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Abstract

As sea level rises and development of the coaetad zontinues, coastal flooding poses an increassigo
coastal communities. Wave runup can contribute nmmaeters to the vertical reach of the sea, espgodall
steep gravel beaches, and wave overtopping is adatyibutor to coastal flooding along coastlingpased to
energetic wave conditions. However, operationa¢dasting of wave overtopping has rarely been atiesngue

to the need for high-resolution inshore water Isvahd wave conditions, up-to-date coastal profild aea
defence information, and availability of modelsfamulae that can robustly predict overtoppingdaange of
coastal profile types. Here, we have developed tmsted an efficient forecasting system for prowgdin
operational warnings up to three days in advancéhf® entire 1000 km coastline of southwest Englaatled
SWEEP-OWWL, which is capable of predicting wave uprelevation and overtopping volumes along the
energetic and macrotidal coastline, featuring eradagandy, gravel, and engineered regions. Exidtouy
warning systems have used the process-based hyenmity model XBeach, but due to the computationat,co
have resorted to populating look-up tables usirdiné simulations and only a single realisationtloé coastal
bathymetry. Instead, SWEEP-OWWL runs in ‘real-tinising a computationally efficient suite of empatic
shoaling, breaking, runup, and overtopping equatiah 184 coastal profiles, forced with hydrodynamic
information from a regional 1-km spectral wave &ydrodynamic model. Importantly, the forecast systan

be updated with the latest coastal profile datd wit extra computational cost, which is shown tpriore the
accuracy of predicted overtopping rate by an ordermagnitude in some cases. Compared to visual
observations of flooding events from live streamiwgbcams around the southwest, the system correctly
predicted the presence or absence of wave overtgppith 97% accuracy and showed skill in differatitig
between low and high hazard events. Reliable fetscaf wave overtopping could considerably enhaace
coastal community’s ability to prepare and mitigagginst the risk to life, property, and infrastuue during
coastal flooding events, and the developed systews that this can be achieved using a single dpk€ for

entire regions featuring both natural and man-nssdedefences.



1 Introduction

Coastal flooding occurs when water from the seacsan is able to overtop natural (e.g., beaches danes,
gravel barriers, cliffs) or man-made (e.g. sea dykea walls, rock revetments) coastal defencds.cBim occur
due to a combination of tidal elevation, inverseobaetric effect, onshore wind, and wave inducedtopping;
over long time scales these processes are compwunydsea-level rise. There have been numerousfisiggmi
coastal flooding events in the last century thateheaused large-scale and extreme damage to pyoqaat
infrastructure, disruption to coastal communitesg loss of life (for examples, seeVan Dongereay@a [1]).
However, lower magnitude, but higher frequency,isance’ coastal flooding events also cause dissapib
coastal communities by closing transport linksofling properties, and posing a safety hazard, ane h
become significantly more common in recent dec§@ledVith rising sea levels, the frequency of batlisance
and extreme coastal flooding events is expectédci@ase in most places globally [2, 3]. For exanph the
European Atlantic coast where this study was cotedijd 0 cm of sea level rise is expected to ocgl2U80 to
2050 and could double the frequency of extremedilog events [3]. Where development of coastal areas
continues unabated, the exposure to the hazandcisased, and the risk posed by coastal floodinlybei

exacerbated in the future.

Reducing coastal flooding risk requires a comboratf measures to be taken, identified by [1] a@ntion
(engineering hard or soft sea defences), mitigafijoreventing coastal development or relocating t@bas
communities), and preparedness (having forewarmhga flood event). The ability to forecast coastal
overtopping several days in advance allows aufbserib prepare for an event, for example by infognihe
type and location of emergency services that shbeldnobilised, or to prevent flood damage by infioign
where temporary flood defences should be deployéis paper presents a new computationally efficient
approach to forecasting coastal overtopping haf@arihdividual locations, across a large geographigion.
The aim of the system is to enhance informatiorilavig to coastal managers prior to a coastal flop@vent

and thereby increase the preparedness of coastahgpities to such events.

Wave setup (the time-averaged super-elevationeoééla caused by wave breaking at the coast) ang nuaup
(the time-varying excursion of individual swash wawunning up the coastal profile) can contributnyn
meters to the total elevation of the sea and ayeckatributors to coastal flooding along coastliegposed to
energetic wave conditions. For example, at codstaltions defended by gravel beaches or barrienghnare
common in the UK, wave runup can be twice the ntagei of the significant wave height during a stamna
has been observed to reach 12 m above still watel under extreme wave conditions [4]. This heigkt
elevation of water clearly increases the likelihazfdovertopping and coastal flooding occurring (Fig 1).
Large scale studies of future coastal flooding hslke mostly neglected the contribution of waveupuand
overtopping due to the challenge of evaluating besawl sea defence geometries across large redloBs ]
and may therefore underestimate the likelihood wiance and even extreme coastal flooding. Operatio
(‘real-time’) forecasting of wave runup and ovempom over large regions (i.e. 100’s of km) has omgently
been attempted due to the need for high-resolutisimore water levels and wave conditions, up te dagstal
topography and sea defence information, modelerondlae that can robustly predict overtopping foarge of

coastal profile types, and high performance conmguti



Figure 1. Wave runup at Chesil Beach, Dorset, UK, uting storm Petra on the 5th of February 2014 (left and

overtopping occurring later during the same storm (ight). Significant wave height was 8 m during thestorm and
wave runup height peaked at 12 m above the still vier level, causing overtopping of the gravel barrieand

flooding of the road, properties, and infrastructure behind the barrier.

Globally, there have been a number of previousreffto forecast wave-induced coastal overtoppingead-
time reported in the scientific literature [1, 6-9he early-warning systems developed in the USA$®IOS
project, [7]) and at multiple sites in Europe (RIBO project, [1]; and UK by [9]) first downscaleave and
meteorological conditions from global scale modelsegional scale wave and hydrodynamic model$éeit
Delft-3D [1, 7] or POLCOMS/ProwWAM [9]), then to lat 1D [9, 10] or 2D [11, 12] models where inshore
wave conditions, wave overtopping, and morpholdgitenge are then modelled using process-basedlsnode
such as XBeach [13] or RANS-VOF [9]. Process basmdlels are too computationally expensive to run
operationally for large 2D areas (e.g. km'’s) or flmzens of 1D profiles, and therefore both COSM®@8 a
RISC-KIT used Bayesian Networks trained on the fap{hydrodynamic boundary conditions and profile
information) and outputs (coastal hazards) froma@d number of offline XBeach simulations to prédic
flooding. The resulting systems therefore forecasistal hazard with low online computational costf a set

of boundary conditions using a look-up-table apphoa

Although this approach represents the physics @fitopping using process-based models that haveeprov
highly effective at simulating either storm hydmnad morpho-dynamics at natural beaches [14-17] arew
overtopping of sea defences [9], there are linatetito using such models to forecast coastal flapdtirstly,
XBeach has not yet been developed to simulate @wgirtg for man-made sea defences — for exampleva w
return lip cannot be represented and airborne sisrapt resolved — and overtopping predictions haarely
been tested against observations. Secondly, itorapatationally expensive to run process-based rsodel
including XBeach and RANS-VOF for large regiong.e€.00’s of km[18]. Thirdly, the results are dependent
on the nearshore bathymetry/topography used inmbeéel (Section 4.4) and the offline simulations andy
therefore relevant close to the time at which tathymetry was measured. Re-running the offline tans

with updated bathymetry would incur significant digehal computation time with each update.

Another approach to forecasting coastal overtoppira overcomes some of these limitations is tolyapp
parametric wave runup and overtopping formulae &asared coastal profiles [6, 8]. Empirical overiogp

formulae determined from scaled physical models épltl data are available for a wide variety of



environmental conditions and coastal profile typesluding most common sea defence structures Hrg],the
application of such equations is the standard amprdor the assessment of future coastal flood aistk for
engineering new sea-defence schemes. Surprisitgiwever, this approach has rarely been applied to
operational forecasting of coastal flooding. Ans#ixig precedent for this approach is the comparisbn
predicted runup heights to dune crest elevatioomfiidar data to generate a binary warning system f
overwash occurrence [6] which has been appliedgataturally defended parts of the U.S. coastliri].[Rlore
recently, [8] developed and validated a forecastwaive runup height for sloping sea walls to provide
forewarning of potential overtopping in Taiwan, apslen forced their parametric runup equations with
ensemble wave model outputs to provide excelleadiptive skill. However, their approach did noteatpt to
directly predict overtopping volume or hazard, aves limited to sloping seawalls and therefore ditl cheal
with the full spectrum of sea-defence types encenaat along most coasts. Therefore, a parametricésting
approach that uses an suite of equations to affigigenerate overtopping warnings for naturalljedeled and

engineered profiles across an entire region, hapmeeiously been achieved.

In this contribution, an operational, real-time st flood warning system for southwest England besn
developed as part of the South West PartnershipEfovironment and Economic Prosperity (SWEEP;
www.sweep.ac.uk) project, funded by the UK’s NaltiEavironment Research Council. The system is dalle
the SWEEP Operational Wave and Water Level modale(h SWEEP-OWWL). It combines a process-based

model to downscale regional forcing conditions, andsuite of parametric equations for wave shoaling,

breaking, runup, and overtopping at the coast tecfast the level of overtopping hazard. As disalisster, the
SWEEP-OWWL system enables the forecasting of cbastatopping with relatively low computational ¢ps
it can be ‘bolted on’ to any high-resolution waveodel, and it can be updated with new coastal @rofil
information without incurring any extra computatbrcost. The UK’s Environment Agency (EA) and Met
Office (MO) have partnered with SWEEP, and havéstess in the development of the coastal flood wagni

system to maximize the community preparedness ddioen the system

2 Reagional setting

Forecasting wave runup and overtopping in southvEsland requires a multi-pronged approach as flood
protection along the ~1000 km coastline is provitbgdboth natural and engineered defences (Figurén2)
many places the coast is protected by a combinatfotlefence types (for example a sand or gravettbea
backed by a seawall) adding to the complexity oédasting coastal flooding. The wave-dominatedmooiast

is predominantly defended by sandy beaches backehlifies or vertical seawalls, and becomes progedgsi
more tidally-dominated towards the northeast pathe region, where mud flats backed by revetmbetoome
more common in the mouth of the Severn Estuary. 3twth-facing coastline is divided by three large
peninsulas (Portland Bill, Start Point, and Liz&dint; shown at 1, 60, and 94 in Figure 2) withngfigant
variation in wave exposure within each intervenamgbayment: the west-facing areas are exposed &mti!
swell and are often defended by sandy or graveth®s while the east or south facing areas feasrmvalls
and other hard defences. Current coastal flood ingsrfor the region, provided by the EnvironmenteAgy,

consider forecasted tide and storm surge level$,use expert opinion to estimate the additionahtdhfrom



waves, but do not objectively predict the level wave set-up, runup, and overtopping, which are key

contributors to coastal flooding in the region.

The region experiences a meso- to macrotidal rahge varies between 2 m (Portland, Dorset) to 12 m
(Avonmouth, Bristol) on spring tides, and an entéogeave climate that receives long period swelvesand
locally generated wind waves from the Atlantic Qgeas well as easterly wind waves generated irfctiglish
Channel on the south-facing coastline. Waves insthghwest can get very large during extreme stooms
storm swell in October 2013, named ‘Hercules’, deadl deep-water significant wave heights and pesiogs
measured off southwest Cornwall ldf,o= 9.6 m andT, = 22 s, respectively [21]. To compare the levdls o
wave exposure within the region, the 1-year reperiod breaking wave heightl,;,,, was estimated for each
location in the study area over 40 years (Jan 198y 2019, inclusive) of hindcast nearshore wawaddions
generated using an 8-km resolution WAVEWATCH Il ded run at the UK Met Office [22]. Wave heights
with a 1-year return period were determined fromrbkarshore hindcast using a Generalised ParetigbDison
fitted to peak wave heights exceeding the timessamiean plus one standard deviation (with pealaratul by
at least 4 days), before shoaling this wave hdiglat theoretical breaking wave height (Section.34gure 2
demonstrates thady,, varies from < 0.1 m to 7.5 m in the region, wtthe elevation of Mean-High-Water-
Spring (MHWS) tides varies from 1.8 to 6.3 mODN.aS#efence crest freeboaRy above MHWS for the

natural and man-made defences in the region vénoes close to zero in some places, to more thamlis

others.
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Figure 2. Top left panel: geographic location of thestudy area in the UK and the 184 studied profile¢red lines,
example profile numbers shown for reference to théottom panel). Top right panel: proportion of natural and



man-made sea defence types for the 184 studied pte$. Bottom panel, left axis: bar plot showing sedefence
freeboard from MHWS (R.) and sea defence type (coloured as per top rightapel), and MHWS elevation from
ODN (dotted line). Bottom panel, right axis: 1 yeareturn period breaking wave height,Hy,, (dashed line).

3 Methodology

3.1 Overview of the modelling system

The SWEEP-OWWL coastal flood forecast is generatatiree main stages (Figure 3). First, wave anttwa
level conditions around the coast of southwest &mdjlare forecasted using a 1-km resolution coupbac and
hydrodynamic model (Delft-3D), which downscalescfog data from a coarser 7-km north-west Atlantielf
model run by the UK Met Office and propagates thredasted waves and water levels in to the coasti(®
3.3). Second, the inshore wave conditions are écafliy shoaled to the required depth (Section &Aj
applied to an extensive database of measured tqasfde data (Section 3.2) using parametric eiure to
predict wave runup elevation and overtopping volu{8ections 3.5 and 3.6). Thirdly, the predictiome a
categorised into a level of coastal flooding haz&ection 3.7) and are presented in synoptic regiand sub-
region maps, as well as detailed time series fdlmtseach coastal profile over the 3-day forecastdeiv
(Section 4.4). The wave and hydrodynamic model takes approxima®.5 hours to complete a 4-day
simulation, using 8 cores and parallel computinge Tomputation of wave runup and overtopping fo4 18

coastal profiles then takes less than 8 minutegyusisingle computational core.

3.2 Database of coastal profiles

A database of 184 topographic profiles represeritiggmost at risk locations across 112 towns aratHoes
along the ~1000 km coastline was collated (FigyreTBese profiles are used to quantify intertidaps, and
the elevation of beaches, dunes and engineerectstes for the prediction of wave runup and ovesing.
Most profiles are measured down to Mean Low Wafaing (MLWS) elevation bi-annually by the Plymouth

Coastal Observatory (PCO;_https://www.channelcoagsouthwest/) and are updated following extreme

storms, and can therefore easily be updated iIrSY(W&EEP-OWWL forecast as new data are collected.has t
PCO archive contains profile data every 50 m alinegcoast in most locations, only a selection ofifas were
chosen from their archive. For each coastal lonatime or more profiles were selected based otypgeof sea
defence present (natural or man-made), the amduantbanization at risk, as well as the frequencydafa
collection at that profile. If multiple profiles isted in an urbanized location and shared a conseardefence
type with the same crest elevation, then only tludilp with the most frequently updated profile maeements
was selected for inclusion in the database. Coelers locations where differing levels of coastafence or
wave exposure exist, multiple coastal profiles rhaye been included for a single town or villageatidition
to the profile elevation data, information on theuacteristics of the coastal structure was alated from the

PCO archive, LIDAR data, or freely available imager



3.3 Modelling nearshore waves and water levels

A coupled, 1-km resolution wave and hydrodynamiadeiavas developed in Delft-3D [23] for the southivefs
the UK (Figure 4. Delft-3D was chosen for this purpose as it compuboth wave and tide driven
hydrodynamics — both of which are significant ie douthwest region (mean spring tide range 4 — 1B,

0.2 — 7 m, Figure 2) — as well as their interactiand, unlike some other similar models (e.g. MIKE$
software is available open-source, encouragingatapdity of the presented system in other locaidrhe core
Delft-3D model was based largely on the model diesdrin [24], with the addition of spectral wavedmng
data and a 1-km resolution for both the wave aowal ispects. The primary purpose of this core misdel take
offshore waves, water levels, and currents, angggate them in to the coast using a relatively négwolution
grid, resolving the hydrodynamics at a sufficieggalution to differentiate the conditions occurrimighin each
embayment around the southwest coastline. The -BBIftnodel consists of two modules: a hydrodynamic
model that computes water levels and currents ubiegon-linear shallow water equations (‘D3D-flpyénd a
third-generation spectral wave model (‘D3D-wavedsbd on SWAN. These modules communicate with one

another to allow for wave-current interactions ¢our.

The core Delft-3D model obtains its boundary fogcconditions from larger area models run by the Glifice
on behalf of the Copernicus Marine Environment Mamng Service for the northwest European shelf

(https://marine.copernicus.eu/about-us/about-pragimes-mfc). In the present set-up, Met Office

global atmosphere and northwest European shelfodytiamic boundary conditions are provided on a 7-km
resolution hydrodynamic model grid [NEMO ‘AMM7’; 25whilst spectral wave boundary conditions are
provided from a 1.5-km model run by Met Office etUK [WAVEWATCH Il ‘AMM15’; 22]. These larger
models provide 2D spectral wave data, water lewald, currents to drive the four model boundariesyell as
gridded wind and pressure data across the entimgaihoto allow wind wave growth and barometric effec
within the 1 km Delft-3D model. A routine was demeéd in Matlab which runs automatically every dag a
retrieves the latest Met Office forcing data fromFI'P server, prepares all model input files, rinesDelft-3D
model, and generates a fresh one-day hindcasthaed-tlay forecast within the 1-km SWEEP-OWWL model
domain. Validation of the Delft-3D model is presamhtin Section 4.1 of this paper. The 1-km wave and
hydrodynamic model takes approximately 2.5 hoursatmplete a 4-day simulation (1-day hindcast phtag

forecast), using 8 cores and parallel computing.

Having shoaled the waves from the model boundary &hallow water at the coast, wave and water-level
conditions are output along the 10, 15, and 20 pttdeontours at approximately 1-km spacing, prowgdi
inshore conditions in each embayment along thetlio@asOutput is selected from the shallowest degathtour

at which depth-induced wave breaking has not yetiwed, which is conservatively indicated by signaint
wave heights at the output location that are lkas half the water depth, as this is well belowidgtpvalues
used for breaker criterion [for example, 26]. Frample, for wave conditions of up to 5hf,,, output is taken
from the 10 m depth contour, and for more extrenagenconditions the 15 or 20 m contours are uset Th
approach enables the wave conditions to be extrdicien the model as close to the coast as possiblwing
shoaling, refraction, and wave shadowing within agmbents to occur — but prior to wave breaking, @ess

which the 1-km model grid would not sufficientlysmdve.
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3.4 Modelling wave shoaling, breaking and set-up

To predict wave overtopping at sea-defence strast(®ection 3.6.1), accurate estimates of the iexet and
wave conditions at the toe of the structure areasired. To achieve this, parametric formulae wereduto
describe wave shoaling and breaking as well as viladeced set-up across each of the measured coastal

profiles (Section 3.2) around the southwest caastli

As wave conditions were output from the Delft-3Ddabbeyond the seaward extent of the measuredatoast
profiles (which cover the intertidal beach dowrMbWS), the profiles were artificially extended toet output
depth using the distance to the output node anteftiarying) output depth to define the nearshoealignt.
Wave breaking and decay was then modelled acratsafahe extended coastal profiles using the patdam
breaker dissipation model described by JansserBattfes [27], which is an update to earlier breakedels
[28, 29] and is notably more stable on steep beaerein referred to as JB07). The cross-shoreyolution

of the wave energy flux;c,cosf, was estimated from the mean rate of energy ditisipin a breaking wave,

&p, and energy loss due to bed frictignas:

T0 = —(ey) — ey (1)



where6 is the mean wave angle from shore normgalis the wave group celerity described from lingagory

kh
sinh(2kh)

ascy = cE+ ] with ¢, k, and h, the local wave phase speed, wave number, andr wiatgth,

respectively; and wave energy is found from lindegory ask = éngrzms, wherep is water densityg is

acceleration due to gravity, a#tl,,,; is the root-mean-square wave height.

Wave energy dissipation was then modelled acrastbfile assuming a Rayleigh wave height distrdrut
[27]:

(gp) = %prg% [1 + %(R3 + %R) exp[—R?] — erf(R)] 2
whereB is a tunable coefficient approximately equal tthat controls the intensity of wave dissipatignis a
representative wave frequency here defined astrese of the peak wave peri@gl R = H, /H,,,s whereH,

is the depth-limited upper wave height at a givasation, and erf represents the error functionlokehg [29]
and [27],H, and breaker criteriop were defined using deepwater (denoted by subs@jiptave steepness,
So = Hrmso/Lp,o, estimated by reverse shoaling the nearshore waweitions to deepwater wave height

(Hrms,0) and wavelength at the peak of the spectrlm ), and computing as:

H

y =2 = 0.39 + 0.56 tanh(335,) ©)

Water depth: includes the still water depth and wave-induced set-upash = d + 77. 7 was assumed to be
zero at the Delft-3D model output location (beyadne surf-zone) and was then solved for across esemded

coastal profile using a one-dimensional momentularize following [30]:

0Sxx
dx

_\ 01
+pg(h+ MD2=0 4

where the cross-shore component of radiation sisagisen by:

1 2kh
Sax = (E * Gnh 2kh) E ®)

The water level corrections were then incorpordteatively into Eq. 2 until the value @f converged at each

cross-shore location, changing less than 0.01 nimdem iterations.

Frictional losses were calculated across each dgtenoastal profile as [e.g. 13]:

_ 2 THyms 3
o = opfy (oeme) ©6)
WhereT,,,; is the mean wave period and the wave-relateddriatoefficientf,, was estimated following [31].
Due to the artificial seabed profile used betwdmnDelft-3D model output nodes and the seawardhéexiethe
measured coastal profiles, it is acknowledged that approach currently neglects wave dissipatioer ov
subtidal sandbars, which are typically shallowemthhe Delft3D output depth (and would not be neswlby



the 1 km model resolution) yet typically deepemtiize MLWS extent of the measured profiles. Thistttion
could be remedied in future if more complete cdgstafiles become available, and is expected teqmtdy
result in a conservative (over-) estimate of waedght at locations featuring nearshore bars, siclhha

intermediate beach types common on the north afasbrnwall.

3.5 Predicting runup elevation

Almost all coastal profiles in southwest Englandludle some form of intertidal beach slope; themfdr is
useful to predict the wave runup elevation as atiainindicator of coastal flooding hazard, espégidor
locations without an engineered sea-defence. Ther®%p exceedance heigRby is a common means of
guantifying the largest wave excursions and incduttie contribution from both wave setup and rumogking

it a useful indicator of the elevation at risk fravertopping (Figure 5). These processes are pitingoverned
by the relative magnitudes of the beach slope hadffshore wave steepness, and information akexh &
therefore required to make a prediction of runughatcoast. In SWEEP-OWWL, the formula of Stockébal
[32], determined through 10 dynamically differeigid experiments conducted at full scale on 6 sarehches

in Holland and the USA, is used to predict waveupuelevation at sandy beaches:

2 1/2
Ry, = 1.1 (0_35 tan B8 (HOLO)l/z + [HoLo(0.563tar2113 +0.004)] ) for &, > 0.3 @
and
Ry, = 0.043(HyLy)'/? foré&, < 0.3 (8)

whereH, is the deep-water significant wave heigly,is the deep-water wave length, afydis the deep-water
Iribarren or surf-similarity parameter [33], comedtas:

__ tanp
S0 = (Ho/Lo)'/? ©)

For sediments ranging from fine gravel to largelpjes the formula of Poakt al [4] was used, which was
determined from 10 different full-scale field exjpeents at 6 field sites in the UK along with neatly,000
XBeach-G [34] simulations:

Ry, = 0.33tan B2 T, H, (10)

For both the Stockdon and Poate runup equatiorep-dater wave conditions were determined from the
previously estimated breaking wave conditions atdbast (Section 3.4) by reverse-shoaling to ahdefp1000

m using linear wave theory. This ensures that tageaconditions used in the runup equations havengode

all major refraction and shoaling effects before #yuivalent deep-water conditions are calculdtksing the
reverse-shoaled deep-water wave conditions andoted beach gradient around the still water lewvas (
prescribed in [32] and [4]), the wave runup elematat the coast is predicted over the forecast evindnd

added to the still water level to enable a forecsthie Total Water Level, TWL, through time.



Natural sea-defences

Man-made sea-defences

—— ﬁ -------------- vertical datum

Figure 5. Definition of water level and sea defencgeometric parameters for natural sea defences (belaes, dunes,
and gravel barriers), and man-made sea defences éwalls, rock revetments, and embankments). TWL = tal
water level (including wave setup and runup); SWL =still water level (including wave setup);R,¢, = wave runup
height; R, = crest freeboard; O = crest elevation; B = beach slope between Mean Low Water Spring (MLWS)
elevation and beach crest; SD = sea-defence height.

3.6 Predicting overtopping discharge

3.6.1 Man-made sea defences

For coastal profiles that feature a sea-defenegtsire, the volume of water overtopping the seamsd was
predicted using various formulae from the EurOtopnoal [19]. The equations in EurOtop have been
determined through scaled and prototype-scale palysnodelling of sea defences under wave attacHd, an
EurOtop’s ‘mean value approach’ is used in SWEEPYWIWo predict overtopping discharge based on that be
fit to each experimental dataset. The various égusfor embankments, rock revetments, and versiealvalls
were coded into the SWEEP-OWWL model, using a detigsee process to determine which equation iseto
used for a given profile at a given point in tifiée equations in EurOtop vary depending on thecsira type,
beach form, and forcing conditions, and, for brgvihe equations used in SWEEP-OWWL cannot all be
reproduced here; however, the general approadtaigtie time-averaged overtopping dischaggen®s* per m

crest width) decreases exponentially as crest @&elR . increases, given as:

C = gexp[—(b=2)¢]forR, > 0 (11)

R
H
gH13n0 mo




whereH,,, = spectral significant wave height, andb, andc are fitted coefficients which vary depending on
the structure type and forcing conditions. The efihd side of Eqg. 11 represents the wave overtgpfistharge

normalised by wave height, while the right hancsiebresents the crest freeboard normalised by height.

Depending on the sea-defence geometry and fora@nditions, the right hand side of Eq. 11 is adjdsising
coefficients termed ‘influence factors’, suchias y¢, v», ¥s, ¥on, @and y,, that correct the wave overtopping
discharge for the influence of a berm, slope roegkna crest-top wall, oblique wave attack, a watern lip,
and strong onshore winds, respectively. Where plesdnfluence factors were quantified for eachiatiion, but
not all factors parameterized in the EurOtop marmgaild be determined from a desktop assessmeraatf e
coastal profile. In SWEEP-OWWL, berm width was igeeb for all structuresyt = 1), as was surface
roughness on embankmenis & 1), but was conservatively set tp = 0.6 for roughness on rubble mound
structures [19 - table 6.2] and adjusted for waeepness using Egs. 6.1 and 6.7 from EurOtop [th9he case
of a storm wall atop an embankmep)( overtopping was decreased exponentially withhisight of the storm
wall relative to the crest freeboard, accordingtp 5.45 of EurOtop [19]. Oblique wave attagk), informed
by modelled wave conditions at the structure toec(iBn 3.4), was adjusted for using EurOtop Eqg&9 Sor
embankments and seawalls and 6.9 for rock revetnéitie influence of a wave return lip (reducing
overtopping) or landward sloping parapet (incregsivertopping) was included in a simplified manaer
vyn = 1.1 for a parapet ang,,, = 0.7 for seawalls with a relative freeboard > 1 thattéee a wave return lip, as
per EurOtop Egs. 7.21 and 7.22. More detailed &djsts fory,, are available that could be applied to

SWEEP-OWWL when more detailed sea-defence georsetrizavailable throughout the region.

In tests of the SWEEP-OWWL system, overtopping eobment due to onshore winds combined with
impulsive breaking using, = 2 was found to produce unrealistically high overtogpsolumes in many cases
and the effect of wind on overtopping was thereftisgegardedy, = 1). The influence of a shallow foreshore,
a toe mound in front of a seawall, or ‘impulsiveawve breaking (when breaking occurs directly ont® sha
defence) were included in SWEEP-OWWL as per thelandée in EurOtop [19]. More complex structure
geometries including promenades, storm walls withu-nose, stilling basins, perforated seawaltegply
battered walls, and composite breakwater slopekl et readily be quantified for the entire soutktveegion,
and such secondary structure geometries were trereéfinored, simplifying each structure to the more

conservative equations for the basic geometry.

To account for rare situations where a sea defencempletely submerged by the still water leves.(has a
negative freeboar®, < 0), an equation for weir-flow conditions was usedttjust the overtopping discharge
[19]:

Q = 0.54/g| — R3| forR. <0 (12)

where | — R.| represents the absolute value of the (negativegbfrard. In such situations, the weir-flow
discharge from Eq. 12 is added to the predictedewaertopping rate (Eq. 11) witt, = 0, as recommended

by EurOtop [19], to capture both weir-flow and wamduced overtopping.



The case of a sea-defence structure with an emetgeii.e. the entire sea defence is above stitewlevel) is
one that is scarcely dealt with in the literatusat can result in considerable wave overtopping nwivave
runup is significant and freeboard is low. For enltraents, an emergent toe was dealt with by inclydire
beach slope in the calculation of the sea-defelmges(the ‘equivalent slope’), as per the method 3]
recommended by EurOtop [19]. In the case of a skavith an emergent toe, [36] tested overtoppintgsa
scaled model beach with a slope of 1:10 topped rbgraergent seawall and showed that overtopping was
comparable to that of a plain slope with the sameelfoard. However, the tested slope was impermesadale
precludes all but the steepest gravel beachesefiner it is unknown how well their adjusted forawapplies

to sandy beaches with an emergent seawall, agdlégt would be much shallower, or to steep graeekches
with an emergent seawall, where infiltration woudttongly influence the degree of overtopping. There
therefore exists no reliable method in the literatio predict wave overtopping at seawalls or nasletments
with an emergent toe. Instead, the TWL (still wdéel plus predicted runup elevation) was compaeethe
height of the sea defence, SD (Figure 5), and agtidnthresholds based on the relative elevatioms agplied

to generate a coastal flooding hazard level, asritesl in Section 3.7.

3.6.2 Natural sea defences

For profiles where protection from coastal floodiegrovided by either a sandy beach, dune, orgjiaarrier,
formulae to predict wave overtopping are not predidin the EurOtop manual. Very few studies have
contributed parametric equations for wave overtogmischarge along naturally defended coasts [@0]those
available have verified their models against onljnated range of slopes and sediment sizes inescaiodel
tests [37, 38] or against proxies of overwashimgnfifield observations [39]. Recent efforts havecsmtrated
on the development of process-based hydrodynamaetador the description of overwash during stoffs

34, 40, 41], but are less applicable to SWEEP-OW\E to the associated computational cost. As dtyesu
satisfactory empirical formula for wave overtoppimgnaturally defended coastal profiles does noeyest in

the scientific literature.

For SWEEP-OWWL, the approach proposed by De Wadl\4mn der Meer [42] for coastal structures and
irregular waves was used to predict overtoppingldisge over naturally defended profiles. This meti®
attractive as it assumes that overtopping dischergelated to a ‘shortage in crest heigi®;, which can be
parameterised using the runup elevation predicted lshosen formula (in this case Egs. 7 and 8 dodg
beaches and dunes, and Eq. 10 for gravel beachdsaaners) relative to the crest height of thestalaprofile,
D., as [42]:

R, = (RZ% - Dc)/Hs (13)

Therefore, it allows us to apply the best availasdgmate of the wave runup elevation, accountimglifferent
sediment types (sand vs gravel), to the prediaibovertopping volume. Normalised overtopping dexge is

then predicted with [42]:

0. = -~ =8e Sexp(3.1R.) (14)



In Egs. 13 and 144, was taken at the point of incipient breaking, ntkitig the approach used in EurOtop for
embankments where the foreshore slope acts a®pdre sea defence. Eq. 14 was tested againstfidata
scaled mobile-bed sand dune overtopping tests Blyd8d was found to reproduce the trend of oveiitapp
volume within an order-of-magnitude, but systenaljcunderestimated the values in their tests. Harewe
adopt Eq. 14 rather than the adjusted form propbyd@7] as it was fitted to a larger dataset agbas better
with the overtopping hazard observed during stoEmsna and Eleanor, described in Section 4.3. Thexe a
shortfalls with this approach; primarily that itdmét been previously tested with Egs. 7, 8, andatGested at
all against field data from gravel beaches. Addidy, it assumes the overtopping hazard occutbetery
crest of the beach, dune, or barrier profile, wimereality the urbanisation at risk is often someywbehind the
crest, and infiltration may lessen the chancesoafstal flooding. Nonetheless, it provides a coretivg and
versatile means with which to achieve an estimétevertopping discharge at naturally defended pesfand
provided reasonable agreement with observed owartgphazard at sandy and gravel sites during the tw

storms presented in Section 4.3.

3.7 Predicting overtopping hazard

For cases where it is possible to predict the opping discharge rate (Section 3.6), i.e. naturd#yended
beaches or sea defences within the scope of Eur@tapuding sea walls that are emergent above\géter
level), the thresholds for tolerable overtoppingctiarge provided in Chapter 3 of EurOtop [19] wagplied to
categorise the predicted overtopping into a hatmrel. These represent discharge rates at whichtapging
becomes hazardous to certain elements at riskidimg} pedestrians, properties, and vehicles, asdime cases
were derived from prototype-scale experiments [T89 EurOtop thresholds were combined into a scheime
discharge rates (Table 3-1) that differentiate foifferent hazard levels, from 0 — 3, and recognibat larger
waves can deliver a larger instantaneous overtgpgitume and therefore pose a greater hazard. fiduicped
discharge volume (Section 3.6) is first multiplied by 1000 to prdei units of I8m™, and is then assigned a
hazard level using the thresholds summarised iteT2#i. [19] suggests that little hazard is poséeémH, < 1

m and ‘low hazard’ (level 0) is therefore assigireduch situations, except when freeboard is negaind weir
flow conditions are predictedR{ < O; Eqg. 12). To ensure the discharge thresholdsnarmotonically increasing,
it was necessary for the thresholds for hazardl léveith H.c < 3 m to be more conservative than those

recommended by EurOtop, and the level 1 threstayldif, > 3 m was applied in such cases (Table 3-1).

Beaches where a sea wall is present but completabrgent above the still water level (depictedigufe 5,
lower panel) represent the most poorly understoases for predicting wave overtopping. Comparison of
MHWS water level to seawall toe elevation indicatest 51 of the 81 studied seawalls in SW Engldfidure

2) are emergent throughout the tide, with toe @lema 0.2 — 6.3 m higher than MHWS prior to Stortagfor

in January 2018 (see Section 4.3). In fact, athefstudied seawalls become emergent at someipdim tidal
cycle. In order to provide a continuous forecashwrtopping hazard, it is therefore vitally impont to be able

to predict overtopping for emergent seawalls. Havewonly a single such overtopping case has evar tested
[36] and as a result EurOtop does not yet providebast means of predicting overtopping dischargemwstill
water level is below the toe of a seawall. To owere this issue, a different approach to forecastirggtopping

hazard was developed for this scenario. Hazardllotds were estimated based on the predicted TWichw



includes the still water level and theoretical mieight computed assuming no structure is preselatjve to
the toe-to-crest height of the sea-defence stredisb, Figure 5). Hazard levels 1 and 2 are asdigmevave
runup that exceeds the toe elevation plus ¥ antiS®orespectively (assuming that spray overtoppiocurs),
while hazard level 3 is assigned to wave runup #éxateds the toe elevation plus SD (i.e. exceeslsrbst

elevation).

Table 3-1. Thresholds of overtopping dischargeq, Is'm™) used to categorise hazard level, based on thedoible
overtopping rates recommended in EurOtop [19]. Low hzard level (level 0) is given whehl o < 1 (m) andR; > 0 or

when the thresholds below are not exceeded.

Wave Hazard to | Hazard to pedestrians| Hazard to pedestrians,
height and | pedestrians & property property & vehicles
freeboard (level 1) (level 2) (level 3)
1<Hyo< 2 0.3 1 75
(10 - 20
&R.>0
Re recommended)

2<Hm<31]0.3 1 10-20

&R.>0 (1 recommended)

Hmo> 3 0.3 1 5

orR.<0

Table 3-2. Thresholds of total water level (TWL) usedio categorise overtopping hazard where discharge tas cannot
be predicted. SD is the crest elevation of the se@fence structure. Low hazard level (level 0) is gan whenH, < 1

and R. > 0.
Wave Hazard to | Hazard to pedestrians| Hazard to pedestrians,
height pedestrians & property property & vehicles
(level 1) (level 2) (level 3)
All Hpo Y2 SD<TWL <% SD % SDXTWL<SD | TWL>SD




4 Results

4.1 Delft-3D model validation

The Delft-3D model was validated using observedewkgvels, depth-averaged velocities and wave petiens
using an extensive network of tide gauges, wavey®uand two ADCP deployments. Performance was
determined using R-squared’(Rbias, mean absolute error (MAE), Willmott IndeikAgreement (WIA) and
Brier Skill Score (BSS), calculated using the methdescribed in [24]. BSS was determined usingeali fit

as a reference model [43] and computed followfjAd]. The hydrodynamic model component mirrors the
hydrodynamic component of the regional model priestby[24], where a full validation between September
2013 and June 2014 is presented. Water levels vadidated at eight tide gauges and were reprodwdgd
excellent skill at all locations with the exceptioh Weymouth, where a double-low water componenthef
tidal oscillation is missed due to proximity anadtion of the eastern domain boundary at that $ie. high
water signal is reproduced well at all sites aredafgregated Brier skill score (BSS) was 0.99 withias of -13
cm. The residual elevations determined from lowsgdtering and from harmonic analysis tend towastight
underestimation, with an aggregated bias of —13lom-pass filtering) and —3 cm (harmonic analysiBepth-
averaged current velocities are simulated with gsiitl overall (east component: BSS = 0.76, biad em s
north component: BSS = 0.68, bias = 2 ¢th s

The wave model in SWEEP-OWWL differs slightly frd4], featuring a higher spatial resolution and use of
spectral wave forcing and wind forcing. As sucle ttave component was further validated over twogaie
epochs in 2018 from 03/01 to 09/01 (including stdi®anor - Section 4.3) and from 17/02 to 07/08l(iding
storm Emma - Section 4.3). ObservationsHagh, peak and mean wave periot}, @nd T, respectively) and
mean wave directiorD),) from thirteen wave buoys were used for comparisith the model, which was run
using one-day-ahead forcing conditions. The vallidatvas influenced by both the accuracy of the joted
forcing conditions and the accuracy of the waveppgation and shoaling in the Delft-3D model, artesents
the expected skill of the forecasted nearshoreitiond one-day-ahead. Validation statistics for dggregated
wave buoy data from all buoys in Figure 4 are presin Table 4-1 for both epochs. Considerablétescan
Tp, Tm andDy, was observed in the buoy data flo < 1m and these data were excluded from the vididat
The wave model predicteldy,o excellently (BSS > 0.8) for both epochs, with @ldi positive biasT, was
predicted with reasonable to good skill for botloehs (0.4 < BSS < 0.8). Mean perigd was better predicted
with BSS indicating good skill across both epoddS$ > 0.6). MAE was lower foFy, thanT,, with the greatest
MAE for T, during Epoch 1 at 2 second3;, was predicted with excellent skill by the modeS@> 0.9, MAE
< 15°), with an improvement in skill for the highemergy epoch (03/01 to 09/01). Model error retativ the
observations was less than half of the observedatlens about the observed mean for all variabés,
indicated by the WIA > 0.5. Good to excellent potidee skill for Hyo, Dy, and Ty, and reasonable to good skill

for T, indicate the suitability of this wave model asradictive tool.



Table 4-1. Validation results of Delft-3D wave modebutput compared to inshore wave buoy measuremen(kcations
given in Figure 4).* indicates circular correlation coefficient used fo directional data.

Epoch 1 (Storm Eleanor) Epoch 2 (Storm Emma)
Variable N R BIAS MAE WIA BSS N R BIAS MAE WIA BSS

Hmo (M) 4081 0.89 0.32 0.41 0.79 0.8b 10877 0.82 0.16 0.2D.76 0.85

T (s) 2454  0.52 0.42 2.06 0.67  0.57 4595 0.71 -0.391.21 0.78 0.74
T (S) 2454  0.75 0.49 0.85 0.66 0.78 4595 0.64 0.09 690 0.67 0.62
D (°) 2454 0.88* -0.48 14.04 088 0.9 4595 0.76* .42 1498 0.89 0.90

4.2 Wave overtopping validation — daily observations

Collecting quantitative overtopping observationsiglt-scale is notoriously challenging, as welleagpensive.
This has previously been achieved at a small nunobendividual locations; for example, either adar
container has been used to catch and measure ppedavater [19], or an array of capacitance witdh@sea-
wall crest [45, 46], or in-situ laser scanner n#e crest of a natural barrier [47] have been u3dutkse
approaches were not deemed feasible for the vamlidatf the present overtopping forecast, given the
geographic extent of the study, although ongoirsgaech will use capacitance wire technology atltveations
in the region for this purpose. Instead, to detaenthe ability of the present forecast to providetvarning of
overtopping for coastal management purposes, tkdigiitons were here subjectively assessed usirgt liv
streaming webcams at 15 locations around the ¢Bamire 6). Each webcam showed the first line cistal
defence (natural or man-made) in the field of viemd each day over a five month period (09/11/2018
06/04/2019), the predicted hazard level was conaptvea subjectively ranked hazard observation mesileg
each webcam. Due to a lack of suitable webcamiest featuring embankments or rock revetments, sités
with seawalls (n = 9), sandy beaches (n = 3), aiadey beaches (n = 1) were included in the oveitapp
validation. Each webcam was accessed once a dé ditme of a high tide, or at the time of predicfgeak
flooding, which was sometimes up to an hour eiiée of high tide, and was viewed for around 10utgs to
assess the level of overtopping. The observed amegirig was then subjectively ranked on a scale-8f @s per
the flood hazard descriptions in Table 3-1, befavéng the one-day-ahead forecasted hazard leyartArom
timing the observations to coincide with predictertopping peaks, the ranking was conducted witpoor
knowledge of the forecasted hazard level. It imagkedged that the observations are highly subjecind that
it is difficult to visually assess overtopping hezaHowever, given the difficulty and expense inga with
collecting quantitative overtopping observationsnatltiple locations, this approach was deemed thly o
feasible way to validate the system on a regiooales It should be noted that while the subjectaking of
overtopping provides a useful comparison to thertopping forecast, the actual overtopping volumes reot
known and therefore it is possible that the forecasld be more accurate than the observationsicerversa,
on any given day.



In total, 1046 pairs of overtopping hazard obséovet and predictions were gathered across the Heave
sites, and some form of significant overtoppingzérd levels 1-3) was observed 35 times acrossti@eafites
during the 2018-2019 winter. 1011 observationsasgnted calm conditions where a low risk of overiog
was seen (hazard level 0), 18 observations wessathas hazard level 1 (‘risk to pedestrians’\w&ge classed
as hazard level 2 (‘risk to pedestrians and prgpednd 5 were classed as hazard level 3 (‘riskedestrians,
property, and vehicles’). Examples of webcam olet@yns at Penzance promenade, Cornwall, UK, subggt
ranked from 0-3 are shown in Figure 7. In terma binary prediction of overtopping vs no-overtogp(where
overtopping is> hazard level 1), the forecast agreed with the mbsiens 97% of the time (1013 out of 1046
observations). 2.5% of the predictions represeifédske alarms (false positives), while 0.7% représegra
missed overtopping event (false negatives) whketevel 1 hazard was observed, but no warning atval
given by the forecast (Table 4-2). The false negatirepresent 20% (7 of 35) of the overtopping thas
observed, but were all events subjectively rankedeael 1, and none of the highest severity (I&/@ind 3)
events were missed by the system. Closer inspediicthe false negatives indicates that the evefteno

featured low levels of overtopping and were ondhsp of the lowest tolerable overtopping threshold.

In terms of the model’s ability to accurately ramkertopping hazard, the predicted hazard leveleayexactly
with the subjective classification for 37% (13 &) ®f the overtopping events, and was within 1 hdizevel of
the observations for 97% (34 of 35) of the overtogpevents. Distributions of observed and predidtadard
level are presented in Figure 6, showing that ystesn predicted almost exactly the same numbeowf |
severity events as were observed, but predicte@ teoel 1 and 2 events than were observed. Integhgt the
forecast predicted only one level 3 event over28&8-2019 winter, despite 5 such events being stibgly
observed (these were all ranked at level 2 by thechst). This may represent under-prediction eftighest
hazard, or could indicate that some events were@riked by the observers, i.e. where a large atmfispray
was observed, but less than level 3 overtoppingnaeloccurred in reality (see Figure 7, panel Daf@ossible

example of this).

Table 4-2. Number of agreements and disagreementstis@en the observed and forecasted hazard level.
Predicted (OWW.L)

No overtop Overtop
3E No 985 26
g © overtop | (94.2%) (2.5%)
23 7 28
O & Pl (5705) | (2.7%)
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Figure 6. Left panel: locations used for validationof overtopping forecasts; anti-clockwise from top:Bude,
Perranporth, Portreath, Hayle, St Ives, Sennen, Pemance, Pentewan Sands, Slapton Sands, Paignton,
Teignmouth, Dawlish, Lyme Regis, West Bay, Chesil. [Ea location was viewed daily via webcam (Section?),
except for Perranporth and Slapton Sands, where stvisits were undertaken during a single storm everat each
site (Section 4.3). Symbols indicate the sea-defentype, while colour indicates the maximum observetiazard

level during the monitoring period. Right panel: canparison of observed and predicted hazard ranking
distributions.
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Figure 7. Examples of subjectively ranked hazard el O (panel A — 21/03/19), level 1 (panel B — 28/18), level 2
(panel C — 28/11/18), and level 3 (panel D - 29/18) rated overtopping events at Penzance promenadgéprnwall,
UK.



4.3 Wave overtopping validation — extreme storm events

The daily webcam observations described in Seeti@ncaptured a number of overtopping events at sksw
but only 1 overtopping event at a naturally defehdiée. Given that the method for forecasting aygping at
naturally defended sites (Section 3.6.2) has ne@nbiested in its present configuration in the d&tere,
additional validation was needed. Prior to theydsdlidation exercise, two significant storm eveatsurred
which resulted in overtopping at a number of sitesluding a gravel barrier at Slapton Sands, Deldi[48],
and a sandy beach at Perranporth, Cornwall, UK. [dbations of the two sites are shown in Figurf lsese
two events provide useful additional case studigis which to verify the ability of SWEEP-OWWL to fecast

overtopping at naturally defended sites.

Storm Eleanor occurred on thé® ®f January 2018, bringing Atlantic storm wavesnirdhe west. At
Perranporth, a sandy beach in north Cornwalh § ~ 0.014), waves peaked Hi,o = 7.8 m withT, = 14
seconds (approximately 1:3.5 year return period} after 06:00, coinciding with a high spring tid&ave
runup was predicted to exceed 2 m, which was entughrpass the crest of the beach and overcomectess
ramp and short wall (not considered a sea-defetroetsre) surrounding the adjacent car park. Phajus
taken immediately after the event show flooded prips and sediment deposits in the car park (EBi@)r
confirming that overtopping occurred. SWEEP-OWW!ltreotly forecasted that overtopping would occud an
the predicted level 2 hazard (‘risk to pedestriand property’) compares well with the available romeping
evidence, despite the fact that the observatioasfram a sheltered area adjacent to the measuidepr
During this event, overtopping was forecasted alomast of the north coast but not on the south ¢ccasi

similar validation was obtained at Polzeath bedmtation shown on Figure 8).

Storm Emma occurred on thé' and 2° of March 2018 and originated in the English Chaniiee waves
within Start Bay in South Devon reachlgdo= 5.8 m with a peak period @f, = 10 s (Figure 9), which, given
the rarity of large easterly waves represents armgperiod of around 1:50 years. The storm wavesigged
over 5 m of wave runup at the gravel barrier ap®la Sandstan 8 = 0.13), which exceeded the crest of the
barrier and caused significant wave overtopping enogdion. The overtopping deposited a significanbant of
gravel on the A379 road (Figure 9), which traverfes crest of the barrier, confirming that overtogp
occurred. SWEEP-OWWL forecasted a level 2 overtoppiazard, which could be deemed modest considering
approximately 100 m of road was undercut and ceéidpnto the beach. However, the collapse wasljadge

to erosion of sediment rather than overtoppinglesel 2 hazard is deemed appropriate given thelablai
evidence. During this event, overtopping was widskydicted along the south coast but not on théhremast,

and additional verification of overtopping is aadile at several south-coast locations from newspaperts.
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Figure 8. Forecasted wave conditions and overtoppinfor Storm Eleanor, 3¢ Jan 2018. Top left: 3-dayregional
hazard forecast (see Figure 7 for legend). Top righForecasted and measured significant wave heigt{t ), peak
(T,) and mean (T,) wave period, and peak wave direction (F) at -17 mODN depth contour at Perranporth beach.
Middle left: Measured beach profile and predicted naximum still water and runup levels. Middle right: Time series
of predicted water level and runup with overtoppingvolumes and hazard warnings. Dashed red line indites the
elevation of the beach car park. Bottom left: Locathtn map showing Perranporth profile 7a01438 and be#&ccar park.

Bottom right: Overtopping was evident in the car pak by sediment on the tarmac and through mediareports of
flooded properties to the right of the image.
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Figure 9. Forecasted wave conditions and overtoppinfor Storm Emma, ' — 2" March 2018. Top left: 3day

regional hazard forecast (see Figure 7 for legendJ.op right: forecasted and measured significant wavéeight (Hmo),

peak (T,) and mean (T,,) wave period, and peak wave direction (f) at -12 mODN depth contour at Slapton Sands
Middle left: measured beach profile and predicted vater level/runup. Middle right: time series of predicted watel

level and runup with overtopping volumes and hazardvarnings. Dashed red line indicates the elevatioof the road.

Bottom: location of profile 6b01257 and the barrier before (bottom left) and after (bottom right) stom Emma;

overtopping was evident from gravel deposited on #hroad and back barrier.



4.4 Sensitivity of overtopping to coastal profile shape

To test the sensitivity of predicted overtoppinterto variations in the measured coastal profiterr8 Emma
(Section 4.3) was run over 24 coastal profiles mesbat a single location at Teignmouth, Devon, bétween
May 2007 to November 2019. The site features a\sdahch (.013 < 8 < 0.039) backed by a seawall
(Figure 10) and is adjacent to a range of amengied infrastructure, including a train line. Thesaris
susceptible to shoreline rotation as well as ceklduring storms as a result of a bi-directionavevalimate
[49]. The beach elevation at the toe of the seaatalleignmouth varied vertically by approximatelyr3over
the 2007-2019 period (Figure 10, left panel), witiertidal profile volume (Figure 10, right panegtween the
seawall and -2 mODN (approximately MLWS) varyindvbeen 68—263 Am™.

Under fixed boundary conditions from the peak afrBt Emma at this single coastal location, the tedi
overtopping volume varies by an order of magnitddpending on which beach profile observation isctet
(Figure 10, right panel). The predicted overtopgiagard ranges from low (hazard level 0) when tbharswas
run over a healthy beach profile, to the highegell®f hazard (hazard level 3) when the same stoa® run
with a denuded beach. The variation in predictegtopping is primarily due to the difference in waweaker
dissipation across the different intertidal prdfikSection 3.4), and resulting variation in waveigeand wave
height at the toe of the seawall. This test indisahat wave overtopping is highly sensitive to ititertidal
profile, proving the importance of a forecastingtsyn that allows the coastal profile to be updagedlarly, as

per the present system.
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Figure 10. Left panel: 24 coastal profile measuremés from a single location at Teignmouth beach. Linetgle is
varied by the predicted wave overtopping hazard athe peak of Storm Emma. Right panel: predicted oveppping
rate at the peak of Storm Emma for different profile observations at the same location, with symbol dncolour
varied by the predicted hazard level (Section 3.7)The most up-to-date profile measurement at the timef Storm
Emma (‘used profile’) is shown with a solid line inthe left panel and a bold symbol in the right panke



4.5 Application to operational coastal management

For operational decision making — i.e. real-timeefearning of coastal overtopping — the SWEEP-OWWL

forecast is automatically formatted into a serie®DF documents and emailed to a list of recipieash day

(www.channelcoast.org/ccoresources/sweep/). Thadpients currently consist of Environment Ageniood
response officers, and local authorities. The faseés also broadcast more publicly via automateibs media

posts using the Twitter data APl (www.twitter.con€@astal_Hazards). To generate these outputs, theafst

is first used to create a series of plots that garteshe predicted coastal flooding hazard at varispatial
resolutions, from regional (that present maximunzand over the 3-day forecast period for the whdle o
southwest England), to sub-regional (that presextimmum hazard for 24 different sub-regions), amalfy to
individual coastal profiles (that present a timeeseof wave runup and overtopping hazard overféhecast
period). Examples of regional-scale warnings amtividual profile time-series plots are providedHFigure 8

and Figure 9.

4.6 Application to strategic coastal management

SWEEP-OWWL was primarily designed as an operatifor@lcasting system, but can also be used foregfiat
purposes, for example, to identify areas that areeatly vulnerable to coastal overtopping, or waleate the
consequences of sea-level rise or increased stessiion coastal overtopping. Figure 11 shows reblwamard
forecasts for Storm Emma and Storm Eleanor (Seéti8)) and compares them to a climate scenarioevbea
level is 1 m higher than present. This represemtsxéreme potential future sea-level rise, in livith the upper
bound for the year 2100 from RCP8.5 of the UK ClienBrojections (UKCP18, https://ukclimateprojection
ui.metoffice.gov.uk). For this simple example, trest heights of natural and man-made defences lhese
kept at their present elevation; therefore, theldoard of all coastal defences is assumed to dexiedine with

sea-level rise.

According to this example, a westerly storm liker8t Eleanor (1:3.5 year return period) would regultnany
more locations in southwest England experiencingr&e overtopping with sea level 1 m higher, inahgda
number of locations on the sheltered south-facoastthat were predicted to be low hazard withiseal at its
current position (Figure 11, upper panels). Sirhilaan easterly storm like Storm Emma (1:50 yedurre
period) would result in widespread and severe opginhg along most of the south coast with sea lévei
higher (Figure 11, middle panels). Under the presémate, ~30 of the 184 studied profiles are predl to
have experienced overtopping > Trts’ during the two storms, with 5-10 profiles expedieg > 10 I1'm™ and
the worst affected sites experiencing discharge408-200 1Em™. With sea level 1 m higher, the model
predicts that the storms would cause overtoppingnate than 60-70 of the profiles, with 30-35 peil
experiencing discharges > 108, and peak overtopping rates could increase to tare 1000 [3m™* (wier-
flow conditions). With an additional 10% increaseH,, (a hypothetical climate scenario, not predicted by
UKCP18), overtopping rates for the two storms aedjzted to increase only slightly (Figure 11, lowpanel).
Such scenario modelling can be used to quicklytiflefuture overtopping ‘hot spots’, and could bepeated
many times with varying combinations of forcing diéions and climate scenarios to provide statistica
measures of coastal overtopping vulnerability. Tisia simplistic approach to climate change modg|las it

does not properly account for the evolution of ¢bastline or for future updating of coastal defan¢¢owever,



such factors could be tested and would provideald&iinformation for the strategic management atstal

defences on a regional scale.
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Figure 11. Strategic application of the SWEEP-OWWL oveopping forecast to explore the effects of Storm Eanor
(top panels) and Storm Emma (middle panels) with #uture potential rise in sea level of 1 m. The lowepanel shows
the highest to lowest predicted levels of overtoppy discharge around the southwest coast for the twstorms, and
shows the increase in predicted discharge with sdavel 1 m higher and with an additional 10% increas in Hmo.

More information on the two storms is provided in &ction 4.3.



5 Discussion

In Section 4.4 it was demonstrated that overtoppaitg is highly sensitive to the coastal profilattts used, and
that using ‘out-of-date’ coastal profiles is likalyresult in unacceptable levels of uncertaintipoations where
the profile varies vertically by a metre or moreiging methods to forecast coastal overtopping7[lhave
relied on running a large number of off-line XBeasimulations with a single realisation of the cahst
bathymetry. Although a more complete physical repnation of the coastal hydrodynamics is possiblag
XBeach compared to the linear shoaling and empiticaaker, runup, and overtopping approach used in
SWEEP-OWWL, the coastal bathymetry used in the XBdzased forecast systems would need to be updated
regularly to provide relevant information, which w incur significant additional computation timéthveach
update. In contrast, the on-line calculation ofrakare hydrodynamics and overtopping over the fay-
prediction window (1-day hindcast plus 3-day fosggan SWEEP-OWWL for all 184 profiles takes 16 oties

of computation time on a single computational cargj the profile database can be updated with daiacal
computational cost. This creates an opportunitgssimilate profile data whenever it becomes avigi|adither
through the present approach of utilising coastahitoring data, or in future through the use ofoaoimous

Sensors.

This raises the question of whether overtoppingase sensitive to a complete representation ofdgyramics
(justifying the XBeach approach), or to the variiépin the coastal profile (justifying the preseyproach), but
such an assessment was beyond the scope of trenpstady. Either approach relies on the availyboi
accurate coastal boundary conditions — in SWEEP-QWMfshore boundary conditions are downscaledgisin
a 1-km resolution hydrodynamic model in order teotee differences in wave conditions within indivéa
embayments. Across the European northwest shedcdsted waves and water levels are now freelyadolai

at a resolution of 1.5 km_(https://marine.copergieu/), which in most cases is sufficient to resolv

hydrodynamics within individual embayments. It idetefore becoming increasing possible to run
computationally efficient overtopping warning systesuch as SWEEP-OWWL using freely available farcin
conditions from a single desktop PC. However, thsile always be a reliance on accurate and up-te-da

coastal profile or bathymetric data, which are leitely available globally.

There are a number of ways that errors can beduated to the forecasted wave runup or overtoppahges in
SWEEP-OWWL.:

1. The boundary forcing data could be inaccurate
2. The Delft-3D model could introduce error in the grdevel, currents, and wave conditions
Wave propagation between the nearshore Delft-3pututodes (10—-20 m depth) and the coast ignores
wave divergence, convergence, and dissipation fwgtidal sandbars
4. The runup and overtopping equations each have dkgiruncertainty
The beach profile and sea-defence geometries a@nie cases simpler than in reality
The beach profiles (updated twice a year) may lewadved between the measurement time and the

time of a storm arriving, and may further evolveidg the storm itself.



This study has attempted to quantify the degreermfr introduced by (1) and (2), through validatafrthe 1-
day ahead model predictions against wave and hydesdic data (Section 4.1). An attempt has also Ineste

to characterise the expected level of accuracheénltday ahead overtopping hazard predictions i(Bect.2
and 4.3), which are subject to all the above lissetirces of error. However, due to the difficulty o
disentangling the contribution of error from sowd8) to (6) above, it is acknowledged that eactividual
aspect of the methodology has not been assesséts ferror contribution. As such, it is not yet pitde to
provide robust confidence bounds on each forecasteaip and overtopping prediction. Despite this
shortcoming, the level of accuracy of the hazarddjmtions is considered highly favourable for cahst
management purposes, with 80% of the observed apgrtg being predicted by the model, and the missed
20% of events representing low severity overtoppidditionally, false alarms were only raised 2.5%ihe
time. Particularly encouraging is the fact that ¢hessification of overtopping hazard (levels OeBher agreed
with, or was within 1 classification level, of tlevertopping observations nearly all of the time%®7 This
indicates that the system is not only able to mtevforewarning of coastal overtopping with approatety an
80% hit rate (and 100% hit rate for severe eveimsf),also shows skill in differentiating betweemlgeverity

and high severity overtopping events.

Another limitation of the system is that while ieglicts overtopping rates and hazard, it does ebagtempt to
predict coastal flooding extents. To predict flawgliforecasted overtopping rates would need toebeirfto a
flood propagation model, which would incur a sigrahtly higher computational cost, and was not deém
feasible over the regional scale required from ghesent system. However, this may be a future ppfto
specific high risk locations and could provide ¢abhsnanagers with better quantification of the edais and

extents at risk from coastal flooding during eattinrs.

Through developing a forecast system to predicttopping for a variety of coastal situations, iparticularly
apparent that further research is required to ingmrediction of overtopping over naturally defetidmastal
profiles (beaches, dunes, and gravel barriers) evherup is well described [4, 32, 50] but availadtertopping
formulae [37-39] are yet to be validated. Equally, satisfactory methods exist with which to predietve
overtopping at sea-defence structures that arg &rhergent above still water level, yet consideralvhve
overtopping could occur in such cases if wave ruisupignificant and freeboard is low. Further reshas

required in both these areas in order to have pEiensuite of coastal overtopping equations.



6 Conclusions

Current process-based models (e.g., XBeach) argetdtlly developed for the prediction of wave ce@ping
at coastal structures and cannot represent comperdefence features such as wave return lips. Buckels
are also too computationally expensive to run ad-tiene for the 1000-km coastline of southwest Engl To
address these challenges, SWEEP-OWWL uses a cowphlegl and current model (Delft-3D) combined with a
computationally efficient suite of empirical equets to calculate nearshore wave shoaling, breakimgyp and
overtopping. The system can be updated with thestiatoastal profile measurements with no additional
computational cost. The 1-km wave and hydrodynamiciel takes approximately 2.5 hours to complete a 4
day simulation (1-day hindcast plus 3-day foregast)ng 8 cores and parallel computing. The contjmutaf
nearshore hydrodynamics and overtopping for 184stabgrofiles then takes 16 minutes using a single

computational core.

The accuracy of the overtopping predictions is @mred highly favourable for coastal managemenppses,
with 80% of the observed overtopping events beraglisted by the model 1-day ahead, and the mis@&glcf
events representing low severity overtopping (assksising daily observations at 19 sites aroundEdgland
during the 2018/19 winter). Additionally, false afes were only raised 2.5% of the time. Particularly
encouraging is the fact that the classificatiorowedrtopping hazard (levels 0—3) agreed exactly withjective
observations half of the time and were within 1ssification level for 35 out of the 36 overtopping
observations. This indicates that the system ionbt able to provide forewarning of coastal ovppimg with
approximately an 80% hit rate (100% hit rate forese events), but also shows skill in differentigtbetween

low severity and high severity overtopping.

Wave overtopping is highly sensitive to the shapd &olume of the intertidal beach profile. Undexefi
boundary conditions from the peak of Storm Emma a&ingle coastal location, predicted overtoppinig ra
varied by an order of magnitude depending on whieaich profile observation was selected, with haizarel
varying from low to high. In contrast to existingestopping warning systems that have used onlynglesi
realisation of the coastal bathymetry, this findimgvides justification for frequent coastal mornitg and a

forecasting system that allows coastal profilebeaipdated regularly, as per the present system.

Further research is required to improve predictibwave overtopping volumes over naturally defendeaistal
profiles (beaches, dunes, and gravel barriers)revheup is well described but overtopping preditsi are yet
to be validated. Equally, no satisfactory methoxistewith which to predict wave overtopping at skxfence
structures that are fully emergent above still wteel, yet considerable wave overtopping couldunén such
cases if wave runup is significant and freeboartbve. Equally, a future challenge for the developinef
SWEEP-OWWL is assimilating coastal profile dataré@al-time; this is currently updated twice a yead a
following severe storms by the regional monitorprggramme, but could be updated much more frequentl

(i.e. daily) through the use of data assimilatimmf autonomous sensors.

The combined application of SWEEP-OWWL to operadlo(real-time forewarning) and strategic (climate

change impacts) coastal management is currenthirigeto inform coastal management decisions dwstogms



across southwest England, and it is hoped thaapipeoach will be developed further and applied dastal

regions across the UK and abroad, as a tool toawapthe resilience of vulnerable coastal commusitie

7 Acknowledgements

We would like to thank Roger Quinn, Keith NursemdaSusan Connelly from the Environment Agency for
supporting this project and collaborating with msdeveloping the model. Thanks also go to the M&t©for
providing boundary forcing conditions. The reseasets funded by NERC through their EnvironmentakSce
Impact Programme Sputh West Partnership for Environment and EconorRiosperity (SWEEP)
NE/P011217/1) and a Strategic Highlight Topics g{&hmysical and biological dynamic coastal processed a
their role in coastal recover(BLUE-coast) NE/N015525/1).



References

[1] Van Dongeren, A., P. Ciavola, G. Martinez, Ciavattene, T. Bogaard, O. Ferreira, . . . R. McCall
Introduction to RISC-KIT: Resilience-increasingagéygies for coastCoastal Engineering, 201834 p. 2-9.

[2] Moftakhari, H.R., A. AghaKouchak, B.F. Sandels].. Feldman, W. Sweet, R.A. Matthew, and A. Luke,
Increased nuisance flooding along the coasts of Winided States due to sea level rise: Past andrdutu
Geophysical Research Letters, 204%22): p. 9846-9852.

[3] Vitousek, S., P.L. Barnard, C.H. Fletcher, NaZer, L. Erikson, and C.D. StorlazBipubling of coastal
flooding frequency within decades due to sea-lgsel Scientific reports, 2017(1): p. 1399.

[4] Poate, T., R. McCall, and G. Masselink,new parameterisation for runup on gravel beach@sastal
Engineering, 2016117: p. 176-190.

[5] Vousdoukas, M.I., L. Mentaschi, E. Voukouvalds, Verlaan, S. Jevrejeva, L.P. Jackson, and LeRey
Global probabilistic projections of extreme seadsvshow intensification of coastal flood hazaMature
Communications, 201&(1): p. 2360.

[6] Sallenger Jr, A.H.Storm impact scale for barrier island®ournal of Coastal Research, 20063): p. 890-
895.

[7] Barnard, P.L., M. van Ormondt, L.H. Erikson,Eshleman, C. Hapke, P. Ruggiero, . . . A.C. Foxgro
Development of the Coastal Storm Modeling SystedSMOS) for predicting the impact of storms on high-
energy, active-margin coastdatural hazards, 20144(2): p. 1095-1125.

[8] Huang, C.-J., Y.-C. Chang, S.-C. Tai, C.-Y. LiM.-P. Lin, Y.-M. Fan, . . . L.-C. WuQperational
monitoring and forecasting of wave run-up on sedsv@loastal Engineering, 202061 p. 103750.

[9] Zou, Q.P., Y. Chen, I. Cluckie, R. Hewston,F&n, Z. Peng, and D. Ree¥semble prediction of coastal
flood risk arising from overtopping by linking metelogical, ocean, coastal and surf zone mod€sarterly
journal of the royal meteorological society, 20139671): p. 298-313.

[10] Viavattene, C., J.A. Jiménez, O. FerreiraPBest, D. Owen, and R. McCa$8glecting coastal hotspots to
storm impacts at the regional scale: a Coastal Riskessment Framewoi®oastal Engineering, 201834 p.
33-47.

[11] Harley, M.D., A. Valentini, C. Armaroli, L. Pmi, L. Calabrese, and P. Ciavol@an an early-warning
system help minimize the impacts of coastal stoMns&@se study of the 2012 Halloween storm, nortiids.
Natural Hazards and Earth System Sciences, Z®{6): p. 209-222.

[12] Poelhekke, L., W.S. Jager, A. Van Dongerer. TRlomaritis, R. McCall, and O. FerreirBredicting
coastal hazards for sandy coasts with a Bayesiawdtk. Coastal Engineering, 201618 p. 21-34.

[13] Roelvink, D., A. Reniers, A. Van Dongeren\Man Thiel de Vries, J. Lescinski, and R. McCXBeach
model description and manud@®elft University of Technology, User Manual, Delfthe Netherlands, 2010.

[14] McCall, R.T., J.S.M.V.T. De Vries, N.G. Pla#,R. Van Dongeren, J.A. Roelvink, D.M. Thompsonda
A. Reniers,Two-dimensional time dependent hurricane overwash erosion modeling at Santa Rosa Island.
Coastal Engineering, 20187 p. 668-683.

[15] Van Dongeren, A., A. Bolle, M.I. Vousdoukas, Hlomaritis, P. Eftimova, J. Williams, . . . J.Wahiel de
Vries, MICORE: dune erosion and overwash model validatioth data from nine European field sites
Proceedings of coastal dynami@909. p. 1-15.

[16] Bolle, A., P. Mercelis, D. Roelvink, P. Haesgrand K. TrouwApplication and validation of XBeach for
three different field site€Coastal Engineering Proceedings, 2t h. 40.

[17] Splinter, K.D. and M.L. PalmsteModeling dune response to an East Coast Lidarine Geology, 2012.
329 p. 46-57.

[18] O'Neill, A., L. Erikson, P. Barnard, P. LimheB. Vitousek, J. Warrick, . . . J. Loverirgrojected 21st
century coastal flooding in the Southern Califoriaght. Part 1: development of the third generat@aSMoS
model.Journal of Marine Science and Engineering, 2@8{8): p. 59.

[19] EurOtop,Manual on wave overtopping of sea defences andeelatructures. An overtopping manual
largely based on European research, but for worttbrvapplication. Van der Meer, J.W., Allsop, N.WBiyce,
T., De Rouck, J., Kortenhaus, A., Pullen, T., Sahdipf, H., Troch, P. and Zanuttigh, B., www.ovpgimg-
manual.com2018.

[20] Donnelly, C., N. Kraus, and M. LarsoBtate of knowledge on measurement and modelingaxtal
overwash.Journal of Coastal Research, 200%4): p. 965-991.

[21] Castelle, B., V. Marieu, S. Bujan, K.D. Spént A. Robinet, N. Sénéchal, and S. Ferrdimgpact of the
winter 2013-2014 series of severe Western Europenston a double-barred sandy coast: Beach and dune
erosion and megacusp embayme@somorphology, 201238 p. 135-148.

[22] Saulter, A., C. Bunney, and J.-G. lApplication of a refined grid global model for opébnal wave
forecasting 2016, Met Office Forecasting Research Techniegdrt.

[23] Roelvink, J.A. and G. Van Bannin@esign and development of DELFT3D and applicatiorcoastal
morphodynamicgOceanographic Literature Review, 199%(42): p. 925.



[24] King, E.V., D.C. Conley, G. Masselink, N. Leandi, R.J. McCarroll, and T. Scofthe Impact of Waves
and Tides on Residual Sand Transport on a Sedinpadr, Energetic and Macrotidal Continental Shelf.
Journal of Geophysical Research: Oceans, 2084.p. 4974-5002.

[25] O'Dea, E., R. Furner, S. Wakelin, J. SiddarnWwhile, P. Sykes, . . . H. Hewithe CO5 configuration of
the 7 km Atlantic Margin Model: large-scale biasmsd sensitivity to forcing, physics options andtieat
resolution.Geoscientific Model Development, 2010(8): p. 2947-2969.

[26] Battjes, J.A. and M.J.F. Stiv€alibration and verification of a dissipation moder random breaking
waves.Journal of Geophysical Research: Oceans, 19&E&5): p. 9159-9167.

[27] Janssen, T.T. and J.A. Battjésnote on wave energy dissipation over steep besa€loastal Engineering,
2007.54(9): p. 711-716.

[28] Battjes, J.A. and J. Janssdinergy loss and set-up due to breaking of randormwesan Coastal
Engineering 19781978. p. 569-587.

[29] Baldock, T.E., P. Holmes, S. Bunker, and PnWéeert,Cross-shore hydrodynamics within an unsaturated
surf zoneCoastal Engineering, 19984(3-4): p. 173-196.

[30] Longuet-Higgins, M.S. and R.W. StewaRadiation stress and mass transport in gravity vsaweith
application to ‘surf beats'Journal of Fluid Mechanics, 196P3: p. 481-504.

[31] Van Rijn, L.C.,Unified view of sediment transport by currents amaves. I: Initiation of motion, bed
roughness, and bed-load transpalturnal of Hydraulic engineering, 20aB36): p. 649-667.

[32] Stockdon, H.F., R.A. Holman, P.A. Howd, andHA.Sallenger,Empirical parameterization of setup,
swash, and runupgCoastal Engineering, 20063: p. 573-588.

[33] Battjes, J.ASurf similarity in 14th International Conference on Coastal Enginegrit®74. Copenhagen.
[34] McCall, R.T., G. Masselink, T.G. Poate, J.AodRink, L.P. Almeida, M. Davidson, and P.E. Ruksel
Modelling storm hydrodynamics on gravel beachebh WBeach-GCoastal Engineering, 20191: p. 231-250.
[35] Altomare, C., T. Suzuki, X. Chen, T. Verwaestd A. KortenhausWave overtopping of sea dikes with
very shallow foreshore€oastal Engineering, 201616 p. 236-257.

[36] Bruce, T., J. Pearson, and W. Alls&folent wave overtopping - extension of predictioethod to broken
waves in Proc. Coastal Structures 2003003. ASCE, Reston, Virginia.

[37] Hancock, M.W. and N. Kobayashiyave overtopping and sediment transport over duire€oastal
Engineering 19941995. p. 2028-2042.

[38] Kobayashi, N., Y. Tega, and M.W. Hancodkave Reflection and Overwash of Dunésurnal of
Waterway, Port, Coastal, and Ocean Engineeringg. 1193): p. 150-153.

[39] Tanaka, H., Suntoyo, and T. Nagasa@adiment intrusion into Gamo Lagoon by wave oveitap in
Coastal Engineering 2002: Solving Coastal Conundsu2003, World Scientific. p. 823-835.

[40] Figlus, J., N. Kobayashi, C. Gralher, and kanzo,Wave overtopping and overwash of durlesirnal of
Waterway, Port, Coastal, and Ocean Engineering) 2(BIA(1): p. 26-33.

[41] Roelvink, D., A. Reniers, A.P. Van Dongererny.J. de Vries, R. McCall, and J. LescinsMpodelling
storm impacts on beaches, dunes and barrier islaBdastal Engineering, 20096: p. 1133-1152.

[42] De Waal, J.P. and J.W. Van der Me®ave runup and overtopping on coastal structures3rd
International Conference on Coastal Engineerith§92. Venice, Italy.

[43] Davidson, M.A., R.P. Lewis, and I.L. Turn&iprecasting seasonal to multi-year shoreline chareastal
Engineering, 201(®7: p. 620-629.

[44] Sutherland, J., A.H. Peet, and R. Souldbyaluating the performance of morphological modé€leastal
Engineering, 200461 p. 917-939.

[45] Brown, J., M. Yelland, R. Pascal, T. Pullen, Bell, C. Cardwell, . . . G. ShannoWireWall: a new
approach to coastal wave hazard monitorig§18.
[46] Pullen, T., E. Silva, J. Brown, M. Yelland, Rascal, R. Pinnell, . . . D. Jon&¥jreWall-laboratory and

field measurements of wave overtopp®@l9.

[47] Almeida, L.P., G. Masselink, R. McCall, and Russell, Storm overwash of a gravel barrier: field
measurements and XBeach-G modellidgastal Engineering, 201720 p. 22-35.

[48] McCarroll, R.J., G. Masselink, M. Wiggins, $cott, O. Billson, and D. Conlegravel beach cross-and
alongshore response to an extreme event: beachhlengl headland proximity controlgh Proc. of Coastal
Sediments 2012019, World Scientific.

[49] Wiggins, M., T. Scott, G. Masselink, P. Ru$sehd N.G. ValienteRegionally-Coherent Embayment
Rotation: Behavioural Response to Bi-Directionalw&sand Atmospheric Forcindournal of Marine Science
and Engineering, 2019(4): p. 116.

[50] Stockdon, H.F., D.M. Thompson, N.G. Plant, and/. Long,Evaluation of wave runup predictions from
numerical and parametric modelSoastal Engineering, 20192 p. 1-11.



Highlights

*  Wedevelop and test an efficient forecast system for wave overtopping forewarning

*  Predicts waves, water levels, and overtopping for 1000 km coastline on a desktop PC
*  Correctly predicted the presence or absence of wave overtopping with 97% accuracy
*  Can be updated with latest coastal profile data with no extra computational cost

* Thisisshown to improve the predicted overtopping rate by an order of magnitude
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