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Apparent Roughness in Wave–Current Flow:
Implication for Coastal Studies

Alexander Perlin1 and Eliezer Kit2

Abstract: High turbulence intensities generated by waves in the wave bottom boundary layer affect the mean current velo
should be taken into account for calculation of currents in the presence of waves. This influence of the wave-induced turbulen
mean current can be schematized by introducing an ‘‘apparent’’ bed roughness, which is larger than the physical bottom ro
Apparent bed roughness is defined here as roughness that provides the same depth-mean velocity for current alone configuratio
wave–current flow. A one-dimensional vertical ‘‘k– l ’’ turbulence closure model that allows detailed time dependent flow modeling
been applied for apparent roughness computations. The domain of variable parameters is chosen according to the Israeli
conditions. An approximate expression for apparent bed roughness calculations as a function of wave and current parameters ba
turbulence closure model is derived. Simulation of flow patterns on the Tel Aviv coast using the three-dimensional Costal and
Engineering Research Institute flow model and implementing apparent roughness maps, calculated by the approximate expre
been performed.
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Introduction

In the coastal environment, waves and currents are more o
than not present at the same time. Thus, a motion characteriz
the combined motion of waves and currents may be consid
the most commonly encountered flow condition in near-coa
waters. The effect of the presence of waves on the character
of a current is intimately related to the processes taking pl
within the wave boundary layer. Although the thickness of
wave turbulent boundary layer is quite small when compared
the water depth, it still plays a very important role in determini
the rate of water fluxes, sediment transport, and other impor
engineering characteristics. As a consequence of near-bo
wave–current interaction, the prediction of the near-bott
wave–current velocity profile is sensitive to the presence
waves. This influence of the wave induced turbulence on
mean current can be schematized by introducing an ‘‘appar
bed roughness, which is larger than the physical bottom rou
ness~Madsen 1991!.

Laboratory experiments do not always confirm this trend
shear stress magnification by superimposing of oscillatory mo
on a steady current. For example, the work by Lodahl et
~1998! indicates that in a smooth pipe mean wall shear stress
increase, may retain its steady current value, or even decre
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depending on the flow regime. Arnskov et al.~1993! observed
that turbulence was suppressed by waves propagating either
pendicularly or obliquely to the flow, although bed shear str
increased. It should be stressed, however, that the Reynolds
ber of the wave boundary layer in the Arnskov et al.~1993! ex-
periment was relatively small, such that the flow generated
waves was laminar. Laboratory measurements in the boun
layers over a rough bottom, reported by Simons et al.~1992!,
show an increase in mean shear stress when waves propaga
right angle to the current. However, Simons et al.~1992! find that
the shear stress is sometimes considerably lower than pred
by theory, with the greatest discrepancies occurring in waves w
the shortest wave periods and the lowest Reynolds numbers

Several attempts have been made to evaluate the apparen
roughness. Based on the data, which was available at the t
and utilizing a zero-equation turbulence model, Coffey a
Nielsen ~1986! suggested that it may be possible to express
apparent roughness increase as a function of a single param
namely the ratio of maximum to mean friction velocity. Slea
~1990! however found that this formula seemed inadequate
data with smaller relative roughness. Subsequently Sleath~1991!
developed another model that established the apparent rough
increase as a function of two parameters: the ratio of near-
wave orbital velocity to mean current friction velocity and th
ratio of the amplitude of wave orbital motion to bed roughne
Nielsen’s ~1992! expression based on the zero-equation mo
shows that the increase in apparent roughness is proportion
the ratio of near-bed wave orbital velocity to the mean curr
friction velocity.

Fredsøe and Deigaard~1992! determined the apparent rough
ness by matching the inner and the outer mean current profil
the mean thickness of the boundary layer for the Fredsøe~1984!
turbulence model. The solution of the Fredsøe~1984! model pro-
vided the dependence of the apparent bed roughness on the
lowing parameters: ratio of near-bed wave orbital velocity
mean current friction velocity, ratio of amplitude of wave orbit

s
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motion to bed roughness, and angle between waves and cu
However, in order to use their model for computation of the
parent bed roughness, the entire solution has to be obtaine
weak point of their model is an assumption of a logarithmic v
locity profile both in the outer part of the flow and in the wa
boundary layer. While this assumption works well for the ou
profile, the inner profile is not exactly logarithmic. Moreover,
intermediate layer exists between the inner and outer profi
While inner and intermediate layers are much thinner, turbule
intensities are generated mostly in these layers. Therefore fo
apparent roughness computations the proper modeling of t
layers is important.

A variety of models for the vertical structure of the wave
current bottom boundary layer have been proposed in re
years. Most of the later theories made use of an eddy visco
assumption in which the viscosity was held constant in time, e
for time-varying flow, and varied in the vertical direction accor
ing to some prescribed functional form~Lundgren 1973; Smith
1977; Grant and Madsen 1979; Tanaka and Shuto 1981; Ta
et al. 1983; Myrhaug 1984; Christoffersen and Jonsson 19
Coffey and Nielsen 1985; and Madsen 1991!.

In a two-equation model, the length scalel is allowed to vary
in time and space instead of being given by a prescribed func
This additional equation is usually a transport equation for
dissipatione, which is structured similarly to the equation fo
turbulent kinetic energyk and both are derived from the Navier
Stokes equations. This results in a so-called ‘‘k–e ’’ model. Mod-
els of this type have been used by Celik and Rodi~1984! to study
the free-surface effect, and by Justesen~1988! to study oscillatory
boundary layer flow. An alternative method is to derive a tra
port equation for the length scale and to include it in a turbule
closure scheme~Davies 1986, 1990, 1991; Davies et al. 1988;
and Davies 1996!. In general, models of the combined wave a
current bottom boundary layer have assumed the flow to be h
zontally uniform, and have aimed to predict ‘‘at a point’’ th
vertical distribution of properties such as the fluid velocity, sh
stress, and turbulence intensity.

The numerical model chosen in the current work is similar
that presented by Davies et al.~1988!, and is based on a ‘‘k– l ’’
turbulence closure model for the wave–current boundary la
The equation forl is obtained from, modified by Bobyleva et a
~1965!, the von Kármán’s ~1930! idea of calculating the length
scale from local derivatives of the velocity. This model allow
greater sophistication in the determination of a time-varying e
viscosity than the simple models. The model does not put
constraints on:~1! the shape of the current profile,~2! mutual
orientation of waves and current, and~3! combination of small
waves with strong currents or the opposite. The overall objec
of the present research is to develop a method, based on
sophisticated numerical model, aimed at calculating the appa
bed roughness. The apparent bed roughness then can be us
calculations of current in the presence of waves in coastal reg
with complicated bathometry by applying a three-dimensio
~3D! flow model. An example of such a model is the Coastal a
Marine Engineering Research Institute~CAMERI! flow model
~Sladkevich et al. 2000!, which is very efficient in the simulation
of transport phenomena in a shallow aquatic environment.

Successful use of this model requires that the apparent
roughness be evaluated for the conditions that are typical for s
ment transport calculations, that is, the wave-breaking zone
sandy beaches, and the result should be easily incorporated i
3D model. The domain for wave and current properties’ variat
is chosen according to Israeli near-shore conditions. An appr
730 / JOURNAL OF HYDRAULIC ENGINEERING / AUGUST 2002
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mate expression for the apparent bed roughness calcula
within the selected domain is derived based on numerical si
lations of the wave–current boundary layer.

The wave roughness map of the region, calculated by
approximate expression, is used as an input parameter to th
model. Feedback from the 3D model is realized through an a
tional driving force that can be added to the initial driving force
The additional driving force of pressure gradient type is an eff
of horizontal nonuniformity of the flow that is modeled by the 3
model. Wave roughness is recalculated with this additional d
ing force and then used again in the 3D model. The flow patt
calculated by the 3D model with the implementation of wa
roughness is compared with the flow pattern obtained with
taking into account the influence of the wave–current bott
boundary layer on the mean current. The essential difference
tween these patterns is demonstrated and analyzed.

Turbulence Closure Model for Combined Wave and
Current Flow

The turbulence numerical model used in the present work dif
from the Davies et al.~1988! model by introducing the possibility
of applying the shear stress on the free surface as a boun
condition for momentum equations instead of the zero veloc
gradient. The present model also enables use of various type
boundary conditions for the equation for turbulent energy. T
motion in the wave–current boundary layer is obtained from
numerical model in two stages. First, the model is used to prov
a one-dimensional, horizontally uniform starting current betwe
the free surface and the flat hydrodynamically rough bed. Sec
a horizontally uniform wave motion of prescribed frequency
added to the current at the angle of attackf. The model is then
allowed to converge to the combined wave and current ste
state forced by the same mean pressure gradient.

If the assumption of horizontal uniformity in the flow is valid
the unsteady boundary layer approximation to the Reyno
averaged horizontal momentum equations has the form

]U

]t
52

1

r

]p

]x
1

]

]z
~tzx /r! (1)

]V

]t
52

1

r

]p

]y
1

]

]z
~tzy /r! (2)

wherex5horizontal coordinate;U andV5horizontal component
of velocity in thex andy directions;tzx5Reynolds stress in thex
direction; andtzy5Reynolds stress in they direction.

The no-slip condition for a rough bed can be written as

U50, V50 at z5z0 (3)

wherez05bed level, which according to Nikuradse~1932! can be
taken equal tokd/30, wherekd5bed roughness. At the free su
face the following conditions are applied:

tzx50, tzy5ts at z5h (4)

wherets5surface shear stress due to the wind. For convenie
the wind direction is chosen to coincide with they coordinate.

For shallow water the amplitude of the wave orbital veloc
remains almost constant outside the boundary layer and the
stream velocity can be written

V05ub cosst (5)

Therefore, for wave motion of potential velocity amplitudeub

superimposed on a current at the anglef, the pressure gradient
are equal to
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dUx

dt
1Px (6)

whereUx5ub sinf cosst

2
1

r

]p

]y
5

dUy

dt
1Py (7)

whereUy5ub cosf cosst. Px andPy5constants.
Finally, the components of the shear stresstzx andtzy in Eqs.~1!
and~2! are related to the velocity gradients]U/]z and]V/]z as
follows:

tzx5rnT

]U

]z
, tzy5rnT

]V

]z
(8)

The distribution of turbulent energyk(z,t) is determined by
solving a transport equation for this quantity. The scheme
volves a relationship between turbulent energyk(z,t), eddy vis-
cosity nT(z,t), mixing lengthl (z,t), and dissipation ratee. The
eddy viscosity is dependent upon the distribution of turbul
energy, which is governed by the equation

]k

]t
5nTF S ]U

]z D 2

1S ]V

]z D 2G1a
]

]z S nT

]k

]z D2e (9)

wherea5ratio of the eddy diffusivities of energy and mome
tum. The terms on the right-hand side of Eq.~9! represent energy
generation, diffusion, and dissipation rates, respectively. The
sipation occurs mainly in the very small eddies and is given
the turbulence scaling law

e5C2k3/2/ l (10)

The bottom boundary condition on Eq.~9! is of zero energy flux

nT

]k

]z
50 (11)

Three types of boundary conditions were implemented for us
the free surface:
1. Dirichlet boundary condition for stress-driven boundary la

ers, which was first used for a wind forced surface by Mel
and Yamada~1982! and obtained from the assumption th
production and dissipation of turbulent energy are equiva
near the free surface

k52C2
22/3U f

2 (12)
whereC25empirical constant andU f5friction velocity.

2. The no-flux condition proposed for use even on a she
driven boundary by Burchard et al.~1998!

nT

]k

]z
50 (13)

After Burchard et al.~1998! we found negligible differ-
ences, except in the very upper layer, between no-flux
~13! and Dirichlet Eq. ~12! boundary conditions for the
mean velocity profile. However, in a pressure gradie
driven channel flow without wind forcing, only conditio
~13! guarantees that the eddy viscosity converges to a s
value near the surface~see Burchard et al. 1998!. This ap-
proach can be generalized to include wave breaking~see
Craig and Banner 1994!, where the injection of turbulen
kinetic energy through the sea surface is modeled by
nonhomogeneous Neumann condition~3!.

3. A Neumann boundary condition arises when considering
influence of surface gravity waves on the transport of tur
lent energy. Craig and Banner~1994! specify the input of
turbulent kinetic energy, which is assumed to result fro
-

t

l

breaking waves of all scales. The influence of break
waves may be incorporated into the model as a source
energy at the surface. The energy input is assumed, on
mensional grounds, to be proportional to the cube of
friction velocity induced by both local wind and radiatio
stresses

aC1lAk
]k

]z
5cU f

3 (14)

wherec5empirical constant;l 5mixing length; and param-
eterC15dimensionless constant.

The choice of the boundary condition in the present mode
optional and depends on flow conditions~different driving forces,
breaking waves, and nonbreaking waves! to which the model is
applied. As the energyk is contained mainly in the large-scal
fluctuations,k1/2 is a velocity scale for the eddies with most of th
kinetic energy. A measure for the size of these eddies is the le
scalel. When these scales are used in the eddy viscosity rela
then

nT5C1lk1/2 (15)

This formula is known as the Kolmogorov–Prandtl expression
The following form of mixing length proposed by Davie

~1990! was used in the current work~for details see Perlin 2000!:

l 5kk1/2DF E
z0

z

k21/2dz1z0k0
21/2G (16)

where the damping functionD was found to be~in accordance
with experiments of Nezu and Rodi 1986!

D5A~12z/h! (17)

Celik and Rodi~1984! suggested the use of a ‘‘surface dampi
function’’ to reduce the mixing length from a mid-depth max
mum to zero at a free surface. In order to satisfy the condition
the length scale cannot vanish at the upper boundary, its value
be set equal tokz01, where z015the surface roughness lengt
~Burchard et al. 1998!. Thereby, Eq.~16! was changed into the
form

l 5kH k1/2DF E
z0

z

k21/2dz1z0k0
21/2G1z01

z

hJ (18)

To estimate surface roughness, Craig~1996! compared the
measurements of wave velocities in the near-surface profile
Cheung and Street’s~1988! experiments with results of calcula
tions by a turbulence closure model. The experiments were c
ducted in a wind tunnel with wind blowing over water approx
mately 1 m deep. In their numerical turbulence model the mixi
length l varies linearly away from each of the top and botto
boundaries as

l 5k~z011h2z!, ~h2z011z0!/2<z<h

l 5k~z011z!, 0<z<~h2z011z0!/2
(19)

with Neumann@Eq. ~13!# surface boundary conditions for th
turbulent energy. For all experiments it was found that surf
roughnessz01 varies between 2 and 20 mm. According to sen
tivity analysis it was shown that the overall solution, except fo
small variation in the upper part of the flow, is not sensitive to
changes in surface roughness even over wider limits. The ave
surface roughnessz01 was chosen to be equal to 10 mm. This fin
form of the mixing length distribution Eq.~19! was used in the
current work.

The system of equations was rendered dimensionless a
JOURNAL OF HYDRAULIC ENGINEERING / AUGUST 2002 / 731
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log–linear depth transformation was applied to provide m
computational levels in the bottom boundary layer, with a lin
distribution of computational levels near the free surface~for de-
tails see Perlin 2000!. The Crank–Nicholson finite differenc
method was used to solve the transformed equations and c
sponding boundary conditions.

The validation of the model requires comparison of the vel
ity profiles and turbulence properties with field and experimen
data and with those produced by other models. Davies~1986!
compared results of his model with the theoretical results of
jiura ~1968! and the empirical results of Jonsson~1967!; Kam-
phuis ~1975!, and Jonsson and Carlsen~1976!. Several authors
have made comparisons between Davies~1986! model results and
the latter data, e.g., Justesen~1988! using the ‘‘k–e ’’ model. Jus-
tesen also compared his results with the data of Sumer e
~1987! and Sleath~1987!. Comparisons have also been made
tween model prediction and experimental results for combi
wave–current flow by Simons et al.~1988! for mean velocity and
turbulent intensity measured with a laser Doppler anemome
Further comparisons have been made between the predictio
the model and observations of the vertical structure of a t
current at a site in the Celtic Sea~see King et al. 1985!.

In summary, a range of comparisons with data for wa
alone, current alone, and combined wave–current flow, and
with the predictions of other models, has led to the conclus
that the model provides generally convincing predictions forboth
mean velocity and turbulence energy. The model was te
against laboratory measurements performed by Jensen
~1989! who investigated turbulent oscillatory boundary layers
high Reynolds numbers. It should be stressed that the dat
Jensen et al.~1989! allows testingtime-dependent distributionsof
velocity, turbulence energy, and shear stress. It was conclu
from this comparison that the model provides suitable means
time-dependent vertical distributions of velocity, turbulence
ergy, and shear stress in the wave boundary layer~Perlin 2000!.

The method of obtaining wave roughness from the mo
implemented in the present work is as follows. When waves
‘‘switched on’’ on the steady current, mean current velocity
retarded due to increased bottom resistance~see Fig. 1!. When
convergence of the wave–current motion is achieved, waves
removed from the motion and substituted by pure current mot
In order to keep the same~reduced! water discharge as for th
wave–current motion, bed roughness is replaced by a larger v
~since driving forces are held constant at their initial values!. The
bed roughness is replaced by the larger values gradually unti
required mean current velocity is achieved. As a result, the ‘‘

Fig. 1. Mean velocity profile with and without waves
732 / JOURNAL OF HYDRAULIC ENGINEERING / AUGUST 2002
-

l.

.
of

l.

f

d
r

e

e

e

parent’’ roughness, that provides the same mean velocity for
current alone configuration as in the case of wave–current
tion, is obtained. This method for the determination ofkw , in-
volving constancy of water discharge, differs from the definiti
used by most other workers. The usual convention is that ado
by Fredsoe et al.~1999!, i.e., kw is determined directly from the
mean wave–current velocity profile. As may be seen from Fig
of the present paper, this difference in definition will lead to
consistent underestimate ofkw compared to the classical defin
tion.

The model described above implicitly assumes homo
neously distributed roughness. Nevertheless, it is interestin
test out its applicability for a rippled bottom. The experimen
results of different authors presented by Fredsøe et al.~1999!, as
given in Fig. 13 of their paper, are compared to runs of our mo
~Fig. 2!. As discussed above, the curves computed using
model should be raised to some extent, but it does not essen
change the agreement with the experimental results. For exam
the kw /kd values represented by the dashed line should be
creased by about 15–20% to correspond to the classical defin
of apparent roughness, but this difference would be hardly s
since the vertical axis (kw /kd) is in logarithmic scale. The param
eters for the computations have been chosen in accordance
the data presented in Table 6 of Fredsøe et al.~1999!. The results
show that the model performs better for bottoms with eve
distributed roughness~Klopman’s experiment!, rather than bot-
toms covered by two-dimensional artificial ripples or bars~all
other experiments!. This limits the model’s applicability to ex-
clude the lab results of Mathisen and Madsen~1996a,b!, and
Fredsøe et al.~1999!, who studied the importance of organize
bed roughness generating coherent vortices. It is most likely
the turbulence in the boundary layer will be affected significan

Fig. 2. Apparent roughness as function ofUb /uf c . A/kd50.8 ~dot-
ted line!, A/kd51.2 ~solid line!, A/kd533 ~dashed line!, ~d! Kemp
and Simons~1982!; following current;~1! Kemp and Simons~1983!;
opposing current;~L! Asano and Iwasaki~1984!; opposing current,
case III; ~,! Asano et al.~1986!; case IV, opposing current;~j!
Klopman ~1994!; following current;~3! Klopman ~1994!, opposing
current; ~x! Mathisen and Madsen~1996a,b!; ~v! Mathisen and
Madsen~1996a,b!; following current;~s! Fredsøe et al.~1999!; fol-
lowing current. For experiments details see Table 6 in Fredsøe e
~1999!.
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by these vortices. The model cannot distinguish between foll
ing and opposing waves, but performs better for following wav

Climate and Bathymetry Conditions

The analysis of the climate and bathymetry conditions is nec
sary to set up the computational domain for simulations. T
results presented here relate to practical applications for the
raeli coast but can be employed on other sandy beaches whe
main subject of interest is focused on longshore sediment tr
port. The coastal region of Israel is characterized by small t
waves and, correspondingly, weak tidal currents. Prevailing
rents in the near-shore area are the wave-driven longshore
rents. Outside of the breaking zone the energy dissipation is w
and shear radiation stress, which drives the longshore curren
almost constant. Inside the breaking zone, the energy dissipa
is strong, and the shear component of the radiation stresse
crease toward the shoreline. The imbalance in the shear radi
stress must be compensated through the bed shear stress a
ated with the longshore current. As a first approximation,
shear radiation stress can be assumed to act on the free su
~see Fredsøe and Deigaard 1992!. Breaking waves can drive
strong currents in the surf zone. At the same time, high turbule
associated with the waves brings a large amount of sediment
suspension. That suspended sediment is transported alon
coast by a longshore current. Finally, the longshore current de
mines the morphological development in the coastal region.
vertical structure of the flow depends on the four dimensionl
groups (kd /h), (Uc /ub), (A/kd), and~f!, formed by six param-
eters, namely: bed roughnesskd , water depthh, mean current
velocity for the current aloneUc , amplitude of the wave orbita
velocity ub , amplitude of the wave orbital motionA, and mutual
orientation of waves and currentf. In order to find the upper and
lower limits of these dimensionless groups and select the m
representative values, estimations of sediment drift in the Is
coastal area and possible wave–current situations are perfor
The estimations are based on wave data measured simultane
in Ashdod and Haifa as well as bathymetry data measured a
the Israeli coast~Perlin and Kit 1999a!. Wave transformation and
the longshore currents, generated by waves, are simulated u
ing the LITPACK package,LITPACK user’s guide and referenc
manual ~1998!, Danish Hydraulics Institute. ThoughLITPACK
does not allow for the simulation of 3D flow patterns, it enab
rough cross-sectional estimates of flow and sediment trans
The main characteristics of the wave–current climate, sedim
and bathymetry data, and sediment drift on the Israeli coast,
lowing from these estimations, are given below.

Typical Israeli seabed profiles are described in detail by
and Pelinovsky~1998!. Mean grain size diameterd50 and grain
size distributiond84/d16 on the Tel Aviv coast~Perlin and Kit
1999b! are aboutd50;0.17 mm andd84/d16;1.3. The active re-
gion, where significant sediment drift occurs, is located throu
0.5–8 m depth in accordance with the gross transport~see Fig. 3!.
The net transport, which is usually considered as the most im
tant since it is responsible for beach erosion or accumulation,
be misleading in this sense~i.e., the determination of the activ
region! due to the balance between northerly and southerly dr
The bottom profile on Fig. 3 originates from Ashkelon~Kit and
Pelinovsky 1998!. The ripples are washed out in the region whe
the sediment transport is significant~breaking zone!. In most
simulations, the bed roughness is accounted for in the same
ner as for a fixed bed and taken askd52.5d50. However, a num-
-
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ber of simulations are also performed for higher bed roughnes
account for the effect of mobile sand beds~Nielsen 1992!, and
here a representative bed roughness has been chosenkd

580d50.
Table 1 demonstrates the contribution of waves with vario

heights to sediment transport. The estimations are based on
culations for 4-year time series wave data in the Ashdod area
applying the modified Coastal Engineering Research Center
mula ~Perlin and Kit 1999a!. It is clearly seen that waves lowe
than 1 m can be neglected because of their small contributio
sediment transport. Therefore, only waves higher than 1 m are
taken into account. Maximum deep water RMS wave hei
HRMS is about 3.5 m. Peak wave periodsTpeak, that correspond to
the above mentioned minimum and maximum wave heights,
approximately 6 and 13 s, respectively. To select a numbe
typical situations, a statistical analysis of wave data has b
performed. Nine representative waves that define sediment tr
port in the Tel Aviv area, which are similar to sediment transp
calculated from the wave time series, have been selected.

The analysis of the transformation of these representa
waves is performed utilizing theLITDRIFT module of theLIT-
PACK package and the following results are obtained. Near-
wave orbital velocity varies through 0.5–1.4 m/s. Amplitude
near-bed wave orbital motion varies in the range 0.5–2.5
Mean wave generated longshore current varies through 0
m/s, though in the breaking zone, mean current is 0.2 m/s
higher. Far from marine structures the wave driven currents ar
the longshore direction. Though the anglef between waves and
current varies from 0° to 90°, it is worth emphasizing that in m

Fig. 3. Distribution of sediment transport along off-shore profil
~solid line! bottom track;~dashed line! gross transport, and~dotted
line! net transport

Table 1. Estimations of Contributions of Waves with Different Wav
Height to Sediment Transport

RMS deep water wave height~cm! Contribution~%!

0–50 2.7
50–100 2.9
100–150 15
150–200 14.5
200–250 17.7
250–300 22.5
.300 24.7
JOURNAL OF HYDRAULIC ENGINEERING / AUGUST 2002 / 733
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situations when wave height exceeds 1 m, waves are supe
posed on the currents at an angle between 70° and 90°, bec
currents are in the longshore direction far from marine structu
and high waves are always coming from directions close to n
mal to the shoreline. The statistics of wave directions is discus
in detail in Kit and Perlin~1999!.

Therefore, the following ranges of flow and seabed proper
are of interest for the current study:

0.5 m,h,10 m

kd;0.5 mm ~fixed bed roughness!, 14 mm ~movable bed

roughness)

1 m,HRMS,3.5 m
6 s,Tpeak,13 s J 0.5 m/s,ub,1.5 m/s

0.5 m,A,2.5 m

0.1 m/s,Uc,1.5 m/s

0°,f,90°

The limits of dimensionless groups have been found by in
ducing extreme values of the dimensional parameters into
dimensionless expressions. The most representative values~se-
lected in bold! have been chosen according to the distribution
the most probable combinations of the dimensional paramete

kd /h50.5E24,1EÀ4,2EÀ4,1E23~kd52.5d50!;

1E23,3E23,3E22~kd580d50!

A/kd51,000,3,000,6,000~kd52.5d50!,

33,100,200~kd580d50!

Uc /ub50.1,0.2,0.5,0.7,1,2

f50°,45°,70°,80°,90°

Not all combinations of these situations are possible in pra
cal cases. For example, parametersA andub are dependent on on
another and low values ofkd /h are possible only in relatively
‘‘deep’’ water, beyond the breaking zone, where only low valu
of the groupUc /ub50.1, 0.2 are expected.

It is important to obtain the apparent bed roughness for at l
a ‘‘rough’’ matrix of a possible combination of these dimensio
less groups. In the present work, a limited number of combi
tions of dimensionless groups are studied. Nevertheless, the
ied cases enable us to find a functional dependence of
apparent roughness on the dimensionless groups.

Apparent Bed Roughness Evaluation

Dependence of Wave Roughness on Flow Properties

The results presented below show the dependence of the w
roughness on wave, current, and morphological properties.
model has been run for values of the nondimensional groups
scribed above, but dependencies are plotted mostly for the no
mensional groupU f c /ub5Atb /r/ub instead ofUc /ub because
U f c is considered to be prescribed~tb for the stationary motion
should be equal to the vector sum of the driving forces!. U f c in
this expression is the mean friction velocity;tb is the bed shear
stress andr is the fluid density. Therefore,U f c is the known
variable, whileUc is obtained during solution. Figs. 4~a and b!
show the curves of normalized apparent bed roughness (kw /kd)
plotted against relative bed roughness (kd /h). Curves are plotted
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for the most representative angle~80°! between waves and cur
rent. In Fig. 4~a! these curves are plotted forA/kd56,000~fixed
bed roughness, i.e., sandpaper,kd52.5d50! and in Fig. 4~b! for
A/kd5100 ~bed roughness, which accounts for the effect of m
bile sand bed,kd580d50!. In the wide range ofU f c /ub and for
both values ofA/kd , the dependence of normalized apparent b
roughness on relative bed roughness is negligible. Indeed, if
assume that turbulence is generated mostly by waves, and
thickness of the turbulent wave boundary layer is small relative
the depth, then the wave boundary layer should not be affecte
the entire depth and changes in water depth should not influe
the wave boundary layer.

Figs. 5 and 6 demonstrate the dimensionless apparent ro
ness (kw /kd)-@Figs. 5~a! and 6~a!# and time-averaged depth-mea
wave–current velocity scaled by velocity of the current in iso
tion (Ucw /Uc)-@Figs. 5~b! and 6~b!#, plotted against mutual ori-
entation of the current and wave motions. The computations
made forkd /h51E24 ~fixed bed roughness! andA/kd51,000,
3,000, and 6,000~Fig. 5!, and for kd /h53E23 ~movable bed
roughness! andA/kd5100 ~Fig. 6!. Six different values ofUc /ub

have been chosen: 0.1, 0.2, 0.5, 0.7, 1, and 2~U f c /ub correspond-
ingly 0.0033, 0.0068, 0.0165, 0.0231, 0.034, and 0.068 for fi
bed roughness and 0.0046, 0.0093, 0.0231, 0.0324, 0.0465
0.0931 for movable bed roughness!. It follows from the Figs. 5
and 6 that the dependence of the apparent roughness on the
tual orientation of current and wave motion in the range betw
70° and 90° is weak. That range covers most of the pract
cases, at least when sediment transport is significant~i.e., for
waves higher than 1 m!. Situations, when mutual orientation o
waves and current is less than 70°, occur only in the areas aro
marine structures. In those cases the influence of mutual orie
tion grows with a decrease in the angle between waves and
rent and a maximum influence can be seen for the collinear c
Between 70° and 0° the change in log(kw /kd) is close to linear, the
inclination of the lines depending on parametersU f c /ub and
A/kd . For high values ofA/kd ~fixed bed roughness!, the depen-
dence of the apparent bed roughness on the angle is higher fo
cases when the wave orbital velocity and current velocity
almost equal. For small waves on a strong current, or high wa
on weak current, dependence on their mutual orientation
creases. For low values ofA/kd , the stronger the current relativ
to the wave orbital velocity, the higher the dependence onf. The
fact that Figs. 5~a! @6~a!# and 5~b! @6~b!# look similar when the
parameterkw /kd is plotted on a logarithmic scale andUcw /Uc on
a linear scale reflects the tendency toward the logarithmic velo
distribution in boundary layer flow.

Fig. 4. Dependence of apparent roughness on relative bed ro
ness:~left plot! A/kd56,000,~right plot! A/kd5100
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In Fig. 7 the variations in dimensionless apparent roughnes
a function ofUc /ub @Fig. 7~a!# andU f c /ub @Fig. 7~b!# are shown
for different values ofA/kd ~A/kd56,000, 1,000, 200, 100, an
33!. The variations are shown for an 80° angle between wa
and current. The dependence of the apparent bed roughness
group Uc /ub (U f c /ub) is very strong and normalized appare
bed roughness increases as the groupUc /ub (U f c /ub) decreases
In fact, the groupsUc /ub and U f c /ub characterize the relation
between wave and current turbulent intensities. It is interestin
note that the curves on Fig. 7~b! cross each other, which mean
that the apparent roughness for a relatively weak current~i.e.,
small values ofU f c /ub , less than 0.025! is smaller for small
values ofA/kd . This means that for fixedub and kd , apparent
roughness is larger for the fast oscillations in the case of relativ
strong currents. The opposite applies for the case of a relati
weak current.

Approximate Expression for Functional Dependence of
Apparent Bed Roughness on Flow Properties

As shown above, the nondimensional apparent bed rough
kw /kd depends mostly on three groups:U f c /ub , A/kd , and f.
Dependence on groupkd /h is very weak and can be neglecte
Fig. 7~b! demonstrates the dependence of log(kw /kd) on the non-
dimensional groupsU f c /ub andA/kd . Approximation of this de-

Fig. 5. Dependence of normalized apparent bed roughness~a! and
current reduction~b! on mutual orientation of waves and curren
Fixed bed roughness:~dot-dashed line! A/kd51E3, ~solid line!
A/kd53E3, ~dashed line! A/kd56E3, ~h! Uc /ub50.1, ~l!
Uc /ub50.2, ~L! Uc /ub50.5, ~3! Uc /ub50.7, ~m! Uc /ub51, and
~d! Uc /ub52.
s

he

s

Fig. 6. Dependence of normalized apparent bed roughness~a! and
current reduction~b! on mutual orientation of waves and curren
Movable bed roughnessA/kd5100: ~h! Uc /ub50.1, ~l! Uc /ub

50.2, ~L! Uc /ub50.5, ~3! Uc /ub50.7, ~m! Uc /ub51, and ~d!
Uc /ub52.

Fig. 7. Dependence of normalized apparent bed roughness on g
Uc /ub ~a! andU f c /ub ~b!: ~n! A/kd56,000,~d! A/kd51,000,~h!
A/kd5200, ~3! A/kd5100, and~l! A/kd533
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pendence enables one to readily conduct the evaluation of
apparent bed roughness when the mutual orientation of waves
current is close to normal and other input parameters are allo
to vary. The fitting function@Eq. ~20!#, which approximates this
dependence, represents the sum of two exponents dependen
groupU f c /ub , the coefficients of these exponents being logar
mic functions of groupA/kd

log~kw /kd!5 f ~U f c /ub ,A/kd!

5y01A1exp~2~U f c /ub2x0!/t1!

1A2 exp~2~U f c /ub2x0!/t2! (20)

where f 5fitting function; t1 , t2 , y0 , and x05coefficients: t1

50.0166, t250.1185,y0520.43, andx0520.00155; A1 , A2

5functions of the groupA/kd : A15c1 log(A/kd)1p1 and A2

5c2 log(A/kd)1p2, wherec151.08, p1520.0208,c2520.177,
and p251.73. For fixed bed roughness, the approximate exp
sion could be simplified. The dependence on groupA/kd can be
neglected and coefficientsA1 andA2 could be substituted by con
stants:A153.72 andA251.08. Graphs for the fitting function ar
plotted in Fig. 8.

The dependence of the apparent bed roughness on the m
orientation of the waves and currents in the most relevant si
tions ~when the angle between waves and current is between
and 70°! is insignificant. Nevertheless, between 70° and 0° t
dependence should be accounted for. The dependenc
log(kw /kd) on f has also been approximated for the fixed b
roughness. Linear approximation fits well and the inclinat
angle of the linear dependence is defined by parametersA/kd and
U f c /ub , i.e.,

log~kw /kd!5 f for 70°<f<90°
(21)

log~kw /kd!5 f 1Gf~1.222f! for 0°,f,70°

whereGf5slope coefficient andf5expressed in radians.
The approximating expressionGf is obtained by the best fit o

the discrete values ofG found as described above~see Fig. 9!

Gf5y1012 (
i 51,2

Biwi /p/~wi
214~U f c /Ub2xci!

2! (22)

Fig. 8. Fitting of dependence of apparent bed roughness on gro
U f c /ub and A/kd : ~dashed lines! model runs,~solid lines! fitting
expression,~n! A/kd56,000,~d! A/kd51,000,~h! A/kd5200,~3!
A/kd5100, and~l! A/kd533
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where y1050.023; B150.0497; B250.00773; w150.0492; w2

50.0186;xc150.0385; andxc250.022. The dependence ofG on
U f c /ub and its approximation for fixed bed roughnessGf is dem-
onstrated in Fig. 10.

There should be one more constraint on the wave roughn
calculated utilizing the approximating expression~20!. The wave
roughness should be limited in relation to the water depth. T
entire water depthh is chosen as a criterion for the upper limit o
wave roughness and the bed roughnesskd is chosen as the lowe
limit. The hyperbolic tangent is used in order to provide contin
ity at the upper limit. Thus, the final form of the approximatin
function is as follows:

kw

kd
5

h

kd
tanhS kd

h
10f D for 70°<f<90°

(23)
kw

kd
5

h

kd
tanhS kd

h
10f 1Gj ~1.222f!D for 0°,f,70°

Therefore, for the fixed bed roughness, Eq.~23! allows calcula-
tions ofkw /kd for any input parameters of waves and current. F
the arbitrary bed roughness~at least in near-shore condition
where ripples are mostly washed out!, this formula results in simi-
lar accuracy of the apparent roughness as the numerical tu
lence closure model does for the mutual orientation of waves
current between 90° and 70° that covers most possible cases
result obtained from the approximate equation is within a f
percent from the one calculated by implementing the numer
model.

s

Fig. 9. Example of linear fitting function for apparent roughne
dependence on angle between wave and current directions:
fitting line; G is slope;Uc /ub50.7

Fig. 10. Best fit of slope coefficientGf : ~diamonds! slope coeffi-
cient; ~solid line! fit
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A comparison of the computations of the apparent bed rou
ness by the approximate expression~23! with the results obtained
applying other approximations is shown below. Sleath~1991! de-
veloped a model, which leads to the expression

kw

kd
5110.19

ub

U f c
AA

kd
(24)

and Nielsen~1992! derived an expression for a constant, re
valued eddy viscosity in the wave boundary layer.

kw

kd
50.44

ub

U f c
(25)

The expressions obtained by Sleath~1991! and Nielsen~1992!
are valid only for small values ofA/kd , i.e., for fairly large rela-
tive roughness. Sleath’s~1991! expression is valid in the rang
1,A/kd,120 and the expression derived by Nielsen~1992!,
which does not include dependence onA/kd , is valid only for
2,A/kd,17. Both these expressions do not include depende
on mutual orientation of waves and current.

A comparison among the three relations is performed for fix
valueA/kd515. For such a large value of relative bed roughne
the approximating expression obtained in the present researc
lows computation of the apparent roughness only for mutual
entation of waves and current between 70° and 90°. The est
tions of apparent roughness for waves and current propagatin
the coinciding direction (f50°) have been obtained based o
numerical simulations~Fig. 6!. It can be clearly seen from Fig. 1
that in all cases the apparent roughness, obtained from Niels
~1992! expression, lies between values computed forf590° and
f50°, and apparent roughness obtained from Sleath’s~1991!
expression almost coincides with that forf50°. The indubitable
advantage of the expression derived in the present research i
it allows computations in a very wide range ofA/kd and accounts
for mutual orientation of waves and current. The applicability
A/kd values as low as 15 have been verified using this expres
versus the full model and a very reasonable agreement betw
computed values of apparent roughness was obtained.

Implementation of Apparent Bed Roughness in
Three-Dimensional CAMERI Model

The 3D CAMERI flow model~Sladkevich et al. 2000! was used
to calculate the flow pattern in the Tel Aviv region for a number
wave situations. The flowchart in Fig. 12 demonstrates how
apparent bed roughness, calculated using the approximate ex

Fig. 11. Apparent roughness computations forA/kd515 by different
approximate expressions derived by Sleath~1991!; Nielsen ~1992!;
and in current research
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sion ~23!, was implemented for calculating flow patterns by t
3D CAMERI flow model. Wave transformation on the coast w
calculated using the parabolic mild slope~PMS! module of the
MIKE21 package,MIKE21 user’s guide and reference manu
~1995!, Danish Hydraulic Institute. The approach of Battjes a
Janssen~1978! has been used to model irregular waves. T
model has been applied with a 535 m grid. The 2D maps of
wave characteristics~RMS wave height and direction! and radia-
tion stresses were obtained as output from the PMS module.

The wave parameters computed using the PMS module s
as input for the approximate expression~23!. Wave roughness
from expression~23!, is calculated for the cases when turbule
(R.6E5,R5A2s/n) ~Nielsen 1992! or transitional (3E5,R
,6E5) regimes are observed in the bottom boundary layer
these expressionsR is the Reynolds number,s is the wave fre-
quency, andn is the kinematic viscosity. For the transitional r
gime the logarithm of ratiokw /kd has been decreased proportio
ally with the Reynolds number. For the laminar regime, b
roughness is left unchanged. To evaluate the flow pattern u
the CAMERI model, the wave roughness map is used as an i
parameter for the CAMERI flow model along with the radiatio
stress field. Grid size in a CAMERI flow model changes from
m in the breaking zone near the structures to 200 m at the bo
aries far from the analyzed region. Time step depends on a
bility criterion and approximately varies around 1 min. A no-flu
condition has been applied on the sea structures and on the
boundaries. The feedback from the CAMERI model for roug
ness calculations is realized by using bed stresses from the C
ERI model to calculate a second approximation of the wa
roughness map. The bed stresses are not equal to shear rad
stresses, even in steady flow, since the latter account for the
ditional stresses caused by horizontal nonuniformity of the flo
Then, the second approximation of the flow pattern is calcula
The iterations stop when the integral*x*y log(kw /kd) over the
simulated domain, computed in successive iterations, conve

Fig. 12. Flowchart for implementation of apparent bed roughness
three-dimensional CAMERI flow model
JOURNAL OF HYDRAULIC ENGINEERING / AUGUST 2002 / 737
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Fig. 13. Flow simulations for wave No. 1 (H5275 cm,T511.2 s,u05278°). Tel-Aviv coast:~a! ‘‘apparent’’ roughness maps,~b! flow pattern
calculated without implementation of ‘‘apparent’’ roughness map, and~c! flow pattern calculated with implementation of ‘‘apparent’’ roughne
map.
hre

ec-
nes

e
the
-

rea
the
giv
thi
d is
uce

ow
ifi-

ion.
ve

ci-
ave

of
for
nt
a

he
n
di-
a-

d in
n

ar
of

ple-

in
ve

ve
the
to within 10% between these iterations. In all modeled cases t
iterations were enough for convergence.

In the present research, two typical storm~out of nine! condi-
tions corresponding to waves arriving from south and north dir
tions have been chosen for simulations. The relative rough
maps for these conditions are shown in Figs. 13~a! and 14~a!. In
these figuresu0 is the direction of the wave vector, relative to th
north, and the direction of the normal to the shoreline at
chosen location~Tel Aviv coast! us5284°. Wave roughness dif
fers significantly from bed roughness, e.g., the ratiokw /kd

reaches 1,000 and even more in the outer zone beyond the b
ing. In this region ripples can be present and it is unclear if
apparent roughness computed using a plane sandy bed would
accurate results. However, it is obvious that the roughness in
region is essentially magnified due to wave action and the tren
correct. In the surf zone, where the radiation stresses are ind
and a longshore current is generated, the ratiokw /kd rarely ex-
ceeds 100. Two couples of flow patterns~for flow with and with-
out implementation of the apparent bed roughness! for two wave
conditions are shown in Figs. 13~b and c! and 14~b and c! for
waves 1 and 2, respectively. The results indicate that the fl
calculated without wave roughness implementation differs sign
cantly from that calculated with wave roughness implementat
The difference can be seen both in the magnitude of current
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locities and in the direction of current propagation. Flow velo
ties calculated with the implementation of wave roughness h
significantly smaller magnitudes. For example, the magnitude
mean current velocity on the seaside of marine structures
wave condition No. 1, without implementation of the appare
roughness@Fig. 13~a!#, varies between 0.35 and 1.0 m/s, with
mean velocity of about 0.85 m/s. With implementation of t
apparent roughness@Fig. 13~b!# the magnitude varies betwee
0.25 and 0.7 m/s, with mean velocity 0.65 m/s. For wave con
tion No. 2, the magnitude of flow velocity on the seaside of m
rine structures in Fig. 14~a! ~without wave roughness! varies be-
tween 0.3 and 0.95 m/s, with mean velocity 0.65–0.7 m/s, an
Fig. 14~b! ~with wave roughness! the magnitude varies betwee
0.2 and 0.7 m/s, with mean velocity of about 0.5 m/s.

Deflection of flow velocities in the cross-shore directions ne
marine structures for flow calculated with implementation
wave roughness, compared to the flow calculated without im
mentation of wave roughness, is also clearly seen~Figs. 13 and
14!. For example, for wave condition No. 1~Fig. 13!, the flow is
shifted in the offshore direction near the Tel Aviv Marina and
front of the cooling basin of the Reading power station. For wa
condition No. 2~Fig. 14! at a depth of 8 m and more to the south
of Reading, there are circulation cells for computations with wa
roughness, while in computations without wave roughness



map

Fig. 14. Flow simulations for wave No. 2 (H5240 cm,T510.5 s,u05297°). Tel Aviv coast:~a! ‘‘apparent’’ roughness maps,~b! flow pattern
calculated without implementation of ‘‘apparent’’ roughness map, and~c! flow pattern calculated with implementation of apparent roughness
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flow is just parallel to the shoreline. In front of Reading, a circ
lation cell in Fig. 14~b! is shifted to deeper water. From the sed
ment transport point of view, deflection of the current in the pr
ence of marine structures, when taking into account w
roughness in the CAMERI flow model, should automatically
crease cross-shore sediment transport and, respectively, bypa
of marine structures by sediments.

Concluding Remarks

In the present research a numerical turbulence closure mod
the type used by Davies et al.~1988! and Davies~1990! was
developed. The described model differs from the Davies~1990!
model by introducing a shear stress on the free surface
boundary condition instead of zero velocity gradient, and by
possibility of using different boundary conditions for turbule
equation on the free surface. A sensitivity analysis reveals tha
overall solution is not sensitive to changes in surface roughn
The model is implemented for computations of the apparent
roughness.

Typical wave–current situations for the Israeli near-shore c
ditions are studied, and limiting and also most typical values
the wave and current characteristics are selected. Wave–cu
motion in the near-shore conditions is defined by four dimensi
less groups, namelykd /h, U f c /ub (Uc /ub), A/kd , and f. De-
ng

f

a

.

nt

pendence of wave roughness on all dimensionless groups is
ied. It is shown that changes in the parameterkd /h do not have
much effect on the solution. The dependence of the appa
roughness on the groupsU f c /ub , A/kd and mutual orientation of
waves and currentf is important and could be nonmonotonous
different ranges of parameters. It is shown that in most pract
situations, which are significant for sediment transport, the mu
orientation of waves and current varies between 70° and 90°.
dimensionless groupU f c /ub is the most important and actuall
defines the apparent roughness variation.

A fitting technique for results obtained by solving the nume
cal turbulence closure model has been used to derive an emp
expression that associates the apparent roughness with dimen
less groupsU f c /ub , A/kd , andf. The use of this approximating
expression eliminates the necessity for performing heavy num
cal simulations. Maps of the apparent roughness for the Tel A
coast have been obtained for particular wave conditions utiliz
the approximate expression. These maps were implemented i
3D CAMERI flow model.

The flow computations, accounting for the increase of app
ent bed roughness caused by the turbulence induced by the w
lead to a flow pattern that differs significantly from that obtain
by the neglect of wave generated turbulence. The implementa
of the apparent bed roughness in the 3D model enables evalu
of physically more reasonable flow patterns.
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A comparison of flow patterns calculated with and witho
apparent roughness shows that accounting for apparent roug
in flow calculation results in the decrease of current velocities
divergence of the velocity field around marine structures.
should be emphasized that the approach suggested in the cu
work is of a general nature and is not limited for the Israeli co
only.
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Notation

The following symbols are used in this paper:
A 5 near bed wave excursion amplitude;

A1 , A2 5 empirical constants;
B1 , B2 5 empirical constants;
C1 , C2 5 empirical constants;
c1 , c2 5 empirical constants;

D 5 damping function;
d16,d50, d84 5 grain size exceeding by weight 16, 50, and

84% of particles, respectively;
f 5 fitting function;

G 5 slope coefficient;
Gf 5 approximation of slope coefficient;
H 5 wave height;

HRMS 5 RMS wave height;
H0 5 deep water wave height;

h 5 water depth;
k 5 turbulent kinetic energy;

kd 5 bed roughness;
kw 5 apparent bed~wave! roughness;
k0 5 turbulent energy atz0 ;

l 5 mixing length;
Px , Py 5 constants;

p 5 mean pressure;
p1 , p2 5 empirical constants;

R 5 Reynolds number;
T 5 wave period;

Tpeak 5 peak wave period;
t 5 time;

t1 , t2 5 empirical constant;
U 5 horizontal component of velocity inx direc-

tion;
Uc 5 mean current velocity for current alone;
U f 5 friction velocity;
U fc 5 friction velocity of mean current;
ub 5 amplitude of near-bed wave orbital velocity;
V 5 horizontal component of velocity iny direc-

tion;
V0 5 free stream velocity;

w1 , w2 5 empirical constants;
x 5 horizontal coordinate in direction normal to

shoreline;
xc1 , xc2 5 empirical constants;

x0 5 empirical constant;
y 5 horizontal coordinate in direction parallel to

shoreline;
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y0 5 empirical constant;
z 5 vertical coordinate;

z0 5 level of zero velocity;
z01 5 surface roughness length;
a 5 ratio of eddy diffusivities of energy and mo-

mentum;
dc 5 current bottom boundary layer thickness;

dcw 5 wave–current bottom boundary layer thick-
ness;

e 5 dissipation rate;
k 5 von Kármán constant;
n 5 kinematic molecular viscosity;

nT 5 eddy viscosity;
r 5 density of fluid;
s 5 wave frequency 2p/T;

tb 5 bed shear stress;
ts 5 surface shear stress;

tzx , tzy 5 Reynolds stress inx direction/y direction,
respectively;

f 5 angle between wave and current; and
c 5 empirical constant.
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