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ABSTRACT

Effects of moveable-bed bottom friction for wave observations and wave modeling are investigated using a
state-of-the-art bottom friction model. This model combines the hydrodynamic friction model of Madsen et
al. with a moveable-bed roughness model based on Grant and Madsen. Analyzing the present model for idealized
swell cases, it is shown that swell might result in wave-generated sand ripples. The large change of roughness
corresponding to initial ripple formation results in a preferred wave height for swell, related to bathymetric
scales as generally occur in shelf seas away from the coast. The corresponding wave-generated bottom roughness
is not defined by the local wave conditions, but is related to the overall energy balance of the wave field. Sediment
data thus is imperative for the interpretation of observed decay rates and friction factors for swell. For idealized
depth-limited wind seas, near-bottom wave motion is expected to generate partially washed-out ripples and
moderate sheet-flow roughness. A comparison with previous models explains the apparent success of severat
models that do not explicitly account for moveable-bed effects. Such models, however, are not expected to

reproduce the above preferred wave-height concept.

1. Introduction

Wind waves in oceans are generally described using
a spectral energy or action balance equation, account-
ing for linear wave propagation and source terms. The
source terms describe wind input, wave-wave inter-
actions, and wave breaking (whitecapping) (e.g.,
SWAMP Group 1985). The limited depths in shelf
seas introduce modifications to the above source terms
and introduce additional processes in the energy bal-
ance equation; propagation incorporates effects of
shoaling and refraction and wave-bottom interactions
provide additional mechanisms for wave energy dis-
sipation (e.g., SWIM Group 1985). An early review
of wave-bottom interactions is given by Shemdin et
al. (1978), who consider percolation, bottom motion,
bottom friction, and scattering of wave energy. For
sandy bottoms, as found in many shelf seas, Shemdin
et al. (1978) expect bottom friction to be dominant,
in particular when the near-bottom wave motion is
sufficiently strong to generate sediment transport and
corresponding bed forms (ripple formation ). Because
the boundary-layer flow is (expected to be) rough tur-
bulent for most interesting cases, bottom friction is a
function of the equivalent bottom roughness ky only.
This roughness length can (theoretically) vary from
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sand grain roughness (order of 10™* m) to ripple
roughness (order of 1072 to 10~! m). Based on this
range of roughnesses, Shemdin et al. (1978) concluded
that decay rates due to bottom friction might vary by
two orders of magnitude, which they found to be con-
sistent with the wide range of observed decay rates for
swell over sandy bottoms.

In the past decades, several bottom-friction models
have been developed for irregular waves. A review is
given by Weber (1991a,b). With a single exception
(see below), all these models concentrate on the hy-
drodynamic aspects of bottom friction, assuming that
the physical properties of the bottom, in particular ky,
are known. On the other hand, ripple formation due
to waves (and currents) is extensively studied, mainly
in the context of sediment transport. For monochro-
matic waves, a model for ripple formation and apparent
roughnesses due to a thin layer of highly concentrated,
saltating, and suspended sediment (i.e., sheet flow) has
been developed by Grant and Madsen (1982). This
model is more or less established in the sediment trans-
port community. It has been applied in the wind wave
model of Graber and Madsen (1988), in combination
with a “representative monochromatic wave” to de-
scribe the spectrum (Madsen et al. 1988). Numerical
experiments with a similar approach have been re-
ported by Tolman (1989). However, several papers
indicate that the Grant and Madsen model describes
ripple formation for irregular waves inadequately. Re-
cent studies on sheet flow also question the validity of

the corresponding part of the Grant and Madsen
model.
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The present paper seeks to investigate moveable-bed
roughnesses from a perspective of wind wave obser-
vations and (numerical ) wind wave modeling (without
resorting to full numerical models). In sections 2 and
3 hydrodynamic and roughness models are discussed
to define a state-of-the-art model. The resulting model
consists of the hydrodynamic model of Madsen et al.
(1988) and a modified version of the Grant and Mad-
sen (1982) roughness model. In section 4 the behavior
of the present model is analyzed by assessing the oc-
currence of roughness regimes and by analyzing length
scales of decay. For convenience of discussion, a dis-
tinction is made between swell and wind seas. Relevant
decay scales for swell are found for both smooth beds
(no sediment movement) and extremely rough beds
(initial ripple formation). For wind seas relevant decay
scales are expected to be accompanied by washed-out
ripples and possibly by moderate sheet-flow roughness.
Implications for wave observations and wave modeling
are assessed in more detail in section 5. The discontin-
uous change of roughness related to initial ripple for-
mation is shown to result in the occurrence of a pre-
ferred swell height, in particular for bathymetric scales
as encountered in shelf seas away from the coast. In
such conditions the actual roughness is determined by
the overall energy balance (i.c., not by the local wave
conditions only). Furthermore, it is shown that several
previous models without explicit moveable-bed effects
are expected to give generally good results, although
neither of these models is expected to reproduce the
above concept of a preferred wave height. The discus-
sion in section 6 finally deals with implications of sim-
plifications and uncertainties of the present model on
the results, and with difficulties surrounding the im-
plementation of a moveable-bed roughness model in
a numerical wind wave model.

2. Hydrodynamic models

In the past decades, several (hydrodynamic) bottom-
friction source terms for wind waves have been sug-
gested, including an empirical model (Hasselmann et
al. 1973), drag-law models (Hasselmann and Collins
1968; Collins 1972; Madsen et al. 1988), and eddy
viscosity models (Weber 1991a,b). All these models
share the following general form of the (two-dimen-
sional) dissipation source term S (Weber 1991a,b)

k

S ¢ sinh2kd F,
where £ is the wavenumber of the spectral component,
d is the mean water depth, F is the two-dimensional
surface elevation spectrum [ for instance, the vector
wavenumber spectrum F(k) or the frequency-direc-
tion spectrum F(f, 6)], and Cis a (model dependent)
dissipation coeflicient with the dimension of a velocity
(henceforth denoted as the velocity scale). Note that
the source term is actually related to the near-bottom

(1)
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velocity spectrum, which in the linear theory is defined
as

° Npong—K
sinhkd) = “® sinh2kd "’

where o is the angular frequency of the spectral com-
ponent [o? = gk tanh(kd)].

In the simplest model available, that is, the empirical
JONSWAP model (Hasselmann et al. 1973), C is as-
sumed to be a universal constant. As this formulation
does not promote insight into the physics involved,
and as more recent work indicates that C is not a uni-
versal constant (e.g., Bouws and Komen 1983) it will
not be considered in this section.

For the drag-law models mentioned above, the ve-
locity scale C = f,,uy,,, where £, is the friction factor!
and where u;, , is a representative near-bottom velocity.
The friction factor relates the bottom stress 7 to the
near-bottom velocity u,; for example, |7| = 1 f,u3.
A complicating factor in intercomparing drag-law
models is that the representative velocity u, , depends
on the actual definition of the drag law, making friction
factor formulations specific for the corresponding
model. However, a generalized friction factor f,,, can
be defined using a generalized near-bottom velocity
u . independent of the drag law:

(2)

Up o Up g

Note that such a generalized friction factor can be de-
fined for any model, including eddy viscosity or em-
pirical models. For most of the models mentioned
above, f,,. is either a constant or a function of the non-
dimensional bottom roughness kyoy, ,/ t4p o OT kny/ Gp g,
where ky is the (Nikuradse equivalent sand grain)
roughness length, ¢, , is the peak frequency of the near-
bottom spectrum, and a, , is a representative near-bot-
tom orbital excursion.

In Fig. 1, generalized friction factors f,, , are presented
for several published bottom-friction source terms. The
velocity u, . is arbitrarily chosen to be the rms velocity
Ums and it is assumed that tms/ 65 p = Grms, WHETE Gpms
is the near-bottom rms orbital excursion. Note that the
assumption of a rough turbulent boundary layer im-
plies that the friction factor has a maximum for a rel-
ative roughness of approximately 1. For larger relative
roughnesses, f,, is usually kept constant (e.g., Jonsson
1980).

Hasselmann and Collins (1968) (shaded area, de-
noted as HC) assume the friction factor to be a uni-
versal constant. Their velocity u, , varies with the wave
direction, having a maximum that (approximately)
coincides with the mean wave direction. Collins (1972)

! Note that several papers use ¢, = 2f,, (e.g., Hasselmann and
Collins 1968).
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F1G. 1. General friction factor C/u., as a function of the relative
roughness Anos,/Ums. The “nonlinear” solution of Weber corre-
sponds to the dominant stress direction; C/tms of Hasselmann and
Collins varies with the spectral direction 6 only.

(chain line, denoted as C) simplified this model by
replacing u; , with ;.

The drag-law models of Madsen et al. (1988) in-
corporate friction factors that vary with the relative
roughness. By design, this bottom-friction source term
strongly resembles energy dissipation formulations for
monochromatic waves. Without loss of generality, sev-
eral semimonochromatic friction.factor formulations
can be used. Such formulations are obtained from the
original formulations by replacing the monochromatic
near-bottom velocity and excursion amplitudes with
their rms values from the spectrum (note that the rms
amplitude is by definition V2 times the overall rms
parameter value). The dotted line in Fig. 1 represents
the friction factor according to an “exact” formulation
for the friction factor including Oth-order Kelvin func-
tions [cf. Grant and Madsen (1979, 1982); our Eq.
(4), denoted as MPG-E]. The dashed lines represent
the well-known semiempirical formulation of Jonsson
(1963, 1966) and Jonsson and Carlsen (1976) and the
approximate rough-turbulent solution of Kajiura
(1968) (equations not reproduced here). The latter
formulations essentially are analytical approximations
to the “exact” friction factor based on approximations
to Kelvin functions and will be denoted as MPG-A.

Weber (1991a,b) presents fairly complicated “lin-
ear” and “nonlinear” eddy viscosity models, where the
“(non)linear” identifies the dependence of the instan-
taneous stress on the random phase of the waves. Weber
defines a simplified version of the linear model for ap-
plication in wave models { lower solid line, denoted as
WAL; Weber [1991b, Egs. (3-15) and (B8)]; the sim-
plifications imply that the spectral peak frequency is
assumed to be representative for the entire spectrum,
and that u,/tmys iS approximately constant}. The

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 24

nonlinear model incorporates a directional dependence
similar to that of the HC model. Weber does not present
a simplified nonlinear model. However, following the
reasoning of Weber (1991a, p. 86) and using her Fig.
2, it follows that the linear model requires an approx-
imately four times larger spectrum than the nonlinear
approach to obtain identical values for C (main stress
direction, assuming identical ky and ¢} ,). Thus, tme
of the linear model needs to be larger than u,, of the
nonlinear model by a factor of V4 to obtain identical
values of C and f,, ;. For simplicity, assuming that o,
remains unchanged, an estimate of the nonlinear fric-
tion factors then follows directly from the approximate
linear model by straightforward rescaling of the veloc-
ities (upper solid line, denoted as WAN).
" The HC and C models start from a given friction
factor, whereas all other models incorporate friction
factors that are a function of the roughness ky. As dis-
cussed by Shemdin et al. (1978), and as is commonly
accepted for monochromatic waves, for example,
Jonsson (1980), the latter approach is more realistic.
Friction factors f,,, for the remaining models (solid,
dashed, and dotted lines) differ by a (nearly constant)
factor, which is smaller than 2 for ko, 4/ tUms < O.1.
For knopp/tms > 0.1, the MPG-A models (dashed
lines) show the strongest dependence on the relative
roughness. This behavior, however, is related to errors
in the approximation to Kelvin functions on which
MPG-A models are based (e.g., Weber 1991a; Chris-
toffersen and Jonsson 1985). Because this roughness
range is expected to be important for swell propagation
(as will be shown below), such errors should be
avoided. Thus, for theoretical reasons, the MPG-E,
WAL, and WAN models are expected to represent the
physics most accurately, while being simple enough to
promote insight.

Only limited data is available on friction factors for
spectra. Intercomparisons between model results and
observations in nature as presented by Weber (1991b)
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F1G. 2. Moveable-bed friction factors £, as a function of the nor-
malized Shields number ¥/y.. The GM model as implemented by
Graber and Madsen (1988) (ky = D fory/y,. < 1) for D = 0.1 mm
(solid line) or D = 0.4 mm (chain line). Present model [Egs. (9)~
(14),-kno = 0.01] for D = 0.1 mm (dashed line) or D = 0.4 mm
(dotted line). T = 2w /oy, = 105, ¥ = 0.05.
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are interesting for intercomparing models, but are
hardly suitable for model data comparison due to ex-
tremely coarse model resolution and the highly dissi-
pative numerical propagation scheme. Some laboratory
data for large relative roughnesses (Madsen and Ro-
sengaus 1988; Madsen et al. 1990) shows friction fac-
tors £, of up to 0.3 for relative roughnesses close to
1, slightly favoring the MPG-E model ( or some MPG-
A models).2 However, there is clearly insufficient data
for a dependable model verification, in particular at
smaller relative roughnesses. Thus, all models in Fig.
1 that are based on a roughness ky show similar be-
havior and are effectively interchangeable in wind-wave
modeling. Based on the limited data available, and for
consistency with the ripple-roughness model presented
in the following section, the MPG-E model will be used
in the present analysis. In this model the source term
S and the friction factor £, are given as

2

S=_fwurmF5 3)
Jo= Kerzzvz? i)gKePz\/E’ @
5o = 571—\,}——% (5)

" ={ 5;%2%;11”]”2’ (6)
a, = {f;l—j—z—]“-iF]l/z, (7)

where Ker and Kei are Kelvin functions of the zeroth
order and where « is the von Karman constant. The
integration in Eqgs. (6) and (7) is performed over the
spectrum. Note that Egs. (3)-(7) do not incorporate
an implicit directional dependency, so that a one-di-
mensional spectrum is sufficient to evaluate the be-
havior of this model.

3. Bottom roughness

As discussed in the Introduction, ripple formation
is expected to play an important role in wave energy
dissipation due to bottom friction. Ripple formation
has been studied for over a century. Reviews are given
by Dingler and Inman (1976 ) and Grant and Madsen
(1986). An extensive review of observed ripple types
is given by Amos et al, (1988).

Ripple formation by waves is related to the ability
of waves to move sediment, which in turn is governed
by the Shields number ¢ (e.g., Madsen and Grant
1976), .

2Note that for these observations #,, = V2um,, S0 that Jve

= V2 f;, ooservea [EQ. (2)].
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where 7, is the bottom friction, p is the density of water,
s is the relative density of the sediment p,/p (= 2.65
for quartz sands), and D is the representative grain
diameter. The prime indicates values based on skin
friction; that is, ky = D. Sediment motion starts when
the Shields number becomes larger than its critical
value ., which is estimated as ¥, ~= 0.04 ~ 0.06 for
clean, well-sorted sands (e.g., Madsen and Grant 1976;
Glenn and Grant 1987) and can become larger than
0.2 for bioturbated or multimodal sands (e.g., Drake
and Cacchione 1986; Cacchione et al. 1987; Gross et
al. 1992).

Grant and Madsen (1982, henceforth denoted as
GM introduced a moveable-bed roughness model
based on laboratory data for monochromatic waves
without currents. In this model, the wave-induced

Y= (8)

. roughness &y becomes the sum of a ripple roughness

k, [GM Egs. (8), (I1), and (23) and Table 1] and a
sheet-flow roughness k, [GM Eq. (43)] (equations not
reproduced here):

kv = k. + k. (9

To illustrate the effects of moveable-bed roughness
on wave energy dissipation, friction factors for the GM
model as implemented by Graber and Madsen (1988)
are presented in Fig. 2. Note that Graber and Madsen
(1988) use the hydrodynamic bottom-friction model
of Madsen et al., so that their friction factors are con-
sistent with the present model. Figure 2 shows small
friction factors for wave conditions where no sediment
movement occurs (Y < Y., roughness is assumed to be
dominated by skin friction, kxy = D). At conditions of
initial ripple formation (Y ~ y.), the relative roughness
(discontinuously ) becomes approximately 1, resulting
in a friction factor £, ~ 0.23. For increasing Shields
numbers, the relative roughness decreases, so that f,,
decreases until ripples are washed out completely. For
Y/, = 107 to 102, sheet flow starts to become im-
portant and f, again increases with increasing Shields
number.

Recent studies indicate shortcomings of the ripple-
and sheet-flow roughness formulations of the GM
model (as discussed below), in particular when applied
to irregular waves. These studies also indicate possible
improvements to the GM model for application to ir-
regular waves,

The GM model relates ripple roughness to the ripple
geometry, using empirical relations based on obser-
vations for monochromatic waves. These relations,
however, are not expected to be valid for irregular waves
for two reasons. First, many studies show that irregular
waves result in shorter and less steep ripples than
monochromatic waves (e.g., Dingler and Inman 1976;
Nielsen 1981; Madsen et al. 1990; Ribberink and Al-
Salem 1990, 1991). Second, Madsen et al. (1990) in-
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dicate that irregular waves result in a hydrodynamically
smoother bottom than monochromatic waves for
identical ripple heights and steepnesses, which appears
to be related to systematically different shapes of ripple
crests. The latter difference between monochromatic
and irregular waves makes it impossible to use the fairly
abundant data on ripple geometry for irregular waves
to construct an explicit ripple roughness model as in
the GM model. Alternatively, the empirical relation of
Madsen et al. (1990) will be used here:

&N i -2.5 i ‘
P 1.5(%) for ¢c> 1.2, (10)
Sl

where f,,, u,, and a, are given by Egs. (4), (6), and
(7), respectively. The prime again indicates skin fric-
tion (ky = D). Three remarks have to be made re-

garding Eq. (10). First, it was obtained by fitting ob-.

served friction factors based on Eq. (3) to the friction
factor (4), which guarantees consistency with the pres-
ent hydrodynamic model. Second, Madsen et al. found
Eq. (10) to be fairly insensitive to the grain diameter
D and to the spectral shape. Third, it should be noted
that Eq. (10) is based on data with ¥ /¢, < 3 only. As
stressed by Madsen et al. (1990, p. 429), one should
be careful to extrapolate to higher Shields numbers,
although the similarity to the original GM model in
the ripple break-off region somewhat supports extrap-
olation.

Presently, the most advanced model for sheet-flow
roughness under oscillatory motion is given by Wilson
(1989). Although sheet-flow conditions are not rough
turbulent, an equivalént roughness (based on unidi-
rectional flow data) can still be defined. Substituting
the Shields number in Wilson’s Eq. (8), the sheet-flow-
induced roughness becomes

, (12)

(13)

where ¢/ is the friction factor for sheet flow and 7 is
the wave period. Substituting (13) in (12) and using
T = 2wa,/ u,, the sheet-flow roughness becomes
2 14
L 0.0655(——“’——) . (14)
a, (s — ga,
Note that Eq. (14) is formally derived for monochro-
matic waves, where u, and a, are the near-bottom ve-
locity and excursion amplitudes, respectively. Substi-
tuting Egs. (6) and (7) for irregular waves constitutes
an “equivalent wave” approach, consistent with the
hydrodynamic model of Egs. (3)-(7).
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Equation (14) results in sheet-flow roughnesses
smaller than those of the GM model by an order of
magnitude. The apparent overestimation of the sheet-
flow roughness by the GM model was previously ob-
served and discussed by Wiberg and Rubin (1989),
using field observations for unidirectional river flow.
It is easily verified that Wilson’s model shows excellent
agreement with their data (Wiberg and Rubin, Table
1, zo = kn/30). However, Wilson’s model is based on
unidirectional flow data only. Consequently, the choice
of a sheet-flow roughness model presently remains
somewhat arbitrary.

The moveable-bed roughness model defined by Eqgs.
(9)-(14) is valid only if wave motion is sufficiently
strong to move sediment; that is, if ¢ /¢, = 1.2, Oth-
erwise the bottom roughness can be related to “relict
ripples” of previous storm events (e.g., Drake and Cac-
chione 1989; Drake et al. 1992), current-induced
roughness (e.g., Amos et al. 1988; Lyne et al. 1990;
Drake et al. 1992), or bioturbation (e.g., Cacchione
and Drake 1982; Grant et al. 1984; Grant and Madsen
1986; Cacchione et al. 1987; Amos et al. 1988). Ideally,
this combined roughness should be modeled dynam-
ically, which presently appears unfeasible. However,
recognizing that the above processes will generally re-
sult in a bottom roughness ky > D, a predefined “base”
roughness kyo will be adopted here for /¢, < 1.2.
The determination of kygo is not straightforward.
Roughnesses due to bioturbation, relict ripples, and
current-induced ripples as presented in literature (e.g.,
Grant et al. 1984; Cacchione et al. 1987; Drake et al.
1992) are generally representative for mean currents.
These roughnesses are not necessarily applicable to
wave motion, in particular when the spacing of rough-
ness elements is larger than the typical orbital excursion
amplitude [e.g., Grant and Madsen (1979, p. 473);
Grant and Madsen (1986, Table 1)]. In such cases,
the wave roughness is expected to be closer to sand
grain roughness and thus smaller than the correspond-
ing current roughness. With estimated current rough-
nesses of typically 1-6 cm (e.g., Huntley and Hazen
1988; Cacchione et al. 1987), kno for /¢, < 1.2 is
expected to be of the order of 1 cm or smaller.

The behavior of the present roughness model as de-
fined by Eqgs. (9)-(14) is illustrated in Fig. 2, which
furthermore shows the differences between the present
model and the GM model as implemented by Graber
and Madsen (1988). If no sediment movement occurs
(¥ < y.), the present model shows larger friction factors
than the GM model as kyo > D. For initial ripple
formation (Y ~ ¢.), both models show identically high
friction factors. For larger Shields numbers, the present
model shows smaller friction factors, due to smaller
contributions of both ripples and sheet flow to the total
roughness.

4. An analysis of the present model

In this section the behavior of the present model
[Egs. (3)-(11) and (14)] is analyzed with an emphasis
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on effects of moveable beds. The expected occurrence
of ripple and sheet flow conditions and spatial scales
of energy decay are investigated. To obtain practical
insight into the behavior of the present model, results
are presented in terms of mean (surface) wave param-
eters such as the total energy E = f F, the significant
wave height H, = 4VE, the peak wavenumber k, (=27 /
L,), and frequency f, (=2« /T,) as a function of the
depth d. For convenience of derivation and discussion,
however, equations are generally expressed in terms of
nondimensional quantities such as the relative depth
k,d. Furthermore a distinction will be made between
swell and wind seas, where all swell energy is concen-
trated at f,, and where wind seas are described using a
TMA spectrum (Bouws et al. 1985). For wind seas the
steepness is assumed to be constant (e.g., Bouws et al.
1985; Huang et al. 1983):
€, -2

E ~ 2 ky?, (15)
where ¢ is the nondimensional energy level. Although
this equation is derived for deep water, it is sufficiently
accurate to obtain a general impression of depth-limited
wind seas (see Bouws et al. 1985). From Eq. (15), the
wave steepness in terms of H; and L, becomes

H, Ve

—_— e —

~ .

el (16)

For ¢ = 0.015 (fairly representative for young waves),
this steepness becomes 0.039. For swell it is by defi-
nition much smaller.

a. Wave-induced bottom roughness

To investigate the occurrences of ripples and sheet
flow, a,, u,, and the Shields number (11) are expressed
in terms of the above mean wave parameters. Using
the linear wave theory, g, and u, become

g =% 1 (17)
" 2372 sinhk,d’ .
o, H; (g kyd 1/2
r = e ’ 1
A (d sinh2k,d (18)

where a, and «, are shape factors depending on both
k,d and the spectral shape. For swell both shape factors
are by definition 1; for wind seas in shallow and inter-
mediate depths they are typically somewhat smaller
(see Fig. 3). Using (18), the Shields number (11) be-
comes

__ o Hi . kd
8(s— 1) dD"~ "sinh2k,d "
An expression for the critical wave height (H.) re-

quired for initial ripple formation can be deduced from
(19) by substituting ¥ = 1.2¢, and H; = H,:

1 S (19)
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FiG. 3. Shape factors o, and a, [Egs. (17) and (18)] as a function

of the relative depth k,d and the spectral shape. Swell (solid line),

TMA spectrum with vy = 3.3 (dotted line) and v = 1.0 (dashed line),
and o, = o = 0.08.

H: 1.2y, sinh2k,d
R G by (20)

Considering that «, is a weak function of k,d and the
spectral shape and that /', corresponds to small relative
roughnesses and hence is a weak function of D/ a,, Eq.
(20) shows that H, scales with }/? and approximately
scales with D'/2, For small relative depths, sinh(2k,d)
=~ 2k,d, so that H, becomes practically independent
of the wave period and approximately scales with d'/
2. For large relative depths, however, the right side of
Eq. (20) is dominated by the sinh factor, making H,
strongly dependent on the wave period and the (rela-
tive) depth.

In Fig. 4 critical wave heights H, for swell are pre-
sented as a function of the depth d for several diameters
D and periods T,. Here H, is fairly insensitive to the
wave period T, (Fig. 4a), as the low steepness of swell
requires small relative depths to generate significant
near-bottom wave motion but is sensitive to the grain
diameter (Fig. 4b) and the depth. Note that the results
of Fig. 4 (and Fig. 5) are representative for clean sand
only (Y. ~ 0.05). Results for multimodal or biotur-
bated sands with larger values of . are obtained by
rescaling H, according to Eq. (20) (H.+y!/?). The
magnitude of H,in Fig. 4 indicates that swell is expected
to generate ripples in shallow water. The depth range
for which ripples occur, however, depends strongly on
the grain diameter D (Fig. 4b).

In Fig. Sa critical wave heights H, for wind seas are
presented for several diameters D [Eqgs. (20) and (15)
with € = 0.015]. For storm conditions ripples are ex-
pected to occur over a large range of depths, where the
actual depth range again is strongly influenced by D.
Extrapolation of this figure for the smaller diameters
indicates that wave-induced ripples will occasionally
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FIG. 4. Critical wave height for initial ripple formation (H,) for
swell. (a) For a given diameter D = 0.2 mm and various periods T,
(solid lines, periods in seconds). (b) For a period 7, = 12 s and
various diameters (solid lines, diameters in millimeters). Dotted lines
denote steepness H,/L,; ¢, = 0.05, s = 2.65.

occur at depths as large as 100 m, as suggested by, for
instance, Gross et al. (1992). In Fig. 5b the corre-
sponding relative depths k,d are presented. The present
model indicates that initial ripple formation due to
wind seas is expected to occur for fairly large relative
depths (k,d > 2) in case of small grain diameters, but
for more depth-limited conditions for the larger di-
ameters considered.

Apart from the initial ripple formation, the occur-
rence of significant sheet flow roughness is of interest.
A first estimate for the occurrence of sheet flow is found
by defining a (fairly arbitrary) representative Shields
number ¢, for initial sheet flow. For swell a critical
wave height for sheet flow H, ; is found by replacing
V. in Eq. (20) with y,. Assuming (fairly arbitrarily)
that J,/y. = 25 (see Fig. 2), H. ; =~ 5H,. Considering
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the wave heights in Fig. 4, this implies that realistic
critical swell heights for sheet flow (i.e., of the order of
1 m) will occur only in extremely shallow water (depth
order of several meters). Consequently, swell is ex-
pected to generate sheet flow conditions in the surf
zone only. For wind waves, a direct rescaling of H. is
not representative, because H; and T, are related. In-
stead H., , has to be calculated similar to H, assuming
avalue for y;/y.. In Fig. 5 H, ; is presented for D = 0.2
mm and y,/y¢. = 25. This figure shows large but not
unrealistic wave heights H._ ;, in particular for relatively
small water depths. The corresponding Shields number,
however, implies that ripples are expected to be mostly
washed out but that sheet flow roughnesses are still
moderate (Fig. 2). Even without further analysis, it
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FIG. 5. Critical wave height for initial ripple formation H, for wind
seas [panel (a)] and the corresponding relative depth k,d [ panel (b)]
for several grain diameters (in millimeters). Here, ¢ = 0.015, 0, = g,
=0.08, v = 3.3, ¥. = 0.05, s = 2.65. The dotted line corresponds to
the critical wave height for sheet flow (H, ;) for D = 0.2 mm and ¢,/
Y. = 25. -
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appears unrealistic to expect wind waves to generate
significant sheet-flow roughness, except for conditions
with shallow water and rapidly changing depths (e.g.,
on a beach).

b. Spatial scales of wave energy decay

The importance of bottom friction for wind waves
in the context of wave generation and dissipation can
be assessed by considering spatial scales of wave energy
decay. First, the total wave energy dissipation will be
considered. The temporal scale of decay ¢, for the total
wave energy E = [ Fis defined as t, = —E/S,, where
S, = f S (the suffix ¢ is used for later comparison with
scales within the spectrum). Using (3), (6), and (18),
t, can be expressed in terms of mean wave parameters
as

L=

E _ 2 d7(sinhdkd\V
_Sl a?tgllszHy de ' )

Note that the effect of wave-generated bottom rough-

ness is absorbed in f,. A spatial scale of decay x, then

is defined as x; = #,¢c, », Where ¢, , is the group velocity

for f,. After some straightforward manipulations, X,

becomes (n = kc,/ o)
2V2 &2

- ag was G(kpd),

sinhkd 2n
kd 2n—1"
(22)

In Fig. 6 decay scales x; as a function of depth d are
presented for a typical swell with H; = 1 m and 7,
= 12 s for clean sand with D = 0.2 mm. The sensitivity
of x, to the latter three parameters is also shown. As
follows from the results of the previous section, initial
ripple formation occurs in the depth range considered.
Initial ripple formation is identified in Fig. 6 by the
discontinuous change of x; by up to an order of mag-
nitude. The depth of initial ripple formation is very
sensitive to the wave height, but virtually independent
of the wave period, as could have been inferred from
(the discussion of) Fig. 4. Similarly, the decay scales
depend mostly on the wave height and the bottom ma-
terial. If no ripples occur, x; is typically O(100 km);
X, related to ripple formation of O(10 km) or even
smaller. Both decay scales are generally significant for
swell propagation in shelf seas.

In Fig. 7 decay scales x; as a function of depth d are
presented for a range of wind sea wave heights and a
grain diameter D = 0.1 mm (panel a) or D = 0.4 mm
(panel b). If ripples occur, the spatial scales x; for all
wave heights are concentrated in a fairly narrow band,
in particular for D = 0.4 mm. The spatial scale of decay
is typically of O(10'-102 km) and increases sharply
with increasing depth. A situation without ripples oc-
curs only for fairly low wave heights and large water
depths. The corresponding decay length scales are
O(103 km) or larger. The latter decay scales are gen-

X
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FIG. 6. Decay length scales x, for swell on sandy bottoms with v,
= 0.05 and kyo = 0.01 m. Unless specified differently, D = 0.2 mm,

. Hy=1m,and 7, = 12s.

erally irrelevant compared to bathymetric scales and
scales of wave generation. Consequently, relevant bot-
tom friction for wind waves over moveable beds cor-
responds to a washed-out ripple regime with moderate
sheet-flow contributions.

Finally, the variation of effects of bottom friction
within spectra is analyzed. For every spectral frequency
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f a separate scale x; can be defined. Using (3), (18),
and (22), the intraspectral scale of decay. x, becomes
X _ , H(kd) kd) = 2n  [tanhkd\'/?
% S HUgd D=5\ T )

(23)

The normalized intraspectral scale of decay x;/ x; is
presented in Fig. 8. Two features of Fig. 8 are striking.
First, decay length scales always decrease with decreas-
ing frequencies. This implies that spectra moving from
deep to shallow water will loose low frequency energy
more rapidly that high frequency energy. Hence, effects
of bottom friction will generally result in single-peaked
wind sea spectra. Second, the intraspectral behavior of
bottom friction varies significantly with the relative
water depth k,d. For larger depths (e.g., k,d =~ 2.5),
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bottom friction acts as a filter function, removing low
frequency energy much faster than high frequency en-
ergy. For smaller depths (e.g., k,d =~ 1), however, de-
cay length scales remain approximately constant for a
large range of frequencies, influencing the entire spec-
trum in a similar fashion.

5. Implications for observations and modeling

- Using the results of the previous section, implications
of moveable-bed roughness for wind wave observations
and wind wave modeling can be assessed.

Observations generally consider decay rates and
friction factors for typical swell cases (e.g., Shemdin et
al. 1978) or wave heights for typical depth-limited wind
seas (e.g., Bouws.and Komen 1983; Bouws et al. 1985).
In both cases moveable-bed roughness might account
for scatter in data, in particular where bottom friction
is sensitive to sediment or wave parameters. Thus, the
largest impact of moveable-bed effects is expected for
conditions of initial ripple formation, which generally
are relevant for swell observations only (section 4). In
such conditions, the discontinuous model behavior
complicates the interpretation of the results. This dis-
continuous behavior will be discussed in more detail
in section 5a. For wind seas with relevant effects of
bottom friction, the bottom roughness is generally ex-
pected to be well within the ripple regime (section 4).
In such conditions the relative bottom roughness is
generally small, making the bottom roughness (and
hence the friction factor) fairly insensitive to sediment
and wave parameters. Consequently, the variability in
observations of depth-limited wave heights for wind
seas is not expected to be dominated by moveable-bed
effects. However, sediment conditions might explain
differences between observations at different locations.

For modeling of wind waves the largest effects of
moveable beds on bottom friction are obviously also
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F1G. 8. Normalized intraspectral decay length scale x// x;,
as a function of the normalized frequency f/ f,.
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expected for swell propagation in conditions of initial
ripple formation. In a more general sense, however, it
is interesting to compare previous models for bottom
friction with the present model, to analyze differences,
and explain the apparent success of previous models,
which do not consider a specific bottom roughness
measure at all. Therefore, a model intercomparison is
presented in section 5b. Note that a distinction between
swell and wind seas becomes less relevant for wave
modeling in general; in many cases such a distinction
cannot be made. The distinction is nevertheless illus-
trative, and will therefore be utilized further.

a. Swell propagation and initial ripple formation

The discontinuous change of the friction factor for
¥ /¢, = 1.2 complicates both the interpretation of effects
of moveable-bed roughness, and its modeling. The
roughness and friction factor can assume any value
within this discontinuous change, depending on the
overall energy balance. This is explained as follows.
Ripple generation is a dynamic process, where ripples
build up, only when sediment movement occurs (y/
¥.> 1.2). However, ripple buildup will increase energy
dissipation and hence decrease the wave energy and
¥/ Y. If Y /¢, = 1.2 is reached, ripple development will
stop, regardless of the development state of the ripples.
Hence, the actual roughness (and f,,) will depend on
the overall energy balance of the wave field. This
mechanism is expected to occur, if the bathymetric
scales are of the same order of magnitude or larger
than the decay scale x; corresponding to fully developed
initial ripples [typically O(10 km), Fig. 6], as is the
case in many shelf seas away from the coast.

To illustrate the potential dependence of the rough-
ness on the energy balance, a simple one-dimensional
moveable-bed swell propagation model has been con-
structed (Appendix ). In Fig. 9 results are presented for
several swell systems with a period T, = 12 s traveling
over a bottom with a constant slope into shallow water
(d ranges from 50 to 20 m over a distance of 100 km,
D =0.2 mm, y. = 0.05). For the smaller water depths,
several swell systerns show a constant normalized
Shields number ¥ /¢, = 1.2, indicating conditions of
initial ripple formation. The corresponding friction
factors have values between those related to “smooth”
beds (f,, =~ 0.05) and those related to fully developed
ripples (f,, =~ 0.23), indicating that the friction factor
is governed by the energy balance. The corresponding
wave height can be calculated directly from /¢, = 1.2,
and thus equals the critical wave height H, given by
Eq. (20). In Fig. 9 the occurrence of a preferred wave
height (H.) in shallow water is obvious. This preferred
wave height can, nevertheless, be exceeded if the decay
scale becomes larger than the bathymetric scales. The
latter occurs if bathymetric scales are reduced (i.e., for
steeper slopes), or for higher wave heights (Fig. 6b).
Furthermore, the preferred wave height is more easily
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F1G. 9. Wave height H, friction factor f,,, and normalized Shields
number ¥/, as a function of the depth d according to the swell
propagation model of the Appendix for a bottom with constant slope
and a depth ranging from 50 to 20 m over a distance of 100 km. 7},
=12, D = 0.2 mm, ¥, = 0.05, and kyo = 0.01 m.

exceeded for smaller grain diameters because decay
scales for fully developed ripples increase with decreas-
ing grain diameter (Fig. 6a).

Considering the above, the friction factor related to
the preferred wave height is not a locally defined mea-
sure for the bottom roughness but explicitly depends
on the bathymetry (and hence on the wave propagation
direction). Friction factors for swell are therefore not
only potentially sensitive to sediment conditions, but
sediment data is imperative for the interpretation of
observations (or model results). The mechanism re-
sulting in the preferred wave height also has an inter-
esting implication for sediment transport and bottom
roughness, as the preferred wave height can be accom-
panied by large roughnesses, but is by definition related
to small sediment transports. In previous papers, how-
ever, large roughnesses are usually implied from large
sediment concentrations (e.g., Cacchione et al. 1987;
Gross et al. 1992).

b. Behavior of previous bottom friction models

In roughness regimes not related to initial ripple for-
mation, effects of moveable-bed roughness on bottom
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friction might be moderate. It is therefore interesting
to examine, if previous models that do not explicitly
account for the (moveable bed ) bottom roughness are
expected to give reasonable results. Equation (1) in-
dicates that the ratio of source terms equals the nor-
malized velocity scale C,,, that is, C of previous models
normalized with C of the present model. :

Four previous models will be compared to the pres-
ent model. Fairly arbitrarily, the sediment parameters
of the present model are set to D = 0.2 mm, ¢. = 0.05,
and ky o = 0.01 m. Note that the fairly arbitrary choice
of the sediment parameters makes a strict model in-
tercomparison difficult. Qualitative differences and
trénds, however, can be identified. The first model-
considered is the empirical JONSWAP model (Has-
selmann et al. 1973), with the constant T = 4 gC de-
fined separately for swell (I' = 0.038 m? s>, Hassel-
mann et al. 1973) and wind seas (I' = 0.067 m? s 3,
Bouws and Komen 1983). The second model is the
Collins (1972) approximation to the Hasselmann and

Collins (1968) model (C = 0.03u,s, denoted as HCC).
The third model is the Madsen et al. model [Eqgs. (3)-
(7) with a predefined roughness &y, denoted as MPG].
In cases without ripples, this model is identical to the
present model, if ky = kyp. To assess the impact of
the choice of roughness length, ky = 0.04 m will be
used here [as suggested by Weber (1991b) to be rep-
resentative for the southern North Sea]. The final
model is Weber’s approximate linear eddy viscosity

- model [denoted as WAL, Weber (1991b), Eq. (3-15)
and (B8)], also with ky = 0.04 m.

In Fig. 10 normalized velocity scales C, for the above
four models are presented as a function of depth for
swell with several wave heights and with 7, = 12 s. If
no ripples occur, all four models show C, fairly close
to unity. The JONSWAP model (panel a) shows larger
dissipation than the present model by up to a factor
of 2 (1 < C, <2). The HCC model (panel b) shows
smaller dissipation by up to a factor of 2.5 (0.4 < C,
< 1). The MPG model shows twice as much dissipation
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as the present model (C,, = 2), due to the larger rough-
ness (ky = 4ky o). The WAL model is practically iden-
tical to the present model; effects of the larger roughness
length (ky = 4ky,) are balanced by the different friction
factor (see Fig. 1). If ripples do occur, the previous
models all underestimate dissipation by up to an order
of magnitude (C, <€ 1).

In Fig. 11 normalized velocity scales for wind seas
are presented. As discussed above, bottom friction for
wind seas is relevant only well within the ripple regime.
The discussion of Fig. 11 therefore focuses on such
conditions only. The JONSWAP model (panel a)
shows good agreement with the present model (C, ~ 1)
well inside the ripple regime. This good agreement is
explained from the interrelated behavior of u, and f,,;
an increase of u, is usually accompanied by an increase
in a, and ¢ [Eq. (11)] and hence a decrease of the
ripple roughness [Eq. (10)] and the friction factor (Fig.
1 and Fig. 2). As variations in u, and f,, largely cancel
out, C = f,u, is nearly constant, as assumed in the
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JONSWAP model. The HCC model (panel b) shows
a systematical variation of C, with depth (ripple re-
gime), which is explained by the fact that C varies with
u,, but that such variations are by definition not bal-
anced by variations in f,,. The MPG and WAL models
(panels ¢ and d) show behavior similar to that of the
present model ( C,, nearly constant well within the ripple
regime), as variations of f,, are dominated by variations
of a,. As in the swell case without ripples, the MPG
model shows larger dissipation than the present model
(C, = 2), whereas the WAL model is somewhat closer
to the present model (C, =~ 1.3).

Considering the above, C = f,u, is fairly constant
for many common roughness regimes. Furthermore,
variations of the friction factor are mostly dominated
by hydrodynamic effects rather than moveable-bed ef-
fects. This explains the apparent success of the JON-
SWAP model (Hasselmann et al. 1973), and makes
use of a single predefined roughness [i.e., the models
of Madsen et al. (1988) and Weber (1991a,b)] poten-
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FIG. 11. As in Fig. 10 but for wind seas. Spectral parameters as in Fig. 5, legend as in Fig. 7,
JONSWAP model with I' = 0.067 m?s~>.
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tially successful. The above three models are therefore
expected to be generally suitable for application in nu-
merical wave models, after proper tuning of C or ky.
None of the above models, however, is expected to
reproduce the above preferred wave height concept.
The models of Hasselmann and Collins (1968) and
Collins (1972) (constant friction factor), however,
show systematically different behavior and are therefore
not recommended for use in wave models. Note that
the latter conclusion is mainly based on hydrodynamic
considerations. :

Two final remarks have to be made on the three
preferred models. The JONSWAP model cannot be
tuned universally (e.g., Bouws and Komen 1983), and
should therefore be used for case studies only. The other
two models are expected to show consistent behavior
for swell and wind seas (Fig. 10 and Fig. 11, panels ¢
and d), and are therefore suitable for general forecast
and hindcast models. Optimally tuned roughness
lengths kjy are furthermore related to the actual hydro-
dynamic model used, and therefore have a somewhat
limited physical meaning.

6. Discussion

The present paper investigates the (potential ) effects
of moveable-bed roughnesses for observations and
modeling of wind waves. The analysis is centered on
the behavior of a poorly verified roughness model. Be-
cause the present conclusions stand or fall with the
validity of this model, the sensitivity of the results to
possible errors in the roughness model needs to be dis-
cussed. Three roughness regimes (i.e., ranges of Shields
numbers) will be considered.

The large (jump in) roughness corresponding to ini-
tial ripple formation (¥ /¢, = 1) represents the best
documented part of the model. Virtually all observa-
tions of ripple geometries at near-critical Shields num-
bers show the existence of extremely steep ripples
(Dingler and Inman 1976; Nielsen 1981; Madsen et
al. 1990; Ribberink and Al-Salem 1990, 1991). The
expected friction factor is close to the maximum fric-
tion factor for rough-turbulent boundary layers (typ-
ically 0.2-0.3), as is verified by Madsen and Rosengaus
(1988) and Madsen et al. (1990). Furthermore, the
existence of a critical Shields number has been verified
in nature (e.g., Drake and Cacchione 1986). Hence,
all aspects of moveable-bed roughness leading to the
concept of preferred swell heights are well documented
with observations. Note that the prediction of this
height is not trivial, due to difficulties in estimating D
and ., in particular for multimodal and bioturbated
sands. _

For somewhat higher Shields numbers (3 < /¢,
< 10), only ripple-geometry observations are available
(e.g., Nielsen 1981). As is shown by Madsen et al.
(1990), such observations cannot easily be transformed
to roughness observations. The observations, however,
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are clearly incompatible with the large roughnesses of
the GM models so that errors in the present model are
expected to be significantly smaller than the differences
between the present and GM models in Fig. 2. This
range of Shields numbers was found to be important
mainly for higher swells. Although different rough-
nesses might influence the range of wave conditions
for which a preferred wave height occurs, it is not ex-
pected to influence its concept.

Similarly, no roughness observations are available
for even higher Shields numbers [O(10! to 102)]. This
range is particularly interesting for wind seas, where
moveable-bed effects are not expected to have a large
influence on the behavior of bottom friction, as follows
from the model intercomparison in section 5b. This
conclusion is related to the general model behavior,
consisting of a fairly smooth, continuous variation of
the roughness as a function of the normalized Shields
number, where hydrodynamic variations of the friction
factor for a constant roughness result in fairly realistic
model behavior. As long as new observations do not
identify new mechanisms of wave-generated roughness,
the general behavior of wave-induced roughness is not
expected to be systematically different from that of the
present model. Consequently, the present conclusions
for wind seas are not expected to be sensitive to errors
in the roughness model.

It is thus not expected that the general conclusions
of this study are sensitive to uncertainties in the
(roughness) model. It is obvious though, that more
observations are required to verify and refine the pres-
ent model, if it is to be used in the analysis of obser-
vations or in numerical wave modeling.

A second potential shortcoming of the model is that
effects of currents are neglected, although wind waves
in shelf seas generally exist in an environment with
significant tides and wind-driven currents. From a hy-
drodynamic point of view (i.e., for a given roughness
ky), effects of currents on the wave friction factor can -
generally be neglected, as predicted by models (Grant
and Madsen 1979; Christoffersen and Jonsson 1985)
and verified with observations (Nielsen 1992, section
1.5.6; Tolman 1992, 1993; Simons et al. 1992). How-
ever, wave-current interactions through bed forms are
likely to occur. Current-induced ripples form (part of)
the base roughness of the present model, which is ex-
pected to be important for swell propagation only.
Furthermore, currents might influence initial ripple
formation by waves. Ripple observations of Amos et
al. (1988), however, suggest that such effects are small.
Finally, current-induced bed forms are expected to be
unimportant for depth-limited wind waves, as intense
wave motion is expected to wash out all bed forms.

Implementation of moveable-bed roughnesses in
numerical wave models might be desirable, in partic-
ular when swell propagation away from the coast is
considered. Two complications hamper implementa-
tion of a moveable-bed friction model in a numerical
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wave model, (i) the sediment data required and (ii)
the discontinuous model behavior at initial ripple for-
mation with its corresponding small decay scales.

Sediment data is generally sparse, in particular,
where the critical Shields number is considered. How-
ever, even if no sediment data is available at all, the
two free sediment parameters D and . can still be
tuned to represent wave observations; presently an al-
most complete lack of observations of roughness
lengths kjy in previous models has been overcome in a
similar way. In fact, the use of a moveable-bed model
has an advantage, as D and . can be determined in-
dependently, whereas the roughness length &y of pre-
vious models has to be tuned within the context of the
model considered. This advantage is reduced, however,
for multimodal or bioturbated sands, for which the
determination of representative sediment parameters
is not straightforward. Finally, the potential occurrence
of a preferred swell height has the interesting impli-
cation that sediment data might be inferred from wave
observations.

The discontinuous nature of initial ripple formation
hampers direct implementation of a moveable-bed
roughness model because (i) decay length scales as-
sociated with initial ripple formation [O( 10 km), sec-
tion 4b] are typically smaller than the grid size of a
numerical model (typically 25-100 km), and because
(ii) sediment conditions can show significant subgrid
variations (e.g., Huntley and Hazen 1988; Amos et al.
1988; and Lyne et al. 1990), so that local sediment
conditions in combination with a discontinuous
roughness model might not result in a representative
bottom friction source term for grid scales (e.g., Tol-
man 1991). Both points call for a subgrid approach to
moveable-bed bottom friction. A subgrid approach has
the additional advantage that it removes the disconti-
nuity of the model. This simplifies numerical imple-
mentation and, furthermore, appears more realistic as
the critical Shields number is not uniquely defined for
irregular waves [ Amos et al. (1988) in fact observed a
transition zone of undeveloped ripples in conditions
of initial ripple formation]. A subgrid version of the
present model will be presented elsewhere.

7. Conclusions

Using the moveable-bed bottom friction model de-
fined in sections 2 and 3, it is shown that typical swell
cases can result in both smooth beds, on which no
wave-induced sediment transport occurs, or in ex-
tremely rough beds, related to initial ripple formation.
Typical depth-limited wind seas generally result in
washed-out ripples and possibly in moderate sheet flow.
The large change of bottom roughness for swell in con-
ditions of initial ripple formation implies the possible
occurrence of a preferred wave height, in particular for
the bathymetric scales typical for shelf seas away from
the coast. In such conditions, the bottom roughness is
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no longer locally defined, but depends on the spatial
energy balance and hence on the two-dimensional ba-
thymetry. This makes the availability of good sediment
data important for the interpretation of swell decay
rates. For wind seas, specific effects of moveable beds
are not expected to dominate bottom friction or ob-
servations of depth-limited wave height.

It is shown that several nonlinear effects in the pres-
ent model largely cancel for many practical conditions.
This explains the apparent success of the empirical,
quasi-linear JONSWAP model. In conditions where
this model is expected to perform well, changes in fric-
tion factors appear to be dominated by hydrodynamic
effects, which makes models using a single, predefined
roughness potentially successful. None of these models,
however, is expected to reproduce the above preferred
wave height. Finally, a subgrid approach is required,
if a moveable-bed model is to be implemented in a
numerical wind wave model.
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APPENDIX

A One-Dimensional Steady Swell Decay Model

For a steady, one-dimensional swell field subject to
shoaling and bottom friction only, the balance equation
for the total energy E can be written as

o E 1
=85=—-— w :r;,
ax o= T gl

(A1)

where x is a coordinate along the beach slope and S,
is the source term integrated over the spectrum [ from
Egs. (3) and (6)]. Equation (A1) is solved numerically
using a fractional step method. A first estimate (E; )
of the energy E; at grid point / is obtained by propa-
gating the energy from the previous grid point. This
first guess is corrected for the bottom friction given by
Egs. (3)-(14) (calculated from E; )

cg,i—l
Ei,= E;_4,
2.i
Ax;
At ==,
C

8.4

E; = Ei,p — ALEyy,

AEbot = %fwug, (A2)
g

where At is the time step corresponding to the grid

increment Ax [typically O(10 m)] and where c, follows

from the invariant period and the local depth. In case

of ripple formation (¥ /y. = 1.2), the application of

AEy, cannot result in /¢, < 1.2. The corresponding
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maximum energy loss due to bottom friction AFEyq max
is estimated from

LA )
11//\1/6 SE AE‘bot,max 1.2 (A3 )
as
¢/‘/’c - 1.2
A otmax=2E .
Foor ( v/ )
D/a, 8fw \
- — . (A4
X(2 7 a(D/ar)) (A%)

If this limitation becomes effective, the representative
friction factor becomes

_ 4gAEmax :
fw B u?),‘At

and the corresponding roughness ky is given by
Eq. (4).

(A5)
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