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Abstract

The wave-induced setup and circulation in a two dimensional horizontal (2DH) reef-lagoon-channel system is
investigated by a non-hydrostatic model. The simulated results agree well with observations from the laboratory
experiments, revealing that the model is valid in simulating wave transformation and currents over reefs. The
effects of incident wave height, period, and reef flat water depth on the mean sea level and wave-driven currents
are examined. Results show that the distributions of mean sea level and current velocities on the reef flat adjacent
to the channel vary significantly from those in the area close to the side walls. From the wave averaged current
field, an obvious alongshore flux flowing from the reef flat to the channel is captured. The flux from the reef flat
composes the second source of the offshore rip current, while the first source is from the lagoon. A detailed
momentum balance analysis shows that the alongshore current is mainly induced by the pressure gradient
between the reef flat and the channel. In the lagoon, the momentum balances are between the pressure and
radiation stress gradient, which drives flow towards the channel. Along the channel, the offshore current is mainly

driven by the pressure gradient.
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1 Introduction

Climate change is modifying atmosphere circulation and
oceans. Global warming and ocean acidification have caused ser-
ious bleaching problems on coral reefs. Coral degradation and
rising sea levels further increase the possibility of coral reef flood-
ing (Storlazzi et al., 2015; Wu et al., 2018a). As the ocean waves
are generated by atmosphere-ocean interaction, the effect of cli-
mate change can be present in the coastal areas (Shi et al., 2019b;
Yan et al., 2020; Wu et al., 2018b). The hydrodynamic character-
istics determine the exchange of water, nutrients, and sediment
in the coral reef with the open sea. The health of the coral ecosys-
tem also highly depends on the hydro dynamics of the coral reef
systems (Sous et al., 2020). However, the study on the hydro-
dynamics of coral reefs is relatively poor compared to other
nearshore environments such as sandy beaches (Zhang et al.,
2017, 2021). The hydrodynamic characteristics of coral reefs are
mainly governed by the interactions between waves, tides, and
wind. These processes are coupled with each other, inducing the
hydrodynamic in the reef system is very complex. For the circula-
tion of coral reefs, however, many reef field studies have shown
that wave breaking is the primary driving force (Hench et al.,
2008; Lowe et al., 2009).

A large number of field observations (e.g., Monismith, 2014;

Symonds et al., 2011), laboratory experiments (Gourlay, 1994,
1996; Demirbilek et al., 2007; Buckley et al., 2015), and numerical
simulations (Massel and Gourlay, 2000; Shi et al., 2018; Ma et al.,
2014) have carried out to study the wave and currents of the cor-
al reefs. The wave-driven currents on reefs are forced by the same
mechanism as in the other nearshore environments. This is, the
energy dissipation induced by breaking and bottom friction in
shallow water cause the radiation stress gradient that drives the
current (Li et al., 2022; Hu et al., 2014). However, due to the vari-
ations of coastal morphology, the coastal hydrodynamic charac-
teristics of coral reefs caused by waves significantly differ from
other nearshore systems (Lowe et al., 2010). For example, for a
beach with an uniform plane beach, the radiation stress gradient
and pressure gradient caused by wave breaking are balanced,
causing the mean sea level rises towards the coastline (wave
setup). However, due to the existence of wide reef flats on the
coral reefs, the water body is not blocked by the coast after wave
breaking, and the mean sea level first increases and then de
creases. If alagoon is adjacent to the reef flat, the pressure gradi-
ent induced by wave setup can drive flow across the reef flat to
the lagoon. The flow eventually exits the lagoon via rip channel
(Hearn, 1999). This wave-driven two dimensionul horizontal
(2DH) circulation is frequently observed in the reef-lagoon-chan-
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nel systems, and is crucial to the transport of coral larvae, nutri-
ents, and sediments (Oprandi et al., 2019; Callaghan et al., 2006).

More recently, a number of studies have focused on the dy-
namics of the 2DH circulation. Sous et al. (2020) analyzed the
momentum balance across a barrier reef by combined experi-
mental and numerical studies. Arzeno et al. (2018) investigated
the alongshore momentum budget over coral reefs. Yao et al.
(2018) carried out a quasi-2DH reef-lagoon-channel system to in-
vestigate the wave-induced setup and current in a wave flume.
Using data from field measurements, physical experiments, or
numerical simulations to calculate the momentum balance in
the cross-shore and alongshore directions is a significant meth-
od to qualify the dominant mechanism for the variation of the
current. It is generally believed that the momentum balance is
composed of the balance of pressure gradient, radiation stress
gradient, bottom friction, and convection terms. However, the to-
pography of coral reefs varies greatly in different regions. Differ-
ent terms in the momentum equation have different magnitudes
and the dominant mechanism varies significantly in different
parts of the coral reefs. Taebi et al. (2012) analyzed the detailed
momentum budget in a reef-lagoon system, found that the dom-
inant cross-shore balance was between radiation stress gradient
and the pressure gradient. However, the differences in bottom
stress term still changed the magnitude of current and wave
setup in different transects with the same incident wave condi-
tions. Lowe et al. (2010) investigated the influences of the lagoon
and channel morphology on the wave-induced circulation
through a numerical model, and confirmed that the momentum
balance established in the reef system varied with different reef-
lagoon morphology.

Due to the low resolution of data measurement in physical
experiments and field observations, many numerical simula-
tions (i.e., Sous et al., 2020; Taebi et al., 2012) has been per-
formed to analyze the detailed momentum balance. With shock-
capturing properties, the non-hydrostatic models (NHM) intro-
duced recently are suitable to simulate discontinuity flow and
wave breaking (Ma et al., 2012; Shi et al., 2015, 2019a), which
show great potential to be applied into the simulation of reef
waves. Compared to the models based on the Boussinesq Equa-
tion, non-hydrostatic models are capable of simulating highly
dispersive fully nonlinear wave processes, thus can be applied to
steep slope environments. Many NHMs including non-hydro-
static wave model (NHWAVE) (Ma et al., 2012), SWASH (Zijlema
etal., 2011), and SUNTANS (Fringer et al., 2006), have been de-
veloped to simulate wave from deep water until nearshore. Many
attempts have been carried out to apply NHMs to simulating reef
wave transformation and breaking processes (Ai et al., 2019,
2021). For example, Ma et al. (2014) simulated the infragravity
wave in fringing reefs using the non-hydrostatic model NHWAVE.
Fang et al. (2014) and Derakhti et al. (2016) have applied NHMs
to the simulations of wave breaking processes in surfzone. The
results showed that the models could predict the surface eleva-
tion, turbulence, and undertow during breaking as accurately as
of the volume of fluid (VOF) model.

The objective of the present study is to analyze the distribu-
tions of wave setup and current in the reef-lagoon-channel sys-
tem and examine the detailed dynamics of the wave-driven flows.
The mean sea level and current distributions on the reef flat close
to the channel are focused on due to the complex wave-current
interactions there, which are different from those in the areas
close to the sidewall. The rest of this paper is arranged as follows:
Section 2 provides a brief description of the numerical model.
Section 3 presents the laboratory experiment setup conducted by

Zheng et al. (2020), as well as the detailed setup of the numerical
cases. A quantitative assessment of the model performance is
shown in Section 4.1. The model is then used to analyze the spa-
tial distributions of setup and current correspond to the vari-
ations of incident wave height, period, and the over reef water
depth (Section 4.2). A discussion of the momentum balance in
the cross-shore and alongshore directions is presented in Sec-
tion 5. Finally, the conclusions are drawn in Section 6.

2 Methods

In this study, NHWAVE is used. NHWAVE was originally de-
veloped to model three-dimensional, fully dispersive, fully non-
linear surface wave propagation in free-surface and terrain fol-
lowing coordinates (Ma et al., 2012; Shi et al., 2015). The com-
plete equations and discrete method can be found in Ma et al.
(2012). Here, we only show a brief description of governing equa-
tions, which may help to understand the methodology in the
context of the analysis described in later sections.

2.1 Governing equations
The continuity and momentum equations in well balanced
conservation form can be written in a compact form as follows:

9D  0Du  3Dv  dw _ (1)
or  dx 0y 0o
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where (x, y, o, £) is the o coordinate system. D=y+h is the total wa-
ter depth in which 7 is the surface displacement and # is the still
water depth, F, G, H are fluxes terms. S, Sq, S, are source terms,
which include the bottom slope term, dynamic pressure gradient,
and turbulent diffusion, respectively. U = (Du, Dv, Dw)?, in which
(u, v, w) are velocities in Cartesian coordinates, w is the contrav-
ariant component of the vertical velocity in the ¢ coordinate,
defined as follows:
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where (x, y', ") is the Cartesian coordinate system.
The fluxes in Eq. (2) are defined in Ma et al. (2012), S,, Sq, S,
are expressed as below.
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The turbulent diffusion term S,,, S, and S, are given by
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where the 14 is the turbulent kinematic viscosity.

2.2 Nonlinear k-¢ model

The nonlinear k-¢ turbulence model proposed by Lin and Liu
(1998) is adopted to simulate turbulent flow. The turbulent eddy
viscosity is calculated by

K
vV = Cﬂ ?, (9)

where C,=0.09 is an empirical coefficient. The k-¢ equations in
conservative form are given by

@+V~(Dut):V~{D (u+ 5) Vk} +D(Py+ Py —¢), (10)
ot Ok

0De I

o +V-(Due)=V-|D|v+ — ) Ve| +

D[Ci, (P+Py) = e, (11)

where P, and P, are shear and buoyancy production; o, o,
Cy. and Cz. are empirical coefficients given by

Ok = 1.0

o, =13

C. = 1.44 (12)
Co. = 1.92

2.3 Numerical scheme

Numerically, NHWAVE uses a combined finite-volume and fi-
nite-difference scheme with a Godunov-type method for the spa-
tial discretization and a two stage (second-order) SSP Runge-
Kutta (R-K) scheme for time stepping. The two-step projection
method is used within each R-K stage, which splits the time in-
tegration into a hydrostatic predictor phase and the non-hydro-
static corrector phase. Regular grids are used in the horizontal

directions, and the o coordinate system is used in the vertical dir-
ection to represent bottom and surface geometry accurately.

Following the Keller-box scheme proposed by Stelling and
Zijlema (2003), the velocities (u, v, w) are placed at the cell cen-
ter, but the dynamic pressure (p) is defined at the velocity-facing
cell faces. This grid configuration can exactly set the free surface
pressure to be zero and reduce errors in calculating the dynamic
pressure.

3 Model setup

Experimental tests to study the hydrodynamics of the reef-la-
goon-channel system were conducted by Zheng et al. (2020) and
Yao et al. (2020) in a wave basin (length=60 m; width=36 m;
depth=0.8 m) at the Tianjin Research Institute for Water Trans-
port Engineering, China. Figure 1 shows the schematic layout of
the experimental setup. The reef platform (14 m long and 15 m
wide) consisted of a horizontal reef flat resting 0.4 m above the
basin floor with a 1:8 fore reef and 1:1 back reef slope. A lagoon
with width of 5.0 m is constructed behind the reef followed by a
1:3.3 back-reef plane beach. In the middle of the basin, a chan-
nel with width of 6 m is set to separate the model configuration
into two symmetric reef-lagoon-channel systems.

The coordinate system is introduced where x represents the
cross-shore distance (positive toward to the shore) from the fore
reef flat edge (x=0). The alongshore origin (y=0) is chosen as the
lower sidewall in the Fig. 1, which is positive towards upward.
The 2DH Reef-lagoon-channel domain is discretized by 600 and
360 grids in the x- and y-direction. The horizontal resolution is
Ax=Ay=0.1 m. Ten vertical layers were used to capture wave evol-
ution on the reefs. A k-¢ turbulence is used to provide a fine de-
scription of the vertical turbulent fluxes. At the bottom, as the
physical model was constructed with concrete, a smooth-bed
friction (Manning coefficient=0.01) is used. At the left boundary
of the domain, regular waves are generated by the numerical
wavemaker. At the shoreline, a moving-shoreline boundary con-
dition is used to capture the wetting and drying of the beach. To
analyze the effects of incident wave height, period and reef flat
depth, the model is run in three sets of simulations, as listed in
Table 1. The reference run is marked as A3, in which the offshore
wave height and period are 0.06 m and 3 s. The water depth
above the reef flat is 0.04 m. The model is run for 200 wave peri-
ods and the last 100 wave periods are used for data analysis.

4 Results

4.1 Model performance

Figures 2—4 compare the observed and predicted surface el-
evation, velocity and mean water level for the reference run A3.
The locations of the probes (E01-E08, U01-U06) can be found in
Fig. 1. A good agreement can be found between measurements
and simulations. The numerical model reproduces the incident
waves (Site E01) very well. Wave breaking occurs near the fore
reef edge, and the saw-tooth shaped wave profiles measured at
Site E02 are not very stable due to air-bubble entrainment in the
surfzone. However, the model still captures the breaking-wave
evolutions very well. Over the reef flat, the propagation of re-
formed waves after breaking can also be well predicted. Along the
channel, none of wave breaking occurs due to the consistent wa-
ter depth with the offshore. The waves become steeped impacted
by the reversed rip current. This process can be accurately cap-
tured by the NH model (Site E06 in Fig. 2, Sites U05 and U06 in
Fig. 3).

To quantitatively quantify the ability of the model to predict
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Fig. 1. Experimental setup. Upper panel: side view; lower panel: plan view. E0O1-E08 represent the locations of wave gauges. U01-U06
are the locations of flow measurement. A-A’ and B-B’ are profiles along the central cross-shore and cross-channel transects.

Table 1. Summary of the numerical cases

Run No. H/m T/s h/m h,/m
Al 0.02 3.0 0.44 0.04
A2 0.04 3.0 0.44 0.04
A3 0.06 3.0 0.44 0.04
A4 0.08 3.0 0.44 0.04
Bl 0.06 15 0.44 0.04
B2 0.06 2.0 0.44 0.04
B3 0.06 2.5 0.44 0.04
C1 0.06 3.0 0.40 0.0
C2 0.06 3.0 0.42 0.02
C3 0.06 3.0 0.46 0.06

waves and mean currents, the output from the model is evalu-
ated by the relative bias (RB) and model skill (S) (Wu et al., 2011),
defined as

RB — m _Xo (13)
Xo
T (X — X,)?
s=1- =Um= %) (14)
5 (Xo _ X0>

where X is the observed variables, X is the output of the model,
and A denotes time averaging values. Maréchal (2004) classified
the performance of the model by the model skill score as excel-
lent (§>0.65), very good (0.5<S<0.65), good (0.2<§<0.5), and
poor (§<0.2).

The model skill and relative bias values are shown in Table 2.
The free surface elevation and velocity are very well predicted
(8>0.97) on the offshore site (E01, U01). For the surface elevation,
the skill for the reef flat sites ranges from 0.89 to 0.95. The largest

value of RB is 0.01, indicating the model slightly overestimates
the surface elevation on the reef flat. Wave energy is significantly
reduced on the reef flat due to dissipation induced by wave
breaking and bottom stress (Fig. 2). The model can accurately
predict wave transformation process over reef flat. In the chan-
nel, many complex physical processes, such as wave refraction,
reflection and current modulations, simultaneously occur. The
model performance in the channel is still at an excellent level
(8>0.9), indicating the model can accurately predict wave trans-
formation processes and wave-current interactions.

As to the depth-averaged velocity u, the site-specific model
skill generally ranges from 0.85 to 0.97. RB values are less than
0.03. The wave-induced setup and setdown values agree well
with the observations (Fig. 4), which confirms the validity of the
non-hydrostatic in simulating wave transformation and breaking
over reefs.

4.2 Spatial distribution of the wave setup

Figures 5 and 6 show the spatial distributions of wave height
and wave setup over the reef-lagoon-channel system. As shown
in Fig. 5, most of the incident wave energy is reflected and dissip-
ated on the reef edge. A partial standing wave can be seen in the
seaward region. At the fore-reef slope, the wave height increases
due to wave shoaling. The corresponding MSL decreases (Fig. 6)
until wave breaking around the reef edge. Over the reef flat, the
values of wave height decreases rapidly after wave breaking, res-
ulting a shoreward radiation stress gradient. This radiation stress
gradient is mainly balanced by a pressure/setup gradient which
induces an increase of MSL (Fig. 6). After breaking, the reformed
waves continue to propagate over the reef flat, and the wave en-
ergy slowing decays due to bottom friction. The values of radi-
ation stress gradient are much smaller after the surf zone. There-
fore, the magnitudes of wave setup increases in the surf zone,
reaches their maximum at the end of the surf zone and then de-
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Fig. 2. Comparison of the observed (red circles) and simulated (black lines) surface elevation () in EO1-E08.
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Fig. 3. Comparison of the observed (red circles) and simulated (black lines) velocities in the x-direction () in U01-U06.
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Fig. 4. Comparison of the observed (red circles) and simulated
(black lines) wave setup across the reef at A-A’ (y=7.5 m) and B-B’
(y=18 m) profiles. MSL means the mean sea level. Blue lines rep-
resent the reef flat.

creases across the reef flat.

In the channel, the water depth is consistent with the off-
shore area. The incident waves can directly propagates through
the channel to the lagoon without shoaling and breaking, and fi-
nally be reflected by the back-reef plane beach. The alternating
crests nodal and antinodal points (Fig. 5) illustrate the occur-
rence of standing waves in the lagoon and channel. The wave en-
ergy is dissipated along the channel by the bottom friction and
refraction at the edge of the reef flat. Thus, the magnitude of wave
height gradually decreases along the channel. A corresponding
pressure gradient can be observed in Fig. 6, that is, an increase of
MSL along the channel.

In the alongshore direction, the wave height in the channel is
much larger than those over the reef flat. The radiation stress
gradient points from the channel to the reef flat. As shown in
Fig. 6, a corresponding MSL slope can be observed to balance the
radiation stress gradient by providing pressure gradient from the
sidewall of the basin to the channel. Therefore, the magnitude of
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Table 2. Model skill and relative bias derived from the simu-
lated surface elevation and velocity (u) for the 14 sites (E01-U08
and U01-U06) in Fig. 1

Site S RB Site N RB
EO1 (offshore) 0.98  -0.01 U01 (offshore) 0.97 -0.01
E02 (reefflat) 0.93  -0.01 U02 (reefflat) 0.95 -0.02
EO03 (reefflat)  0.90 -0.001 U03 (reefflat) 0.90 0.03
E04 (reefflat)  0.89 -0.002 U04 (reefflat) 0.85 -0.01
EO05 (channel) 0.91  -0.02 U05 (channel) 0.89 -0.02
E06 (channel)  0.90 0.01 U06 (channel) 0.90 0.01
E07 (channel)  0.92 0.01 - - -
EO08 (channel) 0.91  -0.01 - - -

MSL reaches its maximum at the sidewall of the basin in the
alongshore direction.

Figures 5 and 6 also show the variations of wave height and
MSL with different incident wave heights. More wave energy can
be observed with increasing the incident wave height. In the
same way, the magnitudes of wave setup in the reef-lagoon-
channel system are proportional to the increase in wave height.
The comparisons of MSL among different incident wave height
along x-direction are shown in Fig. 7. On the reef flat, the MSL
monotonously increases after breaking, reaches the maximum
wave setup at the end of surf zone, and then slowly decreases. In
the lagoon, the MSL slightly increases due to wave breaking on
the back-reef beach. At the edge of the reef flat close to the chan-
nel (Fig. 7¢), due to the refraction over the rapid change topo-
graphy, lower wave height reduction induces a smaller value of
the radiation stress gradient. Therefore, the MSL slope after
breaking is smaller, resulting in the MSL being lower than the still

8

y/m
S W [=)} ~
Wave height/cm

w

8]

y/m
Wave height/cm

water level in the reef flat region (0 m<x<14 m). In the channel,
the MSL shows a decreasing trend, but starts to increase in the
rear part of the channel. Both of the setup and setdown values in-
crease with larger incident wave height in the reef-lagoon-chan-
nel system.

Figure 8 shows the comparisons of MSL along the y-direction
with different incident wave heights. A similar tendency of the
MSL can be noticed that larger incident wave height can induce
larger values of setup and setdown in the reef flat, lagoon and
channel. However, the exception occurs at x=0 m with an incid-
ent wave height of 0.02 m. Wave setdown occurs at the reef flat,
and setup exists in the channel. This distribution of MSL is con-
trary to the other cases. This is owing to the breaking point in
Case Al being in the reef flat (Figs 7a and b), but the breaking
points in Cases A2-A4 are at the fore reef slope. In the lagoon, the
magnitudes of the wave height decreases (Fig. 5) from the cent-
ral part to the sidewalls, thus, the corresponding MSL is slowly
increasing.

Figure 9 shows the comparisons of MSL along the x-direction
for Cases C1-C3 and A3. Wave breaking occurs at the fore-reef
slope, and the positions of the breaking point move seaward with
decreasing of reef flat water depth (h,). The MSL reduces with in-
creasing of ki, over the reef flat. At the back-reef slope, a hydraul-
ic jump is observed due to the rapid increase of water depth. In
the channel and the lagoon, in contrary, the magnitudes of MSL
increase with increasing h,. In the y-direction, as shown in Fig.
10, the variation of MSL shows a similar trend in the reef flat and
in the channel. In the central lagoon (Fig. 10d), however, there is
amaximum of the MSL in cases with #,=0 and 0.02 m, while there
is a minimum point in the other cases. The reasons can be con-
tributed to the differences in wave reflection in the channel as

y/m
Wave height/cm

y/m
Wave height/cm

Fig. 5. Distributions of the wave height corresponding to different incident wave heights. Dashed lines represent the areas of reef flat.
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Fig. 11. Distributions of the wave height corresponding to different reef-flat water depth ( k).
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shown in Fig. 11. The wave reflection by lateral reef flat becomes
more obvious with decreasing of the h.. The node point is loc-
ated at the center of the channel (y=18 m), resulting in the mag-
nitudes of wave height in the latter part of the channel is smaller
than those in the lagoon where the lateral wave reflection is insig-
nificant. This seaward wave height gradient induces the local
maximum of MSL in the central lagoon.

Figure 12 presents the variations of maximum wave setup and
setdown over the reef flat and in the lagoon. On the reef flat, the
maximum MSL increases with the increase of incident wave
height and period but decreases with increasing of h,. In the la-
goon, the values of maximum MSL are proportional to the in-
crease of wave height, period, and k. The magnitudes of maxim-
um wave setdown are proportional to the increase of wave
height, and period, but show little correlation with .

4.3 Spatial distribution of the wave-induced current

Figurel3 shows the distribution of mean wave-induced cur-
rent for Cases A1-A4. A wave-induced circulation in the reef-la-
goon-channel system can be noticed. The onshore current flows
over the reef flat, into the lagoon. Then, the current reverses dir-
ection in the channel and goes back to offshore. The current in
the lagoon and offshore areas are relatively weak. The onshore
current is mainly located on the reef flat, while the offshore cur-
rent occurs in 17 the channel. On the reef flat, the current direc-
tion is normal to the shore in the region close to the sidewall. The
magnitude of mean alongshore current velocity (v,,) increases in
the area near the channel, which alters the direction of current

from the onshore direction to point to the rip channel. This wa-
ter flux from the latter part of the reef flat to the channel is an im-
portant water volume source for the offshore current, which can
accelerate the offshore current velocity. Zheng et al. (2020) failed
to capture this alongshore flow due to the lack of flow measure-
ment close to the side edge of the reef flat.

g a ——MSL,,, reef —-—-MSL,,, reef
g 2 — — MSL,,, lagoon — =
5 =
2]

=

£

L

_1
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Fig. 12. Variations of maximum wave setup (MSL,,.) and set-
down (MSL,,; ) corresponding to different incident wave height
(H), period (7) and h,.
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As shown in Fig. 13, the magnitudes of current velocity on the
reef flat remain nearly constant in the region near the sidewall,
but vary significantly close to the channel. Therefore, the vari-
ations of the mean cross-shore velocity u,, and alongshore velo-
city v,, at x=15 m are shown in Fig. 14. It can be seen that the val-
ues of u_, and v, are proportional to the offshore wave height.
The maximum value of u, is located at the central part of the reef
flat, while the maximum v, occurs at the rear section of the reef
flat. The wave period impacts the magnitudes and locations of
the u,,. Longer incident waves induce larger values of u, and
make the maximum position of u,, move towards to the shore. At
x=15 m, the cross-shore MSL gradient is small (Fig. 6). The cross-
shore flux is mainly forced by radiation stress. More wave energy
can propagate through the reef flat with increasing the incident
wave period. Therefore, larger maximum values of u,, and wider
accelerating area can be observed in Fig. 14c. The relationship
between u, and wave period cannot be well captured by Zheng
et al. (2020) and other field measurements (i.e., Taebi et al., 2012)
due to the lack of current measurement along the reef transect
close to the channel. The maximum values of v, and v, is found
at an intermediate s, which is consistent with the previous ex-
periment (Gourlay, 1996; Yao et al., 2018) due to the interaction
of bottom friction and radiation stress gradient.

Figure 15 presents the relationship between the maximum
current velocity and incident wave height (H), period (T) and &,,
respectively. The maximum values of the onshore um over the
flat, offshore u, in the channel and v, increases with increasing
of incident wave height and period. The influence of wave height
is more significant than the wave period. The maximum values of
the current velocities increase with increasing of h, when h <
2 cm, but slightly decreases when h,>2 cm.

5 Discussion

To investigate the detailed dynamics controlling the wave-
driven current in the reef-lagoon-channel system, the depth-av-
eraged momentum balances are examined by calculating each
term in the momentum equations. Under the assumption of
steady flow and normally incident wave forcing, the depth and
wave-averaged momentum equations in the cross-shore (x) and
along shore (y) direction can be written as (Buckley et al., 2015;

u,/(m-s™")

u,/(m-s™)

u,/(m-s™")

Haller et al., 2002).

U U 07 1 0Se | T
("UE”VW)“%*m ox Tqen 0 1Y

oV OV o 1 0S, %,

V. — — 4+ —— =0, 1
(p 8y+pU8x)+pg8y+71+h oy n+h 0, (16)

where U and V are the depth-averaged velocities, gis the gravita-
tional acceleration, p is the water density, 7 is the MSL, S, and S,
are the radiation stress, 7x and 7, are the wave averaged bottom
shear stresses. From left to right in the Egs (15) and (16), the four
terms are referred to as the advection, pressure gradient, radi-
ation stress gradient and bottom shear stress terms.

Figures 16 and 17 compare the four terms of the momentum
equations for the reference Case A3. The other cases show the
same dominant momentum balances, but only the magnitudes
of the terms vary. The Ad1 and Ad2 represent the first and second
parts of the advection terms in the cross-shore and alongshore
wave-averaged momentum equations. The momentum terms
along the central reef flat and the channel are shown in Fig. 16.
For the cross-reef transects with y=7.5 m, before wave breaking,
the momentum balance in the x-direction is between the pres-
sure gradient and radiation stress gradient terms at the fore reef
slope. At the surf zone, the rapid decreasing of wave height in-
duces a large value of radiation stress gradient, which is mainly
balanced by the pressure gradient and advection terms by gener-
ating wave setup and wave-induced current. The bottom shear
stress term is much smaller than the other terms in the surf zone,
but becomes dominant in the region out the surf zone of the reef
flat. At the back reef edge, due to the local changes of velocity,
MSL and wave height, the values of the advection, pressure and
radiation stress gradient terms increase. At the transect with y=15m,
the values of the pressure gradient are small over the reef flat.
The radiation stress gradient induces by refraction and reflection
is the main force to drive the cross-shore flux. Through the chan-
nel, the radiation stress and bottom stress terms are small. The
offshore current is mainly driven by the pressure gradient term.

As to the alongshore momentum balances, the terms along
the central channel are zero, indicating no net momentum ex-

Vo/(m-s™)

—0.4 N M " L L

Vu/(ms™)

Vp/(m's™)

Fig. 14. The variations of the mean velocity u and v with different incident wave height (H), period (7) and different reef-flat water

depth (h,) aty=15m.
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change across the profile due to the symmetry of the terrain.
Along the cross reef transect at y=7.5 m, in the former part of the
reef (0 m<x<7 m), the pressure gradient term is dominant as a
result of the MSL slope in the alongshore direction (Fig. 6¢). This
alongshore MSL slope induces increasing of v, on the reef flat. In
the rear part of the flat, the bottom shear stress becomes domin-
ant due to the increase of alongshore current. The bottom shear
stress term is balanced by a combination of the alongshore radi-
ation stress gradient and the pressure gradient terms. The along-
shore current at y=7.5 m is weak as the magnitude of momentum
terms are small. Along the transect close to the channel with y=15m,
the alongshore press gradient is mainly balanced by the radi-
ation stress gradient at x<5. In the rest part of the reef flat, the
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pressure gradient between the reef flat and the channel is the
primary force to drive alongshore current from the reef flat to the
channel.

Figure 17 compares the momentum terms for the alongshore
transect. For the cross-shore momentum balance, there is an ob-
vious difference between the reef flat and in the channel. The val-
ues of the terms are much smaller due to the larger water depth
and less wave dissipation in the channel. Over the reef flat, the
large values of the terms are located near the channel, except at
the back reef edge. The maximum values occur at the side wall
since the values of MSL and cross-shore velocities decrease from
the side wall to the channel at x=14 m. In the lagoon, the main
balances are between the pressure and radiation stress gradient,
while in the region close to the channel, the pressure gradient
term is mainly balanced by the advection term, indicating the
generation of offshore current in the lagoon.

The alongshore momentum terms are mainly concentrated
on the region close to the channel. The discrepancies of MSL and
wave height induced large alongshore momentum exchange
there. At the back reef edge, the values of advection term on the
reef flat and in the channel increase as the result of flow from the
reef to the channel. In the lagoon, the dominant balance is
between the pressure and radiation stress gradient terms, but the
values are very small.

6 Conclusions

The performance of a non-hydrostatic model NHWAVE is
evaluated in a 2DH reef-lagoon-channel system. The model is
run under a series of regular waves. The surface elevation, mean
current, and mean MSL are well predicted in the numerical do-
main.

The effects of incident wave height, period, and reef flat water
depth on the mean sea level and wave-driven currents are ex-
amined. Over the reef flat, the magnitudes of wave setup in-
creases after wave breaking, reaches its maximum at the end of
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Fig. 16. The cross-shore (left panel) and alongshore (right panel) momentum terms for the cross-shore transects.
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Fig. 17. The cross-shore (left panel) and alongshore (right panel) momentum terms for the alongshore transects.

the surf zone and then decreases across the reef flat. In the along-
shore transect, the magnitude of MSL reaches its maximum at
the side wall of the basin. In the area close to the channel, the dis-
tribution of MSL is highly impacted by the existence of channel.
The magnitude of wave height gradually decreases along the
channel with an increase of MSL towards to the lagoon. On the
reef flat, the maximum MSL increases with the increase of incid-
ent wave height and period, but decreases with increasing of h,.
In the channel and lagoon, the values of maximum MSL are pro-
portional to the increase of wave height, period, and k..

An obvious wave-induced circulation in the reef-lagoon-
channel system can be observed. There are two sources of fluxes
of the offshore rip current: one is from the lagoon and the other is
from the reef flat. The flux from the reef flat directly to the chan-
nel increases with increasing of the incident wave height and
period. Besides, Longer incident waves induce larger values of
u,,, and make maximum position of u,, move towards to the
shore. The maximum values of the current velocities occurs at an
intermediate water depth of the reef flat due to the complex inter-
action between bottom friction and radiation stress gradient.

To understand the momentum balance in the reef-lagoon-
channel system, the four terms (advection, pressure gradient, ra-
diation stress gradient and bottom shear stress) are calculated
and compared in different parts of the domain. The momentum
balance analysis over the reef flat reveals that after wave break-
ing, at the surf zone, the radiation stress gradient is largely bal-
anced by the pressure gradient. But the difference of these two
terms is non-zero, resulting in increasing of cross-shore current.
The bottom shear stress term is much smaller than the other
terms in the surf zone, but becomes dominant in the region out
the surf zone of the reef flat. In the region close to the channel
over the reef flat, the pressure gradient between the reef flat and
channel is the primary force to drive alongshore current from
reef flat to the channel. Through the channel, the radiation stress

and bottom stress terms are small. The offshore current is mainly
driven by the pressure gradient. In the lagoon, the main balances
are between the pressure and radiation stress gradient. But in the
region close to the channel, for the cross-shore momentum bal-
ance, the pressure gradient term is mainly balanced by the ad-
vection term, indicating generation of offshore current in the la-
goon.
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