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This paper reports on numerical modeling designed to examine hydrodynamics and sedimentary processes
related to unbroken progressive waves propagating in nearshore areas. The first part of the paper concerns
microscale processes developing in the near-bed boundary layer. At the first stage of the study a second
order turbulence closure model is applied. The numerical model is tested against experimental data and
applied to the prediction of a near-bed How of sediment in suspension induced by linear and nonlinear
waves. For mild wave-dominated coastal environments with typically low volumetric sediment concen
trations (c = 10 \ 1( 1

) the model predicts a weak influence of sediment particles on the mean flow
velocities. Therefore, at the second stage of the study, the modeling procedure is decoupled, separating
the flow dynamics from diffusion and advection of sediment. A simpler, analytical closure model is applied
and its results are tested against the second-order closure model, showing a satisfactory agreement. The
second part of the paper is devoted to macroscale cross-shore processes. The simple analytical bottom
boundary layer model is incorporated into the framework of a two-dimensional sediment transport and
morphodynamical model of the outer shoreface of coastal zones subject to moderate-energy wind-domi
nated conditions.

boundary layer flow over rippled beds subject to
erosion composed of non-cohesive sediment. First,
the boundary layer flow is described by a second
order turbulence closure model originally pro
posed by SHI~NG (1985,1986) and SHENG and VIL

LAI{KI' (1989). Later, the same model is used for
testing simplified decoupled procedures for the
hydrodynamics (JOHNS, 1970) and for the diffu
sion and advection of sediment (HUNT, 1954;
NII':LSEN, 1979, 1988).

Given the extreme complexity of a general
coastal model, no attempt is made here to model
completely nearshore fluid and sediment dynam
ics. At present, efforts are being made to develop
three-dimensional models of the nearshore flow
field (see for example HOHIKAWA, 1988; SVENDSEN

and LOHENZ, ] 989) but these particularly complex
and expensive models still require further field
testing before it will be possible to incorporate
sediment transport successfully. l'he part of the
present work devoted to macroscale processes
concerns only wave fields, wave-induced sediment
transport and topographical changes seawards of
the breakpoint on gently sloping sand outer shore
faces (of the order of one per cent or less) for the91032 received 1 April 1991: accepted in reuision IH November 19.41.

INTRODU(:TI()N

Wave-dominated coastal zones are dynamic
regions where fluid motion extends down to the
sea floor and interacts with bottom sediment.
These interactions between waves and bottom
sediment are extremely complex, ranging from
microscale processes such as ripple formation or
sediment-laden near- bed boundary layer flow to
macroscale phenomena such as formation of long
shore bedforms.

Sediment transport induced by waves over
sandy rippled beds subject to erosion is complex
on account of the turbulent motion of the fiuid
and the formation of vortices which inject local
ized bursts of sediment into the near-bed tiow.
Resulting sediment suspension is observed to be
highly variable in space and time (INMAN and
BOWEN, 1962; DOWNING, 1984; HANES and
HUNTLEY, 1986; HANES, 1990; HANl<~S et al., 1988;
VINCENT et al., 1991) influencing the wave-in
duced sediment fluxes.

In the present study, the first and main objec
tive is a description of a wave-induced near-bed
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several assumptions. Following LUMLEY (1978) it
is assumed that the suspended sediment concen
tration is sutlicien tly low to neglect particle in
teractions, but high enough to represent the mix
ture as a continuum. Although the fluid is
Newtonian in its clear state, it is however not
obvious that it will remain Newtonian in the pres
ence of suspended particles. It is therefore as
sumed that the smallest length scales of the tur
bulence are large in comparison to the largest
particle sizes (BAH~~NHLATT, 1953). The inertia of
the particles is assumed to be small and thus the
sediment velocity is equal to the fluid velocity
minus the particle fall velocity WI". The sediment
is assumed to be composed of uniform quartz
spheres (p" = 2.65).

Completing the previous assumptions by Bous
sinesqs formulation of the Reynolds shear stress
and the turbulent mass flux. the sediment-laden
flow may be approximately described by the fol
lowing system of equations

where u denotes the horizontal fiuid velocity in
side the boundary layer, p is the pressure, c is the
volumetric suspended sediment concentration, p

is the density of the fluid-sediment mixture with
PI" and p; denoting respectively the fluid and sed
iment density; u, and 'Yt are respectively the eddy
viscosity and diffusivity.

In the one-d irncnsional advection-diffusion
equation (2) horizontal diffusion has been ig
nored. However, at the edge of sand clouds the
horizontal gradient of concentration is large and
may cause a significant lateral diffusion. Given
the complexity of the problem we simply accept
this simplification which is partly justified by
HANl<;S and HUNTL~~Y'S (1986) recent field mea
surements about tirne lags between suspension
events suggesting that vertical gradients in sedi
ment flux are greater than horizontal gradients.

'I'he closure of the set of equations (1), (2), and
(:3) is achieved by adding equations quantifying
the turbulent kinetic energy q2 and the turbulent
macroscale A (SHENG, 1985, 1986; SHENG and VIL

LAHET, 1989).

specific case in which the depth contours are
straight parallel, the wave trains are normally in
cident, weakly nonlinear, and relatively long, and
the wave-induced motion is intense enough so that
the near-bed boundary layer is turbulent. Because
the modeling applies to gently sloping offshore
topography, researchers tend to neglect the effect
of directly incident reflected (CAHT~~I{ c! al., 197~3)

waves. In addition, the present modeling does not
incorporate standing cross-shore infragravity
waves, which may influence the How field, partic
ularly in inner parts of the shoreface (BOWEN and
INMAN, 1971). Under these special conditions,
which are however relevant to processes occurring
on natural beaches, we adopt a nonlinear model
for the evolution of the wave field in the shoaling
region that is based on sloping bottom Boussi
nesq-type equations (PEHECHIN~~, 1972). Another
irnportant limitation of the model is that the
mechanism for shoaling transformations consists
of nonlinear interactions between the first and
second harmonics of a purely progressive wave
train (LAU and BARCILON, 1972; BOCZAH-KAHA

KIEWICZ et al., 1987).
Laboratory experiments and observations of

outer shorefaces show that their temporal topo
graphical changes are slow (several thousands of
wave periods) compared to the rapid changes in
the fluid flow (BOCZAI{-KARAKIEWICZ et al., 1987;
SHIELS, 1986). On account of this stability, it is
therefore permissible to apply a two-step time
loop procedure in the development of the macro
scale morphodynamical model. In the first step,
local microscale properties of the bottom bound
ary layer How and of the related sediment ftux
pattern are calculated over a bed topography which
is instantaneously fixed. In the second step of the
modeling procedure, the temporal evolution of
macroscale bedforms is calculated with constant
parameters of the fluid flow and of the related
sediment flux.

'I'he resulting morphodynarnical model is ap
plied to two different wave-dominated shorefaces,
one from a lacustrine environment, the other from
a marine environment.

MODELING OF WAVE-INDUC:ED
NEAR-BED BOUNDARY LAYER

PROCESSES

A Sccorid-Or-dcr Turbulent Closure Model

Presentation of the Model

The governing equations for the near-bottom
How with suspended sediment are simplified by

au 1 ap a ( au)
at = - ~.ax + dZ lit cJz

(Jc =_ ve, ac + ~ (1'1dC)
at dZ dZ dZ

p=p,.,c+ (l-c)pl

(1)

(2)

(:3)
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where p(t) denotes Svendsen-Nielsen's pick
up function defined in Appendix R (B.4)

(iii) that the function describing the turbulent
macroscale length A, which follows the log
arithmic law inside the boundary layer, tends
asymptotically to a linear function when ap
proaching the bottom, which imposes:

• the turbulent eddies scaled by the macro
scale: A • 0,
• the turbulent kinetic energy: q~)/2 -~ O.

At the lower limit of the boundary layer it is
required

(i) to provide an estimation of the near-bed shear
stress Til given by the following expression

(8)

(7)Th=plu*lu*

iJc
"II --' -I- = p(t)

dz z 0

where u" denotes the friction velocity ob
tained when it is assumed that the near-bed
velocity follows a logari t.hrnic law in a region
close to the boundary (fJONSSON, ] 96~), 196G;

fJONSSON and CAH.LSEN, 1976; LAMBRAKOS,

19H2; (;HANT et ot.. 198;3; HINO et al., 198~3;

SUMEH et al., 1986; SLEATH, ]987).
(ii) to estimate the near-bed flux of sediment

particles into the suspension,

(4)

These equations are supplemented by two an
alytical expressions for the eddy viscosity LIt and
for the eddy ditfusivity 1'. resulting from a local
"quasi-equilibrium" approximation which is valid
when the time scale of mean {low is m uch greater
than the time scale of turbulence A/q (LEWELLEN,

1977). The equations for q~ and A, and the ex
pressions for 1'( and "It are defined in Appendix A.

The solution of the global system of equations
(1), (2), and (;3) and (A.I) and (A.2) must satisfy
boundary conditions at the upper and lower limit
of the boundary layer. Such a solution may be
obtained when it is assumed that inside the
boundary layer the flow is fully turbulent and that
the boundary layer thickness is large in cornpar
ison to the scale of the bed roughness so that there
is a significant region inside the boundary layer
which from the hydrodynamic point of view is not
directly affected by the details of the individual
roughness elements,

In the following numerical calculations the so
lution extends from the bed to a distance of ten
times the JONSSON (I97H) characteristic length
scale s.,

where all is half the near-bed orbital extension
defined in Appendix Band k, is the bed roughness
height which is estimated using (;HANT and MAD

SEN'S (1982) empirical model

(5) (9)

where b, k, and a" are respectively the above
defined fJONSSON length (4), the roughness

where 0'(, is a constant related to von Kar
man's constant K, etc = 2K(2)"

(iv) the turbulent energy flux across the bed to
vanish,

(11 )

(10)
aq~~

-=0az
In all presented results of numerical calcula

tions the bottom friction coefficient has been es
timated for simplicity using fJONSSON'S (1978)
semi-empirical model

If , = 0.0605
w 27t>

'I Lo/{"~
f w = 0.24

=U=Hj~U ['( t-''')J+ 1u II /21"7' hjexp J Wj ""'-1 c.c., (6)

where Wj and 'Pj are respectively the wave
pulsation and the phase of the jth harmonic
component, and c.c. stands for the complex
conjugate of the quantity just preceeding it.

(ii) the vanishing of all turbulence-related char
acteristics of the water-sediment mixture
comprising
• the suspended sediment concentration:
c -4 0,

where h, and h)A are respectively the height and
steepness of ripple also defined in Appendix B.

The boundary conditions at the upper limit of
the above defined boundary layer require

(i) the mean horizontal velocities u to match the
free stream velocity just outside the bot.torn
boundary layer U IJ expressed as a Fourier
series

.lournal of Coastal Research, Vol. 8, No. 2, 199~
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Figure]. Predicted and measured mean velocity profiles. (a)
Acceleration phase. (b) Deceleration phase. Solid curves, pre
dicted profiles. Solid circles, data from Sumer ct ol . (1 ~JH()).
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Table 1. Hipple characteristics (jrum Grant and Madsen, 1982).

hJat.
h)A

been tested by comparing the distributions of dif
ferent variables in consecutive wave-cycles. The
rate of convergence depends slightly on the vari
able considered. Generally, convergence was fully
achieved after twenty cycles.

Nurner'ica] Experiments

(a) Clear Water Case. In the following stage, the
formulated bottom boundary layer model will be
tested experimentally against the set of data ob

tained by SliMEH et al., (1986) using a laser-Dopp
ler velocimeter in clear water. On account of the
degree of sophistication of these recent measure
merits which involve both mean and turbulent
velocities, the comparison is expected to be more
complete than SHEN(;'S (1984, 1986) validation
based on rnean horizontal veJocity measurements
performed by ~JONSSON and CARLSEN (1976). The
orbital velocity and the motion period are equal
to 2] 0 ern/sec and 8.12 sec respectively. 'The mea
sured value of the roughness height is k, = 0.38
ern.

Figure 1 presents a comparison of calculated
and measured mean flow profiles in accelerating
(Figure l a) and decelerating (Figure 1b) phases.
These profiles display the two classical behaviors
of oscillatory boundary layers: the "overshoot"
occurring at the time of the maximum free stream
velocity and the differences in the flow field be
tween the two stages of favourable (Figure la)
and adverse (Figure 1b) pressure gradients. Glob
ally, these results indicate that the model is able
to reproduce fairly well the experiment except
when the How reverses. This discrepancy seems
to be a consequence of using throughout the whole
wave-cycle a fully turbulent bottom friction law
for a How which is in fact laminar around flow
reversals. I n Figure 2 are depicted the turbulent
kinetic energy profiles. At almost every phase they
appear to be composed of a lower and an outer
region. 'I'he lower region (z < 8 em) characterized
by high values is the place where most of the
turbulent energy is created. In the outer part of
the boundary layer (z > 8 em), where little tur-
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height and half of the near-bed orbital ex
cursion (cf. 'I'ablc 1, Appendix H).

Numerical solutions of the formulated bound
ary layer problem were obtained by using the
standard finite-difference method originally sug
gested by SHENC (1985). The uncentered two-Lime
level scheme yields finite-difference equations
solved by a classical "up-down" variant of (;auss
ian elimination algor-ithm. In a staggered numer
ical grid the mean variahles (u, c, p) are calculated
at one half-level, while the turbulent quant.it ies
(q, A, Up ,) are computed at the other hall-level.
The nurn ber of time-steps per wave-period were
chosen to be greater than or equal t.o 20(). The
height of 0 = 10 tJ 1 was d iscretized by some 100

steps. The overall convergence of the solution has

422

.Iournal of Coastal Hesearch, Vol. H, No.2, 1992



Modeling of Hydrodynamics and Sedimentary Processes

1000 1000 , 1000
I
I .1.11.. ~B.OO 8 00 1 8 00
I 12 12
I

_6.00 - 6 00 I -6 00
E E ~ §u u

I
:: ~ .00 :: 400 I :: 4 00

J

2.00 2,00 i 2 00

" 00 60000 00 60000

(cm 2/s Z ) (cml/s l)

10.00 1000 10 00

15.00 4R
8.00

5TC .§lL
12 12 8 00

12
I

-6·00 _ Ii 00 - 6 00 I
5 ~ ~ 5 ~

:: 4.00
I

:: 4 00
\

::" 00
""I ,

"I \
"

~
\ "- ....... \ ....

2,00 ... .... 200 " 2 00 ' ......

' ...... "'"

__a- ~\
0,00 -.-~ 0.00 . o 00

~000 20000 4 00 600,00 000 20000 " 00 600 00 000 20000 4 00 600 00
~2 QI (Cm t/s 1 ) ~l q l (cm 2 / s Z ) YI! Q2. (cm ZIS z )

10·00 , 1000 .., 10 00 \ ~I\ \ \

8,00 1Tt 8.00 \ arr 8 00 \ 9rr ~I

12 \ 12
,

12 Ij;:
\

,
~

-6 00 -6 00 - 6 00
\ -1

E E E \
u .

" u u
:: 4,00 "- ... :: 4 00 -, :: 4 00

...... ,,
2..00 "-

"- 2 00
,

2 00...
'J

,
_.......

0.00 o 00 o 00
000 20000 4 00 60 ,00 a 00 20000 4 00 60000 000

I/z Q Z (em t / S I ) I/Z QZ (cm 2/s 2 )

10.00 1000 ., 1000

\

8.00 Ion
8 00

, lin 8 00 12n
12 12 12

- 6.00 - 6 00 _6 00
E E Eu u

:: 4.00 : 4.00 : 4 00

2.00 200
,.

2 00
./

.r
0.00

4 00 60000 000 200 00 40000 60000 4 00 60000
(cml/s Z) 1/2 q 2. (cm 2 / S Z 1 (cm Z Is 2 )

Figure 2. Predicted and measured turbulent kinetic energy profiles. Solid curves, predicted profiles. Dashed curves, data from

Sumer et at. (1986).
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Figure 4. (a) Mean velocity profiles, (b) turbulent velocity pro
files, and (c) shear stress calculated by the second-order tur
bulence closure model under the typical sinusoidal wave defined
in the text. The profiles are shown in increments of :10°.

bulent energy is generated, the kinetic energy tends
to much lower and almost constant values. T'he
turbulent energy varies with phase angle in the
cycleand also displays phase shifts increasing with
the distance from the bed and resulting from an
upward spread of turbulence by diffusive pro
cesses. Figure 2 shows that turbulence in accel
erating and decelerating phases is different as ob
served experimentally (HAYASHl and OHASHI, 198~3;

RING et al., 1983). Moreover, we notice that the
model is able to yield fairly good agreement with
data, except around Bow reversal. In Figure :~ in
stantaneous calculated and measured shear stress
profiles are plotted. As for the turbulent velocity,
we observe two different regions: a near- bed re
gion with high shear stress values and an outer
layer where shear vanishes. Once again, as for the
turbulent velocity, the complex spat.io-ternporal
shear stress pattern reveals spatially varying phase
shifts and differences between accelerating and
decelerating phases. Particularly in the acceler
ating phase close agreement between numerical
and experimental results is observed. Later, in the
decelerating phase the shear stress near the bot
tom is somewhat overpredicted by the model. This
discrepancy between theory and experiment was
also found by JUSTESEN (1988) who used a clas
sical k-e-rnodel of turbulence.

(b) Sediment-Laden Near-Bed Flow Case. The
computations are concentrated on a quantitative
analysis of the adjustment of localized sediment
bursts injected into the lower part of the boundary
layer to the ambient flow within the upper part
of the layer. It also is intended to estimate the
influence of the concentration gradient of sus
pended sediment particles on the boundary layer
flow characteristics. On account of the lack of
complete experimental data on sediment-laden
boundary layer flow the study is restricted to nu
merical results.

Computations are performed for sinusoidal and
asymmetrical (cnoidal), regular and monochro
matic wave trains corresponding to typical coastal
conditions (wave period T, = 10 sec, wave am
plitude a = 0.25 m, water depth H = 5 m). In both
cases the wave energies are taken to be identical.

The movable bed is assumed to consist of fine
sand with uniform grain diameter d = 0.~1 mrn.
This corresponds to a critical wave-extended
Shields parameter defined in Appendix Hand
equal to 1/,/ (" = 0.35. According to GlllllS et al. 's
(1971) experimental formula (B.5) the fall veloc
ity W f is equal to 0.05 m/sec. The roughness thick-
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ness (z; .'---- kl,/:-H)) predicted by C;HANT and MAD

SEN'S (j ~)82) mode] is 2.G ern.

In the case of a sinusoidal wave (such as tJ1,1
0.;)5 In/sec and tJIJ:1 = 0) the first-order orbital
velocities, the turbulent velocities and the shear
stress are presented in Figure 4 for every :H)O of
the wave cycle. The predicted spatial and i.em

poral variability oft.he turbulent quantities shows
sirni larit.ics wit.h the earlier analysed experimcn
tal results of S{{~'1EI{ et al., (1987).

The pic k-up function (H.4) for a sym metrical
sinusoidal wave provides two identical near-bed
bursting events (Figure Gh). Resulting time-de
pendent sediment concentration calculated at
three standard levels (z = :.), G, 7 em) is shown in
Figure Ga. T'hey exhibit a phase shift in the dis-

~ ~ It'

O.omOl

~l.O()O dD3.000 4.05.000 407.000 Ml9.000

TIME (5)

Figure 6. (a) Computed t.ime series for the di1fusivity under
the typical sinusoidal wave at three levels (--G---G- Z = 3 em,
+--f z --- Gem, --z .r-: 7 em) above the bed based on the

second-order turbulence closure modeL

tribution of local extrema of the predicted sedi
ment concentrat.ion.T'hc phase shift increases with
the distance from the bottom, which reflects the
effect of vertical sediment diffusion. Another no
table feature of the pred icted concentration is a
very strong temporal variability controlled by
depth- and time-dependent diffusion l"t (AA)
(Figure fj).

'I'he influence of periodic, localized bursts of
sediment on the mean boundary layer flow is an
alysed by comparing results for a sediment-laden
fluid and for water with no sediment.

Instantaneous profiles of the mean velocity for
the sediment-laden How (solid line in Figure 7)
and for water without sediment (dashed line in
Figure 7) show surprisingly little difference, even
in the lowest part of the boundary layer where
the sediment concentration is relatively high.

In the case of asymmetrical waves such as Uh 1

=- ().:~4 m/sec and lJb'.~ = 0.084 m/sec, the sediment
suspension shown in Figure 8a appears to be high
ly asvmmetrical as a consequence of an asym
metrical near-bed sediment supply provided by
an asymmetrical pick-up function (Figure 8b).
Sediment concentration predicted by the model
and observations (see also KI·~NNEDY and LOCHER,

1972) show a satisfactory qualitative agreement
with a special capability of the model to reproduce
secondary peaks around flow reversals (Figure
Sa, 9). Comparisons of instantaneous first-order
horizontal velocities for a sediment suspension
and water without any sediment show the same
tendency as presented earlier for the case of sym-
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A Decoupled First-()rder Closu re Model

Conclusions resulting Irom numerical experi
ments using a second-order turbulent closure
model justify a simplification of the modeling pro
cedure for a flow with a low sediment concentra
tion. In this procedure, the How dynam it's and the
sediment concentrations are modelled separately.

The hydrodynam ics of the wave- i nd ueed
boundary layer flow are now described by an an
alytical approach proposed by (JOHNS ( 1970) using
the following Reynolds averaged m o m e n t.u rn

equation

(12)

0.00005

0.00001

d()j,OOO dD3.000

u*

TIME \ S)

( 14)

where [U] and lI A 1are characteristic scales for the
velocity and turbulent eddies respectively.

where 1] = zll and 1 is a characteristic length scale
ofthe boundary layer.

The required eddy-viscosity closure was ob
tained by applying a simple time-independent
model

l't = [t J]-l L I (I:n

where T I '"1 denotes the maximum bot.torn sl.rexs
and the length scale [L j in (J:n is assumed to be
the ripple height (N I ELSEN et al., 19H2).

A classical perturbation analysis ((JOHNS, ] 970)
provides explicit expressions for the first- and sec
ond-order horizontal mean velocity. Both expres
sions are defined in Appendix C.

'I'he predicted velocity profiles are shown in
Figure 10 for every :~OO of the wave cycle. Com-

.lournal of Coastal Research. Vol. H. No.2. 1992
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Figure 9. Measured temporal variation of the suspended sed
iment concent.rat ion above a rippled bed submitted to an asym
metric oscillatory flow (from BI\:\'I'TAt'Ifi\HYA and KEN~I.;I)Y,

1971).

O~
~ /1

Figure 1L (a) Computed time series for the suspended sedi
ment concentration under the typical sinusoidal wave at three
levels (~ --G-- Z ~ :~ em, }--t Z -r , f) em, --z ---=- 7 em) above the
bed based on 01(' constant, time-independent eddy viscosity
model.

Figure 10. Mean velocity profiles (calculated. by the constant,
time-independent eddy viscosit.y model) under the typical si

nusoidal wave.

parison with results of the second-order turbulent
closure model (Figure 4) shows a satisfactory
agreement,

A simple analytical rnodel can now be derived
to predict the sediment concentration in a wave
induced near-bed boundary layer flow.

The time-periodic and modally decomposed
(NIELSEN, 1979, 1988) sediment concentration c,

c ~- ~ c..expfinco.t.) (Jz) (I;»)

V L LUCIT Y ([1\ (':) )

According to the proposed model the spatial
and temporal sediment concentration is described
by an explicit analytical expression c(X, Z, t) (ex
pressed in the Appendix C, C.4). In this expres
sion the eddy diffusivity 1'1 is assumed to be pro
portional to the eddy viscosity (HUNT, 1969; SMITH

and McLEAN, 1977; !{OJ)I, 1980, 1987) and is eval
uated by requiring the sediment to be confined
only into the turbulent bed boundary layer,

C = OJ)[) CO at z = /) and X = 0 (16)

Predicted sediment concentrations for both si
nusoidal and asymmetrical waves are presented
in Figures II and 12. 'I'he simple model correctly
reproduces the depth-dependent phase shift at
the location of the local sediment extremal (Fig
ure 1:n. However, when a locally constant eddy
diffusivity is used, the temporal part of the pre
dicted sediment concentration follows the pattern
imposed by the near-bed concentration described
by the pick-up function.

is assumed to satisfy the advective-ditfusive equa
tion (J 0) and the following boundary conditions:

• at the upper part of the boundary layer, where
the concentration tends to zero, and conse
quen tl y (( z) · 0 fo r z <co

• at the lower part of the boundary layer the
concentration tends to the quantity predicted
by the pick-up function (defined in Appendix
H, H.4).
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Figure 12. (a) Computed time series for the suspended sedi
ment concentration under the typical asyrnmet.rir wave at three
levels (-G--G- Z = :~ ern, ++ Z - ;, em, --'I. -- 7 cm ) above the
bed based on the constant, time-independent eddy viscosity
model.

Figure l:L Computed time lag of peak concentrations between
ditf'err-nt levels. Solid circles, second-order turbulence closure
model. Open circles, constant, time-independent eddy viscosity
or first-order turbulence closure model.

Local Cross-Shore Sediment Transport Rate

Observations and numerical experirnents show
that sediment movement over a rippled bed oc
curs mainly as suspension in vortices shed frorn
the ripple crests. The bed load occurring during
a fraction of the wave cycle contributes to the
transport in "feeding" these vortices (HOHIKA\VA.

1981,1988; SHIBAYAMA and HOI{lKAWA, 19H~).

Therefore, in the present model the wave-in
duced, time-averaged sediment transport rate (~

is estimated by the product of the instantaneous
sediment concentration and the sed iment velocitv
vector

where S controls the threshold of sediment. rnove
meut and is defined by

In t.he following we separate the local sediment
flux Q into two components

(2] )

(20)

( 19)

if ~'

if ~'
S - /0
~ - 11

S j';'
(~ = ~ (~(Z)'ll (z ) dz

- 111 rl1 1I ."

where (~11I denotes the cont.ri bu Lion of time- in
dependent quantities and (~Il the contribution of
t.irne-dependent quantities.

rrhe component Qill is

(17)11'''1/\Q = -T U(Z,t)C(Z,t) dz d t
() ()

t,
I
I

In order to analyse the quantitative contribu
tions of time-independent and Lime-dependent
flow velocities and concentrations to the sediment
transport rate Q, the prod uct u.c. in (1 7) wi II be
formally decomposed

u(z, t). ctz, t.) -= in/tI( I\(Z, t.)

t- o:~rJ Iu.Iz.) + u;!)(z, t) I i

where~' and tI', are respectively (;HANT and MAD

SEN'S (1982) wave-extended Shields parameter
and its critical value (see Appendix R).

Choosing now for the mean sediment concen
tration in (l H) the following expression (f{OtJSE,

19;~7)

(22)

. r(~(z) t c(z, t) 1 (18) with

where U(I) and u
p

( :! ) denote the first- and second
orderperiodic velocity components, u, is the Lime
averaged velocity, C denotes the rnean concen
tration and c is the instantaneous concentration.

and substituting in (17) the mass transport ve
locity defined in Appendix B, the component (1m

may also be expressed by an explicit formula given
in Appendix C. Note that this expression is valid
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MODELIN(; OF MACR()SC:ALF:
PR()(:ESSES

A Simple Water-Wave Model

Presentation of the Mode-l

The incident regular two-dimensional wave train
is characterized by an amplitude a and a wave
length L. It propagates in a domain described by

f
I,

f

),

I
(,

I,
I

I,

(26)

(23)

t
t = VH/g

q
q = £\'\/gH

x
x = 11'

~
~ -== aH'

h
h -= 11'

In the derivation of the dissipative term (R/h)q
it has been assumed that friction is linear (MEl,

19H:1), where the constant 11,

4 .
R = -fwaqmil:"

31r

is expressed by constant How and friction param
eters: t he depth-averaged maximurn velocity qrnaA

at x = O. and ~JONSSON'S (1978) friction coefficient
r, (I I}.

Following LAlJ and BAHCILON (1972) and
HOCZAI{- KAI{AKIl<~WICZ ct al. (1987) we seek a so
lution of C~~)) and (24) where the free surface el
evation ~ is represented by a simple Fourier series
limited to its two first components

1 R
-+- - hh q - - q (24)2 xx t h

~t -+- [((\'~ -+- h) q] x = 0 (25)

h'i
q, -+- t. -+- aqqx = 3Qxx1 -+- hh.q.,

~ = ~(x, X, t)

'2 \~ ai(X)exp[i(k'ix - Wit)) + Coc.) (27)

where H represents a characteristic depth, g is
the acceleration due to gravity, and 0' = a/H is a
relative wave amplitude parameter.

The set of Boussinesq equations describing the
shallow water wave is modified by a dissipative
term induced by the bottom shear stress of the
underlying turbulent boundary layer:

The first-order amplitudes a j in equation (27)
are taken to vary on the scale of wavelengths, and
therefore depend on X, which is a horizontal
length-scale measured in wavelength L. That is,
X =- x/I~ = tJx, where /3 = H/L is the aspect ratio

a coordinate system (x, z) and shown in Figure
J 4. The undisturbed water level is at z = 0 and
hl x ) is the water depth at point x. The vertical
deviation from equilibrium of the free surface at
point x at time t is ~(x, t) and q(x, t) is the depth
averaged horizontal velocity, AU physical vari
ables are non-dimensionalized and scaled:

<,......................

__ urx.zt ;

Co

------------~-

01 //iI~:~t)

Figure 14. Sketch of definitions used.

H

4:~O

Limitations and Assumptions

Before going further, it is necessary to present
and discuss the limitations and assumptions 01'
the macroscale modeling. The present modeling
concentrates on gently sloping outer shoreface»
(of the order of one per cent or less) that are
composed of uniform grain size sediments and
that are subject to moderate norrnally incident
progressive water-waves. The inviscid flow field
model assumes that the bathyrnetric profile has
plane-parallel contours and that no energy is re
flected or dissipated (except by friction inside the
near-bed boundary layer). The nonlinear model
for the evolution of the wave field in the shoaling
region is based on sloping bottom Boussinesq
type equations that contain terms accounting for
weak dispersion due to finite depth, and weak
nonlinearity due to finite amplitude. A further
bold simplification of the model is that the mech
anism for shoaling transformations consists of
nonlinear interactions between the first and sec
ond harmonics of a purely progressive wave train
(LAU and BARCILON, 1972; MEl and lTNl.l i/\TA, 1972~

MEl, 1983; BOl'ZAI'{-KAHAKIE'vVICZ et al., 1987;
CHAPALAIN et al., in press).

for a flow field restricted to its first two harmonic
components (j = 1, 2).

Proceeding now in a similar way with time
dependent quantities in (lH), the cornponent Qll
may also be made explicit and the related ex
pression is given in Appendix C.

-Iournal of Coastal Research. Vol. H, No.2, 19B2 f
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where k, denotes the first-order wave numbers
obtained when friction is ignored.

The arnplitudes g, and consequently the depth
averaged velocities q, result from solvability con
ditions for the second-order approximation (Lxu
and BARCILON, 1972)

for the motion assumed to be of the order of 0'. A
similar representation is postulated for q.

In equation (27) WI is the frequency of the pos
tulated incoming wave train, w~ = 2w] is its second
harmonic and k' J and k' ~ are wave numbers as
sociated with WI and w~, respectively.

It is further assumed that the principal features
of the bottom variation are gradual, and therefore,
it also may be taken that h is a function h(X) of
the long variable, only ii.e. h(X) = 1 + O(a)f(X)
where f is an 0(1) function).

The dispersion relation results from first-order
linear theory and reads

Table 2. Model-input data and related non-dimensional
quuni itics [or the typicnl uiaue-dominated enoironment run.

a I ') ( {:Ph:2k/-~)(W,)
U,,(x, X, t) = 2)~ 1 - --6-' k",

d - O.;~5 mm

o: ~ 2.65 slope - 0.04 ('(I 0 <: X ~- H
WI - 0.05 ms J

'¢;', --'- O.O;~2

T ---" lOs

a - O.2fi ill
H _c f) m

WI --- 0.449
0' - O.Ofi{)

tJ~ (L074

equations (29) supplemented by the boundary
conditions are solved numerically using a stable
and accu rate fourth -order Runge-K utta method
(HOCZAI{- KARAKIEWICZ ct al., 1987).

When a, and a~, and thereby ~ and q are de
termined, the "bottom boundary layer driving"
fluid velocity at the bed U., may be obtained from
q (PEHE(~I{INE, 1972) and expressed by the follow
ing formula

(28)k '- :!. = k '.! -t . Rw,
.I .I 1---'-

A Numerical Experiment

'1'0 illustrate the properties of the model, a nu
merical experiment. with a set of typical wave pa
rameters in coastal environments considered ear
lier ('1'] = 10 sec, a = O.2G m, H = G m) is carried
out over a plane beach profile (1 in 250 slope)
(Figure 15c). Here, we arbitrarily take a l (0) = ]

and a.t O) ~ o. The friction coefficient is taken
equal to 0.24. This value comes from semi-ern
pir ical results which will be presented in detail in
the forthcoming section. For information, this es
t.imat.ion assumes that the bottorn is made of sand
particles of diameter d --- O.:3[) mrn and is covered
with ripples. 'I'able ~ summarizes the model-input
data and the related non-dimensional quantities.
A typical instantaneous wave profile normalized
by the characteristic wave amplitude (a) is shown
in Figure 1!)b. N ote that the typical wave profiles,
t.he amplitudc of which are enormously exagger
ated in comparison to the horizontal scale, become
progressively more complex as they propagate into
shallower water. Figure 1[)a shows the spatial evo
lut.ion of the first two harmonic amplitudes c\

where * denotes complex conjugate, ..ik' = ~kl +
i~kH = k' ~ - 2k l

] and HI, H~, 8] and S~) are known
functions of X defined in Appendix 1).

As shown in equations (28) and (29), the essen
tial modifications induced by a linear friction tern}
(Equation 26) appear in the first-order dispersion
relation (Equation 28). The nonlinear set of equa
tions (29) for the amplitudes Hi (j --- 1, 2) remains
identical when compared to the frictionless model
(see LAU and HAI{CILON, 1972; BOCZAH

KARAKIEWICZ ei al., 19B7), except that in all co
efficients the frictionless wave number k, has to
be replaced by k, (see appendix I)).

For a chosen frequency WI of the incident wave
the set of equations (29) has to be completed by
the values at the seaward boundary X = o. These
values can be extracted Irom field measurements
or given by a larger scale wave model including
intermediate water.

The coupled system of nonlinear evolution

1+ c.c·l (80)

'11I.\I •

-Iournal of Coastal Research. Vol. H, No.2, 1992
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®

® 05

IOjl
l

now apply this estimator to the calculation of the
sediment transport rate in the cross-shore direc
tion by using the cross-shore pattern of the driv
ing velocity llb. The results of the simulation for
the above case study are shown in Figures 15d, e
and f. Figures 15d, e and f display respectively
the spatial evolution (normalized by the charac
teristic wave amplitude) of the time-independent
contribution Qrn' of the time-dependent contri
bution Qn and of the total sediment transport
rate Q.

Comparisons of the results presented for Iaj I
and QIII' Qn and Q show that all these quantities
oscillate in space on the same long horizontal scale,
called the repetition length LT , This distance,
characterizing the surface wave has been defined
as a distance between two successive maxima of
the higher harmonic of ~. The total sediment
transport flux Q is directed shorewards, due to
the predominant shorewards contribution of Qrn.
I n contrast, the time dependent term Qn varies
and provides locally a negative contribution to
the sediment flux Q. In this experiment the quan
tity Qn is of much lower magnitude than Qm' but
QIl increases with increasing wave asymmetry.

105

Q rrun e- - 2.] 10 ~ mJ/h Om•• '" S.2 lO-R m:1/h

1.0r~::':,"·",
o

QmaA

® _Qn t ! '"v.,

Qm,,~ It~@)
Om ~ , 4 'O'm'/I' n

. 'Qm" 0Qrrun , L' '0· m II> j -Ff
Q""" - to

CDQa"'t
Q m l1l

~,on
Q m.e' 2 10· m'/l> Q..... 3.9 10· m'/l> t~

Macroscale Bathymetrical Changes

In order to calculate the macroscale bathymet
rical changes, we employ the conservation equa
tion of sediment mass

Figure 15. Model predictions. (a) Two first harmonic compo
nent amplitudes non-dirnensionalized by the wave amplitude.
(b) Free surface elevation at a given time non-dirnensionalized
by the wave amplitude. (c) Nearshore bathymetry non-dirnen
sionalized by the incident water depth. (d) Time-independent
sediment transport rate QllI' (e) Time-dependent sediment
transport rate QIl' ([) Total sediment transport rate Q. The
horizontal distance X is measured in incident wavelengths.

normalized by the characteristic wave amplitude
which exhibits the well-known «}OUA, 1967;
GALVIN, 1968; MEl and UNLUATA, 1972; BOCZAH

KARAKIEWICZ, 1972; BENDYKOWSKA, 1975; CHAPA

LAIN et al., in press) nonlinear interaction repe
tition length L T which appears to decrease with
local water depth. Note also the differential re
duction of each harmonic component which tends
to balance the wave shoaling (Figure I5h).

Macroscale Pattern of the Cross-Shore Sediment

Transport Rate

The local suspended sediment transport rate
has been derived earlier (Appendix C). We will

~ ah + J(jQ(X) = 0 (31)
-Cp(jrr I ax

where C; the concentration of the compact bed is
taken equal to 0.74, assuming an ideal rhom
boedric arrangement of spherical particles within
the bed (RAlJDKIV1, 1976; OVER, 1986) and T is a
slow time variable consistent with the observed
stability of the outer shoreface bathymetry.

A straightforward Euler method is used to solve
(:~1) and get the configuration at time T = ~T.

This procedure may be then reiterated to com
pute an updated bed profile at 2~T, 3~T and so
on.

Figure 22 shows results obtained from a nu
merical experiment, where all components of the
morphodynamical model are linked together, The
same model-input data as above are considered.
'I'he final state of the bed topography calculated
after twenty slow time-steps (Figure 16c) repre
sents a set of shore-parallel, periodic bars exhib
iting a spacing of the bars intimately connected

-Iournal of Coastal Research, Vol. 8, No.2, 1992
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o
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Figure 17. Observed longshore bars on the shoreface of Wasaga
Beach, Ontario, Canada.

Table:L Model-input data and related non-dimensionat
quuntit ies for WllsClf[a Reach run.

Hay in TJake Huron. On account of its location in
a narrow hay which is part of a bounded water
body this area is hydrodynamically very simple
with waves whose period and height are respec
tively about 5 sec and 0.25 In propagating exclu
sively from the North. The bathymetric survey of
the outer shoreface displays a mean bottom pro
file whose slope is about 0.5 c;, . This mean profile
is modulated by four well-developed shore-par
allel periodic bars characterized by a crest-to-crest
distance that decreases as the water depth de
creases (Figure 17). This known mean profile will
be used as initial profile in the morphological
modeling. Granulornetr ic analysis reveals a mean
grain size of approximately 0.35 mm. With the
a hove defined wave regime the friction coefficient
f., evaluated using ~J()NSS()N'S (1978) model is found
equal to 0.24 all over the foreshore profile. Table
;) summarizes the model-input data and the re
lated non-dimensional quantities. Since infor
mat.ion is lacking on the seaward boundary con
ditions, and because the present morphodynamical
model is only a conceptual model, the boundary
values of the harmonic components are arbitrarily
taken equal to a, (0) = 1 and a)O) = O. In addition,
the origin has been chosen under these conditions
so as to form the outer bar crest at the correct
observed location. The outcome of the numerical
experiment is displayed in Figure 18. The simu
lation is performed over twenty time-steps. The
evolution of the initially featureless sloping bed
is shown in Figure 18c. An initial and a final in-

d - O.:i5 mm
{J, = 2.65 slope = 0.5 1

'1' 0 -: X <.. 8.5
w, - ().05 ms I

ti', = O.O;~2

T -- f)s

a = 0.11 m
H - 1.7 m

WI - O.5:t~

0' -r-' O.()6fl

Ii --=-- 0.089

with the repetition length LT in the wave field
(Figure 16a and b) and in the sediment transport
rate (Figure 16d). In parts of the bed configuration
where the divergence of the sediment transport
rate is negative, erosion occurs forming the troughs
of the bar system. Crests formed where the sed
iment transport rate is positive. Note that for a
constant sediment transport rate, no changes in
bedtopography appear. Note also that, as the bed
deforms in response to the wave regime, the rel
ative mean energy in the second harmonic am
plitude increases progressively as the wave train
propagates into shallower water (Figure 16a).

In spite of the numerous simplifying assump
tions, we will now try to test the proposed mor
phodynamical model in the context of natural
wave-dominated environments. Direct compari
sonsof the predictions of the mod el will be made
with two measured outer shorefaces that feature
a classical array of longshore sand bars, one from
a lacustrine environment and one from a marine
environment.

The marine case study application concerns
Wasaga Beach located along the shore of Georgian

Figure 16. Initial and final model predictions. (a) Two first
harmonic component amplitudes. (b) Free surface elevation at
a given time. (c) Nearshore bathymetry. (d) Total sediment
transport rates.
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Figure 1H. Prediction of the formation of a longshore bars

system for the outer shoreface of Wasaga Beach. Init.ial (solid

line) and final (broken line) model predictions. (a) Two first

harmonic component amplitudes. (b) Free surface elevation at

a given time. (c) Calculated bathymetry and measured bathym
etry (dotted line). (d) Sediment transport rates.

st.antaneous wave profile are depicted in Figure
18b. As for the previous simulation (Figure] 6),
the increase in the relative mean energy in the
second harmonic amplitude as waves propagate
into shallower water becomes more pronounced
as the bed deforms in response to the wave regime,
rrhe properties of the bar system (number of bars,
crest-to-crest distance) appear to be fairly well
predicted by the model. Nevertheless, it appears
from the results that the amplitude of the external
bar predicted by the model is underestimated.
The uncertainties of field measurements and the
difficulty of selecting the initial bathymetric pro
file, combined with the crudeness of the present
model, reduce the significance of this discrepan-

Figure 19. Observed longshore bars on the shoreface of Stan
hope Lane Beach, P.E.I., Canada.

Figun- 20. Prediction of the formation of a longshore bars

system for the outer shoreface of Stanhope Lane Reach. Initial
(solid line) and final (broken line) model predictions. (a) Two

first harmonic component amplitudes. (b) Free surface elevation

at a given time. (c) Calculated bathymetry and measured ba

t hvmet.ry (dotted line). (d) Sediment transport rates.

cy. The time-scale over which bars form is found
to be about three years. This estimation is in
agrecrnent with the observed long-term stability
of the sedimentary features in this site (DAVID

SON-AHNOTT and PEMBER, 1980).
The second application in a marine environ

ment is given by Stanhope Lane Beach located
along the East coast of Prince Edward Island in
the (;ulf of St. J.awrcnce. During Fall 1984, an
experiment (C2S2) was conducted on this beach,
which is subject to a wave regime characterized
by periods exceeding 10 sec. The measured bathy
metric shoreface profile displays a mean bottom
profile composed of two parts whose slopes are
respectively about 0.:35(1(1 and 0.75 (';). Addition
ally, it has three shore-parallel, periodic bars whose
crest-to-crest spacing decreases with the water
depth as pointed out earlier in the case of Wasaga
Beach (FORHES et al., 1986; Figure 19). The gran
ulometric analysis suggests a mean sediment grain
diameter equal to O.~15 mm. Table 4 summarizes
the model-input data and the related non-dimen
sional quantities. Figure 20 shows the results of
the model. As in the preceding simulation, the
number of time-steps is equal to twenty. It ap-

.Journal of Coastal Research, Vol. 8, No.2, 1992
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Table 4. Model-input data and related non-dimensionol
quantities {or Stanhope Lane Beacti run.

pears again from these results that the calculated
bottom evolution agrees fairly well with the ob
servation, except for the amplitude of the external
bar which is strongly underestimated by the mod
el. In the present case, the time-scale of formation
of the shore-parallel periodic bar system is about
thirty years. The result confirms the observed
stability of this outer shoreface profile (SHIELS,

1987).

CONCLUSIONS AND DISC:USSI()N

T-==- 12s
a .s: 0.27 m

H - 4.1 m

U)I ---:- O.:l44

tY - (l.06f>

/j = O.O[)n

d - O.:l!i mm

(.I, =- 2.6[)

WI = .OS ms 1

f', = O.O;~2

O.:.l5 1
.' ;

slope =--

O.7f>1'1

o X -.. 4.4

4.4 <, X < 7

Complex interactions between the flow and the
sandy bed take place in wave-dominated coastal
areas. The present modeling incorporates a wide
range of simplifying assumptions. While these as
sumptions are necessary due to complexity of ac
tual coastal processes, it is hoped that they have
some physical basis and the results of this con
ceptual modeling can suggest directions for future
research.

The first step in the search of a better under
standing of these interactions is the description
of the microscale processes active in the unsteady
intermittent sediment-laden near-bed How. The
present study shows that such a boundary layer
flow may be described and analyzed using the
second-order turbulence closure model of SHENG

(1986) and SHENG and VILLARET (I 989). Results
provided by this boundary layer model indicate
that for a low volumetric sediment concentration
(typically c = 10 :l-IO .t) as obtained under mod
erate-energy wave conditions, the presence of sed
iment particles in the fluid does not influence sig
nificantly the dynamics of the flow, thus allowing
decoupled modeling procedures to he applied. The
second-order turbulence closure model has been
applied to test a simple analytical decoupled mod
el, based on the concept of constant eddy viscos
ity/diffusivity, which provides explicit expres
sions for the flow velocity, sediment concentration
and sediment fluxes.

The present sediment transport model inte
grates the instantaneous vertical structure of the
flow and of the suspended sediment concentra
tion. It is an improvement over semi-empirical
sediment transport models like SUNAMLJHA'S (1980)
model and also over most of the models which are
based on BAGNOLn'S (1963) energetics concept and
which therefore use vertically-integrated equa
tions. Consequently, these last models ignore the
details of the vertical distribution of sediment
flux. Moreover, they assume implicitly that the
sediment transport responds to the near-bed

water velocity in an instantaneous, quasi -steady
manner. If this quasi-steady assumption is more
or less valid for bedload transport, it appears un
reasonable for suspended sediment transport
(BAlLARD, 1981).

The second step of the work consists of mod
eling the macroscale phenomena controlling sur
face wave dynamics, sediment transport and
hathvmet.ric response to wave action. In the elab
oration of this macroscale modeling, available el
ement.s of sediment-laden bottom boundary layer
Ilow developed in the first part of the paper are
used to determine the cross-shore sediment trans
port pattern and the bat.hyrnetric changes.

Quantitative numerical experiments performed
with this simple analyt.ical model for a gently slop
ing outer shoreface show that sediment transport
rate contributions due to time-dependent con
centration and first-order orbital velocities are
weak. In the outer part of the shoaling zone, the
predominant sediment transport rate results from
time-averaged boundary layer flow characteristics
and is directed shorewards. However, the impact
of time-dependent quantities increases signifi
cantly with increasing wave asymmetry.

The morphodynamical modcling resulting from
the calculation of bathymetrical changes and re
sulting interactions between the wave field and
the mohile sandy bed leads to a conceptual model
for the format.ion of submarine shore-parallel, pe
riodic bars. This model is tested against field
rncasurements made in lacustrine and marine
wave-dominated environments, In particular, the
model predicts fairly well: (1) the bar nurnber, (2)
the har spacing, and (:3) the stability of these sed
imentary features which is revealed by the long
time-scale for formation of fully developed struc
tures. This agreement between predictions and
measurements is sufficiently good to warrant some
confidence in the formative mechanism for outer
longshore bars based on nonlinear shoaling of pro
gressive wind-generated shallow water-waves.
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Before concluding, it is necessary to discuss
again some of the limitations of the present mod
eling. The bolder simplifying assumpt.ions con
cern the second part of the study devoted to rna

croscale processes. They consist of:

(i) considering a two-dimensional weakly non
linear and weakly dispersive water wave
model based on Boussinesq-type equations
for gently sloping bottom.

(ii ) using a harmonic treatment of the primitive
wave 1110del limited to the two first compo
nents.

(iii) neglecting the effects of reflection, breaking
processes, edge-waves, and standing cross
shore infragravity waves.

Some of these assumptions are InOTe justified
than others. The first and the last assumption
restrict the application of the rnodeling to gently
sloping outer shorefaces that are subject to rela
tively long, moderate waves propagating frorn a
shore-normal direction on a bathymetric profile
with plane-parallel contours. The second as
sumption is motivated by simplicity and cost con
siderations. Nevertheless, in order to defend or
justify this assumption a posteriori, we recall that
the major contribution to the total suspended sed
iment transport rate is imputable to the t.ime
independent mass transport velocity and not to
the first-order time-dependent harmonic com
ponents of the velocity. Extension of the modeling
to other more sophisticated nearshore flow field
models (especially the intermediate water wave
model) is a logical step towards a more complete
sediment transport and morphodynarnical mod
eling. Note that these improvements can he made
without affecting the principles of the global mod
eling' in particular:

(i) the spatial decoupling between the macro
scale inviscid interior Bow phenornena and
the microscale turbulent near-bed boundary
layer processes, and

(ii) the temporal two-step time-loop: one, highly
variable, related to the Bow changes, the oth
er, slowly variable, related to the morpholog
ical changes. As a first step such an improve
ment could consist of incorporating a broader
spectrum (FREIL1CH and (}UZA, 1984).
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where b, v., 8\, S~, 8,1 and 8;, are new experimen
tally determined constants respectively equal to
0.125, 0.3, 0.35, 0.6b, -0.375, -0.8 (LEWELLEN,

1977). Note that all constants in the present anal
ysis are assumed to be invariant.

Analytical expressions for the eddy viscosity
tit and for the eddy diffusivity )'1 are (VILLARET,

1987; CHAPALAIN, 1988)
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APPENDIX A
"QUASI-EQUILIBRIUM"

SEC()N-D-ORDER TURBUL}:N(~E

CLOSURE EQUATIONS

Equations completing the description of the
sediment-laden flow in the boundary layer « 1),
(2), and (3) and relating the turbulent kinetic
energy q~/2 and the turbulent macroscale A are
the following (SHENG, 1985,1986; SHENG and VIL

LAHET, 1989)

dq~ (dU)~ q:1at = 21't cJz - b"A

APPENDIX B
RIPPLE (:HARACTERISTICS AND
W AVE-INDUCED UPWARD FLUX

OF SEDIMEN1' ()VER A
RIPPLED BED

Ripple characteristics are estimated for the
equilibrium and breakup phases of the fluid mo
tion (~l{ANT and MADSEN, 1982) according to
quantitative criteria defined in Table 1. In Table
1, h. is the ripple height, A. is the ripple wave
length and a, = lJt./wl is half the near-bed orbital
excursion where U, is the equivalent orbital ve
locity defined as

a ( a ')) a+ ') q - + 2 'Ytg Pv- q-- --(" az az Pr dZ
(A.I) ( )

\ 12

D,. = ~ U,,/ (B.1)

all.
at ( )

'>
A au ~

-s, q2 V 1 az + S:!q

where lJ"j is the jth harmonic component of the
velocity at the top of the bottom boundary layer.
'I'he expression of this quantity depends on the
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surface wave model. The expression for the Bous
sinesq model is given by (:3 J l.

Notations t/;' and f'., are respectively MADSEN

and GRANT'S (1976a,b) wave-extended Shields pa
rameter and its critical value. This parameter is
defined by

'It I = 0.5 f .u / (p",- -- P1') gd (B.2)
Pr

ep-

where p, and Ps are respectively the fluid and the
sediment density, d is the sediment particle di
ameter, and f' wis the -Ionsson skin friction factor.
S* is a parameter defined as

S· = ~ , /(~, --- 1) gd (n.;~)
41' V PI

where u is the cinematical water viscosity. tf' r: is
determined by using (-;HANT and MADSEN'S (1982)

empirical results.
The wave-induced upward flux of sediment

above a rippled hed is described by the time-pe
riodic pick-up function (SVENDSEN, 1977; NIEL

SEN, 1979) characterized by two peaks located at
the free velocity reversals (i.e., phases when the
vortices are released in the bottom boundary lay
er, Figure 21) and expressed as

9 p(t)/~

8

6

2IT wt

p" III 2(m!F
p(t)=po+-- ~ , I

1 + J.1 11 1 (rn + n).(nl -- n).

. :cos n (w It - (I> I ) + }1 cos n (w 1t -- «)):

Figure 21. Near-bed "driving" velocity U, and Svendsen-Niel
sen's pickup function p(t.) .

(It4)

where the parameter }1 = llJ h ~'-J/llJh t :>1 allows an
account of nonlinearit.ies of the wave field. In (H.4)
m is a parameter controlling the skewness of the
peaks, superscripts + and - refer to the phases
(<}:>+, cf> ) of the velocity reverse following the max
imum and the minimum outer flow velocity re
spectively (Figure 21). The quantity denoted by
Po is equal to C·wI' where wI' is the sediment fall
velocity which can be determined as a function
of the particle diameter d, the fluid dynamic vis
cosity J.Lr, the fluid density P1" and the sediment
density Ps (expressed in cgs unit svst.em ) by the
expression of GIBBS et al. (197])

wf =
-3Jlr +

9}1f + O.25gd~l'r(Ps pJ
. (0.01 G5 + O.0992d)

O.0774d)

(H.G)

Co is the mean bottom concentration is given by
N I ELSEN (1 979) as

Co = O.028(\}t' -- 'It' j ~ - arcos ('It,<")'1" (B.G)
, it \It'

This expression was obtained above a crest. A
smaller value for the constant was found above a
trough. A spatial average would be somewhere
between the two expressions, but on account of
the many simplifications assumed during the pre
ceding developments the expression for the crest
mean bottorn concentration is adopted.

APPENDIX C
WAVE-INDU(~ED VELOCITI}:S,

SEDIMENT C()N(~ENTRATIONAND
RELATED SEDIMENT TRANSP()RT

RATES IN A NEAR-BED
BOUNDARY LAYER
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The first-order oscillatory velocity component
is given by
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~)lj

+ !)()_ ~'2exp[(DoJ -2h7sJ
I

~

!
t

U = o u'!' = O'Re ~ lJjexp[- (1 + i)1]
J
I (C.l)

j 1

5
+ -exp[ -1)1]-JD SJ (C.5)

(C.2)

where

'Ij = z/l, = z / ~
On account of the smallness of the imaginary part
of the wave number k j + ' in geophysical condi
tions (CHAPALAIN, 1988) the second-order steady
velocity, identified with the mass transport ve
locity (LONGUET-HIGGINS, 1953), may be approx
imated by

'2(3 '2 I 1 IL
U, = ~ ~ 1 - i3 IJ'k,"' h'

W, (2k l
)·----l..la-\L exp _J HI(1]-)

k." J (3 J I

The time-dependent sediment contribution
Qn in an integral form is

s J~ CO
QjX) = 2Rel.t.J 1'1 I \ lJja'j

] I

·(exp(-ij(1't) + IJ. exp(-ijel> ))

I n (-WfO'jZ)
• 0 exp

1'1

. (1- exp (- (1 - i)IJjZ» dZ}

(C.6)

where

HJ= -8exp(-1])'cOS1]j + 3exp(-21]) + 5 (C.3)

The expression for spatial and temporal evo
lution of the suspended sediment concentra
tion is

c(X,z,t) = ~ ~. a'"
n 1 + IJ. n~ll

where /Jj = l//)j' 1]si = o/Oj and which after some al
gebraic manipulations becomes

2

SIICO ~' ~'Y_t_
Qn(X) = 2(1 + Il) j I a j WI I 0'; 12

r Wr.~II{O l
l{AjlYi+ H

- Bp/:·e -"Y,-(AjEj - BjF)

. (exp( -in<l>t) + IJ. exp( -in<l> )

.exp( - ~O'nZ)eXP(inw,t) (CA)

al
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'Yt 1'1
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a, = (rn + n)!(m - n)!

where

and

1
n'n = 2 +

1 .OW'Y,-+ }--
4 W j

L

+ ( ~a,1{ t {"i,')o, (A G - B H)e "Y, J .lj J J

where:

(C.7)

The definitions of (~t, (~ , C~() and IJ. are given in
Appendix B.

The time-independent sediment transport rate
QIIl is

1A = -- [C· (U,I{(yli - UIa I)
J Ia

j
I~ J J J J J

- S. (U/at + Ut a / ) ] (C.B)

1 _ L 80
jQ (X ) = -(\'~/3C()(X) ~ (Do - 1)'2 +

rn 4 j 1 J

1
B- = ---[S,·(UHaH - UIa,l)

I lC\'jl:.z J J J J J

+ C(U/at + Ut or/ )] (C.g)

. rexp(Do j - l)1]sj

·«Doj - 1) COS1]sJ + sin1]c,,) + 1] (WI' ) (WI")E j =- O'il< cos 1'1 (\'jl (; -- n'/sin ~O'/ (; (C.lO)
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(Wf
) • (W f

)F· = a·lcos -(\'.1 0 + (yH S l l1 _£y-I O
J J 'Yt J J.- 'Yt.l

represent the influence of the bottom topography
on the wave train. The remaining two coefficients
SJj = 1,2)

(
1 1) (WI W L

)W ~w - - - + - - - k' - k
12k'l k'L k'l k' ~ (L J)

4(1 - ~w ~)
~3 I

(

Hw,«,G.= __J +
J 'Yt

_ (W f (\'/

l"t

(

H.w,«,H. = __3_ +
J 'Yt

~} Sin[(w;,v/ ~J) 0J

~}Sin[(W;tv/ ~} J

rc.i n

(C.12)

(C.l~3)

The two coefficients H j U= 1,2)

( 2 )k' 1 + -W,2
1 J :3 J

f ( ])2 1 - -w'2
:3 J

1,2 (D.l)

We recall that superscripts R and I denote re
spectively the real and the imaginary part of the
considered variable.

with

C, = cos(j<l>') + ).L. cos(jcl> )

S, = sintjt-") + ).L' sin(j¢ )

APPENDIX D
COEFFICIENTS OF THE

NONLINEAR AMPLITUDE
EQUATIONS

(C.14)

(C.l5)

(D.2)

and

(D.:l)

represent the effect of nonlinear interaction be
tween the harmonic components of the surface
wave.

I"..,

o RESUMEN l1
Este trabajo presenta un modelo numerico realizado para examinar la hidrodinamica y los procesos sedimentarios relacionados con
alas progresivas, propagandose en areas cercanas a la costa, cuando aun no se ha producido la rotura de la ola. La primera parte del
trabajo concierne a los procesos de microescala que se desarrollan en la cercania de la capa limite del fondo. Durante Ia primera
etapa del estudio se aplico un modelo de segundo orden. El modelo numerico fue contrustado con datos experimentales y se 10aplico
a la prediccion del flujo sedimentario en suspension cercano al fondo, e inducido por olas lineales y no lineales. Para ambientes
costeros con regimen de olas normales y con bajas concentraciones volumet.ricas de sedimentos (c = 10:~ 10 ,j) el modelo predice
una debil infiuencia de las particulas de sedimento sobre las velocidades medias del rlujo. Durante la segunda estapa del estudio, el
procedimiento de modelac ion fue desacoplado, separando la dinamica del flujo a partir de la difuson y de la advecion del sedimento.
Los resultados de un modelo analitico de clausura, mas sencillo, fueron comparados contra los del modelo de segundo orden,
hallandose una concordancia aceptahle. La segunda parte del trabajo ha sido dedicada a los procesos costeros de macroescala. Un
modelo analitico sencillo de la capa limite del fondo se incorporo a] modelo bidimensional morfodinamico y de transporte de
sedimento, del frente exterior de la zona costera dominada por la energia eolica de condiciones moderadas.----Nestor W. Lanfredi,
CIC-UNLP, La Plata. Argentina.
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