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Abstract video measurements of runup were collected at low tide along several profiles covering an
alongshore distance of 500 m. The morphology displayed a complex shape with a shoreline sandwave in
the lower beach face of about 250 m long mirrored in the inner sandbar. Wave conditions were stationary
and moderate (offshore height of 2 m and peak period of nearly 13 s) but yet dissipative. Runup energy was
dominated by infragravity frequencies. Alongshore variations in runup (by a factor up to 3) observed both in
the incident and infragravity bands were much higher than reported previously (e.g., Guedes et al., 2012,
https://doi.org/10.1016/j.csr.2012.08.022; Ruggiero et al., 2004, https://doi.org/10.1029/2003JC002160) while
the alongshore variations in other environmental parameters (e.g., foreshore beach slope) appear to be much
lower. Our data suggest that the beach morphology in the inner surf zone plays a crucial role by inducing
rapid and significant modification in the incident wave pattern and the alongshore coherence length scales
were consistent with the typical alongshore length scale of the morphology.

Plain Language Summary The topic of this work is to present new field data focusing an
alongshore variation of the runup. The runup is the time-varying position of the water’s edge on the
foreshore of the beach. This parameter is crucial in better forecasting coastal hazards (e.g., coastal flooding
and erosion) and coastal structure defense design.

1. Introduction

Wave-induced runup is defined as the time-varying position of the water's edge on the foreshore of the
beach, resulting from a (quasi) steady component above the still water level (the wave setup) and a
time-varying fluctuating component (the swash). Wave-induced runup is an important process driving near-
shore hydrodynamics and sediment transport. In particular, runup is required to estimate extreme water
levels and associated effects of coastal flooding hazards by overwash (e.g., Blenkinsopp et al., 2016; Cohn
& Ruggiero, 2016; Hughes et al,, 2010; Peregrine & Williams, 2001; Rodrigues et al, 2012; Serafin &
Ruggiero, 2014). In addition, runup also plays a critical role in coastal changes, as the transition area
between the surf zone and the subaerial beach, the swash zone, is an important part of the littoral sediment
budget (e.g., Elfrink & Baldock, 2002; Houser, 2009). Under energetic conditions, runup can lead to dramatic
beach and dune erosion (e.g., Palmsten & Splinter, 2016; Ruggiero et al., 2001; Sallenger, 2000; Suanez et al.,
2015, 2016). Runup has thus received increasing interest over the past decade, with a focus on runup
predictions based both on observations and numerical and parametric models (e.g., Atkinson et al., 2017;
Cox et al., 2013; Nicolae Lerma et al.,, 2016, 2017; Ruju et al,, 2014; Senechal, Coco, et al., 2011; Stockdon
et al, 2006, 2014) with applications for coastal vulnerability assessments (e.g., Cohn & Ruggiero, 2016;
Medellin et al,, 2016; Stockdon et al., 2007; Vousdoukas et al., 2012) and coastal structure defense design
(e.g., Arns et al.,, 2017; Briganti et al., 2005; Hawkes et al., 2002). Predicting wave runup still remains extre-
mely challenging, such that there continue to be discrepancies between even the most recently developed
formulations (e.g., Stockdon et al., 2006, 2014) and observed variability; these formulas still neglect a
number of processes especially due to the lack of data to evaluate the benefit of new parameterizations
(Plant & Stockdon, 2015).
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Earlier studies have highlighted that swash characteristics (often summarized in terms of vertical runup
height, R) were primarily related to offshore wave characteristic and beach slope (e.g., Guza et al., 1984;
Guza & Thornton, 1982; Holman, 1986; Holman & Sallenger, 1985; Meyer & Taylor, 1972; Miche, 1951).
Thus, similarly to the surf zone approach, the Iribarren number (Battjes, 1974), defined as

tang
$o=—=5 1
>0 (HO/L0)1/2 ( )

where f is the beach slope, Ly is the deep water wavelength given by linear theory, and Hy is the offshore
significant wave height, has been commonly used to classify the swash into either dissipative, intermediate,
or reflective. Dissipative conditions are commonly characterized by low Iribarren numbers, typically less than
0.3 (e.g., Guza & Thornton, 1982; Raubenheimer et al., 1995; Raubenheimer & Guza, 1996; Ruessink et al., 1998;
Ruggiero et al., 2001; Stockdon et al., 2006), whereas intermediate and reflective conditions are characterized
by larger values (Guedes et al.,, 2012; Holland, 1995; Holland & Holman, 1999; Holman, 1986; Holman &
Sallenger, 1985).

Senechal, Coco, et al. (2011) pointed out that the Iribarren number, initially developed for laboratory plane
beaches, can be misleading as its application to field studies requires a single beach slope value to character-
ize the whole cross-shore profile. In most previous works (e.g., Gomes da Silva et al., 2018; Guedes et al., 2011,
2012; Ruggiero et al.,, 2001; Senechal, Coco, et al.,, 2011; Stockdon et al., 2006), the beach slope f was defined
as the B,,, which is the linear slope within the region between + two standard deviations from the mean
runup elevation. However, Senechal, Coco, et al. (2011) pointed out that in their study, the steep slopes
characterizing the swash zone were in contrast with the mildly sloping surf zone; as a result, the swash zone
experienced nearly reflective conditions while the surf zone was in a dissipative state. Recently, Hughes et al.
(2014) explored the morphodynamic controls on the nature of the swash spectrum by synthesizing a large
data set gathered from a broad range of microtidal beaches (reflective, intermediate, and dissipative) under
low to energetic wave conditions. Their analyses demonstrated that many characteristics of swash behavior
were directly or indirectly (through a relation with beach gradient) related to the beach state; however, they
also underlined that the occasional lack of clear connection might be linked to a misleading classification of
the beach state. Stockdon et al. (2006) also defined a surf zone beach slope f,, calculated for each timestack
as the slope between the shoreline and the cross-shore location of wave breaking. However, in the presence
of pronounced nearshore troughs and interrupted breaking processes between the inner bar and the
shoreface, this definition may be complicated to use. So while the role of offshore characteristics is well
defined, the relation between beach slope and swash (in terms of vertical component of runup, R) remains
elusive (e.g., Guedes et al.,, 2011). At a larger scale, Cohn and Ruggiero (2016) used a numerical approach
(XBeach) to show that there is a morphologic control on swash processes on dissipative beaches, essentially
from intertidal and supratidal morphology. In their experiments simulating storm conditions, natural
interannual variability in beach topography explained about 80% of the variance in runup. In particular,
the presence of nearshore bars may substantially affect the runup response, consistent with previous results
obtained by Cox et al. (2013).

Swash spectra are generally separated into two bands that are forced by different processes: an infragravity
band (typically associated with f < 0.05 Hz) and an incident band (typically associated with f > 0.05 Hz). While
the incident band of runup (R;,) generally shows a significant relation with # under both reflective and dissi-
pative conditions (Ruggiero et al.,, 2004; Senechal, Coco, et al., 2011; Stockdon et al.,, 2006), the relation
between the infragravity band of runup (Rjg) and the beach slope is a matter of debate with published results
from different field sites indicating contrasting behaviors. Under reflective to intermediate conditions,
Stockdon et al. (2006) found no significant relationship between Rig and f, while Guedes et al. (2011) found
some. Under dissipative conditions, when the swash spectra are generally dominated by the infragravity
band (e.g., Holman & Bowen, 1984; Ruessink et al, 1998; Ruggiero et al, 2004; Stockdon et al., 2006;
Senechal, Coco, et al, 2011), Ruggiero et al. (2004) observed a strong correlation between f and Rig, while
Ruessink et al. (1998) and Senechal, Coco, et al. (2011) found that Ry scaled better with a parameter that
did not include p. Passarella et al. (2018), applying the machine learning technique from genetic program-
ming on a large data set including a wide range of conditions from reflective to dissipative, found that the
beach slope is a relevant parameter when predicting the infragravity component. In contrast, Gomes da
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Silva et al. (2018) suggested using the horizontal cross-shore component of the infragravity swash instead of
the associated vertical component and found it to be related to the foreshore slope (defined as f,,) and the
morphodynamic beach state through the nondimensional fall velocity parameter.

Infragravity motions are generated by nonlinear interactions between high-frequency wind waves (Herbers
et al,, 1995; Longuet-Higgins & Stewart, 1962; Ruessink, 1998) whose strength is modulated by the level of
offshore wave energy, the shape of the associated energy spectrum (e.g., De Bakker et al., 2015; Norheim
et al,, 1998), and the directional spread (e.g., Herbers & Burton, 1997). Dissipation and reflection are also
processes not entirely understood (e.g., De Bakker et al., 2014). Okhiro and Guza (1995) highlighted how tidal
variations of the surf zone width and beach slope might affect infragravity generation, dissipation, or reflec-
tion. Thomson et al. (2006), analyzing field observations, showed that the bottom profile affects infragravity
wave energy loss close to the shoreline. Specifically, they showed infragravity energy being transferred to
higher-frequency motions in the surf zone through near-resonant nonlinear interactions between triads of
wave components (i.e.,, a reversal of the infragravity generation mechanism) was enhanced over a convex
low-tide bottom profile (compared with a concave high-tide profile). De Bakker et al. (2015) used a numerical
approach and laboratory data to show that the beach slope affects the nonlinear infragravity-wave interac-
tions. Van Gent and Giarrusso (2005) showed using a numerical model that the percentage of infragravity
energy generated during wave breaking also depends on the ratio of offshore wave height to the mean water
depth within one wavelength of the coast.

Surprisingly, only a limited number of studies have focused on alongshore variability in runup. Holland
and Holman (1999) explored the wavenumber-frequency structure of infragravity swash motions using 26
cross-shore transects spaced every 10 m in the longshore, thus covering a total alongshore distance of
260 m. However, they did not provide estimates of alongshore variability in runup parameters. In 2004,
Ruggiero et al. explored alongshore variations in runup parameters over a large alongshore distance
(1,600 m). In their study, they experienced dissipative conditions in the presence of a relatively alongshore
uniform morphology characterized by sandbars located up to several hundred meters from the shoreline.
They found the runup to be dominated by the infragravity band and linearly dependent on the local fore-
shore beach slope. Guedes et al. (2012) reported observations of alongshore variability of swash motions
on a barred beach in the presence of moderate swell. In their study, runup was dominated by the incident
component. While the incident band of the runup was well correlated to both the foreshore beach slope
and the wave dissipation patterns, the infragravity component of the runup was not. Finally, Ciriano et al.
(2005) and Bryan and Coco (2010) provided evidence of the nonlinear coupling between cuspate morphol-
ogy and swash motions. Ciriano et al. (2005) showed evidence that beach cusp evolution might control
low-mode edge wave dynamics, while Bryan and Coco (2010) concluded that the presence of cusps
may enhance interactions between successive runup events at cusp horns and lead to the growth of an
infragravity wave whose wavelength would be forced by the presence of the beach cusps.

The limited studies on alongshore variability represent two extremes of small spatial scales (beach cusps)
and very long variations over whole beach scales. In this study, new field data of alongshore variability asso-
ciated with medium-scale features that characterize strong three-dimensional (3D) bar morphology (such as
transverse bar and rip, and crescentic bar cases, where pronounced shoreline embayments are common-
place) are presented for moderate energy, yet dissipative conditions. The data presented here were col-
lected at low tide and cover an alongshore distance of 500 m in the presence of a shoreline sandwave in
the lower beach face of about 250 m long mirrored in the inner sandbar. In contrast, the upper beach face
was relatively uniform. The methods section describes runup data acquisition and describes the spatial, tem-
poral, and spectral analysis methods. Then the results present evidence of significant alongshore variability
in the runup. The discussion aims to investigate the question of whether the alongshore beach face slope
variations or alongshore variations in surf zone morphology (which drive focusing and changes to energy
transfers) are a greater driver of alongshore runup variation. Our primary findings are reviewed in
the conclusions.

2. Methods

Data presented in this work were obtained during the ECORS-Truc Vert'08 Beach experiment (France). The
field experiment lasted 6 weeks, from 3 March to 13 April 2008. Truc Vert'08 was designed to measure
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beach modifications with emphasis on large winter waves, 3D morphology, and macrotidal conditions.
Hydrodynamic processes, sediment characteristics and transport, and morphodynamics of the beach were
measured over many spatial and temporal scales and are summarized in Senechal, Abadie, et al. (2011).

2.1. Field Area

The field site (Figure 1) is situated on the southern part of the French Atlantic coastline and is typical of the
relatively natural coast extending 100 km between the Gironde Estuary (90 km to the north) and the
Arcachon inlet (10 km to the south). This sandy coast is bordered by high aeolian foredunes (Figure 1).
The sediment consists primarily of medium-grained quartz sand whose mean surface grain size varies with
the morphology, with coarser sediments (~0.6 mm) observed in the deeper rip channels and finer sediments
(~0.3 mm) observed on the shoals between the rips (Gallagher et al., 2011). Truc Vert beach exhibits com-
plex 3D and highly dynamic morphology commonly involving two distinct sandbar systems. The inner
bar (see Figure 1) can experience all the states within the intermediate classification (see Masselink &
Short, 1993; Wright et al, 1984) and usually exhibits a Transverse Bar and Rip morphology (Senechal
et al, 2009). The outer bar system exhibits long-term persistent crescentic patterns at a narrow range of
wavelengths, and the shape of which varies from symmetric to asymmetric (Castelle et al., 2007). The shore-
line can also exhibit significant deviations from linear behavior including, for example, the presence of sand-
waves (see Figure 1). The field site experiences an annual mean spring tidal range of 3.7 m. Alongshore tide-
driven currents in the nearshore zone are essentially negligible. The wave climate is energetic with an
annual mean significant wave height of 1.36 m and mean period around 8 s associated with long distance
swells traveling mainly from N-NW directions. The wave climate has a clear seasonal dependence with
higher waves in winter than in summer (see Butel et al., 2002, for a complete wave classification of the
Aquitanian coast). During the experiment, waves ranged from small swells (offshore significant heights,
Ho, ranging from 0.3 to 2 m and peak periods, T, between 12 and 16 s) to heavy swells with a maximum
Ho of 8.1 m, on 10 March, associated with a peak period ranging from 16 to 18 s.

2.2. Measurements

Sea state conditions were measured with a directional Mark Ill Datawell waverider buoy anchored in 20-m
depth situated offshore of the field area, about 1.5 km from the beach face. Eulerian instrumentation was
deployed in the intertidal surf zone to describe the mean and surf zone scale fluctuating motions at temporal
scales of >20 s. A synchronous, 15-Hz coherent seven-element alongshore-lagged array of colocated pres-
sure and horizontal digital electromagnetic velocity sensors (hereafter PUV) mounted to pipes jetted along
the inner bar was deployed to record the alongshore wave numbers and frequencies for intertidal surf zone
infragravity motions and very low frequency motions. The instruments were located approximately 35 cm
from the seabed. All instruments were cabled to the shore and time-synced to an onshore GPS clock.

Throughout the experiment, swash motion was measured with a video system mounted on an 8-m-high scaf-
fold built on the top of the dune backing the beach and time-synced to a GPS clock. The height of the camera
above mean sea level was about 27 m. The system contained two high-resolution digital cameras. Overlap in
the field of view of the two cameras allowed for continuous coverage of the swash-zone so that, overall, an
alongshore distance of approximately 600 m at high spring tide could be covered. The sampling frequency of
the video system and of the derived runup time series was 2 Hz. The transects where the swash motions were
measured were located at the same alongshore location as the PUV sensors deployed along the inner bar
system (Figure 1). The runup along the selected transects was manually digitized by two operators. The same
methodology as presented in Senechal, Coco, et al. (2011) was applied. Runup and rundown were identified
as a white edge moving back and forth in the swash zone. To extract runup elevations along individual trans-
ects accurately from video, the topography of the beach is needed in addition to the geometry of the cam-
eras. To obtain the beach surface topography, a survey using Real Time Kinematic Differential Global
Positioning System was performed at each low tide (see Parisot et al, 2009, for a full description).
Photogrammetric relationships (Holland et al., 1997) were used to convert the digitized swash into elevation
time series relative to the French National datum. The vertical resolution of the runup elevation, depending
both on lens properties and distance from the cameras, was estimated by mapping the horizontal pixel reso-
lution (typically <1.0 m) to the elevation along the cross-shore transect. The vertical resolution was less than
0.10 m for all the data analyzed in this work.
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Figure 1. (a) Location of the study site. (b) Oblique aerial view of the Aquitanian coast at low tide. (c) Rectified and merged time-averaged image of the field area at
low tide on 14 March. (d) Enlarged view of the inner bar. The solid lines represent the transect positions where the runup time series have been estimated from video.
The black marks represent the positions of the synchronized PUV sensors. We observe a shoreline sandwave in the lower beach face (situated between transects T1
and T6) of about 250 m long mirrored in the inner sandbar.

2.3. Data Analysis

Energy spectra, PSD (f), were computed from detrended, tapered data segments of 1,800 points (900 s). The
runup and surf zone data were then partitioned to determine the incident band component
(0.05 Hz < f < 0.24 Hz) and the infragravity band component (0.004 Hz < f < 0.05 Hz). Runup, R, and surf zone
wave heights, H, were calculated as follows:

fa
R, H=4",/3>PSD(f)df (2)
fy

Runup and surf zone heights in the incident band (respectively R;,. and Hj,c) and in the infragravity band
(respectively Rig and Hig) were calculated by summing only over frequencies within the specified limits.

The distance between the shoreline and the inner bar crest was estimated by measuring the mean shoreline
position and the bar crest position. To estimate both positions, we used time-exposure images (typically aver-
aged over a 10-min window). The advantage of time-exposure images is that they remove visual features
related to individual waves, and we can use the appearance of white bands related to the predominant wave
breaking on the time-exposure images as a proxy of the submerged surf zone sandbar (Holland et al., 1997;
Lippmann & Holman, 1989; Van Enckevort & Ruessink, 2001). The predominant wave breaking position was
manually digitized tracking the cross-shore location of the image intensity peaks in the alongshore direction.
Finally, the definition of the foreshore beach slope ., in this study was taken, in agreement with other stu-
dies of swash zone hydro- and morphodynamics (e.g., Coco et al., 2004; Ruggiero et al., 2004; Senechal, Coco,
et al. 2011) to be the linear slope within the region between * two standard deviations around the mean
runup elevation.

The data discussed below consist of 120 15-min wave and runup elevation time series centered on low tide
and measured along eight individual cross-shore transects. The mean water level elevations for the time
series considered in this study, according to in situ pressure measurements, varied by less than 0.4 m.
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Figure 2. Environmental conditions. Data discussed here were collected during a 4-hr window (dashed box on 14 March)
centered on low tide under neap tide conditions and stationary offshore wave conditions. (upper) Predicted tide. (middle)
Significant offshore wave height measured by the wave buoy in about 20-m water depth. (lower) Offshore peak period.

3. Results

3.1. Environmental Conditions

An overview of offshore environmental parameters is provided in Figure 2. The period corresponds to the
stationary period experienced during the low tide of 14 March (see rectangle). The stationarity experienced
during this period associated with neap tide conditions provided weak variations in mean sea surface eleva-
tion (typically less than 0.4 m) over the 4-hr period, thus limiting variations in the effective swash topography
and surf zone bathymetry. Conditions during this period were moderate compared to the storm experienced
by the area 3 days previously. The mean offshore significant wave height was nearly 2 m, and the incident
wave period was relatively long with a mean value of 13 s.

Wave dissipation related to breaking, considering the distribution of foam on the time-exposure image,
exhibited a relatively complex pattern (Figure 1). Wave dissipation on the outer bar was relatively weak,
certainly because the high-energy wave conditions experienced during the storm on 11 March induced an
offshore migration of about 100 m (Almar et al,, 2010). Due to the presence of a shoreward propagating
accretionary wave, which shed from one of the outer-bar horns during the storm (Almar et al., 2010), an iso-
lated patch of light foam between the inner bar and the outer bar can however be observed. Overall, waves
were essentially breaking on the inner bar, as denoted by the intense foam observed on Figure 1. However,
the presence of a relatively deep channel between the upper beach and the inner bar weakened and even
interrupted the breaking process at some cross-shore locations, thus leading to a second breaking point
on the lower beach face.

To evaluate the distance over which waves were dissipating through the wave breaking process, the effective
surf zone width has been estimated as the distance between the onshore limit of the inner bar where the
wave dissipation weakened or stopped and the lower limit on the beach face where wave breaking strength-
ened or started again. This distance was then subtracted from the distance between the shoreline and the
outer breaking point, used as proxy of the inner bar. Figure 3 (middle panel) illustrates the alongshore
variability of the morphology: the alongshore range of shoreline-bar distance (black line) was up to 85 m
accounting for an increase of 170% from the smallest (observed at alongshore position 25 m corresponding
to transect T7) to the highest value (observed at alongshore position —175 m corresponding to transect T4).
The effective surf zone width (gray line) ranged from 60 (transect T7) to nearly 200 m (transect T4),
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Figure 3. Morphological parameters. (upper) Foreshore beach slope estimate as the linear slope within the region between
+ two standard deviations from the mean runup elevation. (middle) Bar position from the shoreline (black line) and
effective surf zone width (grey line). (lower) onshore PUV sensor distances from the bar crest. Transect locations are indi-
cated close to the marks.

accounting for an increase of 330% from the smallest to the highest value. The lower beach face also
exhibited a complex 3D pattern with the presence of a sandwave between transects T1 and T6 (Figure 1).

3.2. Alongshore Variability in Runup and Surf Zone Statistics

Figure 4 illustrates the topography of the swash zone with the positions of different transects where runup
was estimated and the beach profile at each transect. No beach cusps were observed during the field experi-
ment, and the upper beach face was relatively uniform in the alongshore direction. The lower beach face pre-
sented a more complex morphology with the presence of the previously mentioned sandwave. Beach
profiles exhibited concave profiles, and ,, slopes were relatively gentle, typically less than 0.032 (Figure 3,
upper panel), consistent with the highly dissipative conditions experienced previously and during the
selected period coinciding with low tide. The alongshore range of foreshore beach slope was less than
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Figure 4. (left) Topographic survey of the low tide swash zone on 14 March and (right) associated beach profiles. The red
lines represent the maximum horizontal excursion observed at each transect. The red circles indicate the maximum
position reached by the uprush and the downrush along each transect. Note that only one profile is provided for T1-T5 as
no significant difference was observed between the different profiles.
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Figure 5. Alongshore variability of wave and runup parameters. (a) Total, (b) infragravity, and (c) incident components of
runup elevations (black symbols) and at surf zone PUV locations (gray location). (d, log-scale) Ratio R/H for different fre-
quency bands: (blue) total, (black) infragravity, and (red) incident. Vertical bars represent the standard deviation associated
with each value. Transect locations are indicated near the marks.

0.010 accounting for an increase of 43% from the smallest to the highest value. Onshore and offshore limits
(mean * 2 standard deviations) of runup excursion for each transect are indicated by circles on the topo-
graphic profiles and by the red solid line on the topography (Figure 4). The horizontal excursion of runup
is relatively short for transects T1-T6 (typically less than 40 m) but can extend up to 100 m at transect T8.
Figure 5 shows the alongshore series of runup parameters as well as surf zone parameters estimated at
the PUV sensor locations (see also supporting information for each individual estimate). Data indicate that
runup energy is clearly dominated by infragravity energy. Calculated ratios of Rig/Ri, (not shown) are all
above 3. In contrast, surf zone energy is relatively uniformly distributed between the incident and the infra-
gravity band with calculated ratios of Hg/H;, (not shown) close to 1. A consistent alongshore and statistically
significant (using Snedecor and Student test) trend is observed between transect T1 (alongshore position
—300 m) and transect T8 (alongshore position 130 m) for total runup elevation R, (black symbols) with values
normally lower at transects T1-T4 situated on the sandwave (Figure 1) and then increasing toward transect
T8 (situated onshore of the rip channel). The increase in total runup elevation is driven both by the increase in
the infragravity components and a clear increase in the incident component at transects T7 and T8.
Alongshore ranges in R; and Ry were respectively up to 1.5 and 1.4 m (accounting for an increase of about
300%). Conversely, surf zone parameters (gray symbols) show a remarkably uniform trend with alongshore
ranges in H; and Hig being less than 0.1 m accounting for an increase of less than 130% (statistically signifi-
cant). Alongshore ranges in R;, and H;, were respectively up to 0.4 m and less than 0.1, respectively (account-
ing for an increase of 300% and 150%, respectively). However, variations in H;, should be considered relative
to their position in the surf zone. Indeed, even if the PUV sensors were situated at the same cross-shore posi-
tion, their positions within the surf zone were different (Figure 3, lower panel). While PUV4 and PUV5 were
well inside the surf zone, PUV8 was close to the breaking zone.

Estimates of the ratio R/H for different frequency bands (Figure 5d) indicate that alongshore variations in
runup parameters are not directly correlated with the small alongshore variations in surf zone parameters.
Indeed, we observe significant alongshore variations in the Riy/Hiq ratio associated with an alongshore
range up to 6.5 accounting for an increase of 300% between the lowest and the highest values, while
alongshore variations in the Ry/H, ratio are associated with an alongshore range up to 2.7 accounting
for an increase of 237%.
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Table 1 Following Guedes et al. (2012), in order to evaluate the possible

Proportion of the Total Variance in the Space-Time Series y Explained by Their

Temporal P and Spatial P, Contributions

competing role of the alongshore versus temporal variability in the
runup and surf zone parameters, the proportion of the total variance

X Pe Py explained by the temporal P; and spatial P, components were defined
Ry 0.04 087  as follows:
Rig 0.06 0.83
Rin 0.04 0.82 —
Zig/Rin 0.09 0.65 p, — Lt ¥)) — tn) 3)
0.29 0.58 2
t —_
Hig 0.14 0.66 <[X( oY) = sl >
Hin 0.28 0.72
Ry/Hy 0.09 0.80 5
Rig/Hig 0.07 0.83 <[X(f, y) — Xm} >
Rin/Hin 0.14 0.59 P, = @)

(Lx(t. )=l

where y is a generic runup or surf zone parameter, overbar and angle bracket denote, respectively, temporal
and spatial averages, and subscript m denotes the average over the whole data set. The results are reported
in Table 1. The spatial contributions to the total variance P, were always greater than the temporal contribu-
tions P for all runup and surf zone parameters. Concerning the runup parameters, the spatial contribution P,
was an order of magnitude higher than the temporal contribution P; except for the ratio of infragravity over
incident runup elevation Rig/Ri, that was a factor of 5 higher. Concerning the surf zone parameters, the spatial
contribution P, was a factor of 2 to 5 higher than the temporal contribution P; however, given that the
sensors were at different depths and not situated at the same location within the surf zone, alongshore
variability can be biased. Concerning the ratio between runup and surf zone parameters R/H, the spatial
contribution was an order of magnitude higher than the temporal contribution except for the incident
frequency band that was a factor of 6.

The influence of surf zone parameters on the swash parameters was further investigated using regression
analysis to relate alongshore variability in swash zone parameters to alongshore variability in surf zone
parameters (Table 2). Significant correlations were found between runup elevations in the different fre-
quency components and incident surf zone elevations with correlation coefficients around 0.48 (all signif-
icant with p value < 0.01) consistent with previous observations (Senechal et al., 2013). Our data also
indicate that there is no linear correlation between runup elevation in the infragravity component and
infragravity energy in the surf zone when considering all the transects. However, considering linear regres-
sion along each transect allows two sections to be distinguished: one section from T1 to T4 where no sig-
nificant or weak (even if significant) correlation is observed between runup and surf zone parameters and
a second section from T5 to T8 (apart from T7) where significant correlation is observed between runup
and surf zone parameters.

3.3. Runup and Surf Zone Spectra

Figure 6 shows the averaged runup spectra and the averaged surf zone elevation spectra calculated over the
4-hr window at the different alongshore positions. Averaged spectra were calculated averaging all the 15-min
time series for each transect, resulting in 30 degrees of freedom with a bandwidth of 0.0011 Hz. Not only did
the relative magnitude between the incident and infragravity runup bands change alongshore but also the
shape of the spectra. For all transects, the average runup spectra reveal a saturated region that decayed
approximately as 3 (apart from T7 that decayed at approximately f~%/2), consistent with previous observa-
tions (Guza & Thornton, 1982; Ruessink et al., 1998). The knickpoint between the saturated and unsaturated
part was estimated using the method described by Ruessink et al. (1998). The knickpoint found for the pre-
sent data set ranged from approximately 0.021 to 0.033 Hz with a mean of 0.025 Hz for the runup spectra; that
is, the saturated tail of the spectra extended into the infragravity-frequency band (f < 0.05 Hz) consistent with
previous observations (Ruessink et al., 1998; Ruggiero et al., 2004). One of the most obvious features in the
runup spectra are the overall increase of magnitude in infragravity energy from T1 to T8. We observe the pre-
sence of energy peaks at very low frequencies, approximately 0.0056 (180 s) and 0.015 Hz (60 s) in the region
of the sandwave (transects T1-T5) while other transects are characterized by a relatively white spectrum at
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Table 2 infragravity frequencies (transects T6-T8). Surf zone averaged spectra also

Linear Regression Results Relating Dependent Runup Variables to Surf Zone

i ; ) ) reveal a saturated tail but at high frequencies (typically frequencies greater
Variables Including Slope (m), Offset (b), and Correlation Coefficient (rz)

than 5f, where f, is the incident peak frequency). We also observe the pre-
Dependent  Independent . sence of energy peaks in the infragravity band, approximately at 0.015 Hz

variable variables m b i (60 s) for all transects and around 0.0056 Hz at transects T3 to T6.
All transects R Hy 4.15 —-0.63 0.21
Hig 1.15 0.11  0.00
Hin 587  —046 045 4 Discussion
Rig Hy 3.87 —0.61 0.19
Hig 0.95 050 0.0 We have presented new observations of wave runup during energetic and
Hin 539 —043 041 stationary offshore wave conditions and in the presence of a complex 3D
Rin Z‘ _g'?g 78;: g‘;g morphology featuring significant alongshore variability. The present data
H;i 1:39 _0:14 0:48 set fills the gap between previous works focusing on large- (e.g., Guedes
R: Hy 0.90 055 0.12 et al, 2012; Ruggiero et al, 2004) and small-scale (e.g., Bryan & Coco,
Hig 1.07 070 0.03 2010) alongshore variable morphologies. One of the novelties arising from
Hin 0.34 084 001 the present data set is that alongshore variations in runup under stationary
n-T4 Rig Zt gg? 04(6) 66 g‘g? offshore conditions are much higher than what has been reported pre-
H;i 055 069 001  Viouslyin the literature. Also, the importance of other environmental para-
Rin Hy 0.16 0.13 004 meters (e.g., foreshore beach slope) appears to be much lower than what
Hig 0.27 0.14  0.02 has previously been reported. Alongshore variation in f,, was substan-
Hin 045 0.08 0.09 tially lower than the ones previously reported in studies focusing on along-
Re Z‘ 713?1 71’32 g':: shore variability in swash motions (e.g., Guedes et al., 2012; Ruggiero et al,,
H;i 609 —028 0:52 2004). Furthermore, the observed mean alongshore value of 4, slopes in
T5-T8 Rig He 6.51 —153  0.32 this study fills the gap between the extremely dissipative conditions
Hig —8.96 366 041 experienced in Ruggiero et al. (2004) and the more reflective conditions
Hin a8 —02 e experienced in Guedes et al. (2012). Alongshore variations in f,, were
Rin Hy 1.61 —042 0.29 )
Hig 248 094 0.46 essentially due to the presence on one hand of the deep channel close

Hip 141 _010 0.59 toT7 and on the other hand due to the sandwave at T1-T6 (Figures 1).
Note. Regression correlations that are significant at the 99% confidence Un-der dissipative conditions, Rug’giero et al. (2004) reported that runup
level are showed in bold. Transect T7 is not included as no PUV sensor height could vary by a factor of 2 in the presence of beach slope that var-
was deployed along this transect. ied by a factor of 5. In contrast, during more reflective conditions, Guedes
et al. (2012) reported variations in runup by a factor of 1.8 in the presence
of beach slope that varied by a factor of 2. In the present data set, varia-
tions in runup height are close to a factor of 3 while variations in beach slope are around a factor of 1.6.
Our data clearly show that there is a strong variability in the runup observations. However, Figure 7 illustrates
that the range of the variability is consistent with previous published observations on the same field area
(Senechal, Coco, et al,, 2011; Senechal et al., 2013). Senechal, Coco, et al. (2011, black symbols) extracted
runup time series along two transects at high tide around and during the major storm that occurred a few
days before the period covered in the present study (Figure 2). Their data set covered mild (Hs ~ 1 m) to very
energetic long swells (Hs > 6 m and T, ~ 16.4 s) impinging on steep foreshore beach slopes (0.05-0.08).
Senechal et al. (2013, gray symbols) focused on the tidal effects on runup by analyzing runup time series
extracted both at high and low tide under stationary offshore conditions along four transects (T3-T6) and
partially covered the temporal window discussed in the present study. In particular, they found that the drop
in the infragravity component between high and low tide was associated with a drop of the infragravity
energy in the inner surf zone, highlighting the possible role of the water level over the bar. Nevertheless,
while the range of variability was previously related to a wide range of wave conditions (Senechal, Coco,
etal,, 2011) or to the tidally controlled water level (Senechal et al., 2013), here the range of variability cannot
be ascribed either to the offshore wave characteristics or to the change in the water level.

Interestingly, our data set also shows that alongshore variations in runup are not principally controlled by
changes in the slope of the beach face f,,, (Figure 8) in contrast with previous studies focusing on alongshore
variation under stationary offshore conditions (e.g., Guedes et al., 2012; Ruggiero et al., 2004). Guedes et al.
(2012) showed that under mild, swell-dominated offshore wave conditions, alongshore variations in runup
were mainly controlled by the slope of the beach face f5,,. However, in their data set, the significant runup
height R was predominantly driven by energy at the incident frequencies in contrast to our data set where
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Figure 6. Runup and surf zone energy averaged density spectra at the different transects. The vertical bar is the 99% confident interval. The red lines represent the
best fits to the estimate in the log-log space of the saturated part.

runup height was dominated by energy at infragravity frequencies. Under highly dissipative conditions,
Ruggiero et al. (2004) found the runup height R to be dominated by energy at infragravity frequencies and
linearly dependent on the local foreshore beach slope f,, that varied by a factor of 5. However, that is
much more than in the present data set where the local foreshore beach slope f,,, varied by a factor of less
than 2. As previously pointed out by Senechal, Coco, et al. (2011), the choice of the foreshore beach slope
defined as 5, might not be suitable as it does not represent the whole cross-shore profile, particularly in
the surf zone. Indeed, recent works (e.g.,, Gomes da Silva et al,, 2018; Hughes et al,, 2014) indicated that
both the profile shape and the morphodynamic beach state should be considered. However, both authors
used qualitative parameters (not directly taking into account the beach slope) to represent the 3D large-
scale morphology pattern of the beach: while Hughes et al. (2014) used the beach classification proposed
by Wright et al. (1984), Gomes da Silva et al. (2018) proposed to use the nondimensional fall velocity
parameter. In this study, an additional difficulty is related to the presence of the sandwave creating a much
milder and homogenous surf zone slope in the area that also likely influences the runup.

S x )
* Present Data

2.75 * Senechal et al. (2013) |
Y * Senechal et al. (2011)
—Senechal et al. (2011) |

0 05 1 15 2 25 3 35 4 45 5 55 3 65 7
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Figure 7. Present data set (red marks) compared to previous data acquired in the same area with the same methodology
(gray and black marks).
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Figure 8. Infragravity runup (left and middle panels) and incident runup (right) versus foreshore beach slope for all the
transects. The black lines represent the best-fit lines proposed by Ruggiero et al. (2004).

Specifically, Figure 8 highlights that most of the alongshore variability is driven by the data at T7 and T8 (gray
marks) not situated in the area of the sandwave in contrast to the other transects. Alongshore variability is
observed at both the infragravity (middle) and incident (right) bands of frequencies. In particular (see also
Figure 5), energy at incident frequencies is significantly higher at T7 and T8. This could be related to the
energy dissipation patterns observed in the surf zone. Indeed, transect T7 is associated with both the shortest
effective surf zone and the steepest foreshore slope due to the presence of the deepest part of the rip chan-
nel (Figure 3); this might enhance the incident component of the runup energy. Figure 9 represents along-
shore timestacks generated from the video images at different cross-shore locations all situated between
the inner bar and the shoreline. We observe that the energy dissipation pattern presents a significant along-
shore variability. In particular, at transect T7 we clearly observe that waves are not breaking continuously
from the inner bar to the shore while at transect T2 waves are breaking nearly continuously. This is consistent
with previous work reporting that in the presence of a barred beach, the runup magnitude at incident
frequencies can range by up to an order of magnitude between low and high tides (Guedes et al., 2011) or
as a result of alongshore variability (Guedes et al., 2012). These variations were driven by variation in the
degree of wave dissipation attributed either to tidal modulation in wave energy dissipation (Guedes et al.,,
2011) or to the bar morphology (Guedes et al., 2012) that ultimately controlled the energy driving the runup
and hence its amplitude.

However, visual observations of the instantaneous images also suggest that a strong wave refraction
pattern is observed around the sandwave observed on the lower beach face (Timex in Figure 1 and
Snapshot in Figure 9), leading to wave energy focusing on its southern side where transect T7 is situated.
This has been further investigated using the wavenumber estimation methods based on fitting the cross-
spectral correlation (Plant et al., 2008). The results are shown in Figure 10. The results are plotted for the
0.067-Hz frequency that corresponds to the peak energy measured at the PUV sensor in the incident
band of frequencies (Figure 6) and corresponded to video-imaged variability that was coherent enough
to extract wave-propagation patterns. The wavenumber (Figure 10a) is robustly estimated in much of
the domain around the sandwave pattern, indicated by error predictions (Figure 10c, showing the root
mean square error of the wavenumber estimate) that are generally much smaller than the estimated
wavenumbers. The directions of wave approach (Figure 10b) are estimated robustly in the inner portion
of the analysis region, with root mean square angle errors typically less than the magnitude of the angles
(Figure 10d). They show a remarkable alongshore gradient, with waves on the northern side of the sand-
wave pattern (located between alongshore positions —250 and —50 m) approaching the shoreline with a
negative angle, consistent with the offshore North-West incidence of the waves while waves on the
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Figure 9. (upper panel) Snapshot with positions of the different cross-shore transects (grey vertical lines) and the longshore transects (grey horizontal lines). The
yellow and green lines represent the T2 and the T7 transects, respectively. (middle panels) 600 s alongshore timestacks generated at different alongshore posi-
tions (100, 150, 200, 250, and 350 m) and (lower panels) 120-s enlargement view.

southern side of the sandwave pattern are approaching the shoreline with a positive angle (South-
West incidence).

While field evidence indicate that alongshore variations in the incident runup can be explained by variation in
the degree of energy dissipation and possibly by wave refraction patterns, runup still remains dominated by
the energy at infragravity frequencies. In the absence of well-developed beach cusps that can affect swash
characteristics (e.g., Bryan & Coco, 2010; Ciriano et al., 2005), alongshore variations in infragravity runup have
largely been attributed to beach face slope variations, a hypothesis that for our data does not hold. However,
Guedes et al. (2011) provided evidence of the presence of secondary waves (harmonic released waves) that
might be related to an increase in the energy at infragravity frequencies. We clearly observe in our data that
there is an increasing number of wave crests in the area where transects T7 and T8 are located, resulting in
more crests progressing across the beach face in contrast to the area where transects T1 to T5 are located
(Figure 9, L150 and L100). We also observe that these secondary waves might then be merging with the pri-
mary ones when propagating in the swash zone. Merging bores have been previously reported to be one
possible mechanism of infragravity wave generation mechanism in the inner surf zone (e.g., Senechal
et al, 2001). However, very recently, Tissier et al. (2017) using both laboratory experiments and numerical
modeling showed that bore merging occurs in a part of the surf zone that is already dominated by infragrav-
ity energy suggesting that bore merging as an infragravity wave generation mechanism might not be signif-
icant. In the present study, even if merging bores are more often observed at locations where infragravity
levels are the highest, we are not able to conclude if bore merging is the cause of the effect of infragravity
wave generation.

Interestingly, we also observe that the largest horizontal runup excursions measured in our data set were
found to occur in front of T7 and T8 (Figure 4). Associated with the highest slopes (Figure 3), they resulted
in the largest runup events measured in our data set. Using a numerical model base on the Reynold-averaged
Navier-Stokes equations, Garcia-Medina et al. (2017) showed that the largest runup events are associated
with bore merging (bore-bore capture) on gently sloping beaches even if they also showed that bore-bore
capture is found to be a necessary but not sufficient condition for large runup generation. In particular, they
also showed that the phase difference between incident and infragravity waves is also a key factor, explaining
up to 30% of the variability in the largest runup.
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Figure 10. Estimates of wavenumber magnitude (upper left), wave direction (upper right), and predicted errors (lower
panels) at frequency 0.067 Hz (14.9 s, peak period in the energy band at incident frequencies). In the upper left and right
panels, results are omitted where individual wavenumber/angle estimates explain less than 50% of the cross-spectral
variance. The sandwave is located between alongshore positions —250 and —50 m.

Furthermore, the generation of secondary waves (visible in Figure 9 at L250 and L200) and the presence of
the deepest section of the channel in front of T7 and T8 might have delayed the energy dissipation on the
beach face as observed in Senechal et al. (2002). This is consistent with the ratio R;/H;, being higher than
1 at T8 (Figure 5) and the observed shapes of the spectra (Figure 6). Following the synthesis by Hughes et al.
(2014), swash spectra at transects T1-T5 are consistent with the swash spectra encountered in the presence
of the lower-energy intermediate beach state. They are generally characterized by a peaky structure in the
infragravity band with the difference that in the present data the infragravity swash energy is larger than
the total short-wave swash energy. In contrast, swash spectra at transects T6-T8 are consistent with the
swash spectra encountered in the presence of the higher-energy intermediate and dissipative beach states
characterized by a featureless infragravity swash band.

To further investigate the possible role of the sandwave on the alongshore variability in runup, the along-
shore length scale of coherence has been estimated both in the surf zone and in the swash zone. In parti-
cular, the alongshore length scale of coherence has been used to relate morphological patterns to runup
patterns. Following Holland (1995) and Ruggiero et al. (2004), the alongshore structure of infragravity
energy has been defined as the length scale over which runup (or pressure) motions of a given frequency
are coherent. Squared coherence values were calculated similarly to Ruggiero et al. (2004) from the cross-
spectral matrix of all possible runup transect (or pressure sensor) pairs as a function of frequency and trans-
ect (sensor) separation (alongshore lag). Figure 11 illustrates the squared coherence calculated at both the
runup transects (above) and the PUV sensors (below) for the frequency peaks 0.0154 (left) and 0.0055 Hz
(right). We observe that for these two peak frequencies (one is the PUV peak frequency, the other is the
peak frequency in the majority of swash spectra), the coherence length scale is approximately 200 m at
the shoreline and slightly longer at the PUV sensor (300 m). The value obtained for the peak frequency
0.0055 Hz is much lower than the one found by Ruggiero et al. (2004), which was close to 1,200 m but
higher than the one reported by Holland and Holman (1999). The value obtained for the peak frequency
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Figure 11. Squared coherence of elevation at the shoreline (above) and at the PUV sensors (below) for two infragravity fre-
quencies. The 95% significance level (solid line) versus alongshore lag for two peak frequencies.

0.0154 Hz is consistent with Ruggiero et al. (2004). The difference cannot be explained by the difference of
the sensor array alongshore length: 450 m in the present study versus 1,600 m in Ruggiero et al. (2004) and
260 m in Holland and Holman (1999). Indeed, many peak frequencies show the same pattern with similar
values. Ruggiero et al. (2004) indicated that the long alongshore length scales observed in their data set
were certainly associated with the environmental conditions during their study characterized by very
large morphodynamic and hydrodynamic cross-shore length scales with sandbars typically located up to
several hundred meters from the shoreline. In the present study, the cross-shore lengths are very short,
and the topography/bathymetry exhibits a complex alongshore pattern whose typical alongshore length
is about 250 m (Figure 1, time exposure image), relatively consistent with the typical coherence
length scales.

5. Conclusions

Observations of wave runup data derived from video recordings were collected at low tide in the presence of
complex beach morphology during stationary energetic conditions characterized by offshore wave heights
of 2 m and peak periods of nearly 14 s. Over the study period, variations in runup were found to be largely
dominated by the spatial, rather than temporal, dimension allowing us to exclude variations in the offshore
wave forcing (significant wave height and period) and closely investigate the effects of other variables. Runup
spectra estimated at different alongshore positions were always dominated by infragravity energy and
showed a broad saturated region with an f~3 dependence extending in the infragravity band.

Runup height varied by a factor 3, a much higher value than the one reported previously in the literature (e.g.,
Guedes et al., 2012; Ruggiero et al.,, 2004), while variations in environmental parameters (e.g., foreshore beach
slope) were much lower. While previous alongshore variability in runup heights was essentially ascribed to
the foreshore beach slope (e.g., Guedes et al.,, 2012; Ruggiero et al., 2004), here the beach morphology in
the inner surf zone seems to play a crucial role. In particular, the 3D patterns exhibited by the morphology
led to rapid modification in the incident wave patterns over a short cross-shore distance. For example, wave
refraction around the sand pattern led to increased incident energy level in the runup spectra at specific
alongshore locations. The alongshore coherence length scales were consistent with the typical alongshore
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length scale of the morphology. Further work is needed as we still struggle to understand and predict how
the morphology affects runup, a key driver of coastal inundation.
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