, were included. There were
178,308 elements and 90,406 nodes. The smallest grid size was 5 m near the coastline (Fig-
ure 4a). The cell size in the wave propagation direction was ~17 m near the open boundary
where the water depth ranged 35-40 m. In the case of Case 2 when H; was3.81 mand T,
was 11.72 sec, the mean wavelength was 144.22 m considering a water depth of 35 m.
Therefore, 8-9 grids points were used to resolve one wavelength, which provides valida-
tion of the model in terms of the grid resolution as phase-resolving wave models typically
require a resolution of at least 8-10 grid points per wavelength [32]. However, there could
be uncertainties in the ARTEMIS results related to the coarse grid used in this study. The
water depths used in the models were calculated from the bathymetry measurements
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(Figure 4b). The models were run for two different cases (Case 1 and Case 2) that were
designed from the observations during the field experiment. For example, the forcing con-
ditions at the models’ open boundaries were taken from the wave data measured in J1
(Figure 1b). In Case 1, the models’ forcing conditions were selected from the wave meas-
urements at 11:00 am on 18 December 2019, when the storm waves with an Hg of 2.36 m
and a peak wave period (T,) of 8.93 s affiliated the study site. The peak wave direction
(Dp,) was measured to be 36. 40° as the waves approached from the NNE (clockwise from
the north, N = 0° and NE = 45°). The boundary conditions for Case 2 were selected from
the measurements at 20:00 pm on 8 January 2020, when the severest storm waves attacked
the site. The H; in Case 2 was 3.81 m, and T, and D,, were measured as 11.72 s and
57.33°, respectively, indicating that the waves approached from the NE to ENE in Case 2.
These model forcing conditions for the numerical experiments are listed in Table 1. The
validation of the models’ results was also performed using the observation data measured
in B1, B2, and B3 (Figure 1b) by comparing the wave parameters, such as H; and D,,.In
the case of TOMAWAUC, the results could be directly compared with observations, as they
also calculated Hy and D,, from the spectra. For ARTEMIS, the time-dependent fields of
the propagating waves were analyzed to estimate these parameters, which is further de-
scribed in Section 3.2. TOMAWAC was run for 30 min until it reached a stable state. In
ARTEMIS, an iteration method was applied to reduce the error that was induced in solv-
ing the time independent form of the mild-slope equation, Equation (5).

1

|

;

536500

Nodes

N Elements :

90,406
178,308

| | | |

UTM-Y(m)

4098000 4098500 4099000 4099500 4100000 4100500 4101000 4101500

|

537000 537500 538000 538500 539000 536500 537000 537500 538000 538500 539000
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(a) (b)

Figure 4. The unstructured grid system for TOMAWAC and ARTEMIS: (a) meshes around JP, with
the smallest grid size of 5 m; (b) map of the water depths in the models based on bathymetry meas-
urements.
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Table 1. List of wave parameters used as the forcing (boundary) conditions for both models in the
two runs of Case 1 and Case 2. The model input data were determined based on the measurements
during the field experiment.

Model Time of Wave
H T D
Runs Measurement s p m
18 D 201
Case 1 8 December 2019, 4 8.93s 36.40°
11:00 a.m.
202
Case 2 8 January 2020 3.81m 11.72s 57.33°
20:00 p.m.
3. Results

3.1. Wave Observation

In Figure 5, the time variations of the wave data measured during the field experi-
ment were compared among the wave stations. In this period, seven storm waves were
affiliated with the study site by defining the event of storm waves when the maximum H;
exceeded 2 m. The first event occurred on 18 December 2019, when the maximum H
reached 2.36 m at wave station J1. The biggest storm event occurred on 8 January 2020,
when the maximum H; at]1 reached 3.81 m. As listed in Table 1, these two events were
selected and set-up for the model runs as Case 1 and Case 2, respectively. Figure 5a shows
that the wave height significantly decreased as the waves propagated from J1 to Bl. In
Case 1, for example, H; was2.36 m at J1, which was reduced to 1.48 m at B3, 1.05 m at B2,
and 0.3 m at B1. Therefore, H; at Bl was only ~12.7% of that measured at J1. In Case 2,
H; was 3.81 m at J1, but reduced to 3.53, 2.74, and 1.12 at B3, B2, and B1, respectively,
resulting in a 29.4% reduction in wave height at B1 compared to that at J1. The reason for
the reduction in the wave height was due to the wave transformation, specifically by the
diffraction, which was indicated by the pattern of the wave direction changes, as shown
in Figure 5b. In the figure, D,, significantly changes along the path of the wave propaga-
tion. For J1, D,, shows severe fluctuations because the waves propagated in various di-
rections, outside the port. As the waves approached closer to the port, however, the fluc-
tuations became smoother and the averaged value of D, increased, indicating that the
wave propagating direction changed toward the port’s entrance. For example, for B3, D,,
fluctuated around 60° (ENE) and around 90° (E) for B2. In the onshore station, B1, how-
ever, D,, was stable around 120° (ESE). This rapid change in the wave direction in the
lee area of the BW confirms the effect of the wave diffraction and also indicates that the
significant reduction in Hg along with the wave propagation (Figure 5a) could be closely
related to the diffraction as well.

Case 1 Case 2
(2019112/18 11:00) {2020/01/08 20:00)

B1 — B2 — B3

12122 12/29 01/05 0171 01/19 01/26

01112

01105
2020  Time (day)

12122

Figure 5. Time variations of the wave parameters during the field experiment: (a) significant wave
height (Hs) and (b) peak wave direction (D,,) calculated from the wave spectra measured at the four
wave stations shown in Figure 1b. Black: J1; green: B1; red: B2; blue: B3.
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3.2. Model Comparison

In this section, the results from the two numerical models were compared based on
the observational data for the two cases listed in Table 1. From the field experiment, the
wave parameters, H; and D,,, were measured at each wave station (i.e., B1, B2, and B3)
for Case 1 and Case 2 statistically using the spectra. TOMAWAC directly calculated these
two parameters from the modeled spectra. In the case of ARTEMIS, the modeled data
were analyzed to estimate these wave parameters. In order to estimate the wave propa-
gating directions from ARTEMIS, it was necessary to run the phase-resolving model in
the regular wave mode, forcing the model with a single wave height and period. Figure 6
shows an example of a wave propagation pattern that resulted from ARTEMIS using the
regular wave mode in Case 2. It shows the distribution of the sea surface elevation at a
given time step, indicating that the lines of the wave crests were clearly developed along
the propagation. The figure also shows that the waves were transformed by changing di-
rections as they approached the port. The wave height and direction could be calculated
at each wave station by measuring the crest height and its propagating direction. However,
model results in the regular wave mode would be less accurate, because the forcing con-
ditions with only one wave height, period, and direction might lead to errors when ap-
plied along the whole open boundaries. Alternatively, ARTEMIS in Case 2 used the irreg-
ular wave mode in which the wave spectra from the phase-averaged model were also
used as the boundary condition for this phase-resolving model. In this mode, the model
results would not show the pattern of the wave propagation like the regular wave mode.
Instead, the wave heights could be calculated from the distribution of the sea surface ele-
vation field of the irregular waves. The wave propagation direction could not be evaluated
in the irregular wave fields. Therefore, model validation and comparison with other
phase-averaged models were only available for the wave height and not for the wave di-
rection.

FREE SURFAC S —~
7 .
) o 8
1 \




J. Mar. Sci. Eng. 2022, 10, 2032

10 of 18

UTM-Y(m)

4098000 4098500 4099000 4099500 4100000 4100500 4101000 4101500

Figure 6. Example of a pattern of sea surface elevation resulting from the regular wave mode of
TELEMAC-ARTEMIS, Case 2.

In Figure 7, the distributions of the wave heights were contoured for a comparison
of the results from TOMAWAC and ARTEMIS, in Case 1. The result by ARTEMIS was
from the irregular mode run, and that from the regular mode was not included in the
comparison. The pattern of wave height distribution was similar between the two wave
models in the TELEMAC system, as the effect of the wave transformation in the model
was clearly reflected in both TOMAWAC and ARTEMIS. In both models, the wave height
was reduced along the path of the wave propagation, as it was sufficiently small to secure
the harbor’s tranquility (< 1 m) inside the port. The differences between the models’ re-
sults were quantified through a comparison of the wave heights calculated at the wave
stations, as listed in Table 2. At B3, the outermost station from the port, H; was 1.48 m
according to field observations. The model results were similar, 1.53 m (TOMAWAC), and
1.58 m (ARTEMIS), indicating that the error by ARTEMIS was larger. This difference was
also observed at B2, as the error in modeling the wave height was smaller in TOMAWAC
(1.06 m) than in ARTEMIS (1.09 m) compared to the observation (1.05 m). At B1, the in-
nermost station, however, the error was smaller in ARTEMIS (0.28 m) than that in
TOMAWAC (0.22 m), compared to the observation (0.30 m). The results of the wave
height, as listed in Table 2, can be summarized as follows. For Case 1, the wave height was
overestimated by both of the models at the two outer wave stations (B2 and B3) but un-
derestimated at the innermost station (B1). In addition, the accuracy of the modeling was
similar between the phase-averaged and phase-resolving models, with slightly more ac-
curate data for TOMAWAC at the two outer stations. However, the wave height was more
accurately modeled by ARTEMIS at the innermost station, indicating that the wave trans-
formation effect was better simulated by the model as the waves approached the port be-
hind the BW. These results are only for Case 1 in which the wave energy was moderate,
but the waves propagated in a more acute angle outside the port (i.e., the angle between
the BW and the wave propagation direction at J1 was larger).

~)
536500

UTM-Y(m)

4098000 4098500 4099000 4099500 4100000 4100500 4101000 4101500

Om im 2m 3m 4m

(

b

537000

T T T T T T T T
537500 538000 538500 539000 536500 537000 537500 538000 538500 539000

UTM-X(m) UTM-X(m)

Figure 7. Distributions of wave heights modeled by (a) TELEMAC-TOMAWAC and (b) TE-
LEMAC-ARTEMIS, Case 1.
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In Figure 8, the distribution of the wave propagation direction, D,,, is contoured
from the results of TOMAWAGC, in Case 1. It is of note that the wave direction could not
be estimated from the irregular mode of ARTEMIS, and its wave direction data are not
included in the figure. It shows that the waves were gradually changing direction as they
approached the shore. In particular, the directional change became more drastic near the
shadow zone in the lee area of the BW, confirming the wave transformation by diffraction
and/or refraction. It is of note, however, that the D,, distribution became complicated
near the coastal structures of the headland (HB) and submerged breakwaters (SBs). In
Table 2, the D,, calculated by the TOMAWAC are compared with observations as well.
It shows that the modeled data agreed reasonably well with the observation, within an
error range less than 10% (B1 = ~8%; B2 = ~7%; B3 = ~4%), confirming that the D,, in-
creased (i.e., the wave direction changed from NE to SE while approaching the port). It
also shows that the errors increased as the waves approached closer to the port, which is
discussed in Section 4.

300m  600m 4§

UTM-Y(m)
4098000 4098500 4099000 4099500 4100000 4100500 4101000 4101500

.

536500 537000 537500 538000 538500 539000
UTM-X(m)
Figure 8. Distribution of the wave propagating direction, D,,, modeled by TELEMAC-TOMAWAC,
Case 1.

Table 2. List of the wave parameters calculated from the model results, Case 1. The percentages in
the parenthesis are the model errors from the observations.

Case 1 B1 B2 B3
H, D, H, D, H, D,
Observation  0.30 m 116.0° 1.05m 78.0° 148 m 55.0°
0.22m 107.3° 1.06 m 72.4° 1.53 m 57.1°
TOMAWAC (27%) (8%) (1%) (7%) (3%) (4%)
ARTEMIS 028 m 1.09 m 1.58 m
(irregular) (7%) i (4%) i (7%) i

The wave heights and directions were also similarly compared in Case 2. It is noted
that the wave condition in Case 2 was more energetic than that in Case 2. As shown in
Table 1, the wave height applied for the model boundary condition was 3.81 m in Case 2,
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whereas it was 2.36 m in Case 1. In this region, the waves with heights greater than 2 m
were categorized as storm waves [22]; thus, both Case 1 and 2 corresponded to storm
conditions. In particular, an Hy of 3.81 m in Case 2 was an extreme wave condition, which
was observed less than 5% during the whole year, as shown in Figure 2. The wave prop-
agating directions were also different between the two cases. In Case 1, the D,, was 36.40°,
indicating that the waves outside the port approached in the NNE direction. In Case 2, the
D, was 57.33°, showing that the waves approached in the NE/ENE direction. Therefore,
the difference in the angles of the propagating waves when they reached the BW could
influence the effectiveness of the models in simulating the wave transformation between
the two cases.

In Figure 9, the wave height distributions are compared between the TOMAWAC
and ARTEMIS, in Case 2. Compared to that in Case 1 in Figure 7, the distribution pattern
showed larger discrepancies between the results of the two cases. For example, the wave
height varied more smoothly in space, by TOMAWAC, as the waves propagated. In the
case of ARTEMIS, the wave height varied more roughly in space, indicating that the wave
transformation occurred unevenly along the propagation. In addition, the wave height
was reduced more rapidly by ARTEMIS, as can be seen by comparing the wave height
isolines of 3 and 1 m between the two models, indicating that the waves were more effec-
tively transformed by ARTEMIS. These observations are confirmed from the comparison
of the wave heights calculated at the wave stations, as listed in Table 3. First, it is of note
that the wave heights were underestimated at B3, the outermost wave station, by both
models, where the H; was observed as 3.53 m. The wave heights calculated by the models
were 3.10 m in TOMAWAC and 3.09 m in ARTEMIS, at B3, with an error of ~12%. When
the waves reached station B2, however, the modeled data were overestimated, as H; was
2.74, 3.09, and 2.79 m from the observation, TOMAWAC, and ARTEMIS, respectively,
with errors of ~13% (TOMAWAC) and ~2% (ARTEMIS), showing that the accuracy was
significantly enhanced by ARTEMIS at B2. At the innermost station, B1, the wave height
continued to be overestimated, as H; was 1.12, 1.99, and 1.16 m by the observation,
TOMAWAC and ARTEMIS, respectively, with errors of ~78% (TOMAWAC) and ~4%
(ARTEMIS), showing a large discrepancy in the accuracy between the two models.

In Figure 10, the distribution of the wave propagation direction, D,,, calculated by
TOMAWAUC, is contoured in Case 2. It shows that the waves that propagated with a D,,
of ~60° changed directions according to the wave transformation as they approached the
shore. However, the pattern of the D,, isolines became more complicated near the coastal
structures of the HB and SB and also near the port, which corresponded to the H; distri-
bution in Figure 9a. This complexity can also be confirmed quantitatively through a com-
parison of the D,, values, as listed in Table 3. At B3, the observed value of the D,, was
65.0°, whereas it was 77.0° by TOMAWAC, showing an error of ~18%. At B2, the error
was ~19%, similar to that at B3 with a D,, of 78.0° and 93.8° by observation and
TOMAWAC, respectively. At Bl, however, the error was significantly reduced to ~3%,
which is in contrast to the wave height distribution, as the error of Hy; was greatest at Bl
by TOMAWAC. The complex pattern of the wave heights and directions by the models is
discussed in the next section.

The results in Tables 1 and 2 indicate that there was a difference in the modeling
performance between the two cases. In Case 1, the wave energy was lower than that in
Case 2, but the wave incident angle to the BW was more acute in approaching the port
entrance (i.e., the angle between the BW and the wave propagation direction at J1 was
smaller). In both cases, the degree of the errors by ARTEMIS was comparable at all wave
stations, ranging 2-13%. However, the error by TOMAWAC increased as the waves prop-
agated toward the port entrance, and the error range became much larger in Case 2 in
which the TOMAWAC error was 12% at B3 but increased to 78% at Bl. In Case 1, the
TOMAWAC error was 3% at B3 and 27% at B1. A discrepancy between the two cases was
also observed in terms of the pattern of the errors. For example, the largest error by
TOMAWAC was observed in Case 2 at B1, which was an overestimation (observation =
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1.12 m; TOMAWAC = 1.99 m). In contrast, the error in Case 1 at Bl was caused by an
underestimation (observation = 0.30 m; TOMAWAC = 0.22 m). These results indicate that
the wave height calculated by TOMAWAC was reduced too much in Case 1 but not suf-
ficiently reduced in Case 2, whereas the wave energy attenuation was reasonably simu-
lated by ARTEMIS, which is discussed in the next section.
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Figure 9. Distributions of wave heights modeled by (a) TELEMAC-TOMAWAC and (b)
TEL EMAC-ARTEMIS, Case 2.
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Figure 10. Distribution of the wave propagating direction, D,, , modeled by
TEL EMAC- TOMAWAC, Case 2.
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Table 3. List of wave parameters calculated from the model results, Case 2. The percentages in the
parenthesis are the model errors from the observations.

Case 2 Bl B2 B3
H, D, H, D, H, D,
Observation 1.12m 108.0° 2.74m 78.0° 353 m 65.0°
1.99 m 111.1° 3.09 m 93.8° 3.10m 77.0°
TOMAWAC (78%) (3%) (13%) (19%) (12%) (18%)
ARTEMIS 116 m 2.79m 3.09 m
(Irregular) (4%) i (2%) i (13%) i

4. Discussion

One of the important results that should be noted from the numerical experiment is
the inconsistency of the models” accuracy. It was expected that the TELEMAC-ARTEMIS
phase-resolving wave propagation model that solves the mild-slope equation would be
more accurate than the TELEMAC-TOMAWAC phase-averaged model based on the
wave action balance equation. In fact, the modeling error was lower for TOMAWAC at
B2 and B3 in Case 1 and at B3 in Case 2. At the innermost location, B1, the error by ARTE-
MIS was lower for both cases, confirming that the model’s accuracy of ARTEMIS in-
creased as the waves propagated to the port’s entrance behind the BW. In the outermost
location, B3, however, the accuracy of ARTEMIS was lower than that of TOMAWAC in
both cases.

The reason for the low model accuracy of TELEMAC-ARTEMIS outside the shadow
zone is not yet clearly understood. However, one possible scenario can be found from the
interference of the waves that were reflected from the complicated coasts around the HB
and SB, in the lee area of location B3 (Figure 1b). In Figure 11, the wave height distribu-
tions in Figure 9 are compared between the two models at a magnified view that focuses
on the area around the coastal structures in the lee area of B3, in Case 2. It clearly shows
that the spatial variation of the H; distribution was smoother in the case of the
TOMAWAC results. In contrast, the distribution by ARTEMIS was rough, as spots of
lower and higher H; magnitudes developed in this area. The irregular pattern of the Hj
distribution by ARTEMIS was likely due to the fact of wave interference. In TOMAWAC,
the effect of wave reflection was not considered, whereas the reflection effect was consid-
ered in ARTEMIS by setting the reflection coefficient along the coastline. Therefore, in the
case where the coastline became complicated due to the construction of various coastal
structures, such as the HB and SB in this study, it was difficult to precisely determine the
reflection coefficients of the different structures and of the sandy shorelines. The purpose
of the present study was to compare the model performance between the TOMAWAC
and ARTEMIS, while the reflection coefficient was not set-up for the TOMAWAC bound-
aries. For fairness with respect to the model conditions, only the default values were given
for the ARTEMIS boundaries, and they were not specified for different structures. There-
fore, it is not meaningful to decide which model provided the better performance in this
area. However, the results indicate that it is important to precisely determine the reflection
coefficients along complicated coastlines, specifically near coastal structures that have dif-
ferent reflectance, and a model’s accuracy could decrease if this parameter is not carefully
considered. In terms of the wave transformation by refraction/diffraction, it turned out
that ARTEMIS showed better performance, as expected from phase-resolving models. For
example, the results were more accurate by ARTEMIS at the innermost wave station, B1,
in both Case 1 and 2. In TOMAWAC, the modeled wave heights were either underesti-
mated (Case 1) or overestimated (Case 2), indicating that the phase-average model had no
specific error pattern in calculating the wave transformation effect.
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Figure 11. Same as Figure 9 but at a magnified view for comparison of the wave height distributions
near the coastal structures, headland breakwaters, and submerged breakwaters, (a) TELEMAC-
TOMAWAC and (b) TEL EMAC-ARTEMIS, Case 2.

Regardless of the errors observed in the results from ARTEMIS, it is clear that this
phase-resolving model provided better performance in modeling the effect of wave trans-
formation in the port’s shadow zone, which was confirmed by the reasonable agreement
with the observations at the innermost location, B1, in both cases. As expected, the accu-
racy of the TOMAWAC was lower in both cases. However, the pattern of errors showed
a difference between the two cases, as the phase-averaged model was underestimated (i.e.,
the wave height was reduced more than the observed value) at the innermost location in
Case 1 but severely overestimated in Case 2. The difference between the two cases in the
performance of the TOMAWAC in calculating the wave transformation effect was also
observed in the rate of wave height reduction estimated between B1 and B3, the innermost
and outermost locations in the port’s shadow zone. In Case 1, the wave height at B1 was
only ~14% (0.22 m/1.53 m), whereas it was ~64% (3.10 m/1.99 m) in Case 2.

The fact that the wave height reduction rate was greater in Case 1 could not be un-
derstood by simply considering Equations (2) and (3), which describe the wavelength
change caused by wave diffraction in the TOMAWAC. By assuming that the Va was sim-
ilar between the two cases, § (x 1/a) would be greater in Case 2 in which the H; was
greater. Therefore, the change in the wave number by diffraction would be greater in Case
2, according to the implication of Equation (2). However, the deformation of the propa-
gating waves was greater in Case 1 not only in the wave height but also in the wave di-
rection. Although the reason for this discrepancy is not yet clearly understood, it is likely
that the lower modeling performance by TOMAWAC in Case 2 was due to the difference
in the wave incident angles. In Case 1, the waves approached the shadow zone at a more
acute angle outside the port, compared to the waves in Case 2. Therefore, it was easier for
the waves to reach the inner area of the shadow zone in Case 2, even though the effect of
the wave diffraction was not effectively calculated by this phase-averaged model. In Case
1, the waves should be diffracted more by the model to reach the inner part of the shadow
zone (i.e., changing the wave propagating direction more sharply in the shadow zone).
Because the model’s performance for wave transformation was less effective for
TOMAWAC, however, the waves could not sufficiently reach the innermost location, re-
ducing the wave height at Bl excessively in Case 1. For ARTEMIS, the wave diffraction
was effectively simulated so that the wave energy was successfully transferred to the in-
nermost location regardless of the wave incident angles. The results of this study provide
important implications for engineering aspects. Although phase-averaged models such as
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the TELEMAC-TOMAWAC have been largely applied in engineering practices due to the
economic computational cost, the results of this study suggest that phase-resolving wave
models are recommended in estimating the morphological and shoreline changes caused
by wave transformation around coastal structures.

5. Conclusions

The numerical and field experiments in the present study were conducted to com-
pare the performance of modeling the wave transformation effect using real field data
measured near the shadow zone in the lee area of a breakwater which had been con-
structed to secure the harbor’s tranquility. The two models were selected from wave prop-
agating models installed in the TELEMAC system. TOMAWAC is a phase-averaged
model based on the wave action balance equation, and ARTEMIS is a phase-resolving
model that solves the mild-slope equation. They were set-up in the same computational
domain with unstructured grids to facilitate the comparison. Two cases of wave condi-
tions were constructed based on the wave observations outside the port, and the model
performances were tested through comparisons of the wave data measured at three loca-
tions in the lee area of the port breakwater.

It was expected that the phase-resolving model would be better at modeling the wave
transformation, which was confirmed as the ARTEMIS data showed higher accuracy at
the innermost location in both test cases of different wave heights and propagating wave
directions. Outside the shadow zone, however, ARTEMIS showed no better performance
than TOMAWAC in terms of the error in modeling the wave height. The findings and
their implications from this study are listed as follows:

1. The wave heights calculated by ARTEMIS decreased as the waves approached the
ports, showing good agreement with the observed wave height data in both cases.
The errors estimated were less than 10%, except for one wave station located at the
outermost part of the shadow zone, indicating that the wave transformation effect
(i.e., refraction/diffraction) was nicely modeled by this phase-resolving model.

2. The performance of TOMAWAC showed less accuracy in terms of the wave height
that was underestimated (lower wave height than observation) or overestimated in
the innermost location.

3. Although the pattern of errors in the TOMAWAC’s wave heights was opposite (un-
derestimation vs. overestimation), both might be due to the poor performance in
modeling the wave transformation by this phase-averaged model. It was likely that
the underestimation was because the wave energy could not be successfully trans-
ferred to the innermost location due to the acute angle behind the breakwater that
disturbed the wave energy propagation with diffraction. The overestimation in the
second case might have occurred because the wave energy could reach the innermost
location disproportionally even though the diffraction effect was not successfully im-
plemented due to the less acute angle of the incident waves.

4. Wave directions modeled by the TOMAWAC support the above results. In the first
case (wave height underestimation), the observed wave direction was 116° at the in-
nermost location, whereas it was ~107° by the model, which indicates that the wave
propagation direction was not sufficiently changed by the TOMAWAC, and the dif-
fraction effect was not successfully modeled. In the second case (overestimation), the
modeled wave direction changed by only 345 as the waves propagated from the
outermost to the innermost location, whereas the observational data changed by 43
indicating that the modeled wave height was not reduced as much as the observa-
tion, because the effect of the wave diffraction could not be successfully applied dur-
ing the propagation process and the wave energy was transferred to the innermost
location without significant loss by the transformation.

5. Although the ARTEMIS results were in better agreement with the measured wave
heights in the inner locations in both cases, confirming its successful performance in
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modeling the wave transformation, it provided higher errors in the outermost loca-
tion than TOMAWAC. The reason was likely because the coastlines near this outer-
most location become complicated due to the construction of coastal structures,
which required high accuracy in setting the reflection coefficient along the complex
land boundaries. Otherwise, the model would result in a wave in which the propa-
gating waves were mixed with the falsely reflected waves, which could increase the
errors compared to a real wave field.

The results of this study only compared the performance of two wave models in sim-
ulating the wave diffraction effect around a breakwater based on field measurements.
However, the outcomes of this study could be further applied in planning protection
measures for coastal sandy shorelines and habitats. For example, both model results indi-
cate that the wave energy could be significantly reduced in the lee area of the breakwater,
which could cause the alongshore movement of sediments if they happened to be sandy
beaches. In protecting the beach from erosion, the breakwater (or other coastal interven-
tions) should be carefully designed. In many engineering practices, phase-averaged mod-
els such as the TELEMAC-TOMAWAC have been largely applied. The results of the pre-
sent study, however, suggest that phase-resolving wave models are recommended to be
coupled with the sediment transport models in estimating the morphological and shore-
line changes caused by the wave transformation around such structures. Even then in that
case, these phase-resolving models should be carefully tuned, specifically in the areas of
complex coastlines because the model accuracy would decrease unless the wave reflection
effects at the shore were to be accurately considered.
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