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Propagation of swell across a wide continental shelf
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Abstract.

The transformation of ocean swell across a wide, shallow (nominal depths 25—

50 m) continental shelf is examined with data from a 100 km long transect of bottom
pressure recorders extending from the shelf break to the beach at Duck, North Carolina.
The analysis is restricted to periods with light winds when surface boundary layer
processes (e.g., wave generation by wind and wave breaking in the form of whitecaps) are
expected to be relatively unimportant. The majority of the observations with low-energy
incident swell conditions (significant wave heights <1 m) shows weak variations in swell
energy across the shelf, in qualitative agreement with predictions of a spectral refraction
model. Although the predicted ray trajectories of waves propagating over the irregular
shelf bathymetry are quite sensitive to the deep water incident wave directions, the
predicted spatial energy variations for broadbanded wave fields are small and relatively
insensitive to incident wave conditions, consistent with the observations. Whereas swell
dissipation on the shelf appears to be insignificant in low-energy conditions, strong
attenuation of swell energy levels (a factor 4 between the shelf break and nearshore sites)
was observed in high-energy conditions (significant wave height 2.5 m). This decay, not
predicted by the energy-conserving refraction model, indicates that dissipative bottom
boundary layer processes can play an important role in the transformation of swell across

wide continental shelves.

1. Introduction

In many coastal regions the transformation of swell from the
open ocean to the beach is strongly affected by propagation
over the continental shelf. Refraction of waves propagating
over shoals, ridges, canyons, and other shelf features can cause
dramatic spatial variations in wave heights [e.g., Munk and
Traylor, 1947]. Refraction effects on the evolution of wave
spectra can be evaluated for arbitrary two-dimensional conti-
nental shelf topography by applying an energy balance along
ray trajectories [e.g., Munk and Arthur, 1951; Longuet-Higgins,
1957; Le Méhauté and Wang, 1982]. This numerically accurate
Lagrangian (i.e., following wave groups) method predicts the
gross variations in wave energy observed along the bathymetri-
cally complex southern California coast [O’Reilly et al., 1994].
Significant refraction effects are predicted not only when waves
pass over a single large submarine obstacle but also when
waves travel through a large shallow coastal region with benign
topography [e.g., Graber et al., 1990; O’Reilly and Guza, 1993].

In refraction theory, wave amplitude variations are assumed
to be small over scales comparable to the surface wavelength.
This assumption is typically violated in the vicinity of large
topographic shelf features or if the wave spectrum is extremely
narrow. In these situations, models based on the mild slope
equation [Berkhoff, 1972] that incorporate both refraction and
diffraction effects are more accurate, as has been demon-
strated with laboratory measurements of waves propagating
over an elliptical shoal [e.g., Panchang et al., 1990]. Mild slope
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equation models have been extended to include wave reflec-
tion from subwavelength scale depth variations [Kirby, 1986a]
and abrupt bathymetry features [Porter and Staziker, 1995], but
these numerically expensive models have not been applied yet
to large continental shelf regions. The more widely used par-
abolic approximations of the mild slope equation [e.g., Radder,
1979; Kirby, 1986b, c] are well suited to combined refraction-
diffraction computations over large domains but may be inac-
curate in situations where refraction causes large changes in
wave direction. Although the limitations of refraction and
combined refraction-diffraction models are not yet fully un-
derstood, intercomparisons of the predicted evolution of real-
istic wave spectra over benign shelf bathymetry show generally
good agreement [O’Reilly and Guza, 1991, 1993].

Swell can traverse entire ocean basins with very little loss in
energy [Snodgrass et al., 1966]. However, significant dissipation
is believed to take place in the bottom boundary layer of a
shallow continental shelf. Shemdin et al. [1980] suggested that
a variety of bottom processes, including bottom friction, per-
colation through the bottom, and wave-induced bottom mo-
tion, may cause significant damping of swell propagating across
a wide continental shelf, but the damping rates appear to be
strongly dependent on the sediment type, bottom microtopog-
raphy, and local currents; all of which are often unknown.
Laboratory and field measurements show that bottom friction
is particularly sensitive to the presence of ripples that are
usually formed in low-energy wave conditions by the near-bed
oscillatory wave motion and subsequently obliterated by stron-
ger flows in high-energy wave conditions [e.g., Grant and Mad-
sen, 1986, and references therein). These transient, small-scale
bed forms are extremely difficult to quantify on a natural
seabed.
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Plate 1. Plan view of the bathymetry of the North Carolina shelf in the numerical model domain. The
instrumented transect is indicated with a dashed line, with letters denoting the pressure sensor sites (site D is

7.5 km south of the transect).

Very few measurements of the attenuation of swell in shal-
low water have been reported. Hasselmann et al. [1973] exam-
ined the swell decay observed during the Joint North Sea Wave
Project (JONSWAP) experiment with a 160 km long cross-
shore transect of various types of instruments deployed off the
coast of Germany. The observed damping rates did not agree
with generally accepted formulations of bottom friction and
suggested that other attenuation mechanisms such as backscat-
tering of swell from small-scale bottom irregularities may be
important {Long, 1973]. Young and Gorman [1995] reported 2
week long observations from a similar transect of instruments
spanning the continental shelf on the southern coast of Aus-
tralia and used these measurements in conjunction with the
third-generation wave prediction model WAM [The WAMDI
Group, 1988] to estimate the contribution of bottom friction to
the observed overall decrease in swell energy across the shelf.
The results suggest that the strong attenuation of energetic
southern ocean swells observed at shallow instrument sites is
caused primarily by bottom friction with estimated drag coef-
ficients that are much larger than the values commonly used in
wave prediction models.

New observations of the transformation of swell across a

continental shelf are presented here. A 100 km long cross-shelf
transect of 10 bottom pressure recorders was deployed off the
coast of North Carolina. The field experiment and data anal-
ysis (restricted to periods of light winds when swell transfor-
mation across the shelf is expected to be dominated by bottom
processes) are described in section 2. A spectral refraction
model, based on a backward ray-tracing scheme [O’Reilly and
Guza, 1993] was applied to a fine-resolution (200 m) bathym-
etry grid. The effects of the undulating shelf topography on the
transformation of swell are illustrated with model simulations
in section 3. Observed variations in swell energy across the
shelf are compared to model predictions initialized with data
from a directional buoy located near the seaward end of the
transect in section 4. Discrepancies between measured swell
energy levels and the energy-conserving model predictions are
used to quantify crudely bottom damping effects in section 5,
and a summary is given in section 6.

2. Experiment and Data Analysis

The field data used in this study were collected as part of the
Duck94 Nearshore Processes Experiment conducted offshore
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Figure 1. Cross section of the instrumented transect of the
North Carolina shelf (dashed line in Plate 1).

of the U.S. Army Corps of Engineers Field Research Facility
(FRF) near Duck, North Carolina, between late July and early
December 1994. The coast consists of a series of relatively
straight barrier islands with sandy beaches that are exposed to
the Atlantic Ocean. The continental shelf is 50-100 km wide
and only 20-50 m deep (Plate 1). Ten battery-powered inter-
nally recording bottom pressure sensors were deployed along a
cross-shelf transect extending from the Duck beach to the shelf
break (Plate 1, the stations are represented by letters). The
shallowest instrument X was mounted on a pipe jetted into the
beach 6 m deep just outside the surf zone. At all other sites
(depths ranging from 12 to 87 m, Figure 1) the instruments
were mounted inside the anchor of a surface mooring. Each of
the autonomous instrument packages contained a Setra capac-
itance-type pressure transducer, a Tattletale microprocessor,
and a disk drive for data storage. Pressure data were recorded
nearly continuously with a 2 Hz sample rate during the 4
month long deployment. Some malfupctioning data acquisition
systems were replaced with a cassette tape data storage system
utilizing a reduced sampling scheme (one 137 min long record
sampled at 1 Hz every 3 hours). Site B suffered significant data
loss during the first 2 months of the experiment, and the two
shallowest instruments (X and A) failed during Hurricane
Gordon on November 18. The shallowest site X (6 m depth)
and the deepest site I (87 m depth) are excluded from the
present analysis because the beach was not adequately resolved
in the numerical refraction calculations and high-frequency
(=0.1 Hz) swell was strongly attenuated over the water column
in 87 m depth. Measurements of directional properties of the
incident swell were available from a National Data Buoy Cen-
ter (NDBC) 3 m discus buoy located within 2 km of site H.
Surface elevation spectra were computed from 12 hour long
bottom pressure records using a linear theory depth correction.
Relatively long data records were used in the analysis because
the travel time of swell traversing the shelf is of the order of a
few hours. Nonstationary conditions (i.e., temporal variations
in spectral levels of more than 30% over a 12 hour run) were
excluded from the analysis because the model predictions do
not account for time lags in swell arrivals at different sites. The
analysis was restricted to longer period (0.05-0.10 Hz) waves,
which are usually remotely generated and feel the bottom on
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the entire shelf. Periods of moderate to strong local winds
(speeds >10 m s~ ') with possibly significant generation effects
on the shelf at wave frequencies <0.10 Hz were excluded from
the analysis. During the periods of light winds considered in
this study, currents on the shelf were predominantly tidal with
speeds generally <0.5 m s™! [Haus et al., 1995]. Long-period
swells are not significantly affected by these weak currents. The
analysis was restricted further to cases with mean swell prop-
agation directions (measured near site H) within +35° of nor-
mal incidence (100°) to the shelf break. Observations with
larger northerly or southerly swell incidence angles were ex-
cluded because waves approaching the shelf at large oblique
angles are strongly refracted over the continental slope sea-
ward of the instrumented transect, and thus the deep water
directional properties of these waves are not well represented
by the NDBC buoy measurements collected at the shelf break
(in 48 m depth near site H). On the basis of these consider-
ations the original data set of 244 observations was reduced to
71 observations with significant wave heights ranging from 0.1
to 2.5 m.

The variability of swell energy levels on the shelf is summa-
rized in Figure 2 with the observed total swell variances at four
sites spanning the shelf. Energy variations across the shelf were
generally small (<30%), with the exception of the single most
energetic event (Julian days 290-295) when a large (up to
70%) decrease in energy was observed between the deepest
and shallowest sites.

Accurate predictions of swell refraction require detailed
shelf bathymetry. A high-resolution digital bathymetry data-
base was available from the National Ocean Service (NOS),
National Geophysical Data Center (NGDC). Unfortunately,
this database contains large gaps extending from 36.2° to
36.8°N and from the coast to 74.8°W. To fill these gaps, addi-
tional bathymetric surveys were conducted during instrument
deployment and recovery cruises with a precision depth re-
corder mounted on the hull of the R/V Cape Hatteras. The
survey tracks were spaced at ~1 km intervals. The Fathometer
measurements were detided using sea level data from a tide
gauge located near site A on the FRF pier. Cross-shelf differ-
ences between the tidal fluctuations measured with the 10
bottom pressure sensors (Figure 1) are negligibly small (<10
cm). Other bathymetry errors that are difficult to quantify
include navigational inaccuracies of vessels used in the older
surveys and the accretion and erosion of the sandy bottom in
shallow regions.

Data from the combined surveys were used to create a fine-
resolution (~200 m) bathymetry grid for the area 35° to 38°N
and 74° to 76°W using the Delaunay tessellation interpolation
method of Watson [1982]. The grid distortion resulting from
the transformation to Cartesian coordinates is small (maxi-
mum wave propagation direction errors of about 1° [O’Reilly
and Guza, 1993)).

3. Spectral Refraction Computations

The North Carolina continental shelf is characterized by a
wide midshelf region with shore oblique ridges (Plate 1). Low-
frequency swell may be strongly refracted by these large (O (10
km) wide) features with heights up to 10 m (Figure 1). To
quantify the importance of the irregular shelf topography to
the spatial variability of swell energy, spectral refraction com-
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Figure 2. Observed swell variability on the shelf for the 71
data runs analyzed in this study: (a) swell variance at the outer
shelf site H and (b) swell variances at sites E (midshelf), C
(inner shelf), and A (nearshore) normalized by the variance at
site H.

putations were carried out for a range of deep water incident
wave conditions. The incident wave field is assumed to be
stationary and spatially homogeneous in the surrounding deep
Atlantic waters and described by a frequency directional spec-
trum E,( f, 6,)) (subscripts , indicate deep water values). Wave
generation on the shelf, nonlinear interactions, and dissipation
are neglected. For a given deep water spectrum E,(f, 6,),
predictions of the transformed spectrum E(f, 6) at eight of
the instrumented sites A-H (Plate 1) were obtained with a
backward ray-tracing technique [O’Reilly and Guza, 1991].

From each site, rays were traced in all possible directions
back to deep water using the ray equations [Munk and Arthur,
1951; Le Méhauté and Wang, 1982]:
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dx )

ﬂ—cose, (1a)

y .

%—smo, (1b)
d@_l .oac eac 1
Jg = ¢ \sin 6 ———cos 3y (1c)

where ¢ is the phase speed, 6 is the propagation direction, s is
the distance measured along a ray, and (x, y) are the horizon-
tal space coordinates. Equations (1a)—-(1c) were integrated us-
ing a fourth-order Runge-Kutta method. Initially, rays were
computed for all possible shallow water angles 6 at 1° incre-
ments and terminated upon reaching deep water, land, or the
boundaries of the grid. These angles were subsequently bi-
sected with additional rays until the spacing of the resulting
deep water angles 6, of adjacent rays was everywhere <2.5°
(see O’Reilly and Guza [1991] for further details). The com-
plete set of ray trajectories for a given shallow water site yields
an estimate of an inverse direction function I':

90= r(f, 9)’ (2)

which defines the relationship between the deep water inci-
dence angle 6, and the refracted propagation direction 6 at a
shallow water site.

Examples of the inverse direction function I" for represen-
tative swell frequencies f = 0.10 and 0.07 Hz are shown in
Figure 3. On the outer shelf at site H (49 m depth), 0.10 Hz
waves are not yet significantly refracted, and 6, ~ 6 (Figure
3a). Longer wavelength 0.07 Hz waves are affected by propa-
gation over the continental slope seaward of site H, resulting in
transformed wave directions at site H that are slightly refracted
toward normal incidence to the shelf break (~100°) (Figure
3b). The I functions predicted at site H are smooth because
the seabed seaward of site H is smooth with approximately
straight and parallel depth contours.

The more complicated inverse direction functions predicted
at the inner shelf site C (25 m depth, Figures 3¢ and 3d) show
the strong cumulative effect of wave refraction over the irreg-
ular shelf bathymetry. The direction changes are small (<10°)
for 0.1 Hz waves arriving at the shelf break with angles 8, that
are within £20° of normal incidence (6, ~ 100°). Large differ-
ences between 6, and 6 (up to 70°) are predicted for 6, < 80°
and 6, > 120°. Waves arriving from southerly angles (6, >
150°) are strongly refracted by the curvature of the coast and a
group of shoals near Cape Hatteras (35.2°N, 75.5°W, Plate 1).
Although the bathymetry is smoother to the north of the in-
strumented transect, the shelf is considerably wider and curves
to the east (Plate 1), resulting in longer propagation distances
over the shelf for waves arriving from northerly angles (6, <
60°) and comparably strong refraction effects. Pronounced re-
fraction effects on the shelf are predicted for lower-frequency
0.07 Hz waves arriving from deep water at all angles (Figure 3d).

Large (20°-70°) variations in 8, predicted for small (1°)
changes in 8 at site C (Figures 3c and 3d) indicate a strong
sensitivity of ray trajectories to the irregular shelf topography.
Additionally, many gaps in the I' function (i.e., ray trajectories
with turning points that do not extend to the open ocean) of
0.07 Hz waves suggest that wave trapping on the continental
shelf may occur at swell frequencies even for waves propagat-
ing in directions nearly normal to the coastline.

The refraction transformation of the frequency-directional
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Figure 3. Predictions of the inverse direction function I" (equation (2)) for waves with frequencies (left) 0.10
Hz and (right) 0.07 Hz arriving at (top) the outer shelf site H and (bottom) the inner shelf site C.

wave spectrum from deep (Eq(f, 6,)) to shallow (E(f, 8))
water is given by

0Cg0

E(f, 0) = 3 L ELF T(, 0],

()

where c,, is the group velocity [Longuet-Higgins, 1957; Le Mé-
hauté and Wang, 1982]. Numerical simulations of the refraction
transformation of swell arriving from a single remote source
were carried out with a simple cosine power directional distri-
bution of wave energy in deep water:

8y = Omean
72 .

The mean propagation direction 0,,.,, was varied in the sim-
ulations from 50° to 150° with values of the directional spread-
ing parameter m = 100, 50, and 25 (i.e., full beam widths at
half maximum power of 20°-40°). The wave energy was dis-
tributed uniformly over a 0.01 Hz wide frequency band cen-
tered at a representative ocean swell frequency (0.07 and 0.1
Hz).

The cross-shelf variability of wave energy is illustrated in
Figure 4 with predictions of transformed wave energy at sites H
(outer shelf, 49 m depth), E (midshelf, 35 m), C (inner shelf,
25 m), and A (near the shore, 12 m) for incident waves with a
deep water directional spread m = 50. The predicted wave

E(8p) « cos™ ( 4

energies (integrated over all directions and normalized by the
deep water incident wave energy) are shown as a function of
the mean incidence angle 6., in deep water. For 0.1 Hz
waves (Figure 4a) the cross-shelf energy variations are <20%
for a wide range of mean wave directions, but a significant
decrease (up to ~50%) in energy is predicted at the shallower
sites C and A for southeasterly deep water incidence angles
(Bmean = 120-150°). Larger cross-shelf variations in wave en-
ergy are predicted for the 0.07 Hz swell. For 8,,,, close to
normal incidence (100°), energy levels are ~40% smaller at
midshelf site E and 30% larger at nearshore site A (compared
to the deep water levels). Although propagation effects are
also significant on the outer shelf, small changes in energy are
predicted between deep water and site H owing to the cancel-
ing effects of shoaling (a 20% reduction in energy resulting
from an increase in group speed) and focusing (note in Figure
3b that angles 6 in the range 85°-95° transform to the same
deep water angle 6, ~ 95°). Whereas at sites H, C, and A the
predicted energy levels generally decrease with increasing
oblique incidence angle, qualitatively similar to wave energy
transformation over an alongshore uniform shelf, the response
at site E is maximum for oblique northerly (70°) and southerly
(130°) angles. These differences illustrate the important focus-
ing effects of the two-dimensional shelf topography.
Although the predicted ray trajectories are very sensitive to
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Figure 4. Predicted energy relative to deep water at sites H, E, C, and A for waves with a mean frequency
of (a) 0.10 and (b) 0.07 Hz as a function of the mean incidence angle in deep water. The incident wave energy

is distributed uniformly over a 0.01 Hz wide band with

the detailed shelf topography (Figure 3), the predicted swell
energy levels are generally within a factor of 2 of the deep
water value and do not show a strong sensitivity to the mean
incident wave direction (Figure 4). Small differences (<20%)
in energy levels predicted at inner shelf sites for different
values of the directional spreading parameter m (25 and 100,
not shown) indicate that the transformation of swell across the
shelf is also relatively insensitive to the width of the directional
spectrum. For realistic spectral widths the strong topographic
effects on individual components of the incident wave spec-
trum appear to cancel, yielding smooth spatial variations in
wave energy and a weak dependence of the energy transfor-
mation on the directional properties of incident waves.

4. Model-Data Comparisons

Swell spectra estimated from 12 hour long data records at
each instrument site (section 2) are compared here to predic-

a narrow cosine power directional distribution (rn = 50).

tions of an energy-conserving spectral refraction model (sec-
tion 3) initialized with directional wave measurements near the
shelf break. Directional distributions of incident swell energy
in 0.01 Hz wide frequency bands (centered at 0.05, 0.06, 0.07,
0.08, 0.09, and 0.10 Hz) were estimated from the NDBC buoy
measurements using the maximum entropy method [Lygre and
Krogstad, 1986]. These estimates do not resolve the detailed
structure of the directional wave spectrum, but refraction
model simulations for realistic wave spectra do not indicate a
strong sensitivity to the directional properties of incident waves
(e.g., Figure 4).

Comparisons of predicted and observed swell variances for
all 71 data records are summarized in Figure 5. Ratios between
observed and predicted swell variances are shown versus the
deep water swell variance for midshelf site E, inner shelf site C,
and nearshore site A. For most data sets the predicted vari-
ances at all sites (including those not shown in Figure 5) are
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within £40% of the observed variances. In benign conditions
with offshore swell variances <60 c¢cm? (i.e., significant wave
heights H, < 0.3 m) the predicted swell energy levels at the
shallower sites are consistently lower (by as much as a factor 2)
than the observed levels (Figures 5b and 5c). Similar discrep-
ancies were reported by Young and Gorman [1995] and attrib-
uted to spatial variations in deep water incident wave condi-
tions in the absence of a well-defined swell system.

In the relatively few high-energy swell cases with deep water
variances >10* cm? (H, > 1.3 m) the energy levels observed
at the shallower sites are much lower than the predicted levels,
indicating strong attenuation of swell on the shelf that is not
accounted for in the energy-conserving model predictions. Al-
though the largest discrepancies between model predictions
and observations occur with low-frequency swells that are af-
fected most severely by the shelf topography (Figure 4), the
discrepancies are small for low-energy cases with comparably
low peak frequencies (Figure 5, squares). The strong energy
dependence of the observed swell decay is inconsistent with
linear wave-bottom interaction processes (e.g., backscattering,
percolation, and wave-induced bottom motion; discussed by
Shemdin et al. [1980]) and suggests that swell energy is dissi-
pated on the shelf.

The strongest swell decay was observed on October 19 when
the incident wave energy was maximum (H; =~ 2.5 m). The
observed and predicted cross-shore evolution of swell energy
levels is shown in Figure 6. The wave field is characterized by
long-period (peak frequency 0.07 Hz) swell that arrived at the
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swell variance was maximum.

shelf break from 83° (i.e., close to normal incidence) and prop-
agated almost straight down the instrumented transect (Plate
1). The observed local wind speed was <5 m s, indicating
that wave generation and surface dissipation processes were
negligible. Weak refraction effects result in predicted energy
levels that are within +20% of the deep water energy at all
instrumented sites (Figure 6). Observed energy levels show a
gradual monotonic decrease from the shelf break to the shore-
line. At the shallowest instrument (1 km from shore) the ob-
served swell variance is only ~25% of the predicted value. The
observed strong attenuation of swell energy levels in the ab-
sence of local winds suggests a gradual loss of energy in the
bottom boundary layer. Simultaneous airborne remote sensing
measurements using a scanning radar altimeter [Hwang et al.,
1998] show a swell decay across the shelf that is qualitatively
similar to the in situ observations presented here.

Frequency spectra observed at three sites spanning the shelf
are compared with predicted spectra in Figure 7. At midshelf
site E the observed and predicted spectra are in good agree-
ment at frequencies =0.08 Hz, whereas observed levels at the
spectral peak are ~40% lower than the predicted levels. On
the outer shelf, energy is apparently lost only by lower-
frequency components of the spectrum, possibly because high-
frequency components with relatively short wavelengths are
attenuated at the bottom. At the shallower sites C (inner shelf)
and A (nearshore), observed spectral levels are lower than
predicted spectral levels at all frequencies, suggesting signifi-
cant damping of all components of the spectrum. The apparent
damping is strongest near the peak frequency, causing a slight
broadening of the observed spectrum at site A.

5. Discussion

The observed strong decay of energetic swell across the
continental shelf in light wind conditions suggests that large
energy losses can occur in the bottom boundary layer. A bot-
tom dissipation mechanism that is believed to be important for
long waves propagating over a shallow sandy bottom is the
turbulent friction in the bottom boundary layer associated with
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the oscillatory wave motion. The effects of bottom friction are
often modeled using a simple quadratic friction law,

T= %pfwub|ub|’ (5)

where 7 is the instantaneous bottom shear stress, u, is the
instantaneous horizontal velocity vector of the orbital wave
motion just above the bottom boundary layer, and f,, is a
friction factor that depends on the roughness of the seabed. A
crude estimate of a friction factor f,, required to explain the
cross-shelf decay observed in Figure 6 is obtained from the
simple analytic expression for the damping of a monochro-
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matic wave train in uniform water depth [Putnam and Johnson,
1949; see also Tolman, 1992]:

32 \/E mf 32

dE B E 6
Tw 3gc, sinh® (kh) ’ (©)

dx
Substitution of a representative shelf depth (A = 35 m), the
spectral peak frequency ( f = 0.07 Hz) with the corresponding
linear wavenumber and group speed, an average (midshelf)
observed wave variance (E =~ 0.23 m?), and an average ob-
served attenuation rate (dE/dx ~ 3.5 - 107 m) in (6) yields
a representative friction factor f,, =~ 0.1. This estimate is
slightly smaller than the friction factors inferred by Young and
Gorman [1995] from the attenuation of energetic swell ob-
served on the southern coast of Australia (cf. the C, = f,,/2
estimates given by Young and Gorman [1995, Figure 16]).
The friction factors suggested by both Young and Gorman’s
[1995] study and the present observations are much larger than
those commonly used in wave prediction models [e.g., The
WAMDI Group, 1988]. The inferred large friction factors are
believed to occur only on very rough (e.g., rippled) bottoms.
Tolman [1994] presented a simple model for wave-generated
bed forms and the associated damping of swell across a conti-
nental shelf based on a wave bottom boundary layer model by
Madsen et al. [1988] and a movable bed roughness model by
Grant and Madsen [1982]. Tolman’s simulations suggest that
moderately energetic swell shoaling on a continental shelf can
generate sand ripples that greatly enhance the bottom rough-
ness and result in strong damping of the swell. The conditions
for the sudden onset of ripple formation (when the near-bed
orbital flow exceeds the threshold for sediment motion) in
Tolman’s simulations are very similar to the midshelf depth
and wave conditions of Figure 6. Thus a possible explanation
for the observed attenuation of swell is rough bed forms gen-
erated by the waves. Unfortunately, no information on the
seabed roughness is available to test this hypothesis. Simulta-
neous measurements of swell attenuation and bottom rough-
ness are needed to determine the possible importance of wave-
generated and other bed forms in the evolution of swell across
continental shelves.

6. Summary

The transformation of swell across a wide, irregular conti-
nental shelf was examined with data collected offshore of
Duck, North Carolina. A 100 km long cross-shelf transect of 10
bottom pressure recorders, extending from near the shore (6 m
depth) to the shelf break (87 m depth), was deployed for a 4
month long period spanning a wide range of conditions. The
present analysis is restricted to periods of light local winds
when surface boundary layer processes (e.g., wave generation
by wind and wave breaking in the form of whitecaps) are
relatively unimportant and the transformation of swell across
the shelf is expected to be dominated by bottom effects (e.g.,
shoaling, refraction, and bottom friction). The selected data
records generally show weak variations in swell energy levels
across the shelf during benign conditions, but a strong mono-
tonic swell decay between the shelf break and the shore was
observed when incident swell energy levels were maximum.

The effects of the irregular shelf bathymetry on the propa-
gation of swell were investigated through simulations with a
spectral refraction model for a range of incident wave condi-
tions. Although the ray trajectories are sensitive to the multi-
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ple, ridge-like bathymetric features on the shelf, the predicted
energy variations for realistic swell spectra are weak. Predic-
tions of the energy-conserving refraction model agree reason-
ably well with the weak variation in swell energy levels ob-
served across the shelf during benign conditions. Although the
model-data comparisons are somewhat qualitative because ac-
curate measurements of the directional properties of incident
waves were not available, the results indicate that small-
amplitude swell is not significantly dissipated on the shelf.

The observed attenuation of high-energy swell across the
shelf is not predicted by the refraction model. The large dis-
crepancy (up to a factor 4) between predicted and observed
energy levels near the shore suggests that energetic swell is
strongly attenuated by bottom boundary layer processes on the
continental shelf.
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