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Abstract

This syllabus introduces a hydrodynamic model that can predict the cross-shore transformation of wave

height, on- and offshore orbital motion, and time-averaged cross-shore and alongshore current. The set-
up of the model in a spreadsheet is explained.
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1. INTRODUCTION

Morphodynamic coastal profile models aim at predicting cross-shore bathymetric evolution by
accounting explicitly for the various hydrodynamic processes involved (Roelvink and Braker (1993)).
With the increase in process knowledge and computing power, profile models have become standard
tools in coastal management and are used for hind- and forecasting studies of nearshore bathymetry,
often in response to human interference in the nearshore, for instance related to implementation of a
shoreface nourishment. The models generally consist of three main modules. In the hydrodynamic
module, the cross-shore evolution of wave height, orbital velocities and time-averaged (over many
wave periods) cross-shore and alongshore currents is computed. These are then used as input in the
sediment transport module. From the cross-shore gradients in the sediment transport rates,
morphological changes are computed in the bed-update module, after which the whole procedure is
repeated.

2. MODEL DESCRIPTION

2.1. WAVE TRANSFORMATION

The wave model consists of two coupled differential equation describing the time-averaged wave and
roller energy balances. With the assumption of alongshore uniform bathymetry, the former reads

%(Ecg c0s0)+D,, + D, =0 (1)

In a simple stepping forward scheme this can be represented by

c,, Cosé D,, + D, )AX
Ex+Ax = Ex 2 . - ( d ! ) (2)
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where x is the cross-shore direction, positive onshore, E is the wave energy, ¢, the relative wave group
velocity, @is the angle of incidence, g is acceleration of gravity, p is the water density, Dy, and Dy are
the wave energy dissipation by breaking and bottom friction, respectively. From Equation (2) the wave
height can be determined using

1
E="pgH’ ©)
8
Breaking-induced dissipation is given by Battjes and Janssen (1978):
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where T, is the wave spectrum peak period, Qy is the fraction of breaking waves following from an
approximation of the original Battjes and Janssen (1978) formulation
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2
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H

Qb =exp = 2 (5)
0.6574[ H j
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where Hp, is the maximum wave height following from
H, = 0.88 tanh 7kn j (6)
K 0.88

where k is the wave number k=2z/L, h is the water depth, » is the breaker criterion
y =0.76kh +0.29, based on calibrations. Dissipation by bed friction Dy is of subordinate magnitude
inside the surf zone where wave breaking dominates the dissipation.

3
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where f,, is the wave-related friction coefficient following from

fW:exp[6+5.2(ki] | ] (8)

where Ay, is the near-bed orbital excursion based on linear wave theory.

T
A):Ubg (9)

where Uy, is the near-bed peak orbital velocity according to linear wave theory, see Equation (23), and
T is the wave period.

At wave breaking, part of the organised wave energy is first converted into forward momentum flux to
the roller. This region of aerated water appears as a wave makes the transition from nonbreaking to
fully broken state. Svendsen (1984) was the first to account for this roller influence in the energy
balance. According to Stive and De Vriend (1994), the energy balance for rollers is

GE(ZErccosﬁ)z—Dr +D,, (10)
X

In a simple stepping forward scheme this can be represented by

c,cosf, (-D, +D,, ) AX
cosd 2c,. . cosé

X+AX X+AX

Er,x+Ax = Er,x

c

(11)

X+AX X+AX

where E; is the roller energy density, Dy, is energy dissipation by breaking as computed from Equation
(1), Dy is the roller dissipation. Following Duncan (1981) and Deigaard (1993) the roller dissipation is
modelled as:
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D - ZgErCsmﬂ (12)

The wave front slope g is usually assumed to be 0.1 or less (e.g. Reniers and Battjes (1997), Ruessink
et al. (2001)). The time-averaged wave set-up and set-down follows from the time-averaged cross-
shore momentum balance, including contributions due to waves, rollers and the cross-shore wind stress.

Equations (1) and (10) can be solved in the onshore direction on a simple forward stepping scheme for
given bathymetry and offshore values of Hus, Tp, @ and tide level. Linear wave theory is used to
compute ¢ and cg, and &(x) is determined using Snell’s law.

2.2. CROSS-SHORE FLOW

Probably the most important mechanism causing profile erosion during strong wave conditions is the
offshore-directed steady current near the seabed, commonly referred to as undertow. Here, the time-
averaged and depth-averaged undertow velocity U is derived from the mass flux due to the wave
motion (Qy) and the mass flux due to the surface roller (Qy).

—_ Q,+Q
go_utQ (13)
IFltrough

where hroygh = h-H/2
Using linear theory, Qy is computed as

QW:£=E(QJHZCOSH (14)
pCc 8\cC
The roller contribution Q; is computed following Svendsen (1984)
Q =2 =25 cos0 (15)
T pc

2.3. ALONGSHORE FLOW

The depth- and time-averaged alongshore current velocity v is obtained from the 1-D depth-integrated
and time-averaged alongshore momentum balance between wave, wind and tidal forcing, and bottom
stress and lateral mixing

S,
OX

oh . 0(,0v
+p09 hg_fs,y:_Pch|V|+P g&(h—j (16)

OX

where S,y is the off-diagonal component of the radiation stress tensor (Longuet-Higgins and Stewart
(1964)), h is the total water depth, z, is the alongshore wind stress, f; is the current-related friction
coefficient, Vis the time- and depth-averaged alongshore current velocity, x is the cross-shore
coordinate, y is the alongshore coordinate, and ¢ is the depth-averaged eddy viscosity.

The wave forcing is the cross-shore gradient of Syy. Using linear theory and assuming waves to be
narrow banded in direction, Sy is

S —1ngZCg,r cos@sin @+ 2E, cosdsin & (17)

xy_g
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where the terms on the right-hand side are the wave and roller contribution, respectively. Using (1)
with Dy << Dy, Equations (10) and (17) yield (Reniers and Battjes (1997), Ruessink et al. (2001))

as,, __b sin® (18)
OX C

Inclusion of the surface roller in Equation (18) causes a lag in the transfer of momentum to v, thereby
shifting the location of the maximum Vv in the onshore direction compared to a no-roller model,
consistent with laboratory (Reniers and Battjes (1997) and field observations (Ruessink et al. (2001)).

The alongshore-surface gradient oh/dy is incorporated in Equation (16) to represent the alongshore

water surface gradients related to two-dimensional flow systems (for example tide and wind-induced
flow). The magnitude of the alongshore-surface gradient should be known a priori. The alongshore-
surface gradient is estimated from tidal velocities at the offshore boundary (i.e. using Equation (16) by
ignoring wave and wind forcing, and lateral mixing)

8_h = _LVZ (19)

gy  gh
The alongshore water surface gradient is assumed to be constant in the cross-shore direction.
The current-related friction coefficient f; is given by

f = % (20)
in which C is the Chezy coefficient,

18log(12h
co gk (12h)

a

(21)

with k, the apparent roughness as given by Van Rijn (1993).

Lateral mixing is included in Equation (16) as a diffusion term (Longuet-Higgins (1970)). Important
sources for lateral mixing in the surfzone are breaking-induced turbulence (Battjes (1975)), depth
variation in the cross-shore and alongshore velocities (Putrevu and Svendsen (1992)) and shear waves
(Ozkan-Haller and Kirby (1999)). However, the cross-shore distribution of is ¢ not well understood,
and for simplicity, a cross-shore constant and time-independent ¢ is assumed.

2.4, ORBITAL VELOCITIES

Skewness of the near-bed cross-shore orbital velocity plays a central part in many cross-shore profile
models. Waves in shallow water produce an onshore velocity associated with the wave crest that is
stronger and of shorter duration than that due to a wave trough. This onshore velocity is more effective
at moving coarser sediment than the offshore velocity. This effect is essential in predicting the
shoreward transport of sediment during periods of beach recovery. It may be of equal importance as
other cross-shore mechanisms such as the undertow (see e.g. Elfrink et al. (1999), Ruessink et al.
(1998)).

A variety of wave theories have been devised to deal with the skewness of the wave orbital motion in
deep or shallow water, all with their own range of application. In the present model Isobe and
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Horikawa’s (1982) parameterisation of a hybrid wave theory is used, which combines fifth-order
Stokes wave theory and third-order cnoidal wave theory. The method by Isobe and Horikawa (1982)
was originally formulated in terms of offshore wave conditions, but was later on modified by
Grasmeijer and Van Rijn (1998) for local wave conditions. The method starts by computing the sum of
the near-bed onshore and offshore peak velocity U as

0d=2rV, (22)
where Uy is the peak near-bed orbital velocity computed using linear wave theory and r is a correction
factor. The peak near-bed orbital velocity is computed as

T H

=T o (k) )

In the present modified formulation the correction factor r is derived from the local wave conditions as
follows:

r= —0.4% +1.0 (24)

where H is the local wave height and h is the local water depth. Equation (24) was found by
Grasmeijer and Ruessink (2003) using laboratory and field data with random waves.

The near-bed onshore peak orbital velocity u,, now follows from Isobe and Horikawa (1982)

(“j ~05
(l{ﬂjzo.5+((l{ﬂj —O.SJtanh L/ S (25)

u u (“j _05
u max

. u ..
where the maximum skewness [%) is given by
u

max

”—) 062+ 2003 (26)
max bed slope
and (u% by
u a
u a a
N =+ A, — |+ A, exp| -4,| — 27
0 )a 1 Z[MJ 3 p[ 4(@)} ( )
with
A, =05-14, (28)
Ay = Al + A (29)
5-1
Ay = (05-%) (30)

A, —1+exp(-4,)
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_15+135 T\ﬁ 109 <15
h h

A, = (31)
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h h
2 3
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A = 32

2 3
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It is noted that Equation (32) contains a typing error in the paper of Isobe and Horikawa (1982). This
equation is continuous for T(gh)"? = 20 and not 30 (see Equation 19 in Isobe and Horikawa (1982)).

The laboratory and field data used in this study showed that the influence of bed slope on the maximum
skewness is negligible. Instead, Grasmeijer and Ruessink (2003) suggest that the maximum skewness is
related to h/L as

(”_j —25".085 (33)
u max L
with

0.62< (“Tj <075 (34)

It should be kept in mind that Equation (33) merely serves as an upper limit to the skewness; in our
experience, this upper limit is hardly ever reached.

The offshore peak orbital velocity, Uos, equals Uog = U - Ugn.

The present model includes a sinusoidal distribution of the instantaneous velocities during the forward
and backward phase of the wave cycle. The duration period of each phase is corrected to obtain zero
net flow over the full cycle. This is different from the original approach of Isobe and Horikawa (1982)
who accounted also for a vertical skewness.
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3. SPREADSHEET MODEL

It is relatively easy to build the wave height and cross-shore current module of the above-described
hydrodynamic model into an Excel spreadsheet.

3.1. SET-UP OF THE SPREADSHEET MODEL

Create columns with the parameters given in Table 2. An example of how the spreadsheet looks like is
shown in Figure 1. It is convenient to place the free model parameters ks, (wave-related roughness
height) and S (steepness of wave front) in separate cells. Place the constant water density o also in a

separate cell. The free model parameters and constant are referred to using an absolute column and
absolute row (Table 1). Absolute cell reference means the exact address of a cell, regardless of the
position of the cell that contains the formula. An absolute cell reference takes the form $A$1.

Table 1. Absolute and relative cell references

$AS$1 (absolute column and absolute row).
A$1 (relative column and absolute row)
$A1 (absolute column and relative row)

Al (relative column and relative row)

3.2. WAVELENGTH

The wavelength L is based on linear wave theory and is necessary to compute the wave number
k =2xz/L. The three L columns are necessary to iterate to the correct wavelength. The first L column
contains the following equation based on linear wave theory

2

L= 9" tann (kh) (35)

27

The second L column contains an initial value for the wavelength and the column Leror contains the
squared difference between the first and second L columns. The cell below the Lerror cOlumn contains
the sum of squared differences. Iteration is done by minimizing the sum of squared differences by
changing the cells in the second L column (Figure 2).

3.3. PEAK NEAR-BED ORBITAL MOTION

The peak near-bed orbital velocity and orbital excursion are based on linear wave theory and is
neccesary to compute the dissipation by bed friction.

T H

=T o (k1) <0
Ab = l"Ilinear 2T_7Z_ (37)
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3.4.  WAVE GROUP AND WAVE PHASE CELERITY
The wave phase celerity ¢ and wave group celerity cq are computed as follows

L
= (38)
¢, =NC (39)
where n is the ratio of wave group and wave phase celerity following
2kh
n=05/1+— 40
( sinh(2kh)] “0)

Table 2. Parameters necessary in spreadsheet model to compute cross-shore transformation of wave heights and cross-shore

current velocities

Parameter Description

X horizontal distance in x-direction
dx step in x direction

z bed level

h water depth

H wave height

T wave period

L wave length

L wave length (for iteration)

Lerror error in wave length (for iteration)
k wave number

n ratio of wave group to wave phase celerity
c wave phase celerity

Cq wave group celerity

0 wave direction relative to shore normal
Ulinear peak near bed orbital velocity
Alinear peak near bed orbital excursion

fw wave-related friction coefficient
Dyt dissipation by bed friction

4 breaker criterion

Hm maximum wave height

H/Hn wave height to maximum wave height ratio
Qb fraction of breaking waves

Dpr dissipation by wave breaking

E wave energy

E, roller energy

D, roller dissipation

dE, change in roller energy

Ntrough water depth below wave trough
Qu mass flux due to wave motion

Qr mass flux due to surface roller

7] mean cross-shore flow velocity

10
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Microsoft Excel - Spreadsheet.xls
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Figure 1. Hydrodynamic model built in an Excel spreadsheet
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E3 Microsoft Excel - Spreadsheet.xls
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Figure 2. Iteration of wavelengths by minimizing the sum of squared differences.
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