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An idealised study for the evolution of a
shoreface nourishment

W.L. Chen,®* N. Dodd ®

& Faculty of Engineering, University of Nottingham, Nottingham NG7 2RD, UK.

Abstract

We develop an idealised one dimensional (cross-shore) morphodynamic model that
couples wave, tide and sediment dynamics to study the effect and evolution of a
shoreface nourishment. Sediment fluxes driven by wave skewness, wave asymmetry
(both onshore) and return flow (offshore) are considered. With the aid of new an-
alytical expressions for the skewness and standard deviation of wave velocity and
acceleration, sediment fluxes are calculated. Nourishment is viewed as a perturba-
tion to the system in equilibrium that is subject to the divergence of the perturbed
sediment flux and a gravity driven diffusion term. Depending on the location, a
nourishment may provide a feeder or lee effect. In moderate and mild wave con-
ditions, the evolution of a nourishment primarily depends on the relative location
of nourishment and break point. Placed well offshore of the break point, the nour-
ishment induces an overall positive perturbation in sediment flux, resulting in on-
shore migration (feeder effect). Located closer to the break point, the nourishment
induces an earlier wave breaking, which dissipates part of the wave energy (lee ef-
fect), leading to a negative sediment flux perturbation around this break point and
a positive sediment flux perturbation around the break point of the un-nourished
beach. Depending on the intensity of the earlier breaking, the nourishment either
migrates onshore (weak break) or splits into onshore and offshore moving parts
(strong break). The relative importance of the diffusion term and the divergence of
perturbed sediment flux may lead to a primarily migrating or decaying evolution of
nourishment. In storm wave conditions, the nourishment tends to move offshore due
to the predominance of return flow driven sediment flux. The sensitivity to wave
period and tide are also studied. Model results are consistent with observations, as
well as prevailing theory on cross-shore sediment transport.

Key words: Shoreface nourishment, wave skewness, wave asymmetry, return flow,
lee effect, feeder effect
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1 Introduction

A nourishment placed in the shoreface region is considered as an effective
treatment against a shore erosion problem (Capobianco et al., 2002). Based
on the so called ‘lee’ effect (Ojeda et al., 2008), which refers to the ability of
nourishment to increase wave dissipation, a shoreface nourishment is expected
to reduce the wave energy approaching the shore, thus providing protection.
Moreover, the nourishment serves as a source for the onshore movement of
sediment, which is often described as the ‘feeder’ effect (van Duin et al., 2004).
Compared with traditional technologies, e.g., offshore breakwater, such ‘soft’
engineering is considered more environmentally friendly and incurs less cost
(Hamm et al., 2002). A thorough understanding of the subsequent evolution
of a nourishment can aid design of the nourishment project so as to achieve
the maximum effect. Therefore, it is important to understand the underlying
physics involved in the nourishment evolution.

A common way to study the evolution of a nourishment is using complex
numerical models which couple wave, tide and sediment dynamics (van Duin
et al., 2004; Roelvink and Reniers, 2011; Samaras et al., 2016). The placement
of the nourishment changes the topography and thus affects the hydrodynam-
ics which in turn drives the evolution of the nourishment. This method aims at
accurate simulation of the actual topography, and thus is useful for practical
purposes. However, the evolution of the nourishment is embedded in the evo-
lution of the whole coastal area, which makes it difficult to isolate the role of
various physics in the evolution of the nourishment alone. Furthermore, run-
ning a complex numerical model is very time consuming, and can thus limit
the use of such models.

Alternatively, van Leeuwen et al. (2007) in an approach also used by wvan
Veelen et al. (2018) considered a shoreface nourishment as a perturbation.
The linear evolution of a nourishment is then studied using a linear stability
model. A longer nourishment (in a longshore sense) is found to decay more
slowly than a short one, and shows a shoreward movement during its decay.
However, only decaying behavior of the nourishment is considered. Larson and
Hanson (2015) also considered a nourishment as a perturbation on a sea bed
initially in equilibrium, in which the onshore sediment transport, driven by
wave asymmetry, and down-slope transport driven by gravity are in balance.
The introduction of the nourishment is assumed to perturb the down-slope
transport only. Larson and Hanson (2015) then use a diffusion equation to
describe the response of the nourishment. The model provides the information
on how quickly a nourishment disperses, but the on- or off-shore movement of
the nourishment is not captured.

The placement of a nourishment also changes other on- and off-shore sediment
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processes, such as the sediment flux driven by wave skewness, wave asymmetry,
and the return flow. As a wave shoals, the wave shape changes from sinusoidal
to an increasingly skewed shape, with a narrow accentuated crest followed by
a broad flat trough. Assuming no phase shift as the free stream wave velocity
is translated into a near bed velocity, the sediment flux, which is proportional
to the cubic or higher order of near bed velocity under this wave shape, then
shows a net onshore value in a wave averaged sense (Roelvink and Reniers,
2011). After breaking, the wave shape progressively changes to a highly asym-
metrical shape, i.e., a pitched-forward shape with a steep front face (Hoefel and
Elgar, 2003). Henderson et al. (2004) suggested that the phase shift between
near bed velocity and free stream velocity depends on the free-stream asymme-
try. Under asymmetrical waves, the phase shift introduces skewness in the near
bed velocity and hence leads to an onshore wave averaged sediment flux. Hoe-
fel and Elgar (2003) used free stream velocity acceleration as a proxy for this
onshore sediment flux. Such a mechanism is critical in explaining the onshore
migration of a sandbar, as further identified by Ferndndez-Mora et al. (2015).
Additionally, near bed return flow occurs to compensate for the onshore mass
flux driven by wave drift and surface roller in the surf zone (Kuriyama and
Nakatsukasa, 2000). Thus the vertical structure of wave-averaged cross-shore
flow shows a two-dimensional circulation, with onshore flow near surface and
an offshore component near the bed. This offshore flow near the bed is also
known as undertow, and leads to an offshore directed sediment flux (Fredsge
and Deigaard, 1992). How the introduction of the nourishment affects and is
affected by these on- and off-shore sediment dynamics is a question that we
aim to address here.

Therefore, the goal of this study is to identify the influence of a nourishment
on various sediment dynamics and their possible effect on the evolution of the
nourishment.

To this end, we develop an idealised model, in which the un-nourished beach is
assumed to be in equilibrium. As a first step, we focus on cross-shore process
and assume longshore uniform dynamics. Cross-shore sediment flux due to
wave skewness, asymmetry, and return flow are considered. The evolution of
the nourishment is determined by the perturbation in sediment flux due to
the nourishment together with a diffusion term due to down-slope gravity
effect, which again acts only on the nourishment (i.e., the deviation from the
un-nourished beach).

The model formulation is described in the second section, where wave energy
balance, sediment dynamics and nourishment updating are introduced. The
model is applied to study the effect and evolution of the nourishment. Model
results are presented and analysed in the third section. In section four, the
limitations of the model are discussed. Finally, conclusions are given.
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Fig. 1. Geometry and coordinate system.

2 Model Formulation

In this section we develop the evolution equation that describes the nourish-
ment dynamics. To this end we must consider wave height transformation,
nonlinear properties associated with the wave, and sediment transport. To
begin with, we set out the model geometry.

2.1 Model geometry

A nourishment (b(z)) is imposed on a longshore uniform beach (denoted as
20(2)). x is the cross-shore coordinate, positive onshore. The total water
depth is h(z) = n(z) — zp0(x) —b(x). n is the water surface which can shift pe-
riodically with tide (see §3.4), otherwise it remains 0. A sketch of the geometry
is given in Fig. 1.

2.2 Wave energy balance

Considering a steady, normally incident wave along the offshore boundary,

the cross-shore wave energy density (E, = tpgH?) transformation follows

8
(Battjes and Janssen, 1978)

O(Eycy)

or ~Du, (1)

where p = 1027 kg/m? is the water density, g = 9.81 m/s? the gravitational
acceleration, H the wave height, x the cross-shore coordinate, positive onshore,
and ¢, is the group velocity resulting from linear wave theory.

Following van Leeuwen et al. (2006), the wave energy dissipation (D,,) is pa-
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pgwB3H? ([ H\™ H\"
D, =T | 1— — = . 2
8th  \wh AT\ 5n )
2r

w = 7 is the radial frequency of wave of period T', B, = 1.0 is the breaking
coefficient, 7, = 0.6 the breaker index, and h is the total water depth. Co-
efficients m and n determine the type of wave. Here we choose m = 0 and
n = 20, which describes a monochromatic wave dissipation based on the bore
dissipation model continuously throughout the domain.

To account for the delay in the dissipation process, the roller formulation of
Roelvink and Reniers (2011) is adopted. The balance of roller energy (E,)
reads

J(E,c)

Ox

where ¢ = £ is the phase velocity with k& being wave number satisfying w? =
gktanh kh. D, is the roller energy dissipation representing the roller energy
transfer to turbulent kinetic energy, parameterized as

D, = 2gET Siniﬁ7“> ’ (4)

= Dw - D?‘7 (3)

with the slope of the roller/wave front f, set to 0.1 (Ruessink et al., 2001).
The balance of wave and roller energy, i.e., Eq. (1) and (3), are solved using a
forward finite difference scheme. On the offshore boundary, a wave of height H,,
is imposed, and F, is set to be 0. The calculation is iterated until convergence
in the wave and roller energy are reached. This leads to cross-shore profiles of

H(z) and E,(x) for a given h(zx) profile.
2.3  Skewness of wave velocity and acceleration

Using linear wave theory, the cross-shore distribution of wave energy is solved
in section 2.2. However, as the wave propagates toward the coast, the wave
shape continuously changes from a sinusoidal to a skewed shape in the shoal-
ing region and thereafter to a highly asymmetrical shape after breaking. To
account for these wave non-linearities, Abreu et al. (2010) proposed a param-
eterised expression for the near-bed intra-wave orbital velocity:

sin (wt) + —-S2@)
u(t) = upV1 — 12 { Lrvior® & (5)

1 —rcos (wt + ¢)

with u, = %%Z‘ﬁﬁf being the wave orbital velocity at the boundary layer

edge zp (0.01 m). Ruessink et al. (2012) linked parameters r and ¢ to the
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Ursell number (U, = %(g}gg,), such that

2y/18B2 + 4B* s
r= 9+4B2 ) ¢__w_§7 (6)

with B denoting the total non-linearity of the wave, and phase ¢ being ex-
pressed as

1 T P4
— 7 = —— 4+ —tanh ( ) 7
14 exp (22 ll)) V=g gtk (g @)

3

B

p1 = 0.79, p = —0.61, p3 = 0.297, p, = 0.64 and p5; = 0.6 are obtained from
Ruessink et al. (2012); they result from a least-square fitting with observations.

Notice that B and ¢ — 0 as U, — 0; B — p; and ¢ — =7 as U, — oo.

By definition, the skewness of velocity (S,e;) and acceleration (Sg..) are written
as

<u® > g < a® > <
P T @ )
where a = % denotes the local wave acceleration and < . > an average over
the wave period. o refers to the standard deviation of the variable. In this
way, Sy and Sg.. can be calculated with a discretized time series of near-bed
intra-wave orbital velocities. This causes a huge calculation burden for the
long term evolution, since the discretization, wave averaging and calculation
of standard deviation are to be repeated at every node and at every time step.
Here, making use of the expression proposed by Ruessink et al. (2012), we
develop closed form expressions for o(u), o(a), Sye and Syee.

Svel =

o(u) and o(a) can be approximated as

o(u) = u,(1 — 7’2)1/21(7"), 9)
o(a) = u,w(l — 7’2)1/2f(7"), (10)
with
1

l(r) =

(1 — 12)/A(1 + /T — r2)1/2

I(r)—4/1/2
1) =172+ €= iR Dl (12)

Too = Ulim r. The constant C; can be straightforwardly obtained numerically,
—00

the method is illustrated in appendix A. S, and Sg.. are given as:

Svel =B COSTP (1?))
Sace = aBsin (Y + 7). (14)
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« is the ratio % as U, — o0o. Detailed derivations are presented in Appendix
B.

The expressions in (9), (10), (13) and (14) are used throughout the remainder
of the paper for o(u), o(a), Syer and Sgec -

2.4 Return flow

Following e.g., Kuriyama and Nakatsukasa (2000), we assume that in and out
of the surf zone, the return flow (u,.;) balances the onshore mass flux driven
by wave drift (Q)y), surface roller (Q),)

Uret = _W7 (15>
in which
Qd = Ew/(pc)’ Qr = 2Er/(pc)- (16)

2.5 Sediment transport

The wave-skewness-driven near-bed sediment transport follows the form of the
Bailard (1981) wave-averaged bed sediment flux equation, i.e.,

gse = Ky < u >= K,Syq0®(u), (17)

where K, = 3.5 x 107 ms™ (from Bailard (1981)). The wave-asymmetry-
driven bed-load is based on the expression of Hoefel and Elgar (2003), i.e.,

Ka (a'spike - Sign[aspike] acrit) >1f |aspike| 2 Aerit
Gas = (18)

0 71f |aspike‘ < Qerit

where K, = 2.6 x 107° ms (Drake and Calantoni, 2001), and agpire = <a’> _

<a?>
Saceo(@). For simplicity, a..;; is set to be 0 in this study. The current driven sed-

iment flux is calculated with the formula of Soulsby-VanRijn given by Soulsby
(1997),

2.4

A, {(uz + %Qﬂ )2 ucr}

; 2 0.018,,,2 \1/2
w 71f (uc+ Cp uw) 2> Uy

: 2 0.018,,2\1/2
0 ,lf (Uc + ﬁuw) / < Uer

For the wave only problem, the current is return flow only, i.e., u. = Uper- ¢
is therefore offshore directed. When tide effect is considered, the contribution
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of tidal current has to be included, as discussed in section 3.4. We neglect the
slope effect in the Soulsby-VanRijn formula. Cp = 0.005 is the drag coefficient
due to current alone. u,, is the threshold current velocity, here we set it as 0
to simplify the problem.

A, — 0005h(d50/h)12
* 7 (s — 1)gdso] 2

where s = 2.65 is the relative density of sediment, d5y is median sediment
diameter, see Soulsby (1997).

(20)

The total sediment transport is therefore the summation of wave skewness,
wave asymmetry and return flow driven sediment flux,

q = (qsk + Gas + gec- (21)

Note that we therefore neglect sediment transport due to streaming processes,
Stokes drift, and injection of turbulence from breaking (Roelvink and Reniers,
2011).

2.6 The evolution equation of nourishment

We assume that a nourishment b(z) is added onto an equilibrium seabed (re-
ferred to as z(x)). The evolution of the nourishment is subject to

ob 1 9¢ 0%b

. B Ve | 22
8t+1—p8x 78x2 ’ (22)
where p = 0.4 is the porosity of sediment. The perturbed sediment transport
q is given by

¢ = q(Ew(x), Ex(x), 20(z) + b(2)) — q(Ewo(z), Ero(z), 20(z)),  (23)

and therefore is the cross-shore sediment flux induced by the nourishment. E,,
and E, o refer to the wave energy density and roller energy on the equilibrium
beach (zp0). The third term in (22) represents the diffusion of the nourishment
due to gravity. A value of v = 3.5 x 107* m2s~! is adopted here as suggested
by Larson and Hanson (2015).

The divergence of perturbed sediment transport and the diffusion term are
calculated using a finite difference scheme. A uniform grid spacing Az in the
cross-shore = axis is considered, with Axr = 1 m. A so-called Euler-Heun
method (Sili and Mayers, 2003), i.e., a predictor and corrector algorithm, is
applied to update the the shape of the nourishment. In return, the updated
nourishment is added to the water depth to calculate the perturbed sediment
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transport at a new time step. A 0.5 s morphodynamic time step is chosen as
a compromise between calculation burden and accuracy. A test with smaller
time step showed little difference.

3 Results

The model is first applied to study the evolution of a nourishment deployed on
a plane beach in §3.1. The effects of the nourishment on sediment dynamics
are then analyzed. Thereafter, we study the effect of nourishment strategy
by varying the location of the nourishment while keeping the nourishment
volume constant in §3.2. The evolution of the nourishment under various wave
conditions (§3.3), i.e., different wave height and period, is also studied. We
then consider the effect of the shifting water surface and current due to a tide

(53.4).

3.1 Nourishment deployed on a plane beach

3.1.1 Bathymetry and hydrodynamics

Consider a longshore uniform plane beach, with cross-shore slope of 0.01, see
Fig. 1. The offshore boundary is located at x = 0, where the water depth is 15
m (2,0 = —15 m), the shoreline is at = 1500 m but we terminate the model
domain for A < 0.15 m. Below this water level, swash zone processes become
important which are not accounted for in this model (see Ferndndez-Mora
et al., 2015). A nourishment of the following shape is considered:

A, [1 = lzeal _ sin@rO—fo—anl/L))] g0 g < L
b(x> — |: Ln 2m :| | | (24>

0 , otherwise,

where A,,, x,, and L, are the amplitude, center and half-width of the nour-
ishment. Sand of total amount A,L, for every meter is placed. We study
here a representative nourishment of 400 m?/m with A, = 2m, spreading
over 700 < = < 1100 m (L,, = 200, z, = 900). The median grain size is
dso = 250 pm. The size and location of the nourishment and grain size is
similar to those implemented along the Dutch coast (Ojeda et al., 2008). The
nourishment has a form of a hump on the seabed (see Fig. 1), with minimum
total water depth slightly shoreward of x,,, i.e., x = 950 m, due to the presence
of the background slope.

Wave height (H,) of 1 m and period (T") of 6 s, is applied at the offshore bound-



198

199

200

201

202

203

204

205

206

207

208

209

210

Hydrodynamics

15
,g. 1 a =Y T _
- 05 .
0
7 [ ]
= 0.5
33 0
= 0
»
£ 01 © -
= -02 | .
L
> 0%
= -
w02 l .
15
= 1p ° |
(/)< 0.5 r
0 —o——————— L
0F _f ——————————— —|— 'l— ey
E 5t e i
N
_10 " 1
500 1000 1500
x [m]

Fig. 2. Cross-shore hydrodynamics: (a), wave height; (b), near bed wave orbital
velocity; (c), depth averaged return flow; (d), wave skewness; (e), wave asymmetry,
and (f), seabed profile. The thick grey curve refers to the hydrodynamics with
original sea bed, the blue curve refers to that with nourished seabed. Blue circle
denotes the centre z,, = 900m of the nourishment, and vertical dashed line denotes
the breaking location (xp). Notice that grey and blue dashed lines overlap.

ary. This is to represent a moderately energetic wave condition. In Fig. 2, the
cross-shore hydrodynamics with original and nourished seabed is presented.

The wave first shoals, then breaks at around z, = 1280 m, and gradually
decays in the surfzone. The wave orbital velocity follows the distribution of
wave height. u,.; has its peak further shoreward of the break point. This is due
to a phase lag between roller energy (FE,) and wave energy dissipation (D,,)
peaks (Fredspe and Deigaard, 1992). The skewness has its peak just prior to
breaking. Asymmetry increases monotonically as the shore is approached.

In this example, the introduction of the nourishment does not move the break
point. Its effect is to reduce the water depth and thus increase wave height. The
near bed wave orbital velocity (u,,) and the return flow (u,¢) also increase, as
does the wave skewness (S,¢). The wave asymmetry (Sq..) increases too, but
to a lesser extent than S,.;.

10
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ponent qus; (d), total perturbed transport ¢/, and (e), seabed profile. Blue circle
and vertical dashed line are as in Fig. 2. Similarly, thick grey and thin blue curves
represent the case of sea bed without and with nourishment.

3.1.2  Sediment dynamics

Wave skewness and asymmetry drive onshore sediment fluxes (gs and q,s),
whereas return flow drives off-shore sediment flux (g.). The distribution of g
is a combined effect of S, and u,,, and so has a peak slightly shoreward of the
break point, see Fig 3. q. has a peak further shoreward of that of ¢, which is
due to the delayed peak in ¢ qqs, on the other hand, keeps increasing until
the post breaking decrease in u,, overwhelms the increase in S,

With the implementation of the nourishment, the increase in t,,, tet, Sye; and
Sace lead to amplified sediment fluxes, both in the on- and off-shore direction.
However, the onshore increase is greater than the equivalent offshore directed
sediment flux, resulting in a mostly positive perturbation in the total sediment
flux, see Fig 3d. The divergence of a positive ¢’ has positive (negative) value on
seaward (shoreward) side of the nourishment (see Fig.4a). This causes erosion
on the seaward side of the nourishment and deposition on the shoreward side,
and thus leads to an onshore nourishment migration.

11
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3.1.3 Nourishment evolution

Onshore migration of the nourishment is observed (see the hump on the shore-
ward side of the nourishment in Fig.4b). In the mean time, the diffusion term
disperses the nourishment in both on- and off-shore direction. It appears that
in this case the diffusion effect is stronger than the divergence of ¢, since
the reduction of the nourishment height is more pronounced than the onshore
migration.

The feeder effect of the nourishment located seaward of the breaker zone in
moderate wave conditions is in agreement with field observation (Ojeda et al.,
2008). Forced by (yearly averaged) H,,s of 1 m and Ty = 6 s period, the
nourishment placed seaward of sandbar (approximately 900 m away from the
coast) at Noordwijk (the Netherlands) migrated more than 300 m onshore in
4 years.
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resents the case without (with) nourishment. Vertical dashed lines are the location
of break points, and circles the location of nourishments.

3.2 Effect of nourishment location

Here, we study the effect of more shoreward nourishment locations by taking
xn, = 1050 m and x, = 1200 m in (24). The perturbed hydrodynamics are
shown in Fig. 5.

The nourishment at x,, = 1050 m triggers a first wave break at z; = 1079 m
(see vertical black dashed lines in Fig 5). wy, Uper, Syer and Syee form a peak
around this break point. Shoreward of the nourishment, the wave experiences
a second shoaling process; as can be seen from Fig. 5, all black curves almost
rejoin the thick grey curve at the onshore edge of the nourishment. A second
(main) break happens at a location slightly shoreward of the break point of
the un-nourished case, with a smaller breaking wave height (Hj). The first
wave break is weaker than the second one, as less energy is dissipated (see
black curve in Fig. 6).

The perturbed sediment flux (¢’) for z,, = 1050 m has three positive peaks
and a negative one (see black curve in Fig. 7d). Seaward of the first break
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location of break points.

point, the increase in sediment flux induced by the nourishment is more in the
onshore direction than in the offshore, giving a positive ¢'. ¢. predominates
during the first wave break, so ¢’ < 0 immediately shoreward of the first break
point. Further shoreward, the wave stops breaking and shoals, leading to the
second positive ¢’. A third positive ¢’ is shoreward of the nourishment, i.e,
x > 1250 m, because the effect of a wave energy reduction on ¢, is more than
that on ¢4 and qqus.

The divergence of ¢’ has a complicated form (see Fig.8a), leading to deposition
on top of the nourishment and erosion on both seaward and shoreward sides.
Consequently, the nourishment evolves into a skewed shape (see Fig.8c). At
the same time, the peak of the nourishment is consistent with the break point
and gradually migrates onshore.

The nourishment at x, = 1200 m induces a major break at x = 1131 m
(see red vertical dashed line in Fig. 5 and Fig. 6). Hydrodynamic quantities
achieve local or global maximum around the break point. Compared with the
un-nourished case, the majority of wave energy is dissipated further offshore

(see red curve in Fig. 6), resulting in the quick drop of H, wu, and u,. after
the break.

The profile of ¢’ now has a prominent negative trough and a positive peak
further shoreward (see red curve in Fig 7d). The negative perturbation is due
to the dominance of ¢. in the breaking zone. ¢’ thereafter increases to a peak
shoreward of the old break point (grey dashed line). The divergence of ¢
has a positive value on top of the nourishment and negative value on both
seaward and shoreward sides of the nourishment, see Fig. 8b. As a result, a
severe erosion is observed on top of the nourishment, which splits the nourish-
ment into two parts, one moving onshore and another offshore (see Fig. 8d).
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The onshore moving nourishment appears to come to rest at the coast and
the offshore moving part stabilises with its peak being the new break point.
Thereafter, the offshore peak of the nourishment follows the break point and
gradually moves onshore, resembling the behaviour of the nourishment placed
at x, = 1050 m.

The quick erosion of the nourishment is very close to the evolution of Ter-
schelling (the Netherlands) nourishment (Grunnet and Ruessink, 2005). The
sand placed in the trough between the middle and the outer bar quickly erodes
and forms a new trough within months. Sediment is moved in both directions
and incorporated in the middle and outer bar. The markedly different be-
haviour of x,, = 1200 m from x,, = 1050 m occurs because of the qualitatively
different ¢’ profiles (see Fig. 7d).

As the location of the nourishment moves to the coast, the magnitude and

divergence of the ¢’ increases (see Fig 9). As a result, the evolution of the nour-
ishment is much quicker. A nourishment in the offshore causes shoaling and a
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days after implementation (dashed lines in ¢ (black) and d (red)), with blue dots
denoting the corresponding break point position.

positive ¢’. The nourishment will then gradually move to the coast. A nour-
ishment placed close enough to the break point induces an earlier breaking,
resulting in a negative ¢’ around the newly formed break point and a positive
¢ around the break point of the un-nourished beach (see the blue and yellow
area in Fig 9). Wave energy is dissipated in this process, the nourishment thus
provides a so-called lee effect (Grunnet et al., 2005). The magnitude of ¢’ de-
pends on the intensity of the wave break triggered by the nourishment. The
initial evolution of the nourishment then either forms a skewed shape with its
peak migrating onshore (weak break) or splits into onshore and offshore parts
(strong break).

The original nourishment tends to have a steep (flattened) shape on its seaward
(shoreward) side. This is due to the asymmetry in the bed slope. So on the
seaward side of the peak of the nourishment, the sea bed has a steeper slope,
and the wave shoals and breaks in a shorter distance, with the opposite effect
on the shoreward side. Consequently, the magnitude of the divergence of ¢’ is
bigger (smaller) on the seaward (shoreward) side of nourishment. The erosion
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on the seaward side is then quicker than the deposition on the shoreward side,
which in turn contributes to the asymmetry of the total sea bed slope.

3.8  Sensitivity to wave parameters

3.3.1 Effect of wave height

To investigate the effect of wave height variation, we consider waves of H, =
0.5 m and 2 m (with 7" = 6 s), for , = 900 m, A, = 2 m and L,, = 200
m. With increased H,, H, increases and x; moves offshore. Subsequently, the
magnitude of u,, and u,. are bigger. S, and S,.. have the same peak value.
However, they achieve maximum value further offshore. For higher H,, the
wave shape evolves at a deeper water depth.

The magnitude of ¢. and g significantly increase with increased H, (see
Fig. 10). The maximum magnitude of g, increases from 4.34x 107> m?/s (H, =
0.5 m) to 30 x 107° m?®/s (H, = 2 m). Similarly, the maximum magnitude of
qsk increases from 3.31 x 107° m3/s to 14.9 x 1075 m3/s. The nearshore peak
of qus, on the other hand, remains fixed. With higher H,, the increase in g,
is more than the increase in ¢, which results in the domination of offshore
directed sediment flux for wave in storm conditions.

For all H,, introduction of the nourishment increases the magnitude of both
on- and off-shore directed sediment fluxes. For H, = 0.5 m, the nourishment
serves a shoaling effect and induces a positive (onshore) ¢’ (see Fig. 10). The
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divergence of ¢’ thus drives onshore migration of the nourishment, see Fig. 11a.
For H, = 2 m, the nourishment induces a wave break at z;, = 894 m, leads
to a negative (positive) ¢’ around the new (old) break point, see Fig. 10d.
The divergence of ¢’ drives offshore nourishment migration, see Fig. 11b. The
magnitude of ¢’ increases considerably as H, increases.

For H, = 0.5m, the diffusion term outweighs the divergence of ¢’. Therefore,
the nourishment disperses in both direction with slightly onshore movement
(see Fig.11c). For H, = 2 m, most of the nourishment moves offshore at a much
faster speed (see Fig.11d). The transition of onshore migrating nourishment
in mild wave conditions to offshore migration in stormy waves is consistent
with an earlier study (Spielmann et al., 2011).
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a and red in b) and movement (black arrows); ¢ and d, showing the shape of the
nourishment at every 30 days after implementation (dashed lines in ¢ (black) and
d (red)), with blue dots denoting the corresponding break point position.

3.3.2  Effect of wave period

We consider waves of 7' = 3 s and 10 s (with H, = 1 m), for z,, = 900 m,
A, =2m and L, = 200 m. For T' = 3 s, H gradually reduces as it propagates
to the coast until it breaks at x;, = 1358 m. For T' = 10 s, H keeps growing
until it breaks at z;, = 1238 m. For larger T', H,, F,, and E, increase and so
Uper 18 stronger in the surf zone, and wu,, is larger everywhere (also because of
smaller kh). Similarly, S, and S,.. reach their maximum value at a deeper
water depth. A larger T increases the maximum value of ¢. and ¢, but has
little influence on that of q,s, see Fig. 12. Varying wave period also changes
the peak location of sediment dynamics.

For all waves, the nourishment induces a shoaling effect. The effects of nour-
ishment on sediment dynamics are similar for intermediate and long period
waves, resulting in a positive ¢, see Fig. 12. For short wave, in contrast, the
increase in ¢. due to the presence of the nourishment outcompetes the increase
in ¢y, therefore leads to a negative ¢'.
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This negative ¢’ for T' = 3 s is due to an overestimation of u,.; in the offshore
in the expression for Q4 (Eq. (16)). In the model it is implicitly assumed that
the onshore flux driven by Stokes drift and wave roller are confined in the
upper part of the water column, with return flow in the bottom. Therefore,
the current near the bottom is always offshore directed. This is mostly true
in the surf zone. However, in the offshore region, the return flow typically
happens near the surface (Lentz et al., 2008). Our model thus overestimates
Urper in offshore. For T' = 3 s, use of a more sophisticated model (Roelvink and
Reniers, 2011) for return flow yields a positive ¢'.

For T = 3 s, diffusion effect remains dominant over the divergence of ¢’. The
nourishment thus spreads in both directions with slightly offshore migration
due to the divergence of a negative ¢’ (see Fig.13a and c). For T = 10s,
the divergence of ¢’ overwhelms the diffusion effect, leading to erosion on
seaward of the nourishment and deposition on the peak and shoreward of
the nourishment. As a result the nourishment migrates onshore and forms a
skewed shape (see Fig.13b and d).
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denoting the corresponding break point position.

3.4 Effect of tide

The effect of tide is accounted for by considering the shifting water surface and
periodic changing tidal current. An M, tide signal with 6 m range is applied.
The tidal free surface deviation (7) is assumed to be uniform over the domain.
The tidal current (ur) simply follows the continuity equation (Schuttelaars
and De Swart, 1999).

n = Ar cos (wrt), (25)
_Onzs—=x
ur = E h y (26)

with A7 = 3 m being tide amplitude, wr = 27 /T; the tidal angular frequency
with T, = 12h. x, refers to the shoreline location, which shifts periodically
with tidal level variations. Thus, a nourishment at x,, = 900 m, at low tide
induces an earlier breaking (see thin red curve Fig.14a), whereas at high tide
it just induces a shoaling modification (thin black curve in Fig.14a). The
current (u.) in Eq. (19) is now the combination of tidal current and return
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flow, i.e., u. = ur + .. Tidal current is maximum at the middle of flood
and ebb. On the flood, the onshore directed ur reduced ¢, (magenta curve in
Fig.15a), whereas on the ebb, the offshore directed uz amplifies g, (blue curve
in Fig.15a). Therefore, ¢ is positive (negative) at ¢ = T (2L), as shown in
Fig.15d. The perturbed sediment flux at low tide is the same as the case of

z, = 1200 m without tide.

The evolution of the nourishment depends on the the tidally averaged di-
vergence of ¢’. As shown in Fig.15d, ¢’ at low tide is most significant. The
nourishment splits into two parts that migrate in on- and off-shore direction
(see Fig.16). The evolution type resembles the case of x,, = 1200 m without
tide, i.e., Fig.8d, but migrates at a slower rate. The changes on ¢. imposed
on ur in flood and ebb tend to compensate for each other. A study was done
(not presented) without the tidal current, and results show little difference.
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4 Discussion

s This model starts with an assumption of an equilibrium beach state, which ac-
305 cording to Dean (1991) is a profile where all sediment transports are in balance.
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Due to the complexity of nearshore sediment dynamics, it takes a long time
to obtain an equilibrium beach profile numerically or experimentally. More-
over, with varying wave conditions, such profile can only be approximated by
averaging the cross-shore profile over a long period. Since the interest of this
paper is in the evolution of the nourishment rather than the coastal profile, we
therefore assume that the given beach state is in equilibrium. By doing this,
we implicitly assumed a balance between sediment flux driven by wave skew-
ness, wave asymmetry, return flow and gravity driven down slope transport.
As such, we interpret the perturbation in down slope transport as the diffu-
sion term in Eq. (22). Studies (not shown here) with different beach profiles,
i.e., plane beaches with different slope and beaches with nearshore sand bar,
show that the physics examined in this paper pertains to other initial beach
profiles. Despite its simplicity, an equilibrium beach assumption is useful for
interpreting the coastal engineering process (Dean, 2003).

In this model we considered dominant processes in the complex nearshore
sediment dynamics, i.e., the wave skewness and asymmetry-driven onshore
sediment flux, the return flow driven offshore sediment flux, and the gravity
driven diffusion effect. As mentioned in §2.4, Stokes drift drives a net onshore
water mass. The associated sediment flux is thought to be small compared
with other mechanisms, for the Stokes drift exists in the upper part where
the sediment concentration is relatively small. Streaming-driven sediment flux
is also neglected due to its weak magnitude (Roelvink and Reniers, 2011).
Suspended-load is not included in this model. This is because in many wave-
averaged formulas suspended-load is found to be roughly proportional to bed-
load (Ferndndez-Mora et al., 2015). Thus, inclusion of suspended-load makes
no qualitative difference to the balance of sediment fluxes considered here.

For a nourishment project, a primary concern is the direction of migration
of the nourishment, which depends on the divergence of ¢'. Theoretically, the

. / . ¢ __ dq 9 |, 0q OE, | 8¢ OEL _ .
divergence of ¢’ can be written as = + 98 o T oEr on with b the

oz ob Oz
bed perturbation, and E! and E! denoting the perturbation in wave and roller

energy.

We can thus rewrite Eq. (22) (excluding diffusion) as:

ob N 1 dq¢ b 1 dq OE!,  0q OFE! (27)
ot 1—pobdxr  1—p|OE, 0r  OF. 0z [’
where it can be seen that ¢, = ﬁ%—‘g represents its intrinsic propagation
speed, whereas 685; and gg, are part of a forcing term. Assuming a bed per-

turbation, i.e., nourishment, of small amplitude (¢), which induces a corre-
sponding small change in total water depth but a negligible change in wave
and roller energy, i.e., E/, ~ E! ~ 0, then the nourishment is subject only to
migration at its intrinsic propagation speed ¢,. Expanding ¢’ in a Taylor ex-
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pansion of €, ¢’ = % lb—0€ + O(€?), ¢, is then approximated based on dynamics
of the basic state. Here we take the linear term. We can then examine ¢, as a
function of x for varying 1" and H,; see Fig.17a and b.

For H, = 1 m and T" = 6 s (see horizontal dashed lines in Fig.17a and b),
¢, changes from positive (onshore migrating) in the shoaling zone to nega-
tive (offshore migrating) shoreward of the break point. ¢, is again negative
offshore for smaller periods (see Fig.17 b), but this is due to breakdown of
the approximation of u, in that region (see §3.3.2). Note that the onshore
propagation of the nourishment for x,, = 900 m and A,, =2 m (in §3.1) is not
captured in Fig.17a and b. This is in part because of the aforementioned .
approximation, and also because the small nourishment yields a larger water
depth compared with that for the A,, = 2 m nourishment.

Consistent with our model results, ¢,, is mostly positive for mild and moderate
wave, and negative for stormy wave, see Fig.17a. For waves of longer period,
the magnitude of ¢, is larger (see Fig.17b). Meanwhile, the change from pos-
itive to negative ¢, is shifted offshore for long period waves due to relatively
shallower water further offshore.

For a nourishment at a particular location, this method provides a straight-
forward way to illustrate the possible migration direction (see Fig.17c, for
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z = 1000 m).

The analysis applied here only considers the linear term and neglects the
change in F, and E,, but it gives a reasonable first approximation of the
migrating direction of the nourishment, particularly in the shoaling zone. In
the surf zone, we may expect the forcing term in Eq. (27) to be prominent,
and so this approximation analysis will be less appropriate.

For simplicity, our model neglects the threshold of motion of sediment, which
leads to an overestimation of sediment flux. However, the qualitative behav-
ior of sediment dynamics remains the same. The effect of nourishment and
its evolution will therefore be qualitatively the same with the inclusion of a
threshold.

In this study, we adopt an idealised method in order to isolate physics and for
rapid numerical solution. In principle the approach we use could be undertaken
with a complex numerical model.

5 Conclusion

In this paper, we have developed an idealised model to study the cross-shore
evolution of a nourishment. Wave and roller energy balance are solved to ob-
tain wave height, near bed wave orbital velocity and return flow. Following
Ruessink et al. (2012), the wave nonlinearity is parameterized using a formula
based on the Ursell number. New expressions for skewness and standard de-
viation of wave velocity and acceleration are introduced. The new expressions
greatly accelerate the calculation. Sediment flux driven by wave skewness,
asymmetry (both onshore) and return flow (offshore) are calculated. The im-
plementation of the nourishment perturbs the wave and sediment dynamics
previously assumed to be in equilibrium. The evolution of the nourishment
thus is subject to the divergence of total sediment flux perturbation (¢'), and
a diffusion term simulating downslope movement of the bed sediment due to
gravity.

The divergence of a positive (negative) ¢’ results in onshore (offshore) migra-
tion of the nourishment. For waves in stormy weather, the return-flow-driven
sediment flux dominates the sediment dynamics. In these circumstances, the
nourishment tends to induce a negative ¢’ and migrates offshore, which is
consistent with earlier observations.

In the shoaling zone, under moderate and mild waves, onshore sediment fluxes
outcompete the offshore flux. The nourishment in general migrates onshore,
but its evolution is sensitive to the relative location of the nourishment and
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wave break point. Deployed at a location well away from the break point (sea-
ward), the nourishment induces a shoaling effect and amplifies all sediment
processes. Due to the dominance of onshore directed sediment transport in
this region, the nourishment causes a positive ¢’. The nourishment diffuses
and slowly moves onshore, therefore provides a ‘feeder’ effect. Positioned close
enough to the break point, the nourishment induces an earlier breaking, dissi-
pates wave energy and provides a so-called ‘lee’ effect. Around the new break
point, ¢ < 0 due to the predominance of return flow driven sediment flux.
The energy being dissipated in this process results in a diminution in all sedi-
ment processes shoreward of the nourishment. However, the return flow driven
offshore flux is particularly reduced and leads to a positive ¢’. Depending on
the intensity of the earlier breaking, the nourishment either moves onshore
or splits into two parts. For a weak break, the nourishment formed a skewed
shape and its peak follows the break point and gradually migrates onshore. For
a strong break, i.e., when most of the wave energy is been dissipated, severe
erosion is observed on the peak of the nourishment. The nourishment then
splits into two parts, one moving onshore and another offshore. The offshore
moved nourishment stops as its peak coincide with the wave break point, and
thereafter, gradually migrates onshore.

The effects of a longer wave period on the nourishment are twofold. Firstly,
the magnitude of ¢’ increases with 7', resulting in a quicker evolution of the
nourishment. Secondly, the active zone of wave dynamics is shifted offshore
for longer period wave, which changes the relative location of the nourish-
ment and break point, thus changing the evolution type of the nourishment.
Furthermore, tide affects nourishment evolution through shifting the relative
location of the nourishment and break point as the water surface changes pe-
riodically. Tidal elevation is shown to be more important than tidal current.
The ¢ at low tide determines the evolution of the nourishment.

We also studied the intrinsic propagation speed of the nourishment which
shows that it can be used as a first approximation of the migrating direction
of the nourishment.

Our model neglects a few processes including the sediment flux due to Stokes
drift and streaming and the threshold of sediment initiation. At present, the
model only considers a shoreface nourishment. To study the evolution of a
beach nourishment, a wetting and drying scheme must be included. The model
is limited to cross-shore evolution of the nourishment, whereas in reality, fur-
ther complexity arises from two dimensional dynamics. A next step would be
to extend this model to two horizontal dimensions.
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A Standard deviation of v and a

By definition, o(u) is written as

o(u) = \J ﬁ ) (ui— < u >)?, (A.1)

where u; denotes the discretized intra-wave velocity. Assuming that the water
particle follows a closed orbital trajectory, so < u >= 0, then o(u) is

_ 7S = | 1 /T (sin(wt) 4+ rsin(¢) /(1 + V1 —1?) 2
a(u)—\/T—Uw\/l—r\JT/o < = rcos(wt = 0) ) dt.
(A.2)

sin(0)+rsin(¢)/(1+v1-72) _ .
1—7r cos(0+¢) with ¢

Now let @ = = wt, o(u) is then

2
o(u) =UuV1—1r2 i/ u?de. (A.3)
2w Jo

The integration /5= 2T 42d6 is solved analytically, and is found to be only
dependent on r. Therefore,

ow) o
Uy )=

(1 _ 7”2)_1/4
1+ vVI_r2)2

(A4)

Similarly, the standard deviation of acceleration o(a) is

2w

ola) =v<a®>=wlU,V1—r? QL/ a’do, (A.5)
7 Jo
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Fig. A.1. a, comparison of o(u) (black) and o(a) (blue) calculated by definition
(dots) and expressions (A.4), (A.6) (solid curves). b, comparison of S, (black) and
Sace (blue) calculated by definition (dots) and equation (B.2), (B.3) (solid curves).

with a = COS(Q)_TCOS(@_irsigfjé)eir;()(;ﬁ)/(“’ V1=%) The integration of Vo o a2de

is found to be dependent on r and can be approximated as

oW = _ i 0= y2
wame()—\/m—i-(Cl \/T/Q)l(roo)— 2 (A.6)

where C} is the value of the /5= T a2df as U, — oo, and is numerically

obtained by evaluating \/2 5™ a2d¢ with U, = 600. A comparison of o(u)
and o(a) calculated by definition (i.e., (A.1)) and our expressions (A.4, A.6)
is given in Fig. A.1la.
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2 B Skewness of wave velocity S, and acceleration S,

627

628

629

630

With the expression of % and a, the skewness of wave velocity and acceleration
can be written as,

2m ~3 2w ~3
5 = mM, 5. = mM. (B.1)
VT a2d V2T a2de

Exact expression of S, and S,.. are relying on the expression of the integra-
tions, which are very complicate. Luckily, early study by Ruessink et al. (2012)
can be used to achieve simple forms for S,e; and Sge.. In Ruessink et al. (2012),
the skewness of wave velocity (denoted as S,) and hilbert transformation of
wave velocity (denoted as A,) were combined into the total non-linearity B
and phase 1, implying that S, = Bcos(¢) and A, = Bsin(¢). Therefore, the
skewness of velocity is simply

Sper = B cos(). (B.2)

We found that the skewness of acceleration (Sg..) follows the same shape as
A, but with a phase shift and a multiplication factor.

Sace = aBsin(¢ + ), (B.3)

ideally, o is the limit of % as U, — oo. Here, the value of « is numerically
obtained by evaluating % with U, = 600, where S,.. is calculated using
equation (B.1). A comparison of S, and S, calculated by definition (i.e.,

Eq. (8)) and our expressions (A.4) and (A.6) is given in Fig. A.1b.
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Highlight

e An idealised one dimensional (cross-shore) morphodynamic model that
couples wave, tide and sediment dynamics is developed to study the
effect and evolution of a shoreface nourishment.

e In moderate and mild wave conditions, a nourishment placed well
offshore from the break point induces an overall positive perturbation in
sediment flux, resulting in onshore migration (feeder effect). Located
closer to the break point, the nourishment induces an earlier wave
breaking, which dissipates part of the wave energy (lee effect), resulting
in onshore migration (weak break) or splitting into onshore and offshore
moving parts (strong break). In storm wave conditions, nourishment
moves offshore due to the predominance of return-flow-driven sediment
flux.

e Tide affects nourishment evolution through shifting the relative location
of the nourishment and break point. The sediment dynamics at low tide
dominate the evolution of the nourishment.



