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Observations of Sea-Swell Wave Reflection From a Steep,
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Abstract Wave reflection near the beach affects the energy reaching the shore, surfzone wave conditions,
and sediment transport. Many prior studies have shown strong reflection of infragravity (0.01 < frequency

< 0.05 Hz) wave energy from steep foreshore slopes. Here, swell-frequency bores were observed propagating
offshore across a shallow sandbar crest at low tide. Reflection coefficients (ratio of outgoing to incoming
energy) estimated from pressure and velocity observations were large (~0.8) at the frequency of the sea-swell
peak (0.07 Hz), especially at low tide when the water depth on the bar crest relative to that in the trough is
smallest. The high observed sea-swell reflection may have been at least partly owing to interactions of the
incident waves with the surfzone bathymetry, which included a steep drop from the bar crest into a narrow bar-
trough at the alongshore location where the offshore bore propagation was observed.

Plain Language Summary Seaand swell waves (periods of 5-20 s) were observed to reflect strongly
from a nearshore sandbar and deep trough onshore of the bar crest on a sandy Atlantic Ocean beach. In contrast,
100 m north of the sandbar-trough system reflection of sea and swell was weak. The observations suggest wave
reflection may depend on the sandbar configuration.

1. Introduction

The transformation of nearshore incident waves affects the forces on shorelines and coastal infrastructure,
surfzone flows, and transport of sediments and pollutants. The amount of energy reaching the shore depends on
the amount of wave dissipation across the surfzone and reflection at complex bathymetry such as sandbars and
reef edges. Waves propagating toward shore can be reflected from natural or constructed structures depending on
the topography, wave characteristics, and water depths (Collins et al., 2024; Elgar et al., 1994; Schoonees
et al., 2022). Reflected waves modulate the observed (total) wave heights (Elgar et al., 1997) and can be an
important part of the nearshore energy budget (Almar et al., 2019; Sheremet et al., 2002). Reflected waves also
affect undertow velocities (Martins et al., 2017), nonlinear interactions and wave shapes (Voermans et al., 2020),
suspended sediment concentration and the phasing with orbital velocities (Miles et al., 2001), and net sediment
transport and beach morphology, including cusps and bar-trough systems (Almar et al., 2018; Wright, 1982).
However, wave reflection at sea-swell frequencies (0.05 < f < 0.50 Hz) is not accounted for in wave-averaged
models such as SWAN (Booij et al., 1999) and XBeach (Roelvink et al., 2009), which often are used in near-
shore studies (Zhang et al., 2021).

High reflected wave energy is observed at low wave frequencies (infragravity waves) (f < 0.05 Hz) on natural
sandy beaches (Bertin et al., 2020; Brodie et al., 2015; Fiedler et al., 2018; Guedes et al., 2013; Raubenheimer
et al., 1995; Tatavarti et al., 1988; and many others). The offshore propagating long waves may be “leaky”,
ultimately radiating across ocean basins or may become trapped (“edge waves”) owing to refraction over the
sloping beach or along the crest of a sandbar (Bogiatzis et al., 2020; Bryan et al., 1998; Elgar et al., 1994; Herbers
et al., 1995; Matsuba et al., 2024; Rijnsdorp et al., 2021). The combined incident and reflected waves result in
standing wave patterns, with nodes and anti-nodes (Elgar & Guza, 1985b; Guza & Thornton, 1985; Raubenheimer
& Guza, 1996; Suhayda, 1974) that may result in rhythmic variations in sediment transport and morphology
(Almar et al., 2018; Wright, 1982).

Short waves (swell and sea) often are assumed to be dissipated in the surfzone by wave breaking. However, near
artificial structures such as breakwaters, seawalls, and revetments high reflectivity has been observed for a broad
range of wave frequencies (Miles et al., 1997; Suh et al., 2001). Sea-swell wave reflection also may be significant
owing to abrupt underwater seafloor features offshore of the surfzone, such as borrow pits and canyons (Bender &
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Figure 1. (a), (b) Bathymetry (color contours, scale on right) as a function of alongshore y and cross-shore x distance (north
and offshore to the top and right, respectively) and (c), (d) bed levels (relative to NAVD88) along the horizontal dotted lines
in (a) and (b) versus cross-shore distance (orange: y = 585 m, blue: y = 625 m, purple: y = 700 m) on (a), (c) September 25
and (b), (d) 13 October 2023. Black circles indicate horizontal positions (not the vertical elevations of the current meter
sample volumes) of instruments labeled by the first number of the alongshore coordinate. The dashed, horizontal lines in
(c) and (d) are mean sea level (MSL), with the vertical bar indicating the tidal range.

Dean, 2003, 2005; Magne et al., 2007; Michalsen et al., 2008). Although sea-swell reflection from coastal
structures has gained attention due to the practical significance for ship navigation safety and structure desta-
bilization through sediment scouring (Zanuttigh & Van Der Meer, 2007), there have been few studies of sea-swell
reflection from natural sandy (relatively low-sloped) beaches (Martins et al., 2017).

Here, measurements of sea-surface elevation fluctuations and velocities obtained on a shallow sandbar are used to
examine the relationship between sea-swell reflection and morphology of the bar-trough and sandy beach.
Estimated surfzone reflection coefficients are compared with theories for wave reflection owing to abrupt changes
in water depth.

2. Field Experiment

Pressure and velocity were measured at 2 Hz continuously between September 19 and 11 October 2023 at three
sites within the surfzone (Figures la and 1b) on the sandy beach at the US Army Corps of Engineers Field
Research Facility (FRF) on the Outer Banks, near Duck, NC, USA. Pressure gauges and Acoustic Doppler
Velocimeters were installed on pipes jetted into the seabed with sample volumes initially about 0.6 m above the
seafloor. A jet ski with a Global Positioning System and sonar (MacMahan, 2001; Moulton et al., 2014) was used
for bathymetric surveys on September 25 and October 13. Diver-collected tape measurements of the sample
volume height above sand were used with the surveys to estimate sensor elevation relative to NAVDS8 and
provided additional estimates of sand level changes. The elevation of sensor 5 was adjusted on Oct 10 at 11 a.m.
resulting in a sample volume 0.25 m above the bed. Initially, the beach and nearshore bathymetry were almost
alongshore uniform and gently sloping in the cross-shore (Figures la and 1c) with a foreshore slope (near the
intersection of the bed level profile and mean sea level) of about 0.03. An emerging nearshore bar was observed
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Figure 2. Four photographs each separated by 2 s showing onshore (green arrow) and offshore (red arrow) propagating bores crossing a shallow sandbar (highlighted by
the white dashed line) near Duck, NC. The white arrow indicates the cross-shore scale.

visually starting on about October 7, and on October 13 a steep bar was surveyed in 0.75-m mean water depth at
alongshore position (y) 550-625 m (Figures 1b and 1d). Simultaneously, the foreshore slope steepened to about
0.09 and surfers and swimmers experienced large offshore-directed bores crossing the shallow sandbar (Figure 2).
Farther to the north (y > 625 m), the bar was in deeper water (1.8 m, Figures 1b and 1d) and was less pronounced.

Data are examined for two periods (September 21, 9 a.m. to September 22, 2 a.m. Local Time (LT), and October
10, 1 p.m. to October 11, 9 a.m. LT) as close in time as possible to the two different bathymetric surveys while
ensuring similar wave conditions. Hourly time exposure images (Lippmann & Holman, 1990) suggest that wave
breaking and morphology patterns did not change significantly between each survey and the corresponding
analysis period. However, tape measurements showed the elevation of the bar crest changed up to 0.3 m between
October 10 and 12. In addition, the sensors were observed to be on the bar crest on October 10-12, and just
onshore of the crest on October 13 (Figure 1d). During the two periods, offshore (26-m water depth) wave
conditions were nearly constant with significant wave height H; = 1 m, peak period 7,, = 14 s, and mean wave
direction MWD = 100°N or about 17° south of normal incidence.

3. Theory

Assuming shore-normal linear long-waves, the wavefield is decomposed into incident and reflected waves using
colocated pressure (p) and cross-shore velocity data (). Incident (F;) and reflected (F,) energy fluxes are
approximately (Sheremet et al., 2002):

Fi= %cg (COP,,( N+ gc%,( N+ 2\/§ Cop( f)) )
1 h h
Fr=4C (COI,,,( D+ Coulh) - 2& Copl f)) @)

where the group velocity C, = +/gh with g being gravitational acceleration and & the total mean water depth
(including setup). The terms Co,,, and Co,,, are p and u (positive is onshore) auto-spectra and Co,,, is the p-u cross-
spectrum as a function of frequency f.

The pressure and velocity data were processed in 1800 s (30 min) segments and divided into 900 s sections with a
75% overlap. Each section was tapered with a Hanning window, demeaned, and quadratically detrended to reduce
tidal leakage before auto- and cross-spectra were calculated. Five frequency bands were merged to achieve 20
degrees of freedom and a frequency resolution of 0.005 Hz. The wave reflection coefficient is calculated at the
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surfzone sensors as a function of frequency, R? (), as (Brodie et al., 2015; Buckley et al., 2018; Elgar et al., 1997;
Raubenheimer & Guza, 1996):

F.
R(H) =3 3)

1

and a bulk reflection coefficient integrated over sea-swell frequencies (0.05-0.20 Hz) as:

0.2Hz
2 _ Jo.osHZ T
0.05Hz " i
Noise in the pressure and velocity records may cause slight overestimation of reflection coefficients using this
method (Tatavarti et al., 1988). However, bias is expected to be small for the data used here, which has coherence

between incoming and reflected waves greater than 0.5 (Huntley et al., 1999).

Field-based estimates of the wave reflection coefficient, R, are compared with analytical estimates of R from a
vertical step down (from the crest of the sandbar into the trough) (Lamb, 1932; Lin & Liu, 2005):

2
1= h
R* =
1+

©)

=5

where £, is the water depth at the top of the step (i.e., bar crest) and &, is the water depth at the bottom of the step
(i.e., bar trough). Comparisons also are made with the analytical solution for R? owing to wave propagation over a
trench or canyon (Kirby & Dalrymple, 1983; Thomson et al., 2005, 2007), which for normally incident waves is:

|4
RP=_"_ 6
1+y ©
where
hy — hy)? 2
=( ! 2) sin2< id W) @)
4hyhy T,/ ghy

Here h, is the water depth outside the trench or canyon (i.e., the bar crest) and £, is the water depth within the
trench (i.e., bar trough), T}, is wave peak period (Tp@ = L is the shallow-water wavelength), and W is the
width of the trench. For a fixed trough morphology and sea level (depths), the theory suggests reflection is
maximum for nL/4 = W, where n is an odd number (i.e., when an odd multiple of the wavelength equals four times
the trough width).

The bathymetric surveys occurred a few days after each of the two time periods for which hydrodynamic
measurements are examined. Thus, the theoretical formulas are evaluated for the observed /; and s, £ 0.2 m,
where the range of bathymetric uncertainty is based on estimated survey errors of 0.05-0.10 m (due to bubbles
and interpolation) in combination with hand measurements during inspections showing tidally modulated sand
level accretion and erosion of up to 0.3 m. The width of the trough W (60 m) is estimated as the distance from the
bar crest to the shoreline at mean sea level (i.e., W is independent of tidal variations, consistent with a vertical step
down into the trough and a vertical foreshore slope). A constant peak wave period (7, = 14 s) is used given the
near constant conditions during the two observational periods (standard deviations of 1.0 and 0.7 s, respectively,
excluding the last 3 hours of the first period). During September 21, 11 p.m. to September 22, 2 a.m. T, decreased
by about a factor 2 without an observed change in the estimated reflection coefficients.

4. Results

Despite the similar incident wave conditions during September 21-22 and October 10-11 (compare Figure 3a
with Figure 3b), wave reflection coefficients differ considerably, especially at sea-swell frequencies (compare
Figure 3c with Figure 3d). On September 21-22, similar to prior observations of wave reflection from beaches
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Figure 3. Average spectral density in 26-m water depth versus frequency on (a) September 21-22 and (b) October 10-11, and
average wave reflection coefficient (R?) versus frequency on (c) September 21-22 and (d) October 1011 at sensor 5
(orange), 6 (blue), and 7 (purple). Vertical lines at f = 0.05 Hz separate infragravity (IG) and sea-swell (SS) wave
frequencies. Dashed horizontal lines are R equal one.

(Raubenheimer et al., 1995) R’ = 1 for the lowest frequency infragravity waves and decreases with increasing
frequency, with R? < 0.2 at sea-swell frequencies at all sensors (Figure 3c). The reflection coefficients are higher
at all frequencies and all sensors on October 10-11 relative to those on September 21-22 (compare Figure 3d with
Figure 3c). The IG reflection coefficients greater than 1 may result from nonlinear wave generation onshore of the
measurement location (Bertin et al., 2020; Fiedler et al., 2018; Sheremet et al., 2002; Thomson et al., 2006). In
addition, on October 10—11 at the incident peak period (f = 0.07 Hz) a local maximum exists with R? ~ 0.8 at
sensor 5. Bispectral analysis (Elgar & Guza, 1985a) suggests that the motions at f ~ 0.15 Hz (and 0.22 Hz) are
nonlinearly phase coupled harmonics (not shown) of motions at the spectral peak (f= 0.07 Hz). In contrast, sea-
surface fluctuations at f ~ 0.12 Hz are not bound to motions at the peak frequency. The relatively high reflection
coefficients at f ~ 0.20 Hz (compared with September 21-22 and with prior studies) could indicate a noise floor or
accuracy level for the estimates (reflection coefficients are roughly constant for 0.20 < f < 1.00 Hz, not shown).

The higher infragravity R? on October 10-11 is qualitatively consistent with the steeper foreshore beach slope
(compare Figure 1d with Figure 1c) (Da Silva et al., 2019; Elgar et al., 1994; Raubenheimer & Guza, 1996).
However, the reflection coefficient at the spectral peak (~0.07 Hz) is much higher than reported in prior studies.
Moreover, on October 13 the foreshore beach slopes were similar at sensors 5 and 6 (Figure 1d), but R? at 0.07 Hz
is significantly larger at sensor 5 (R® = 0.8, orange curve in Figure 3d), which was located on the steep sandbar
(Figures 1b and 1d), than at sensor 6 (R? = 0.25, blue curve in Figure 3d), located north of the steep sandbar
(Figures 1b and 1d). In addition, time series of incoming and reflected sea-swell (0.05 < f < 0.20 Hz) energy
fluxes (Figure 4) show similar amounts of incoming wave energy at sensors 5 and 6, but larger reflected energy
flux at sensor 5. Thus, it seems likely that the surfzone morphology is contributing to the high observed reflection
over the bar.

The theories (Equations 5-7 applied to the October 10-11 bathymetry where a bar was present) suggest that
reflection from a vertical step and from a trough increases with decreasing relative water level (i.e., as h;/h,
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Figure 4. Water level (black, right y-axes) and sea-swell (0.05 < f < 0.20 Hz) incoming (solid curves) and reflected (dashed
curves) energy fluxes (orange: sensor 5, blue: sensor 6, purple: sensor 7, left y-axes) versus time during (a) September 21-22
and (b) October 10-11.

approaches 0) (Figure 5c). Infragravity reflection is roughly constant with time during each period, and field-
estimated IG reflection coefficients are uncorrelated with the theories (not shown). In contrast, the field-
estimated sea-swell reflection coefficients R? at sensor 5 increase with decreasing tidal stage (Figure 5), quali-
tatively consistent with the theories. At sensors 6 and 7, theoretical R? values constantly were below 0.05 except
for the trench solution for sensor 7. Due to the presence of a distinct bar offshore of sensor 7 (150 m from the
shoreline) theoretical R? showed a peak of 0.09 (for observed bathymetry) at low tide (not shown). The trench
theory (Equations 6 and 7) suggests reflection is maximum when L = 4 W/n, where n is an odd number (sine-term
in Equation 7 equals one). Thus, high reflection is expected for pairs of wavelengths with ratios of odd numbers

September 21-22 October 10-11 06
151 a) m— Sensor 5 [ b)
—— Sensor 6 | 104 —~
— Sensor 7 é
17 | —
o 0.2 g
14 K
10 a—,
0.5 [ -o‘-“l
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Time (hours) 157 ¢) = Trench/canyon

Vertical step 104 —~
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1 L | —
" 0.2 g
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10 a—,
0.5} =
1-0.2 =

0 ; -0.4

0 5 10 15 20

Time (hours)

Figure 5. Water level (black, right y-axes) and sea-swell R?(0.05 < f<0.20 Hz) (orange: sensor 5, blue: sensor 6, purple:
sensor 7, left y-axes) versus time during (a) September 21-22 and (b), (c) October 10-11. Theoretical R? estimated using
Equation 5 (dark red) and 4 (yellow) are included in (c). Shaded areas indicate the range of R? for the observed bathymetry
+0.2 m. Gaps in estimated R® occur when the sensors were not submerged during low tides. Sensor 5 was lowered 0.25 m
prior to the October 10-11 time period.
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Figure 6. Color contours (scale on the right) of the phase between colocated pressure and cross-shore velocity measurements
at sensor 5 as a function of time (y-axes) and frequency (x-axes) during (a) September 21-22 and (b) October 10-11. The gap
(white region) in (a) occurs because sensor 5 was not submerged during low tide (the sensor was lowered prior to

October 10).

(1/3, 3/5, and 5/7). The shallow-water wavelength (L = Tx/gﬁ) of a 0.12 Hz wave (8.4 s period) is roughly 3/5
that of a 0.07 Hz wave (14 s period) for any constant water depth, and thus waves at both frequencies are expected
to have strong reflection for similar bathymetric configurations, possibly explaining the small peak in reflection
at ~0.12 Hz at sensor 5 (orange curve in Figure 3d). The field estimates are larger than the theoretical estimates,
even accounting for potential inaccuracies in the bathymetry (shaded areas in Figure 5c). The relatively high field-
based estimates could be owing to additional reflection from the foreshore slope, or to noisy estimates (possibly
caused by flow nonlinearities). The sea-swell reflection coefficients estimated at high tide (R*> ~ 0.1 to 0.4,
Figures 5b and 5c hours 5 and 17) roughly are consistent with prior estimates on steep beaches (Anoop
etal., 2014; Da Silva et al., 2019; Elgar et al., 1994; Martins et al., 2017; Miles & Russell, 2004; Raubenheimer &
Guza, 1996). If these estimates represent the foreshore reflection or noise levels (i.e., minimum estimated R?
owing to noisy velocities) and are removed from the field-based estimates, there would be better agreement
between the observational estimates and theory. The overall theory-data agreement of the trends of R? with water
level at sensor 5 suggests that the relative bar-trough water depth (Equation 5) or the interaction of the waves with
the trough (Equation 6) could be important to sea-swell wave reflection.

A standing-wave structure in the phasing of colocated water surface (p) and cross-shore wave velocity (it )
fluctuations (Elgar & Guza, 1985b; Guza & Thornton, 1985; Raubenheimer et al., 1995), with phases shifting
between £90° as a function of frequency, occurs at infragravity frequencies at both sensors 5 (Figure 6b) and 6
(not shown) on October 10-11, indicating strong reflection (near equal magnitudes of onshore and offshore
propagating waves), possibly resulting from the steep shoreline (Figure 1d, orange and blue curves). The standing
wave structure in the p-ii phases is observed to extend to sea-swell frequencies f > 0.07 Hz on October 10-11
only at sensor 5 (Figure 6b), consistent with a second source of reflection owing to the step from bar to
trough. In contrast, during September 21-22, p-it phases of approximately 90° are present only at low infragravity
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frequencies (f < 0.03 Hz, Figure 6a), above which the p-ii phase is near 0°, consistent with onshore propagating
waves.

5. Discussion

Estimated reflection coefficients at the sea-swell peak were large (~0.8) at the position of a steep, nearshore bar
(sensor 5). Prior studies have shown moderate sea-swell reflection due to steep foreshore slopes (Da Silva
etal., 2019; Elgar et al., 1994). Here, foreshore slopes were similar at two positions in the surfzone (sensor 5 and
6) showing large and small reflection coefficients, respectively. Reflection coefficients in the surfzone also are
affected by dissipation of incident wave energy offshore of the sensor location. As incident wave energy decreases
(for sensors closer to the reflector), reflection coefficients increase. Incident wave energy was similar at sensors 5
and 6. The strong reflection coefficient estimated at the sea-swell peak on the crest of the shallow bar instead
appears to be related to the steep onshore slope of the bar-crest and the relatively deep, narrow bar-trough.
Although the values are lower, possibly owing to ratios of noisy estimates or some shoreline reflection, the
qualitative agreement with theories for reflection from a vertical step and a trench or canyon thus suggests that
surfzone bathymetry should be considered when evaluating wave reflection (Martins et al., 2017; Zhang
etal., 2021). However, the effect of sandbars should be tested further in future studies because although the trends
are similar, there are discrepancies between the theoretical and field estimated magnitudes of reflection
coefficients.

The observed sea-swell reflection might be important to reducing the wave energy reaching the shore. Breaking
wave dissipation typically dominates the attenuation of wave energy in the surfzone, including over a steep,
shallow artificial bar (Li et al., 2023). However, the estimates here suggest optimal bar dimensions and position
can result in significant wave reflection.

6. Conclusions

Strong reflection of waves in the sea-swell frequency band and the corresponding standing wave structures were
observed at a natural sandy beach that included a shallow sandbar crest with a steep drop into a narrow trough
between the bar and the shoreline. The high observed sea-swell reflection was at least partly owing to interactions
of the incident waves with the surfzone bathymetry. Sea-swell reflection coefficients on the sandbar were
maximum at low tide when the water depth on the bar crest relative to that in the trough was smallest and when the
width of the bar-trough W was roughly equal to an odd multiple of quarter-wavelengths L of the incident waves
(L = 4W/n, where n is an odd number), consistent with theories.

Data Availability Statement

The pressure, velocity, and bathymetry data used in this manuscript are available at https://doi.org/10.5281/
zenodo.11179912 (Elgar & Raubenheimer, 2024). Offshore wave conditions were downloaded from the U.S.
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