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ABSTRACT

This study quantifies shoreline retreat for multiple sea-level rise (SLR) projections at two contrasting sites along the Spanish Mediterranean coast: the Llobregat delta
and Maresme beaches. The Llobregat delta comprises mildly sloped dissipative beaches, while the Maresme coast is characterized by steeper coarse-sediment
beaches. Using the probabilistic PCR model, which incorporates both the effects of the long-term wave climate and Sea level rise, we evaluate site-specific re-
sponses and compare outcomes with the widely used Bruun rule. The Bruun rule overestimates retreat by up to 70 % at Llobregat compared to PCR projections under
the SSP5-8.5 scenario. At the same time, the results of the two approaches converge at Maresme for both SSPs considered, both at 2050 and 2100. Thus, the dis-
crepancies between the two approaches appear to be larger at sites with milder slopes. The PCR model projects an accelerating retreat from mid-century, reflecting
strong nonlinear interactions between future hydrodynamic forcing and storm erosion. These findings underscore the potential pitfalls of relying solely on Bruun rule
derived projections for local scale coastal adaptation planning. Moreover, they highlight how PCR model derived physics based, probabilistic projections of shoreline

retreat could lead to more informed and effective decisions on local scale adaptation along vulnerable coastlines.

1. Introduction

The Mediterranean is recognized as a climate change hotspot expe-
riencing climate change impacts at a rate faster than the global average
(MedECC et al., 2024). The high concentration of population, urban
development, and infrastructure along the Mediterranean coasts
heightens its vulnerability, with risks projected to intensify under the
combined effects of climate change and sea-level rise (Burak et al.,
2024). Within this regional context, Catalonia, in the northwestern
Mediterranean, exemplifies a high-risk area due to both the magnitude
of coastal hazards and the intensive development of its shoreline, which
has resulted in increasing coastal damage during the last decades
(Jiménez et al., 2012). Here, economic activity, population density, and
critical infrastructure are concentrated along the coastal zone, severely
limiting accommodation space, contributing to positioning Spain among
the countries most susceptible to coastal squeeze (Lansu et al., 2024).

This setting, common along much of the European Mediterranean
coast, explains why stakeholders identify coastal erosion as one of the
most important SLR-induced impacts (Jiménez et al., 2024). Existing
studies project substantial beach losses along the Catalan coast by the
end of the century (Jiménez et al., 2017), with significant economic
implications from reduced recreational carrying capacity (Lopez-Doriga
et al., 2019; Garola et al., 2022), and important consequences for land
planning (Romero-Martin et al., 2025).

Although shoreline retreat is widely accepted as a major SLR-
induced hazard on sedimentary coasts, its magnitude remains debated
due to the lack of a universally accepted predictive model for local scale
assessments (Ranasinghe and Stive, 2009; Ranasinghe, 2016; Toimil
et al., 2020). Among available approaches, the Bruun Rule is the most
commonly applied, largely due to its simplicity and suitability for
large-scale assessments (e.g. Hinkel et al., 2013; Vousdoukas et al.,
2020; Athanasiou et al., 2020). However, its validity remains contested
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(e.g. Cooper and Pilkey, 2004), and its assumptions restrict the avail-
ability of datasets for robust validation (see e.g. Le Cozannet et al., 2016;
Zhang et al., 2004). Recent laboratory experiments have attempted to
close this gap (e.g. Atkinson et al., 2018; Beuzen et al., 2018; Monioudi
et al., 2017), but their number and scope remain limited. In response,
alternative or reformulated models have been proposed (e.g. Rosati
et al., 2013; Taborda and Ribeiro, 2015) and integrated into broader
frameworks that incorporate additional sediment transport processes (e.
g. Dean and Houston, 2016; D'Anna et al., 2021; Vitousek et al., 2023).

A key limitation of the Bruun Rule is that the shoreline retreat
computed using this method only accounts for the retreat due to SLR
alone. Yet storm erosion and incomplete beach recovery can introduce a
hysteresis effect that shapes long-term shoreline position and recession
(Ranasinghe et al., 2012). Moreover, other ambient local phenomena (e.
g. sediment supply from the lower shoreface, fluvial sediment supply to
the coast, alongshore gradients in longshore sediment transport) can
also contribute to long-term shoreline position change. This combined
effect of SLR, wave-driven beach cycles, and ambient processes provides
an important framework for isolating the physical impact of climate
change on coastal stability in the absence of direct human interventions.
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To address this issue, this study applies the Probabilistic Coastline
Recession (PCR) model (Ranasinghe et al., 2012). The PCR model in-
corporates both SLR and storm-driven erosion within a probabilistic,
process-based framework that accounts for beach recovery due to
ambient processes between storms. The PCR model has been applied
globally in different climatic and geomorphic settings (e.g. Wainwright
et al., 2015; Jongejan et al., 2016; Le Cozannet et al., 2019; Dastgheib
et al., 2018, 2022; Ranasinghe et al., 2023).

In this context, and recognizing the importance of reliable shoreline
change projections for effective coastal planning, this study assesses
21st-century coastline evolution in Catalonia using the PCR model under
two contrasting SLR projections, corresponding to: low-emission (SSP1-
2.6) and a high emission (SSP5-8.5) climate change scenario. To capture
regional beach diversity, two representative sites are considered: the
Llobregat delta, with dissipative beaches, and the Maresme coast,
characterized by coarse-sediment beaches. For comparison, we also es-
timate SLR-induced shoreline retreat projected by the Bruun rule with
identical scenarios and timeframes. This dual assessment enables a
comparison between process-based and equilibrium approaches, high-
lights uncertainty related to model choice, and strengths the scientific
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Fig. 1. Study site locations along the Catalan coast: Llobregat and Maresme. The “X” markers indicate the positions of the SIMAR wave nodes used to derive storm

wave climates for each site.
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basis for adaptation planning in Mediterranean coastal regions.
2. Study area and datase

2.1. Study area

The two study sites, Maresme and Llobregat, are located along the
Catalan coast (NW Mediterranean), near Barcelona (Fig. 1). These lo-
cations were selected to represent contrasting beach morphologies and
coastal settings (CIIRC, 2010; Jiménez and Valdemoro, 2019). The
Maresme county, situated north of Barcelona, spans approximately 45
km of coastline and is characterized by long, straight, reflective beaches
with coarse sediments and steep slopes. The specific study area, located
in the southernmost part of Maresme, features a median grain size (D50)
of 0.63 mm and a beach slope of approximately 1:13. This highly ur-
banized section of the coast, with an average beach width of 40 m, is
backed directly by infrastructure, leaving minimal room for landward
beach migration (e.g. Jiménez and Valdemoro, 2019). In contrast, the
Llobregat delta, south of Barcelona, comprises an 18 km stretch of
deltaic coastline with fine sediment (D50 = 0.26 mm) and gently sloping
beaches (1:45). Unlike Maresme, this area is backed by a semi-natural
landscape, with an average beach width of 100 m, that offers some ac-
commodation space, although key infrastructure and assets are still
located close to the shoreline in some spots along the area. Both sites are
subject to the bi-directional wave climate typical of the Catalan coast (e.
g. Casas-Prat and Sierra, 2012), with offshore dominant waves from
NE-E and S sectors. Due to their differing coastline orientations, Mar-
esme is primarily exposed to NE-E storms, whereas Llobregat is more
strongly influenced by S-sector storms.

2.2. Data

The primary data inputs for the PCR model are SLR projections,
beach profile characteristics, storm wave conditions, and water levels.
Wave data were obtained from the SIMAR reanalysis dataset (https
://www.puertos.es/es-es), which provides hourly time series at deep
waters. In this work, we have used data from the year 2000 onwards.
Specifically, the dataset includes significant wave height (Hs), peak
wave period (Tp), and mean wave direction at two offshore points near
the study sites (Fig. 1).

Beach morphology data for both locations were derived from high-
resolution topobathymetric surveys conducted in 2022, extending to
depths of approximately 15 m (https://geoportalcartografia.amb.cat
/AppGeoportalCartografia2/index.html). Additionally, monthly time
series of shoreline positions were available for both study sites from
2021 to 2023 and were used to assess shoreline behavior under present-
day conditions and calibrate beach recovery processes. Both study sites
are influenced by longshore sediment transport processes that can
induce alongshore-driven shoreline reshaping.

SLR projections used in this study correspond to the median esti-
mates for scenarios SSP1-2.6 and SSP5-8.5 from the IPCC Sixth Assess-
ment Report (AR6, Chapter 9; Fox-Kemper et al., 2021), which have
been regionalized for the Barcelona area (Kopp et al., 2023). By 2100,
these scenarios project a median SLR value of 0.53 m (SSP1-2.6) and
0.85 m (SSP5-8.5), respectively (Garner et al., 2021).

3. Methodology

The probabilistic shoreline projections presented in this study were
generated using the PCR model (Ranasinghe et al., 2012), which simu-
lates long-term (i.e., centennial) shoreline change by integrating the
combined effects of SLR, storm surge, wave-induced erosion-accretion
cycles, and a parameterized aggregation of ambient processes contrib-
uting to long-term shoreline position change. The model captures the
cumulative impact of erosion from successive storms, superimposed on a
gradually rising mean sea level. It also accounts for shoreline recovery
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due to integrated ambient processes during inter-storm periods, thereby
offering a more realistic representation of coastal morphodynamics over
extended timescales. This beach recovery is simulated using an accretion
rate that is calibrated through a recovery factor to reproduce observed
long-term shoreline trends. This calibration accounts for the aggregated
effect of post-storm beach rebuilding due to onshore sediment transport
as well as due to ambient processes acting at longer time scales,
including sediment supply from the lower shoreface, fluvial inputs, and
alongshore gradients in longshore sediment transport (Wainwright
et al., 2015; Dastgheib et al., 2018, 2022; Le Cozannet et al., 2019).

In this work, we adopt a two-component modelling framework, as
illustrated in Fig. 2: (i) a storm time series generator and (ii) a shoreline
changes calculation module. The storm time series generator applies the
Joint Probability Method (JPM) (Callaghan et al., 2008) to produce
synthetic storm time series spanning approximately 100 years. Each
storm is characterized by the significant wave height (Hs), peak wave
period (Tp), and storm duration. These parameters are stochastically
generated from extreme value distributions fitted to historical local
wave data, allowing the model to represent a broad spectrum of plau-
sible storm events -including rare, high-intensity occurrences-under the
assumption that the underlying wave probability density functions
remain stationary over time. This hypothesis is consistent with most of
the existing wave climate projections in the area under climate change
scenarios (e.g. Casas-Prat and Sierra, 2013). To account for de-
pendencies among storm parameters, the relationship between wave
height and storm duration is modeled using a Gaussian copula function.
Additionally, storm-free intervals (storm gaps) are simulated using a
non-homogeneous Poisson distribution following Dastgheib et al. (2018,
2022).

The shoreline evolution module simulates storm-induced erosion
and long-term shoreline change. The PCR framework is inherently
flexible and has been implemented using different erosion modules
depending on local geomorphology and dominant coastal processes (e.g.
Callaghan et al., 2013; Dastgheib et al., 2022; Ranasinghe et al., 2023).
In this study, we employ the analytical erosion formulation of Mendoza
and Jiménez (2006), which has been used in PCR-based assessments at
multiple sites (e.g. Dastgheib et al., 2018, 2022; Wang et al., 2024). The
model was developed and validated using large-scale experimental
beach erosion datasets, together with numerical simulations performed
using the SBEACH and XBeach models (Mendoza and Jiménez, 2006;
Bosom and Jiménez, 2011; Jiménez et al., 2015). It has also been suc-
cessfully applied in previous analyses within the present study area (e.g.
Jiménez et al., 2018; Romero-Martin et al., 2025). It is worth noting that
previous PCR applications further indicate that, while absolute
storm-induced erosion magnitudes may vary among erosion formula-
tions, the long-term probabilistic structure of shoreline recession re-
mains relatively robust to the choice of erosion model (Callaghan et al.,
2013; Ranasinghe et al., 2023).

The model estimates storm-induced erosion driven by cross-shore
sediment transport as a function of storm characteristics (Hs, Tp,
storm duration), and beach morphological parameters (beach slope,
sediment fall velocity, berm height).

Beach recovery rates during inter-storm periods were calibrated
using monthly shoreline position data spanning 2001-2023. For each
site, shoreline change increments were computed and their empirical
probability distributions derived, which resulted in long-term stability
conditions (zero change at 50 % probability level). The recovery rate
was then estimated as the value required for the model to reproduce
(without SLR) the observed long-term equilibrium shoreline behavior
corresponding to the median (50th percentile) response of the cumula-
tive probability distribution. Under present-day conditions, the cali-
brated recovery rates are 0.013 m/day at Llobregat and 0.014 m/day at
Maresme.

Simulations are conducted over a ~100-year period, incorporating a
gradually rising mean sea level in accordance with a specified SLR
projection. To capture the probabilistic nature of coastal recession, the
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Fig. 2. The conceptual framework of the PCR implementation.

entire process is repeated using a Monte Carlo approach. Simulations are
run iteratively until convergence is achieved at low exceedance proba-
bilities (e.g., 0.05). In this study, up to 100,000 iterations were per-
formed to ensure statistical robustness of the results.

For comparative purposes, the Bruun Rule was also applied at the
two study sites. Unlike the PCR model, the Bruun rule yields a single
deterministic estimate of shoreline retreat based solely on the magni-
tude of SLR and the active beach profile slope. It assumes a landward
and upward translation of the active beach profile in response to SLR,
without directly accounting for storm-driven variability or the inherent
uncertainty within one SLR projection. Here, we employed the standard
Bruun Rule (Bruun, 1962) in which shoreline retreat (4X) for a given
SLR value (s) is expressed as AX = s/tanf}, where tang denotes the slope
of the active profile (e.g., Le Cozannet et al., 2016; Jiménez et al., 2017;
Vousdoukas et al., 2020). To capture potential variability in retreat es-
timates arising from variability in the shoreface slope, multiple slope
measurements were taken across different sections of the study area.
This enabled the use of multiple active profile slope values in our Bruun
rule calculations, enabling the calculation of a representative median
shoreline retreat value, as well as a plausible range of retreat outcomes
associated with observed slope variability.

4. Results
Fig. 3 presents the cumulative distribution function (CDF) of PCR-

projected shoreline retreat for the years 2050 and 2100 at both study
sites. The probability of exceedance reflects the likelihood that the

shoreline will retreat landward by a given distance. Under the baseline
scenario without SLR (no-SLR), the median projected shoreline retreat
(0.5 exceedance probability) is zero at both locations for both time ho-
rizons. However, retreat values increase at lower exceedance probabil-
ities, reflecting the influence of storm-induced erosion. For instance, at
the 0.1 exceedance probability level, the projected shoreline retreat
reaches 10 m at both sites, Maresme and Llobregat, increasing to
approximately 65 m—85 m by 2050 and 2100, respectively.

The inclusion of SLR significantly amplifies projected shoreline
retreat across the entire probability spectrum (Fig. 3). Table 1 summa-
rizes the projected shoreline retreats under SSP1-2.6 and SSP5-8.5 for
both 2050 and 2100. By 2050, the expected shoreline retreat (0.5 ex-
ceedance probability) is similar under both scenarios, as the difference
in SLR projections between them remains relatively small at mid-
century. Additionally, inter-site differences are minor at this time hori-
zon. Maximum variation in retreat across scenarios at both locations is
limited to approximately 20 %, with projected retreat ranging from 12 m
to 15 m in Maresme and from 14 m to 17 m in Llobregat. By the end of
the century, the influence of scenario variability and inter-site differ-
ences becomes more pronounced in absolute terms. Projected shoreline
retreat varies by approximately 30 % between SLR projections and by
around 20 % between the two sites, with Llobregat exhibiting a larger
retreat compared to Maresme (Table 1).

At 0.1 probability of exceedance, projected shoreline retreat in-
creases substantially relative to the median estimates. By 2100, under
SSP5-8.5, retreat values are up to 280 % higher in Llobregat and 380 %
higher in Maresme compared to the 0.5 exceedance projection (see
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SSP1-2.6 and SSP5-8.5. Top: Maresme; bottom: Llobregat.

Table 1

PCR-projected shoreline retreats (negative values) at different exceedance
probabilities by mid and end of century under SSP1-2.6 and SSP5-8.5 at Llo-
bregat and Maresme sites.

Prob. of Year of Llobregat Maresme
exceedance projection SSP1L- SSP5- SSP1L- SSP5-
2.6 85 2.6 85
0.5 2050 -14 -17 -12 -15
2100 -23 -33 -18 —26
0.1 2050 -78 —-83 —-83 —-86
2100 —-112 -125 -116 —125
Table 1).

While the PCR framework is primarily used to project shoreline
retreat, it can also be employed to assess the likelihood of complete
beach erosion or beach narrowing in areas where rigid structures in the
hinterland prevent the natural landward migration and reformation of
the beach following shoreline retreat (Nawarat et al., 2024). Although
projected shoreline retreat can be assumed relatively uniform along a
given coastal segment - provided that local conditions do not signifi-
cantly alter wave dynamics or beach morphology - the probability of
total loss of the emerged beach at a specific location has to be estimated
by considering the spatial position of existing inland developments, as
they do not necessarily maintain the same alignment along the coast.
This spatial variability is illustrated at the Llobregat coastline, which
spans approximately 18 km, where inland barriers are located between
30 m and 200 m from the present-day shoreline. As a result, the prob-
ability of complete beach loss at this site by 2050 under SSP1-2.6 ranges
from 0.36 to 0.007, and from 0.40 to 0.008 under SSP5-8.5. These
probabilities increase substantially by 2100, reaching maximum values
of 0.45 and 0.51, under SSP1-2.6 and SSP5-8.5, respectively.

While the standard application of the PCR model accounts for
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shoreline retreat driven by the combined effects of SLR and wave climate
(Fig. 3), it is also insightful to isolate and assess the specific contribution
of SLR to the projected retreat. This is done here by subtracting the
retreat projected under baseline scenario (i.e., storms only, no SLR) from
the PCR-projected retreat under each SLR projection (with storms and
SLR non-linearly acting together) at specific time horizons (2050 and
2100), following the approach taken by Ranasinghe et al. (2023). Fig. 4
presents the SLR-induced component of shoreline retreat (for a range of
exceedance probabilities), in the absence of any physical obstruction to
shoreline retreat, computed in this way at the Llobregat and Maresme
sites throughout the 21st century, under SSP1-2.6 and SSP5-8.5. Results
reveal a consistent temporal pattern across exceedance probabilities at
both locations. Until around 2040, SLR-induced retreat is similar under
both scenarios for all exceedance probabilities considered. However, in
the latter half of the century, the SLR-induced retreat increases (all
considered exceedance probabilities) sharply under SSP5-8.5, diverging
from the more gradual trend projected under SSP1-2.6. By 2100,
SLR-driven retreat is approximately 50 % greater with SSP5-8.5
compared to SSP1-2.6 at both sites (see Table 2). The magnitude of
the SLR-induced retreat is about 20 % higher in Llobregat compared to
Maresme under both scenarios by the end of the century (Table 2).
Once the median (0.5 exceedance probability) SLR-induced compo-
nent is isolated from the PCR response, it can be compared with esti-
mates derived using the Bruun rule, as shown in Fig. 4. The temporal
evolution of shoreline retreat follows a similar trend across both
methods: projections under SSP1-2.6 and SSP5-8.5 remain comparable
until around 2040, after which retreat increases substantially under
SSP5-8.5 in the second half of the century. The Bruun rule produces
significantly different retreat estimates at the two study sites, as its re-
sults have a linear relationship with the slope of the active profile, which
varies with local beach morphology. Specifically, the average slope in

O

Maresme

1T
o
T

Shoreline retreat (m)
W N
= | o

40 i . ;
2020 2040 2060 2080 2100
Time (years)
0

Llobregat

N
=
:

SSP1-2.6 SSP5-8.5 !
60| ——  —— Pcr(20%) 1
= = = PCR(30%)
PCR (50%)
-------------------- Bruun

_
S
=
S
]
_
=]
g
40F N
o
=
©
_
o
C
[}

2020 2040 2060 2080 2100
Time (years)

Fig. 4. PCR model projections of SLR-driven shoreline retreat (negative values)
across the 21st century (relative to 2023) under SSP1-2.6 and SSP5-8.5, and
comparable Bruun rule derived shoreline retreat projections. Top: Maresme;
bottom: Llobregat.



R. Romero-Martin et al.

Table 2

SLR-driven shoreline retreats (negative values) projected by the PCR model and
the Bruun Rule at Maresme and Llobregat study sites by 2050 and 2100 relative
to 2023 under SSP1-2.6 and SSP5-8.5 scenarios.

Site scenario Bruun PCR (median)
2050 2100 2050 2100
Maresme SSP1-2.6 -5 -15 -2 —-18
SSP5-8.5 -7 —26 —-2.5 —27
Llobregat SSP1-2.6 -12 -33 -3 —22
SSP5-8.5 -15 -56 —4 -33

Maresme (0.0294) is approximately twice as steep as that in Llobregat
(0.0134), resulting in Bruun-derived shoreline retreats in Llobregat that
are roughly double those in Maresme. In contrast, this direct inverse
relationship between slope and retreat is not evident in the SLR-driven
component of the PCR projections, leading to notable discrepancies
between the two approaches. By 2100, both the PCR and Bruun rule
produce shoreline retreats of similar magnitude in Maresme under both
SLR projections (Fig. 4 and Table 2). However, at Llobregat, the Bruun
rule projects retreat values approximately 70 % higher under SSP5-8.5,
and 50 % higher under SSP1-2.6, compared to median projections from
the PCR model (Fig. 4 and Table 2).

By mid-century, the Bruun rule consistently predicts greater shore-
line retreat than the median projections of the PCR model at both sites
and under both scenarios. This difference stems from how each model
relates shoreline retreat to SLR. Fig. 5 illustrates the relationship be-
tween average shoreline retreat rates and SLR rates, calculated per
decade over the study period. Under SSP1-2.6, the Bruun-derived retreat
rate remains constant through the period, reflecting the nearly linear
increase in SLR (i.e., a constant rate of SLR). Since the Bruun rule links
retreat only to profile slope and SLR rate, the result is a uniform retreat
rate (so a single value in Fig. 5 subplots - filled black circle). In contrast,
the PCR model predicts varying retreat rates over time, highlighting the
cumulative effects of beach erosion even when the SLR rate is steady. For
scenario SSP5-8.5, the Bruun rule produces a linearly increasing retreat
rate, mirroring the accelerating SLR. However, the PCR model predicts a
non-linear increase in retreat, again emphasizing the cumulative impact
of beach profile erosion, particularly pronounced after 2055. In essence,
while the Bruun rule treats shoreline retreat as a linear function of SLR,
the PCR model captures the non-linear relationship between forcing and
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response where coastal erosion is concerned, as illustrated by the pro-
jected acceleration in retreat even without concurrent increases in SLR
rates (e.g., in SSP1-2.6).

5. Discussion and conclusions

This study presents a detailed analysis of shoreline retreat pro-
jections for multiple SLR projections using the probabilistic PCR model
at two contrasting locations along the Spanish Mediterranean coast:
Llobregat and Maresme. These locations differ notably in sediment grain
size, shoreface slopes, and wave climate. By applying the PCR model, we
evaluate how site-specific conditions influence beach evolution under
each SLR projection. This approach offers a more nuanced alternative to
the conceptually simpler yet widely used Bruun rule, which considers
only active profile slope and local SLR rates. Additionally, the integra-
tion of long-term wave climate data within a probabilistic approach is
essential for effective coastal risk management. This methodology en-
ables the estimation of shoreline retreat across different probabilities of
occurrence, providing decision-makers with valuable insights for setting
appropriate safety thresholds.

While the current PCR implementation assesses shoreline retreat and
recovery using independent estimates for storm and post-storm periods,
thus preserving their statistical representation within the wave climate,
a promising alternative would be the integration of multi-temporal
shoreline evolution models (e.g., Davidson et al., 2017; Montano
et al., 2020). Such models would allow the explicit representation of
processes including storm clustering, beach memory, and post-storm
beach recovery, leading to a more physics based representation of
coastal response. To remain consistent with the probabilistic nature of
the PCR framework, these models would need to be driven by multiple
realizations of the wave climate under per climate scenarios in order to
capture natural variability and associated uncertainty (e.g., Toimil et al.,
2021; D'Anna et al., 2022). However, their application also raises the
unresolved issue of how SLR influences shoreline erosion-recovery dy-
namics, as most multi-temporal evolution models parameterize shore-
line change primarily as a function of incident wave conditions, without
explicitly accounting for variations in mean sea level. In practice, this
limitation is often addressed by incorporating a long-term SLR-related
component based on the Bruun rule (e.g., Dean and Houston, 2016;
Toimil et al., 2017; Vitousek et al., 2017). While this approach provides
a pragmatic solution, it implicitly assumes the validity of the Bruun
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Fig. 5. Median shoreline retreat rates calculated by the PCR model and Bruun rule-derived projections for different SLR rates over the study period for the SSP1-2.6
and SSP5-8.5 at Maresme (left) and Llobregat (right). Each data point represents a 10-year average, with dates indicating the center of the relevant 10-year interval.
Solid lines indicate the best-fit relationships for each dataset, while the red dashed line represents the best linear fit to SSP5-8.5 PCR projection up to mid-century

SLR rates.
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formulation and thus reintroduces the same conceptual limitations that
motivate the development of alternative modelling approaches such as
PCR, which completely departs from the Bruun Rule.

Despite their differing conceptual frameworks, the PCR model and
Bruun rule derived projections exhibit broadly similar patterns: the
location with the gentler active beach profile is projected to experience
greater long-term retreat in response to the same SLR than that with the
site with steeper one. However, the magnitude of the projected retreat
varies notably between the two approaches, with larger discrepancies
occurring at sites with milder slopes. At the Llobregat delta, for instance,
the Bruun rule predicts shoreline retreats up to 70 % greater compared
to the median projection from the PCR model under SSP5-8.5. In
contrast, at Maresme, both models yield comparable retreat projections
by the end of the century. These results are consistent with previous
findings on the divergence between the two approaches (Ranasinghe
et al., 2012; Dastgheib et al., 2018), and highlight that discrepancies in
projections are not uniform across settings. This underscores the
importance of extending model comparisons to a wider range of coastal
environments to enhance generalizability.

It is important to note that the differences between the PCR and
Bruun rule derived projections exhibit distinct temporal patterns
throughout the study period. While shoreline retreats projected by the
Bruun rule increases linearly with SLR, the PCR projections progres-
sively incorporates the compounding effects of SLR and storms, simu-
lating the enhanced beach erosion associated with rising water levels.
This cumulative erosion response becomes evident at both sites by mid-
century (2050), when retreat projections under SSP5-8.5 begin to in-
crease at a faster rate than SLR itself, indicating that shoreline retreat
accelerates disproportionally with continued SLR. This inflection at the
mid-21st century may be interpreted as a tipping point, which could be
defined as a critical threshold where small changes in external forcing
trigger a nonlinear system response. Identifying the timing of such
accelerated shoreline change is crucial for informing timely adaptation
strategies, particularly in areas where the current shoreline lies in
proximity to inland developments. In these cases, the risk of beach
narrowing and increased exposure of the hinterland to storm impacts
may grow substantially and fast, leading to increased coastal damage (e.
g., Jiménez et al., 2012). It is noteworthy that previous studies exam-
ining the impact of SLR across various coastal environments (e.g., Bar-
nard et al., 2011; Wang et al., 2024) have identified the onset of tipping
points at broadly similar times. These typically correspond to an SLR of
approximately 0.25 m, regardless of the specific scenario considered.

It is important to note that the nonlinear response identified here
arises solely from the cumulative effects of SLR on beach erosion, as the
analysis assumes a stationary incident wave climate, an assumption
consistent with existing wave climate projections for the study area.
While this approach isolates the contribution of SLR, future changes in
wave parameters may influence shoreline evolution (Casas-Prat and
Sierra, 2013; Lira-Loarca and Besio, 2022).

Finally, this study provides valuable insights into the projected
evolution of the Catalan coastline under different SLR projections. It
aligns with previous estimates of areas most susceptible to SLR-induced
retreat (Jiménez et al., 2017) while highlighting the limitations of
relying solely on the Bruun rule for informing risk management. The
probabilistic shoreline-retreat estimates presented in this study provide
a framework that can be directly applied to coastal risk assessments and
risk-informed adaptation planning under SLR. In Mediterranean set-
tings, where setback zones are increasingly promoted in line with the
ICZM Protocol for the in the Mediterranean (UNEP/MAP/PAP, 2008;
Sano et al, 2011), exceedance-based retreat projections offer a
risk-informed basis for defining buffer widths and adaptive zoning that
reflect different levels of acceptable risk over specified planning hori-
zons. By framing setback lines as probabilistic, rather than deterministic,
planning instruments, this approach is particularly suited to
erosion-prone and highly developed coastlines, where uniform buffers
are often difficult to justify economically, socially, politically or
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environmentally (e.g. Wainwright et al., 2015).

The time-dependent trajectories generated by the PCR framework
further align with dynamic adaptation-pathway approaches (e.g. Haas-
noot et al., 2019) by enabling the identification of probability (or
risk)-based trigger points and decision windows for intervention. This
supports the sequencing and timing of adaptation measures, such as
transitioning from beach nourishment or hybrid protection strategies
toward managed retreat once the likelihood of exceeding critical retreat
thresholds, or the estimated annual damage (risk) becomes unaccept-
able under a given SLR scenario (Haasnoot et al., 2021).

Beyond supporting technical decision-making, the explicit use of
exceedance probabilities, or risk estimates, enhances the transparency,
credibility, and defensibility of adaptation strategies (Desai et al., 2021).
This is especially relevant in Mediterranean coastal contexts, where
shoreline erosion interacts with dense development, tourism-dependent
economies, and socially sensitive relocation processes, and where clear,
defensible risk information is essential for long-term planning and
stakeholder acceptance.

5.1. Limitations

One of the main challenges in the PCR model is accurately simulating
shoreline erosion-accretion cycles and assessing how these processes are
influenced by SLR. In the absence of a universally validated erosion
model, the bulk erosion model proposed by Mendoza and Jiménez
(2006) has been employed. This model is computationally efficient for
probabilistic modelling involving hundreds of thousands of individual
simulations, as required in this study. Although originally developed for
the Spanish Mediterranean coast, it has been successfully applied in
other settings (e.g. Armaroli and Duo, 2018; Dastgheib et al., 2018,
2022). While alternative erosion models might yield different shoreline
retreat estimates, the probabilistic framework of the PCR model helps
mitigate some of the associated uncertainties. However, the simplicity of
the chosen erosion model limits its ability to capture complex
cross-shore sediment transport dynamics and other non-linear processes.
Future research should therefore assess the sensitivity of PCR outcomes
to different erosion models, particularly given the lack of a widely
accepted standard (Ranasinghe, 2020; Toimil et al., 2020; Sherwood
et al., 2022).

Another key source of uncertainty is the impact of SLR on post-storm
beach recovery, which is taken as a proxy for the aggregated effect of
shoreline position change due to ambient processes. Most PCR model
applications assume constant beach recovery during inter-storm periods
(Wainwright et al., 2015; Dastgheib et al., 2018, 2022; Le Cozannet
et al., 2019), reflecting the current limited understanding of, among
others, how SLR may influence cross-shore sediment exchanges between
the upper and lower shorefaces. In this context, several studies (e.g.,
Stive and De Vriend, 1995; Anthony and Aagaard, 2020) suggest that
rising sea levels may reduce sediment supply from the lower shoreface to
the active beach profile. This diminished recovery capacity could lead to
a progressive imbalance in the sediment budget. Such imbalances may
either be compensated for or exacerbated by variations in fluvial sedi-
ment supply and sedimentation or erosion driven by changes in along-
shore gradients in longshore sediment transport.
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