N

N

The Role of Barrier Reef Protection to Storm Surge During
Tropical Cyclones in a Narrow Lagoon, New Caledonia, South
West Pacific
Maxime Duphil, Jérome Lefevre, Swen Jullien, Jean Roger, Pascal Dumas, Romain
Le Gendre, Jérome Aucan, Myriam Vendé-Leclerc, Martin Bénébig, Christophe
Menkes

» To cite this version:

Maxime Duphil, Jéréme Lefévre, Swen Jullien, Jean Roger, Pascal Dumas, et al.. The Role of Barrier Reef
Protection to Storm Surge During Tropical Cyclones in a Narrow Lagoon, New Caledonia, South West Pacific.
Continental Shelf Research, 2025, 294, 105540 (20p.). {10.1016/j.csr.2025.105540). <hal-05314395)

HAL Id: hal-05314395
https://hal.science/hal-05314395v1

Submitted on 16 Oct 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://hal.science/hal-05314395v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Continental Shelf Research 294 (2025) 105540

Contents lists available at ScienceDirect

Continental Shelf Research

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/csr

Check for

The role of barrier reef protection to storm surge during tropical cyclones in |
a narrow lagoon, New Caledonia, south west Pacific

a,”

Maxime Duphil , Jérome Lefevre ®, Swen Jullien”, Jean Roger “®, Pascal Dumas ‘,
Romain Le Gendre ¢, Jérome Aucan’, Myriam Vendé-Leclerc ¢, Martin Bénébig #,
Christophe Menkes®

2 Institut de Recherche pour le Développement, UMR 250 ENTROPIE (IRD, CNRS, Ifremer, Université de la Réunion, Université de la Nouvelle-Calédonie), BP A5, 98848,
Noumeéa, New Caledonia

Y Université de Brest, Ifremer, CNRS, IRD, LOPS, F-29280, Plouzané, France

¢ The New Zealand Institute for Earth Science Ltd, 1 Fairway Drive, Lower Hutt, 5010, Aotearoa New Zealand

4 Université de la Nouvelle-Calédonie, UMR 228 ESPACE-DEV, BP R4, 98851, Nouméa, New Caledonia

€ Ifremer, UMR 250 ENTROPIE (IRD, CNRS, Ifremer, Université de la Réunion, Université de la Nouvelle-Calédonie), BP 32078, 98848, Nouméa, New Caledonia
fPaciﬁc Community Center for Ocean Science (PCCOS), Pacific Community, BP D5, 98848, Nouméa, New Caledonia

8 Service Géologique de Nouvelle Calédonie (SGNC), Direction de I'Industrie, des Mines et de l'Energie de la Nouvelle Calédonie (DIMENC), BP M2, 98849, Nouméa,
New Caledonia

ARTICLE INFO ABSTRACT

Keywords: Pacific islands are exposed to coastal hazards, particularly storm surges resulting from low pressure, extreme
Waves winds, and waves. While coral reefs naturally protect shorelines from incident waves, the diversity of reef
Storm surge geomorphologies induce various coastal responses, complicating hazard prediction based on offshore conditions.
gi;ei;eln:ﬁdone Understanding lagoon storm surge dynamics is therefore crucial for developing adaptation strategies to address
Coastal vulnerability global warming and sea-level rise. This study investigates the storm surge response of the narrow and shallow
Barrier reef lagoon of Poe in New Caledonia using the SCHISM-SWAN coupled circulation-wave numerical model under
Lagoon tropical cyclone conditions. A retrospective of the 2019 cyclonic season shows that maximum storm surge is
concentrated in the narrowest part of the lagoon, where human infrastructures are located, increasing exposure
to extreme water levels. Modifying the reef structure to a more irregular form reveals that macro-scale reef
features can mitigate wave setup intensity. Additionally, water depth variations over the reef crest significantly
affect wave setup, with up to 30 % difference between high and low tides. A broader generalization based on 258
synthetic cyclone tracks highlights that within the lagoon, wave setup accounts for approximately 70 % of the
storm surge, rising to 90 % during the most extreme event. These results show that the wave contribution is
essential for accurate storm surge prediction. The findings provide critical insights for improving coastal hazard
assessment, land use planning, and resilience strategies in reef island environments facing climate change.

1. Introduction 2017), often driven by storm surges, which result from the combined

influence of atmospheric pressure anomalies (IBE), wind stress, and

1.1. General settings about storm surge hazard and coral reef ecosystems

Global Mean Sea Level (MSL) rise poses a significant threat to low-
lying coastal regions, especially small island states (Duvat et al., 2017;
Li et al., 2019; Bremer et al., 2022). Since 1900, MSL has risen by ~0.2
m, with an accelerating trend, particularly in the Pacific region (IPCC
et al., 2021; Nicholls and Cazenave, 2010). Sea Level Rise (SLR) exac-
erbates the frequency and severity of coastal flooding (Vitousek et al.,
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wave action (Idier et al., 2019). Extreme waves and induced wave setup
are mainly triggered by extreme atmospheric events such as tropical
cyclones (TCs) (Dietrich et al., 2011; Krien et al., 2017; Jullien et al.,
2024) but they can also be generated by distant swell (Jullien et al.,
2024; Hoeke et al., 2013; Ford et al., 2018). They may be exacerbated or
damped by the phasing with the tidal cycle (Pedreros et al., 2018; Aucan
et al., 2021), climate modes of variability (such as El Nino Southern
Oscillation) (Jullien et al., 2024; Patra et al., 2020; Pagli et al., 2024)
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and regional MSL variability associated to long-term trend (Vitousek
et al.,, 2017). The severity of coastal impacts hence depends on the
concomitance of sea level variations at various temporal scales. Along
the shoreline, storm surges can induce three kinds of coastal sub-
mersions: overflowing (when the sea level rises until it overflows the
shoreline), overtopping (when the sea level is unusually high and waves
are overtopping the shoreline), and barrier breaching (when a natural or
anthropic barrier is breached and water cross the shoreline), and each of
them can follow one another during the whole storm surge episode
(Chaumillon et al., 2017).

Natural ecosystems such as mangroves, seagrass, and coral reefs are
known to play a mitigating role against ocean-induced flooding, notably
by dissipating the waves energy and reducing propagation speed
(Guannel et al., 2016). Human activities, on the other hand, can un-
dermine the natural coastal protection provided by the ecosystem and
play a key role in the risk (Duvat and Magnan, 2019). If man-made or
grey infrastructures have been widely used so far (Klock et al., 2022),
nature-based solutions (NBS) have been suggested to help mitigate the
growing risks (Storlazzi et al., 2018) and may be included in adaptation
strategies to manage the storm surge risk at the local levels. Most sci-
entific research on ecosystem services primarily takes an economic
perspective with highly simplified assumptions (Barbier et al., 2011;
Pascal et al., 2016). For example, global-scale estimates suggest that the
annual economic damage from floods could double without coral reef
protection, based on a breaker index and a 1-m reduction in reef top
height (Beck et al., 2018). Such studies serve as tools for governments to
develop coastal management strategies and adjust economic stakeholder
policies. With the exception of specific studies (Reguero et al., 2021), the
complexity and diversity of coral reefs and their associated ecosystems
pose challenges in translating global economic projections to local
scales. Effective risk reduction policies must be grounded in robust sci-
entific knowledge of storm surges at appropriate spatial levels. There-
fore, accurately assessing the mitigating role of these ecosystems
requires high-resolution physical modeling that accounts for coastal
geomorphology and dynamics, complemented by field observations.

In tropical islands with coral reefs, this ecosystem is the main
geomorphological driver determining the natural protection capacity.
Reefs are very effective at reducing incident wave impact by dissipating
their energy through breaking and bottom friction. Defining a ratio
between incident and transmitted wave heights across the reef (Ferrario
et al., 2014), reported a range from 51 to 74 % of wave attenuation. On
the other hand, wave forcing and dissipation induce changes in the mean
water level, and advection of water across the reef (Symonds et al.,
1995; Lowe et al., 2009; Sous et al., 2020a). Ultimately the resulting
wave setup at the coast is thus difficult to predict, as it strongly depends
on the reef geometry and lagoon geomorphology. Reef environments are
generally classified as: fringing reef (reef connected to the coast by a
shallow platform), barrier reef (reef separated from the coast by a wide
lagoon), or reef-lagoon system (reef separated from the coast by a nar-
row lagoon).

In idealized shore, like a reef-lined coast, with normally incident
waves (no gradient in quantities in the alongshore direction), the pre-
diction of the steady cross-shore wave setup can be achieved using a 1D
momentum balance equation (Eq. (1)) (Lowe et al., 2009; Sous et al.,
2020a; Rijnsdorp et al., 2021).">

- on 0Sxx
Pugl+h) = = - + n
0X 0x ~~
. - ” . Bottom stress (BF)

Pressure gradient (PG)  Radiation stress gradient (RSG)

_ ap,, U?

— h) ¥~ 1
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—_——
Advective acceleration (ADV)

in which x is the cross-shore axis, 7 the steady state component of the
wave setup, U the depth-averaged velocity, p,, the water density, g the
gravity acceleration, h the stillwater depth, S, the wave radiation stress
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(Longuet-Higgins, 1962) leading onshore flux of momentum as short
waves break, and r, which is the momentum sink due to bottom friction.
In coastally bounded reef systems free of channel (e.g fringing reef),
the net cross-shore transport is nil, and Eq. (1) reduces to that used for
sandy beaches (Apotsos et al., 2008a; Buckley et al., 2015; Martins et al.,
2022) where pressure gradient is balanced by both radiant stress
gradient and bottom friction in the surf zone. There, wave setup has
been shown to play a key role in coastal erosion and flooding (Cuttler
et al., 2018). In barrier reef environments, the coastal storm surge de-
pends on a more complex balance between wave setup and
wave-induced flow over the barrier. As this water moves across rough
over the reef top, it experiences significant frictional resistance leads to
head loss which induce onshore-directed flow resulting in a setdown on
the back reef (Sous et al., 2020b; Zhu et al., 2024). In the reef-lagoon
system, the piling-up of water in the coastally bounded lagoon driven
by onshore-directed currents implies the development of return flow
outside the lagoon through channels and gaps in the barrier reef. There,
the wave setup is exacerbated owing to enhanced frictional resistance on
the return flow over the reef and shallow and/or narrow channels (Lowe
et al., 2009; Taebi et al., 2012). In contrast to the fringing-reef case, the
nonzero cross-reef net transport, the wave-induced lagoon circulation
and changes in depth at transition with channels implies that advection
contribute also in Eq. (1), as detailed in (Rijnsdorp et al., 2021).

The wave setup dynamics is constrained by multiple local factors
regarding reef-lagoon details (cross-reef shape, roughness, opening of
channels, reef submergence depth, lagoon width and depth, etc.) as
investigated in 1D scenario by (Lowe et al., 2009; Zhu et al., 2024;
Buckley et al., 2016), as well as their interplay with other forcing factors,
like changes in MSL due to tide (Becker et al., 2014) and the horizontal
lagoon circulation, modified by wave-driven flows (Yao et al., 2018).
Smooth or abrupt changes in the reef slope such as submarine canyon
(Apotsos et al., 2008b) or indentations in the shape of the barrier reef
(Mandlier, 2013) exert a fundamental control on the incident wave field.
This leads to differences in how wave energy is distributed along the
shoreline, creating spatial variations in the wave forces. As a result, it
becomes more difficult to accurately predict wave-induced water levels
and current patterns in the areas behind the reef.

The accurate evaluation of extreme coastal storm surge in realistic
complex coastal morphologies therefore strongly depends on incident
wave conditions, wave transformation (Pomeroy et al., 2012; Sous et al.,
2019; Bertin et al., 2025), wave-current interactions (Guérin et al.,
2018; Jullien et al., 2020; Ye et al., 2020) and wave dissipation by
bottom friction (Rijnsdorp et al., 2021; Buckley et al., 2016; Pezerat
et al., 2021). Although important progress has been achieved over the
last decade regarding the understanding and modeling of such pro-
cesses, every reef-lagoon has its unique geomorphology, and only a few
studies have been conducted under extreme events, questioning the
generic nature of previous findings.

1.2. Application to our study site in New Caledonia lagoons

New Caledonia is a French Archipelago located in the southwestern
Pacific Ocean just ~100 km north of the tropic of Capricorn, about 1400
km east of Australia and 1600 km north of New Zealand (Fig. 1A). New
Caledonia is surrounded by one of the longest barrier reefs in the world
and offers a large geomorphological lagoon diversity (Andrefouét and
Wantiez, 2010). Their shapes go from very wide (>40 km) and deep
(>25 m) lagoons opened by numerous channels, to narrow (<1 km),
shallow (<2 m) and semi-enclosed ones. These lagoons also host
numerous islets (>140), some of them being inhabited. New Caledonia
reefs and lagoons are internationally recognized for their outstanding
high diversity of habitats, variety of life, and general good health
(Pelletier et al., 2024). They were declared a UNESCO World Heritage
site in 2008 (Payri et al., 2019). Because of its oceanic location, New
Caledonia is exposed to different types of marine submersion linked to
extreme geological events such as tsunamis (Roger et al., 2019, 2021),
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Fig. 1. Map of the Poe lagoon (A) and coastal area located on the west coast of New Caledonia (see insert). Urban and touristic areas (Bourail, La Roche Percée, Poé,
Deva) are colored in dark red, as well as communication axes. The lagoon reef types are shaded in colors (see legend). The lagoon outflows areas are pointed (Poya
Channel, Shark fault, Gouaro Channel). The unstructured model grid of one Poe configuration is represented. The location of two in-situ pressure sensors is indicated:
L13 located in front of a tourist resort at 2 m depth, and CO2 located on the forereef at 11 m depth. Topo-bathymetric profile in the model between both L13 and C02
stations is indicated to highlight the very shallow water depth in the lagoon and the low-lying coastal strip (B).

and meteorological events like tropical and extratropical storms and
cyclones (Jullien et al., 2024). The local wave climate is characterized
by south swells coming from the Tasman Sea and the Southern Ocean,
southeasterly waves generated by the trade winds and more episodic
swells generated in the northern hemisphere off Japan (Pagli et al.,
2024). During the cyclonic season extending from December to May,
episodes of extreme waves induced by tropical cyclones are also
observed with ~3.5 cyclones per year (Diamond et al., 2013) recorded
in the Economic Exclusive Zone (EEZ).

The present study focuses on the case of the narrow and shallow
lagoon located off Poe, a coastal settlement on the central west coast of
Grande Terre (Fig. 1A). Poe lagoon is geomorphologically unconven-
tional in the general Caledonian lagoon landscape, with a 30 km-long
coral barrier reef, almost continuous, with 70 % oriented from N-W
(315°) to S-E (135°) direction parallel to the coast. The sinuosity of the
barrier reef is very pronounced, adding 10 % more reef length than a
straight linear structure. The average distance between the reef and the
coastline is approximately 2 km, ranging from a minimum of 1.7 km to a
maximum of 3.7 km (Fig. 1A and B). The mean reef crest is 1 m high over
the barrier but varies along the reef showing several dead-end passages.
This lagoon has the advantage of being at the same time almost
“idealized” in its shape with few openings to the ocean: the 600 m wide

Poya Channel on the northern edge, the 1800 m wide Gouaro Channel
on the southern edge, and the narrow 100 m wide Shark Fault at the
center (Fig. 1A), and characterized by a wide diversity of coastal eco-
systems (patches of mangrove, seagrass meadows, scattered reefs, sandy
and reef flats, reef barrier; for more details see (Andrefouét et al., 2006)
and Fig. 1A). The area has been protected since 1993 for conservation
purposes of its great faunistic and floristic biodiversity, such as the coral
reefs and associated ecosystems, and is classified as a natural reserve
within the West Coast Provincial Park (https://www.province-sud.nc/p
andoreweb/app/aireProtegee/PZCO). This area has been subjected to
scientific monitoring by Ifremer (Institut francais de recherche pour
I’exploitation de la mer) studying the green algae bloom events in 2018
(Brisset et al., 2021) and several field surveys have been conducted
aiming at better understanding the hydrodynamic behavior of the
lagoon (Bruyere et al., 2022; Lalau et al., 2022). In New Caledonia, the
tidal cycle is semi-diurnal with a range reaching a maximum of 1.80 m
according to observations in Gouaro bay during 159 days (SHOM). Poe
lagoon is also of particular interest regarding coastal vulnerability is-
sues, as its coastal zone is characterized by a low-elevated coastal zone
(LECZ) (<5 m) where human activities are quite developed at less than
100 m from the coastline (urban areas of the village of La Roche Percée
and Poe, resorts, campgrounds, recreational tourism activities, see
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Fig. 1A). Poe lagoon experienced strong storm surges during two recent
TC events. Poe lagoon was one of the most impacted areas with a strong
wave setup (Jullien et al., 2020) such as Cook TC (2017). In 2019, Oma
TC passed offshore of the New Caledonia West coast, generating strong
waves that induced an observed storm surge of more than 0.8 m (see
more details in Section 3).

That lagoon setting is scrutinized to address its ecosystem mitigating
role. Series of experiments are conducted to document the coastal haz-
ards for storm surge risk management in New Caledonia. Relying on the
development of a 2D coupled wave-current numerical model, and taking
advantage of recently surveyed data in the lagoon (Section 2), we first
investigate storm surge processes, in particular those driving the wave
setup, and its sensitivity to the lagoon geomorphology during a tropical
cyclone (Section 3). In order to generalize storm surge assessment under
tropical cyclones, we further characterized its coastal distribution and
the relative wave contribution for a set of 258 statistically-generated
synthetic tropical cyclones, and we quantify the impact of such haz-
ards on the coastal vulnerability. In Section 4, we discuss the limits of
our modeling approach, the results in comparison with other reef-lagoon
systems by the relevance of empirical or semi-analytical formulations to
predict the wave setup and the climate change implications for the
mitigating role of coral reefs in such a lagoon system.

2. Material & methods
2.1. In-situ observations

A field survey was conducted in Poe lagoon by Ifremer from the 5th
of February to the May 7, 2019 (~4 months) to monitor water level
variations including tides and incident waves (Bruyere et al., 2022).
Bottom pressure sensors (RBR Duo/Duet 2.0) continuously recording
pressure at a sampling rate of 1 Hz were deployed at 11 m depth on the
forereef (C02, Fig. 1) and at 2 m depth inside the lagoon (L13, Fig. 1).
From the pressure records and by assuming hydrostatic pressure, hourly
averaged total water depths (7+h) are derived at both stations.
Following the approaches of (Lowe et al., 2009; Sous et al., 2020a;
Pezerat et al., 2021), the mean water level variability (77) is expressed
relative to the deepest pressure sensor:

=+ h)5— 1+ h)cop + (Mmean(co2) — Mmean13)) — (A1s) —Acoz))
2

In Eq. (2), the third term (Amean(co2) —RAmean(113)) is @ correction using
the mean water depths (e.g 10.86 m 2.26 m respectively) to express 7 as
relative to the still water level. Nevertheless 7 is driven by changes in
wave setup and tides. Usually, tidal elevations are approximated as
similar at all stations, and the first three terms are expected enough to
remove both the tidal and low-frequency sea level variations
(Monismith et al., 2013). By computing tidal harmonic constants and by
a close inspection of the computed anomaly between the predicted as-
tronomical tide at stations C02 and L13 (not shown), noted Az and
A(13) respectively, it was evidenced that the shallow and elongated
lagoon of Poe is not free of tidal deformation. Such deformation is
characterized by a phase lag of about 15 min and generation of M2
(semi-diurnal) overtides. To reduce the effect of tidal deformation by the
lagoon, a second time-varying correction [—0.2-0.2 m] is applied on Eq.
(2). From Eq. (2), the IBE is canceled, and 7 is defined as the
super-elevation of the lagoon due to the wind-stress, wave breaking and
possible nonlinear effects between tides and the wave-driven
circulation.

Wave parameters are evaluated from the pressure sensor data using a
Fourier transform to obtain a pressure spectrum, then the linear wave
theory is applied. A fixed cutoff frequency to separate sea-swell (SS) and
infragravity (IG) waves may blur the distinction between energy bands,
but this threshold is consistent with prior studies in similar reef-lagoon
environments (Van Dongeren et al., 2013; Aucan et al., 2017; Locatelli
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et al., 2017) and is appropriate for swell-dominated settings such as Poe
lagoon. A 0.04 Hz cutoff was applied to filter out IG and very
low-frequency waves, which were not addressed in this study. To vali-
date this choice, the spectral energy distribution at station L13 was
analyzed using frequency-domain method across the entire observation
period, including +48 h and +6 h around the Oma TC peak. The results
consistently showed that the 0.04 Hz cutoff clearly separated IG and SS
energy bands. During the peak of Oma TC (25th of February), wave
energy at L13 was dominated by the short-wave (SW) band (70 %),
followed by SS (27 %) and IG (3 %). These results indicate that IG played
only a minor role at the TC peak relative to short-period waves. Overall,
the selected threshold remains well supported by the literature and the
spectral characteristics observed in this study, despite the inherent
limitations of a fixed cutoff frequency.

2.2. The modeling system

The dynamics of the reef-lagoon system is modeled with a 2D wave-
current coupled system using the Simulating WAves Nearshore phase-
averaged model (SWAN, version 41.2 (Booij et al., 2004),) coupled
with the Semi-Implicit Cross-scale Hydrosciences Integrated System
Model (SCHISM, version 5.7 (Zhang et al., 2016),) in its 2D vertically
integrated version. Coupling between waves and currents is performed,
as in past works (Dodet et al., 2013), by providing the surface forcing,
water levels and ambient currents from SCHISM to SWAN, and by
incorporating the wave effects on the circulation in SCHISM using wave
parameters computed in SWAN (see details in Section 2.2.2). The vari-
ables are exchanged from one model to another every 5-time steps of 60
s. Both SCHISM and SWAN use the same unstructured grid for each
experiment which is presented in Section 2.3.

2.2.1. Wave model: SWAN

SWAN simulates the wave generation by the wind, refraction due to
currents and depth, non-linear interactions between waves, bottom
friction and depth-induced breaking, transmission through and reflec-
tion from obstacles, and diffraction. Wind waves are represented by the
wave action density spectrum, N(c,8), with ¢ and @ the relative angular
frequency (from 0.031 to 1.42 Hz) and the direction of wave propaga-
tion (with 36 discrete directions) respectively. In our implementation,
SWAN employs the Strongly Implicit Procedure (SIP) scheme, to solve
the spectral wave action balance, which is robust in shallow waters
using unstructured mesh with complex topography (http://www.swan.
tudelft.nl). The numerical propagation scheme is based on a four-
direction Gauss-Seidel iteration technique. Physics, based on the linear
wave theory, numerical schemes and their limitations are explained in
(Booij et al., 2004; Zijlema, 2010). In this study, physics from (Snyder
et al., 1981; Komen et al., 1984) are used for the energy transfer from
wind to wave, while formulation by (Komen et al., 1994) is applied for
dissipation by whitecapping. Energy dissipation due to bottom friction
and depth-induced breaking follows physics from (Madsen, 1994) using
a constant roughness length scale of 0.05 and from (Battjes and Janssen,
1978), with a breaker index of 0.73 respectively.

2.2.2. Hydrodynamic model: SCHISM

SCHISM solves the 3D Reynolds-Averaged Navier-Stokes (RANS)
equations using a semi-implicit finite-element and finite-volume method
on unstructured grids (Zhang et al., 2016) with time stepping with no
Courant-Friedrichs-Lewy (CFL) stability/convergence condition. The
model has been widely used to study the general circulation (Yu et al.,
2017), tsunamis (Roger et al., 2021; Zhang et al., 2011), and also marine
flooding (Krien et al., 2017b; Bertin et al., 2014). In 2D, RANS equations
are depth-integrated, and the circulation is described using Non-linear
Shallow-water Wave (NSW) equations (see Egs. (3) and (4)):
on

E—&-V.Hu: 0 3)
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w

where u,v represents the horizontal velocity components, H the total
depth (7 + h), P, the atmospheric pressure at the surface, f the Coriolis
parameter, 7, the surface stress due to wind, F,, the wave force due to
radiation stress gradients (RSG, see Eq. (1)), and the last term the
resistance due to horizontal eddy viscosity (with v set constant in time,
10~%m?.s71). Vector quantities are in bold. The wind shear stress 7; is
parameterized using the approach of (Zijlema et al., 2012). The bottom
stress 73, involved in the BF term (Eq. (1)) is computed using a logarithm
friction law with a background apparent roughness of 3 mm. The
roughness value is updated to include wave effects on the bottom
boundary layer using a modified Grant-Madsen formulation (Zhang
et al., 2004) at each time step of the wave model.

As detailed in (Dietrich et al., 2011), the Longuet-Higgins formalism
is applied to derive the two components of F,, (see Egs. (5) and (6))

Table 1
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using cross-shore (Sy), along-shore (Sy,) and diagonal (S,,) compo-
nents of the radiation stress tensor (Buckley et al., 2015):

Fo_ _9x 05y
wx ox  dy
38, 05,

Fuy = =5 =%

SxX:pg//g (2% (cos® 0+1) — 1)dad9

Sxy:pg//E%sin 0 cos 0 dodo

Syy:pg//g (2% (sin® 0+1) —1)

()

(6)

)

®

)]

In Egs. (7)-(9), E is the wave energy density, C—Cg represents the ratio of

Summary of numerical model experiments. Simulations used for validation with in-situ data are in orange. Simulations used for sensitivity tests
with Oma TC in the first set of experiments are in blue. Simulations used for the generalization of storm surge with synthetic TCs in the second set

of experiments are in green. Depth values [m] are vertically referenced to local hydrographic Chart Datum (SHOM).

Grid name Acronym Resolution Bathymetry Forcing
DEM if >15m &?Mﬁiggi
REF NOWAVE 250 -30 Landsat-8 if <15m and >2m ’
= . - TPXO
Sentinel-2 if <2m .
No wave coupling
Atm: AROME
Oce: Mercator +
LOWBAT 250 -30 DEM TPXO
POE_BEACH Waves: MFWAM
DEM if >15m Atm: AROME
. Landsat-8 if <I5m and >2m Oce: Mercator +
RO =lb=al Sentinel-2 if <2m TPXO
Reef crest =0.05m Waves: MFWAM
DEM if >15m Atm: AROME
Landsat-8 if <15m and >2m Oce: Mercator +
L0 2lisel Sentinel-2 if <2m TPXO
Reef crest = 1.00m Waves: MFWAM
Average REF bathymetry integrated No atmo. forcing
IDEAL S 250-30 along cross-shore normal Oce: Synthetic tide
Reef crest = 1.00m Waves: Parametric
Average REF bathymetry integrated No atmo. forcing
IDEAL W 250-30 along cross-shore normal Oce: Synthetic tide
Reef crest = 1.00m Waves: Parametric
NC BOX Atm: by‘n‘thetlc
. TCs
STATTC NOWAVE 2500 -70 DEM Oce: Mercator +
TPXO
No wave coupling
Atm: Synthetic
STATTC 2500 - 70 DEM TCs
Oce: Mercator
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group celerity and wave celerity and 6 represents the angle of incidence
computed as the mean wave direction. From Egs. (7)-(9), it is worth
noting that under normally incident waves (sin § = 0) and for uniform
alongshore settings like considered in Eq. (1), the contribution of both
S, and S, vanishes and that only the gradient of S,, in the cross-shore
direction is the main player explaining the increase of 7 at the coast.

2.3. Numerical experiments

Two computational domains using SCHISM-SWAN are used in the
present study (Table 1). The first high-resolution configuration focuses
on the Poe lagoon (named POE_BEACH). It is designed to address the
storm surge sensitivity to the reef-lagoon geomorphology. The second
configuration covers a larger regional domain (named NC_BOX). It is
designed to generalize storm surge hazards in Poe lagoon by using a
large range of cyclonic forcings applied on a regional grid, which is less
computationally intensive, and encompasses more largely the TC tracks.

2.3.1. High-resolution POE_BEACH experiments

The POE_BEACH grid includes 33 000 nodes. The horizontal mesh
resolution ranges from 250 m in the open deep-ocean to 30 m along the
coastline and the barrier reef (see bathymetric grid in Appendice A).
Seven simulations are performed on this grid over the observed period
from February to May 2019. The reference simulation (REF), considered
as the most realistic one, uses the Satellite Derived Bathymetry (SDB)
from Sentinel-2 for shallow bathymetry (<2 m) of (Amrari et al., 2021)
and from Landsat-8 for depth until 15 m. Bathymetry from the New
Caledonia DEM (https://doi.org/10.17183/MNT_NC100m_TSUCAL_
WGS84) was used for depths >15 m. Hourly surface forcing such as
wind and pressure is imposed using outputs from Météo-France in
regional weather forecast model (named AROME (Faure et al., 2020),) at
2.5 x 2.5 km spatial resolution (https://donneespubliques.meteofrance.
fr/?fond=produit&id_produit=241&id_rubrique=51). Along the ocean
boundaries, 6-hourly outputs for currents and water level from the
Mercator-Ocean NEMO (Nucleus for European Modeling of the Ocean)
global 1/12° reanalysis (https://doi.org/10.48670/moi-00021) are
imposed. The tide variability is accounted for by adding tide information
(elevation and currents) from the Oregon State University Topex/Po-
seidon product (TPXO7) (Egbert and Erofeeva, 2002). Along the open
boundaries of the wave model, a wave spectrum is applied using infor-
mation from the French Weather Agency wave model (MFWAM) rean-
alysis (https://doi.org/10.48670/moi-00017). In that product, wave
parameters (significant wave height, H;, period and direction of the
peak, T, and D,) for one wind-sea partition and the two most energetic
swell partitions are provided every 3-h on a 30 x 30 km spatial reso-
lution grid.

A twin simulation with no wave coupling (REF_ZNOWAVE) is con-
ducted to assess the wave contribution (7,4) to the storm surge by
subtracting REF NOWAVE from the coupled current-wave REF simula-
tion. Then several sensitivity experiments are conducted to evaluate the
impact of the reef shape, bathymetry and reef crest height on the reef-
lagoon dynamics. They are summarized in Table 1, and described in
the following.

It is worth noting that the Poe lagoon system is characterized by a
nearly straight reef in the southern part and a more undulating reef in
the northern part (Fig. 1), with a succession of shallow platforms and
canyons extending out from those barrier reef features (not shown),
having a potential to focus or diverge the wave energy after wave
refraction at the reef. To explore wave-induced dynamics due to macro-
scale variations in the reef shape, two idealized experiments using
contrasted reef-lined settings are conducted. The first idealized simula-
tion features a straight reef-lined coast (IDEAL_S) where the barrier reef
is aligned at a distance of 2.5 km from the coastline. To mimic a uniform
alongshore setting between Gouaro and Poya channels, a cross-shore
depth profile is constructed using the mean bathymetry from REF. As
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a result, the linear barrier reef has a forereef slope of 1/25 with a uni-
form height of the reef crest of 1.00 m (Table 1). The second idealized
simulation features an undulating reef (IDEAL_W) using a sine curve
with a wavelength of 4 km and an amplitude of 600 m to mimic the
undulating reef present in the northern part of Poe lagoon.

These idealized simulations are performed during 1-month long with
constant air pressure, a sea level variability imposed using the M2 tide
(period of 12.42 h and amplitude of 0.8 m), without wind, earth rotation
turned off (f(v, —u) = 0 in Eq. (4)), and using stationary and normal-to-
the-reef incident waves imposed with a JONSWAP (Joint North Sea
Wave Project (Hasselmann et al., 1973),) spectrum corresponding to the
peak of Oma TC (H; =7 m, T, = 11 s, D, = 6° relative to the cross-shore
direction) on the February 25, 2019. Changes in the wave-induced dy-
namics and wave setup due to macro-scale variations in the reef shape is
then evaluated through the analysis of the mean momentum balance
(Eq. (1)). The comparison of the momentum terms and the expected
balance between them in the cross-shore direction requires a uniform
topography in the alongshore direction (Gourlay, 1996) which is
respected in our idealized IDEALS setting, but weakly satisfied in
IDEAL_W.

Three additional realistic sensitivity simulations are performed
keeping the same forcings as REF. The first one (referred to as LOWBAT),
assessing the impact of the bathymetry, uses the New Caledonia DEM
(https://dx.doi.org/10.17183/MNT_NC100m_TSUCAL WGS84), which
has a coarser resolution of 100 m compared to that used in REF, while
keeping the same mesh resolution. This implies a reduction in water
depth of ~1.0 m within the lagoon. Two other simulations are con-
ducted to assess the impact of the reef crest height on the lagoon hy-
drodynamics with the same bathymetry as REF, but modifying the reef
crest height to uniform depths of 1.0 m (CR100 experiment) and 0.05 m
(CRO05 experiment) in accordance with the literature (Hoeke et al.,
2013; Buckley et al., 2016; Storlazzi et al., 2004; Huang et al., 2012). In
these experiments, the reef crest is considered as a buffer zone over the
barrier reef straddling the shallowest part of the forereef and the
beginning of the reef flat (see reef classification from (Andrefouét et al.,
2006)).

It is worth noting that, to infer 77 and compare it with observations,
the same methodology detailed in Section 2.1 (Eq. (2)) is applied to
model outputs at the closest model point to the in-situ lagoon stations by
subtracting from offshore modeled sea level.

2.3.2. Regional NC_BOX experiments

The second set of experiments aims to assess extreme storm surge
using a collection of tropical cyclones. It was conducted using a coarser
regional unstructured grid (NC_BOX) that is more suitable in repre-
senting TC wind forcings in both the near- and far-field given its larger
domain. In NC_BOX, the grid has a total of 320 000 nodes, encompassing
the whole New Caledonia archipelago with the following spatial extent:
[160°E—170°E] and [25.5°S-16°S] (see bathymetric grid in Appendice
A). Mesh generation and bathymetry from DEM of New Caledonia are
similar with those detailed in (Roger et al., 2021). All New Caledonia
lagoons are represented with lower spatial resolution ranging from 2.5
km to 70.0 m at the coast. Several experiments are designed (summa-
rized in Table 1) for NC_BOX. First, using similar meteo-oceanic forcing
as those detailed in REF, the LOWRES simulation is conducted to
investigate the performance of this larger-scale configuration in the Poe
lagoon, and investigate the impact of the model grid resolution by
comparing LOWRES and LOWBAT.

Then, a set of simulations is performed to generalize the storm surge
response in Poe lagoon, using a collection of synthetic storm tracks
driving waves and circulation in NC_BOX. Toward that end an ensemble
of 4210 synthetic cyclone tracks and intensities were generated with the
STORM package (Bloemendaal et al., 2020) over the NC_BOX region.
Among these, a subset of 258 TCs is chosen to simulate storm surge with
and without wave coupling (respectively STATTC and STATTC_NO-
WAVE experiments), to understand the contribution of waves by


https://doi.org/10.17183/MNT_NC100m_TSUCAL_WGS84
https://doi.org/10.17183/MNT_NC100m_TSUCAL_WGS84
https://donneespubliques.meteofrance.fr/?fond=produit&amp;id_produit=241&amp;id_rubrique=51
https://donneespubliques.meteofrance.fr/?fond=produit&amp;id_produit=241&amp;id_rubrique=51
https://doi.org/10.48670/moi-00021
https://doi.org/10.48670/moi-00017
https://dx.doi.org/10.17183/MNT_NC100m_TSUCAL_WGS84
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isolating the quantity 7,4, which is computed by subtracting STATTC - station in February 25th and more than 60 cm during two consecutive
NOWAVE from STATTC sea level. This subset was extracted to maximize days, Fig. 2). It is worth noting that when the storm made landfall, the
the diversity of statistical synthetic storm tracks in terms of intensity, IBE triggers a small increase of the sea level of about 10 cm (not shown),
structure of surface wind and pressure and track. The Parametric Hur- not reproduced in the evolution of 7 (Fig. 2), since changes in atmo-
ricane Model (PaHM, https://github.com/noaa-ocs-modeling/PaHM), spheric pressure in both stations offset each other in Eq. (2). For the
implemented as a module in SCHISM, was used to derive 10-m wind and remainder of the analysis on Oma TC, we treat 77 as a proxy for storm
surface pressure forcings over the NC_BOX grid using the 3-hourly time surge, given that IBE is neglected in the lagoon wave setup.

series of storm parameters (e.g location and maximum wind speed) During Oma TC, initial easterly winds (~65 kts) shifted to south-
generated from STORM. The parametric hurricane vortex model used westerlies (~30 kts) (see Appendice B1), generating significant offshore

was the Generalized Asymmetric Vortex Model (GAHM) developed by swell (Hs > 6 m) from SW (see Appendice B2), slightly below the ~7 m
(Gao et al., 2013). In both STATTC and STATTC_NOWAVE, and for all observed on the forereef (Fig. 2A-C). No other storms occurred during
storms, the ocean model is initialized from a solution resulting from a the study period. Both fine (REF) and coarse (LOWRES) simulations
10-days spin up simulation running with no wind and no wave-induced reproduced the phase and amplitude of observed Hg at station C02 (REF:
forcing, a surface pressure equal to 1013 hPa, and lateral boundary RMSE = 0.29 m, R? = 0.83; LOWRES: RMSE = 0.32 m, R? = 0.86,
conditions derived from Mercator-Ocean NEMO global 1/12° reanalysis Fig. 2A), although both underestimated the peak by ~2 m, likely due to
on January 1st’ 2020 and a constant sea level anomaly that mimics high limitations in wind forcing (see Appendice B1) and wave boundary
tide (+1.6 m relative to local chart datum from SHOM). Storm surges are conditions (see Appendice B2). The MFWAM product itself had an RMSE
computed from STATTC by subtracting sea level from a reference of 0.556 m and R? of 0.858, capping Hs at 6 m, which suggests a slight

simulation running without PaHM forcing. underestimation of extreme offshore waves, also notify in (Gaffet et al.,
2025).

3. Results At station L13, storm surge was also well reproduced (REF: RMSE =
8.5 cm, R? = 0.64; LOWRES: RMSE = 9.1 cm, R? = 0.58, Fig. 2B). But

3.1. Numerical validation during the observed period during Oma TC, water levels remain abnormally elevated for several

tidal cycles, up to two days. A first storm surge peak was slightly

During the observed period in 2019, a tropical depression named underestimated (~19 cm for REF, ~6 cm for LOWRES, Fig. 2D), while a
Oma formed to the North of New Caledonia on February 11th and second peak is missed in both REF and LOWRES simulations. This may
evolved to a TC on February 20th at [161°40E, —21°10S] (https://www. result from slightly underpowered MFWAM wave forcing and imperfect

meteo.nc/8-actualites/534-bilan-du-passage-du-cyclone-tropi TC translation speed, leading to a short-lived lagoon storm surge.
cal-oma-du-11-au-26-fevrier-2019+#bilan-des-precipitations). It crossed Additionally, despite higher-resolution bathymetry in REF, incomplete
the New Caledonia region twice with an unusual path. First on February or inaccurate data in the narrow channels may affected the modeled
19th while moving on a southward path and second on the 25th when surge-driven outflow dynamics (see Section 3.2). Overall, these results
moving back towards New Caledonia from the south. At the closest give confidence in using our 2D model configuration, enabling a more
meteorological station to Poe (Tontouta, Météo France), the minimum detailed study of the physical processes influencing extreme storm surge
recorded atmospheric pressure was 996 hPa on February 20th and 1002 in Poe lagoon.
hPa on February 26th. It is well represented by the AROME forcing (see
Appendice B1). In New Caledonia, this cyclonic event was not consid- 3.2. Processes driving storm surge within the lagoon
ered to have major terrestrial impacts as winds and rainfall were not
very high on land. At historical tide gauge stations on Grande Terre and In the following, we study changes in 7 investigated through storm
the Loyalty Islands, storm surges typically averaged around 30 cm, surge along the coast induced by Oma TC and its sensitivity to the reef-
varying by event (Duphil, 2024). In-situ data revealed that narrow la- lagoon configuration. The aim is to identify the geomorphological pa-
goons, such as Poe, are particularly sensitive to storm surge, illustrated rameters playing a key role in the pattern and intensity of storm surge.
by the increase of 77 (Eq. (2)) during Oma TC (83 cm at the lagoon L13 Fig. 3 first presents the duration and spatial distribution of storm
7 .
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Fig. 2. Time series of H; [m] at the CO2 forereef station (panels A, C) and 77 [m] at L13 nearshore lagoon station (panels B, D). Panels C and D are respective zooms of
panels A and B (in grey) during the Oma TC peak which corresponds to 25th of February 2019. The in-situ observations are displayed in black; simulation REF is
shown in green and LOWRES in red.
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Fig. 3. Time series of mean coastal 7 in black [m] and 74, contribution in red [m] for REF and LOWRES configuration (panels A, C). Hovmoller diagrams of 77 [m]
uniformly extracted along the shoreline (with dx = 100 m) for the both configurations (panels B, D) during Oma TC (10 days). Lagoons and channels are marked by
coastal segments including L13 station position in bold. Sea level changes along the coast are referenced to the offshore station 02, as detailed in Eq. (2).

surge along the coastline (Fig. 3B-D), as well as the contribution of 7y
to 77 (respectively red and black curves in Fig. 3A-C) in the REF and
LOWRES simulations. The storm surge event occurs during several hours
from the 24th to the 26th of February with a maximum amplitude of
~1.0 m at the coast just south of L13 station. Despite differences be-
tween grid and resolution in both model settings, details in the simu-
lated storm surge along the shoreline are quite similar. Fig. 3 highlights
that the Gouaro channel area is less exposed to storm surge, which aligns
with the 2D distribution shown in Fig. 4. In both REF and LOWRES
(Fig. 3), storm surge >0.6 m are mainly concentrated to semi-enclosed
bays (e.g “Baie des Tortues™) or fringing reef zones (e.g “Plateau
vidoire”). Importantly, both configurations show coastal storm surge

-21.55

-21.60

-21.65

A.

peak (>0.8 m) along the whole Poe lagoon, where REF configuration
captures a North/South asymmetry, whereas LOWRES displays a more
uniform coastal distribution, which is consistent with Fig. 4. The main
difference between REF and LOWRES simulations results in the storm
surge duration. The prolonged storm surge (Fig. 3B and C) provides
valuable insight into the event’s duration and the lagoon’s hydrody-
namic response, including possible implications for lagoon flushing.
Lasting 48 h in REF, it is shortened by half in LOWRES, indicating that
the lagoon flushing may be more efficient in the low-resolution model
grid configuration due to a possible drawback of unresolved details such
as the exact openness of narrow channels, the submergence depth of the
reef crest and the barrier reef geometry at lower resolution. Although the

-21.50

-21.55

-21.60

-21.65

165.20 16525 16530 165.35 16540 16545 165.50 165.20 16525 16530 165.35 16540 16545 165.50

Fig. 4. Modeled maximum 7qy, [m] during Oma TC (25th of February 2019) in Poe lagoon in REF (A) and LOWRES (B) configuration. The observation station L13 is

located by the white point and the barrier reef with a black mask.
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paper does not analyze detailed current dynamics, related processes are
addressed in the idealized numerical experiments (see Section 3.3).
Over the whole measurement period, the observed storm surge can
be primarily attributed to 7,, and especially during Oma TC, it
accounted for more than 85 % of the storm surge in LOWRES and more
than 95 % in REF (Fig. 3A-C). Since the wave breaking drives the storm
surge, details on the spatial distribution of 7, are provided in Fig. 4.
Results reveal higher values of wave setup in the southern part of the
lagoon, this asymmetry being more pronounced in REF than in LOWRES.
In the REF configuration, the maximum of 7, is concentrated in the
southern section of the barrier reef, linked to a very shallow back reef
(Fig. 4A), whereas in the LOWRES configuration, it is situated on both
sides of the shark fault (Fig. 4B), related to a poorer representation of
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barrier reef details in LOWRES. It is worth noting that in the northern
part of the lagoon, characterized with a more undulating reef, 7yq, is
reduced by half, with similar spatial patterns in both model settings.

3.3. Impact of the barrier reef geomorphology at the macro-scale on
lagoon dynamics

To further understand factors controlling dynamics leading to the
spatial pattern of 7,4, shown in Fig. 4, the two idealized experiments,
with a straight (IDEAL_S) and an undulating reef (IDEAL_W), are forced
by stationary wave conditions corresponding to the peak of Oma (see
Section 2.3.1 for details).

Fig. 5A illustrates the 7,qy in the IDEAL_S configuration, showing a

Fig. 5. Wave-driven circulation and leading terms of the momentum balance (Eq. (1)) at low tide under a stationary wave forcing with parameters corresponding to
the peak of Oma TC (25th of February 2019) in two idealized reef-lagoon configurations: a straight reef (IDEAL_S, panel A) and a wavy barrier reef (IDEAL_W, panel
B). (A, B) Simulated 7,4y [m] and depth-averaged currents (white vectors), (C-D) wave force term, RSG, (E-F) barotropic pressure gradient term, PG, (G-H) bottom
stress term, BF and (I-J) advective acceleration, ADV. The magnitude and direction of each term are represented by the map colors and the vectors respectively.
Zooms are inserted in each panel to provide a detailed view across the barrier reef. White spots along the reef mark the position of the reef crest with ticks indicating
the longshore length [m] of the reef crest at these positions. The shoaling zone is located between the shoaling line (solid line in cyan) at z~100 (=Lambda/2) and the
breaking line (dashed line) at z~10m (= H,/0.73), where the surf zone starts. The incidence angles (°) of breaking waves to the reef crest normal are indicated in
white at a few locations. The white lines indicate examples of cross-shore lines where cross-shore integration of momentum terms is performed (see Fig. 12).
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uniform response behind the reef crest and away from channels. The
mean momentum balance (Eq. (1)) highlights 7,q as the result of an
abrupt change in radiation stress gradient (RSG) from wave breaking,
counterbalanced by the pressure gradient (PG) (Fig. 5C-E). In the
shoaling zone delimited by the shoaling and breaking lines (see legend),
on the forereef, RSG initially drives a slight setdown seaward, then re-
verses in the landward direction and peaks in the surf zone before
sharply decreasing across the reef crest. PG dominates in the shoaling
zones, while bottom friction (BF) contributes only marginally and re-
mains confined to the reef flat (Fig. 5G). BF and advection (ADV),
though small, indicate the presence of wave-driven across and along-
reef currents (Fig. 5I). Within the channels, PG and BF balance as BF
resists the lagoon water discharge driven by water level gradients. No
significant circulation is observed in the central part of the lagoon,
where depth-averaged currents remain negligible.

By contrast, in IDEAL_W configuration, 7,4, is weaker and varies in
the cross-shore and alongshore directions with the development of pe-
riodic current cells (Fig. 5B). RSG is still balance by PG on the reef face
(Fig. 5D-F), but the effect of BF becomes important within the surf zone,
with a magnitude one order larger than in IDEAL S (Fig. 5H). ADV in-
creases in the surf zone (Fig. 5J), a sign of more variability in the cross-
reef transport along the reef, but in the shoaling zone too, as a sign of
strong shear in flows. With a magnitude scaling with U?, the increase in
BF reveals the development of intense cross-reef currents, similar to rip
currents (as mentioned in (Lowe et al., 2009)) at some places of the sine
ribbon (e.g between distance ticks 13750 and 16250 on the reef line).
Offshore, arrows in Fig. 5B describe well a convex coastline induced
mega-rip circulation with an intense jet current oriented seaward. Un-
like IDEAL S, long-reef currents within the shoaling zone are intense, in
places where the obliquity of wave with the reef increases (see values of
6 sampled along the reef, Fig. 5B). The tuning of the waves during
shoaling over the steep slope modifies a lot the magnitudes of the terms
Sxx; Sxy and Sy, (see Egs. (7)-(9)) strengthening wave-driven longshore
currents and lowering 7,q,. Within gaps, PG displays a bulge owing to
the convergence of along reef currents, fueling the offshore rip current.
Over the reef, the breaking of normal incident waves is more intense in
the apex of gaps, enhancing 7q, in the surf zone and toward the
shoreline, compared to reef portions concerned with wider breaking
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angles. In the backreef region, an along reef PG owing to variations in
Tlway develops, driving periodic current cells signaled above.

These idealized experiments help us in understanding the pattern of
fway Simulated in the realistic simulation of the Poe lagoon (Fig. 4)
during Oma TC. The stronger 7,4, observed in the southern area is in line
with a straighter reef and the weaker and variable 7,4, in the northern
part with a more undulating reef. This result highlights the straight
coupling between 7,4, and variations in RSG along the barrier reef.

3.4. Control of wave setup dynamic by details in bathymetry and reef
crest geometry

Besides the reef shape, details in the reef-lagoon bathymetry are also
hypothesized to impact its dynamics and the induced 7,q. The simu-
lated maximum 7,4, with a less accurate bathymetry product (LOWBAT)
during Oma TC, and its relative change from REF are presented in
Fig. 6A-D. Difference in amplitude does not exceed +5 cm at L13 station
but differences are more variable elsewhere in the lagoon with change
up to £10 % between both configurations. The LOWBAT configuration
simulates a slightly weaker 7,4, (-5 %) in the southern part of the lagoon
and slightly stronger (+5 %) 7jway in the northern part (Fig. 6D). Since the
average difference between depths in both bathymetry products
(LOWBAT and REF) is ~1 m, our results indicate that a depth error of
~1 m might cause an error of ~10 % in the prediction of 7,qy.

From previous works (Buckley et al., 2015; Blenkinsopp and Chaplin,
2008; Yao et al., 2017), there is a large body of evidence that h,, the
submergence depth over the reef crest, has a large control on both the
transmission of wave energy and magnitude of 7,4,. Fig. 6B, C shows the
simulated maximum 7, during Oma TC for a uniform reef crest height
of 1 m (CR100) and 0.05 m (CR005) with their relative change from REF
detailed in Fig. 6E and F. As indicated in Table 2, last row, these reef
settings have an average h, of 1.97 m and 1.13 m respectively, compared
to 1.44 m in REF. For example, by reducing h, by 20 % in CRO05
compared to REF, the annual mean wave setup increases by 15 % (not
shown). In Fig. 6F, that reduction in h, exacerbates 7,4, by 30 % during
the storm, and peaks up to 50 % in the northern part of the lagoon. On
the other hand, making h, deeper (+37 % compared to REF) reduces 7qy
by 15 % (-25 % in the southern part of the lagoon, see Fig. 6E). Overall,
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Fig. 6. Spatial distribution of maximum 7, [m] during Oma TC (25th of February 2019) in Poe lagoon for the various model configurations used for sensitivity
tests: a less accurate bathymetry product, LOWBAT (A), a homogeneous reef crest height set at 1.00 m, CR100 (B), and a uniform reef crest height set at 0.05 m,
CROO05 (C). The 7yq differences [%] are calculated by difference with REF for LOWBAT (D), CR100 (E) and CROO05 (F). The observation station L13 is located by the

white dot marker and the barrier reef is represented by a black mask.
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Table 2
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Transmission coefficient of H; (k,) between outside C02 station and inside L13 lagoon station for all experiments at low tide and high tide. Reef crest depth [m] in the
model grid and submergence depth (h,) above the reef crest [m] in both observations and models are given.

OBS REF CR100 CRO05 LOWRES
Transmission coefficient (k;)
Low tide 0.01 £ 0.01 0.25 + 0.07 0.30 + 0.09 0.23 £ 0.05 0.15 + 0.05
High tide 0.13 + 0.04 0.42 +0.12 0.47 + 0.13 0.38 +0.10 0.22 + 0.05
Barrier reef parameters
Reef crest depth X 1.0 to 1.35 1.0 0.05 0.7t0 1.3

Submergence depth over the reef crest (h,) 0.80 (0.0-1.66)

1.44 (0.77-2.11)

1.97 (1.29-2.65) 1.13 (0.47-1.80) 1.36 (0.55-1.93)

our results indicate that the prediction of 7,4 in a narrow lagoon, such
as Poe lagoon, is very sensitive to details on the reef crest height.
Moreover, rougher is the sea, the larger is the sensitivity of 7,4, to the
quality of h;.

3.5. Prediction of the wave setup

A large bunch of work is devoted to derive 7,4, using simple
analytical predictive models based on sea state proxies (Guza and
Thornton, 1981). derived the following relation for the wave setup as
Tway = 0.17Hj, but other authors developed sophisticated relationships
to account for the reef geomorphology (Gourlay, 1996). Such a rela-
tionship is investigated through observed and modeled 7, and incident
wave conditions (H;) at station C02. Before fitting an empirical model, a
data screening is applied, motivated by the theoretical works of
(Gourlay, 1996) for wave setup on a fringing (closed lagoon) and plat-
form reef (open lagoon) from laboratory experiments. It showed that the

wave setup dynamics can be partitioned in two regimes, as indicated by
(r+hr)

o
The first regime, when S is large (S > 0.7 for open lagoons, or S > 1.0
for fringing reefs), describes cases where the water depth above the reef
is relatively large compared to the incoming waves, driving a weak 74y,
while the second regime, when S is small (S < 0.7 for open lagoons or
S < 1.0 for fringing reefs), characterizes a relatively small water depth
compared to incident waves, driving significant 7, owing to wave

a ratio between h, and H;, the relative submergence depth S =

b % ]
Predicted 7,,,, from in-situ data
= Thuav=0.17H;-0.18 (r* = 0.90) 1.6
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breaking on the seaward reef-face. Such a metric is investigated in our
dataset, indicating that 34 % of the observations fall in the first regime,
generating low values of wave setup (not shown). Those observations
are removed in the model to predict %jyay = f(Hs, hy) at L13 station. The
fitting curve with the 95 % prediction interval is displayed in Fig. 7A,
providing a functional relational (> > 0.9) which can serve later to
compare with model results. For example, despite its lower resolution,
the NC_BOX grid was shown to allow a reliable representation of storm
surge compared to the REF higher resolution configuration (see Section
3.1) and here LOWRES is consistent with the slope of empirical law
derived from observations (Fig. 7B). Fig. 7 also highlights an asymmetry
between observed and modeled extreme values, though based on a
single TC on limited monitoring period. Underestimation likely stems
from biases in global wave products, as also reported by (Gaffet et al.,
2025). This underscore increased bias in global wave models under
cyclonic conditions and supports using a statistical approach to broaden
TC case coverage.

3.6. Generalization of storm surge pattern under various TC forcings in
Poe lagoon

In the following, we explore the generalization of the storm surge
including IBE, wind stress and 7,4, responses to extreme sea conditions
by using STATTC and STATTC_NOWAVE configurations over the
NC_BOX grid.

w— Predicted 7,,,, from in-situ data

h, (m)

Hs (m)

Fig. 7. Observed (panel A) and modeled (panel B) 7,y [m] at the lagoon station L13 for the period from 5th of February to 5th of May 2019 as a function of incident
H; [m] at station C02. Colors indicate the submergence depth above the reef crest noted h,. Predicted 7,4, following the relation of Guza and Thornton (1981) is
indicated with the red line. The linear fit of 7j,,,, with incident H; from observations is indicated with the bold black line on both panels. The 95 % prediction intervals
depicted with thin black lines and the associated regression coefficient (r?) is indicated in the legend.
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+ Total storm surge (7))

Inferred wave setup (May)

354 °
Predicted total storm surge from STATTC
T N=024Hy-0.47 (2 =0.92)
Predicted TNyay from STATTC-NOWAVE
3017 Mwev=0.17H¢-0.37 (2 =0.87) .

= Predicted Nyay from in-situ data

Hs (m)

Fig. 8. Simulated storm surge including change in air pressure, wind stress (in
red) and inferred 7jyq, (in blue) at station L13 [m] versus the deep-water wave
heights H; [m]. Curves from the linear fits for each variable are also displayed.
The fitting of 77 = f(H;) performed from STATTC outputs gives a slope of 0.24
m/m (r? = 0.92, red curve), while the fitting of fue = f(H;) with 7ye from
differences between STATTC and STATTC_NOWAVE outputs, gives a slope of
0.17 m/m (r? = 0.87, blue curve). The in-situ predictive model (see Fig. 7) for
Tway (black line) is indicated for comparison.

First, the quality of the storm surge generalization is investigated
using our predictive model 74, = f(H;) developed in Section 3.5.
Despite notable differences between the two scrutinized populations,

Continental Shelf Research 294 (2025) 105540

one coming from a 5-months long monitoring, the other by targeting
extreme storms in various TC conditions, Fig. 8 shows that simulated
Tlway follow loosely the line of prediction (compare the blue curve with
the black one). Also, we provide the result of the linear regression of 7
against H; (see the red curve). With a slope of 0.17 m/m and 0.24 m/m
respectively, this result indicates that 7,4, is contributing 70 % for the
superelevation of the mean water level at station L13. The falling of air
pressure, wind stress and non-linear processes are involved to explain
the remainder.

The generalized spatial pattern of the TC-induced storm surge and
the relative wave contribution in percentage are illustrated for three
statistics of the storm surge distribution: mean (Fig. 9A, B, C), 95th
percentile (Fig. 9D, E, F) and maximum (Fig. 9G, H, I). In the open-
ocean, the rise in water level ranges from 10 cm (Fig. 9A) to 80 cm
(Fig. 9G), with a response driven by changes in air pressure (lowest
pressure at the storm’s center in the dataset is 924 hPa, resulting in an
IBE of ~80 cm). Within the narrow lagoon, storm surges are in contrast
much higher, with a large part explained by 7,4, (above 65 % along the
coastline and up 90 % in the surf zone, Fig. 9C-I). The lagoon mean
storm surge peak exceeds 90 cm (against 10 cm offshore), the 95th
percentile peaks at 2.0 m and the maximum exceeds 4.0 m (against 80
cm offshore). Details in the spatial pattern of 7,4 tied to the lagoon
dynamics resemble those investigated in Section 3.3 and Fig. 5. Unlike in
the case of Oma TC, our statistical assessment reveals that, toward the
shoreline, the prevailing contribution of 7,,, vanishes a few as both the
wind stress and the decrease of air pressure exacerbate the coastal storm
surge. It is worth noting that in large embayments free of reef protection
such as facing Gouaro, the breaking of swell on the beach contributes by
half to the storm surge.

3.7. The impact of wave-induced hazards on coastal vulnerability

Fig. 9 indicate that extreme surge dynamics in complex reef settings
induce a contrasted response in terms of coastal hazards. Fig. 10 shows
the statistical distribution of incident wave height and storm surge
values at 12 coastal locations. Fig. 10A, B are used to demonstrate the
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Fig. 9. Mean (A), 95th percentile (D) and maximum (G) storm surge [m] in Poe lagoon for 258 TC simulations (STATTC). Associated 7jyq, (panels B, E, H) [m] and its
contribution [%] to storm surge (panels C, F, I) are calculated by the difference between STATTC and STATTC_NOWAVE simulations.
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distribution. Colors provide a visual appreciation of the least (in green) to worst (in red) threatened locations.

mitigating role of the barrier reef to incident extreme TC waves and
Fig. 10C, D shows the coastal storm surge.

Only station 1 (located at La Roche village, facing Gouaro) is directly
exposed to extreme incident waves. There, at the coast, H values in the
range 1.5-4.0 m account for over half of events (Fig. 10A), while waves
above 3.3 m are reported in the tail of the TC distribution (above 95 %,
Fig. 10B). These findings are consistent with (Storlazzi et al., 2022), who
highlighted that localized bathymetric features such as channels can
strongly influence coastal wave energy transmission. For the other
coastal locations, half of events do not generate more than 50 cm waves,
while in the 5 % more threatening events, H; is capped at ~1.2 m. This
result highlights that both the barrier reef and wave dissipation in the
lagoon help to mitigate the height of destructive waves, preventing the
aggravation of coastal flooding by overtopping. It is worth noting that
within the southern lagoon, at location 5 in front of the Poe village,
where many numerous habitations and human facilities are located, H;
are slightly higher, as a consequence of less dissipation by friction and
breaking due to the increase of water depth with the wave setup as
mentioned before.

On the other hand, storm surge strongly impacts locations in the
lagoon away from the channels. From location 3 to 7, half of events
induce a storm surge of at least 50 cm (Fig. 10C), while locations close to
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the channels (e.g 1 to 2 and 8 to 12), are less exposed to this hazard.
Similar spatial features along the coastline are reported in the 5 %
strongest storm surges, but locations 4 and 5 are the most exposed with
storm surge greater than 2.0 m (Fig. 10D).

Changes in the coastal distribution of storm surges and coastal wave
heights confirms a variable exposure to storm-induced hazards for that
reef-lagoon setting. Here, overflowing may be associated with storm
surge, while overtopping may arise due to individual wave incursion.
Fig. 11 illustrates that double exposure along the coastline, which is
partitioned in two distinct land use based on anthropic activities: the
inhabited southern zone (sectors 1 to 4, Fig. 11), and the undeveloped
northern zone (sectors 5 to 7, Fig. 11), which is free of constructions.
Following the method from (Thomas et al., 2021) a populated area is
assigned to each coastal sector, with a metric expressing the fraction of
anthropic land use (Fig. 11). The area of La Roche village is urbanized up
to 77 % (sector 1, Fig. 11) and is less concerned by storm surge as other
sectors, but more exposed by extreme incident H; due to its location
facing the Gouaro channel. The touristic resort and Poe village urban-
ized up to 71 % and 78 % respectively (sectors 3 and 4, Fig. 11) are
protected from incident H, by the barrier reef but they are subjected to
the highest storm surges mainly driven by 7,,q. Free of significant urban
development at present, the other sectors (from 5 to 7, Fig. 11) appear
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Fig. 11. Coastal exposure to H; and storm surge, depicted by their respective 95th percentile [m] in Poe lagoon and associated zoom over urban areas such as Poe
village. Urban density [%] is derived from populated areas including constructions and roads which is indicated for each coastal sector from 1 to 7. Populated areas

are a proxy for population density based on land use.

less vulnerable since they are exposed to lower storm surge. In the light
of this coastal hazards analysis, coastal management plans should
consider limiting the urban development of the strongly threatened
areas from sectors 1 to 4.

4. Discussion
4.1. Limitations of the modeling framework

While our modeling system has been shown to satisfactorily repre-
sent the observed offshore H; and lagoon 7,4y, several limitations and
sources of uncertainty can be discussed. A first notable point is that the
simulated lagoon H; is overestimated due to a too weak wave attenua-
tion by the barrier reef. This is illustrated by evaluating the transmission

coefficient of H through the reef, noted k, with k; = g((é})g; (see Table 2),

which is much larger in REF and LOWRES model experiments
(0.15-0.42) than in the observations (0.01-0.13). The submergence
depth h, is known to have a great influence on wave dissipation and
wave setup prediction, but reducing h, in CR005 by 30 % result in little
improvement in k;, and has adverse effect on the storm surge by
increasing a lot 7,4 This suggests that efforts in tuning SWAN wave
model to match the observed k; across the barrier reef may be detri-
mental to the accuracy of 7,4, predictions, recurrent evidence in studies
applying linear wave theory in steep reef configurations as discussed in
(Buckley et al., 2015; Sous et al., 2019).

This result is also pointing out the quality of the bottom stress
parameterization, which controls the momentum sink term (Eq. (1)). It
relies on a bottom drag coefficient, C4, which is estimated using a log-
layer treatment with a chosen bottom roughness and accounting for
the presence of the wave boundary layer (Zhang et al., 2004). Coral reefs
generate resistance to the water flow, however, the relationship between
coral-induced friction and hydrodynamic roughness effects on waves
and currents remains poorly understood (Lentz et al., 2017). In our
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simulations, we use a bottom roughness of 3 mm, leading to C; values of
~0.01 on the forereef and backreef, and doubles above the shallow reef
crest (not shown). Usually adapted to sandy seafloor (https://ccrm.vims.
edu/schismweb/SCHISM_v5.6-Manual.pdf), that choice for z0 is ques-
tionable when representing coral reefs (Rosman and Hench, 2011).
When compared with field studies in coral environments (Sous et al.,
2020a), our simulated values are in the lower range of the observed
values (from 0.01 to 0.3). To study the effect of bottom roughness on the
prediction of 77,4y and k, in Poe (Martins et al., 2022; Guérin et al., 2018),
a future dedicated 3D modeling study is considered.

Lastly, other important processes impacting coastal flooding are not
resolved in our modeling strategy, such as the generation of infra-gravity
waves owing to wave breaking and swash generated by waves (Pomeroy
etal., 2012; Locatelli et al., 2017; Bertin et al., 2018). Their combination
has the potential to increase the predicted runup (Aucan et al., 2017).
Exploring these aspects however require dedicated studies with
non-hydrostatic and phase-resolving wave models, as well as an accu-
rate mapping of the reef crest by topo-bathymetric surveys (Collins
et al., 2020).

4.2. Modulation of the wave setup due to change in water levels

A large body of works have shown that 7,,,, and the induced flow are
strongly linked to variation in incident wave height (H;), with a control
by the water depth (h;) due to tides (Monismith et al., 2013; Gourlay,
1996; Vetter et al., 2010). We claimed that, due to rough sea state, but
moderate wind and weak air pressure drop during monitoring, and a
data treatment designed to remove the tide variability, outputs from Eq.
(2) make possible to derive 7j,q, and investigate 7y = f(Hs, hy) at station
L13. But, one striking point from Fig. 7A is the lack of change in 7,4, due
to changes in the water depth. First, a limited observation time in that
reef setting, concerned by transient piling-up, may make it difficult to
demonstrate the tide modulation. Second, in contrast with past surveys
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(Sous et al., 2020a; Vetter et al., 2010) using bottom pressure sensors on
the reef flat, the station L13 is located in the back-reef lagoon, away from
the surf zone. As indicated in Section 3.3, the wave-driven dynamics is
complex there, and combined with the tide-driven dynamics, may hide
that expected response.

To help in conclude and inspired by similar works (Lavaud et al.,
2020) on the water level control of 7y, stationary outputs at low tide
(LT) and high tide (HT) from the idealized numerical settings are recy-
cled. Our results for IDEAL _S show that the shoreline 7,4, is larger by 33
% at LT compared to HT (not shown). This is 31 % by doing the same
experiment on the IDEAL_W. This indicates that the observed time serie
does not include enough long-lasting surge events to help in isolating a
robust tidal modulation of 7,yqy.

4.3. The relevance of empirical laws and 1D models for estimating
cyclonic surge hazard

While our empirical model based on incident wave conditions
perform well at L13, its broader applicability to the whole lagoon is
disputable as a consequence of large alongshore 7,4, variability tied to
the complex geomorphology. Moreover, our empirical relation agrees
with Guza and Thornston’s model, initially developed for a natural
beach. When compared with a fringing-reef in Guam island (Vetter et al.,
2010), with no back lagoon and channels, the predicted superelevation
due to wave breaking at L13 is reduced by half in comparison (coeffi-
cient of determination above 0.30 m/m against 0.17 m/m here). In
terms of coastal hazards, the shallow reef-lined coast of Poe is more
relevant with a reef-lagoon-channel than a fringing reef, for which
analytical models grounded on the 1D mass and momentum balanced
equation (Eq. (1)) can be developed (Lowe et al., 2009; Gourlay, 1996).
However, deriving such an 1D model might be a challenge, having re-
gard to the impacts of macro scale details of the reef on the wave-driven
circulation.

4.4. Predicting wave setup using the 1D momentum balance and insights

For a reef-lined coast (IDEAL S, Fig. 5A), the wave incidence © where
waves start breaking denoted (6}) is controlled by depth contours along
the reef due to wave refraction. In that setting, time averaged @, are
within 4° relative to the reef normal, also aligned with the shore normal.
Owing to the small wave angle (@, ~0), the cross-shore RSG term
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dominates Eq. (1), while %x, , the alongshore component vanishes,

supporting its removal from Eq. (1). Integrating the cross-shore mo-
mentum balance (Eq. (1)) from the shoaling line (z = 100m) shoreward
along each shore normal (see white line, Fig. 5A) is a mean to infer 7yqy
along the shoreline based on the mean momentum balance (Sous et al.,
2020a; Rijnsdorp et al., 2021), while the cross-shore integral of each
term in the right-hand side of Eq. (1) can provide their respective
contribution in the balance of 7,q,. As shown in Fig. 12, the recon-
structed wave setup is well in agreement with the simulated 7q
(compare the dotted black curve with the solid one, Fig. 12A), and re-
sults show that, in that ideal setting, reconstructing coastal 7j,q only
based on RSG is acceptable.

In an undulating setting IDEAL_W, Fig. 5E), conditions to derive 7qy
using the mean 1D momentum balance are violated, as a consequence of
large variation in geometry and depths in the alongshore direction.
However, integrating terms of Eq. (1) shoreward gives some useful in-
formation. Indeed, from Fig. 12B, both RSG and BF terms are needed to
reconstruct accurately 7,4, at the shoreline. Large variations in cross-
integrals of BF is the manifestation of along reef changes in the net
transport across the reef as discussed in Section 3.3. However, stopping
the cross-integration of Eq. (1) after the reef flat implies to consider also
ADV in order to give an accurate reconstruction of 7,4 along the
backreef line, for example (not shown). There, along-reef variations in
Tlway Of about 5-10 cm manifest since the curvature of the reef modifies
both the wave height (compare the increase in the incident wave energy,
the red curve, in Fig. 12A and B) and the angle at which the waves break.
Non-negligible variations in gradients of the radiation stress terms Sy,
and S,, (Egs. (8) and (9)) both in the shoaling and surfing zone, generate
intense along-reef currents offshore and an along-reef pressure gradient
owing to change in 7,4 promoting a complicated wave-driven lagoon
circulation. The result is a lowering of 7,4, along the coastline (compare
black solid curves, in Fig. 12A and B), as signaled in the real case be-
tween the southern and northern parts of Poe lagoon. Interestingly,
peaks in the incident wave energy is another feedback owing to
refraction with the mega-rip current directed offshore and grounded to
the curved reef barrier. It is worth noting, that, switching off the current
refraction in our modeling system, do not modify a lot 7,4, both inferred
from the cross-shore integrals or from model outputs (not shown),
indicating that in such reef-lagoon setting, the wave-driven circulation
and coastal 7,4 is more sensitive to alongshore variation in wave di-
rection than subtle variations in wave energy. A closer inspection
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Fig. 12. Simulated and inferred 7,q, along the shoreline for (A) the IDEAL_S and (B) IDEAL_W settings. The black solid line is 7,4y from the 2D model outputs at the
coast and the dashed black line is 7,4, reconstructed using all mean cross-shore momentum terms from the 1D model (Eq. (1)), that is: RSG, BF and ADV. The
contribution of RSG (cyan), BF (blue) and ADV (orange) to the reconstructed 7,4, come from the cross-shore integrals of each term starting from the shoaling line
(z~100m) up the coastline and by following normal transects spaced every 20 m in the alongshore direction (see cross-shore transects as those exemplified in Fig. 5).
The green doted curve is the mean residual from imbalances of Eq. (1) showing their weak contribution to the reconstructed 7,qy. Along-reef variations of the wave
energy forcing (E = é/)gH(f) is illustrated by red solid curves and is extracted from SWAN outputs along the breaking line.
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indicates that it is not BF but the ADV term that plays a key role in
compensating along-reef variations in the RSG term imposed by
switching off the current refraction (not shown).

4.5. Climate change induced coral reef trajectories for Poe lagoon

To strengthen the climate change perspective of the study, we con-
ducted a REF simulation using a projected sea-level rise of +73 cm by
2100 for New Caledonia (SSP3-7.0 scenario). Results indicate a signifi-
cant reduction in 7,4 by 20-30 % under elevated sea levels in the
southern sector of Poe lagoon and up to 60 % locally in the north. This
reduction supports previous findings that higher sea levels reduce wave
breaking over the reef crest, thereby weakening 7,4, within the lagoon.
However, sea-level rise also increases H; by 20 % on average inside the
lagoon and up to 40 % nearshore.

The coastal protection function of coral reefs is highly influenced by
their elevation relative to mean sea level (Kench et al., 2022). However,
the impact of projected sea-level rise on lagoon systems bounded by
submerged barrier reefs remains insufficiently understood (Perry et al.,
2018). This study emphasizes the crucial role of a healthy barrier reef (as
documented by the non-profit association Paladalik, https://www.pala
dalik.com) in controlling wave setup and storm surge in Poe lagoon.
In the face of rising sea-level, the capacity of coral communities to adapt
remains an open challenge that requires extensive interdisciplinary
research.

Under this scenario, the barrier reef persists with maintained
ecological integrity and biological vitality. Numerous studies (Harris
et al., 2018) underscore the importance of coral health and structural
complexity for sustaining natural coastal protection into the future.
Historical records show that some reefs have kept pace with sea-level
changes on geological timescales (Camoin and Webster, 2015). Recent
observations by (Kench et al., 2022) indicate that reef growth rates can
reach 6.6 + 12.5 mm/year on reef crests and 3.1 &+ 10.2 mm/year on
outer reef flats. These values exceed New Caledonia rates of sea-level
rise, 2.23 + 1.68 mm/year (Aucan et al.,, 2017) suggesting that
healthy coral systems have the potential to maintain their mitigating
function. The UNESCO-listed Poe lagoon is part of a broader marine
protected area, which promotes the implementation of conservation
policies that encompass coral reefs. Nevertheless, the coral reef remains
exposed to local anthropic pressures, such as boating and fishing, and
global threats including ocean warming and acidification. While these
factors threaten reef adaptation capacity, nature-based solutions are
gaining traction (Toth et al., 2023). propose that large-scale coral
restoration could enhance reef accretion, potentially narrowing the
elevation gap between reef tops and rising sea levels by 2100. Yet, the
effectiveness of such strategies starts on an understanding of
lagoon-scale hydrodynamics and wave processes as investigated in our
study.

This scenario reflects a more degraded coral reef state, where barrier
reef ability to provide coastal protection is significantly reduced.
Accelerated environmental changes are degrading coral reefs and lead-
ing to the loss of species that significantly impacted wave energy dissi-
pation (Carlot et al., 2023). As sea levels rise, the transmission of wave
energy across reef platforms is expected to increase, reducing the natural
buffering capacity of reef-lagoon systems (Costa et al., 2016). This effect
is often accompanied by increases in significant wave height, potentially
triggering secondary morphodynamical responses such as dune folding
(Tuck et al., 2019). Poe lagoon is backed by an extensive sandy beach
system, which plays a key role in coastal protection. However, in the
absence of a functional reef barrier, these beach systems may become
increasingly  vulnerable. Future research should prioritize
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understanding beach dynamics and sediment redistribution processes,
as highlighted by (Masselink et al., 2020), to evaluate the long-term
sustainability of natural coastal buffers under barrier reef-degradation
scenarios.

5. Conclusion

This study investigates the dynamics involved in the coastal storm
surge in Poe, a reef-lagoon system using both observations and a wave-
current coupled modeling system. The coastal hazard is then addressed
through a generalization mobilizing two hundred TC storms. In such a
narrow and shallow reef-lagoon, we have shown that the spatial vari-
ability of 7q along the ~20 km-long coastline firstly depends on the
barrier reef geomorphology, triggering variations in dynamics of the
wave-driven flow and wave setup from place to place.

In particular, the shape of the barrier reef is found to play a crucial
role, with a straighter barrier reef resulting in stronger and more uni-
form 7,4, lagoon response (as suspected in the southern part), while the
presence of headlands and gaps is promoting the generation of circula-
tion loops and mega-rip currents offshore, lowering 7, along the coast.
Here, because of variations in the radiation stress gradient owing to
change in the bathymetry and reef orientation, it is tricky to predict 7jqy
using empirical or semi-analytical formulations. For example, after
tuning, a 1D model neglecting alongshore variations in the reef shape
might be well adapted for a coast-lined reef, but might overestimate by
20 % the wave setup when applied to a more undulating reef setting.

In line with literature, h. has also be shown to have significant in-
fluence on the induced 7,4y, with variations of +1 m above the reef crest
leading to a +15-20 % change in 7,4, within the lagoon. On the other
hand, details in bathymetry within the lagoon is shown to have less
influence on the accuracy of wave setup, with varying water depth of

+1 m on average in the lagoon resulting in only a + 5-10 % change in

Nway in the southern area of the lagoon. We also tested a simple rela-
tionship linking offshore conditions to 7,4 under extreme wind and
wave events. Our 7),,q, estimates (70-90 %) align with previous studies
(Lowe et al., 2009; Rijnsdorp et al., 2021; Vetter et al., 2010; Hsiao et al.,
2019) which report contributions ranging from 50 % to over 80 %
during similar high energetic conditions. Nevertheless, our results fall at
the upper end of 7,4, contributions to storm surge, emphasizing the need
to systematically account for it when assessing storm impacts in
reef-lagoon systems like Poe.

The analysis of 258 synthetic TC scenarios confirms patterns
consistent with those observed during Oma. The southern sector of the
lagoon, near the touristic area, is the most vulnerable to storm surge,
while the highest wave exposure is concentrated off the Gouaro and La
Roche village. Statistically, Poe village exhibits a high risk of cyclone-
induced storm surge, with water levels exceeding 2 m at the 95th
percentile, which is double the values studied in (Chen et al., 2017; Yu
et al., 2019). These findings underscore the need to integrate such sta-
tistical hazard assessments into coastal management strategies in New
Caledonia and other cyclone-prone regions.

Although global studies on reef protection (Burke and Spalding,
2022) and extreme sea-level hazards (Almar et al., 2021) offer valuable
perspectives, they often lack the spatial resolution required to inform
local-scale planning in lagoon environments. A logical next step involves
assessing flood-related coastal risks at lagoon-scale. This will require
combining cyclone scenario outputs with vulnerability datasets such as
population density and critical infrastructure while also accounting for
terrestrial flooding. The LECZ, bordered by a drainage basin, includes
inhabited areas that are particularly vulnerable to flash flooding (Terry
etal., 2008; Cerbelaud et al., 2022). As such, comprehensive coastal risk
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assessments must account for compound hazards that encompass both Investigation, Conceptualization.
marine and fluvial processes.
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Appendices A.

Information about lagoon depth and spatial extension of both bathymetric grids used in the numerical model.

Appendices B.

Information about atmospheric (air pressure and wind) and incident wave conditions during Oma TC in New Caledonia used to force the SCHISM-
SWAN numerical model.
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Fig. B2. The maximum significant wave height (panel A) is calculated [m] on each grid node from MFWAM during February 2019. The Oma cyclone trajectory is
represented by a black dashed line with associated time. Wave roses of wave forcing from MFWAM during February 2019 (panel B) and during the cyclone peak in
48 h (panel C) at the deep ocean station (white star). The swell is mainly SSE during February, while during the cyclone, it is S-SW.

Data availability
Data will be made available on request.
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