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Abstract

This paper describes the development of a physisedrip current prediction system called CoSMoSs $iistem
consists of a hydrodynamic prediction system wiécbomposed of a train of surge and wave modets fiee global
scale to the scale of a beach resort (order kileragtFor the beach resort scale model, it is wiogt importance to
use a recent measured or remote-sensed estimabguniesry in order to accurately predict morpholadjccontrolled

rip currents. To obtain bathymetry estimates, thacReNizard system which makes use of Argus videéa daapplied
to the macro-tidal coast of Perranporth UK andrtteso-tidal coast of Egmond aan Zee, the Netherlarus results
for the UK site show that while the Brier Skill Seerof the estimated bathymetry are low, the resulip current
location, strength and timing are well-predictedr Fhe Egmond case, the system produces good éssiroé the
bathymetry and of the rip current parameters. Binale demonstrate the potential and form of riprent warnings
based on the application of the CoSMoS system gondhd aan Zee.

Key words: rip currents, rip current predictions, numericaldaling, remote sensing, Beach Wizard, XBeach,
Egmond aan Zee, Perranporth.

1. Introduction
1.1 Rip currents on barred beaches

On many of the world’s beaches, rip currents (narmffshore-directed flows) pose a serious drowning
hazard to beach users. The cause of rip currettig islongshore non-uniformity in either the waieddf or

the bottom topography (Bowen, 1969). Dalrymplelef2011) have identified morphologically-contralle

rip currents as the most common form. In this egseurrents are generated as follow: as wavesoagh
shallower water, the waves break and exert a forcthe water column through so-called radiatiopsstr
gradients (Longuet-Higgins and Stewart, 1964). Twnentum balance equation requires compensation
by an opposing force which is a positive water legradient (set up). Thus, intense wave breakingr av
sand bar results in large radiation stress gragli@htch in turn generate a high set up at the doestVice
versa areas with less wave breaking, i.e. in aTrimption in the bar, causes a lower set up atdastline.
This causes alongshore variations in set up whiste gdhore parallel flows, known as feeder currehte
feeder currents converge onshore of the rip chaimelan offshore flow, the so-called rip neck. The
location of morphologically controlled rip currenssthus tied to a rip channel that interrupts ddgcent
sand bar. Outside the surf zone the rip currerfugshf in the rip head, see Figure 1 for a schematic
representation.

Rip current flow is dependent on wave-induced geaind thus on wave conditions and wave dissipation.
Waves will break over the bar if the ratio of waweight to water depth exceeds a certain value. This
implies that rip currents are not only dependentwa@ve height but also on water level that might be
modified by the tide. The strongest rip velocities/e been observed at low tide (Aagaard et al (1997
Brander and Short (2000), MacMahan et al (2005))enduring high tide, more waves propagate over the
bar without breaking and the rip current is weakecompletely inactive. For the Dutch coast, Wirdgeal.
(2013) have confirmed this mechanism of rip curmturrence as a function of water level.
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Figure 1: Rip current schematic (from Winter, 2011).

1.2 ldentification of rip currents

Shepard et al (1941) have proposed six featurésémbe used to visually identify rip currentghe field.
Sediment laden areas outside the surf zone indicatpresence of a rip.

The location of the channel is marked by green mahere the depth is larger.

The foam of the breaking waves is carried offshmgond the breaker line by the rip current.
Choppy water points to locations where currentsospphe incident waves.

In the rip channel the waves break closer to tleeshnd a gap in the breaker line is observed.
Floating objects can be used to test if an offslooreent is present.

ogkrwhPE

The hostile environment of the surf zone complisate direct measurement of rip currents in thiel fie
Shepard et al (1941) mapped the drifter paths adtifhg objects. Other methods to illustrate thevflo
patterns were used by Brander (1999) such asdlease of potassium permanganate dye in the nesr sh
zone. Quantitative measurements with fixed instmtheere performed by Dette et al (1995), Aagaard e
al (1997), Brander (1999), Brander and Short (20@3llaghan et al (2004), MacMahan et al (2005),
MacMahan et al (2008) and Bruneau et al (2009)ndof and Pattiaratchi (2004), Brander and Short
(2000), MacMahan et al (2010), Austin et al (2040 Winter et al. (2013) used GPS-equipped floaters
even human drifters.

1.3 Rip currents and swimmer safety

For the purpose of swimmer safety on recreatiomeaches, it is important to not only understand rip
current dynamics but also to be able to forecastuirrent conditions in terms of location, duratemd
strength.

Until now this has been done based on empiricalticels between hydrodynamic forcing and rescue
events. For example in the USA, Lushine (1991) $ecuon the East coast of Florida where about 21
people drown per year, which is larger than the bemof deaths due to other natural hazards combined
The Lushine Rip Current Scale (LURCS) is basedtatistical analysis of lifeguard logs, newspaperd a
medical records of rip current drownings. The emplrforecast model found the highest correlatiatihw
strong onshore winds, swell height and timing af Mater. In a follow-up, Lascody (1998) showed that
75% of the rescues could be related to long pesieells, and that long period swell (>12s) were ghva
associated with a greater risk of rip currents €eeriow wave heights. Therefore, he adapted th@CS
model to account for the greater impact of sweélls.more than 50% of drownings occur on weekends or
holidays, the thresholds for issuing a warning was lower at these days to account for the inctkase
number of visitors. Based on the LURCS scale, thi¢S\used to issue rip current statements to differen
counties, which stated the rip current threat tonbemal, greater or much greater than normal. Today
NWS forecasters use the prediction of persisteshore wind, swells, and reports from lifeguardgshes
three of the main "signals" to prepare a Rip Curfeutlook. For the winds and swells it makes uséhef
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NOAA WaveWatch Ill model, and other high-resolutioggional wave models and the NOAA weather
buoys. It is unclear whether the LURCS scale i isitorporated in the development of the NWS rip
current outlook nowadays.

In the U.K, a study by Scott et al (2007) focusedtte coast of Devon and Cornwall, which receives 1
million visitors per year and has 62 beaches gubhyethe Royal National Lifeguarding Institute (RHL
The region is known for a very large tidal range atean swell conditions. Scott et al constructed
database containing RNLI logged incidents, dailyather, sea conditions and beach population for the
2005 summer season. Analysis of the incidents shioaisn 71% of the rescues, rip currents playedla
From the analysis it became clear that the typelewel of hazards varied significantly with locatiand
geology of the beach and the hydrodynamic conditiomhus, risks were categorized per beach state
(followmg Wright and Short’s (1984) classification

Ultra dissipative beaches: lack of rip currents tturon-barred, dissipative wide foreshore.

« Intermediate (reflective/dissipative) beaches: bgihrip current risk category (low tide bar/rip blea
type). Backshore geology and intertidal rock forora have significant influence on the beach
characteristics and rips.

« Reflective beaches: no significant rip current hdga

Austin et al. (2012) further investigated and qifesst macro-tidal rip current dynamics and the

implications of these surf zone currents for bezaflety.

In the Netherlands, rip currents have receivedtéichiattention although per year a handful of people
drown after being caught in a rip. There is nooratiide system available to predict rip currentswideer,

in a private attempt, Verbeek (2006) tried to egthba relationship between rip current threat and
environmental conditions at Egmond, making useife§liard records, wave data and local Argus video
images of the surf zone. He found a relation betwgecurrent risk and wave height. Following uplis
2006 study, Verbeek developed a rip current fortereslel based on wave set-up theory. As inputtfer
model, he uses offshore wave and tide informatiomga with key parameters describing the sand bar
geometry (distance to shoreline of first and secbad and crest height). The model computes the
difference in set-up due to breaking waves overstined bar and in the rip channel. Based on the head
difference, he then estimates the rip current vslowhich Verbeek states should be interpretedtnetly

and only as an indication of the rip current thr8dte model has been validated throughout the summe
months of 2011.

1.4 Rip current forecasting with process-based models

The above shows that rip currents have been repedjeis serious hazards to swimmers. However, sgstem
to forecast rip currents have until now been lichite empirical relationships between hydrodynamic

forcing and swimmer safety incidents, where onlyinmited cases real-time physics-based process imode

have been used to predict the offshore hydrodyramicfully process-based model system to make
predictions is lacking.

In this paper we will discuss the development gplieation of a real-time physics-based hydrodyrmami
model in combination with an advanced data-modelgiration method to derive the last, best-known nea
shore bathymetry. In section 2, the real-time hgignamic model system is described. In section 3, we
describe the bathymetry estimation from video deteSection 4, we verify the added value of the ofe
video-derived bathymetry estimates by applicatibtha macro-tidal, swell-dominated site at Perratipo
Beach (Cornwall, UK). In Section 5 we discuss timplementation at the meso-tidal, wind-sea dominated
site at Egmond Beach (The Netherlands) into aties-warning system for rip currents.

2. Hydrodynamic forcing system CoSM o0S.
CoSMoS (Coastal Storm Modelling System) is an dpmral model system to simulate storm impact on

coasts, but which is now applied to daily conditicas well. The system consists of a train of caliple
models. This tailored model train is triggered biask manager, which controls the data collectpe;
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processing, model engines, post-processing andcptibh of the results on e.g. a web server. Beial.
(2009), Van der Werff et al. (2011) and Van Ormoedtal. (2012) provide details on the ongoing
development of the system. Figure 2 (left) depietsworkflow of the CoSMoS system. Two process $op
are continuously executed at set intervals:

e The main loop.
This loop is executed every 6 or 12 hours when ngakiperational forecasts. The main loop reads meta
information (in xml format) of each model, and datmes the start and stop times, taking into acttha
required spin-up times for the different modelsxt\@& downloads the required meteorological daitarf
OPeNDAP servers, as well as real-time observatfiams the buoys and tide stations and stores these i
central database. The real-time data is only usg@nerate figures for model-data comparisons.

meteo models
NWW Il

Xbeach 2D

Figure 2: Left: CoSMoS workflow. Right: model linkage

* The job loop.
This loop is executed every 10 seconds. Withinjtieloop, the CoSMoS system first checks whether
model simulations are ready to run. The main regnént for a model to be executed is that the dveral
model simulation from which it gets its boundaryndiions has finished and has been processed. When
model is ready to run, the system prepares itstinming the data stored in the central archivas Etep
includes the nesting procedure (for both waterlfwmd 2-D wave spectra), copying of restart faes
conversion of meteorological data into the propemat. Once all the model input has been prepahed,
simulation is submitted to be run on a Linux clusta each job loop, the system checks whether any
simulations have finished running. If this is these, they go through a number of post-processaysst
The model output is first converted into the Nettv@ommon Data Form (netCDF) format and stored on
an OPeNDAP server. Next, a series of figures, ceimganodel results and observed data, is madeaand
number of KMZ files containing model output are geated. A website with a Google Earth interface
displays the model results in an interactive waghlighting locations where hazards are expectdwe T
last step in the job loop is to check whether afidations have finished running. If this is thesea
execution of the jobs loop is stopped. Otherwise dntire jobs loop is executed again after 10rsgso

For the application in the Netherlands, the mogistesn contains four main numerical model components
see Figure 2 (right) for a schematic of the modetadge and Figure 3 for the geographic extent ef th
models:

* aglobal WaveWatchlll (NWW) wave model, driven biF&winds.

» a Delft3D/SWAN surge and wave Dutch Continental |Shtodel (DCSM) forced by Hirlam

winds and Topex Poseidon tides,
* aDelft3D/SWAN Dutch Coastal Model, and
* local XBeach (transect or area) and/or local B&farea models.
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Figure 3: left: Continental Shelf Model; middle: BhtCoastal model; right: Egmond aan Zee model. Backgt
image courtesy of Google Maps.

The nested models have a decreasing spatial ddmdian increasing spatial resolution. Except fa th
WaveWatchlll model which covers the entire glodenedels are nested into the previous, larger doma
model. This means that the required model bouncdanditions are derived from the larger domain model

WaveWatch III (Tolman et al., 2009) solves the @ttdensity balance equation. The domain of the
WaveWatch Il model is the entire globe. The gedalution is 1 x 1.25 degree (latitude, longitudehich
corresponds to approximately 100 x 100 km. The i@ental Shelf Model (CSM), Figure 3 (left) is a
model that covers the entire North Sea area. ltagas a fully coupled wave model (SWAN) and a depth
averaged, two-dimensional-horizontal (2DH) flow rebd(Delft3D), accounting for wave-current
interaction. The wave and flow model domain aresttime but the resolution of the computational gsds
different. The grid resolution of the wave modehproximately 15 x 20 and of the flow model 7.5
km. The wave model boundary conditions (swell) @leen from the WaveWatch3 model. At the flow
model boundaries water levels are imposed (amm@gudnd phases of relevant astronomic tidal
constituents). By using this type of boundary ctinds, the model can be used to simulate easilytiamsy
period. The domain of the Dutch Coastal Model (DCMgure 3 (middle) covers the entire coastline of
The Netherlands. Similar to the CSM model, it corgaa fully coupled 2DH Delft3D (flow) — SWAN
(wave) model. Unlike the CSM model, the computatlagrids of the wave and flow model are the same.
The grid resolution varies between 3.5 x 3.0 knfstafre) and 0.3 x 3.0 km (near the coast). The wate
levels at the sea boundaries of the Delft3D flowdelcand the 2D wave spectra at the boundarieseof th
SWAN model are taken from the CSM model. The ldstirc of the operational modelling system is a
series of 30 XBeach (Roelvink et al., 2009) trah$&D) models along the Holland Coast. For the paep

of rip current forecasts a 2D area model at Egni®eakch is set up, see Figure 3 (right).

The performance of the hydrodynamical model at deepater has been demonstrated by Sembiring
(2010) and Sembiring et al. (2013). The model perfmce at shallower water, and especially in thé su

zone and nearshore is highly dependent on the axgwf the bathymetry estimate. This estimate @n b
obtained from in situ measurements but as thesesumemments become outdated quickly due to
morphological change, a frequent repetition of sysvwould be prohibitively expensive. An alternatis

to derive estimates of the bathymetry from remetesing as is shown in the following section.

3. Nearshore bathymetry estimation system

The model bathymetry of the local area models tisnased using the Beach Wizard (Van Dongeren et al.
2008) technique. This is a data-model assimilatimthod with which intertidal and nearshore subtidal
bathymetry can be computed based on a data-maegration scheme of forward model predictions and
video-derived (Argus video camera system) obsewmatiof wave roller dissipation and variation of the
intertidal shoreline, and/or radar-derived obseéovest of wave celerity. The procedure is as follows:

1. The system semi-automatically selects Argus 10-teitime exposure (timex) images based on preset
criteria for image quality, i.e. images with suargl, rain drops and fog are removed.

2. The images that passed are transformed into mapgawé energy dissipation, wave celerity and
intertidal bathymetry using information about tigat elevation and incoming wave conditions from
the CoSMoS system or from nearby wave/tide measemesn

3. Maps of the same properties are computed usingBeagh model which is run over the last available
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bathymetry and using the same hydrodynamic (wawktigial) input data as was used to obtain the
Argus-derived maps.

4. An algorithm updates the bathymetry in every grainp based on the local difference between the
computed and observed properties. In its simdtash, the bed leveh is updated based on the
observed differench,,s and the current value(t) given a weighting factoa which is based on the
uncertainty in the current value and the obsermatio

h(t+At) = h(t) +a (hy, — (1)) M
However, in our application we do not have direlbservations of the depth,.. Instead, we have
remote-sensing observatiofig; of wave celerity and/or time-averaged image intgnsvheref is a
generic variable name. Thus, we must use an invecsel to relate the remotely sensed observations
to the bathymetry. Using the chain rule, we obtain

h(t +At) = h(t) + ad%( foe = £ (1)) @)

dh
A prerequisite is that these properties (dissipatnd celerity) are differentiable to depth, ilee t
property value gives information about the deptHh. is the dissipation, this equation states that in
locations where the Argus-derived observed wavesighsion fy,s is larger than the computed
dissipation, the depth in the model is decreasedlissipation increases with decreased water depth.
More details are provided in Van Dongeren et &0Q).

This procedure is repeated for every passed imBge.bathymetric update produced by BeachWizard is
input into the nearshore hydrodynamic forecast mfmteaip currents

4. Improving rip current parameter prediction at Perranporth (UK).

The Beachwizard system is first applied to the hestcPerranporth (UK), with the aim of improvingeth
capability to predict rip currents. Perranporth &gdocated in the southwest of the UK, see Figuleft,

is known to present high incidence and severityipfcurrents (Scott et al., 2007; Austin et al..1@))
which are due to a combination of its particulampimlogical characteristics and the incoming wanée a
tide conditions. Perranporth is a macro-tidal beaith a semi-diurnal tidal regime and a mean sprin
range of 6.3 m. It is classified as a low tide bpribeach (Scott et al., 2011) and thus exhibispunced
inter-tidal bar/rip morphology around the Mean 8grLow Water (MSLW) region and a sub-tidal bar. The
inter-tidal beachface landwards of MSLW is relalyviéat and dissipativeté@ng = 0.015 — 0.025).

yin m RDNAP

¥inm RDNAP x10°

y
/ )=~ 0 km 3

Figure 4: Left: Location of Perranporth UK from Sast al, (2013). Right: Location of Egmond aan Zéx
Netherlands from Winter et al., (2013)
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In the framework of the DRIBS (Dynamics of Rip Gamts and Implications for Beach Safety)
experiments (Austin et al., 2012), which focusedtm quantification of macro-tidal rip current dymas

and the implications of these surf zone currentsbfeach safety, in situ measurement of the neagshor
bathymetry (-14 to +5 m OD) were taken at regulderivals of about one month, starting in March 2011
and ending in July 2011. Concurrent Argus time expe images were taken using the permanent Argus
station, equipped with three semi-overlapping casemounted on the headland to the south of thehbea
and looking northwards (sideways) onto the embayeath. As described in more detail in Sasso et al.,
(2013), the Beach Wizard system was initiated witb measured bathymetry of 15 March 2011 (see
Figure 5, top left) and an optimal setting of Beaidard free parameters and selection of intensiapsn
was sought to obtain the best Brier Skill Scoren(Rn et al., 2003), defined as follows:

Bs;s:l——(—hm_h"bs)2
(hobs _h)

Whereh,, is the modeled bathymetry at a given time instahgg is the observed bathymetry at a given
time andh; is the initial bathymetry (at March 15). Becausis formulation is based on point-by-point
comparisons of modeled and measured data, it iy faunitive for spatial shifts in predicted versus

measured shoals and channels. This is reflectéueitow BSS of 0.4, -0.9 and 0 for 28 April, 1 Juarel
13 July, respectively.

®3)

Measured and Modelled max. rip locations (15/03/11)

Measured and Modelled max. rip locations (28/04/11)
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Figure 5: Right: current vectors over the BW-estimdiathymetry (red) and surveyed bathymetry (blinglicating
the close location of maximum rip strength.

However, the interest is in the skill of the preidic of the rip current location, timing (onset acebssation)
and strength. For these purposes it turns outthigatise of updated bathymetries has a significddéd
benefit. Figure 5 shows the comparison of the flmattern using the measured bathymetry (blue) aed th
Beachwizard bathymetry (red), projected over theasneed bathymetry and using the same offshore
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forcing for four instances. Since the Beach Wizaydtem was initiated with the measured 15 March
bathymetry, the red and blue flow patterns aretidehin that case (top left). For the subsequanet
instances, the red and blue flow patterns are sitiflilar but differences are recognizable due te th
incurred error of the BW updated bathymetry. Howethee location of the rip maximum current (indict
with the red and blue dots) is within tens of mgtavhich indicates the benefit of using remote-sdns
bathymetry estimates. Moreover, in absence of gdarisurveys and remote-sensed bathymetry estineates,
prediction system would have had to rely on mostmé measurements with decreased skill. In this,dfs
the prediction system could only rely on the meadubathymetry of 15 March, the location of the
maximum rip current would have been incorrectlydcted by more than 100 meters. We refer to Safsso e
al. (2013), for a thorough description of the meliblogy and results for rip current timing and sgin

5. Application: swimmer safety at Egmond Beach.

The above example at Perranporth demonstrateddithedavalue of using remote-sensed bathymetries for
rip current predictions. At Egmond, the Beach Wikzarediction system is integrated into the CoSMoS
hydrodynamic prediction system. Together, the hgignamic and bathymetry estimate elements can
provide process-based predictions of rip curreather than empirical predictions.

The Egmond site (Figure 4, right) is situated im@so-tidal environment with a tidal range in thdesrof
1.4 m and strong tidal longshore currents. The waieate is wind-sea dominated with a modal wave
height of 1 m and wave period of 5 s (Wijnberg, 20@uring summer the waves are generally low amd d
not vary considerably (Short, 1992). As mentionbdve, rip currents have received limited attention
although per year a handful of people drown afendp caught in a rip.

Egmond is equipped with a permanent Argus statiih five semi-overlapping cameras mounted on top
of the lighthouse, providing a synoptic view of gmast. An initial (hypothetical) plane beach atktry
was evolved using wave energy dissipation mapsirddtafrom the Argus time exposures images from 5
August until 22 August, which resulted in the batlegry estimate shown in Figure 6 (left). This
bathymetry does compare to the in situ measurebybuedtry obtained in the framework of a study
conducted by Winter et al. (2013) with a BSS of80@r area around the inner bar (where the rip nbhkn
are usually located). Whereas the bathymetry rreashoreline is reproduced well, the outer bahifies
offshore. The rip channel patterns clearly appeartie trough behind the breaker bar is not repredu
well. Still, the locations of the maximum instardans offshore velocities are in good agreementy wit
alongshore offsets of 10 meters (for the black @dot) 70 meters for the red dot. The time difference
between the occurrence of the offshore flow maxiwver the Beach Wizard and measured bathymetry is in
the order of minutes, with difference in maximuniueaof the rip current speed on the order of 0.18. m
This indicates that also for this wind-sea domida¢evironment a prediction system using a remote-
sensed bathymetry can give useful predictionspofurrent parameters.

Finally, the CoSMoS system is applied to the fosécd rip currents on Egmond Beach. For the example
shown this prediction is based on the measuredybvettny of 22 August 2011. Figure 7 (left) shows a
snapshot of the spatial distribution of the cursensith the rip current indicated by the red arrdwis type

of information may be useful to the life guardsitself, but the information can be presented in@en
aggregated form as well. This is shown in Figurdright), where time on the x-axis and location
alongshore on the y-axis. Thus, the location ame tivhere a rip current might be generated is shaven
color code that indicates its strength. The botfmmel shows the tidal elevation as a function wieti
where the color code indicates the maximum stremytthe alongshore. The figure confirms previous
findings that rip currents develop most likely chgrilow tide conditions, at locations where a disirity

in the bathymetry is observed. This makes rip eur@cations and timing very predictable, with mgéies
depending on the meteorological conditions. Thgped of graphs have been presented to the loeal lif
guard organization, and will help them in allocgtnesources and provide warnings to the public.
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Figure 6: Left: Beachwizard predicted bathymetryZ@rAugust with locations of maximum offshore vélies
indicated by the black and red dots. Right: In sieasured bathymetry for the same date with locatidroffshore
directed currents.
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Figure 7: Left: Model prediction showing the sphtisstribution of the currents . Right: Alongshdie stack of
offshore velocities (http://muienradar.nl/)

6. Conclusions

This paper describes the development of a physiesé rip current prediction system called CoSMoS.
This system consists of a hydrodynamic predictigstiesn which is composed of a train of surge andewav

models from the global scale to the scale of albeasort (order kilometers). For the beach rescates

model it is of utmost importance to use a recerasueed or remote-sensed estimated bathymetry ar ord
to accurately predict morphologically-controllegh Gurrents. To obtain bathymetry estimates, thecBea
Wizard system which makes use of Argus video datpplied to the macro-tidal coast of Perranpotth U
and the meso-tidal coast of Egmond aan Zee, theelands. The results for the UK site show thatlvhi
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the Brier Skill Scores of the estimated bathymetry low, the resultant rip current location, stténand
timing are well-predicted. For the Egmond case sysem produces good estimates of the bathymetty a
of the rip current parameters. Finally, we demaistthe potential and form of rip current warnibgsed
on the application of the CoSMoS system for Egmaeal Zee.
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