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The present paper proposes an empirical formula for maximum wave setup based on a coupled wave-current
model. The wave model is the Simulating Waves Nearshore (SWAN) model; the current model is the Finite
Volume Community Ocean Model (FVCOM). This study first evaluates the coupled model system against mean
water level data collected from a series of laboratory and field experiments. The model calculation agrees with the
measurements. Then, the study uses the model results from simulations with a range of wave conditions to
develop an empirical formula for the maximum wave setup as a function of wave height, wavelength in deep

water, and beach slope. The formula agrees with experimental and in situ measurements and shows better per-
formance than previous formulas.

1. Introduction

Wave setup (or setdown), defined as an increase (or decrease) in the
mean water level with the presence of waves, is a common dynamic
process in the nearshore zone (Lentz and Raubenheimer, 1999). Wave
setup dynamics is important for understanding many coastal phenomena,
such as sediment transport and wave-structure interaction (Calabrese
etal., 2008; Hu et al., 2009). The maximum wave setup elevation is a key
criterion for coastal protection and coastal flooding prediction (Guza and
Thornton, 1981; Nielsen, 1988).

Since the mid-20th century, researchers have investigated wave
setup using theoretical, experimental and numerical methods. Consid-
ering the radiation stress caused by regular waves, e.g., Lon-
guet-Higgins and Stewart (1964, hereinafter LHS) derived an analytical
solution for the horizontal gradient of the mean sea level along the
offshore direction:

dn 1
- Ktanp, K=—— 1
dx 4 1+8/3r} )
where 7 is the mean water level, x is the offshore coordinate, $f represents
the angle of the beach slope, and y, is the ratio of wave height-to-water
depth at breaking and is assumed to be constant. With the assumption
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that § = constant and the solution of Eq. (1), Battjes (1974) showed that
the maximum wave setup value would occur on a beach characterized by
the following expression:

5
Nmax = Eybe (2)

where Hj, is the wave height at the breaking line.

Based on laboratory experiments, Bowen et al. (1968) and Van Dorn
(1976) studied the maximum setup properties of monochromatic waves
with wave flumes, and they found that the LHS theory agreed with their
experiments. Battjes (1972, 1974) investigated the wave setup of random
waves using laboratory experiments. They concluded that the maximum
setup was somewhat lower than that predicted by the LHS theory, most
likely because the theory ignored variation in y;. Since then, several
studies have produced field observations (e.g., Guza and Thornton, 1981;
Nielsen, 1988; Raubenheimer et al., 2001; Stockdon et al., 2006). Based
on in situ data from natural, gently sloping beaches in southern California,
Guza and Thornton (1981) proposed the following expression of the
maximum mean water level:

Nmax = 0.17Hy 3)
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where Hy; is the significant wave height (the average height of the
highest one-third of waves or four times the standard deviation of the
time series of sea-surface elevation) in deep water. Later studies extended
Eq. (3) to a more general relationship including the Iribarren number
(Nielsen, 1988; Stockdon et al., 2006):
’1max°<H0J§O (4)
in which &, =tanp/\/Hos/Lo is the Iribarren number and L, is the
wavelength in deep water obtained using the peak wave period. Holman
and Sallenger (1985) reported an empirical regression equation for the
maximum setup value based on the data collected by field experiments
under middle tide conditions:

nmax

5
H()..r ( )

= 0.46¢&,

Hanslow and Nielsen (1992) produced the following empirical
equation based on field measurements along the New South Wales coast:
Mmax = 0.048(Ho rmsLo )" (6)
where Hy ;s is the root mean square wave height in deep water and Lo s is
the wavelength in deep water computed using the significant period (the
average period of the highest one-third of waves). The wave heights are
assumed to obey the Rayleigh distribution in deep water, indicating that
Horms = Hos/ V2 (Battjes and Groenendijk, 2000). Using datasets from
ten field experiments over a range of beach and wave conditions,
Stockdon et al. (2006) developed an empirical formulation for the
maximum wave setup using an Iribarren-like form:

Nmax = 0‘35tanﬁ(H0‘sL0)0.5 (7)

Although researchers have presented expressions of the maximum
wave setup for both monochromatic and random waves, most of the
expressions for random waves are empirical formulas fitted to field
observation data collected from limited places and times. Therefore,
studies have yet to explore the broad applicability of these formulas.

Recently, researchers have increasingly used numerical models to
simulate wave dynamics in idealized or realistic situations. For instance,
Wolf et al. (1988) developed a coupled model to investigate the in-
teractions between waves and tides or surges. Schéffer et al. (1993) and
Madsen et al. (1997a, 1997b) simulated wave dynamics in the surf zone
using a Boussinesg-type model and obtained good agreement between
the model results and measurements. More recently, Mellor et al. (2008)
developed a coupled wave-circulation model to consider the influences of
wave-induced radiation stress on ocean circulation. Warner et al. (2008)
developed a coupled wave-current-sediment model to stress the role of
waves on sediment transport in estuaries and coastal waters. Kumar et al.
(2012) implemented vortex force formalism in the coupled
ocean-atmosphere-wave-sediment  transport = modeling  system
(COAWST). Numerical models involve solving variations in wave pa-
rameters with time and space via a set of momentum and energy con-
servation equations with forcing, boundary and initial conditions. In
contrast to field observations, where forcing conditions are complex,
researchers can use numerical models to study wave dynamics under
controlled forcing conditions based on specific purposes. Accordingly,
this study investigates maximum wave setup using a coupled
wave-current model.

The arrangement of the present paper is as follows. Section 2 de-
scribes the model setup and verification. Section 3 presents the model
results and an empirical formula for the maximum wave setup. Section 4
shows the evaluation of this formula. Section 5 provides a discussion of
the limitations of this approach and comparisons between this empirical
formula and several previous formulations. Finally, Section 6 presents
the conclusions.
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2. Model description
2.1. Model framework

The present study applies a coupled wave-current model system that
includes the Simulating Waves Nearshore (SWAN) wave model and the
Finite Volume Community Ocean Model (FVCOM) circulation model.
Information exchange between the two models uses Model-Coupling
Toolkit (MCT) software (Jacob et al., 2005; Larson et al., 2005). The
present investigation uses MCT to couple SWAN and FVCOM following
the method of Yang (2012) and runs the two models on the same un-
structured grid. Both SWAN and FVCOM run on their set of processors in
the coupled system and exchange information based on a defined time
interval depending on computational power and the temporal scales of
the specific wave and circulation conditions. Fig. 1 shows the informa-
tion exchange between SWAN and FVCOM. The coupled model system
runs on Linux platforms. FVCOM uses the wave parameters transferred
from SWAN to calculate the force in the form of wave-induced radiation
stress gradients and to generate the currents and wave setup. SWAN uses
the currents and water levels transferred from FVCOM to include current
and water level change effects on wave transformation and breaking
processes. Finally, the wave setup is numerically established after
reaching a steady state. The maximum wave setup is defined as the mean
water level elevation at the interaction between wetting and drying on
the beach face. In the model run, the minimum grid spacing is 1/7 to
1/20 of the shoreline advancement landward in the horizontal direction
and is small enough to be suitably accurate for the maximum setup.

2.2. Wave model

SWAN is a third-generation wave model developed by Delft Univer-
sity and is a fully discrete spectral model based on the action balance
equation (Booij et al., 1999). The mean rate of energy dissipation per unit
horizontal area as a result of wave breaking uses the results of Battjes and
Janssen (1978) based on the following expression:

1 c
Dy = 7ZaBJ Oy (%) Hﬁ-lax

where the coefficient ag; = 1, & is the mean frequency, and Q, is the
fraction of breaking waves and is computed as follows:

1-0y
InQ,

®

Elol
2
H max

)]

where E is the total wave energy. The maximum wave height Hp,y is
determined in SWAN via Hpay = 73d, in which y,, is the breaker index and

Hs,DinRtp,Wlen,Ubot,Qb‘

»

SWAN FVCOM

Zeta,Ua,Va

Fig. 1. Information exchange between model components. SWAN provides wave pa-
rameters, including significant wave height (Hs), wave direction (Dir), peak wave period
(Rtp), wavelength (Wlen), bottom orbital velocity (Ubot) and fraction of breaking waves
(Qb), to FVCOM. FVCOM provides water elevation (Zeta) and depth-averaged current
fields (Ua and Va) to SWAN.

Table 1

Experimental conditions employed.
Literature Wave Hs D Ty tang 0

type (m) (m) (sec)
Stive (1985) Random 1.00 4.19 5.41 1:40 0°
Ting (2001) Random 0.22 0.46 2.00 1:35 0°
Shen (2015) Random 0.026 0.18 1.50 1:100 30°
Scott et al. Random 0.76 0.42 4.00 Non- 0°
(2004) uniform
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Table 2
Selected model control parameters.
Model Parameter Value used
component
SWAN Peak enhancement factor for JONSWAP 3.3
spectrum
Threshold depth 0.005 m
Bottom friction coefficient 0.001 m?/
sec®
FVCOM Ratio of internal time step to external time step 10
Threshold depth for the wet/dry treatment 0.005 m
Coefficient used in the Smagorinsky 0.1
parameterization
Bottom roughness length scale 0.001 m

d is the water depth. Then, the spectral dependent energy dissipation is
calculated as follows:

1.2 @ 0.2
—_ a
)
§ 1 [e] L
ja) \
= k .
AY
®osd N, Lo.1 if:
f) O Measured H, _(Stive, 1985) =
§ i Simulated H,,,, | E
© % Measured 7 (Stive, 1985) 5
§ - - - Simulated 7 §
7 0.4 F0.0 o
g * 5
g e . S i =
= 1 = * a r
153
3
[
0.0 T T T T T T T T -0.1
0 50 100 150 200
x (m)
0.035 0.012
o) 1© b
=, 0,030 © L0.010
H o
E d oo 00 00, L
E‘) 0.025 o 9] - 0.008 z
. i
2 0.020 1 0.006 ©
s ] O Measured /7, (Shen, 2015) 2
i —— Simulated | =
=1 0.015 ¥ Measured 7 (Shen, 2015) - 0.004 %
% B - - - Simulated 7 r z
§ 0.010 - 0.002 Sg
: 0005. *** -0000
] 4 2 * e w— K oo - 0.
§ | wfﬁg@@e*% 5K g KHg X |
0.000 ~— T T T T T T T T T T -0.002
0 S 10 15 20 25 30
x (m)
1.2 0.4
© [
~_ 1 O
g - 1) ] [$} 0.3
5 <
g ! o Measured /, (Raubenheimer et al., 2001) 02 )
°  0.64 Simulated H, E
3 % Measured 7 (Raubenheimer et al., 2001) 5
E - - - Simulated 7 F0.1 8
g 1 z
‘gb 0.3 B 0.0 S
o —*~_X__<y(———5<---%--%——* —————— *1 0.
0.0 T T T T T T T T T -0.1
0 50 100 150 200 250
x (m)

Ocean Engineering 147 (2018) 215-226

(10)

where E(s, ) is the energy density spectrum.
Following Goda (1970, 2009), the breaker index is defined as follows:

dy

11
I (a1

7 :A{l 7exp{f LS”L—db(l + 15tan4/3ﬂ)} }
0

where A is the breaking coefficient, and d, is the water depth at the
breaking of the wave.

The value of A is given by the expression below according to the study
of Shen et al. (2015):
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Fig. 2. Simulated wave height and mean water level compared with measured data. The x-coordinate is the distance from the intersection of the still water level and the beach slope. The
use of Hyy,s or H; in subfigures is dependent on the original data in the literature.
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Table 3
Statistical measures for simulated results.
Literature I cc MBE (102 m) RMSE (10 %> m) RRMSE
Stive (1985) Root mean square wave height 0.99 0.99 —0.53 2.50 0.03
Mean water level 0.99 0.98 0.10 0.69 0.19
Ting (2001) Significant wave height 0.99 0.99 0.02 0.42 0.04
Mean water level 0.90 0.95 —0.09 0.18 0.62
Shen (2015) Root mean square wave height 0.97 0.94 —0.07 0.19 0.08
Mean water level 0.94 0.93 —0.01 0.06 0.39
Scott et al. (2004) Significant wave height 0.99 0.98 -0.33 2.11 0.04
Mean water level 0.98 0.97 0.07 0.17 0.24
Raubenheimer et al. (2001) Significant wave height 0.98 0.98 1.36 3.77 0.04
Mean water level 0.97 0.95 0.04 0.56 0.06
Apotsos et al. (2007) Root mean square wave height 0.99 0.99 2.40 4.25 0.05
Mean water level 0.99 0.99 —0.51 0.84 0.06
z
h

. /N
N

Fig. 3. The diagram of idealized test cases. The thick arrow represents the direction of wave propagation, and D represents the water depth before the slope.

This study added Egs. (11) and (12) to the SWAN model to determine 2.3. Circulation model
the breaker index based on the wave parameters, water depth and slope.

The SWAN model with the modified Goda formula can provide good The circulation model is FVCOM (Chen et al., 2003, 2007). The pri-

predictions of nearshore random wave breaking without manually mary governing equations in the terrain-following coordinate, including

adjusting the parameters of the breaker index (Shen et al., 2015). the influence of waves, are as follows:

Table 4

Model input conditions for idealized test cases.
Case number Hpps (M) D (m) T, (sec) tang Case number Hppps (M) D (m) T, (sec) tang
Test 1 0.2 8.0 6.0 1:10 Test 2 1.0 8.0 6.0 1:10
Test 3 2.0 8.0 5.0 1:10 Test 4 2.2 8.0 4.0 1:10
Test 5 1.8 8.0 3.0 1:10 Test 6 2.3 8.0 3.0 1:10
Test 7 0.2 8.0 6.0 1:15 Test 8 1.0 8.0 6.0 1:15
Test 9 2.0 8.0 5.0 1:15 Test 10 2.2 8.0 4.0 1:15
Test 11 1.8 8.0 3.0 1:15 Test 12 2.3 8.0 3.0 1:15
Test 13 0.2 8.0 6.0 1:25 Test 14 1.0 8.0 6.0 1:25
Test 15 2.0 8.0 5.0 1:25 Test 16 2.2 8.0 4.0 1:25
Test 17 1.8 8.0 3.0 1:25 Test 18 2.3 8.0 3.0 1:25
Test 19 0.2 8.0 6.0 1:35 Test 20 1.0 8.0 6.0 1:35
Test 21 2.0 8.0 5.0 1:35 Test 22 2.2 8.0 4.0 1:35
Test 23 1.8 8.0 3.0 1:35 Test 24 2.3 8.0 3.0 1:35
Test 25 0.2 8.0 6.0 1:50 Test 26 0.5 8.0 6.0 1:50
Test 27 1.0 8.0 6.0 1:50 Test 28 1.5 8.0 6.0 1:50
Test 29 2.0 8.0 6.0 1:50 Test 30 2.5 8.0 6.0 1:50
Test 31 1.0 8.0 2.0 1:50 Test 32 1.0 8.0 4.0 1:50
Test 33 1.0 8.0 8.0 1:50 Test 34 1.0 8.0 10.0 1:50
Test 35 1.0 8.0 12.0 1:50 Test 36 1.0 8.0 14.0 1:50
Test 37 0.6 8.0 2.0 1:50 Test 38 0.8 8.0 2.0 1:50
Test 39 1.4 8.0 4.0 1:50 Test 40 1.8 8.0 4.0 1:50
Test 41 3.0 8.0 8.0 1:50 Test 42 3.0 8.0 10.0 1:50
Test 43 3.0 8.0 12.0 1:50 Test 44 3.0 8.0 14.0 1:50
Test 45 1.0 10.0 6.0 1:50 Test 46 0.2 8.0 6.0 1:100
Test 47 1.0 8.0 6.0 1:100 Test 48 2.0 8.0 5.0 1:100
Test 49 2.2 8.0 4.0 1:100 Test 50 1.8 8.0 3.0 1:100
Test 51 2.3 8.0 3.0 1:100 Test 52 0.2 8.0 6.0 1:200
Test 53 1.0 8.0 6.0 1:200 Test 54 2.0 8.0 5.0 1:200
Test 55 2.2 8.0 4.0 1:200 Test 56 1.8 8.0 3.0 1:200
Test 57 2.3 8.0 3.0 1:200
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in which D represents the total water depth and D = H + 5, where H is the
bottom depth and 7 is the height of the free surface; u, v and w are the x, y
and ¢ velocity components, respectively; f is the Coriolis parameter; g is
the gravitational acceleration; p and p, are the total and reference den-
sities, respectively; K, is the vertical eddy viscosity coefficient parame-
terized using the MY-2.5 turbulence submodel (Mellor and Yamada,
1982); Fx and F, represent horizontal momentum diffusion terms; Sy,
Sxy» Syx, and Sy, are horizontal radiation stress terms; Sy, and Sy, are
vertical radiation stress terms; R, Ry, Ryx, and Ry, are surface roller
terms (Svendsen, 1984); and o is the vertical sigma coordinate and is
defined as follows:

_Z—n
CH+n o

_Z—n

D

(16)

The two alternative representations of the wave effects on coastal
waters are radiation stress and vortex force (Bennis et al., 2011; Kumar
et al., 2012). Previous studies (Kumar et al., 2012; Moghimi et al., 2013)
have shown that these two representations are in general agreement
regarding wave setup, which is the focus in the present paper. Here,
FVCOM employed the equations of Mellor (2003). Mellor (2013, 2015)
provided a corroborative and simpler derivation of the vertically
dependent equations of radiation stress; certain details in Mellor (2003)
were corrected (see http://shoni2.princeton.edu/ftp/glm/
Corrected2003.pdf). This model included the radiation stress caused by
waves using the theory of Mellor (2015):

kok, E

4 2
Sxx - kE( k2 FCS‘FCC Fs‘st'c) 2D a_ (ZFLLFVY FM) (17)
kyk, E 0
va =kE chchc Fsstc A A 2FL'L'st - F2 18
" (k2 )+2D 20 ) (18)
kyky
Sy =S, = kE( kZ’F“F“> (19

in which k is the wave number; k, and k, are the wave number compo-
nents in the x and y directions, respectively; and E is the wave energy.
The vertical distribution functions are calculated as follows:

sinhkD(1 + o)

sinhkD (20)

5 =
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_coshkD(1 + o)

Fe sinhkD (21)
__sinhkD(1 + o)

“T T coshkd @2)

_coshkD(1 + o) 23)

coshkD

2.4. Model verification

This section describes the verification of the coupled model system
with experimental data from the literature. Table 1 lists the experiments.
The present investigation also includes field measurements of the San-
dyDuck experiment (the field data are from Raubenheimer et al. (2001)
and Apotsos et al. (2007)) to verify the model. The model simulations use
default values and options for most model control parameters. Table 2
presents the selected model parameters.

Fig. 2 shows the comparison of simulated wave height and mean

0.4
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Fig. 4. Relationships between the maximum wave setup and the wave height, peak period
and slope. Hy ms represents the root mean square wave height for random waves in deep
water; it is obtained from the incident wave height through the conservation of wave
energy flux using linear wave theory. 7, is the maximum wave setup.
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0.8
o Simulated results when slope is 1:10
T o Simulated results when slope is 1:15
~  Simulated results when slope is 1:25
0.6 1 ¢  Simulated results when slope is 1:35
= Simulated results when slope is 1:50
g 4 Simulated results when slope is 1:100
= 0.4 *  Simulated results when slope is 1:200
\;é ' —— Fitted curves
0.00 0.04 0.08 0.12 0.16 0.20
O,rms/LO
Fig. 5. Relationships between 7., /Homs and Ho ms/Lo for seven different beach slopes.
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Fig. 6. Relationships between tang and coefficients a; and a, for seven different beach slopes.

water level with data. Following Ahmed and Sato (2003) and Bonakdar
and Etemad-Shahidi (2011), this study further compares the model re-
sults with data using statistical parameters, including the index of
agreement (I,), correlation coefficient (CC), mean bias error (MBE), root

mean squared error (RMSE) and relative root mean squared Table 5
error (RRMSE): Laboratory experimental conditions.
n Literature Hpps (m) D (m) T, (sec) tang
2
; (% = i) Battjes (1972) 0.073 0.55 1.51 1:20
IL=1-~ ; 24 Battjes (1974) 0.082 0.55 1.45 1:20
(| = | + |yi — my)) 0.085 0.55 2.42 1:20
i=1 : i Battjes and Janssen (1978) 0.144 0.705 1.84 1:20
0.121 0.697 2.46 1:20
" Stive (1985) 0.14 0.70 1.58 1:40
(1/n) Z} [ =) (i — my)] Shen (2015) 0.041 0.45 1.0 1:40
cc = — n (25) ooe  os 1o Lo
5 2 X . . :
\/(1/”) > (i —p) \/(1/”) > i —ny) 0.045 0.45 15 1:40
= = 0.069 0.45 15 1:40
0.081 0.45 15 1:40
U 0.034 0.45 2.0 1:40
MBE = (1/n) > " (xi — i) (26) 0.057 0.45 2.0 1:40
i=1 0.072 0.45 2.0 1:40
0.026 0.18 1.0 1:100
0.037 0.18 1.0 1:100
0.026 0.18 15 1:100
@7 0.036 0.18 15 1:100
0.024 0.18 2.0 1:100
0.036 0.18 2.0 1:100
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Fig. 7. Comparisons of the predicted maximum wave setup produced by different formulas and experimental measurements. The thick line is a line in agreement.
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Table 6
Statistical measures between experimental measurements and empirical formulas.
Empirical formula I, cc MBE RMSE RRMSE
(1072 m) (1072 m)
Present 099 099 017 0.10 0.12
Guza and Thornton 0.86 0.85 0.45 0.67 0.45
(1981)
Holman and Sallenger 0.97  0.99 -0.28 0.31 0.21
(1985)
Hanslow and Nielsen 0.73 0.94 1.27 1.36 0.92
(1992)
Stockdon et al. (2006) 091 099 -0.46 0.51 0.34
- 2
(1/n) 3 (i = ¥1)
_ i=1
RRMSE = —— (28)

where n is the number of the measured values; x; and y; denote the
predicted and measured values, respectively; and u, and p, are the cor-
responding mean values of the predicted and measured parameters,
respectively. Table 3 presents the statistical comparisons for six series of
simulated results. The model results are in good agreement with obser-
vations at laboratory and field scales. The I, and CC values are higher
than 0.9 while MBEs, RMSEs and RRMSEs are all satisfactorily small.

3. Results

This section describes the use of the coupled model system to simulate
a series of cases under controlled conditions to develop an empirical
formula for the maximum wave setup. Fig. 3 shows the schematic dia-
gram of the test beach profile. Table 4 presents the test input conditions.
In the model run, the time steps for SWAN and FVCOM are 10 and 0.02 s,
respectively. The time interval for information exchange between the
two models is 10 s.

3.1. Result analysis

The results of Tests 25-30, shown in Fig. 4a, demonstrate the effects
of the wave height on the maximum wave setup. The maximum wave
setup is positively correlated with the wave height. A larger wave causes
a greater wave setup. The rate of increase in the maximum setup with
wave height appears to decrease with increasing wave height. Similar
features can also be found for wave period and beach slope (Fig. 4b
and c).

3.2. Formula development

In shore-normal wave cases, three parameters dominate the
maximum wave setup: wave height, wave period and beach slope (Hol-
man and Sallenger, 1985; Stockdon et al., 2006). An implicit function can
be expressed as follows:

F (Hinaxs Ho.mss Ty, tanff) = 0 (29)
which can be transformed into a non-dimensional form:
”Imax H()‘rms
F| 7 ——tang ) =0 (30)
(H().rm.v L() ﬂ)
where Ly, the wavelength in deep water, is calculated as follows:
TZ
Ly = g_l’ (31)
2r

Fig. 5 shows the relationships between 7., /Ho yms and Ho yms /Lo in Eq.
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(30) for seven different beach slopes. By assuming that the relationship is
simply a power-law function, the empirical formula can be expressed as

o (H OJ'ms) “
=
Lo

in which a; and a, are undetermined coefficients related to the slope.
Fig. 6 shows the fitted curves for the relationships between a; or a; and
tanf obtained for seven different beach slopes. The parameters «; and
tang show a power function relationship, and a; is a constant. This study
obtains the parameters using the least square method (Harris, 1998):

Mmax

H 0,rms

(32)

a; = 0.274(tang) "™ (33)
a = —0.371 (34)
Therefore, the empirical formula for the maximum wave

setup becomes

Mmax 0538 (Homs) """
—=% = 0.274(tanp) - (35)
0,rms 0
After further simplification, Eq. (35) becomes the following:
ooy = 0'274H8fr633148'371 (tanﬁ)0'538 36)

Using Homs = Hos/ V2, Eq. (36) can be converted to a formula in
terms of Hy:

— 0.220H0° 10" (tangp) " 37)

Mmax

4. Formula evaluation
4.1. Comparison with experimental measurements

This subsection compares Eq. (36) with data collected from the
different laboratory experiments listed in Table 5. Wave setup formulas
developed from the literature are also compared to examine the feasi-
bility of the formula developed in the present paper. Fig. 7 shows that Eq.
(36) agrees with the laboratory data. The experimental maximum wave
setup was slightly underestimated by Holman and Sallenger (1985) and
Stockdon et al. (2006) but was clearly overestimated by Hanslow and
Nielsen (1992). The formula of Guza and Thornton (1981) produces re-
sults comparable to the data for high wave setups but produces over-
estimates for low wave setups. Table 6 presents quantitative comparisons
based on the five variables I,, CC, MBE, RMSE and RRMSE. The I, value of
the present formula is as high as 0.99, which is greater than those of
previous formulas, ranging from 0.73 to 0.97. The CC between the data
and the present formula is 0.99, comparable to those presented by Hol-
man and Sallenger (1985) and Stockdon et al. (2006) and higher than
those of Guza and Thornton (1981) (0.85) and Hanslow and Nielsen
(1992) (0.94). The MBE of the present formula is negligibly small. The
RMSE and RRMSE values are 10> m and 0.12, respectively; these are
much smaller than those of previously proposed formulas.

4.2. Comparison with field measurements

The present study also compares Eq. (36) with field measurements
collected by Hanslow and Nielsen (1992) from sites along the New South
Wales coast. Because the beach slope is non-uniform, Hanslow and
Nielsen (1992) gave an approximate range of profile slopes. This paper
uses the mean slope in the comparison. Fig. 8 shows the performance of
different empirical formulas in determining maximum wave setup.
Overall, the formula in this study shows good agreement with the data
and performs better than the formula of Guza and Thornton (1981),
which underestimates the wave setup compared with the observations.
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Fig. 8. Comparisons of the predicted maximum wave setup produced by different formulas and field measurements collected by Hanslow and Nielsen (1992). The thick line is a line

in agreement.
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Table 7
Statistical measures between field measurements and empirical formulas.
Data source Empirical I, cc MBE RMSE RRMSE
formula (m) (m)

Hanslow and Present 0.74 0.71 -0.19 031 0.33
Nielsen Guza and 0.60 0.64 —0.36 0.44 0.48
(1992) Thornton

(1981)

Holman and 0.70 0.56 —0.17 0.34 0.37
Sallenger

(1985)

Hanslow and 0.82 0.70 —0.01 0.25 0.27
Nielsen (1992)

Stockdon et al. 0.60 0.56 -0.34 0.44 0.48
(2006)

Stockdon and Present 0.85 0.76 —0.02 0.19 0.33
Holman Guza and 0.56 0.55 —-0.24 0.34 0.61
(2011) Thornton

(1981)

Holman and 0.80 0.70 0.12 0.27 0.48
Sallenger

(1985)

Hanslow and 0.74 0.62 0.10 0.25 0.44
Nielsen (1992)

Stockdon et al. 0.83 0.70 -0.03 0.21 0.38

(2006)

The formulas of Holman and Sallenger (1985) and Stockdon et al. (2006)
are satisfactory for steep slopes but underestimate the wave setup for
gently sloping beaches (Brunswick Beach and Seven Mile Beach). As with
the laboratory data comparison, Table 7 presents detailed comparisons
based on statistical measures. The I, value of the present formula is 0.74,
which is greater than those of previous formulas except for the formula of
Hanslow and Nielsen (1992) (0.82). The CC of the present formula (0.71)
is greater than those of the other formulas. The RMSE and RRMSE values
of the present formula are 0.31 m and 0.33, respectively. These two
statistical values, however, are higher than those of Hanslow and Nielsen
(1992). Overall, the formula of Hanslow and Nielsen (1992) seems to be
slightly better than the formula of the present study. This superiority
seems obvious because these authors developed their formula from the
field data used here, whereas the present formula is independent of
the data.

The slope data provided by Hanslow and Nielsen (1992) are
approximate. This research also evaluates the proposed formula using
another more accurate dataset collected by Stockdon and Holman
(2011). Fig. 9 shows the comparisons of different empirical formulas and
field measurements. The new formulation yields better agreement. The
observations of wave setup were clearly underestimated by Guza and
Thornton (1981) but were overestimated by Holman and Sallenger
(1985). Table 7 presents the comparison of statistics for different for-
mulas. The I, and CC values of the present formula are 0.85 and 0.76,
respectively, which are greater than those of previous formulas. The MBE
of the present formula (—0.02 m) is negligibly small at field scale. The
RMSE and RRMSE values of the present formula are 0.19 m and 0.33,
respectively, which are smaller than those of the other formulas. The
quantitative comparisons above show that the formula proposed in the
present study is better than previous formulations, including the formula
of Stockdon et al. (2006), which was developed using the same data.

5. Discussion

Based on a coupled wave-current model system, the present study
proposed a new maximum wave setup formula and evaluated it against
experimental and field measurements. However, the authors of this study
recognize certain limitations of this approach. This section also discusses
the comparisons between Eq. (36) and the formulations of Holman and
Sallenger (1985) and Stockdon et al. (2006).

First, this research developed the formula based on model results
under idealized conditions. By simulating a wide range of wave
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conditions (Table 4) and including the effects of wave breaking, bottom
friction, wave-current interaction and surface rollers, certain model
simplifications were present in this approach. For instance, the idealized
cases used a uniform planar slope and did not consider complex bottom
topography. Similarly, the development process limited the formula to
the cross-shore only and used the JONSWAP spectrum to specify waves at
the offshore boundary. These factors may be important for wave setup at
the shoreline in certain cases (Hsu et al., 2006; Guza and Feddersen,
2012; Cox et al., 2013; Cohn and Ruggiero, 2016; Park and Cox, 2016).

Some model parameters (e.g., bottom friction in SWAN) are tunable
and may have significant effects on wave propagation to influence the
wave setup. Sections 2.4 and 3 have applied the default or same moderate
parameters (Table 2) in all model simulations. This treatment may in-
fluence the accuracy for different cases. Overall, the purpose of this paper
is to provide a general formula that can be used for practical applications
and rapid computability. In the real world, simple empirical formulas
may not reflect complex physical processes such as nonlinear wave and
current effects. In certain cases (e.g., complex bathymetry, varied
shoreline geometry, structure and strong current effects), the numerical
model would provide more accurate results, although it may require a
longer computation time and more detailed input information.

Second, Figs. 7-9 show that the formulations of Holman and Sal-
lenger (1985) and Stockdon et al. (2006) also perform well considering
the allowed error range. These two formulas and Eq. (36) are similar in
terms of three essential factors: wave height, wavelength and beach slope
are included in the formulations. Holman and Sallenger (1985) and
Stockdon et al. (2006) proposed that the maximum wave setup may be
directly proportional to &, (Egs. (5) and (7)); that is, the relationship
between the maximum wave setup and beach slope is linear. In the nu-
merical model of this study, the maximum wave setup varies with the
breaker index calculated by the modified Goda formula, as shown in Egs.
(11) and (12). Therefore, the maximum wave setup would have a
nonlinear relationship with the slope. The empirical formula developed
from the simulated results of the coupled model system certainly shows a
weak nonlinear relationship between the maximum wave setup and
beach slope. The maximum wave setup is approximately proportional to
the square root of the slope.

The present formula indicates that the wave height is dominant
compared to the wavelength. However, the formulations of Holman and
Sallenger (1985) and Stockdon et al. (2006) are associated with the Iri-
barren parameter indicating wave height and wavelength are equally
important for the maximum wave setup. This factor is an obvious dif-
ference between the formula of this study and previous formulas.
Following LHS, the cross-shore gradient of the radiation stress, which is
primarily influenced by the wave height, drives the wave setup. There-
fore, wave height seems to be a more important factor relative to
wavelength or period in determining the wave setup.

6. Conclusions

The present study developed an empirical formula for the maximum
wave setup from a coupled wave-current model system based on SWAN
and FVCOM. The study first evaluated the coupled model system using
wave height and mean water level data collected from laboratory and
field experiments covering a broad range of wave conditions. The root
mean squared errors of the mean water level between the data and the
counterparts from the model are less than 0.01 m, and the correlation
coefficients are usually higher than 0.93. This study then used the model
results based on a series of practical wave conditions to develop an
empirical formula for the maximum wave setup via the least square
method. The final formation of the proposed formula is
Nmax = 0.274H38219371 (tanf)* % where Homs = Hos/V/2 is the root
mean square wave height for random waves in deep water, Ly is the
wavelength in deep water obtained using the peak wave period and f is
the angle of the beach slope. The structure of the formula is similar to that
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Fig. 9. Comparisons of the predicted maximum wave setup produced by different formulas and field measurements collected by Stockdon et al. (2006). The thick line is a line

in agreement.
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of formulas in many previous studies, but the parameter values are
different. Specifically, the proposed formula shows a weak, nonlinear
relationship between the maximum wave setup and the beach slope, and
wave height is a more important factor than the wavelength in deter-
mining the wave setup. Using experimental and field measurements, the
authors of this paper evaluated the proposed formula. The two inde-
pendent field datasets cover wave heights of 0.25-4.30 m, wave periods
of 3.7-17.0 s and beach slopes of 0.01-0.16. The root mean squared
errors between the formula and the two sets of field observations are 0.31
and 0.19 m, and the relative root mean squared errors for both are 0.33.
The proposed formula can account for most of the observed maximum
wave setup. In addition, this study compared the present formula to
previous formulas based on experimental and field data. The present
formula is more reliable in terms of widespread applicability than pre-
viously proposed formulas.

The new empirical formula might not be applicable to complex
geophysical conditions (e.g., in front of a stiff wall, structure or varied
shoreline geometry). Future work will consider more practical wave,
current and topographic conditions, e.g., obliquely incident waves and
complex bathymetry.
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