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Abstract. Coastal storm impacts are mainly determined by the interaction of 
extreme water levels with barrier morphology, particularly the height of the fore-
dune. While future projections of storm hydrodynamic forcing, integrating sea 
level rise, tides, waves and storm surges, are readily available, predicting future bar-
rier morphology at a decadal scale remains a challenge due to uncertainties in mod-
eling morphodynamic processes. This study proposes a simplified model to pre-
dict future foredune morphology at decadal scale and determine storm impacts on 
coastal barriers, focusing on the critical role of foredune morphology. The model 
identifies three morphological behavior modes based on the nature of the sedi-
ment budget and associated shoreline dynamics, distinguishing between: “keep-up 
mode” for accreting barriers, “catch-up mode” for stable to mildly accreting barri-
ers, and “give-up mode” for eroding barriers. Application to the Portuguese coast, 
specifically the eroding barrier of Torrão do Lameiro, demonstrates that even with 
rising sea level and higher total water levels, storm impacts remain within the same 
regime by 2050. This simplified model offers a practical approach for considering 
an evolving foredune morphology, which can support first-order assessments of 
future storm impacts in changing climate. 

Keywords: Barrier Morphology · Foredune · Sediment Budget · Storm 
Impacts · Coastal Behaviour Modelling 

1 Introduction 

The impacts of storms on coastal barriers are largely determined by the interaction of 
extreme water levels with the morphological characteristics of the beach-dune system 
[1]. The storm-induced extreme water levels determine the severity of the forcing, while 
the morphology of the beach and, more importantly the dune, regulates the ability of bar-
riers to withstand erosion and prevent flooding. This interdependency of hydrodynamic 
forcing and morphological setting is thus fundamental for categorising and predicting 
storm impacts [2].
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When considering future storm impacts in a changing climate, predictions of hydro-
dynamic forcing integrating sea level rise (SLR), tides, storm surge and waves are nowa-
days readily available from individual or ensemble climate projections e.g. [3]. These 
are increasingly used to determine changes in extreme water levels and estimate flooding 
extents at local to global scales [4, 5]. However, predictions of future barrier morphol-
ogy remain elusive, as morphodynamic linkages in beach-dune systems across scales 
are still poorly resolved, particularly when scaling from process observations to decadal 
morphological changes [6]. For storm impact assessments, this results in an incomplete, 
but often applied approach, where future extreme sea levels are only compared to present 
day barrier morphology [4, 7]. 

Predicting future dune morphology, particularly the height of foredunes, is fun-
damental for assessing future storm vulnerability in coastal barriers [8]. However, 
despite recent advances in coastal dune morphological models, both process-based or 
data-driven, there are still many uncertainties in the numerical modelling of long-term 
(decadal) coupled beach and dune morphodynamic processes [9]. Therefore, simpli-
fied models that describe key evolutionary modes, integrating empirical observations or 
parameterising observed barrier change behaviours, remain a useful solution for predict-
ing coastal morphological change. The reduced complexity in terms of processes and 
data used, alongside the low computational requirements make such models particularly 
useful for long-term and large-scale application, and potentially useful for integration in 
climate change impact assessments. Aiming to evaluate future storm impacts in coastal 
barriers, this work proposes a parameterised morphological behaviour model of barrier 
evolution, exploring its application to the Portuguese coast. 

2 Model Framework 

For first-order assessment of storm impacts on coastal barriers, such as the well-
established Storm Impact Scale outlined by Sallenger [1], the elevation of the foredune 
toe (Dlow) and crest (Dhigh) are critical morphological parameters. While these two vari-
ables simplify barrier morphology, they represent the key vertical dimensions and are 
commonly incorporated in simplified or idealized coastal behaviour models. Consider-
ing this, to parameterise barrier evolution the proposed modelling framework considers 
exclusively changes to the height of the toe and the crest of the foredune. 

Foredune evolution depends primarily on wind, vegetation and sediment supply [10]. 
At decadal timescales, and assuming quasi-stationary wave and wind regimes, while 
excluding human impacts and changes in vegetation cover, the elevation of foredunes 
is mainly controlled by sediment budget, shoreline change and beach morphodynamic 
type [11]. Although morphodynamic beach type is variable around a modal state, it can 
be assumed stable at decadal scales if there are no changes to sediment type. This leaves 
sediment budget and associated shoreline change as key controls of decadal foredune 
morphological evolution. Different foredune evolutionary behaviour modes can then 
be considered for accreting, stable and eroding barriers [11]. Taking a sediment budget 
conceptual approach to foredune evolution [10] and focussing exclusively on the decadal 
change of the foredune toe and crest elevation in a context of rising sea levels, three 
morphological behaviour modes are proposed (Fig. 1). In moderately to highly accreting
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barriers, indicative of a strongly positive sediment budget, foredunes can keep pace 
with rising sea levels, increasing their toe and crest elevations at the rate of SLR as 
the shoreline progrades (keep-up mode). In stable to mildly accreting barriers, where a 
slightly positive sediment budget is necessary to maintain the shoreline position with 
rising sea level, the foredune toe elevation increases at the rate of SLR, but the foredune 
crest remains at the same elevation (catch-up mode). In this mode, most of the sediment 
is used to aggrade the beach and also prograde the stoss slope of the foredune, limiting 
the sediment availability for vertical foredune growth. Finally, in eroding barriers the 
sediment budget is negative, and the foredune retreats landward, with the crest elevation 
determined by the topography of the landward dune ridges (give-up mode). In this mode, 
the toe elevation continues to increase at the rate of SLR, as sediment is supplied to the 
beach from the eroding dunes. 

Fig. 1. Schematic overview of change in foredune morphological parameters (Dlow and Dhigh) 
in relation to shoreline change (SC) and sea level rise (SLR). a) keep-up mode, b) catch-up mode 
and c) give-up mode.
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Across the three behaviour modes the elevation of the foredune toe increases at 
the rate of SLR, as the beach profile adjusts vertically to maintain morphodynamic 
equilibrium with mean sea level [12]. This reflects the fact that, at decadal scales, water 
levels will be permanently raised by the amount of SLR, but only episodically raised 
by the storm-induced surge and runup, and foredune toe reflects only the permanent 
increase in water levels. If the wave regime is not quasi-stationary, changes in the modal 
wave climate should be incorporated in the trajectory of the foredune toe elevation. 

3 Application to the Portuguese Coast 

The morphological behaviour model was applied to sandy barriers along the Portuguese 
coast, using high-resolution LiDAR data of beach and dune systems collected in 2011, 
combined with multidecadal shoreline change rates from 1958 to 2010 determined by 
Lira et al. [13]. Storm impact regimes were determined following Sallenger [1]  for  the  
present and in 2050 considering the RCP8.5 climate change scenario. Extreme water 
levels, specifically total water level (Rhigh) and maximum still water levels (Rlow), were 
computed for the 100-year return period storm using wave and storm-surge projections 
from the Copernicus Climate Change Service for the European coastline, alongside the 
regional IPCC AR6 median sea level projection and considering a mean high tide lev el.

Considering the example of Torrão do Lameiro barrier, located in the exposed NW 
coast of Portugal and experiencing a shoreline change rate of −0.5 m/yr, applying the 
give-up mode to project the 2050 dune toe and crest elevations results in a Dlow of 7.6 m 
and Dhigh of 12.6 m, respectively (Fig. 2). The exact crest location is adjusted from the 
stoss slope to the adjacent peak to better align with dune crest morphology. In this case, 
even with a projected increase in Rhigh of 1 m and Rlow of 0.6 m, the total water level 
remains under the dune crest elevation estimated for 2050, as the retreating shoreline will 
reach a higher dune ridge located landward of the current foredune. As such, a collision 
storm impact regime is maintained between the present and 2050, despite the rise in sea 
level and the increased severity of storm forcing. 

Fig. 2. Overview of present (blue) and RCP8.5 2050 projection (red) of foredune morphological 
parameters (Dhigh and Dlow) and and extreme water levels (Rhigh and Rlow) for Torrão do Lameiro.
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4 Discussion 

Sandy barriers are highly variable in form and setting, which results in a range of mor-
phological responses to SLR that depend on a variety of processes and variables that 
cannot be meaningfully captured by a single model [14]. However, at decadal to centen-
nial scales, the nature of the overall sediment budget and associated shoreline change 
can be used to infer generic barrier and foredune morphological change patterns under 
positive, neutral and negative sediment budgets [12]. The parameterised morphologi-
cal behaviour model of barrier evolution proposed in this work incorporates simplified 
relationships between shoreline and foredune morphological change under rising sea 
levels, which although not universally valid, attempt to distinguish between common 
behaviour modes. The reliance on shoreline change and barrier topography metrics 
makes this approach widely applicable, particularly given the increasing availability of 
medium resolution global datasets that can be used to obtain, even if with limitations 
e.g. [15], all the hydrodynamic and morphological parameters considered in the model. 

Although the use of on invariant coastal morphology is commonly recognised as 
a key limitation for assessments of future storm impacts [4, 7], very few studies have 
incorporated changes to future barrier morphology when modelling the potential impacts 
of storm events in a changing climate e.g. [16]. As first-order storm impacts in coastal 
barriers are largely controlled by foredune height [1, 8], predicting the entire barrier pro-
file is not essential. Foredune toe and particularly crest, i.e. Dhigh, are the fundamental 
variables that must be considered for more confidently determining if future storms are 
likely to lead to increased collision, overwash and inundation of coastal barriers. Apply-
ing the parameterised model to Torrão do Lameiro, a coastal barrier under significant 
erosion and exposed to more extreme total water levels, indicates that storm impacts will 
remain within the same regime towards the mid-century. This is due to the presence of 
a second, inland-located, dune ridge, which highlights the critical importance of land-
ward morphology when evaluating storm impacts in retreating coastal barriers under the 
give-up mode. 

5 Conclusion 

This work proposes a new simplified morphological behaviour model to estimate future 
foredune morphological parameters required for first-order assessments of storm impacts 
in coastal barriers. This model can be applied with limited information, but addresses 
a critical limitation in storm impact assessments in a changing climate, which typically 
evaluate future extreme water levels but do not consider the expected multi-decadal 
variation in barrier morphology. The application to Torrão do Lameiro in the NW coast 
of Portugal demonstrates that, despite the increase in total water levels, future storm 
impacts remain in the collision regime, even for extreme 100-year return period storm 
conditions. 

References 

1. Sallenger A (2016) Storm impact scale for barrier islands. J Coast Res 16(3):890–895



474 C. Loureiro et al.

2. Leaman C, Harley M, Splinter K, Thran M, Kinsela M, Turner I (2021) A storm hazard matrix 
combining coastal flooding and beach erosion. Coast Eng 170:104001 

3. Jevrejeva S, Williams J, Vousdoukas M, Jackson L (2023) Future sea level rise dominates 
changes in worst case extreme sea levels along the global coastline by 2100. Environ Res Lett 
18(2):024037 

4. Thomas J et al (2024) The projected exposure and response of a natural barrier island system 
to climate-driven coastal hazards. Sci Rep 14:25814 

5. Kirezci E et al (2020) Projections of global-scale extreme sea levels and resulting episodic 
coastal flooding over the 21st Century. Sci Rep 10(1):11629 

6. Walker IJ et al (2017) Scale-dependent perspectives on the geomorphology and evolution of 
beach-dune systems. Earth-Sci Rev 171:220–253 

7. Passeri D, Bilskie M, Plant N, Long J, Hagen S (2018) Dynamic modelling of barrier island 
response to hurricane storm surge under sea level rise. Clim Change 149:413–425 

8. Plant N, Thieler R, Passeri D (2016) Coupling centennial-scale shoreline change to seal-level 
rise and coastal morphology in the gulf of Mexico using a Bayesian network. Earth’s Futur 
4:143–158 

9. Kombiadou K, Costas S, Roelvink D (2023) Exploring controls on coastal dune growth 
through a simplified model. J Geophys Res Earth Surf 128:e2023JF007080 

10. Davidson-Arnott R et al (2018) Sediment budget controls on foredune height: comparing 
simulation model results with field data. Earth Surf Proc Landf 43:1798–1810 

11. Doyle TB, Hesp P, Woodroffe CD (2024) Foredune morphology: regional patter and surfzone-
beach-dune interactions along the New South Wales coast. Earth Surf Proc Landf 49:3115– 
3138 

12. Davidson-Arnott R, Bauer B (2021) Controls on the geomorphic response of beach-dune 
systems to water level rise. J Great Lakes Res 47:1594–1612 

13. Lira C, Silva A, Taborda R, Andrade C (2016) Coastline evolution of Portuguese low-lying 
coast in the last 50 years: an integrated approach. Earth Syst Sci Data 8:165–278 

14. Cooper J et al (2020) Sandy beaches can survive sea level rise. Nat Clim Chang 10:993–995 
15. Fanti V, Ferreira Ó, Kümmerer V, Loureiro C (2023) Improved estimates of extreme wave 

conditions in coastal areas from calibrated global reanalyses. Commun Earth Environ 4(1):151 
16. Passeri D, et al (2020) The roles of storminess and sea level rise in decadal barrier island 

evolution. Geophys Res Lett 47:e2020GL089370 

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder.

http://creativecommons.org/licenses/by/4.0/



