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ABSTRACT

State-of-the-art parameterizations of the interactions of waves with a sandy bottom are evaluated using ex-
tensive field observations of swell evolution across the North Carolina continental shelf and hindcasts performed
with the spectral wave prediction model CREST. The spectral energy balance equation, including bottom friction
and wave–bottom scattering source terms, was integrated numerically for selected time periods with swell-
dominated conditions. Incident wave spectra at the model boundary were estimated from buoy measurements
near the shelf break, assuming weak spatial variations in the offshore wave field. The observed strong and
variable decay of the significant wave height across the shelf is predicted accurately with an overall scatter
index of 0.15. Predicted wave directional properties at the peak frequency also agree well with observations,
with a 58 root-mean-square error on the mean direction at the peak frequency and a 0.22 scatter index for the
directional spread. Slight modifications are proposed for the laboratory-based empirical constants in the movable
bed bottom friction source term, reducing the wave height scatter index to 0.13. A significant negative bias in
the predicted directional spread (about 220%) suggests that other wave scattering processes not included in the
energy balance equation broaden the wave field near the shore. Other residual errors may be largely the result
of neglected spatial variations in the offshore wave conditions and, to a lesser extent, insufficient knowledge
of the sediment properties.

1. Introduction

The formulation of the wave evolution problem in
the form of an energy balance equation (Gelci et al.
1957) has been adopted widely in numerical wave pre-
diction models because it effectively decouples the well
understood linear propagation physics from the less
clear forcing, scattering, and dissipation processes that
are parameterized in the form of spectral ‘‘source terms’’
Si(k) on the right-hand side of the equation

dE(k)
5 S (k). (1)O idt i

The net rate of growth (or decay) of a spectral com-
ponent, following the wave ray at its group velocity, is
the sum of all source terms, each representing a clearly
defined physical process. This equation is justified by
the fact that substantial energy changes take place over
time scales that are large compared with the wave pe-
riod, with the notable exception of dissipation due to
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wave breaking (Komen et al. 1994). It is also generally
assumed that each process represented by a source term
is locally independent of the other processes so that the
same source term parameterization can be used in all
circumstances as a function of the local wave spectrum
and forcing conditions. The aim of the present paper is
to provide a validation of the energy balance equation
(1) for the relatively simple case of weak wind forcing,
when the wave field is dominated by swell, affected
primarily by wave–bottom interactions.

A direct validation of theories and parameterizations
of source terms with observations is very difficult be-
cause their subtle effects on local wave properties (e.g.,
Reynolds stresses and nonlinear phase coupling of wave
components) are often not detectable within the statis-
tical uncertainty of the basic linear wave motion. In-
stead, source term parameterizations are usually verified
by analyzing the cumulative changes in the wave field
over a distance or time much larger than the wave period
or wavelength, for example, the widely used fetch-lim-
ited growth curves for the wind wave generation prob-
lem. Although the effects of source terms are readily
observed over hundreds of wavelength, the evolution is
often the result of several processes, thus complicating
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FIG. 1. Dissipation factors f e as a function of the Shields number
c normalized by its critical value cc for sediment motion. The original
parameterization proposed by Tolman (1994) based on the Madsen
et al. (1990) laboratory experiments is compared with a slightly mod-
ified formulation tuned to the field data (see Part I) and the widely
used JONSWAP parameterization.

the validation of individual source terms. Reviews of
attempts to separate the effects of bottom friction, per-
colation, elasticity and scattering in observations of
swell are given by Weber (1994) and Cavaleri (1994a,b).

Extensive observations in the Joint North Sea Wave
Project (JONSWAP: Hasselmann et al. 1973) revealed
that swell was attenuated in shallow water by bottom
friction and that the relative reduction in the wave height
is marginally more pronounced for increasing near-bot-
tom velocities (Hasselmann et al. 1973, p. 89). This
observation signaled a failure of the quadratic drag for-
mulation with constant drag coefficient proposed pre-
viously by Hasselmann and Collins (1968) and led to a
linear bottom friction source term (Bouws and Komen
1983) in the form

2(2p f )
S (k) 5 2GE(k) , (2)fric,J 2 2g sinh (kH )

where G is an empirical constant. This ‘‘JONSWAP’’
bottom friction source term provided reasonable esti-
mates of the JONSWAP swell decay observations, al-
though there was an order of magnitude scatter in the
inferred values of G. Hasselmann et al. (1973) justified
the form of (2) with the assumption that the wave orbital
velocities were weak compared with the mean (tidal)
currents, but the predicted tidal modulation of the co-
efficient G was not observed. Following the early rec-
ognition by Zhukovets (1963) of the importance of
wave-generated bedforms and theoretical work on tur-
bulent oscillatory boundary layers (e.g., Kajiura 1968;
Grant and Madsen 1979), Grant and Madsen (1982)
combined bottom roughness and boundary layer param-
eterizations in the first model capable of predicting bot-
tom friction over a movable bed. Potential effects of
such a parameterization were investigated by Graber and
Madsen (1988) and Tolman (1994, see his discussion
for practical wave decay scales), and first verified re-
cently using field data (Ardhuin et al. 2001; 2003, here-
inafter Part I). However the simple bottom friction
source term (2) with G 5 0.038 m2 s23 is still widely
used in scientific, engineering and operational wave
modeling, although there is no justification (except for
weak empirical evidence) for the form of (2) or the value
of G. The relative success of (2) with a constant value
of G may be explained by the fact that it describes
qualitatively the decrease in bottom drag with increasing
forcing expected on a movable bed. Expressing (2) in
the general form of a movable bed parameterization
[Part I, Eq. (5)] it follows that the equivalent dissipation
coefficient f e 5 2G/(gub) decreases with increasing bot-
tom velocity ub, capturing the variations in bottom
roughness from low energy conditions, with relic bed-
forms, to high energy conditions when seabed ripples
are obliterated by strong orbital flows. However, the
constant G does not describe the sharp increase in bot-
tom roughness in the intermediate range of conditions
where active generation of ripples is expected (Fig. 1).

Thus this simple linear formulation generally works bet-
ter than quadratic friction models with a constant drag
coefficient (e.g., Hasselmann and Collins 1968), al-
though it severely underestimates the dissipation in ac-
tive ripple conditions (Ardhuin et al. 2001). Assuming
a constant bottom roughness rather than a constant G
can improve wave predictions for a limited range of
conditions (e.g., Johnson and Kofoed-Hansen 2000), but
in practice the seabed roughness is unknown and var-
iable and must be parameterized. In the present paper
we test a movable bed bottom friction model that de-
termines the bottom roughness from known sediment
properties and wave forcing. The model validation uses
data from the North Carolina continental shelf, which
is essentially covered by fine and medium sand (Part I,
Fig. 6).

Among other possible swell dissipation mechanisms,
percolation was estimated to be much smaller than bot-
tom friction for fine to medium sand and significant only
for coarser sediments, while bottom elasticity is only
important over sediments composed of mud or decom-
posed organic matter (Shemdin et al. 1980). Both pro-
cesses will be neglected here. In addition to dissipative
processes, backscattering of waves by the bottom to-
pography may cause attenuation of waves toward the
shore (Long 1973), but the estimated wave decay over
actual bathymetry at the JONSWAP site and on the
North Carolina shelf is extremely weak (Richter et al.
1976; Ardhuin and Herbers 2002). However, forward
scattering of waves can cause significant broadening of
wave directional spectra (Ardhuin and Herbers 2002;
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TABLE 1. Wave-measuring instruments deployed during DUCK94
and used in the present study.

Name Type

Water
depth
(m) Directional

Operated
by

8M
WR (FRF)
44104
CHLV2
DSLN7
A
B
C
D
E
F
G
H
I

Pressure array
Buoy
Buoy
Laser gauge
Laser gauge
Pressure gauge

’’
’’
’’
’’
’’
’’
’’
’’

8.0
17.0
49
15
18
12
21
26
34
35
33
46
49
87

Yes
No
Yes
No
No
No
No
No
No
No
No
No
No
No

FRF
FRF
NDBC
NDBC
NDBC
NPS
NPS
NPS
NPS
NPS
NPS
NPS
NPS
NPS

Part I), and the importance of this process is investigated
below.

In the present paper, model hindcasts of the energy
balance (1), restricting source terms to bottom friction
and scattering, are compared with measurements from
two field experiments, DUCK94 and SHOWEX, that
took place in the same region of the North Carolina
continental shelf. Datasets used in this study are briefly
described in section 2, followed by a description of the
model setup and source term formulations in section 3.
Statistical comparisons of model results and observa-
tions are discussed in section 4. Conclusions and rec-
ommendations for swell forecasting in shallow water
are given in section 5.

2. Datasets

The 1999 SHOWEX experiment, described in Part I,
and the earlier DUCK94 experiment (Herbers et al.
2000) both took place on the continental shelf offshore
of the North Carolina Outer Banks. In 1994 a transect
of nine bottom-mounted pressure sensors, named A–I,
was deployed from August to December (see Part I, Fig.
2 for instrument locations). Additional observations
were available from the National Data Buoy Center
(NDBC) 3-m discus buoy 44014, and a pressure sensor
array and Waverider buoy maintained by the U.S. Army
Engineer Field Research Facility (FRF), see Table 1 for
a list of instruments in operation during DUCK94.

To exclude data records with significant local atmo-
spheric forcing and wave breaking, the present analysis
was restricted to swell-dominated conditions defined by
the following conservative criteria:

• a peak frequency f p less than 0.12 Hz for SHOWEX
and 0.1 Hz for DUCK94 and

• a maximum sustained wind speed less than 60% of
the linear wave phase speed at the peak frequency
C( f p).

A lower f p limit was used for DUCK94 because of the
strong attenuation of wave signals in the bottom pres-
sure measurements at the outer shelf sites. The latter
criterion was chosen to exclude low-frequency wind
waves generated on the shelf in extreme wind condi-
tions, such as during the Hurricane Floyd landfall in
1999. The estimates of C( f p) are based on data from
buoy WR(FRF), on the inner shelf. Waves propagate
faster in deeper water, and thus these estimates for 15-
m depth are a lower bound for wave speeds on the shelf.
The wind speed here is taken to be the maximum of 1-
h averaged values U19.5 measured at 19.5 m above sea
level at the end of the FRF pier (close to the 8M array)
and U5 measured at 5 m above sea level on board NDBC
buoy 44014. Differences between wind speeds mea-
sured at the FRF pier and 44014 are generally small,
except for an apparent time lag associated with the mo-
tion of weather systems. The two estimates are expected
to roughly bracket wind forcing conditions over the en-
tire shelf. The criteria for the selection of swell-domi-
nated conditions were applied not only to the selected
data record but also during the preceding 3 h, a period
that corresponds to the propagation time of 0.08 Hz
waves across the shelf. The selected swell-dominated
time periods (indicated in black in Figs. 2b and 3b) are
generally associated with distant storms or the early
arrival of low-frequency waves from approaching
storms (Figs. 2a and 3a). In contrast to SHOWEX, the
DUCK94 data contain few energetic swell events, but
include calm days with long-period, low-amplitude (Hs

, 0.5 m) swell from distant sources (e.g., 10–12 and
15–18 September in Fig. 3).

3. Source terms

The implementation of the spectral wave prediction
model CREST is described in Part I. Hindcasts were
performed for the entire dataset using different com-
binations of source terms to evaluate their impact on
the model skill. These model runs are summarized in
Table 2.

A run without source terms (run 1) was included to
isolate the effects of refraction and shoaling in the ob-
served transformation of swell across the shelf. To iden-
tify the effects of individual source terms, hindcasts are
presented with bottom friction only (run 2) and with
Bragg scattering only (run 3). Runs 4a–c include both
source terms with various parameterizations of bottom
friction. The default bottom friction source term Sfric,M

used in model runs 2, 4c, 5, and 6 is a modification of
Tolman’s (1994) source term Sfric,T (used in run 4b).
Whereas Sfric,T uses coefficients A1 5 1.5, A2 5 22.5,
A3 5 1.2, and A4 5 0 [see Part I, Eqs. (6)–(12) that are
based on earlier laboratory experiments], the modified
form Sfric,M uses coefficients A1 5 0.4, A2 5 22.5, A3

5 1.2, and A4 5 0.05, which were tuned to give a better
overall agreement with DUCK94 and SHOWEX field
observations. For reference and comparison with earlier
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FIG. 2. Wave and wind conditions during SHOWEX: (a) Peak frequency f p at buoy 44014. (b) Significant wave height and (c) mean
direction at the peak frequency f p for buoy 44014 and the 8M array. Dark bands in (c) indicate swell-dominated conditions, defined here
as periods when (d) the wind speed is less than 60% of the wave phase speed at the peak frequency on the inner shelf.

work, run 4a uses the JONSWAP bottom friction source
term Sfric,J. Figure 1 compares the equivalent dissipation
factors f e of the different source term parameterizations.

The wave–bottom Bragg scattering source term SBragg

is given in Part I Eq. (3) with an average bottom ele-
vation spectrum estimate (Fig. 6 in Part I) appliedBF1

to the entire shelf. The sensitivity of hindcasts to errors
in the bottom spectrum estimate are assessed in run 5a,
using the same settings as run 4c but with a different
spectrum , also uniform in space. In the spectralB BF F2 2

levels for small-scale features (wavelengths less than
500 m) are taken from multibeam sonar surveys per-
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FIG. 3. Same format as Fig. 2 but for DUCK94.

formed during SHOWEX at a 25-m-depth site, rather
than the 20-m-depth site used for . Since the bottomBF1

elevation variance is less for than for , the effectB BF F2 1

of Bragg scattering is reduced [see Ardhuin and Herbers
(2002) for other similar tests].

In the DUCK94 hindcasts, wave spectra at the off-
shore boundary are determined entirely from measure-

ments at buoy 44014, close to the shelf break, rather
than the interpolation of two offshore buoys X6 and
44014 used for SHOWEX. The model was also run for
SHOWEX using X6 data only (run 6) to evaluate errors
due the the treatment of the offshore boundary. Tests
of different frequency (10% instead of 5% exponential
frequency grid) and directional resolutions (38, 58, and
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TABLE 2. Model settings for different runs. The ‘‘rough shelf’’ runs
use bottom elevation spectrum to evaluate SBragg , whereas isB BF F1 2

used in the ‘‘smooth shelf’’ run 5.

Run Sfric SBragg

Data for offshore
boundary
condition

1
2
3
4a
4b
4c
5
6

0
Modified Tolman Sfric,M

0
JONSWAP Sfric,J

Tolman (1994) Sfric,T

Modified Tolman Sfric,M

Modified Tolamn Sfric,M

Modified Tolman Sfric,M

0
0

Rough shelf
’’
’’
’’

Smooth shelf
Rough shelf

44014 and X6
44014 and X6
44014 and X6
44014 and X6
44014 and X6
44014 and X6
44014 and X6
X6

108) gave very similar results except for a slight (18–
28) increases in directional spread for 108 resolution,
indicating that the predictions presented here are insen-
sitive to the spectral discretization (see also Ardhuin
and Herbers 2003, manuscript submitted to J. Atmos.
Oceanic Technol.).

4. Model–data comparisons
To objectively assess the accuracy of source term pa-

rameterizations in the energy balance equation (1), a
statistical analysis of swell hindcast results for the North
Carolina continental shelf is presented here. Based on
the criteria for swell-dominated conditions described
above, the 725 3-h DUCK94 records (91 days) were
reduced to 121 records (15 days), and the 2100 1-h
SHOWEX records (87 days) were reduced to 528 re-
cords (22 days). Fewer records were available for some
instruments, in particular A, B, and WR(FRF) which
failed during the 1994 Hurricane Gordon, and X6, which
malfunctioned at the peak of the 1999 Hurricane Floyd.
The period from 22 September to 15 October 1999,
when X6 was not in operation after being dragged by
a fishing boat, was excluded from the analysis. The data
processing procedures are described in Part I.

We present model–data comparisons of the significant
wave height Hs and the mean direction up and directional
spread su,p, both at the peak frequency f p (see Part I
for definitions). The directional properties of the waves,
influenced primarily by refraction and Bragg scattering
as shown in Part I, are discussed first. Only SHOWEX
data are used in these comparisons because the DUCK94
data included few directional measurements. This is fol-
lowed by an analysis of the wave heights, influenced
by bottom friction and refraction, using both DUCK94
and SHOWEX hindcasts. For all three parameters the
model errors generally grow across the shelf towards
the shore but significant errors are already noted at the
instruments located close to the offshore boundary.
These model initialization errors are discussed last.

a. Mean wave direction

The mean wave direction at the peak frequency up is
predicted well by the model with no source terms or

bottom friction only, with a slight negative bias that
increases across the shelf to a maximum value of 68 at
8M. The corresponding root-mean-square (rms) error is
fairly uniform across the shelf (about 88) with the ex-
ception of larger fluctuations (about 158) at X5. These
errors are small as compared with the strong refraction
of wave directions across the shelf. For example, swell
from Hurricane Floyd with offshore directions of 1608
are refracted to 908 at 8M. The relatively large bias at
8M is not observed in hindcasts of DUCK94 swells
(21.68 bias, and rms error 6.98) and may be related to
a change in bottom topography not represented in the
bathymetry grid used for ray computations. Errors at
X5 are anomalously large. As discussed in Part I, large
oscillations of up (908–1408) were observed at X5 when
the offshore direction at X6 was varying over a narrow
1108–1308 range. These results suggest that the wave
rays are bent by refraction over bottom features not
resolved in the sparse bathymetric surveys conducted
on the outer shelf (Herbers et al. 2000).

Curiously, the addition of Bragg scattering in the
model biases the mean direction farther to the north and
increases the rms error by about 68. This enhanced bias
is likely due to the anisotropy of the bottom elevation
spectrum used in the hindcasts (at wavelengths less than
500 m) based on a survey of only a small portion of
the shelf [see Ardhuin and Herbers (2002) for further
discussion]. The apparent increases in model bias and
rms error are partially eliminated in hindcasts with both
Bragg scattering and bottom friction (cf. runs 3 and 4
in Fig. 4) because spurious, obliquely scattered waves
in the model propagate greater distances over the shelf,
and thus are more strongly damped by bottom friction
than the dominant waves that travel at near-normal an-
gles to the depth contours.

Although some uncertainty remains in the local ef-
fects of topographic features on up, the overall effect of
refraction across the shelf, reducing the range of wave
directions from 408–1608 at 44014 near the shelf break
to 608–1008 near the shore at 8M (Fig. 4; Part I, Fig.
10c) is reproduced well by the model hindcasts.

b. Directional spread

The observed directional spread at the peak frequency
su,p is relatively uniform across the shelf, generally de-
creasing slightly toward the coast. Observations at X6
range from 108 to 558 with typical values between 308
and 408, whereas observations at 8M vary between 128
and 278 with typical values of 158–258 (Fig. 4). How-
ever, when the offshore directional spectrum is very
narrow (su,p , 208), su,p increases toward the shore (Fig.
5; see also Part I), especially over the inner shelf be-
tween X3 and 8M.

Statistics from model runs with different source terms
(Fig. 6) clarify how bottom friction and wave–bottom
Bragg scattering contribute to su,p. Run 1, without
source terms, containing only the narrowing effect of
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FIG. 4. Error statistics for predictions of the mean direction at the peak frequency up: (a) Model bias
and (b) rms error for swell-dominated periods observed during SHOWEX. Runs 1–4 use different com-
binations of source terms (Table 2). Run 5 uses a bottom elevation spectrum with a lower variance at
small scales to evaluate the Bragg scattering source term. Run 6 is forced at the offshore boundary with
X6 data only instead of the interpolation of X6 and 44014 data used in all other runs. Positive values in
(a) correspond to a clockwise bias.

refraction as waves approach the shore, grossly under-
estimates su,p on the inner shelf with a typical bias of
2108. In run 2, the addition of bottom friction narrows
the spectrum even further because waves propagating
at larger angles relative to the depth contours have a
longer propagation time across the shelf, and thus are
more exposed to dissipation. Wave–bottom Bragg scat-
tering opposes these two narrowing effects by diffusing
the energy around the mean direction (Ardhuin and Her-
bers 2002). While Bragg scattering alone tends to give
spectra that are too broad on the middle of the shelf
(Fig. 6, run 3), the hindcast that includes the combined

effects of Bragg scattering and bottom friction generally
yields good agreement (Fig. 6), reducing the scatter in-
dex at site 8M on the inner shelf from 0.51 (run 2) to
0.25 (run 4).

Predicted Bragg scattering effects are most pro-
nounced for narrow offshore spectra, approximately
doubling the directional spread at 8M (cf. diamonds and
triangles in Fig. 5), in good agreement with the obser-
vations (crosses). For broad offshore spectra (20 , su,p

, 408 at X6) predicted scattering effects are weaker,
yielding spectra at 8M that are about 58–108 narrower
than the observed spectra. The predicted scattering ef-
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FIG. 5. Observed and modeled directional spread at the peak fre-
quency su,p observed near the shore at 8M vs su,p observed offshore
at X6. The solid line separates spectra that are broader in the nearshore
and spectra that are broader offshore.

fect is strongest for wave spectra with low peak fre-
quencies (Fig. 7), but these low-frequency swells tend
to have the narrowest offshore directional spectra so
that the influence of the spectral width and peak fre-
quency on wave–bottom scattering cannot be clearly
separated in these results.

Model hindcasts are sensitive to the choice of the
bottom elevation spectrum. The bottom spectrum used
here (run 4) includes large-amplitude, small-scale to-
pographic features not found everywhere on the shelf,
and thus the predictions likely exaggerate the true effect
of wave–bottom Bragg scattering across this continental
shelf. Run 5 using a seabed spectrum with reduced
small-scale variance, characteristic of smoother mid-
shelf regions, accounts only partially for the observed
increase in su,p (Fig. 6, run 5). The negative bias of su,p

predictions suggests that other processes are important.
Higher order wave–bottom Bragg scattering (Liu and
Yue 1998) and nonlinear wave–wave scattering (Has-
selmann 1962) may cause additional broadening not in-
cluded in the present hindcast.

Errors also result from the unknown directional de-
pendence of bottom friction damping rates. The bottom
friction source term was assumed somewhat arbitrarily
to be isotropic. A quadratic drag law would give a dif-
ference between the major and minor principal axes of
the directional dissipation source term that is as large
as a factor of 2 for unidirectional waves (Hasselmann
and Collins 1968). This type of anisotropy would cause
more dissipation for waves with directions along the
mean direction and less dissipation in perpendicular di-

rections, therefore increasing the directional spread. The
absence of wave reflection from the beach in the model
is another possible source of a negative bias. Even
though offshore traveling waves are removed from the
high-resolution directional spectrum used to compute
su,p at the 8M array site, they contribute to the su,p

estimates obtained from buoys farther out on the shelf.
However, earlier studies at the same site (Elgar et al.
1994) show that reflection from the beach is significant
only with extremely low energy swell conditions (Hs ,
0.3 m), not observed during SHOWEX.

c. Wave height

For the analysis of wave height predictions the
SHOWEX dataset is augmented with the DUCK94 data.
Statistics given below combine results at DUCK94 and
SHOWEX instruments located in the same area (such
as pressure gauge C and buoy X2) or water depths (such
as pressure gauge G and buoy X5). Changes in the peak
frequency across the shelf are negligible, but the sig-
nificant wave height Hs generally decreases from off-
shore to nearshore. For moderate energetic swell the
observed Hs at 8M are about one-half of the observed
values at X6, while a smaller reduction (;25%) is ob-
served in benign conditions (Hs , 1.5 m at X6). This
effect is explained only in part by refraction that reduces
the wave heights of waves that propagate onshore at
large oblique angles relative to the depth contours. In-
deed, the model without source terms (Fig. 8, run 1),
which accounts only for the effects of refraction and
shoaling, overpredicts wave heights with a typical bias
of 0.2 m on the inner shelf and gives an overall (average
for all sensors) scatter index of 0.26 for Hs. Adding
Bragg scattering increases the positive Hs bias because
the longer residence time of waves on the shelf increases
the wave energy in the absence of dissipation, degrading
the overall scatter index to 0.29 (Fig. 8, run 3).

Including bottom friction reduces the model errors
dramatically. Run 4b, using Tolman’s (1994) movable-
bed source term based on laboratory data without any
empirical tuning to field conditions, reduces the overall
scatter index of Hs predictions from 0.29 to 0.15 (Fig.
8). This result supports the hypothesis that the observed
formation of vortex ripples by energetic swell (Ardhuin
et al. 2002), and their feedback on the waves through
enhanced bottom roughness is a primary mechanism for
wave attenuation across a sandy continental shelf. How-
ever, a negative bias of 29 cm at 8M indicates a model
tendency to overestimate dissipation, already noted by
Ardhuin et al. (2001). The slightly modified Tolman
source term Sfric,M (with coefficients tuned to the obser-
vations) gives an overall scatter index of 0.13 with a
maximum of 0.20 at X2 (run 4c in Fig. 8).

On average the empirical JONSWAP bottom friction
source term performs about equally well (Fig. 8, run
4a), giving an overall scatter index of 0.16. However,
this source term gives poor results at CHLV2, a site
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FIG. 6. Error statistics for predictions of the directional spread at the peak frequency su,p. Same format as
in Fig. 3. The scatter index is defined as the ratio of the rms error and the observed rms value.

located inshore of shallow shoals (20-m depth; see Part
I Fig. 2), with a scatter index of 0.53 and a positive
bias of 20 cm. This bias is the result of large model–
data discrepancies during the arrival of swell from Hur-
ricane Gert (17–21 September 1999). The observed
strong dissipation, up to 93% of the incident wave en-
ergy flux, is likely the result of active ripple generation
on the shoals offshore of CHLV2 (see Part I Fig. 12b),
for which the JONSWAP source term grossly under-
predicts the dissipation factor f e (Fig. 1).

The dependence of model error statistics on the
Shields number, estimated from wave measurements at
representative inner shelf sites X3 (SHOWEX) and C
(DUCK94), is shown in Fig. 9. The largest errors of a

nondissipative model (run 1) clearly occur for large val-
ues of the Shields number when the presence of active
ripples is expected. The JONSWAP friction source term
also gives the largest errors in this regime.

In contrast, the Tolman source term Sfric,T significantly
underestimates wave heights in active ripple conditions
(Figs. 9g–i), suggesting that the ripples (observed on
most of the shelf; see Ardhuin et al. 2002) were less
rough than those in the Madsen et al. (1990) laboratory
experiments. Ripples in the field may be significantly
smoother than in the laboratory owing to the directional
spreading of natural waves, as well as their formation
on an initial bed configuration with relic bedforms. The
present dataset is too limited to address effects of past
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FIG. 7. Relative bias (normalized by the observed mean value) of the directional spread su,p vs the peak frequency f p at inner shelf sites
(a), (d) 8M, (b), (e) X1, and (c), (f ) X2. (top) No source terms (run 1). (bottom) Bragg scattering and bottom friction (run 4c).

history of the bedforms or the possibly different ad-
justment of the ripple roughness in increasing, stable,
or decreasing forcing conditions.

We have thus adjusted the A1–A4 empirical coeffi-
cients to get a better overall agreement (run 4c, using
Sfric,M; Figs. 9j–l). The relic roughness coefficient A4 is
only important in the intermediate Shields number range
where no active ripples are expected and can be rather
well chosen. All three other coefficients play a role in
the active ripple regime. Keeping the ripple threshold
A3 5 1.2 from Madsen et al. (1990) and the roughness
decay exponent A2 5 22.5, the model results are only
weakly sensitive to the ripple roughness parameter A1.
Indeed a parameterization with a large roughness will
lead to a faster local wave decay, resulting in a reduction
in wave height and decay rate closer inshore. This is a
negative feedback loop. Thus model results are quali-

tatively similar when A1 is reduced by a factor 4, from
1.5 to 0.4, which is done in run 4c. The parameterization
Sfric,M used in that run brings the model in slightly closer
agreement with the DUCK94 and SHOWEX data. The
present tuning of the empirical parameters in the active
ripple regime should therefore be considered with cau-
tion, the model performing almost equally well with
values of A1 between 0.4 and 1.5.

d. Uncertainties in offshore boundary conditions

Two important sources of model errors are the eval-
uation of the offshore wave field from only two buoys,
X6 and 44014, and the estimation of a directional spec-
trum from buoys. Model errors at X6, when the bound-
ary condition is determined from X6 data only (run 6),
are entirely the result of the difference between offshore
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FIG. 8. (a) Model bias and (b) scatter index (ratio of rms error and rms value) for the significant wave height Hs in swell-
dominated periods during SHOWEX and DUCK94.

propagating waves predicted by the model (as a result
of refraction and backscattering) and those estimated
from the buoy data. Whereas the scatter index for Hs is
small (0.06), up and su,p are more sensitive to weak
offshore propagating components, giving an rms error
of 58 for up and a scatter index of 0.18 for su,p.

Using only X6 for the model boundary condition en-
hances errors at 44014 (cf. runs 4c and 6 in Figs. 4, 6,
and 8), possibly owing to propagation errors across the
shelf break and spatial variations in the offshore wave
field over the 60 km separating X6 and 44014. These
offshore variations may be caused in part by wave–
current refraction in the Gulf Stream and its eddies (Hol-
thuijsen and Tolman 1991), often seen along the shelf
break in sea surface temperature satellite images, and
mesoscale fluctuations in the offshore wave field (Tour-
nadre 1993). The su,p errors may further be influenced
by differences in the response between a Waverider
buoy (X6) and a 3-m discus pitch-and-roll buoy (44014),
the latter giving generally larger directional spreads
(O’Reilly et al. 1996).

The relatively large errors in predictions at sites near
the shelf break indicate that measurement uncertainties
and unknown variations in the wave field along the shelf
break account for a significant fraction of the scatter

indices closer inshore, and thus further improvement of
the model skill may require more comprehensive mea-
surements of the incident wave field.

5. Discussion and conclusions

The evolution of swell across the North Carolina con-
tinental shelf was investigated with field data from the
DUCK94 and SHOWEX experiments, covering a wide
range of offshore wave conditions. The spectral wave
prediction model CREST with a nondiffusive Lagrang-
ian advection scheme and source terms for bottom fric-
tion and wave–bottom Bragg scattering was imple-
mented on a large portion of the North Carolina–Vir-
ginia continental shelf, extending from deep water
(1500-m depth) to the inner shelf (8-m depth). Observed
significant wave heights, mean directions, and direc-
tional spreads are compared with model results obtained
using various sets of source terms.

The predicted Bragg scattering effect of the small-
scale (comparable with the surface wavelength) shelf
topography explains most of the observed broadening
of the wave spectrum toward the shore, which occa-
sionally balances the narrowing caused by refraction
over the quasi-plane large-scale bathymetry. Predicted
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FIG. 9. Relative bias of Hs predictions vs Shields number (normalized by the critical value). Results are shown at three inner
shelf sites, for different combinations of source terms, (a)–(c) S 5 0, (d)–(f ) S 5 Sfric,J 1 SBragg, (g)–(i) S 5 Sfric,T 1 SBragg, and
(j)–(l) S 5 Sfric,M 1 SBragg. Larger gray dots correspond to 3-h DUCK94 records and smaller black dots correspond to 1-h
SHOWEX records.
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directional spectra are nevertheless still too narrow on
the inner shelf (by about 20% as compared with 50%
for hindcasts without Bragg scattering), possibly as a
result of higher-order wave–bottom or wave–wave scat-
tering, anisotropy in the bottom friction source term,
and wave reflection from the beach, which are not rep-
resented in the present model. Errors may also result
from the assumed spatially uniform spectrum of small-
scale bottom topography, determined from a high res-
olution survey of a small portion of the inner shelf.

Although the present results show that Bragg scat-
tering plays an important role in the transformation of
wave directional properties, the two-dimensional bot-
tom elevation spectra needed to evaluate the source term
are not always available. For practical applications a
simpler form of the Bragg scattering source term may
be desirable, for example, assuming a universal bottom
elevation spectral shape. Although the physical diffu-
sion effect of Bragg scattering appears essential for ac-
curate modeling of narrow directional spectra, it may
be partly masked by numerical diffusion and limited
directional resolution of existing wave prediction mod-
els. Inadequate parameterizations of other source terms
can artificially enhance directional spreads in the model
results. Indeed, it is well known that the discrete inter-
action approximation (Hasselmann and Hasselmann
1985) yields a broader directional spectrum than the
exact computation of the quartet wave–wave interac-
tions. Applications to other regions with important
small-scale topography (such as the sandwave areas in
the North Sea) may help to assess the importance of
incorporating wave–bottom Bragg scattering in opera-
tional wave prediction models.

The observed strong attenuation of energetic swell
(inferred energy losses up to 93% of the incident wave
energy flux) is reproduced well by Tolman’s (1994) bot-
tom friction source term, which accounts for the gen-
eration of sand ripples by waves and their feedback on
the waves. This source term, based on careful laboratory
studies by Madsen et al. (1990), without any further
adjustment reduces the scatter index for predictions of
the significant wave height Hs from 0.27, for energy
conserving spectral refraction computations, to 0.15. An
ad hoc increase of relic roughness and reduction of the
ripple roughness by a factor 4 improves the hindcast
results and reduces the overall scatter index for the wave
heights to 0.13. The imperfect knowledge of the off-
shore boundary condition likely accounts for a signif-
icant fraction of the remaining errors.

Overall, the widely used empirical JONSWAP bottom
friction source term has a skill (average scatter index:
0.16) comparable to Tolman’s (1994) original movable
bed source term, but occasionally yields much larger
errors because it does not account for large increases in
bottom roughness under active ripple conditions. The
JONSWAP bottom friction parameterization is easy to
use in practice because it requires no prior knowledge
about bottom sediments, whereas the movable bed

source term requires some sediment information, and
both are only valid for sandy bottoms. It should be
emphasized that no parameterization has been tested in
the sheet flow regime of very large Shields numbers
c/cc . 5 that occurs in severe storms.

To cover a wider range of bottom sediments, more
general parameterizations of wave energy dissipation
are needed that combine movable-bed effects, perco-
lation for larger grain sizes, and a bottom elasticity mod-
el for cohesive sediments that can give even stronger
wave damping (e.g., Forristall et al. 1990; Cavaleri
1994b).

In addition to the direct local effects of each source
term, the numerical integrations of (1) reveal indirect
effects of the combined source terms as waves propagate
over a finite distance. In particular, Bragg scattering
enhances the dissipation of wave energy owing to bot-
tom friction by increasing the time of propagation of
waves across the shelf. Overall the energy balance (1)
with both movable bed bottom friction and wave-bottom
Bragg scattering source terms, provides the best de-
scription of the observed swell evolution across the
North Carolina continental shelf.
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