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ABSTRACT

Extensive wave measurements were collected on the North Carolina-Virginia continental shelf in the autumn
of 1999. Comparisons of observations and spectral refraction computations reveal strong cross-shelf decay of
energetic remotely generated swell with, for one particular event, a maximum reduction in wave energy of 93%
near the Virginia coastline, where the shelf is widest. These dramatic energy |osses were observed in light-wind
conditions when dissipation in the surface boundary layer caused by wave breaking (whitecaps) was weak and
wave propagation directions were onshore with little directional spreading. These observations suggest that
strong dissipation of wave energy takes place in the bottom boundary layer. The inferred dissipation is weaker
for smaller-amplitude swells. For the three swell events described here, observations are reproduced well by
numerical model hindcasts using a parameterization of wave friction over a movable sandy bed. Directional
spectra that are narrow off the shelf are observed to broaden significantly as waves propagate over the inner
shelf, although refraction theory predicts a narrowing. This broadening generally agrees with predictions of
Bragg scattering of random waves by the irregular seafloor topography.

1. Introduction

The evolution of waves in shallow water is the result
of many processes including atmospheric forcing, the
nonlinear dynamics of the wave motion, and the influ-
ence of bottom topography and surficial sediments.
Winds directly force the high-frequency (**wind sea’”)
part of the wave spectrum, actively generating waves
with phase speeds slower than the wind speed, and a
large fraction of this energy input is immediately lost
through wave breaking (whitecaps). The low-frequency
(““swell”) part, with larger phase speeds, can be influ-
enced indirectly by local windsthrough nonlinear wave—
wave interactions. In intermediate to shallow water
(shallower than the surface wavelength), the influence
of the bottom becomes important and manifests itself
through wave refraction, topographic scattering, and
dissipation of wave energy by bottom friction. Aslocal
winds often dominate the wave climate of such shallow
locations, such as the North Sea, investigations of the
spectral energy balance of waves are faced with the
difficult task of separating all these processes (e.g.,
Bouws and Komen 1983; Weber 1988; Johnson and
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Kofoed-Hansen 2000). However, outside the surf zone
and in the absence of awind sea or strong currents, the
steepness of swell is generally too small to induce wave
breaking, and the propagation distances across conti-
nental shelves aretypically too short for significant non-
linear transfers of energy across the spectrum. Hence
swell transformation across the shelf is controlled pri-
marily by wave-bottom interactions and is thus more
tractable for analysis. Nevertheless, few studies of swell
evolution have been presented, owing primarily to alack
of detailed field measurements (e.g., Hasselmann et al.
1973; Young and Gorman 1995; Herbers et al. 2000;
Ardhuin et al. 2001). Here we present new observations
from the Shoaling Waves Experiment (SHOWEX) that
took place in 1999 on the U.S. East Coast offshore of
the North Carolina Outer Banks. Detailed measurements
of the evolution of directional wave spectra across this
sandy shelf were recorded over a three-month period,
including numerous swell events with a wide range of
peak frequencies, amplitudes, and directions. This new
dataset is used here, in combination with a spectral wave
model, to evaluate the effects of wave-bottom inter-
action processes.

The paper is organized as follows. A brief review of
wave-bottom interactions processes over fine to medi-
um sand is given in section 2. Wave and weather con-
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Fic. 1. Wave-sandy bottom interactions, for different topography scales (the x-axis coordinate 27/l is the
reciprocal bottom wavelength). The thick curve is a typical bottom slope spectrum for the North Carolina
shelf derived from bathymetry surveys for bottom wavelengths larger than 40 m. At small scales (27/1 <
10 m) the bottom topography depends on the wave conditions typically varying from a rough rippled bed
in moderate swell conditions (solid curve), to a smooth plane bed for very large swells (dashed curve).

ditions and observations during SHOWEX are presented
in section 3. An implementation of the CREST wave
model (Ardhuin et al. 2001) is described in section 4,
and isused in section 5 to examine the effects of various
physical processes in three swell events. Conclusions
are given in section 6. In Ardhuin et al. (2003, here-
inafter Part 11) SHOWEX data are used, together with
observations from the earlier DUCK94 experiment in
the same region, to evaluate different parameterizations
of the spectral energy balance of swell on the continental
shelf.

2. Wave-bottom interaction processes over a
sandy bottom

Swell is modified by a wide range of bottom topog-
raphy and roughness scales (Fig. 1). The well-known
refraction and shoaling of waves by large-scale (>1 km)
topography (e.g., Mei 1989) can cause dramatic varia-
tions in nearshore wave conditions that are predicted
accurately by linear propagation models (e.g., Munk and

Traylor 1947; O'Reilly and Guza 1993). Less under-
stood are the effects of intermediate scales that can be
described with wave-bottom Bragg scattering theory
(Hasselmann 1966; Long 1973; Ardhuin and Herbers
2002) and small-scale roughness elements (0.1-10 m)
that enhance wave energy dissi pation (Zhukovets 1963).

Hasselmann (1966) proposed a statistical theory for
the Bragg scattering of random waves by irregular to-
pography, assuming spatially homogeneous conditions
(i.e., uniform surface wave and bottom elevation spec-
tra). At the lowest order, two wave components with the
same radian frequency w but different wavenumber vec-
tors k and k' exchange energy in a resonant triad in-
teraction with the bottom component that has the dif-
ference wavenumber | = k — k’. Depending on the
bottom wavenumber | surface waves may be scattered
forward, broadening the directional spectrum (Ardhuin
and Herbers 2002), or backward, attenuating the inci-
dent wave field (Long 1973). Hasselmann's theory was
recently extended to heterogeneous conditions (with a
correction of the wave-bottom coupling coefficient) and
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included in the form of a sourceterm S, ,,, in a spectral
wave model (Ardhuin and Herbers 2002). Application
to the North Carolina continental shelf showed negli-
gible backscattering, but strong forward scattering on
the inner shelf that nearly doubled the directional spread
of wave energy at the peak frequency, in qualitative
agreement with observations. Directional observations
were limited to one site on the inner shelf and thus
precluded a quantitative assessment of the theory.

At smaller seabed scales, ripples strongly influence
bottom friction induced by the near-bed wave orbital
motion over noncohesive sandy sediments. Neglecting
mean currents, the bottom boundary layer can be clas-
sified in three regimes, based on the ratio of friction and
buoyant forces acting on a sand grain, and represented
by the Shields number s (e.g., Nielsen 1981). For small
values of i, the bottom morphology does not change,
thus retaining the history of past wave events and bi-
ological activity. In this “‘relic roughness’ regime with
weak orbital wave motion and turbulence, wave energy
dissipation is minimal. As s increases past a threshold
value i, (typically 0.05 for well-sorted quartz sand), the
wave flow intermittently moves surficial sediments that
organize into ripple fields (e.g., Nielsen 1981; Tray-
kovski et al. 1999). Turbulent vortices are shed by the
orbital flow at the crests of these ““active ripples,” en-
hancing the bed hydrodynamic roughness experienced
by the waves and causing a sharp increase in the dis-
sipation of wave energy. Widespread presence of ripples
with wavelengths in the range 0.5-3 m was observed
in repeated sidescan sonar surveys of the North Carolina
shelf, performed during SHOWEX (Ardhuin et al.
2002a). Changes in the geometry of these ripples be-
tween surveys were shown to correspond fairly well to
wave orbital diameters and propagation directions in
preceding wave events when the ripples were likely
formed. Whereasthe development of ripplesisrelatively
well understood, little is known about how a rippled
bed adapts to changing wave conditions or restores to
a flat bed. With increasing forcing conditions (¢ > i)
ripples are progressively eroded, until they are com-
pletely flattened for v > 10y (Li and Amos 1999),
when a layer of sediments (the ‘““sheet flow”’) moves
back and forth with the water column. In this sheet flow
regime the dissipation of wave energy is relatively
weaker (Ardhuin et al. 2001).

3. The SHOWEX deployment
a. Instruments and data analysis

Extensive wave measurements were collected from
September to December 1999 across the wide shelf of
the Mid-Atlantic Bight, in the region between Cape Hat-
teras and the entrance to the Chesapeake Bay (Fig. 2).
A transect of six surface-following Datawell Directional
Waverider buoys (X1-X6) was deployed extending east
from the U.S. Army Corps of Engineers Field Research
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Facility (FRF) at Duck, North Carolina, to the shelf
break. A coherent array of five bottom pressure record-
ers was collocated with inner shelf buoy X2 to provide
high-resolution directional wave spectra. In the present
study we also use data from other directional wave-
measuring instruments routinely deployed in the region.
Near the shelf break, the National Data Buoy Center
(NDBC) operates a 3-m discus pitch-and-roll buoy
(44014), in 49-m depth. Close to shore, a coherent array
of bottom pressure sensors in 8-m depth (8M) and a
Datawell Directional Waverider buoy in 15-m depth
[WR(FRF)] are both maintained by the FRF. Addition-
aly, infrared laser wave gauges on the Diamond Shoals
(DSLN7) and Chesapeake Lighthouse (CHLV2) C-
MAN stations, operated by NDBC, provided estimates
of wave frequency spectra at shallow-water sites away
from the main instrument transect. The instrument lo-
cations are indicated in Fig. 2 and their basic charac-
teristics are summarized in Table 1.

The dataset includes both directional (buoys and co-
herent pressure arrays) and nondirectional (laser gauges)
wave measurements. Although some instruments are
ideally equivalent (e.g., Datawell and NDBC directional
buoys), different sampling frequencies, record lengths,
and response characteristics introduce some variations
in quality. The model—data comparisons presented be-
low are generally restricted to bulk parameters that can
be estimated reliably from the short records of routine
wave measurement systems. The significant wave
height, H, = 4(E)¥2, with E the surface elevation var-
iance in the frequency range 0.03-0.15 Hz, was esti-
mated at all instrumented sites. At directional buoy sites
the mean direction 6, and directional spread o, both
evaluated at the spectral peak frequency f,, were de-
termined from auto- and cross-spectra of the buoy dis-
placements (e.g., Long 1980) using the standard ap-
proximations of these parametersin terms of the lowest-
order Fourier moments of the directional spectrum a,
and b,

27

[a,(f), b,(f)] = f (cosh, SNO)E(F, 6) dO/E(F). (1)

0

At the high-resolution 8M array, estimates of full fre-
quency—directional spectrum E(f, 6) (Long and At-
madja 1994) were used to evaluate a,(f) and b,(f),
after excluding the small contribution of offshore prop-
agation waves. In order to initialize the model at the
offshore boundary, E(f, 6) estimateswere obtained from
the farthest offshore buoys X6 and 44014 using the
Maximum Entropy Method (Lygre and Krogstad 1986).
All spectraand directional parameters wereinterpolated
on a common frequency grid, also shared by the nu-
merical model CREST in the hindcasts described bel ow,
and reduced to energy-weighted averages over 1-h in-
tervals.
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Fic. 2. Bathymetry and instrument locations during DUCK94 and SHOWEX (see text and
Table 1 for instrument descriptions).

b. Wave conditions

The dominant wave events in the Mid-Atlantic Bight
are generally the result of tropical stormsand hurricanes
in the summer—early autumn, which follow a curved
path to the northwest along the coast, and nor’ easter
stormsin late autumn—winter, which develop over North
America and move offshore into the North Atlantic.

SHOWEX took place in the middle of the very active
1999 hurricane season. Deployments at sea were de-
layed by a few days owing to category-4 Hurricane
Dennis (30 August-5 September), and within two days
after the instrument installation was completed, cate-
gory-4 Hurricane Floyd made landfall south of Cape
Hatteras. The maximum offshore significant wave
heights observed during Floyd varied from 6.8 m at



SeEPTEMBER 2003

TaBLE 1. Wave-measuring instruments during SHOWEX.

Water
depth Operated
Name Type (m)  Directiona by

8M Pressure array 8.0 Yes FRF
WR (FRF)  Buoy 17.0 Yes FRF
44014 Buoy 49 Yes NDBC
CHLV2 Laser gauge 15 No NDBC
DSLN7 Laser gauge 18 No NDBC
X1 Buoy 21 Yes NPS
X2 Buoy 24 Yes NPS
X2A Pressure array 24 Yes NPS
X3 Buoy 26 Yes NPS
X4 Buoy 33 Yes NPS
X5 Buoy 39 Yes NPS
X6 Buoy 193 Yes NPS

44014, 9.0 m at X6, to 12.5 m farther south at NDBC
buoy 41004 (located at 34°30’'N, off Charleston, South
Carolina, not shown) with a peak frequency of 0.11 Hz.
A maximum sustained wind speed U, = 34 ms-*was
recorded at the end of the FRF pier. Immediately after
Floyd left the region, a new hurricane, Gert, reached
category 4, but remained far offshore, sending large-
amplitude swell over the shelf (f, about 0.07 Hz, H, up
to 3.0 m at X6, 3.4 m at 44014). These three major
hurricaneswere followed by two weaker hurricanes. The
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eye of Hurricane Irene crossed the Florida Peninsula
from the Gulf of Mexico into the Atlantic and passed
100 km offshore of Cape Hatteras, while Jose followed
atrack similar to that of Gert (Fig. 3). SHOWEX was
also marked by several nor’easter storms, with a par-
ticularly severe event on 1 December.

4. Numerical model implementation
a. The CREST wave model

CREST is a hybrid Eulerian-Lagrangian spectral
wave model that uses finite frequency—direction bands
and an unstructured geographical grid (Ardhuin et al.
2001). The spectral energy balance equation is solved
in its Lagrangian form,

dE (k)

dt

where the left-hand side is the rate of change of the
wavenumber spectral energy density E(k) following a
wave component along its ray trajectory. Equation (2)
is solved along precomputed ray trajectories, from the
model domain boundary to each point of the geograph-
ical grid. A first-order Euler scheme with a fixed 10-
min time step is used, and the spectral density is av-
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Fic. 3. Tracks of North Atlantic Hurricanes Gordon (during DUCK94), Floyd, Gert, Irene, and
Jose (all four during SHOWEX). The dates indicate the daily position of the eye of the storm,
at 1200 EST, after reaching the tropical depression stage.
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domain is divided into subdomains, numbered 1-9, separated by
thicker lines. The locations of some instruments are added for geo-
graphical reference, and a dotted line marks the 100-m depth contour.

eraged over a bundle of rays spanning a finite band of
frequencies and arrival directions. The source terms in
(2) are determined from the spectrum at each grid point
and interpolated in space and direction on the rays.

b. Bathymetry and model grid

In order to encompass all the instrumented sites and
allow for oblique swell arrivals, the model domain was
set to cover the North Carolina and Virginia shelf, ex-
tending 400 km between 34°30’N, south of Cape Hat-
teras, and 38°N, at the Virginia—-Maryland border on
Assateague Island (Fig. 4). The National Ocean Service
(NOS) database of depth soundings in that region gen-
erally has a resolution better than 200 m, with finer
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details resolved around shoal s dangerous for navigation.
A large gap in this dataset, off Duck between X2 and
X5, was filled with soundings acquired during various
instrument deployment, maintenance, and recovery
cruises on board the R/V Cape Hatteras from 1994 to
1999. High-resolution multibeam sonar surveys were
conducted during SHOWEX with a Simrad EM 1000
system on board the Canadian Hydrographic Vessel
Frederick G. Creed (M. Donelan et a. 1999, personal
communication), and with an 1SI'S 100 system mounted
on the side of the R/V Cape Hatteras (J. McNinch and
T. Drake 2000, personal communication). This com-
posite dataset was gridded with 6” resolution in latitude
and longitude (180 and 150 m, respectively). Before
computing wave rays, the bathymetry was smoothed
with an isotropic tapered filter with a radius equal to 5
times the local wavelength (adapted to the wave fre-
guency and local water depth) in order to remove the
small scale topographic features that are represented in
a stochastic form in the wave—bottom Bragg scattering
source term. The unstructured model grid was con-
structed starting from the instrument positions. Points
were added along isobaths at 8, 15, 20, 25, 30, 40, 60,
100, and 1500 m with increasing spacing away from the
coast and away from the instrumented transects. The
resolution of thisirregular grid was increased gradually
introducing new points at the centers of the correspond-
ing Delaunay triangles, until all sides of these triangles
were shorter than 2—20 km (depending on the water
depth and the alongshore location). The model uses 29
frequency bands from 0.05 to 0.15 Hz and 72 direction
bands regularly spaced at 5° intervals. For each of these
finite bands, bundles of rays were traced from all grid
points. To reduce the large computational effort, the ray
computations were stopped and energy fluxes were in-
terpolated at the boundaries of nine model subdomains
(numbered from 1 to 9 in Fig. 4) [see Ardhuin et al.
(2001) for further detailg].

c. Boundary conditions

At the external boundaries bordering subdomains 1
(land), 2 (offshore), 3 and 4 (north and south model
limits) the following conditions are applied. The off-
shore frequency—direction wave spectrum is interpolat-
ed from estimates at X6 and 44014, back-refracted to
deep water, assuming parallel bottom contours. Al-
though the offshore conditions generally varied slowly
on timescales of several hours, the deep water spectra
are interpolated at 10-min intervals in order to match
the model time step At. To account for advection time
lags between the boundary grid points and the offshore
measurement locations, at each grid point, each inter-
polated frequency—directional wave component was
shifted in time by the delay corresponding to the pro-
jection, on its propagation direction, of the distance to
the measurement location, using the deep water group
speed of linear waves. This procedure was used also for
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Fic. 5. Median grain sizes D, of surficial sediments as a function
of distance from the coast. Filled circles indicate analysis results of
vibracore samples collected in the period 199497 (R. Beavers, Duke
University, 1999, personal communication), and Shipek grab samples
collected during SHOWEX. The dotted line indicates D, = 0.15
mm, used by Ardhuin et a. (2001) in previous hindcasts. The average
grain size Do, = 0.22 mm is indicated by the dash—dotted line, and
the solid line is a polynomial fit used in the present hindcasts, with
a constant value offshore.

the lateral boundary conditions (between subdomains 4
and 8, 9 and 3: see Fig. 4), crudely accounting for re-
fraction of the offshore spectrum by assuming an along-
shore uniform shelf and applying Snel’s law. Thistreat-
ment of the lateral boundaries does not represent ac-
curately the propagation of waves across shelf regions
outside the model domain, but avoids artificial shadow
regions created by closed lateral boundaries. At the
coastal boundary, bordered by land and narrow inlets
(domain 1), a zero incoming energy flux is prescribed,
neglecting weak wave reflection from beaches, and
wave propagation from the inland sounds to the open
ocean through the inlets.

d. Bottom sediments and small-scale topography

Qualitative inspection of 20 sediment core samples
collected in 1997 on the inner shelf (R. Beavers, Duke
University, 1999, personal communication) and quan-
titative grain size analysis of 50 samples gathered during
SHOWEX (Ardhuin et al. 2002a) give a good descrip-
tion of surficial sediments in a narrow (20 km wide)
region around the 8BM—X5 transect (Fig. 5). The median
grain diameter D, varies between 0.09 and 4 mm, with
the finest sediment within 2 km from shore and the
coarsest sediment in low-lying areas 2-15 km from
shore. The average value of D, (binned as a function
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of distance from shore) is0.22 mm, slightly coarser than
the average D, (0.15 mm) used by Ardhuin et al.
(2001). In order to extrapolate these observations away
from the 8M—X5 transect, a fifth-order polynomial was
fitted to the distribution of D, as a function of the
logarithm of the distance from shore (Fig. 5). Thisfitted
distribution is used here to evaluate the movable bed
friction source term. However, very similar results in
model hindcasts obtained with a uniform value D, =
0.22 mm suggest that the model is insensitive to these
spatial variations in median grain size.

The small-scale bottom topography, potentially im-
portant for scattering waves, is generally well resolved
in the NOS bathymetric database down to scales (27/1,
with | the bottom wavenumber) of about 300 m, in water
depths between 10 and 30 m, with a variance that de-
creases by a factor of 3 from inner-shelf shoals to mid-
shelf regions. The corresponding two-dimensional
wavenumber spectra are not isotropic and show a con-
centration of variance at wavenumbers aligned with a
northwest to southeast axis (e.g., Fig. 6a). For wave-
lengths under 300 m, the topography is resolved only
in the multibeam surveys conducted in two small re-
gions, in 20- and 25-m depth (Ardhuin and Herbers
2002, Figs. 8 and 9). The direction-integrated spectra,
indicated with dashed lines in Fig. 6, again show higher
levels at the shallower site, but the shapes are similar
with an | =2 roll off extending down to wavelengths of
50 m. All observed spectra obtained from additional
individual track surveys (not shown) also roll off asl -3,
with variance levels in the range of those shown in
Fig. 6.

Because the detailed variability of topographic fea-
tures that contribute to wave—bottom Bragg scattering
(with horizontal scales smaller than about 5 times the
surface wavel ength) was not measured across the entire
study region, a single representative bottom elevation
spectrum for the shelf was constructed from the survey
data. Average spectral levels at the larger scales were
obtained from the 6’ resolution bathymetry grid, en-
semble averaging over regions with water depths be-
tween 10 and 30 m (Fig. 6a and solid line in Fig. 6b).
These average spectral levels are lower than those es-
timated in regions with well-resolved shoals (dotted
linesin Fig. 6b), possibly due to artificial smoothing of
the grid (obtained by triangulation) in deeper regions
where depth soundings are sparse. At higher wavenum-
bers (I/27 > 0.002 m~1), not resolved by the 6" grid,
the spectral levels were taken from the high-resolution
spectrum estimate on the inner shelf (Ardhuin and Her-
bers 2002, Fig. 8). Although computations of Bragg
scattering presented below do not account for the var-
iability of spectral levels and directional properties of
the bottom topography, the cumul ative effect of the shelf
topography on swell transformation across the shelf
should be well quantified by this composite spectrum.
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e. Source terms

The wave-bottom Bragg scattering source term §; .,
takes the form given by Ardhuin and Herbers (2002),

Sheg(K) = 0K (K, H) J v cos2(0 — 0')k*Fe(k — k')

X [E(k") = E(K)] do",  (3)

where the radian frequency w isrelated to k by thelinear
dispersion relation

® = gk tanh(kH), (4)

0 and 0" are the directions of the surface wavenumber
vectorsk and k' respectively, H isthelocal water depth,
and K is a nondimensional coupling coefficient,

4ar
sinh(2kH)[2kH + sinh(2kH)]"

Here S, is estimated using a bottom elevation spec-
trum F8 that is uniform across the shelf and integrated
with a semi-implicit scheme, taking advantage of the
linear relationship between E and S, (Ardhuin and
Herbers 2002).

Following earlier work by Madsen et al. (1990) and
Tolman (1994), we use a parameterization of the bottom
friction source term S,,. that is quasilinear in the wave
spectrum with a variable dissipation factor f, that de-
pends on the hydraulic seabed roughness. Defining a,
and u, as the root-mean-square (rms) amplitudes of the
wave orbital displacement (one-half of the orbital di-
ameter) and the velocity at the top of the boundary layer,
S.ic IS parameterized as

(27 f)?

Sric(k) = _feubE(k)m;

where f, is given as a function of a, and the bottom
Nikuradse roughness length k,,, using Grant and Mad-
sen’s (1979) boundary layer model for an equivalent
monochromatic wave with a linear eddy viscosity pro-
file.

We use a dlightly modified version of Tolman's de-
composition of ky in a ripple roughness k, and a sheet
flow roughness k, [Tolman (1994), based on previous
work by Grant and Madsen (1979), Wilson (1989), and
Madsen et al. (1990)],

P\
k . X A— 7
—axa(Y) o

C

Kk H) = (5

(6)

k = 057— B & 8
-~ g - o 2 ©
In(7) A, and A, areempirical constants, sisthe sediment
specific density, and g is the gravity acceleration; ¢ is
the Shields number determined from u, and the median
sand grain diameter D,

= FLU3/9(s — 1Dy, (9)
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with f!, the friction factor of sand grains (determined
in the same way as f, with D, instead of k. as the
bottom roughness), and i, isthe critical Shields number
for the initiation of sediment motion under sinusoidal
waves on a flat bed. We use an analytical fit (Soulsby
1997) to Shields's (1936) laboratory data:

03
1+ 12D,

gs—1)

2

W, + 0.055[1 — exp(—0.02D,)],

(10)

3

D, = Dg , (@D

14

where v is the kinematic viscosity of water. This ex-
pression is consistent with the laboratory data reviewed
by Madsen and Grant (1976) and the ripple roughness
parameterization of Madsen et al. (1990), although re-
cent experimental results for mixed sands suggest some-
what larger values of s, (Wallbridge et al. 1999). Grant
and Madsen’s (1979) boundary layer theory provides a
friction factor f, (relating the stress to the velocity)
rather than a dissipation factor f,, but Madsen et al.
(1990) measured wave attenuation and thus dissipation,
rather than stresses, to find a parameterization for k.. It
is thus consistent to use f. in (6) when using the pa-
rameterization (7).

When the wave motion is not strong enough to gen-
erate vortex ripples, that is, for values of the Shields
number less than a threshold s, ky is given by arelic
ripple roughness k.. Madsen et al. (1990) proposed

lrllrr = A3 11[[01 (12)

with A; = 1.2 determined in laboratory experiments
with random waves. In the absence of any bedform data,
Graber and Madsen (1988) set therelic ripple roughness
k., equal to D, which is appropriate for a flat bed
composed of well-sorted sand. Tolman (1994) suggested
ageneraly larger constant value k,, = 0.01 m to account
for relic bedforms and bioturbation. Hindcasts of the
evolution of small waves (H, < 1 m) across the North
Carolina shelf support these small roughness values, but
the inferred dissipation was too weak to reliably quan-
tify k, (Ardhuin et al. 2001). In this paper we present
hindcasts of waves on the North Carolina shelf (almost
entirely covered with noncohesive sand) that suggest
that the roughness may increase with the forcing, pos-
sibly due to the presence of relic bedformsthat are more
likely to be intercepted by larger orbital diameters a,.
We propose a simple linear relation:

k, = max{0.01 m, A,a,} for ¢ < ¢,. (13)

The practical use of bedform roughness parameteri-
zations is complicated further by spatial variations of
the water depth and sediment grain size (seefor example
Green 1986) on scales not resolved by operational wave
prediction models. In order to apply the local parame-
terization to a larger scale, we use a statistical repre-
sentation of subgrid variations in water depth (Ardhuin
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et al. 2001; adapted from Tolman 1995). Additional tests
with a subgrid representation of variations in median
grain sizes, did not give significantly different results.

The general bed roughness parameterization (6)—(13)
contains four empirical coefficients. The values A, =
15 A, = =25 A, = 1.2, and A, = 0 proposed by
Tolman [(1994), based on laboratory experiments by
Madsen et al. (1990)] yield remarkably accurate pre-
dictions of wave height decay over a wide range of
forcing conditions [Ardhuin et al. (2001) and Part I1].
It is shown in Part Il that slightly different values (A,
=04andA,= —25 A, =12 and A, = 0.05) increase
the overall hindcast skill, and these tuned coefficients
are used in the analysis of swell events presented below.

5. Observations and model hindcasts

Wave data and model hindcasts are presented here
for four swell events that include a wide range of wave
heights, periods, and directions, revealing different evo-
lution patterns across the shelf. Periods were selected
when the local wind speed on the shelf was significantly
smaller (less than 60%) than the propagation speed of
the dominant waves and thus the local wind generation
effects on the energy balance can be neglected (see Part
Il for details). The importance of different physical pro-
cesses can be evaluated by turning the corresponding
source terms on and off in model hindcasts. This ap-
proach is particularly useful in sorting out processesthat
have similar effects, such asthe decrease in wave height
toward the shore caused by both refraction and bottom
friction. Here model results without any source terms
(run 1, including only the effects of shoaling and re-
fraction) and runs with both bottom friction and Bragg
scattering (run 4c) are compared. Hindcasts with other
combinations and alternative formulations of source
terms are presented in Part |1. In addition to model—data
comparisons of the significant wave height (H.) decay,
which is believed to be caused primarily by bottom
friction (and refraction for large oblique swell arrival
angles), the cross-shelf evolution of amean propagation
direction and directional spread are examined to test
predictions of refraction and scattering effects. The
model spectral densities are transformed to frequency—
directional space

E(f, 6) = KE(k)/(27C,),

for comparison with observations. We define a mean
wave direction 6, at the peak frequency f, (defined as
direction from in nautical convention), using an energy-
weighted average over a finite bandwidth of 0.15 f,
centered at f,. Following standard conventions (e.g.,
Kuik et al. 1988), 0, is defined as the direction of the
first-order moment vector,
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1075f, (2w
f J (cos6, sSnO)E(f, 6) do df
0. 0

925,

(Ap b1 p) = jlmsfp
)

_ . (14)
f E(f, 6) do df

925,

Here f, is determined from the measured frequency
spectra at X1 so that the modeled and observed direc-
tions correspond to the exact same frequency band. The
directional spread at the peak frequency o, , iscomputed
for each instrument in the same way, based on the con-
ventional definition, in radians,

oy, = [2(1 — &, cosf, — b, , sinb,)]¥2, (15)

where o, is an estimate of the standard deviation of
the directional distribution of wave energy, and thus can
beloosely interpreted as the half-width of the directional
spectrum (e.g., Kuik et al. 1988). The maximum value
of ,,, for an isotropic spectrum, is 2¥2 radians, that is
81°.

a. Attenuation of small to moderate swells

Small-amplitude swell from the east, with an offshore
H,~ 0.6 mand f, =~ 0.08 Hz, were observed on 18-19
November when local winds were very weak (about 3
m s-*). On 20 November (discarded for analysis) wind
speeds increased briefly to 7 m s, followed by a 5-
day period of steady, light (5 m s~*) winds, during which
the offshore swell H, increased to 2.0 m, with a nearly
constant f,, of about 0.09 Hz.

Initially when the offshore H, was less than 1.3 m,
measured wave heights at all inner shelf sensors were
close to the offshore (X6 and 44014) observations (Fig.
7), and mean directions (not shown) were nearly con-
stant across the shelf, except for some refraction inshore
of X1. The model hindcast for these small waves is
dominated by local refraction and shoaling effects that
cause primarily alongshore variations in wave height
with strong amplification on shoals south of CHLV?2
and around Cape Hatteras, and no significant attenuation
across the shelf (Fig. 8a). In the model hindcasts, both
bottom friction and Bragg scattering have a negligible
effect on H, (Fig. 7). Significant differences between H,
observations at outer shelf buoys X6 and 44014 (about
25%,; Fig. 8b), indicate alongshore variations of the deep
water incident wave field that are possibly caused by
refraction over the Gulf Stream and its meanders that
dominate the offshore ocean circulationinthisarea(e.g.,
Holthuijsen and Tolman 1991), and natural spatial fluc-
tuations of a wave field initially generated by nonho-
mogeneous winds (Tournadre 1993).

With larger offshore wave heights on 22—26 Novem-
ber, significant differences are observed between the
narrow shelf region around Cape Hatteras and the wider
shelf in the vicinity of the Chesapeake Bay entrance.
At DSLN7, in shallow water near Cape Hatteras, H,
varies between 1.5 and 1.7 m (Fig. 7a), close to the
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Fic. 7. Observed (solid) and predicted (diamonds: no source terms; triangles: with source terms) significant
wave heights H, at (8) DSLN7, (b) X1, and (c) CHLV2. Offshore wave heights are indicated in (b) for
reference (dashed: 44014; dotted: X6). Lines are interrupted with + symbols when data are missing or the
record is discarded owing to significant local wind effects. The model scatter index (S.I.), rms error (RMSE),

and bias are indicated.

offshore wave heights, whereas H; is reduced to about
1.0 m at sites X1 and CHLV2 (Figs. 7b,c) located in-
shore of a wide shelf. These observations are in agree-
ment with the predicted cumulative effect of bottom
friction across a wide shelf. Indeed, the model hindcast
that includes no source terms (representing only refrac-
tion and shoaling) overestimates wave heights at X1,
CHLV2 (diamonds in Figs. 7b,c) and all other inner
shelf sensors, while the addition of source terms brings
the predicted wave heights in close agreement with ob-
servations. The scatter index (Sl), defined as

H spre,i ) ZHJZ

SI(H,) =

E}: (H s,0bs, i -
i (18
O

O
E HiobSI D
i |

with Hg,; and H ,.; the observed and predicted values
of H, at timet,, is reduced from 0.25 to 0.08 at X1 for
the 18-26 November period when source terms are in-
cluded (Fig. 7b).

As waves propagate toward the shore, strong at-
tenuation isfirst noticed at the lower frequencies (Fig.
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Fic. 8. Predicted (model run 4c, with source terms) wave heights H, (colors) and mean directions 6, (arrows) at 0000 EST
on (a) 20 Nov 1999 and (b) on 23 Nov 1999.

9). As a result the spectral peak becomes less steep
on the low-frequency side and more symmetric, caus-
ing aslight shift of f to higher frequencies. Although
the spectral representation of bottom friction in the
model is heuristic, the predicted evolution of fre-
quency spectra agrees fairly well with observations
(Fig. 9). Wave energy dissipation by bottom friction
over relic bedforms appears to be well represented by
the quasilinear formulation with a single bottom
roughness length for all wave frequencies, similar to
dissipation over active bedforms, confirming previous
studies by Mathisen and Madsen (1999) and Ardhuin
et al. (2002b).

The absence of any measurable dissipation when
offshore wave heights are less than 0.8 m supports
the current parameterization of bottom friction with
a very small roughness for low Shields numbers.
However, H, is reduced by 20%—30% (in comparison
with the model hindcast without source terms) for
moderate offshore wave heights (e.g., 1.5 m on 21
and 24—26 November) that are not energetic enough
to form vortex ripples. This result suggests that sig-
nificant dissipation can occur over relic bedformsand
that the relative attenuation of wave energy increases
gradually with increasing wave height in therelic rip-
ple regime.
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Fic. 9. Evolution of wave frequency spectra (12-h averages) across
the shelf on 22 Nov (solid) are compared with model hindcasts (di-
amonds: no source terms; triangles: with source terms). The shaded
area highlights the difference between observation and model hind-
cast without source terms, that is, the cumulative spectral decay
caused by dissipation of wave energy on the shelf. Plots are offset
vertically for each site. The spectral estimates have 432 degrees of
freedom (for 0.1 Hz), corresponding to a 10% error at the 95% con-
fidence level.
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b. Hurricane Floyd

Before landfall, Hurricane Floyd generated large
swells that arrived at the shelf break at large oblique
southerly angles. During the morning of 15 September,
as the eye of the hurricane was moving north along the
Florida Peninsula, a near-grazing arrival direction of 6,
= 161° was measured at buoy X6, with a wave height
H, = 2.8 m and a peak frequency f, = 0.07 Hz. Weak
local winds measured at the experiment site (less than
6 and 5 m s ' at the FRF pier and buoy 44014, re-
spectively) suggest that the evolution of these long-pe-
riod waves across the shelf was not significantly affected
by local winds. This was confirmed by model runs, not
described here, using source terms for wind generation,
nonlinear evolution, and whitecapping.

Owing to the large distance (about 1000 km) between
the storm and the experiment site, and partial sheltering
by Cape Hatteras, the directional wave spectrum was
very narrow, with a spread at the peak frequency o,
of 13° at the offshore buoy X6. The measured swell
evolution across the shelf shows areduction of H, from
28mat X6to1.7and 1.2 mat X1 and 8M, respectively,
and a large change in the mean direction 6, from 161°
at X6 to 115° and 95° at X1 and 8M, respectively. The
relatively small difference in H, between X6 and X1 is
explained by the focusing of waves over inner shelf
shoals, caused by refraction, yielding an increase in
wave heights between X3 and X2 in the frictionless
model hindcast (Fig. 10a). This effect partly compen-
sates for energy losses caused by bottom friction, fol-
lowed by a strong reduction across the inner shelf. The
refraction over two-dimensional topography is also ev-
ident in the cross-shelf evolution of 6,, showing aslight
veering to a more southerly direction across the mid
shelf (from 140° at X5 to 145° at X4), before shifting
toward shore-normal incidence with accompanying re-
ductions in wave heights at WR(FRF) and 8M. This
pattern is well represented in the frictionless model cal-
culations (run 1, Fig. 10c).

Model predictions of H, that account for bottom fric-
tion agree well with observations at all sites with only
a slight (20—40 cm) underprediction of H, between X4
and 8M (Fig. 10b). Observed variations of o,, across
the shelf from X6 to 8M are relatively small, and this
small change of o, is reproduced well by the model
hindcast with source terms (run 4c), while the model
run without source terms (run 1) predicts a dramatic
narrowing (down to 5° at 8M) that is not observed. The
near uniformity of observed o, thus masks a balance
between a narrowing due to refraction and a broadening
due to Bragg scattering (Fig. 10d).

Whereas the overall trend in the cross-shelf evo-
lution of the directional spectrum is well represented
by the model with source terms, significantly larger
spreads are observed at WR(FRF), X5, and 44014.
Such differences may be caused by local refraction
effects, as narrow spectra are sensitive to bottom to-
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pographic details. However, the bathymetry near the
instrument sites should be well resolved in the present
model. Lack of directional resolution in the offshore
wave measurements (X6 and 44014) used to drive the
model and unresolved spatial variations in the off-
shore wave conditions may also contribute to these
discrepancies.

c. Hurricane Gert

Shortly after the passage of Hurricane Floyd, large
swells (H in the range 2-3 m at X6 and f, = 0.07 Hz)
arrived from the southeast, generated by Hurricane Gert

T X T3 5T [ T T35

8M

X1

B Observations
Model, S=0

X2

44014

0
8M
Fic. 10. Hurricane Floyd swell: (a) predicted (with source terms) wave heights H, (colors) and mean directions 6, (arrows);

(b)—(d) observations and predictions (with and without source terms) of H,, 6,, and o,, at al instrumented locations. All
parameters are averages over a 12-h period from 0000 to 1200 EST 15 Sep 1999.

X1 X3 X5

(Fig. 3). Again a large reduction in H, was observed
across the wide and shallow shelf near Chesapeake Bay,
from 2.0-3.5 m at offshore buoys 44014 and X 6 to about
1.0mat X1 and CHLV2 (Figs. 11b,c), whereasvirtually
no attenuation is observed near Cape Hatteras where
the shelf isnarrow (DSLN7, Fig. 11a). The model hind-
cast without source terms predicts values of H, at
CHLV?2 that are dlightly larger than at X6 owing to
shoaling and refraction in the shoa area where the in-
strument is located. In contrast waves are attenuated by
refraction at X1 as their propagation direction turns to-
ward the obliquely oriented coastline (compare dia-
monds and to offshore observations in Fig. 11). Sites
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Fic. 11. Same as Fig. 7, but for the period 19-21 Sep
(Hurricane Gert).

DSLN7, X1, and CHLV?2 are in similar water depths
(18, 21, and 15 m, respectively), but the difference be-
tween linear refraction predictions (diamondsin Fig. 11)
and observations (solid lines) vary from very good
agreement at DSLN7 to overpredictions of 50% and
200% at X1 and CHLV 2. These large differencesreflect
the cumulative dissipation of wave energy across the
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shelf, which is negligible across the 10-km-wide shelf
at DSLN7 while CHLV 2 is sheltered by a shallow shelf
region 100 km wide. Although water depths offshore
of theseinstruments aretoo large to cause depth-induced
breaking for these swells, model predictionsthat include
the source terms reproduce accurately the wave heights
observed at the inner shelf sites.

The strong dissipation rates predicted offshore of
CHLV?2 (Fig. 12) are due to the sharp increase in the
bed hydraulic roughness when sand ripples are formed.
Large ripples were indeed observed in sidesscan sonar
surveys on 26-29 September over most of the X1-X5
transect, a few days after Gert swells were recorded.
Observed ripple wavelengths in the range 0.5-3 m, and
ripple crests facing directions from 70° to 100°, differ
from previous surveys on 10-13 September, and are
consistent with the propagation directions and near-bed
orbital diameters of Gert swells (Ardhuin et al. 2002a).
These results reveal the remarkable sheltering effect of
a wide shelf for the coastal zone. Whereas the narrow
shelf at Cape Hatteras causes negligible wave attenua-
tion, the wide and shallow shelf offshore of Chesapeake
Bay dissipates up to 93% of the onshore wave energy
flux, these large energy losses (about 100 kW per meter
of coastline) are the result of a weak dissipation (1 W
m~2) distributed over a shelf region 100 km wide (Fig.
12h).

Directional properties were observed to vary signif-
icantly in time and space during this event. The general
refraction pattern across the shelf shows the expected
gradual shift of 6, toward the normal to the depth con-
tours, that is, 70° at the beach (Fig. 12a). However, the
unusually narrow directional spectra observed during
this event amplified local refraction effects, causing
large alongshelf gradientsin wave height (Fig. 12a) and
large variations of 6, on the shelf. For example, at site
X5 6, fluctuated between 97° and 138°, whereas 6, at
X6 varied only between 120° and 130° (Fig. 13a). The
model predicts the general turning of 6, across the shelf
(e.g., the good agreement with observations at X3 and
X2) but overpredicts refraction at inner shelf sites 8M
and X1 (6, = 90° in the hindcast when 6, = 120° is
observed) and does not predict the large variations of
6, observed at X5. Some discrepancies may result from
unresolved local refraction, but these errors are expected
to be small on the inner shelf because the bathymetry
between X1 and X2 is resolved well in the multibeam
sonar surveys conducted during SHOWEX (Ardhuin
and Herbers 2002). A more likely source of error isthe
specification of the offshore boundary condition, either
because the offshore wave field is not homogeneous or
because the directional spectra reconstructed from the
buoy data using the maximum entropy method (Lygre
and Krogstad 1986) may be significantly different from
the actual offshore wave spectra. A large difference be-
tween 6, at X6 and 44014 was occasionally observed
(Figs. 14b,c) even though the source of these waves,
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Hurricane Gert, was over 2000 km offshore (Fig. 3).
This difference, possibly due to refraction over the Gulf
Stream or associated eddies, suggests that comprehen-
sive observations of the offshore wave field are nec-
essary for a more quantitative evaluation of the model
parameterizations.

Narrow offshore swell directional spectrawere again
observed to broaden across the shelf (Fig. 13c), in par-
ticular with very low (<0.07 Hz) peak frequencies (Fig.
13d). In the afternoon of 19 September, o, increased
from 13° at X6 to 28° at X1, and this dramatic broad-
ening is reproduced well by the hindcast that includes
wave-hottom Bragg scattering (Fig. 13c, triangles).

6. Conclusions

New observations of the attenuation and directional
transformation of waves across the North Carolina con-
tinental shelf were obtained over a three-month period
during the 1999 Shoaling Waves Experiment. Obser-
vations in swell-dominated conditions confirm previous
observations of strong attenuation of large swells across
the wide and shallow shelf, with typical wave height
reductions of a factor of 2, and relatively weak varia-
tions for small swells with H, < 1.0 m offshore. Com-
parisons with energy-conserving linear refraction cal-
culations show that this attenuation can sometimes be
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Fic. 13. Directional properties of Hurricane Gert swell: (a) observed mean wave direction 6,, at several sensors from X6
(offshore) to 8M (8-m depth); (b) comparison of observed 6, (solid lines) with model predictions without source terms
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(for X1, X3, X5) and right (for 8M, X2, X4). (c) Comparison of observed directional spread o,, at X1 (solid) with model
hindcasts (diamonds: no source terms; triangles: with source terms). The offshore directional spread observed at buoy X6 is

indicated with a dotted curve. (d) Peak frequency f, at X1.

partially attributed to refraction, in particular when
waves arrive at large oblique angles with respect to the
shoreline. However, the strong decay of energetic swell
in the absence of local winds suggests that dissipation
of wave energy by bottom friction is the primary at-
tenuation mechanism. The inferred swell damping
across the shelf is negligible near Cape Hatteras where
the shelf is narrow and maximum near Chesapeake Bay

where the shelf is wide and shallow. For the largest
observed swells, from Hurricane Gert, H, is reduced by
up to 74% near the mouth of Chesapeake Bay, corre-
sponding to areduction of the incident wave energy flux
by 93%.

The highly variable attenuation is reproduced well by
a parameterization of bottom friction over a movable
sandy bed that represents large changes in bottom
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roughness associated with the formation of sand ripples.
Hindcasts of the spectral energy balance of swell on the
shelf were performed using aformulation of the bottom
friction source term proposed by Tolman (1994) with a
modification of the empirical coefficients determined by
Madsen et al. (1990) in the laboratory. Results accu-
rately reproduce the weak swell decay in low energy
conditions, strong decay in high energy conditions, and
the dependence of the decay on shelf width. These re-
sults lend strong support for the dominant role of bottom
friction in swell transformation across continental
shelves and the dramatic sheltering of a wide shelf for
the nearshore environment. The present swell measure-
ments only included significant wave heights less than
4 m. For larger waves, the sheltering effect of the shelf
may become less efficient as the bottom roughness is
reduced when a rippled seabed transitions to sheet flow
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[e.g., the 1994 Hurricane Gordon discussed in Ardhuin
et al. (2001)].

The half-width o, of the directional spectrum at the
peak frequency was observed to befairly constant across
most of the shelf, increasing toward the shore for narrow
offshore spectra, and decreasing only slightly for broad
offshore spectra. This observation is contrary to linear
refraction theory, which generally predictsthat thewave
spectrum narrows around the direction normal to the
depth contours as waves approach the shore. However,
Bragg scattering of waves by bottom topographic fea-
tures with horizontal scales of the order of afew wave-
lengths (forward scattering) provides anatural diffusion
mechanism that opposes refraction, and the model hind-
cast that includes this process yields an onshore increase
of o, , for the narrowest offshore spectra. While model
hindcasts that account for the broadening effect of
wave-hottom Bragg scattering generally agreewell with
the observed o, variations, the predicted values still
tend to be biased low near the shore, suggesting that
there may be other unknown processes that broaden the
wave spectrum across the shelf.
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