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1.  Introduction
The smaller islands of the Caribbean are highly vulnerable to coastal flooding since limited space and topo-
graphical constraints have oriented human development near coastal areas, and the Caribbean region is exposed 
to strong hydrodynamic events through North Atlantic winter swells (Hawkins et al., 2022) and cyclones (Rueda 
et al., 2017). However, most of the coastal flooding events occurring in the Caribbean are related to cyclones 
(Rueda et al., 2017) and the strength of these cyclonic events is anticipated to rise in the near future (Knutson 
et al., 2019; Torres & Tsimplis, 2014). In association with other effects of climate change like sea-level rise, the 
frequency, and intensity of storm-related or chronic flooding events are expected to increase in the next decades 
(Vitousek et al., 2017) with its concomitant impact on human assets (Ferrario et al., 2014).

Abstract  Many low-lying coastlines are exposed to overwash and marine flooding during large storm 
events, and the role of coastal ecosystems in reducing these hazards has been increasingly investigated and 
reported. This paper deals with the assessment of processes involved in coastal flooding over 2 years and 
10 months at Anse Maurice, a reef-fringed pocket beach located in Guadeloupe Island, in the Caribbean region. 
Daily maximum marine inundation was assessed using a fixed video system, and a hydrodynamic measurement 
campaign was organized to monitor local wave transformation through the reef system. The results show 
that daily highest runups (dHRs) are not linearly correlated with storm events since storm runup intensity is 
highly modulated by (a) the steric-induced annual periodicity of sea level which showed minima in April and 
maxima in September and (b) the tidal level which influenced shortwave propagation on the reef flat (RF). 
These variables determined the reef submergence, an important parameter involved in wave transformation over 
reefs. Consequently, different runup responses existed for similar incident wave conditions, but generally wave 
attenuation ranged between 50% and 80%. Low-frequency waves were found to dominate the hydrodynamics 
on the RF for the most intense wave conditions. The upper beach vegetation also reduces the maximum swash 
excursion at the beach between 1.7% and 42.8% for the observed storms, and thus reduces the potential for 
back beach flooding. This study demonstrates new comprehensive elements on runup behavior and nearshore 
processes, at different time scales, on reef-lined beaches.

Plain Language Summary  Small Caribbean islands are highly vulnerable to the coastal flooding 
hazard and the role of ecosystems in mitigating this hazard is increasingly emphasized. The physical processes 
involved in beach inundation were assessed at a reef-lined beach located in Guadeloupe Island in the Caribbean. 
Pluriannual data sets from a fixed camera and monthly hydrodynamic campaigns were used for this work which 
highlights the role of various processes involved in wave-induced coastal inundation (runup) from annual to 
hourly time scales. Seasonal variations in the expansion of water bodies (called steric expansion) which are 
triggered by fluctuations in temperature and salinity strongly control the wave runup. On shorter time scales, 
tides affect wave propagation over the coral reef, directly influencing the residual waves at the shoreline. 
Thus, low-frequency waves were found to dominate hydrodynamics on the reef flat for the most intense wave 
conditions. New results indicate that coastal inundation is greatly modulated by the annual periodicity of sea 
level, as well as, by tidal level at short time scales. Also, the study shows that the upper beach vegetation can 
reduce beach inundation. These results bring new elements to understanding wave-induced coastal inundation 
in the context of reef-lined beaches.
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Coastal floods are related to the total water level (TWL) reached at the coast (Sallenger, 2000), which is defined 
as the sum of the still water level (SWL) and the runup. Several forcings act on the SWL at different time scales. 
At the event time scale, astronomical tides, storm surge, and wind setup are the main contributing parameters. 
These short time scale processes are superimposed on lower frequency fluctuations which include eddies at a 
weekly time scale (Chelton et al., 2007; Torres & Tsimplis, 2014) and steric expansion at an annual time scale 
(Bindoff et al., 2007; Chelton & Enfield, 1986; Gill & Niller, 1973; Torres & Tsimplis, 2012) induced by water 
temperature and salinity on water bodies. Ocean oscillations like El Niño-Southern Oscillation (ENSO) and the 
North Atlantic Oscillation (NAO) also act on SWL at a pluriannual scale (Church, 2015; Enfield & Allen, 1980). 
In the Caribbean, extreme sea levels are mainly due to storm surge with a significant contribution from steric 
expansion variability and eddies (Torres & Tsimplis, 2014). Additionally, runup describes wave-induced water 
dynamics at the shoreline level. It is defined as the maximum onshore elevation reached by waves relative to the 
SWL. Runup is the sum of wave setup, the time-averaged water level at the shoreline position (steady component) 
and swash, the instantaneous water level materialized by bore-like waves on the beach (dynamic component) 
(Baldock, 2012; Pomeroy et al., 2012; Stockdon et al., 2006). On open coasts, runup is primarily correlated with 
the incident wave energy and second to the foreshore and beach morphology (Guedes et al., 2011; Nicolae Lerma 
et al., 2017). On reef-lined beaches, the processes associated with runup are more complex and highly dependent 
on reef properties (Buckley et al., 2018). Fringing coral reef systems provide numerous ecosystem services and, 
in particular, wave energy dissipation (Gerritsen, 1980; Harris et al., 2018; Lowe et al., 2005). Coral reefs could 
dissipate up to 97% of the incident wave energy (Ferrario et al., 2014), where the magnitude of dissipated energy 
depends on the reef morphology and the hydrodynamic forcing. Metamodels have been developed to predict 
runup response in a wide panel of reef settings. It appears that waves, water levels, and the reef width are the main 
parameters involved in the extent of back-reef inundation (Pearson et al., 2017; Rueda et al., 2019).

SWL variations change the water depth over the reef, which is the main parameter influencing wave attenuation 
and leads to a subsequent response of the runup (Becker et al., 2014; Cheriton et al., 2016; Ning et al., 2018; 
Wandres et  al.,  2020). Shallower reefs contribute to more efficient wave energy dissipation and deeper reefs 
are less efficient. Moreover, a fraction of the incident wave energy which is mostly comprised of short waves 
(SW, typical wave frequency > 0.04 Hz) is transferred to lower frequencies, generating infragravity (IG) waves 
(0.004 < wave frequency >0.04 Hz) and very low-frequency (VLF) waves (wave frequency < 0.004 Hz) (Cheriton 
et al., 2016, 2020; Péquignet et al., 2009). Energy transfer to the IG band is mainly dependent on (a) breakpoint 
forcing on the reef crest (RC), which is linked to the variation in wave setup induced by wave groups generating 
a setup wave in phase with group waves (Symonds et al., 1982) and (b) the release of free bound waves associ-
ated with the SW envelope during wave breaking (Longuet-Higgins & Stewart, 1962). This transformation may 
lead to low-frequency dominance of the runup signal (Ford et al., 2013; Quataert, 2015; Quataert et al., 2020; 
Roeber & Bricker, 2015). This switch in energy frequency bands strongly depends on hydrodynamic conditions 
and morphological characteristics of the reef platform (Masselink et al., 2019), and is commonly observed at 
reef-lined beaches.

Video systems are nowadays widely used to evaluate coastal evolution and hydrodynamics, allowing for the 
quantitative acquisition of optical signatures of shoreline position (Holman & Stanley, 2007; Plant et al., 2007; 
Valentini et al., 2020), nearshore morphologies (Aarninkhof & Ruessink, 2004; Bergsma & Almar, 2018), wave 
characteristics (Almar et al., 2008), surf zone wave-induced current (Rodríguez-padilla et al., 2021), and wave 
runup (Salmon et  al.,  2007; Valentini et  al.,  2019). Recently, low-cost webcams have been increasingly used 
(Andriolo et al., 2019; Paquier et al., 2020; Valentini et al., 2020) and have proven their ability to acquire reliable 
data at an affordable price. In this study, a video system was used to extract daily maximum inundation over 
2 years and 10 months (1,045 days). High-frequency in situ runup and TWL observations over long periods are 
scarce in reef environments. A recent study presents a 1-year runup data set on a sandy beach (Melito et al., 2022) 
but to the authors’ knowledge, no study proposes a continuous multiyear data set providing analysis of runup 
variability at a daily to a pluriannual time scale.

This study presents a novel investigation into the complex interaction between the parameters that impact TWL 
in a reef-fringed pocket beach context. Utilizing a combination of pluriannual in situ observations from cameras 
and monthly hydrodynamic measurements, the study aims to provide new insights into the runup variability, 
hydrodynamic conditions, wave transformation on the reef, and the impact of vegetation on swash reduction. This 
approach addressing the variables that influence TWL over an extended period of time and connecting these to 
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short-term processes has never been undertaken before and provides an opportunity to gain new insights into the 
complex processes affecting TWL in this environment.

The study has three objectives aiming to assess on the TWL dynamics in a new and innovative way: (a) to 
analyze the pluriannual runup variability and its relationship with sea level and incident wave conditions; (b) to 
examine the role of different components such as wave setup, swash, IG, and VLF waves in daily TWL (dTWL) 
fluc tua tions; and (c) to evaluate the variability of vegetation limits and its impact on swash reduction.

2.  Study Area and Methodology
2.1.  Study Site Description

Anse Maurice is located on Guadeloupe Island (France) in the Lesser Antilles (Figures 1a and 1b). It is a small 
beach, about 200-m long and between 5-m and 20-m wide. Shoreline monitoring indicates the beach is undergo-
ing chronic erosion with a net retreat of 20 m, on average, between 1950 and 2013 (Guillen et al., 2017).

The beach is bordered by a fringing reef mainly composed of Acropora palmata dead colonies covered by algae. 
However, some complex structures of several meters in height are still observed (Figure 1e). The reef flat (RF) is 
composed of discontinuous dead coral structures of about 1 m in height and several meters in width, as well as, 
small colonies of living branching and encrusting corals. In the southern part of the site, a channel is identifiable 
where the coral structures are sparser and deeper (Figure 1b).

The upper beach is covered by heterogeneous patches of vegetation: crawling vegetation mainly represented by 
Ipomoea pes-caprae in the front line and shrubs like Coccoloba uvifera in the back line (Figure 1d). Several 
exogenous coconut trees are also present on the site.

Beach vegetation at the Anse Maurice site is very impacted by human activities, and particularly by trampling 
and goat grazing. Lower layers of vegetation are the most affected, which obstruct the development of crawling 
vegetation and seedlings. Consequently, in the medium-term, the growth of a new generation of trees is being 
hampered and the soil is more subject to erosion. Therefore, the French Forestry Agency (ONF) has implemented 
several revegetation enclosures which consist of simple wooden sticks connected by wire mesh to avoid human 
trampling and goat grazing, and facilitate the recovery of vegetation. After a few months, the effects are visible 
and dense vegetation can be restored after a few years (Ellison, 2018; Johnston & Ellison, 2014). Even in a dete-
riorated state, the role of the reef and the upper beach vegetation on coastal flooding attenuation is anticipated, 
although this has not yet been locally evaluated.

The site is on a wave-dominated shore where offshore swells vary greatly with an annual mean wave height of 
1.2 m. It is exposed to strong Atlantic swells with most of the storms occurring during the winter from Decem-
ber to March; these swells mainly originate from the North to East-North-East direction (Hawkins et al., 2022). 
The site is also subject to cyclonic events from July to November, which can generate the most intense waves 
that reach the island with wave height that may exceed 10 m. Nevertheless, due to the site's orientation, only 
swells from the North to East direction impact it directly. Besides these two highly energetic wave regimes, 
waves generated by the trade winds affect the region all year round with wave heights ranging from 0.5 to 2 m 
(CEREMA, 2021; Reguero et al., 2013). The flooding risk is primarily associated with the occurrence of tropical 
cyclones (Krien et al., 2015).

The area exhibits a semidiurnal microtidal range, with diurnal and mixed inequality, a mean magnitude of 0.25 m, 
ranging from 0.1 m during neap tides to 0.6 m during spring tides (SHOM, 2020). Additionally, sea level depends 
on nontidal forcings. At the event scale, atmospheric pressure and wind may have a significant impact (storm 
surge). At the seasonal scale, forcings like atmospheric pressure and steric expansion cycles may influence the sea 
level. Annual variations in atmospheric pressure in the Caribbean are due to the movement of the Inter-Tropical 
Convergence Zone (ITCZ) but in Guadeloupe, the impact on sea level is considered insignificant (<0.01 m). Most 
of the annual sea-level variations are the consequence of steric effects with an magnitude of 0.16 m on the island 
of Guadeloupe, having a maximum value in October and minimum value in April (Torres & Tsimplis, 2012).

2.2.  Offshore Hydrodynamic Data Sets

Offshore wave conditions were extracted from the mesoscale MARC (https://marc.ifremer.fr/) model outputs 
which is available online. MARC is a reanalysis of the WAVEWATCH III ® model at a regional scale; simulation 
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Figure 1.  (a) Location of Guadeloupe Island in the Caribbean and the Anse Maurice beach (red star) on the East coast of the Island. Markers indicate the location of 
the regional data sets: ADCP (green square), meteorological station (blue diamond), and tide gauge (yellow triangle). (b) Anse Maurice beach orthophotography with 
the location of instruments, extracted profiles from camera and position of pictures (d) and (e). (c) Imagery system installed at Anse Maurice, its position on-site is 
presented on (b). (d) Upper beach vegetation at the Anse Maurice. (e) Anse Maurice reef crest (RC) showing a dead Acropora palmata colony covered with algae. (f) 
Instrumented cross-reef profile with reef flat (green), RC, (red), and front reef (black) sensors.
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results are provided by the IFREMER (Institut Français de Recherche pour l’Exploitation de la Mer) and available 
in real time (https://marc.ifremer.fr/resultats/vagues). An acoustic doppler current profiler (ADCP) was installed 
to the North of the site and used for wave model validation (Figure 1a). The ADCP ( ©Nortek Aquapro) was 
installed at 50-m water depth to measure offshore waves from September to December 2020 (Table 1). Wave 
parameters (significant wave height—Hs, peak period—Tp, and direction at the peak—Dp) were extracted from 
the MARC model at the location of the ADCP, for data validation. Although there is a strong Hs correlation 
between the ADCP measurements and the MARC model (R 2 = 0.90), there exists a difference which depends on 
the wave conditions (a greater variance was observed in extreme wave conditions). This observation is common 
when comparing instrument data with models (e.g., Castelle et  al.,  2015). It was decided to apply a correc-
tion method to the distribution of wave conditions and thus, a quantile-by-quantile correction has been applied. 
Quantile-by-quantile correction is a useful tool in wave data analysis because it helps to ensure that the data being 
analyzed conforms to the assumed distribution, and allows for the detection of potential anomalies or outliers in 
the sample data. Rather than using a single affine correction value, this technic applies a different affine correc-
tion equation for each quantile, it is thus an effective manner to reduce bias for wave model data sets which may 
underestimate or overestimate storm intensity (Charles et al., 2012). The overall correlation slightly increases 
after the correction (R 2 = 0.92). The ADCP's position may potentially be exposed to waves originating from the 
west, whereas the study site's location may only be exposed to swell from north (0°) to south (180°) directions. 
However, waves from the west are rare, and only a hurricane with a specific path could produce such wave direc-
tions. Thus, identifying and filtering these waves would be simple, but the situation was not observed during the 
measurement period.

Daily maximum wave parameters were extracted from the corrected MARC model outputs. The daily Hs maxi-
mum value was extracted, along with the Tp and Dp at the time of the maximum wave height. A daily maximum 
value of sea level from the Pointe-à-Pitre tide gauge (Figure 1a) was also extracted following the same methodol-
ogy. Data from the tide gauge data are provided by the French Hydrographic Service (SHOM) and are available 
on the REFMAR database (www.http://data.shom.fr). Since the tide gauge is located away from the study site, 
additional analysis was conducted to determine its consistency with the on-site sea level. The tide gauge data 
were compared to the data from a pressure sensor placed on the front reef (FR; not shown here), not evidencing 
any phase lag. The only discrepancy between the pressure sensor data set and the tide gauge was noticed during 
periods of strong waves, when shoaling at the sensor location could affect the mean water level.

Figure 2 presents the offshore waves and SWL over the 1,045 days corresponding to the period of camera obser-
vations. The method used by Masselink et al. (2016) was applied to detect and isolate storms in the corrected 
MARC model data set. Thus, in the Hs data set, the percentile 95% (Hs 95%) was extracted where events exceeding 
Hs 95% were considered to be a storm. The upcrossing and downcrossing on the 75% percentile define the begin-
ning and end of the storms.

Offshore Hs exceeded Hs 95% 20 times (where Hs 95% = 2.9 m and Hs 75% = 2.2 m), with three of these events over 
4 m. The first of these three events corresponded to a winter swell storm with a peak on 10 January 2020, and the 
two others were cyclonic events peaking on 20 July 2020, and on 20 September 2020. The 20 September event 
was related to Hurricane Teddy circulating at 800 km to the East of Guadeloupe Island (NHC, 2021).

Figure  2b presents the global SWL variations from the Pointe-à-Pitre tide gauge. For further analysis, the 
two components of the tide were extracted. The astronomical tide was extracted from the TPXO9-atlas (1/30° 

Table 1 
Sensors Set Up During the Hydrodynamic Field Data Campaign

Sensor 
name Deployment period

Active duration 
(days) Burst sampling

Frequency 
(Hz)

Depth 
(m)

Relative distance 
to reef crest (m)

FR Aug-Sept 2021 37 1 burst/hour 2 8.9 −200

RC Aug-Sept 2021 37 1 burst/hour 2 2.7 0

RF Aug-Sept 2021 37 1 burst/hour 2 1 175

ADCP Aug-Dec 2020 122 1 burst/hour 2 50 –

Note. Nearshore pressure sensor names correspond to the position over the reef and year (FR: front reef, R: reef crest, RF: 
reef flat).
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resolution) database (Egbert et al., 1994) and the anomalies were calculated as the difference between the global 
SWL and TPXO tide.

For each storm event, the cumulative wave power in kWh/m was calculated as in Splinter et al.  (2014). This 
analysis gives more information than the peak conditions by associating the temporal and the hydrodynamic 
dimensions. It is defined as follows:

Σ𝑃𝑃 = ∫
𝑁𝑁

0

𝑃𝑃Δ𝑡𝑡�

where 𝐴𝐴 𝐴𝐴 is the event duration and P is the wave power per meter of wavefront length in kW/m, defined as

𝑃𝑃 =
𝜌𝜌𝜌𝜌

2

64𝜋𝜋
𝐻𝐻s𝑇𝑇p�

where 𝐴𝐴 𝐴𝐴 is the water density and 𝐴𝐴 𝐴𝐴 is the acceleration due to gravity.

2.3.  Field Measurements

2.3.1.  Video-Derived Coastal State Indicators

In this study, a low-cost (∼400 USD) Solarcam © camera systems were implemented in April 2019 to monitor 
coastal evolution (Figures 1b and 1c). The system comprised an 8-MP resolution smartphone protected by a water-
proof housing and powered by a solar panel. The whole system was entirely autonomous as it was programmed 
to record an image every 10 min and can also record short videos (Valentini et al., 2020). This low-cost device 
showed its applicability for several purposes (Moisan et al., 2021; Valentini et al., 2020) but it is inadequate to 
study nearshore hydrodynamics as it cannot record videos with sufficient duration and frequency.

Figure 2.  Wave and sea-level conditions from April 2019 to February 2022. (a) Offshore significant wave height (Hs) and peak period (Tp) with associated wave mean 
direction (Dp) represented by the color of Tp points. (b) Sea-level variations on Pointe-à-Pitre tide gauge (SWL) and daily maximum (dSWL).
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A data set of 2 years and 10 months (1,045 days) has been analyzed where the images from the cameras were 
calibrated with ground control points using the Holland et al. (1997) methodology to obtain data on a real-world 
scale. This rectification processing allows the transformation of U, and V image coordinates to X, Y, and Z world 
coordinates and allows the quantitative assessment of coastal indicators. After rectification, timestacks were 
generated corresponding to the location of profiles (Figure 1b). A timestack represents the plotted evolution over 
time of a particular line of pixels. Morphological markers like the limit between sand and vegetation, or the limit 
formed by marine debris are easily identifiable on images and may be monitored over time with timestacks. For 
example, brown patterns located at the limit between sand and water (i.e., the shoreline) are sargassum algae 
deposits. Those are effective markers of maximum swash events on timestacks because they present a clear 
colorimetric contrast with the sand. A better precision was obtained by detecting the swash limit on raw oblique 
images rather than timestacks because of their rapid evolution. Vegetation limit evolution is more stable and was 
directly extracted from the timestacks. This data is useful for identifying instantaneous swash position, potentially 
generating a back beach inundation indicator. In order to deduce the TWL, the position of the swash limit on the 
profile was correlated with the local Digital Elevation Model (DEM). The DEM was derived from RTK-GPS 
monitoring for the topography and the Lidar data set (SHOM, 2016) for the bathymetry. The elevation was then 
expressed in the local reference system (IGN88) and the dTWL was identified and extracted. It is important to 
note that in the case of massive sargassum algae beaching, which may occur from May to September (Moisan 
et al., 2021), the TWL detection from the camera is hampered. The presence of sargassum induces an extraction 
of the swash position further offshore than the actual shoreline position, thus the resulting TWL may be less than 
the SWL, which is impossible. Therefore, TWL values less than the SWL values are removed from the data set. 
This bias only appears for calm conditions as sargassum returns to the sea with more energetic conditions. Subse-
quently, in order to obtain the daily highest runup (dHR) value, the daily maximum SWL (dSWL) is subtracted 
from the dTWL.

In this study, two timestacks will be used and compared. The first one is along a profile with dense upper beach 
vegetation (the northern profile line in Figure 1b, hereafter called P1) and the other along a profile with limited 
upper beach vegetation (hereafter called P2). The mean pixel resolution on each profile is, respectively, 0.15 
and 0.19 m. The profiles were selected so that certain characteristics remain consistent along each profile. The 
topography along of each profile is similar, as well as, they are comparable with respect to longshore direction, 
Therefore, it is assumed that reef variability did not generate significant differences in nearshore hydrodynamics 
between the two profiles. The attenuation percentage was calculated as the dHR percentage of difference between 
the two profiles with P2 as reference and was calculated as follows:

Attenuation =
dHR(P2) − dHR(P1)

dHR(P2)
∗ 100�

Additionally, the relative vegetation limit (RVL) was calculated and corresponds to the vegetation elevation rela-
tive to the dSWL position. This variable reflects the vegetation's vulnerability to runup.

2.4.  Wave Measurements

A campaign of hydrodynamic measurements was organized during the 2021 North Atlantic cyclonic season. 
The sensor positions for the hydrodynamic data collection were chosen according to the reef characteristics so 
that data can be collected at, and compared to various cross-shore positions relative to the reef. The campaign 
started on 26 August and lasted until 01 October 2021 (37 days). Three Wisens Wave © pressure sensors (NKE 
instrument ©) were installed along a cross-shore profile (see Figure 1b): the first one on the FR, the second one 
on the RC, and the last one on the RF.

The three pressure sensors and the ADCP were set up to record bursts of 2,048 readings at a sampling frequency 
of 2 Hz (∼17-min duration) every hour. Table 1 details the setup of the pressure sensors.

For the wave parameter extraction from the sensor data, the effect of atmospheric pressure on raw pressure 
records was removed using 3-hourly data from the MeteoFrance station located at le Raizet Airport which is 
∼20 km from the study site (Figure 1a). Using filtered data sets, the one-dimensional frequency spectra, S(f), 
was estimated using Welch's averaged periodogram method with windows of half burst length and 50% over-
lapping. Finally, for each burst and within the SW, IG, and VLF frequency bands, several statistical parameters 
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were extracted. Cut-off frequencies were chosen based on previous studies where the SW band corresponds to 
frequencies between 0.04 and 0.2 Hz, the IG band corresponds to frequencies between 0.04 and 0.004 Hz and 
the VLF band corresponds to frequencies below 0.004 Hz (Cheriton et al., 2016, 2020; Péquignet et al., 2009; 
Quataert et  al.,  2020). Also, the root-mean-squared wave height (Hrms) was described using the following 
equation:

𝐻𝐻rms =

√

8∫
𝑓𝑓1

𝑓𝑓2

𝑆𝑆(𝑓𝑓 )d𝑓𝑓�

with f1 and f2 being the lower-frequency and upper-frequency limits, respectively. The peak period, Tp, value for 
each band represents is 1/fp where fp is the frequency associated with the peak of wave energy. The Hrms transmis-
sion coefficient between the FR and the RF was also calculated for each frequency band. It represents the ratio of 
Hrms measured by the sensors on the RF (transmitted wave) and Hrms measured by the sensors on the FR (incident 
wave) (Costa et al., 2016; Escudero et al., 2020; Lugo-Fernández et al., 1998). The transmission is expressed as a 
percentage, where values smaller than 100% reflect an attenuation between the FR and the RF, and values greater 
than 100% reflect an amplification.

The wave setup on the RF was also extracted from the measurements and calculated the methods in Vetter 
et al. (2010)

𝜂𝜂 = ℎ𝑟𝑟𝑟𝑟 − ℎ𝑓𝑓𝑓𝑓 − (𝑏𝑏𝑏𝑏 + 𝑐𝑐)�

where 𝐴𝐴 𝐴𝐴 is the wave-induced setup on the RF, 𝐴𝐴 𝐴𝑟𝑟𝑟𝑟 , and 𝐴𝐴 𝐴𝑓𝑓𝑓𝑓 are, respectively, the burst-averaged water levels for the 
RF and the FR sensor; 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴  are the coefficients that empirically chosen and are used to, respectively, account 
for any drift of the pressure transducers over time and offset.

Statistical analyses were performed to identify and quantify the dependency between variables. The squared 
Pearson correlation coefficient, 𝐴𝐴 𝐴𝐴

2 , was calculated when comparing two linearly correlated random variables 
with a linear distribution (such as Hrms, Tp, or sea level) defined in Fisher (1958) as follows:

�2
(

�,�) =
( 1
� − 1

)

�
∑

�=1

(

����

��

)(

����

��

))
2

�

where A and B are the random variables, N is the number of observations, 𝐴𝐴 𝐴𝐴𝐴𝐴 is the mean of A and 𝐴𝐴 𝐴𝐴𝐵𝐵 is the mean 
of B, 𝐴𝐴 𝐴𝐴𝐴𝐴 is the standard deviation of A, and 𝐴𝐴 𝐴𝐴𝐵𝐵 is the standard deviation of B.

In order to compare a linear random variable with a circular random variable (such as Dp), a circular-linear corre-
lation was performed as defined in Mardia and Jupp (2000) as the following:

𝑅𝑅
2
(𝐴𝐴𝐴 𝐴𝐴) =

𝑟𝑟
2

𝐴𝐴𝐴𝐴𝐴𝐴
+ 𝑟𝑟

2

𝐴𝐴𝐴𝐴𝐴𝐴
− 2𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐

1 − 𝑟𝑟
2

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�

with

𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴 = corr(𝐴𝐴𝐴 cos 𝜃𝜃)�

𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴 = corr(𝐴𝐴𝐴 sin 𝜃𝜃)�

𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = corr(sin 𝜃𝜃𝜃 cos 𝜃𝜃)�

where A and 𝐴𝐴 𝐴𝐴 are, respectively, the linear random variable and the circular random variable.

Both the coefficients of the linear (Pearson) and the circular-linear correlation range between 0 and 1, and the 
association between variables is stronger with greater values. In this study, correlations above 0.2 were consid-
ered significant and correlations above 0.6 as strong. All correlations presented have a p-value <0.05 and excep-
tions to this are specifically mentioned.

A sinusoidal fit was also applied to the daily time series to detect annual cyclicity. This sinusoidal fit was obtained 
by fitting a least-squares estimate of a sinusoid that has a periodicity of 1 year to the data set (Greene et al., 2019).
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3.  Results
3.1.  Pluriannual Video Observations

3.1.1.  Pluriannual Evolution of the dTWL and dHR

Figures 3a and 3b present timestacks over the same period at the two cross-shore locations represented by the red and 
green lines in Figure 1b. As mentioned in Section 2.3.1, the timestack of the northern profile is located in an area with 
dense upper beach vegetation mostly comprising Ipomoea pes-caprae. The timestack on the southern profile is in an 
area where upper beach vegetation is less developed and is located more landward due to human trampling. The vege-
tation limit and the maximum swash excursion are also plotted. The vegetation, only present on the timestack of the 
northern profile, shows an evolution in vegetation density which is displayed as variations from a green to yellowish 
color behind the vegetation limit. The vegetation limit on the coastal border (plotted in green in Figure 3a) shows slow 
growth periods interrupted by abrupt retreats. Two remarkable changes appear with net retreats of 3 and 4 m which are 
both linked to larger values of the dTWL (Figure 3c). The first retreat occurred at the end of July 2020 in correlation 
with storm event number 6 and the second in mid-September 2021 with no direct storm correlation (refer to Table 2).

Table 2 compiles the storm conditions (Figure 2) and the associated observed dTWL (Figure 3). It appears that 
storms correlated with cyclonic events are shorter in duration (a mean of 2.7 days) than the winter storm events (a 

Figure 3.  The camera-derived observations from April 2019 to February 2022. (a and b) Daily timestacks with detection of maximum swash limit (black line) and 
vegetation limit (green line) on P1 (beach backed by vegetation) and P2 (no upper beach vegetation), respectively. (c) Evolution of the daily total water level (dTWL) 
on both profiles, with vegetation limit height on P1. (d) Evolution of the dHR on both profiles and relative vegetation limit (RVL). Events when the vegetation limit is 
surpassed by daily highest runup (dHR) are highlighted with a red background.
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mean of 5.2 days). Event number 8, peaking on 19 September 2020, is the most extreme with respect to shoreline 
response with a maximum swash excursion of 12 m inland and a corresponding dTWL exceeding 1.5 m on P2. 
This event was due to the passage of hurricane Teddy offshore of Guadeloupe Island. Overall, six significant 
swash excursion events were identified on both timestacks where all occurred during the cyclonic season. Storms 
that occurred during the winter, even the most extreme ones as event number 4 in January 2020, did not generate 
a major swash excursion.

Figure 3d presents the evolution of the dHR parameter on both the P1 and P2 profiles (see Section 2.3.1 for dHR 
extraction methodology) as well as the RVL. The RVL evolution is characterized by a progressive lowering over 
long periods and sharp and rapid increases and varied from 0.2 to 1 m. Thus, when the RVL is at its minimum 
value (i.e., larger vegetation cover on the lower beach), runup values from 0.2 m may reach the vegetation limit, 
while when the RVL is at its maximum, only runup values greater than 1 m may reach the vegetation.

3.1.2.  dHR and Offshore Conditions Variability

In order to evaluate the relationship between offshore conditions and the local dHR, a series of linear regressions 
were performed. For these analyses, only data from profile line, P2, were used to avoid the potential effect of 
vegetation.

The linear correlations between the dHR extracted from the camera and the offshore daily hydrodynamic param-
eters showed a very poor relationship between offshore waves variables and the dHR, while a greater dependency 
with the sea level was observed (R 2 = 0.42, Figure 4).

As the correlation with the SWL is significant, the correlations with SWL components, the astronomical tide 
harmonics (dTide) and anomalies (dSWL anomalies) were calculated. The dTide omits high-frequency tidal 
undulations (e.g., semidiurnal cycles) but the cycles of lower frequencies are visible (e.g., neap and spring tide 
cycles). Also, the range of the dTide parameter is limited (∼0.1 m) when compared to the range of the SWL 

Table 2 
Parameters Associated With Storms Observed During the Study Period Where the Darker Coloring Indicates the Higher 
Data Values and “nd” Means No data

Event id Season Peak date Duration (days) ΣP (kWh/m)

Peak conditions dTWL (m)

Hs (m) Tp (s) Dp (°) P1 P2

1 Winter 12/17/19 3.6 12.4 3.2 9.4 77 0.5 0.6

2 Winter 01/13/20 7.1 44.0 4.4 10.8 54 nd nd

3 Winter 01/19/20 2.6 18.0 3.8 13.7 357 0.7 0.8

4 Winter 02/08/20 8.9 26.9 3.2 8.6 80 nd nd

5 Winter 03/10/20 2.5 11.4 3.1 12.3 354 nd nd

6 Cyclonic 07/29/20 2.0 13.0 4.6 11.1 76 1.0 1.1

7 Cyclonic 08/18/20 0.4 1.1 2.9 9.0 101 0.6 0.6

8 Cyclonic 09/19/20 2.9 13.0 3.0 9.3 81 1.4 1.5

9 Cyclonic 10/30/20 5.4 16.5 3.1 9.4 78 0.9 0.9

10 Cyclonic 11/21/20 3.0 9.0 2.9 9.2 81 0.6 0.7

11 Winter 12/24/20 4.6 16.7 3.1 12.0 358 nd nd

12 Winter 01/01/21 3.9 19.9 3.6 9.2 38 0.6 0.5

13 Winter 02/01/21 3.8 17.6 3.2 13.5 353 nd nd

14 Winter 02/18/21 7.0 24.1 3.2 8.8 76 nd nd

15 Winter 02/28/21 7.3 20.9 2.9 14.7 1 nd nd

16 Winter 03/18/21 2.3 9.7 3.0 13.3 355 nd nd

17 Winter 03/31/21 5.8 17.9 3.0 9.1 84 0.4 0.4

18 Cyclonic 06/17/21 1.8 5.0 3.0 8.6 82 0.7 0.3

19 Cyclonic 07/02/21 3.6 15.0 4.5 10.6 105 0.6 0.7

20 Winter 12/08/21 8.3 28.2 3.3 9.8 61 0.7 0.6
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anomalies (∼0.35 m). Although there is a wide dispersion, the correlation between the dHR and the dSWL anom-
alies is significant (R 2 = 0.56) (Figure 5b).

In order to further analyze this relationship between the dSWL anomalies and the dHR temporally, a sinusoidal fit 
was performed to consider a potential seasonal cyclicity. The sinusoidal fit showing the best agreement with data 
has an annual period (365.25 days/cycle) and is presented in Figure 6 for the wave power, the dSWL anomalies, 
and the dHR. The phase of the annual signal corresponds to the period in days from the first of January to the 
peak of the sinusoid.

The results reveal that the cyclicity of the dHR and dSWL anomalies are similar in phase and amplitude, while 
the wave power exhibits an almost antiphased oscillation. The cumulative wave power shows an annual sinusoidal 
fit peaking in mid-January (phase: 14.5/365.25), the SWL anomalies and the dHR annual fits show a very close 
peak around mid-September (phase: 253.5/365.25 and 250.5/365.25, respectively). The amplitudes of these two 
latter parameters are also very close, with both having a value of 0.17 m. Note that the R 2 of the annual sinusoidal 
fit for the SWL is strong (0.8) which suggests a strong annual control of those anomalies. The R 2 of the annual 
sinusoidal fit for the dHR is weaker (0.37) suggesting the implication of other contributing forcings. However, 
this good agreement between the pluriannual dHR evolution and the SWL anomalies annual cycle suggests that 
the regional sea-level anomalies have a larger influence than wave seasonality on runup behavior.

3.1.3.  dHR and Vegetation Limit Variability

The dHR values were compared on both profiles during events exceeding the vegetation limit to highlight 
the potential effect of the vegetation layer. On both profiles, the mean values of the TWL are similar (mean 
difference of 0.02 m), but there is a significant difference only when the vegetation limit is exceeded. Figure 7 
presents the dHR on P1 and P2 associated with the six events exceeding the vegetation limit. Table 3 compiles 

Figure 4.  Linear regressions of daily highest runup (dHR) and (a) Hs, (b) Tp, (c) wave incidence (positive southwards), and (d) still water level (SWL).

Figure 5.  Linear regression of the daily highest runup (dHR) and (a) tide envelope and (b) the still water level (SWL) 
anomalies.
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the offshore  forcings associated, the position of RVL before the event, and the percentage of the difference 
between P1 and P2. All the events show a greater dHR on P2, but the difference between the two profiles varies. 
Event 3 shows the maximum runup values for P1 and P2 as 1.01 and 1.14 m, respectively. Event 4 has the greater 
difference between the two profiles, with a value of 0.21 m (42.8%) less on P2. Events 2 and 5 present a slight 
difference between the two profiles with values 0.05 m (7.7%) and 0.04 m (14.6%), respectively. Events 1 and 

6, with a dHR slightly exceeding the RVL, do not demonstrate a significant 
difference between the profiles (<0.01 m on each). Regarding concomitant 
offshore conditions, every event except 1 and 5 is associated with a high 
dSWL value (>0.4 m). But events 1 and 5 are associated with strong incident 
waves (Hs  =  3.82 and 4.47  m and Tp  =  15.15 and 11.11  s, respectively). 
Furthermore, a greater difference between the profiles is noted for greater 
runup events (i.e., events 2, 3, and 4) with dHR largely exceeding RVL, 
suggesting that the larger the excursion is in the vegetated area, the larger 
is the attenuation. The limited number of events reduces the rigor of further 
analysis. Thus, correlations with the offshore hydrodynamics and the dHR 
are not significant (p-values >0.05).

These observations suggest a stronger attenuation when dHR largely exceeds 
the RVL. The variability of RVL through time can also play a significant role. 
During event 4, the RVL was low, and the dHR difference between the two 
profiles was the greatest measured, suggesting that swash had been highly 
reduced by the vegetation. More energetic conditions, like event 2, with a 
higher RVL, have very small differences between P1 and P2, suggesting a 
possible retreat of the vegetation during the event, preventing any attenuation 

Figure 6.  Data (black circles) and annual sinusoidal fit (red line) for daily cumulative wave power (a), still water level (SWL) anomalies (b), and daily highest runup 
(dHR) (c). For each plot, the Pearson correlation coefficient (R 2) between the data and the annual sinusoidal fit, the phase, and the amplitude (Amp) of the annual cycle 
is indicated. The cyclonic season is represented by a red background and the winter swell season by a blue background.

Figure 7.  Daily highest runup (dHR) observed on P1 and P2 profiles for 
events when the vegetation limit is overreached.

 21699291, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

019575 by B
rgm

 D
src/Ist, W

iley O
nline L

ibrary on [27/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Oceans

LAIGRE ET AL.

10.1029/2022JC019575

13 of 23

in the swash excursion. Indeed, a vegetation retreat was observed on 29 September 2020, associated with event 
2 (Figures 3c and 3d). This was also observed during event 6, when a regression of the vegetation was observed 
and lasted over 1 month.

3.2.  In Situ Wave Observations

3.2.1.  Wave Data Analysis

The data from field measurements were used to identify processes involved in nearshore hydrodynamic transfor-
mation by the reef and the resulting runup. Figure 7 presents the time series of the campaign, including offshore 
conditions.

The compilation of offshore wave conditions and the dHR is presented in Table 4. Three events exceeded Hs 95% 
(∼2 m): events A, B, and C. The maximum Hs was reached on 06 September (event B) with a value of 2.8 m and a 
Tp of 13.7 s. These three events remained moderate in intensity and were related to cyclonic activity in the Atlan-
tic basin relatively far from the study site. Additionally, the vegetation limit was not exceeded by the dHR during 
these events. Spectral time series on the FR, RC, and RF sensors (from offshore to the beach cf. Figure 1b) indi-
cate that the FR sensor signals are mostly composed of SW band waves, while the RF contains more IG and VLF 
(Figures 8c–8e). The RC sensor lies in between the two other sensors. Furthermore, the RF time series shows 
alternating periods of a quasi-null spectrum (particularly at low tide) and periods of better swell penetration. This 
alternation is not visible in the other sensors' time series.

Compiling the data from all three sensors, the evolution of the mean Hrms from the FR to the RF illustrated the 
specific behavior of each frequency band while propagating toward the shore (Figure 9a). A clear attenuation of 
the SW band appears when comparing the FR and the RF sensors. The IG band shows a maximum at the RC 
position and then a slight attenuation on the RF; and the VLF band shows progressive amplification from offshore 
to the RF. The mean spectra for the three sensors on the cross-shore profile (Figure 9b) confirms this progressive 
attenuation of energy in the sea-swell band and the amplification to the lower bands.

3.2.2.  RF Hydrodynamics

In order to evaluate the implication of different components on the dTWL, 
the results from the RF sensor to the concomitant values of the dTWL were 
compared. The RF sensor by its position close to the shoreline is expected 
to show a composition similar to the dTWL. In Figure 10, it is evident that 
most high dTWL values observed by the camera (Figure  10a) are linked 
to significant agitation measured on the RF (Figure 10b). Example of this 
pattern can be observed from 05 to 09 September (event B), on 20 September 
(unidentified as an event as Hs did not reach Hs 95%), and at the very end of 
September (event C).

The linear correlation between the dTWL and the components of TWL 
measured on the RF (Figure 11) indicates the respective roles of the waves in 

Table 3 
Parameters Associated With Total Water Level Events Exceeding the Vegetation Limit Where the Darker Coloring Indicates 
the Higher Data Values

Date

Offshore forcing dHR (m)

RVL (m)
Attenuation 

%Hs (m) Tp (s) Dp (°) SWL (m) P1 P2

1 01/19/2020 3.82 15.15 357.00 0.27 0.44 0.45 0.44 1.7

2 07/29/2020 4.63 11.11 76.00 0.41 0.61 0.66 0.50 7.7

3 09/18/2020 2.95 13.33 47.00 0.41 1.01 1.14 0.57 11.2

4 06/20/2021 2.36 9.26 86.00 0.34 0.32 0.55 0.34 42.8

5 07/03/2021 4.47 11.11 105.00 0.29 0.35 0.41 0.38 14.6

6 08/23/2021 2.71 8.55 74.00 0.45 0.32 0.32 0.25 2.2

Table 4 
Most Agitated Periods Parameters of the Measurement Campaign Where 
the Darker Coloring Indicates the Higher Data Values and “nd” Means No 
data

Event 
id Peak date

Duration 
(days)

ΣP 
(kWh/m)

Peak conditions dHR (m)

Hs 
(m)

Tp 
(s)

Dp 
(°) P1 P2

A 08/28/2021 2.8 4.9 2.2 8.3 84 nd 0.3

B 09/06/2021 7.6 17.1 2.8 13.7 85 0.6 0.6

C 10/02/2021 3.5 8.2 2.4 11.6 60 0.6 0.6
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different spectral bands, setup and offshore water level. The SW band presents the most important contribution 
to the dTWL with a mean Hrms of 0.16 m; in second place, the setup represents a mean of 0.11 m. The SW and 
VLF waves slowly increase with dTWL, whereas setup remains quite stable. In contrast, the IG band presents a 
lower mean (0.06 m) but is better correlated with dTWL than other parameters (R 2 = 0.46). Thus, the relative 
contribution of the IG waves increases with dTWL leading to a low frequency (IG + VLF) contribution of the 
same order of magnitude as SW and setup for the highest dTWL.

In summary, these results suggest (a) a stronger contribution in the SW waves and setup on the dTWL but with 
(b) an increase in the IG contribution with dTWL.

3.2.3.  Offshore Conditions Control on the RF Hydrodynamic

As the wave agitation measured in the RF depends on the reef-induced wave transformation, comparisons of wave 
agitation on the RF with the offshore data were performed (Figure 12). The comparison with the offshore wave's 
Dp is insignificant. However, the wave agitation on the RF for each frequency band is well correlated with the 

Figure 8.  Hydrodynamic conditions for the wave measurement campaign. (a) Offshore Hs (referred as O Hs), Tp, and Dp 
from the MARC model, (b) still water level (SWL) measured at Pointe-à-Pitre tide gauge and setup on the reef flat (η), wave 
spectrum time series for (c) front reef (FR), (d) reef crest (RC), and (e) reef flat (RF). Horizontal dotted black lines represent 
the limits between infragravity (IG) wave and short waves (SW) and IG and very low frequency (VLF) wave. The Y-axis on 
(c), (d), and (e) is on a log scale. Events exceeding Hs 95% are highlighted by a red background (a and b) or identified by a red 
rectangle (c–e). Spectra extraction period for Figure 14 are marked by vertical red dotted line on each plot.
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Figure 9.  (a) Mean Hrms (diamonds) and Hrms standard deviation (error bars) per sensor. Short waves (SW) band observations 
are plotted in blue, infragravity (IG) band in green, and very low frequency (VLF) band in brown. (b) Maximum wave spectra 
of each sensor. To facilitate observations on the low frequencies, the Y-axis on (a) and the X-axis on (b) are on a log scale.

Figure 10.  (a) Daily total water level (dTWL) evolution observed on camera during the hydrodynamic campaign, (b) TWL 
components extracted from the reef flat (RF) sensors.
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incident waves (R 2 ranging from 0.37 to 0.69 for Hs and Tp). Additionally, the trend on the IG band is stronger 
than on the other bands. As a consequence, the relative contribution of the IG band is higher for the most intense 
offshore conditions. Furthermore, the SWL versus the Hrms on the RF shows a significant correlation for the SW 
band only (R 2 = 0.6). Thus, high values of SWL are associated with a stronger penetration of the energy in the 
SW band and a lower transformation to low-frequency bands.

The wave transformation through the reef was further analyzed by comparing FR and RF measurements on each 
frequency band and the wave setup (Figure 13). Unlike the offshore wave data from the MARC model, the data 
from the FR sensor provides information on the whole wave spectra. Therefore, a comparison between the waves 
that have undergone minimal transformation from the FR sensor and the remaining waves from the RF may be 
completed for each frequency band. The transformation of each parameter (i.e., SW, IG, VLF, and setup) induced 
by the passage through the reef is illustrated in Figure 13.

The FR wave power shows a better correlation with RF parameters for the lower frequency bands (R 2 = 0.84 and 
0.8 for IG and VLF, respectively) than with the SW frequency band (R 2 = 0.6), although the latter presents the 
highest value in general (Figure 13a). Nevertheless, for most intense incident conditions, the IG waves may reach 
the same height as the SW band (up to 0.15 m) (Figure 13b) and VLF waves may reach up to 0.1 m in height 
(Figure 13c).

The SWL has a clear effect on the penetration of SW; the Hrms at the RF sensor was about half the value for low 
SWL conditions. The effect of the SWL on the IG propagation and amplification at the RF sensor is less clear; 
although a high SWL seems to be associated with the highest IG component. No trend was observed for the VLF 
component.

Figure 11.  Linear regression of the daily total water level (dTWL) extracted from the camera and TWL components from the 
reef flat (RF) sensor. Diamonds represent the mean daily value and error bars, the standard deviation.

Figure 12.  Linear regressions of Hrms measured by the reef flat (RF) sensor against offshore wave parameters (a) Hs, (b) Tp, (c) Dp, and (d) still water level (SWL) 
measured at Pointe-à-Pitre tide gauge.
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Strong wave conditions during low SWL correspond to a predominance of low-frequency components in the Hrms 
at the RF sensor. The setup on the RF is uncorrelated with the wave power and the SWL, even though it seems 
to be greater for low offshore wave power associated with a low SWL (i.e., no tendency for higher wave energy 
conditions). The setup exhibits significant values ranging from 0.04 to 0.2 m (Figure 13d).

Wave transmission over the reef is estimated by comparing spectral components on the FR and on the RF 
(Figures 13e–13g). SW is attenuated for every condition with a transmission ranging from 15% for the most 
intense wave power to 60% during calm periods associated with high sea levels. The SW shows a good inverse 
correlation with the wave power (R 2 = −0.65) and a mild correlation with the SWL (R 2 = 0.37). This suggests 
a better shortwave conservation for smaller incident conditions and high sea levels. When the SWL is low, and 
for all incident wave conditions, the attenuation of wave energy by the reef is greater than 70% (i.e., transmission 
does not exceed 30%). The IG and the VLF waves are almost always amplified with values ranging, respec-
tively, from 100% to 500% and from 75% to 500%. Even though every condition engenders an IG wave band 
amplification, the wave transmission decreases with increasing wave power (R 2 = −0.45). The correlation with 
the SWL and IG wave transmissions is insignificant (R 2 = 0.11). The VLF waves transmission does not appear to 
be correlated with either the wave power or the SWL.

In summary, these results indicate (a) a strong correlation between incident waves and waves on the RF at all 
frequency bands but not with the setup; (b) an increasing contribution of lower frequency bands with increasing 
wave power; (c) a strong attenuation of the SW exceeding 80% for low SWL; and (d) a decreasing transmission 
on the SW and the IG bands for increasing wave power probably resulting from wave transformation occurring 
on the FR during the most energetic conditions.

4.  Discussion
In this study, a continuous multiyear runup time series obtained from video monitoring was used along with 
offshore wave data sets and local hydrodynamic measurements in a fringing reef system. This allowed further 

Figure 13.  Upper row presents (a) short waves (SW), (b) infragravity (IG), (c) very low frequency (VLF) Hrms, and (d) setup “η” against the reef flat (RF) sensor wave 
power. The lower row presents wave transmission between front reef (FR) and RF sensors against RF sensor wave power for (e) the SW, (f) the IG, and, (g) the VLF 
band. The point's color represents sea-level variations.

 21699291, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

019575 by B
rgm

 D
src/Ist, W

iley O
nline L

ibrary on [27/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Oceans

LAIGRE ET AL.

10.1029/2022JC019575

18 of 23

analyses, at different times and spatial scales, of the key processes and parameters involved in the control of the 
runup.

Overall, pluriannual observations indicate (a) a control of the dHR by the dSWL anomalies both showing a 
strong and similar annual cyclicity, (b) significantly lower dHR values on the profile with vegetation which is 
particularly noticeable when an important vegetation length is crossed (e.g., low RVL and/or high dHR), and (c) 
a retroactive control of the dHR on vegetation position.

4.1.  Reef Control on Runup

Coral reef wave filtering by wave breaking and bottom friction depends on the water depth above the reef (Becker 
et al., 2014; Sous et al., 2019; Yao et al., 2012). Hence, low water depth on the reef induces high filtering of the 
swell, while high water depth induces a lower filtering and greater wave energy potentially reaching the beach. 
Such a phenomenon was also observed on sandy beaches with sedimentary or rocky structures like bars (e.g., 
Guedes et al., 2011) but it is amplified in the presence of a coral reef because of the steepness, the potentially wide 
width of the coral platform, the high structural complexity, and the crest shallowness of such an environment.

The data analysis on the pluriannual daily time series corroborates this conventional assumption, by showing 
a strong correlation between dHR and dSWL rather than incident wave energy. The relative implication of the 
dSWL components (astronomical tides and anomalies) was also estimated. A good correlation was found with 
the anomalies but not with the tide component. At the daily frequency, this latter corresponds to neap to spring 
tides cycles, which have a limited range (∼0.1 m). Conversely, the anomalies exhibit a greater range (∼0.4 m). 
Therefore, since the range of variations of dSWL anomalies is four times greater than the daily tide variations, 
this could explain the stronger correlation with anomalies. Additionally, a strong annual cyclicity was identified 
on the dSWL anomalies data set with a phase and amplitude similar to the dHR observations. The annual cyclicity 

Figure 14.  Energy spectra at front reef (FR; black line), reef crest (RC; red line), and reef flat (RF) position (green line) corresponding to storm conditions on 06 
September at high (a) and low (b) tides and calm conditions on 15 September at high (c) and low (d) tides. Offshore wave conditions (e) and (f) and sea-level variations 
(g) and (h) are plotted under spectral graphs for both periods. The period of the extracted bursts is represented by an upward red triangle for high tide and a downward 
red triangle for low tide.
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extracted on dSWL corroborates previous research on the seasonal sea-level cycle in the Caribbean (Torres & 
Tsimplis, 2012). This work also concludes that this cyclicity is the result of seasonal changes in the steric expan-
sion of water bodies. The amplitude of the annual cycle on the dHR is the same as for dSWL (∼0.17 m). Yet, 
the vast majority of runup events occurred during the highest portion of the cycle (i.e., at the peak identified 
in mid-September). In contrast, several strong wave events occurred during the lower portion of the cycle but 
did not generate high dHR. These elements allow us to conclude that the steric seasonal cycle acts as a strong 
control on runup by varying the depth over the reef and thus affecting the wave attenuation by the reef structure. 
The attenuation potential generally increases during the low portion of the cycle from December to May, and 
is less efficient during the highest portion of the cycle from June to November. Even though the seasonality of 
steric expansion in the Caribbean and Guadeloupe Island in particular has already been identified, the link with 
runup in a reef context had never been highlighted. Moreover, as a greater portion of incident energy reaches the 
shoreline level during the high portion of the annual cycle, it may impact beach morphology. In other words, this 
annual variation may be responsible for seasonal shoreline and beach morphological evolution in association with 
wave forcing. This corroborates other shoreline observations from video monitoring on other reef-lined beaches 
in Guadeloupe (Moisan et al., 2021).

4.2.  Wave Transformation on the Reef

Pluriannual observations using a camera underscored the processes involved in the seasonal time scales. On-site 
measurements of hydrodynamics permitted the ability to (a) address processes at a finer time scale, (b) extract 
the different components of agitation on the RF and to evaluate their respective effects, and (c) provide insights 
on the control by different processes involved in the observed dHR.

In a meta-analysis of over 255 studies (Ferrario et al., 2014), established that a mean of 84% of the wave is atten-
uated by coral reef systems. The comparison between fore reef and RF measurements at Anse Maurice indicated 
an overall mean attenuation of 65% on wave height with SWL and wave intensity dependency. This mild atten-
uation may be the consequence of the particularly chaotic and slashed composition and the limited width of this 
fringing reef system.

The spectral analysis of wave data provides further information on the attenuation.

Indeed, only the SW that represent the vast majority of offshore wave energy spectra are subject to attenuation. 
IG waves show a maximum on the RC followed by a slight attenuation on the RF sensors (Figures 8 and 9). The 
VLF waves increase gradually from the FR to the RF. This behavior reflects the transformation of a fraction of 
the SW when dissipated into IG waves, and then a transformation of IG into VLF waves on the RF. Thus, IG and 
VLF waves of up to 0.2 and 0.1 m, respectively, are observed on the RF, whereas these low-frequency undulations 
were almost insignificant before reaching the reef level (Figures 8 and 9). This result indicates that most IG and 
VLF are generated by breakpoint forcing (Symonds et al., 1982) and a minor fraction comes from incident-bound 
long waves (Longuet-Higgins & Stewart, 1964), as it was observed by several authors (e.g., Cheriton et al., 2016; 
Masselink et al., 2019; Péquignet et al., 2009; Pomeroy et al., 2012).

A sea-level dependency is exhibited because stronger attenuation of the SW was measured during low sea levels 
than during high sea levels (Figure 13e). Contrary to the daily observations, high-frequency tide variations appear 
on sensors data sets and constitute the main parameter controlling SWL variations (with a range of 0.4 m for the 
data collection period). Thus, low-frequency waves have the greatest relative contribution to RF hydrodynamics 
for the most intense incident waves and low water levels. It is worthwhile to remember that the hydrodynamic 
conditions observed during the measurement campaign are moderate with regard to the entire data set. There-
fore, following on from this consideration, IG waves could represent the main contribution during more intense 
conditions.

Furthermore, even though all components of runup, besides the setup, depend on the incident wave power, the 
transmission is inversely proportional to the wave power in the SW and the IG bands. This indicates that for 
higher incident energy, a further portion of SW is dissipated on the forereef and RC even if the observed resulting 
agitation on the RF is stronger than for calm conditions. IG transmission is also inversely correlated with inci-
dent wave power and VLF transmission did not show a significant correlation. It has been assumed that for the 
most intense conditions, a portion of the incident SW has already been transformed at the FR position (∼8 m in 
depth). Significant IG motions on the FR are then identified (see events A, B, and C in Figure 8c), biasing the 
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transmission calculation, which thus shows lower values. Note that even if the setup showed significant values up 
to 0.2 m, it was poorly correlated with the wave power and the SWL.

The waves' spectral transformation during a storm at high (a) and low (b) tides and during a calm period also at 
high (c) and low (d) tides is presented in Figure 14. The energy switch from the SW band to the IG/VLF band 
is particularly important at high tide (Figures 14a and 14c) and less obvious at low tide (Figures 14b and 14d). 
Furthermore, the amplification of the IG waves on the RC is followed by amplification on the late IG/early VLF 
band on the RF, particularly during agitated conditions (Figures 14a and 14b). For calm conditions (Figures 14c 
and 14d), the transformation is less marked and only visible between the RC and the RF as smaller waves may 
penetrate further into the reef system before shoaling and breaking. Moreover, the energy peak in the VLF band 
for agitated conditions reaches the same order of magnitude as the peak in the IG band, when the SW band is less 
important (in particular during low tide). This strengthens the hypothesis stating that most of the agitation on the 
RF is gathered by low-frequency undulation during storm conditions.

4.3.  Hydrodynamic Control on Vegetation Limit

This data set on dHR, collected over 2 years and 10 months, permitted the identification of six events exceeding 
the upper beach vegetation limit. The number of observations is not sufficient to properly conclude the direct 
effect on runup; however, worthwhile insights can be gleaned.

First, all events exceeding vegetation limits showed greater runup on the profile P2 which is without vegeta-
tion. Moreover, it was noted that events crossing the larger distance of vegetation exhibited a greater difference 
between the two profiles which supports the role of vegetation on runup dampening. The maximum runup differ-
ence between profiles is 42.8% or 0.26 m and the mean for the six events is 13.4% or 0.08 m.

Second, the cyclicity of the vegetation limit was evaluated; it was found that the vegetation limit reacts to agita-
tion retroactively. Indeed, two occurrences were observed that resulted in severe setbacks: following an important 
runup event exceeding the vegetation limit and during a period including several events just reaching the vegeta-
tion. This appeared as a magnitude change of the vegetation limit of ∼0.6 m each time. However, most events just 
reaching the limit or not exceeding it largely did not affect the vegetation limit.

We looked at RVL, which depends on SWL and vegetation evolution and it was observed that vegetation only 
moves backward when it reaches a critical level of 0.2 m, meaning that a runup of only 0.2 m may reach the 
vegetation. Each time the vegetation achieved this limit, it engendered a quick and strong retreat of ∼0.5 m in 
magnitude on the profile. Two hypotheses are advanced to explain this dynamic. First, the front layer of vege-
tation (developing lower on the beach profile) evolves quickly and may consequently have lower leaf, stem, and 
root densities than the vegetation a few meters back (although the vegetation species are the same at this scale). 
Second, the low front layer vegetation is exposed to less dissipated swash with possibly a thicker swash lens. 
Both hypotheses could explain why, high runup event with RVL above 0.6 m did not generate a degradation 
of vegetation (see event 3 in Figures 3 and 7). Such declines in vegetation were observed in 2020 and 2021 in 
parallel with the annual peak of the SWL. It was not observed in 2019, probably because the vegetation limit was 
higher due to human mechanical destruction.

5.  Conclusions
Using 2 years and 10 months video monitoring of wave runup, as well as measurements of wave dynamics on the 
fringing coral reef of Anse Maurice in Guadeloupe Island, we analyzed processes involved in swash inundation 
from event scale to seasonal scale.

As it was already described in the literature, it was observed that:

•	 �The IG and VLF wave bands amplify along the reef platform leading to low-frequency dominance on the RF 
in particular for the most energetic conditions.

•	 �At short time scale, the tide controls SW transmission on the RF with more filtering at low tide.

This study evidenced new processing influencing TWL and subsequent inundation. Particularly it was observed that:

•	 �The annual cycle on steric expansion has a significant effect on the SWL and thus on the depth over the reef, 
wave attenuation on the RC, and the dHR. Even if the amplitude of this annual cyclicity is limited (0.17 m) it 
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presents a strong control on the dHR, shown as periods with further wave filtering (in terms of frequency and 
intensity) and periods with less wave filtering at the scale of the year. Thus, the same incident wave condition 
may have a very different impact simply based on its time of occurrence.

•	 �The presence of upper beach vegetation was found to induce a difference in runup during storms, and the 
vegetation limit demonstrated a strong seasonality in response to runup fluctuations.

More research is needed to investigate the role of this ecosystem in reducing wave runup and thus coastal inunda-
tion, particularly during more extreme events. In a climate change context with sea-level rise and a likely increase 
in extreme events, the higher submergence of reefs will induce an increase in runup and coastal flooding events 
in reef coast environments. This multiyear time series of daily maximum runups provide new insight on runup 
control by annual variations in the sea level, as well as, by processes involved at a finer scale. Further work in 
this study will involve a numerical experiment to be conducted to investigate the processes during more intense 
storms than those observed during the study period.

Data Availability Statement
The daily total water levels and vegetation limit heights on two cross-shore profiles that were acquired and 
analyzed in the framework of this manuscript are freely available via https://doi.org/10.5281/zenodo.7662638 
with Creative Commons Attribution 4.0 International license (Laigre et al., 2023).
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