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Abstract. Tropicaland extratropicadyclones which can causeoastaflooding, are amongthe most devastating natural

hazardsUnderstandindpettercoastalflood riskoettercanhelp to reduce their potentialimpacts. Global flood moghdds/a

key role in this proces#n recent years, global models and methods forflood hazard simulation have improved, but they still

present limitationgo provide actionable information at local scal@sie notablelimitation is the insufficient resolution of

global models to accurately capture tuamplexities of stormand topoaraphof specificregions.Additionally, mostlarge

scale hazard assessmetetsd to focus solely oeither water levesimulationsor overland floodhg, oftenrelying onstatic
flood modelling approachelsiorde ienln this studyswe introducenepresentthe MOSAIC
modelling framework, a flexible Pythelnased—a-novelmodelingframeworkdesignedthatcoupks- to dynamicaly
simulatalynamicbothwater leved andoverandflood-modetpastal flooding event®Ve use MOSAICto simulate three

historical storm _eventsith the aimof assessing the effectsiasolutionin globalmodelsMOS Al Co6 s fallovesxar b i | i t

the adjustment of both temporal and spatial model resoklitibarthermore, itanultiscalemodelling approachllows to

automatically generate and néggh-resolutionlocalmodels within a coarsetobalmodel This approackeeksto generate

more accurate water levels, thieyeenhancingoastalboundary conditions for dynamic flood modell@ar findingsindicate

thatthe importanceof modelrefinemensis linked tothetopography of the study area and the storm characteristics. For

instance, refining temporaloutpr@solutionhas a significant impact asmall andapidly intensifying tropical cyclonebut

is less critical for extratropical cyclonesAdditionally, the refinement ofpatial output locationis particularly relevantin

regionswhere water levelexhibit high spatial heterogeneity along the coast. In regions with complex topographies, grid

refinement and highaesolution bathymetry play a more significant roihile the validation from this study does not

conclusively demonstrate that a specific refinement consistently vields better results, MOSAIC serves as a valuable resource

for users to explore optimal settings tailored to their caseesuand regions of interegbrovidingVOSAIC—followsa

a bridge between fully global and fully local modelling approaghesi
risk-assessments

1 Introduction
Coastal flood eventsan have devastating impacts societies, economies, and the environmehén affecting densely

populated and lovying coastalarea®Vvadey etal., 2015 ropicalcyclonegTCs) and extratropicalcyclones (ETGagthe
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cause ofhemost severe coastalfloodingeve(suris et al., 2021; Dullaart et al., 2021; Haigh et al., 2016; UNDRR, 2020;

Wabhl et al., 2017)or exampleHurricane Harvey,in 2017s one of the costliest swtlor ms

an estimated damage of $125 bilion. Typhoon Idai, in Mozambique 2019, caused around 600 deaths and economic damage

of $770 million (Nhamo and Chikodzi, 2021; Sebastian et al., 20219953, an ETC was the cause of the most severe coastal
flood event in Northwest Europe, resulting in more than 2000 d€#tadey et al., 2015More recently,in 2010 ETC
Xynthia hit the Atlantic coastof Franpea usi ng 47 d e a tedorsomiadachagd€IGEDD, 2050) | i o n

Coastalflood events are driven by extremelsgals resulting from a combination ofiean sea level variationgjes, storm
surges and wavg&irezci et al., 2020; Marcos et al., 2019; Vousdoukas et al., 2018a, 2017; Wahl, R0fetent years,
several studies haappliedglobal hydrodynamic models to simuladeastalvater levelgDullaart et al., 2021; Muis et al.,
2016; Pringle et al., 2021; Vousdoukas et al., 2016a; Wang and Bernier, 30B8¢quently, these water levels have been

usedto derive extreme water level valuies various return periodsThese extreme water levels have then been used as input

into global overland flood models, and thesulting flood hazard maps have been used#sess flooé@xposure andsk
(Vousdoukas et al., 2016l)hile theseglobalstudieshavegreatly improved our understandinglafgescalecoastaflood

risks, they do noyethave the accuracy to providetionableénformation about coastal flood events at local seale

The accuracy ofargescale hazard assessmerisslimited byseveral factorselated to the quality of the input data and
assumptionsinderlying the modelling approaché&mtil now, the vast majority of largecale hazard assessments have
primarily concentrated on either modelling extreme water levetsserland floodsHowever,eachmodelcomponenhasits
own limitations. We identify here two—-three main methodological limitation of largescale hazard assessmerisst,
bathymetnrandoastalgeometrstronglyinfluencesextreme sea level8loemendaaletal., 2019; Dullaart et al., 2020; Mori
et al., 2014; Woodruff et al., 2023yith largevariability at local scaleConsequentlyin regions with complex morphologies,
such a®stuaries, ser@nclosed bays or barrier systgmlobal modeldack the resolution required taccuratelyesolve the
extreme sea level@Bunya et al., 2010; Dietrich et al., 201®rid refinement and nesting of local highsolution models
within coarser global modelsan result in improved coastal boundary conditigRelupessy et al(2017)useda similar

multiscale approachto obtain realistic bound® conditionsby nestinga global circulation modednd a highresolution

barotropic modeBecondthe accuracy of input datasets such asthe meteorologicalforcing and the batleamisdnye large

influenceoin the totalwater levels. Coanseteorological forcingé both in termof spatialand temporalresoluti®nmight
notbe able to capture the resolution necessary to resoteasa storm&oftenmightlacksnotbe able tocapture while
errors in the bathymetric datasesnresult-inchangedll propagate to the modelling @-storm surge level@Bloemendaal

et al., 2019; Dullaart et al., 20207 hird, coastalflooding is a dynamic procesdsere flood duration and physitprocesses
play a key role-However,giventhe high computational costssociated withising hydrodynamic flood model$ieir use has
been limited to local apightion forlargescale hazard assessmemsblimitedmMostlargescalehazard assessmetitsve
usedse static flood modellingnethods, whicmeglecttheflood dynamicseffloodingeventdorlarge-scalegHinkel et al.,
2014; Muis et al., 2016; Ramirez et al., 2016; Vafeidis et al., 2019; Vousdoukas et al., Zod8iwquently to datethe use
! } ionsAdditionally, large-scale hazard assessments typicaly
focus on a singlélood driver(Tiggeloven et al., 2020; Vousdoukas et al., 2018b; Ward et al., 2820ver, TC and ETC

eventsoften produceprecipitation, river dischargestorm surge and waves, abf which can contribute tflooding When

these drivers _occur in_combinationisey can significantly amplify flood hazards and riskar instance, recent research

showal that storm surge exacerbafkwial flooding at global scal€Eilander et al.,, 2020Few studies havanalysed the

effectsand interactionef multiple flood driversWhile {Bates et al.(2021)performed a combined risk assessment of fluvial,

pluvial and coastalflooding forthe continental U$Eilander et a).(2023)introduced the firsglobally-a pplicablecompound

flood modelling frameworkhat accounts for precipitation, river discharge and storm (Edlesderetal2023) However,

theinclusion of wavesynamicallyin largescaleassessmengnd the interactions between flood drivegmains a challenge.
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In this studywe introduceéhe MOSAIC (MOdelling Sea Level And Inundation for Cyclones) modelling framewuttk the

aim of providinga flexible Pythorbased modelling framewotkat allowsto dynamically simulate TC and ETWater levels

andcoastal flooding events:

complexregionsMOSAIC appliesa multiscale modelling approaghwhich local modelsvith high-resolution(~45 m to 25

km) arenested withina largescale modelwith a coarseresolution(~2.5 km to 25 km). To enablehydrodynamic flood

modelling MOSAIC couplestwo main-existing modeling approacheg1) to simulate water levels generated from storm
surges and tides at global to local scaleatiplesthe hydrodynamic Global Tide and Surge Model (GTSad)d Delft3D
Flexible Mesh softwarpand(2)to dynamically simulate overland flooding atlocal scaiipleshe simulated water levels
with the SupeiFast INunadation of CoastS model (SFINC®e use a reproducible approach thatis globally applicable and
that can automatically generate local Delft3D Flexible Mesh models as well as local SFINCS rotlels.study, we

showcase the potential of the MOSAIC framework by gioglit to three case studiesherelarge stormsurges caused

catastrophic flooding eventsamely historical stormavents TC Irma, TC Haiyan, and ETC XyntlisgeeFigurel; (Bertin et .- Fo
al., 2012; Cangialosiet al., 2018; Lapidez et al., 20Ady) each of these storms, we simulate the coastalwaterlevels and ﬂogd St
depths. Moreover, perform asensitivity analysis of different modelling settinggth the goalkeof benchmarkinanodel Fo
. . o . (U
configurations with differe resolutions
Irma, 2017 Haiyan, 2013 Xynthia, 2010
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Figure 1. Case studies analysed on this paper. Left: Tropical cyclone Irma; middle: Tropical cyclone Haiyan; right: Extratropical

cyclone Xynthia. The red area indicates the modelling domain dhe flood analysis.

2  The MOSAIC modelling framework
TheMOSAIC modelling frameworkshown inFig. 22,is a Pythorbasedrameworkthat integrates different packagesodels ... @

and softwarelt consists otwo maincomponents(1) thesimulationof global coastal boundary conditiongth theGlobal
Tide and Surge Model (GTSMpection 2.1), includingthe dynamic downscaling with a local higisolution model (Section
2.1.3; and (2)the overlandflood hazardsimulations using the SFINCS mod&ection 2.2). Python scripts thagnable
adjustments to th6&TSM settingsare used to generatifferent model configuratiom For the flood hazard simulations,
MOSAIC uses the Hydro Model TaaHydroMT) to prepare and postprocess SFINCS maonelt- and output data
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2.1 Coastal boundary conditions 2.2 Flood hazard modelling
2.1.3 Dynamic downscaling

Dfm_tools
Automated grid refinement HydroMT
Automated model building Automated model building
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1 e — alainialeleieiaislet
138 Figure 2. Flowchart showingthe input (in orange), models (in greel outputs (in blue), Python packages (in red)and the optional

139  dynamic downscalingfeature (in yellow) of MOSAIC .

140 21 Derivation of coastal boundary conditions

141 2.1.1 Meteorological forcing
142  The meteorological forcing datasets used in this study vary per-$pgernive force-or ETC Xynthia ard TC Irma we use

143  eventswith mean sea level pressure and 10 m meridional and zonal wind componentisdERAS re-analysis datasat a
144 horizontal resolution of 0.25 degrees and 1 hour temporalresofHiersbach et al.,, 2019Because TC Haiyan is not well
145  resolved in ERA5(see Fig. Al) Wwe force TCeventsaithusepressure andind from tropical cyclone track dataerged
146  with mean-sealevelpressure andwind componentsBRAS. Thewind-andpressure frotnopical cyclondrack dataareis

147  retrieved from thélationalHurricane Centerfrom NOAA-and-tb@int Typhoon Warning Center at 6 hourly interviiNaval

148  Meteorology and Oceanography Command, 2@2®)a+eis conveted toa polar grid with 36 radialbins, 375 arcs and a radius
149 of 500350kmusingtheHolland parametric wind mod@flolland etal., 2010}ollowing the methodology ofbullaart et al.

150 (2021 and Lin and Chavag2012) we applya counterclockwiserotation angleof b= 2a@d&etthe storm translation to

151  surfacebackground wind reduction factatU= 0 Adsliionally, we use an empirical surfa wind reduction factor (SWRF)

152  of 0.85(Battset al., 1980nndconvert tminute average winds to Ifiinute averages usirafactorof 0.91%Harper et al.,
153 2010){Citation} The Holandmodéls o u t p uatfile that defineslamlar gridcontainingpressure and wind field§o
154  extendthepressure andwinfl i el ds beyond t he T hoéuhdanydthinnGIMewe lihearlydingefpolates d
155

157  backgroundDeltares, 2024)

158 2.1.2 Global storm surge and tide model
159 MOSAIC uses GTSMv43.10to simulate totalwaterlevels resulting from tides and storm suiggesing baroclinic andvave
160 contributions GTSM is aglobaldepthaveraged hydrodynamimodelbased on Delft8D Flexible Mesh(Kernkamp et al.,

161 2011) It hasa spatiallvaryingresolution of 25km deep in the ocean and XB along the coasts (1.26m for Europe)
|].62 (Dullaart et al.,, 2020; Muis et al., 2020he spatiallyvarying resolution makst computationally efficienfor simulaing
163  water levels at large scaleEhe bathymetry in the model the 15 arcseconds resoluti@MODnetbathymetry dataset for
I].64 Europg(Consortium EMODnet Bathymetry, 2018ndthe 30 arcseconds General Bathymetric Chart of Oceartsi2idtaset
165 for the rest of the glob¢GEBCO, 2014)Tides are generatdadternally with tide generating forces, whiletesm surges
166  originate from external forcingvith pressure antlelds (Section 2.1.1; Muis et al., 2020)GTSM has been successfully
167 validated using different meteorological datasets and has been shown to provide accurate extreme (Brdldevelst al.,
168 2020; Muis et al, 2020, 2016)Version 4.1 is a calibrated versiomf the model with alsoimproved
169  paramaerizatiogmrametrizationfor internal tides and ktom friction coefficient(Deltares, 2021; Wang et al., 2022).

170 GTSM providesas outputvater level timeseriesver a grid in the ocean and for locations alemgry ~5 kmof the coast.

171 To validatethe coastadomponent of our modelling framework, we compt@ial water levels from GTSMgainsbbserved

172  totalwater levels from tide gauge stations of the Global Extremé 8esl Analysis (GESLA) dataséilaigh et al., 2023)
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This comparison is made foase studiesheretheGTSM output locationsre found nearbtide gauge stations from GESLA

the detrended time seriesTo assess the accuracy of GTSMe cal cul at e t he Pearsonrod

meansquared error (RMSEee Table Al Figure4 andFig. 5showthe time series of totalwater levelsdifferenttide gauge .
statlonsjurlncﬁox—th_e-eemwmmall of TC Irmaand ETC Xynthia, respectweMg%%e :

od dataThe Pearsobhs corr el at i on -sibuatedvand n @
observed total water levels highstrengfor both eventsindicatingshowing a goodagreemersgimulation-of the timeseries
patternsovertimeror TC Irma, the average correlation across the nine stationsis 0.93 with a standard deviatiomof 0.06

For ETC Xynthia, the average correlation across the six stations is 1.00 with a standard deviation Ad@itiihally, TC
Irma hasa RMSE of 0.28 m with a standard deviation of 0.09amdETC Xynthia hag RMSE of 0.2 m with a standard

deviation of 0.08 m. This shows thatwhile there are some minor differences between the GTSM simulations and observations

generally there is a good agree liable

Figure 3. GESLA tide gauge stationgor the case studies Irmgpanel a)and Xynthia (panel b).
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Figure 5. Validation of total water levels forthe case study Xynthiafor the six tide gauge stations depicted ifrigure 3.

2.1.3 Dynamic downscaling

Thedynamic downscaling withiMOSAIC consists of two part&irst, MOSAIC generatea localhigh-resolution modelith
Delft3Dd Flexible Mesh usinghe Python package dfm_tod@¥eenstra, 2024)Dfm_toolsallows toautomaticallycreatea

localmodeling grid with a spatiallyvarying resolutiorbased orthe specified maximum and minimum grid cell sizes as well
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astheCo ur a nt oderiveddrombtree bathymetdataprovided(Veenstra, 2024)Thebathymetry of the local modeén

be updated by interpolating a new bathymetric dataset into the newly generatethegrsettings t@automaticallygenerate

the local highresoution models used in this study can be foun&drttion2.3. Second MOSAIC usesan offline coupling

approach to neshe localDelft3D Flexible Meshmodelwithin GTSM. A Python scriptis used to first identifyheboundaries

of the local Delft3D Flexible Mesh modélhese boundaries are then usedetermine the specifiocations where GTSM

output should be extracteSubsequentlyGTSM provides the waterlevel timeseries at theacdelboundaries of the local

model.FherFinally, the localigh-resolutionmodel is executed using the water levels derived from GTSkbraieg input,

together with the same meteorological forcing as for GTSM

2.2 Hydrodynamic flood hazard modellingsetup

MOSAIC usesthe SupefFast INundation of CoastS (SFINCB)odelto simulate overland storm surge flood depths. SFINCS
is areducedphysics hydrodynamimodeldeveloped for a more computationally efficient dynamic flooding approach than
full shallowwaterequatiomrmodelgLeijnse etal., 2021t solvessimplified equations of mass and momentwimilarto the
LISFLOOD-FP mode(Bates et al., 20105FINCS has beersuccessfully applied to modebmpound flooding for tropical
cyclone Irma in 201tEilander et al., 2023; Leijnse et al., 20213 modelling output results in similar results to those from
full shallow water equatiomodelswhile reducing computationalexpenses by a factor of(Leéfnse et al., 2021 o speed

up the flood modelsimulations, we use the subgrid schematization from SFtX&bBthe simulationgLeijnse et al., 2020)

For this studywe useGEBCO 2020 (15 arc seconds spatial resolyti®eatherall et al., 202Dxas input dataset for the
bathymetnandasinputdatasetsthelandelevationweRABDEM (30m spatialresolution(Hawker et al., 2022}as input
dataseforsthe land elevatiosrFChma-and HaliyarExceptEfor ETC Xynthia For ETC Xynthigthere-we usethe 5 m
resolutionLiDAR -basedDEM developed by the French National Geographic Institut®l)fIBecausé canrepresenbetter
represents diketheflood protection-measures presémthe regionleading to better flood estimatdsan FABDEM(see Fig.

i j ively-Thespatially varyingoughness coefficientssed
within SFINCSare derivedrom the land use maps of the Copernicus Global Land Se(®Biesehhorn et al., 2020Within
MOSAIC, SFINCSis coupledffline with water levels from GTSMat1-hourly resolutionfor the default settingS’he Mean
Dynamic TopographyDTU10MDT; (Andersen and Knudsen, 2009 usedto convert the vertical reference of the water
levels from mean sea leveb the EGM2008 geoidwhich-is-the datum-of FABDEMTheresulting flood hazard maps have a

resolution of 30 m.

To buid the SFINCS models and cougleemwith GTSM, MOSAIC makeauses of-theHydroMTv01.70.10 (Hydro Model
Tools) packaggEilander et al., 2023)HydroMT is anopensource Python packagehich providesautomatedand
reproducible model building and analysis of resuitgdroMT usesa modular approach in which datasets and model setup
configurationscaneasilybe interchangedn the MOSAIC framework presented in this paper, we take advantage of HydroMT
in several ways: (itp automatically convert the forcing files from GTSM andalieerinputinto therrelevantmodel specific
inputformat, (2)to easilybuild acempleteeproducibleSFINCS modeland(3)to perform the analysis of tHeod SFINCS

model outputSEINCS isforced with GTSM water level timeserieat locations alongvery ~5 kmof the coadine, and

provides as outpuvater levelkimeseries for each arid cekinally, flood depth maps are derived from the maximum water

levels by subtracting thBEM.

Tovalidate thehydrodynamic flood hazard modelling componehthe modelling frameworkve compaethe modelled flood

extentswith observed flood extents derived from field measurem@&his comparison is dorfer Xynthia.the only case sty
for which observed flood é&nt dataareavailable(Breilh et al., 2013; DDTM, 2011We measure theodelskill using (1)

thehit rate(H), defined asthe flood area correctly simuladeér the observed flooded arsy (1)) (2) thefalsealarm rato

(F). defined as the area wrongly simulatadr the observeflooded aredEq (2)); and (3) thecritical success index (C),
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defined asthe area correctly simulated to be floanest the unio of the observed and modelled flooded a(fe@ (3)) Figure ... E

configuratiomasaforcing. The hit rate is @8, correcatly representindpeinghe flooding in most regions, only underestimating Sp!
it in regions further inlaniBiutunderestimatindhe falsealarm ratio of the model 8.62. Flooding is overestimated in the
north, likely due to the lack of floodrotection measuresdiuded inthe modethat are present in realiig-theregion The

critical success index is48.as a reglt of the areas well simulated and those overand underpredighdld. the performance

of the flood modelisiegatively afected by the quality of the topography and the representation of localfeatures such as dikes,

we consider the performance sufficient for laspale modelling and comparable to other studies sugRamirez et ajl.
(2016) and; Vousdoukas et al2016b)

( : (1)

& (2)

# - (3)
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Figure 6. Validation of the flood hazard modelling component of the modelling frameworkfor the case study Xynthia using the

water levels of the default configuration of GTSM asa forcing. The maps compare thenodelled and observed maximum flood

extents, where green indicates flood areas correctly simulated blue flood areas not simulated but observedand red flood areas

simulated but notobserved. Performance indicatorsfor the hit rate (H), false-alarm ratio (F) and critical success index@) are shown
in each panel.

2.3 Sensitivity analysis
Using the MOSAIC modelling frameworluye analyse the effects affining the resolution 8GTSM on the simulated water
levels andassestow theose propagate into the results for the flood hazard simulated by SFC& scribed in Table 1,

we cateqgorise model configurations in two distinct groufise first groupwhich containsgheglobal model configurations

(G), includes the default model configurati@sil) and configurations that modify only the global GTSM model (G2 and G3).

In this group, the refinements applied afE) the temporaloutput resolution, which is different than the implicitly calculated

simulationtimestep of GTSM, is refined from-Hourly to 10minute, allowing to capture more changes in water levels,

including the peaks of the water levels2). and(2) the spatial output resolution is refined from locations along the coast

every ~5 km to ~2 km, providing more coastalboundary conditions forthe hydrodynamic flood hazarf@8pdhkle second

8



325 aroup, which containghe nested model configurations (N)cludesthose model configurations that use a nested local model

B26  within the global model GTSMby performing dynamic downscalindhese model configurations includ@) thenesing of

B27 local highresolution modelsvith refined gridsinto GTSM (N1); and (2)the nestingof local highresolution models with

328 refined grids and updated bathymetry into GTANR). Finally, we evaluatehecombined effedof all theserefinements

B29 through the fAfully refinedd configuration (N3),., whigh i
B30 the nested highesolution models and updated bathymeTiye validation of GTSM and SFINCSshows sufficient
B31  performancdor allthemodel configurationfrom Table land Fig7 (seeTable Al andrigs. A2, A3andA9). L. E

332
B33
334
B35
336
337
338
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B41
B42

B43  Table 1. GTSM model configurations used in thesensitivity analysis.

Model configuration Nomenclature GTSMarid Bathymetry  Spatial output  Temporal output
resolution resolution resolution
Default G1 ~251t0 GEBCO201 Original 1h
configuration 2.5/1.25km 9* (=5 km)
Refined temporal outputresolution G2 ~25to GEBCO0O201 Original 10min
2.5/1.25km 9* (=5 km)
Refined spatial output G3 ~251t0 GEBCO201 Refined 1h
2.5/1.25km 9* (=2 km)
Dynamic downscaling (Refined grid) N1 ~25to GEBCO201 Original 1h**
0.45km 9t (=5 km)
Dynamic downscaling (Refined grid + N2 ~251to GEBCO202 Original 1h**
Updated bathymetry) 0.45km 3 (=5 km)
Fully refined N3 ~25to GEBCO0O202 Refined 10min**
configuration 0.45km 3 (=2 km)
Model GTsSM Bathymetry Spat Temporaloutput
i . grid ial .
resolution outp
ut
resol
utio
A
Detaul =250 GEBCO204* N 1h
configuration 25/ 25km inal




=5
k)
. Refine
=2510 0 45km GEBCO2023 d=2 10min**
i .
k)
Crig
Refinedtemporaloutputresolution GEBCO204* 10min
25/1.25km (=5
kem)
Refi
=2510 ned
Refined-spatialoutput GEBCO204* 1h
2.5/1.25km (=2
k)
Orig
Dynamic =2510 inal n
Downscaling 0-45km {=5
k)
344  * EMODneR018for Europe(Xynthia case study)
B45  **For the modetonfigurations N1, N2 and N@her-applying-dyramic-dewnsealinthetemporal output resolution is also the temporal
346 resolution of thecoupling between GTSM and the local higtsolution model.

347
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3 Sensitivity analysisof the modelresults

3.1 Multiscale storm surge modelling

configuration N3 and the model configuration G1.

3.1.1 Effects of higher resolution ontotal water levels

GTSM from Zhourly tothelO-minute intervalof G2(Eig-5panelsbe h) results in higher maximum waterlevels acrossthe | Fo

entire modeldomain for all three case studies. For TC Irmagfianelb), the sensitivity of the water levels to the temporal ==

refinementis relatively smaliptdess thari20 cm.The small effect of the temporalrefinement for TC Irma caoldiserved

aswellin Table A1 and Fig. 2 where G1 and G2 present similar timeseries and performance coefficients when compared to

observed water levelg¥a south of

hat TC Irma

the water levels is significant. Water levels increase due to theaeirpfinement up ta-bgut-lz m alonahe coastlines where

TC Haiyan made landfall, showing thatburly resolution is too coarse to accurately capture the water level response. The

cause for thisnight be thait thatTC Haiyan had a rapid intensification, and when modelling water levelkhatidy resolution
wemightoverl ook the stormés peak, resulting.G2rhowaver camcdpuree st i

water levels to the temporalrefinementis relatively snteds tharl0 cmon averaqeand slightlyhigherin enclosedasins

and estuariesearlLa RochelleThe small changesin waterlevels for ETC Xynthializedsdue to the inherent characteristics

of ETCs, which typically have larger dimensions, lower intensity, and a slower rate of intensification compared to TCs. This

meansthatthe changesiaterlevelsan be well captured at ahburly resolutionThesmalleffect of the temporal refinement

for ETC Xynthia can be observeds wellin Table A1 and Fig. B, where G1 and G2 present similar_timeseries and

performanceoefficients when compared to observed water levels.

The model configuration G3vhere Refiningthe spatial output resolutios refined is not shown inFig. 8 Eig—5-because ... @

increasingthe number of water level locations does not change the water level values themselves. However, this refinement

becomes significant when these values are applied as coastalboundary conditions to SFINCS (seg.&Béd:tisa greater

number of coastal boundary conditions offer additidngdrmation for the flood model.

3.1.2 Effectsof dynamic downscalingwith original bathymetry on total water levels

Figure 8 panelsc, g, k show thathemodel configuration Niesults insignificantchanges in water levels for all case studies..-{ gq

The largest differences occur along the coastere thdargestchanges in model grid size resolution ocdtar TC Imma no

anelc), the nesting of a local model at higholutionwith GEBCO2019esults in maximum waterlevels thareup .. Fo

to 0.3 m higher tharG1in the soutlvestof Florida, andup to0.1 m lower in the southwest. These changesaused by the no

refinedgrid resolutionin those regions in comparison to Gdhich allows usto betteresolvecomplex topographground the

barrierislands Water levels for nine tide gauge stati@sng the coast indicate thahile G1 underestimasthe peak of TC

Irma in most locationgFig. A2, all stations but station.7/IN1 simulateon averagdigher peaks, resultingometimesn
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overestimations (gi_A2, station 9. Additionally, the performance of N1 is slightlyetterthan G1for six tide gauge stations

(stationsl-6), asreflected in Table Al, which shows lower RMSE valb@sveverfor stations 79, G1 showsslightly higher

RMSE andP e a r s<arraeladien.For TC Haiyan Fig. 8 panel

higher tharG1 nearthe landfallregions. These differences occutdtiee refinemenof the grid from 2.5 km to 45 nwhich no

results in a significant increase in the numberof model grid cells that define regions of shallow bathymetry, espenilly aro

the bay nearTacloban, resulting in a more detadledesentationf water levels in thatregiohanksto the increase on grid

cells, the strait north of Taclobafior N1 is defined with multiple grid cells in comparison to the two grid cell width of$&kE

Fig. A6). Therefore, in that region N1 allowss tobetter resolve thebpography of the regiorand water can travelore easily

northwards For ETC XynthiaFig. 8 panek), the water levels from the nested local model athégolution are overalbwer .- Fo

than waterlevels for th@1l. Near La Rochelle, those water levels awe00.2 m lower Whencomparinghe performance of no

N1 with Gl (Table Al andFig. A3), both model configurations can predict the timeseries pattelin ~ wi t h  hi gh Pe

correlation coefficientverall the RMSE for Xynthia is similar for most tide gauge stations, except fortwo stédaated

in the mouth of estuarigstations 3 and &rigure-5—Maximum-waterlevelsforthe three case-studies—forthe

3.1.3 Effects ofdynamic downscaling with updated bathymetryon total water levels

8 panelsd, h, | show thathemodel configuration

large_changes in the water levels for all the case studies. The largest differences occur along taadpasige figures no

similar to those from N1For TC Irma Fig. 8 5-pane$ -c), the nesting of a local model at hi
GEBCO2023bathymetryresults in maximum water levels that arg®m higher thanhe defaulbonfiguratiorG1in the south no
of Florida.Compared to N1lmodel configuration N2 providesightly higher water levels south of Florid&hose differences

come fromdifferences betweeGEBC02023andGEBC02019 in the regiarN2 shows a similar performance to G1 and N1
acrossnine tide gauge stationsgble A1 and Fig. AZ)Ihesedﬁe@n%m%te-ehﬂq%s-m—m%bawwmeUm data

anddue to the

ordsolve bet

waterlevels instead are approximately 0.1 m higher. TC Haiyan Fig. 8 5-panelsth), the differences in maximum water ... Fo
levels araip to 1m higheranrdlower thanthe defaultconfigurationntb@n Glatthelandfall regionsCompared to NIN2 no

provideson average highemaximum water levelsexcept in the bay of Tacloban where N1 presemsveraqgehigher

maximum water levelsThese differences come frothe differences in GEBC02019 and GEBCO20ZBesedifferences
BC02023 |

overallthan water levels foGlthe-defaultconfiguratiorCompared to N1, the model configuration N2 provides a similar (N9
pattern of waterlevel decrease, however, the mariwater level reduction compared to G1 is slightly less than foliK.

performance of N2asshown in Table A1 and Fig. A3s comparable to that dd1 and N2, exce@tttwo tide gauge stations

(station 3 and 6vhere GEBC0O2023 does not accuratelgpture thdvathymetry of theiver channels in the estuaries. In
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b42 contrast, EMODNET2018 the bathymetry used in moa®infigurations\N1 and N3betteresolves these detaisee Fig. A7).
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b4a7 Figure 8. Maximum water levels for the three case studies fdB1 (panels a.e, i). Difference between the maximum water level for

48 each specific model configuration(see Table 1and G1. Panels a, e, i show olesved maximum water level from tide gauge statios
h49 of GESLA. Difference in water levels forG2 (panels b.f, ). N1 (panels c, g, kand N2 (panelsd, h, ).

bo0  3.1.4  Effects of a fully refined model on total water levels
b51
b52
b53  default configurationS1 lead to significantly different results for each case study. For TC l#eafully refined
b54  configuratioN3 provides higher maximum water levels throughout almost the whole the dosithimaximum waterlevels
b55  upto7.9m while thdefaultconfiguratiomeaches 7.5 nesulting in apicture similar to N2 but with higher water levels along
b56 the southeastoast The maximum differences in maximum water le\mdsween N3 and Nare up tcapproximateh0 53 m.
b57  For TC Haiyarthefully refined\N3- provides maximum waterlevels thatresemble a combinati@®dh the regions where

b58 temporal refiement is relevant, and N2 in the rest of the study area. The differbetwsen N3 and Gind-defaul
b59
60
b6l  region-of the modeldomaiRinally, for ETC Xynthiathe-fully refined configuratiom3 providesslightly highermaximum

b2 waterlevels in the south of the domaompared to Glwhere the effects of G2 predomingdad lowelewer maximum water

elemoeximum water levels for
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b63 levels across the whole domdinthe north where the effects of N2 are more domindyging-up-to 0.3 m lower thathe
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bo 7 Figure 9. Maximum water levels for the three case studies, for the default configuratio®1 (panels a, d. ) and for the fully refined
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3.2 Hydrodynamic flood modelling

As a second step in_the sensitivity analysis.avealyse howhe effects of the differerdtorm surgemodel configurations

propagate to thEFINCSflood model. he-default

observethatshowsthe maximum flood depth differences betweabe fully refinedand-the default configuration-lead 'fq' """" Fo
differentresults foreach case stiNB/and G1 ’

3.2.1 Effects of higher resolution onflood depths

Figure 10 panels, 0, | show thafFe

Rthe refinememdfiningof GTSMO6s t empor al o u-hopriyto 1@minsteidtarvaldfdca (Fid—manpelsh f,

P-provides different results for each case study. For TC Ifita {0Zpanel b), the small increase in water levels as a result™| FO
no
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of the temporaloutput refinement (Secti8rl.13-1) also results in a smallincrease in flood depths. Conversely, TC Halyan

it also experiences significantly higher flood depths, surpa$singhe default configuratiohy 1m in regions near Tacloban. no

ETC Xynthia Fig. 10paneEig—/panel]) experiences anincrease in waterlevels alongthe coast forthéiife temporal ... Fo

output resolutionespecially in the study region of SEINCS. Tisich-results in aincrease in flood depths ap t00.1 m. no

For ETC Xynthia,G2 shows a higher hit ratend falsealarmratio compared to Glhutthe same critical success indésee

Fig. A9).

Figure 10 panels ¢, h, nshow thatefihement
boundary conditions to SFINCS at additional locations, thebelproving thgroviding moreaccuracy of thevater leved "o
input to the flood modelpanelc shows that this refinement results in lower flood depthseftid aroundacksonville for

TC Irma. Conversely, for TC Haiyan (Fii0 Zpanehg), the increase in spatialinputs results in_higher flood depthsin most-{ o
of the study area, particularly exceedingre tharl m thedefaultconfiguratioiGl flood depths around Tacloban.For ETC (N0
Xynthia (Fig. 10 Zpanelkm) the refinement of spatialwater level inpetssrallieads to higher flood depthised

La Rochelleof up to0.1 m, while south of La Rochelle there drarely anychanges compared to 8itfher For ETC Xynthia, o

G3 showsthe same hit rate as Gligherfalse-alarm ratioandthe same critical success indeeéFig. A9).

3.2.2 Effects ofdynamic downscalingwith original bathymetry onflood depths

Figure 10panelsd.i, nshowthat the modelconfiguration Nlesults insignificantchanges irthe flood depthforall the case. .. Fo

Consequently, the resulting flood depths are #sgerand aramore tha 0.2 m above those of GMaximum water levels E
for TC Haiyan Fig. 10 panel) aregenerallyhigheralongthe bay of Tacloban when applyingdynamic downscaifitig the —
original bahymetry.This resultson averag@é higher flood depthef more tharl m compared to GIEinally, ETC Xynthia Eg
(Fia._10 paneln) presents lower water levels fNi compared to G1Those lower water levels lead to lower flood depths..... i
across the whole model domafiwr ETC Xynthia, N1 showa lower hit rate and fals@larm ratio compared 81, andthe _ho
same critical success indéseeFig. A9).

3.2.3 _ Effects of dynamic downscalingwith updated bathymetry onflood depths

Figure 10panels e, jo show that the model configuration N2 resultsignificant changesin flood depths for all case studies..{ gq

the region Consequently, the resulting flood deptbsN2 vary between 0.05 m lower to more than 0.2 m higher than G1 | Fo

no
Maximum water levelfor TC Haiyan Fig. 10 panelEig—7panell) aregenerallyhigherin the bay of Taclobafor model p—

Fo
configuration N2 when applyingdynamic downscalimith the updated bathymefigompared to Gihenapplyingdynamic no

downscalingresulting-in-lower flood deptfdis results inargerflood depthsvhich, in sone regionsresult inmore than 1

m _highercompared to G1. bwever,in the Tacloban Bay N1 results on average in_higher maximum water levels than N2,
which leads tdower flood depthsfor N2 in comparison to ®d the strait north of Tacloban GTSM is able to betterresolve

0) water levelsare lowerfor N2 compared to Gias lower waterlevels due tothe dynamg..- Fo
downscaling Those lower water levels lead to lower flood depths across the whole maaelin.For ETC Xynthia, N2 no

shows a lowenit rateand falsealarm ratiocomparedo G1,andthe samecritical success indefseeFig. A9).Fhose lower
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Figure 10. Panels af, k show the maximum flood depth forthe default configuration G1, for each case study. Panels b, | show the

difference between the maximum flood depth fothe refined temporal output resolution configuration G2 and G1 Panels ch, m

show the difference between the maximum flood depth fahe refined spatial output configuration G3 and G1 Panels d., n show

the difference between the maximum flood depth fothe dynamic downscaling (refined grid) configurationN1 and G1.Panelse, |,

o show the difference between the maximum flood depth fothe dynamic downscaling (refined grid and updated bathymetry)

configuration N2 and G1.

3133.2.4 Effects of a fully refined model on flood depths

configurationleadto differentresults for each case stitialyTC Irmathefully refined configuratiorN3 provides higher water
levels throughoutirge parts adhewholethe domair(Section3.1.43-1) that translate into highélood depthap tomore than

0.2 m_near JacksonvilleFor TC Haiyanon-theone-hanthefully refinedconfiguratiorN3 providesiewerhigh water levels
nearTacIoban(SectionS.1.4Secnon3.—l), translating intolgwer-high flood depthsup to more than 1 mvhile—on-the other

compared-to-the default configuratioRinally, ETC Xynthia presentdower water levelsfor forthe fully refined
eeningu—raﬁerNS nearlLa RochelléSection3.1. 48@999443—1) which thattranslate intdowerflood depthsalongthe coastip

he-default
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753 Figure 116. Panels a, d, g show the maximum flood depth for the default configuratiof 1 for each case study. Panels b, e, h show
/54 the maximum flood depth for thefully refined configuration N3. Panels c, f, i show the difference between the maximum flood

755  depth for thefulyrefinedN3 and the-defaultconfigurationG1.
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To analyse the changes of flood depths owmee, Fig. 128 panelsa,b, cshowtheflood depthtimeseriesattheSFINCSoutput
pointlocationsoutlined in Fig. 116, for the-defaulallthe model configuratioresadftyrefinedconfigurationsas-wellasthe

threeindividualrefinement¥/hile tThetiming andshape of the flood depth timesetiemairsconsistent across all the model
configuratiors for all the case studies,n only slighthere—aradifferences inthe magnitude of the flood demthre visible

Figure 128 panela shows that f@iC Irmathe
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configurations result in similar flood depths,and only N1 results in slightly higher flood depths of about 0.1 m mdme thant

others.on

SEINCSeutputpeintiocationFigure 128 panel b shows that farC Haiyanthe fullyrefined-configurationleadsto-similar .- @

fHlood-deptisthanthose forthe defaultconfigurati@®i results in the lowest flood peak, whilee temporalresolution of G2
plays a key role, enhancingthe flood peak up approximately 1 m hlqheGmanemq-beobsewed-mahmngmgtempgml

vever, the

sults for the

reselutionrefinementFinally, Fig. 128 panelc shows that fail global modelconfigurations (G1, G2 and G3utem a first .- @

flood peak that impproximately 0.5 m higher than those of the nested model configurations (N1, N2 and N3). The second

peak is simulated more similarly by all mddenfigurations, being N1 the configuration that provides lowest flood depths.

Panels a, b, c ifrig. 128 only show the results for a singgFINCSoutputpointlocation However, the refinemegthathas .- @

the-mosteffect on-the fully refinedconfiguratinight have most effect intherregions dlfferemght—be—mﬂemn-t—wh-en
logking-atoherthan theSFINCS output pomt locations

seem-more dominanfo understand the overall effect of each refinementhe flood hazard mapgs—thefully refined

configuration Fig. 128 panels d, e, $howtheflood volume timeserieacrossach of thease study smiodel domainwhile .- @
the timing and shape of the flood volume timeseries remains consistent acrossvadldisleconfigurations for all the case

studies, there are differences in the magnitude of the flood volytinese

N3 the model configuration that simulatbe highest flood volume. On the other hathé.increase in spatial outpaft GTSM

from G3 results in the lowediood volumes
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Figure 128. Flood depth timeseries for three observation points and flood volume timeseries for the SFINCS modelmain of each

case studyand model configuration (see Table 1)The spatial location of the SFINCSutput point locationscan be observed in Fig

Figure 11 panels a, d, 6.

4  Discussionand Conclusions

TheMOSAIC modelling framework introduced in th&udyallows to dynamically simulate coastalflooding eveht®ugh
~MOSAIC-enableshe coupling of dynamic water level and overland flooddels making use of a Python environmeas.
such,-Thise approach is automated and reproducible, and combined with the hydrodynamic modei$iasedkesthe
appreacmakes iiglobally applicablelt-M O S A | flegifsiity allows usto easily simulate coastal flooding events globally

while abkoallewingusingfor localhigh-resolution-modets-andits-multiscale modelingapproaslisoallowsusto-enhance

fully local modelling approaches, and thergiaves the wayor moreactionabldargescaleflood risk assessmesit
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The results of the sensitivity analysienductedn this studyreveal the complexity ofiydrodynamic modellingand the

sensitivity to specific local settings and storm characteristicsomparison of the fully refined N3 configuration with the

default G1 configuration reveadiffering behaviours across the case studies in terms of changes in water levdisoaind f

depths, both spatially and in magnitusiéh

model configuration N¥imulates higher water levelsalmosteverywhere foifC Irma._However, br TC Haiyan and ETC

Xynthia, certainregionsshowhigherwater levels with N3, while others show lower water levels compared to G1. Similarly,

flood depths around Jacksonviller TC Irma are generally higher with N3, although some areas experience lower \malues.

contrast, for TC Haiyan in Taclolmaflooding significantly increases with N3, whereas for ETC Xynthia flood depths decrease

notably around La Rochellthefullyrefinedconfiguration

resolutio{model configurationG2) on-the-one-handeem-tohavelarghas a significaninfluenceforon small rapidly

intensifying TCslike Haiyan.resultingin water levels and flood depthisat are2 m andl m resuting-in-waterlevelsand

flood-depthsnore thard-5-mandl-mhighehigher respectively, compared Blfor FC Halyanrespectively On-the other
handHowever for ETCs the refining-refinementof thetemporal output resolutiodoesnot retchangéead to substantial

changes inthe water levelsandor flood depthssignificantly, beingwith a 1-hourly temporal resolutiorenrougiproviding
sufficiently accurate resultRefining the spatial outputlocations of GTSNMiodel configuration G3provides more coastal

boundary conditions for SFINCS

velver régionswhere the

water leves havemorespatialheterogeneityalong the coasthis refinement becomes most relevafRor TC Haiyan, for

examplethe coastal boundary conditions in the bay of Tacloban raised frimoadions to more than 2@ee Fig7), this ..

refinementlieadnos to flood depths 1 m highédhanthedefault configuratio®l. Furthermoreregions with more complex

topographies such as teeuth of Florida for TC Irma orthEacloban bay for TC Haiyaareinfluenced by the grid refinement

of N1, leadingto larger differences with G1 in_terms or water levels and consequently, flod@diacchoice of bathymetric

datasets also playgale in the prediction of water levels, contributing to_the differences observed between N1 analiN2 i

these resultsye canconclude that the refinement of the global modelling approach can significantly impact the simulation of

coastal water levels and flood depths at local satbouagh the differences in local settings make that there is nsinme

performing-model

fits-all approackand

The validation of the model configurations for the different case stadsedighlights the complexitiemvolved inrefining

hydrodynamic models, and how each specific setting impacts overall perfornids@hallenging to assess therformance

of adlobal modelglue to the limited number ¢difle gauge stations availabiteeaning tie validationresultsmight notbefully

representative over thentire domain. Another source of uncertaingythe location othesetide gauge stations, whicare

often situatedin _enclosed basins or_hanms, where hydrodynamic models have more difficulty simulating water levels

compared to open sea conditioWhile theperformance indicatofsom this studywith P e a r sarelaicns above 0.92

and RMSEs in general less than 0.3smggest that all the refinemempeyform adequately andsilarly to G1.the validation

does not allow us to determine which model configuration consistently provides the best overall perfofimiancgcome
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largely depends on the storm characteristics andmagiimpography. However, the flexibility and ease of use of MOSAIC, as

a Pythonbased framework, make it a valuable resodorausers tofurther explae which arethe optimal settings fatheir

case studwnd region of interest

There areseveralimitations that need to be taken into account when uBIQBAIC. Limitations that are linked to general
flood hazard modellingnd not specific to MOSAIGnclude the following: (1the meteorological forcingatacan be a big
source of uncertainty whenodelling extreme water leveIOSAIC allows tocombine the results of the Holland model with
climate reanalysis datasets in the backgrawrehhance the wind and pressure fields aptripherie®f the TCsNonetheless
the implementation ofmore advanced wind parametric modsdsild further improve the water level simulatio@manuel
and Rotunno, 2011; Hu et al., 201(9) the accuracy of the bathymetmas a large influencen storm surge modelling
(Bloemendaal et al., 2019; Dullaart et al., 2020; Mori et al., 2004kn performing dynamic downscaling, MOSAIC sse
bathymetrydatato generate the model grid amsdbsequentlysimulate total water leveldJsing higrerresolution local
bathymetnenables finegrid refinement andnhancesan enhancthe accuracy of thesuls. Howeversuch highresolution
bathymetnjis not always availabl®OSAIC is set up to allowhesubstitution obathymetric data witllternative datasets,
to adjust the grid resolution and refinemgntd to define the desired domain of the local liggolution modk (3) digital
elevation models (DEMs) can have a large influence on flood model simuladifiasting the flood hazard depth map results
In this paper we use the FABDEMs _a n d | GHatasetbhlitdMiOSACeallows to replace the DEM withny-higher
resolutionlocaldatasatatasetwhenavailabldn addition to tieeffects of DEMs, the presence of flood protection structures
has substantial impact on flood hazard modEie neglection of dikes iwur SFINCS modeis one of the reasormur
modelling framework overestiatesflooding for ETC XynthiaMOS Al BydeoMT componentliowsforthe integration
of flood protection-measuresippors the implementation of levees as 1D line featurds the SFINCS model, and this

capability could beisedwithin MOSAIC upon the availability oflood protection data

MOSAI Cbs ma i n | hemeneraidniobthelodal hegkresdlution modeldor dynamic downscaling. These
automatically generated local higesolution modelsan present instabilities when refined grid cells are present atthe model
boundaries. Therefore, care needs to be taken when apgyyimgnic downscaling. To solve this problem the fxst degrees
around the model domadare nobeing refinedin this studyWhen changes igrid refinement arabruptmodelinstabilities

can alsooccur. The nesting of multiple modetseach othewould allow for a smoothergrid transiticmndmight solve this

issue.

In this studywe haveimplemenedMOSAIC to simulateFC-and-EFCcoastal floodingiriven byas-aresulto§torm surges

However, sincdloodingtypically results from a combination of various drivessir results currently underestimate flooding

near estuaries ameltas due to thexclusionof precipitation and river dischargand nearsteep coasts due todRelusion

of waves and overtoppinButure research ohCsand ETCanay furtherdevelop MOSAIC aridcludeotherdrivers such as

waves, rainfalland dischargéonsideringthat HydroMT and SFINC@&re capable of handlimpmpound floodingnduced
by pluvial and fluvial driverqEilander et al., 2023)here is potentialfor future enhancements of MOSAIC to incorpoinzte
modelling of compound eventBurthermore, MOSAIC currently makes use of offline cinplfor both the locahigh
resolution model and the SFINCS model. Howewenv software developments suchtlas Oceanograbic Multi-purpose
Software Environment (OMUSEPelupessy et al., 201@)uld be used in the futuretoove from offline to online coujpig,
and to further expand MOSAIC by allowing for coupling with other models sutly@®logicalor ocean models
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of MOSAIC caneasily simulatestorm evergin any regionwith this the modelling frameworkFirst, they can select the

appropriate meteorological forcin@/ithin MOSAIC, users carhoose griddedneteorological data from reanalysis datasets

or climate modelso simulateETCs or TCsprovided that the data accuratelyptares the TC wind and pressure fields

seen withETC Xynthia and TC Irma in this studAlternatively, they can seleathybrid approach that combines the Holland

modelwith ERAS in the background wherodelling smaller TCwith rapid intensificatiorfsuch a§C Haiyan in this study)

Depending on thepecificstorm simulated and studyea usescanselectdifferent model rEnementsForinstancethe G2

model configuraibn with refined temporal output resolution is_suitable for rapidly intensifying storms, while _nested models

canhelp resolving théopography and bathymetry in regions witbmplex coastlinedf the users have coastal boundary

conditionsavailable, MOSAICcanautomatically generatstandalonelocal high-resolution Delft3D FMmodes (N1 , N2,

and N3model configurationsyithout having to couple themwith GTSM. Although uncalibratedhesemodel configurations

demonstratsimilar performancéhanthewell-established global mod&TSM (G1; seeSection3), but at asignificantly

lower computationalcosthehydrodynamic flood modellingartof MOSAIC offersuserdefined settingsis well enabing

users to, for instance, chood®ee most suitabldDEM for ther study areaor implement flood protection measurdgough

MOSA| Bvil®MT conponent.

By leveragingZthe flexibility of MOSAIC to modifytheinput datasetg¢he modeling frameworkanbe usedeouldbe

leveragedto study eventsunderhistoriecad nd c | i mat e change conditions Furthe

Data availability

The datasets compiled and/or analysed during the current study are available on Rertedim. be published with Doi

upon acceptance of the paper.

Code availability

The underlying code for this study is available

https://github.com/Ireneben73/mosaic_framewfaist access: 11 October 2024)
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