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Observations of large infragravity-wave run-up at Banneg

Island, France

Alex Sheremet', Tracy Staples!, Fabrice Ardhuin®, Serge Suanez’, and Bernard

Fichaut’

On Banneg Island, France, very high water-level events (6.5 m
above the astronomical tide) have been observed on the western
cliff, exposed to large swell from the North Atlantic. The analy-
sis of hydrodynamic measurements collected during the storm of
February 10, 2009 shows unusually high (over 2 m) infragravity
wave run-up events. A comparison of run-up observations to mea-
surements in approximately 7-m of water, and numerical simula-
tions with a simplified nonlinear model allow two distinct infra-
gravity bands to be identified: an 80-s infragravity wave, produced
by nonlinear shoaling of the storm swell, and a 300-s wave, trapped
on the intertidal platform of the island and generating intermittent,
low-frequency inundation. Our analysis shows that the 300-s waves
are a key component of the extreme water levels recorded on the is-
land.

1. Introduction

Infragravity waves (IGW) are ocean waves with characteristic
periods of the order of minutes, just above the range of wind-wave
periods. They are small in deep water (heights of order of cm;
Aucan and Ardhuin, 2013) but play an important role in nearshore
processes [e.g., Guza and Thornton, 1982; Guza and Feddersen,
2012]. Most of our knowledge about IGW derives from obser-
vations on mild-sloping sandy beaches, where they can develop
heights of order of 1 m, [e.g., Guza and Thornton, 1982; Kaihatu
and Kirby, 1995; Sheremet et al., 2002, and many others]. It is
widely agreed that they are generated by nonlinear mechanisms
in shallow water and have important consequences for shoreline
erosion, coastal inundation, and coastal hazards. For example, the
IGW regime can change locally the position of the water table and
alter erosion and accretion processes in the swash zone, and might
be related to periodic beach morphology [e.g., Coco et al., 2004;
Huisman et al., 2011, and others]. The relation between IGW run-
up and offshore wave conditions [Senechal et al., 2011; Guza and
Feddersen, 2012], and the dynamics of the saturated run-up spec-
trum [e.g., Bryan and Coco, 2010] are still not well understood.

On steep, rocky shorelines the dynamics of water-levels and
IGW change: waves shoal rapidly, develop large frontal accelera-
tions, and produce a narrow, highly localized surf zone with plung-
ing breakers and large dissipation rates [Sheremet et al., 2011].
Wave-generated currents are intermittent, with strong shoreward
jets followed by slow seaward back-flows. Wave setup and IGW
modulate both breaking location and current patterns. Seiching
and anomalous inundation patterns have been observed [Vetter et
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al., 2010; Nwogu and Demirbilek, 2010]. In situ measurements on
steep bathymetry and under plunging breakers are difficult, even in
low energy conditions — which makes such observations both rare
and valuable.

Extreme storm damage is often found at very high elevations
above the mean water level, with occasional quarrying of blocks
from the cliff top and their deposition inland, in the form of “cliff-
top storm deposits” [Hansom et al., 2008; Fichaut and Suanez,
2011]. These deposits have been attributed to the direct attack of
very large waves on the cliff face. Such remarkable deposits of
huge boulders, some of which were apparently transported across
the island (see supporting auxiliary material), were repeatedly
recorded on the small French island of Banneg (Figure 1). The most
recent event occurred during the March 10, 2008 storm, at the time
of a spring tide [Cariolet et al., 2010; Fichaut and Suanez, 2011],
suggesting that combined high water levels and large IGW run-up
are essential for quarrying, transport, and deposition of blocks on
Banneg Island. Here we show (Section 2) that the recorded run-
up on Banneg is dominated by low-frequency nearshore IGWs of
unexpected high amplitudes. In Section 3 we use a simple nonlin-
ear model in section 3 to try and explain this IGW generation, and
discuss possible explanations for the generation of the large IGW
observed.

2. Observations and data analysis

Banneg is an 800 m long, 150-m to 350-m wide island in the
Molene Archipelago (Figure 1a) off the north-western coast of Brit-
tany, France. On the west side the submerged slope is 0.04 on av-
erage, with the 50-m isobath approximately 1,200 m offshore (Fig-
ure la-b). The island is partially sheltered from the large Atlantic
swells by its larger neighbor island of Ouessant, typically resulting
in wave heights 40% smaller compared to the open ocean [Ardhuin
et al., 2011]. Wave propagation between Ouessant and Banneg is
affected by strong currents, especially in the Fromveur passage be-
tween the two islands where the currents can exceed 3 m/s during
neap tides. Such currents can block waves of 7.6 s, and focus and
steepen 12-s swells. Such swells typically propagate out of the
West [Ardhuin et al., 2012], often at a wide angle with respect to
the exposed island shoreline (e.g., Figure 1a). A remarkable feature
of the island is the presence of an intertidal platform of significant
width (Figure 1a), surrounding a supratidal platform bordered by
cliffs with slopes between 1.0 and 3.0 (on the western side). The
supratidal platform has a mean elevation of 5 m above the max-
imum tide, and 10 m above mean sea level [Fichaut and Suanez,
2011].

Field observations conducted in winter 2008-2009 included six
pressure sensors deployed on the western side of the island. This
study focuses on measurements collected at three sensors (P2, P3,
and P4 Figure 1a,c). Sensors P3 and P2 were located approximately
on a cross-shore transect at 1.30 and 7.52 m above the chart datum
(Figure 1b), namely 4.7 m below and 1.52 m above the mean sea
level. Sensor P4 was located approximately 150 m south of the
P3-P2 transect, close to the chart datum. Ardhuin et al. [2011] esti-
mates that at sensor P3 the 30-minute mean water level reaches 60
cm above the astronomical tide, giving a 30-minute average level
of 7.3 m. At P2, the mean water level is ill-defined due to dry-out
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Figure 1. a) Banneg Island bathymetry, with the outline of the island (red). Outer line: contour of the inter-tidal platform; Inner line:
the supra-tidal platform of the island. The approximate location of the sensors P2, P3, and P4 on the intertidal platform marked with a
red circle (sensors not resolved at this scale). The typical propagation direction of storm waves (toward NNE, approximately 60 degrees
counterclockwise from East.) Inset: Bretagne, the Molene Archipelago, and Banneg Island. b) Large-scale cross-section of Banneg
Island bathymetry along the dashed line in panel a). ¢) Approximate cross-section of the bathymetry at the location of the sensors. d) A

photograph of the location of P2.

Figure 2. Free surface elevation recorded on Feb. 10th, 2009
04:00 - 04:10 UTC at a) P2 and P3. b) Detail of time series
(segment marked by a black box on panel a). The vertical ref-
erence in all panels is the chart datum. Dasher line in Panel b
represents the location of the P2 sensor.

periods that amount to roughly 10% of the time. During the wet
times, the mean depth is 2.5 m, which corresponds to a water level
1.7 m above the mean water level at P2.

The goal of this study is to investigate the large, slow water-
level oscillations recorded at P2 (Figure 2a), during a storm that
occurred at a spring high-tide, on Feb. 10, 2009, around 4:00 hours
UTC. The significant wave height between the islands of Oues-
sant and Banneg was estimated at 5 m, with a peak period of 13 s.
The origin of these large oscillations (sometimes exceeding 2.5 m
in height) is not obvious. Their periodicity (order of minutes) is
consistent with infragravity waves; the shape of the signal, a steep
front followed by a gradual decrease in elevation, is similar to lab-

oratory IGW run-up measurements (e.g., Figure 8 in Nwogu and
Demirbilek, 2010, run-up gauge, 34.5 s group period).

However, visual inspection does not detect any obvious relation
between the P2 and P3 time series (Figures 2a and 2b) — as one
would expect, given the small distance between the sensors. More-
over, the interpretation of the infragravity P2 time series (e.g., Fig-
ure 2a,c) is complicated by the fact that the sensor could have been
submerged only part of the time. Indeed, wave-troughs appear to
be cut off during lower water levels (Figure 2c). Due to alternating
wet/dry periods of the sensor, the analysis of the P2 observations is
expected to be biased to an unknown degree.

Both standard Fourier analysis and time-frequency (wavelet) de-
composition techniques were used to interpret the data. Time-
frequency (wavelet) techniques could in principle avoid the dis-
tortions produced by time-series truncation. However, during the
analysis, it soon became clear that the Fourier results were robust
and produced consistent results. We therefore base this discussion
only on the Fourier analysis results. Data was analyzed using spec-
tral and cross-spectral Fourier techniques. The 150-min (45000
points sampled at 5 Hz) time series was de-meaned, detrended, and
divided into 50% overlapping segments of 4096 points (approxi-
mately 13.4 min), resulting in spectral estimates with 20 DOF (de-
grees of freedom). Smooth bispectral estimates [Elgar et al., 1995]
were calculated with 80 DOF.

In addition to data analysis, preliminary numerical simulations
were conducted using a unidirectional version of a phase-resolving,
nonlinear mild-slope model developed by Agnon and Sheremet
[1997]; Sheremet et al. [2011]. The model describes the cross-
shore evolution of Fourier modes of the free-surface displace-
ment due to nonlinear (3-wave) interactions and various dissipa-
tion/growth mechanisms (e.g. wind input, white capping, bot-
tom friction, etc). In the runs presented here, the only dissipa-
tion included was the frequency-distributed, depth-limited breaking
[Thornton and Guza, 1983; Kaihatu and Kirby, 1995]. The model
was run for a bathymetry transect corresponding to the oblique inci-
dence angle (Figure 1a), complemented with a high-resolution shal-
low water transect (Figure 1b). The model was initialized in 50-m
of water with a JONSWAP spectrum (13-s peak period; 5-m sig-
nificant height), corresponding roughly to the conditions expected
during the Feb. 10th, 2009 storm. However, because this does not
provide information about the IG waves, the second-order bound
IGW spectrum associated with the deep water swell was computed
using a Stokes-type expansion of the nonlinear mild slope equation
[Agnon et al., 1993].
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Figure 3. Spectral and cross-spectral analysis of P2 and P3 measurements (P4 records are similar to P3). Left: full spectrum. Right:
infragravity band. a,d) Estimates of spectral density of variance at P2 (red), P3 (blue). b,e) Cross-spectral phase (phase lag between P2
and P3); c,f) Coherency. Panel e), red circles: progressive-wave content R, equation 3. Shaded boxes in d) e) and f) mark the 300-s and

80-s bands.

3. Results and discussion

The basic assumption that the P2 time series is truncated (trough
cut-off) to an unknown degree (as suggested in Figure 2c) implies
the existence of a “true” signal that was incompletely observed.
The “true” signal could be defined as the run-up. For the steep Ban-
neg slopes, and at the very low IG frequencies, this is analogous
with the sensor being mounted on a vertical boundary just above
the troughs. This type of observations (overland measurements)
are quite common in tsunami studies [e.g., Fritz et al., 2006]. Any
conjectures made about the “true” signal based on the truncated
observations are expected to be biased, to an unknown degree.

Even though the degree of bias is unknown, based on tested on
synthetic data, we expect the truncated signal to exhibit a number
of distortions by comparison to the “true” signal: a lower variance
than the “true” signal; a larger variance at high frequencies; a lower
coherency, possibly more severe at low frequencies, as they have
less statistical stability; and a larger sum-interaction coupling (e.g.,

the bispectral phase correlation between the peak and its harmon-
ics).

Fortunately, an examination of the analysis results shows
enough consistency and stability to conclude that the effects of
truncation are small. The estimated variance density spectra at P2
and P3 (Figure 3a,d) are consistent. The slower decay with fre-
quency of the P2 high-frequency band might be due to dynamic
pressure induced by waves colliding with the cliff. The spectral
peak is lower at P2, as one would expect from wave breaking.
Cross-spectral results for P2 and P3 (Figure 3b,c,e,f; P2-P4 analysis
yields similar results) are consistent and stable for 10<DOF<40.
The coherency between P2 and P3 (Figure 3c,f) is also high for
frequency bands with significant variance. Bispectral estimates
at P2 (see supporting auxiliary material) suggests a largely linear
time series, with little signs of spurious sum-interaction phase cou-
pling. The strong sum-interaction coupling at P3 (supporting aux-
iliary material) is consistent with a nonlinear shoaling wave, with
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a weak coupling between the peak of the spectrum and the infra-
gravity band. Based on the consistency of these results, we will
assume that the truncation of the P2 signal is not significant, with
P2 probably located slightly above the lowest water level.

Swell propagation direction can be crudely estimated from
the phase lag between P3 and P2 (Figure 3b,e, frequency band
0.05Hz < f <0.15 Hz). Allowing for an unknown clock drift of
a few seconds, the phase difference in the swell band is not ex-
actly known, whereas the phase difference in the lowest IG band
is hardly modified by such a time shift. An equal phase at the two
sensors would correspond to waves propagating along-shore, while
a cross shore propagation gives a maximum phase shift.

Assuming that 1) P2 and P3 are on the same cross-shore tran-
sect; 2) the isobaths are parallel to the shoreline; 3) all modes are
progressive waves; and 4) the angle of propagation o is approxi-
mately constant between P3 and P2 — one obtains

P2
cosQ A0 A6 s kdx, (1)
where x is the cross-shore axis, k(f,x) is the local wave number,
and O(f) is the cross-spectral phase. This yields a swell propaga-
tion angle of & ~ 66°, consistent with the large scale propagation
direction (Figure 1a). In reality, the angle varies with the position
due to refraction, giving a larger contribution to the phase lag, so
that this angle is an upper bound of the offshore propagation angle.
On mild-sloping plane beach this almost (other conditions have to
be met) guarantees the generation of trapped waves.

However, equation 1 cannot be applied to IG band (frequency
band 0.05Hz < f < 0.15 Hz), where the cross-spectral phase in-
creases (approaching 7 radians, Figure3b,e), and the integral A8
decreases, causing the right-hand side of equation 1 to become
larger than 1. This suggests that the IG band is a mixture of pro-
gressive and standing waves, with the standing waves having a node
between P2 and P3 (likely near P3). It is difficult to estimate for the
existing data both the propagation angle for the progressive com-
ponent, and the progressive content of a frequency band. Assuming
that the progressive component propagates normal to the shore, the
observed cross-spectrum Xy, can be approximated as

Xops = (@)Pcosm + (JST&)S +i (\/S2T3>PsinAe(2)

where S, 3(f) are variance densities at P2 and P3. From equation
2 it is straightforward to estimate the progressive content of a fre-
quency band f as

(V$283)
(V$283) 5+ (VS253)p-

Note that R(f) given by equation 3 provides the upper bound of
the progressive content, because the propagation direction of the
progressive component is not accounted for.

The distribution of R(f) is plotted in Figure3e (circles). The
character of the IG band shifts from essentially progressive at high
IG frequencies (R ~ 0.7 for 0.015Hz < f < 0.02 Hz), to essen-
tially standing at low IG frequencies (R ~ 0.3 for 0.001Hz < f <
0.003 Hz). Remarkably, this change in character corresponds to
two coherency peaks (Figure 3d-f), that allow one to identify two
distinct sub-bands: one centered around the 80-s spectral band, the
other centered around 300-s band.

The 80-s band dominates the infragravity band at P3. It has a
progressive character, (Figure 3e), and has similar spectral density
shapes at P3 and P2 (Figures 3d and 4d). A simple linear shoal-
ing calculation based on the ratio of band variance (P2 to P3) (ap-
proximately 4.9) yields for the depth of P2 a hypothetical depth of
approximately 0.3 m, consistent with the suggestion that P2 could
emerge from the water in wave troughs.

The structure of the 300-s band is essentially standing. Although
the P2 and P3 signals are coherent, the spectral shapes are different

R=

3
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and the band variance ratio from (P2 to P3) of approximately 36, a
6-fold increase in amplitude. This cannot be explained by shoaling.
Its periodicity, large variance at P2, and its contribution to the time
series recorded at P2 (Figure 4a-c) suggests that the 300-s band is
responsible for the large, slow oscillations of the water level (see
Figure 2c).

Nonlinear shoaling simulations reproduce well the shape of the
spectra estimated at P3 and P4 (not shown). Because the model
cannot handle wet/dry conditions, the model cannot be used to di-
rectly address run-up physics, for example, the role of swash in-
teractions. However, the model can be used to check the degree
of consistency between observations and direct IGW generation
through nonlinear shoaling. For the sake of comparison, the P2
spectrum is compared with the model output in 0.5 m of water (Fig-
ure 4e; consistent with the simple linear shoaling calculations dis-
cussed above). Despite the restrictive assumptions of the model, the
results suggest that the 80-s band observed at P3 and P2 is consis-
tent with a nonlinearly generated infragravity wave field. Note that
there is no hint in the numerical simulations of an emerging 300-s
wave as observed at P2. This failure can be easily dismissed as a
fault of the nonlinear shoaling model (e.g., lack of directionality).
However, in light of the good agreement between the model and
P3-P4 observations, we interpret this failure as a suggestion that
the 300-s wave is not directly generated by the nonlinear shoaling
process.

The standing character of the wave and the position of the first
node, surprisingly close to the shoreline, as well as its apparent dis-
connection from the general shoaling process, are consistent with
the hypothesis that the 300-s wave is a standing wave trapped on
the island platform. Remarkably, Ardhuin et al. [2011] showed
that over the seven months of measurements, the 10-minute max-
imum water levels are highly correlated (r2 = 0.9) to wave pa-
rameters modeled in 20~m depth between Banneg and Ouessant.
The high correlation between observed high water levels and mod-
eled wave parameters explains 90% of the variance, essentially ex-
cluding the possibility that the large water levels were generated
by atmospheric pressure perturbations not strongly correlated with
waves (rissaga-type oscillations, e.g., Monserrat and Thorpe, 1992;
Vennel, 2010).

In summary, statistics indicate a strong correlation between the
300-s wave and the presence of swell, but its generation is not ex-
plained by straightforward nonlinear shoaling. We hypothesize that
the 300-s wave is generated, not directly by nonlinear interactions
with the shoaling swell, but by nonlinear interactions within the
IG wave family. The energy cascade within the trapped IGW dif-
fers significantly from the “simple”, “leaky” (that is, not trapped)
swell-IGW nonlinear mechanism implemented by the model. Non-
linear interactions between trapped IG waves typically contain res-
onant triads, which are an efficient and highly-selective nonlinear
coupling mechanism. The nature of the trapped IGW interactions,
however, an essentially a boundary-value problem, can be only un-
derstood and modeled using island-scale, spatially distributed ob-
servations and modeling.
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