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A probabilistic methodology for
the projection of flooding and
erosion processes in the coastal
zones of Andalusia (Spain)
throughout the 21st century
Pedro Otiñar, Manuel Cobos*, Marcus Santana,
Agustı́n Millares and Asunción Baquerizo

Environmental Fluid Dynamics Group, Andalusian Institute for Earth System Research (IISTA),
Granada, Spain
The increasing availability of climate projections has fostered the study of

potential climate change impacts on coastal areas. In this context, we propose

a general methodology to obtain joint probabilistic projections of coastal erosion

and flooding in a climate change scenario, spanning decadal timescales and

spatial extents of hundreds of kilometers. It has been implemented for the period

of 2025–2100 along over 290 km of the Mediterranean Andalusian coast (Spain),

characterized by a semiarid climate where there is a variety of coastal

morphologies that include deltaic systems, natural pocket and headland bay

beaches as well as other coastal landforms created in the shelter of marine

structures. The methodology integrates: (1) the random character of climate and

its intrinsic variability with a non-stationary multimodel ensemble approach; (2)

the combined effect of maritime and hydrological events on the coast; (3) the

availability of sediment and its 3D spatial layout, as well as its granulometry and

degree of consolidation; (4) the sediment supply from rivers and ephemeral

watercourses and (5) the presence of infrastructures that interfere with the

hydrodynamic and sedimentary processes, such as dams in the river course,

harbors, breakwaters, buildings and promenades. The methodology adequately

emulates erosion and sedimentation patterns across various temporal scales,

from individual events to long-term trends. Results for the high-emissions

Representative Concentration Pathway scenario known as RCP 8.5 are

illustrated at Guainos Beach, where it is found that the coastline adjusts to

evolving wave climate conditions and sea level rise, exhibiting a decreasing trend

in beach area primarily associated with sea level rise with intra-annual

fluctuations superimposed during the early decades. Over time, the role of

wave climate diminishes, and sea level rise becomes the dominant force, with

a noticeable shift in the relative influence of forcings occurring around 2045 -

2050. Compound flooding analysis reveals strong monthly variability in flood

probability, especially at the river mouth and adjacent low-lying areas.
KEYWORDS

coastal erosion, coastal flooding, climate change impact, uncertainty assessment, hydro
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1 Introduction

The threat posed by climate change (CC) on the coast is taking

on an increasingly significant role today and on the agenda of policy

makers and coastal managers. Advanced models indicate that by the

end of the century, significant changes in climate will occur. In

addition to sea level rise (SLR), variations in maritime climate,

precipitation patterns, and consequently, river flow and sediment

supply, are expected (Fox-Kemper et al., 2021; Ranasinghe et al.,

2021; Cooley et al., 2022). However, these changes in sediment

dynamics are not solely driven by climate but are also strongly

influenced by human activities. Interventions in river catchments –

such as dams, water abstraction, and land use changes – as well as

coastal infrastructures like harbors, breakwaters, and promenades,

can significantly alter sediment supply and disrupt natural coastal

processes (Yang et al., 2020). Some impacts of human interventions

on coastal morphology have not yet fully manifested. By 2100, these

changes driven by human activity will be exacerbated by fluctuating

sediment availability and climate variability across all global change

scenarios (Caretta et al., 2022). In this context, coastal management

decisions should be guided by well-informed coastal evolution plans

that account for the scientific advancements made regarding future

climate and the modelling of processes, as well as for the legal

framework of each country. Despite the research advances and the

raising concern of the administration, the transfer of knowledge

between the academic and non-academic worlds is not as effective

as desirable (Magaña et al., 2020). As a result, the implementation of

local, urgent, and poorly informed decisions that disregard the

complexity of coastal systems and the effects of changing global

climate conditions is further hindered by legal and administrative

frameworks that are misaligned with the insights of the

scientific community.

In Andalusia (Spain), the service of the regional government’s

department responsible for authorizing the use and occupation of

the coastal zone has promoted the development of a methodology

to study the spatial and temporal variability of the coast in a CC

scenario. The methodology has been implemented along the

approximately 1,000 km of coast in the region. This initiative,

which was launched in 2019, was carried out as part of two projects

that were awarded to the University of Granada (UGR) and the

Temporary Joint Venture (TJV) Estudio 7 – SandS. The UGR was

responsible for developing the general methodology, coordinating

the work, and implementing it in the provinces of Granada and

Almerıá. Meanwhile, the TJV implemented it in the provinces of

Huelva, Cádiz and Málaga.

This article presents the methodology developed within the

framework of the so called ICCOAST project and its application in

the coastal provinces of Granada and Almerıá.

Most of the research advances regarding the modelling of long-

term coastal processes at study sites used reduced-complexity

evolution models with simple geometries and stationary input

conditions. Baquerizo and Losada (2008) highlighted that coastal

morphology is the result of the random occurrence of storm and

non-storm events and that those deterministic approaches cannot

cope with the inherent randomness of the processes. Therefore, any
Frontiers in Marine Science 02
predictive model for the evolution of the littoral zone over years or

decades must be based upon statistical tools capable of dealing with

the uncertainty of the prognosis. Some works have addressed this

problem in the last decades. Vrijling and Meijer (1992) put the focus

on this question and used Monte Carlo simulations to illustrate how

to assess the probability distribution of the shoreline position for an

idealized coast with assumed theoretical distributions of the forcing

random variables. Reeve and Spivack (2004) introduced the use of

statistical moments to forecast coastline evolution and its variability

due to wave climate. In the direction of Vrijling and Meijer (1992);

Payo et al. (2004) proposed a general methodology for the

assessment of intrinsic uncertainty to be applied for the long-

term prediction of the evolution of a certain morphological

feature driven by climatologic agents, suitable to be applied, with

forecasting purposes, to morphodynamic problems evolving in time

and space. In their application to an ideal morphology, they used an

analytical one-line solution obtained by Payo et al. (2003) forced

with different equally likely wave climate time series realizations.

Later approaches included the alongshore variability of sediment

transport as well as the impact of a source of sediment due to river

discharges (Losada et al., 2008). A probabilistic approach using a

Monte Carlo wave climate simulation and a one-line model was

performed by Wang and Reeve (2010) to assess long-term beach

evolution in the vicinity of detached breakwaters. Ruggiero et al.

(2007) also used a one-line model forced with several wave climate

scenarios and different sediment supply boundary conditions to

obtain probability density functions of shoreline position.

Callaghan et al. (2008) analyzed extreme values of beach erosion

with estimations made from simulated wave climate through a

structural function based on an equilibrium profile concept. In the

same line, Davidson et al. (2010) used synthetic times series to

analyze the statistical behavior of the shoreline evolution with a

beach profile model. Later, Ranasinghe et al. (2012) proposed a

model to study long term coastal recession due to the combined

action of storms and SLR in a beach profile. Stripling et al. (2017)

used synthetic wave and river discharge scenarios, generated via

Monte Carlo methods, to conduct a probabilistic analysis of

shoreline evolution on a flat beach in the presence of a groyne or

a sediment source. Meanwhile, Ding et al. (2018) developed a

probabilistic framework based on Monte Carlo simulations that

combines a stochastic wave climate generator with a shoreline

evolution model to simulate the shoreline response along an

idealized coast.

Most of the approaches address intrinsic uncertainty; however,

model errors also introduce the so-called epistemic uncertainty

(Vitousek et al., 2021). In relation with the later one, Vitousek et al.

(2021) used an ensemble Kalman filter model to assess intrinsic

uncertainty of coastal changes in a beach profile and to address

epistemic uncertainty. Toimil et al. (2021) made long-term

multiensemble coastal erosion projections emphasizing the

visualization of the uncertainty cascade and the contribution of

various uncertainty sources to the overall uncertainty. Thiéblemont

et al. (2021) proposed an extra-probabilistic framework for

obtaining shoreline projections that consider both intrinsic and

epistemic uncertainties.
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Some works faced the modelling of large-scale coastal stretches.

Among them, the work by van Maanen et al. (2016) who used

integrated models that gather different approaches to deal with a

diverse coast of about 70 km at the east of England. Vitousek et al.

(2017) presented CoSMoS-COAST model that includes longshore

and cross-shore transport and studied with it the evolution of about

500 km of coast for a hindcast period. The model was fed with wave

climate and SLR and uses historical shoreline information to

improve estimates with a Kalman fi lter approach that

parametrizes unresolved processes.

In the last years, efforts are focusing on making projections of

CC induced impacts on the coast. One of the pioneering research

projects is due to Zacharioudaki and Reeve (2011) who made a

statistical analysis of shoreline variation of an ideal beach using a

one-line model forced with different 30 years long wave climate

projections. Their analysis focused on monthly and seasonal

changes departing from a fixed position as the shoreline was set

back to its initial shape after each single month or season. Panzeri

et al. (2012) presented a GIS-based tool designed to simulate

shoreline evolution and assess coastal vulnerability under

changing wave climate and sea level rise scenarios. The tool

enables probabilistic and scenario-based analyses through the

integration of wave propagation models and shoreline response

models, supporting comparative evaluations of long-term coastal

impacts. Wainwright et al. (2015) analyzed long-term trends of

coastline recession due to present day sediment budget and sea-level

rise as well as the short-term with the method by Ranasinghe et al.

(2012) and studied their combined effect in Narrabeen beach

(Australia). More recently, Toimil et al. (2017) proposed a

methodology to study recession due to waves, storm surge and

SLR with a cross-section-based equilibrium model and applied it to

several beaches along the Spanish north coast. Álvarez-Cuesta et al.

(2021a) proposed a methodology that uses multimodel projections

of climate to calculate ensemble shoreline changes over a 40 km of a

coastal stretch using the shoreline evolution model presented in

Álvarez-Cuesta et al. (2021b) that accounts for long-shore and

cross-shore processes as well as for SLR and unresolved processes

with a data assimilation technique as in Vitousek et al. (2017).

Vitousek et al. (2021) obtained shoreline projections in Tairua

beach (New Zealand) and reduced model and intrinsic

uncertainties using an ensemble Kalman filter cross-shore model.

d’Anna (2022) followed a similar approach for Truc Vert beach

(France) and analyzed the relative impacts of uncertain input

variables on shoreline changes. Toimil et al. (2023) focused on

the estimation of projections of coastal flooding coupled with

coastal erosion along a coastal Mediterranean stretch.

In addition to those studies, there are conceptual works that

have highlighted the main challenges to be faced in this line of

research and inspired some of the mentioned works. Among them,

it is remarkable the work by Ranasinghe (2016) who made a review

aimed at facilitating best practice to quantify physical impacts of CC

on coasts at local scales (<10 km). In that work, he pointed out that,

on sandy beaches, those impacts are driven by SLR as well as wave

conditions and river flow and proposed a methodological

framework to assess local scale impacts. More recently, Toimil
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et al. (2020) reviewed the challenges of studying the risks of global

changes in coastal zones, highlighting, among others, the multi-

impact assessment considering climate change as well as other

socio-economic pathways. Splinter and Coco (2021) outlined the

present condition of shoreline modelling for periods less than a

century and offered insights into future challenges and

opportunities. Among other, they highlighted the importance of

dealing with non-stationarity and the limitation of the assumption

of unlimited sediment supply.

The present work is part of the ICCOAST project which

objective was the development of a methodology to make joint

projections of erosion and flooding coastal impacts due to CC along

the Andalusian coast. In this article and in a companion paper by

Otiñar et al. (2025), we present its implementation to the

Andalusian coastal provinces of Granada and Almerıá, located

along the Mediterranean coast for the 21st century (2025 – 2100),

under the RCP 8.5 climate scenario. To the authors knowledge, the

methodology addresses for the first time some of the challenges

highlighted in theoretical works such as, the sediment supply by

watercourses, the geological setting, and the non-stationarity of

climate. The differences with previous works can be assessed in

Supplementary Table S1 of the Supplementary Material (SM) that

summarizes the main characteristics of this research and the above-

mentioned methodologies. Among them, it is remarkable the way of

dealing with the multimodel approach, in which future climate is

dealt with a multivariate non-stationary multimodel ensemble

characterization (Lira-Loarca et al., 2021) that differs from the

approach by Toimil et al. (2021, 2023), Álvarez-Cuesta et al.

(2021b) and Vitousek et al. (2021) who follow the methodological

approach suggested by Ranasinghe (2016). We jointly consider

maritime and hydrological agents for rivers and ephemeral river

courses and their sediment supply as well as their effect on sea-levels

and, therefore, the extension of flooding. They are treated with

Guadalfortran model (Ávila, 2007; Losada et al., 2011) that solves

Saint-Venant equations for non-stationary-1D flux. For ephemeral

river courses, the catchments’ contribution is estimated with a

model that uses the Soil Conservation Service curve number

method (SCS, 1956; Kumar and Vijay, 2003) fed with

precipitation projections. Regarding the morphodynamic

processes, we use a version of CoastalME (Payo et al., 2017), a

shoreline reduced complexity evolution model that has been

improved in collaboration with the British Geological Survey

development team. The implementation of the methodology is

illustrated with results from Guainos Beach. In a companion

paper by Otiñar et al. (2025), we present the procedure for the

statistical analysis of the results, aimed at facilitating informed

decision making, and also present the overall results obtained

along the analyzed coast.

The paper is organized as follows. Data and materials section

include the description of the study site (Section 2.1), the models

employed for reproducing the physical processes (Section 2.2) and

the data used for the analysis (Section 2.3). The methodology is

shown in Section 3, and the results of its application are gathered in

Section 4. The Section 5 closes the paper with the discussion

and conclusions.
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2 Data and materials

2.1 Description of the study site

The Andalusian Mediterranean coast in the provinces of Granada

and Almerıá lies at the foothills of coastal mountain ranges (Figure 1).

This region features rivers and seasonal streams that flow over steep

terrain, forming deltaic zones or small coves at their mouths, which

alternate with cliffs. It is characterized by a semiarid climate with marked

interannual variability. The area includes natural regions that remain

unaltered and legally protected, as well as others that have been heavily

developed with urban settlements and the necessary infrastructures for

the population. The coastal morphological types of that region include

deltaic systems, natural pocket, and headland bay beaches as well as other

coastal landforms created in the shelter of marine structures.

In terms of maritime forcing, the study area is microtidal, with tidal

ranges typically less than 0.5 m, making the coastal dynamics primarily

wave-dominated. The wave climate is characterized by moderate

energy, with significant wave heights generally ranging between 0.5

m and 1.5m, andmaximum values exceeding 3m during storm events.

It is characterized by a bimodal directional pattern, with two dominant

wave directions. Along the southern part of the Alborán Sea coast, the

dominant wave directions are W–SW and E–SE, while along the more

eastern sectors, dominant wave directions shift to E and S-SW. These

wave conditions drive a bidirectional longshore sediment transport

system, with alternating transport directions depending on seasonal

storm patterns and wind regimes (Losada et al., 2011).

In terms of the landscape, the region is intersected by several small

rivers and a few ephemeral watercourses. The main rivers are the

Guadalfeo, Adra, Andárax, Carboneras, Aguas, Antas and Almanzora.

Due to the semiarid climate, these streams typically have low annual

discharges, but can experience flash floods during intense rainfall

events, delivering pulses of sediment to the coastline (Millares et al.,

2014). The Aguas River, the least significant in terms offlow, has typical

annual discharges ranging from 2–10 MCM/year, while the Guadalfeo
Frontiers in Marine Science 04
River, the most water-rich in the study area, has discharges ranging

from around 100–150 MCM/year. Similar behavior is observed in the

ephemeral watercourses, which are numerous and constitute a defining

feature of the coastline in the provinces of Granada and Almerıá.

Despite remaining dry for most of the year, they can supply substantial

sediment loads during episodic events. The present analysis considers a

total of 30 creeks due to their potential contribution to coastal sediment

budgets. Although irregular, these sediment pulses play a crucial role in

the sediment budget of coastal systems in semi-arid environments,

where fluvial contributions are limited but highly episodic and intense.

The survival of beaches, particularly those affected by human

interventions such as the construction of dams, promenades, and

coastal infrastructures, strongly depends on the availability of seabed

sediment and the presence of outcrops, which vary spatially (Cobos

et al., 2022a). Their long-term behavior also depends on the temporal

variability of atmospheric and wave climate. Precipitation events are

scarce but intense (Cantalejo et al., 2024) and can supply significant

amounts of sediment to the coast at the mouths of watercourses

(Millares et al., 2014), which are then redistributed by sea storms,

usually alternating in opposite directions (Losada et al., 2011). Sea

climate severity also shows strong interannual variation.
2.2 Models to reproduce the physical
processes and statistical techniques
employed

We employed a range of numerical models to reproduce the

physical processes, the main characteristics of which are

summarized in Table 1. The Delft3D suite (Deltares, 2014) was

used for wave propagation from deep water to depths of 20–25

meters. River and sediment discharges at watercourses were

obtained using Guadalfortran (Ávila, 2007; Losada et al., 2011)

and the SCS-GDFA model (Section 3 of SM), which was specifically

coded and implemented to determine catchment contributions at
FIGURE 1

Study area. (a) Map of Andalusia placed over Spain. The red line indicates the Andalusian coastline. (b) Zoomed-in view of the Granada and Almería
coasts.
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creeks and ephemeral rivers. The evolution of the shoreline was

simulated using a version of CoastalME (Payo et al., 2017), a

software package that allows for the simulation of morphological

changes at decadal and longer time scales.

CoastalME model was updated for the ICCOAST project in

collaboration with the British Geological Survey (UK) to account for:

(1) the temporal variability of wave climate and sediment discharges

from rivers and creeks; (2) the presence of rigid, non-erodible elements

derived from geospatial cadastral information and the BTN25 database
Frontiers in Marine Science 05
(rows 12 and 14 of Supplementary Table S2), (3) seabed sediment

availability, by incorporating six sediment layers whose thickness varies

spatially and temporally depending on effective transport (row 9 of

Supplementary Table S2); and (4) the extraction of intersection curves

between sea level and terrain. The model was calibrated using satellite-

derived shorelines extracted from LandSat 7 imagery during 2008-2015.

For that purpose, a fully automated procedure was implemented using

Google Earth Engine, following the methodology developed by Magaña

et al. (2022). This approach applies an adaptive thresholding algorithm
FIGURE 2

Flowchart illustrating the steps for the application and the assessment of the proposed methodology.
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based on the Normalized DifferenceWater Index (NDWI) and includes

post-processing steps for spatial connectivity and noise filtering.

Calibration involved minimizing the root mean square error between

the shorelines extracted from satellite imagery and the shorelines

simulated by the model at the same time points and aimed to adjust

key parameters to accurately reproduce the hydrodynamics and

morphodynamics of the study area, particularly with regard to the

erosion resistance of platforms, cliffs and shallow zones.

MarineTools.temporal software (Cobos et al., 2022b) was used

to perform a multi-model non-stationary characterization of

climate time series and to generate multivariate realizations with

simulation techniques (Cobos et al., 2022c).
Frontiers in Marine Science 06
2.3 Data

A variety of data sources were employed for the analysis of

the physical environment and climate, as well as to provide input

for the hydro-morphodynamical models. These included:

(1) geographical data (e.g., topobathymetric data, land use

distribution, hydrography); (2) geological data (spatial

distribution of sediment thickness); (3) spatial distribution of

structural elements (e.g., infrastructures, buildings, installations);

(4) climate data—comprising historical observations, hindcasts, and

climate change projections—related to wind waves, wind,

precipitation, and river discharges; and (5) satellite imagery.
TABLE 1 Description of models employed, and I/O data required in the methodology.

Model Description/Implementation Input data Output data

DELFT3D suite (Deltares, 2014) for wave propagation from deep waters to coastal subunits.

It is a wave propagation model that accounts for non-
linear wave components as well as non-stationary
processes associated with tide and wind forcing, and
their interaction with waves.
It was implemented for each coastal tract over a
curvilinear grid, which included higher-resolution
grids for the regions closer to the shore within each
considered subunit. It was used with the WAVE (Booij
et al., 1999) and FLOW (Lesser et al., 2004) modules
for the higher-resolution grids. The parameters
employed were those obtained from the calibration
carried out on the coast of Granada (Bergillos
et al., 2017).

▪ Topobathymetry
▪ Wind waves (HS , TP , qm)
▪ Wind   (Vw ,   qw)
▪ Mean sea level
Information provided at deep water, with a
3h resolution.

▪ Wind waves (HS , TP , qm)
At control points of coastal subunits at approximately
20–25 m depth with a 3h timestep.

SCS-GDFA model that uses the SCS-CN method to obtain surface flow and sediment supply at creeks and ephemeral rivers

It estimates runoff with the SCS-CN method (SCS,
1956; Kumar and Vijay, 2003) and simulates the
response of small basins with a discrete convolution
integral that employs the unitary hydrograph of the
SCS to obtain the surface flow (see Section 4 of SM).
It was implemented in 30 ephemeral watercourses.

▪ Precipitation
▪ Soil features (converted to curve number)
▪ Catchment area
▪ Length of the mainstream to farthest divide
▪ Watercourse mean slope

▪ River discharge

Guadalfortran (Ávila, 2007, 2008; Losada et al., 2011) to obtain river and sediment discharges and sea level at relevant river mouths.

It solves the Saint-Venant equations for non-stationary
1D flow and includes a water balance module to
account for regulatory activities at dams. It uses the
traditional sediment transport formulas [Bagnold
(1966); Brownlie and Keck (1981), Meyer-Peter and
Müller (1948) and Wilcock and Crowe (2003)].
It was implemented for the most relevant rivers
(Guadalfeo in Granada, and Adra, Andarax,
Carboneras, Aguas, Antas, and Almanzora in
Almerıá). The parameters employed were those
obtained from the calibration carried out for the
Guadalfeo River (Ávila, 2007).

▪ Topography
▪ Freshwater river discharges (Q) along the main
tributaries and dams. For creeks, input discharges
come from SCS-GDFA outputs.

▪ Water level along the main channel
▪ Mean water current along the main channel and
associated solid sediment discharge at the river mouth

Coastal Modelling Environment (Payo et al., 2017) to simulate hydrodynamic and sedimentary processes at the coast.

It is a one-line model that estimates the sediment
dynamics of a coastal stretch while conserving the
total volume of sediment. It was used alongside
CSHORE (Kobayashi, 2016) to model coastal
hydrodynamic processes, including wave propagation,
energy dissipation due to bottom friction and wave
breaking, and sea-level variation.
It was implemented for each coastal stretch.

▪ Wind waves (HS , TP , qm)
▪ Sea level (h)
At control points of coastal subunits at approximately
20–25 m depth at 3h resolution
▪ 3D spatial layout of rigid, non-erodible elements
▪ Stratigraphy of seabed along the Andalusian coast
(Torrecillas et al., 2024)

▪ Time variation of shoreline position
▪ Time variation of topobathymetry
frontiersin.org
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Key features such as data sources, variables used, and their spatial

and temporal coverage and resolution are summarized in

Supplementary Table S2 of the Supplementary Material. Further

details on climate projections, the sediment thickness model, and

satellite imagery are provided below.

2.3.1 Climate projections
Climate projection data consisted of realizations from multiple

climate models, i.e., multivariate time series simulating potential

future climate conditions under the Representative Concentration

Pathway (RCP) associated with a total radiative forcing of 8.5 W/m²

by the year 2100. Maritime projections (row 8 of Supplementary

Table S2) were obtained from the PIMA Adapta project (Ramıŕez

et al., 2019), available at a spatial resolution of less than 10 km along

the Spanish coast. These time series were bias-adjusted and derived

from eight combinations of global and regional climate models

(GCM–RCM) for wave climate. For the same model combinations,

wind and meteorological tide data were sourced from

COPERNICUS (row 9 of Supplementary Table S2). Wind time

series were bias-corrected using the Empirical Quantile Mapping

method (Déqué et al., 2007; Michelangeli et al., 2009), the same

approach applied to wave data in Ramıŕez et al. (2019), based on

hindcast data and observations. Precipitation projections from

EURO-CORDEX were obtained using five GCM–RCM

combinations. Bias-adjusted River discharge projections (row 10

of Supplementary Table S2) were sourced from the E-HYPEcatch

project (Donnelly et al., 2016) via COPERNICUS, based on four

model combinations (REMO2009–MPI-ESM-LR, RCA4–

HadGEM2-ES, RCA4–EC-EARTH, RACMO22E–EC-EARTH).

Mean sea level projections were also obtained from the PIMA

Adapta project (Ramıŕez et al., 2019).

2.3.2 Thickness model
The thickness model developed by Torrecillas et al. (2024) (row

5 of Supplementary Table S2) was specifically designed for this

project to be integrated with CoastalME. It combines geological,

geomorphological, bathymetric, and sedimentological data to map

different sediment fractions along the Andalusian coast. The

geological and geomorphological inputs include a geology layer,

schematic boreholes, stratigraphic sequences, and cross-sections, all

provided in raster format. Bathymetric data consist of elevation

information, while sedimentological data describe seabed sediment

layers. A total of eighteen physiographic zones were defined based

on a generalized coastal characterization vector layer—seventeen

overlapping and one additional unique zone. These zones were used

to clip the mosaics, resulting in the generation of over 830 profiles

representing approximately 7,225 km of interpreted shallow

subsurface sections. For each zone, six sediment layers were

created to distinguish between consolidated and unconsolidated

materials, classified into fines (clays and silts), sands (0.063 mm <

D50 < 2.0 mm), and gravels (D50 > 2.0 mm). Consolidated sediments

refer to solid rock formed through metamorphism or cementation,

including sedimentary rocks such as conglomerate, sandstone,

siltstone, shale, and limestone. Unconsolidated sediments consist
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of loose material ranging from clay to gravel. Grain size

distributions and the degree of consolidation were determined

based on lithological descriptions from the source maps. The

vertical arrangement of these materials follows a granulometric

gradient: coarser consolidated sediments tend to be in deeper layers,

farther from the water-soil interface, while finer, unconsolidated

materials are found closer to the surface. Each layer is assumed to

contain a well-mixed composition of the respective sediment types.

2.3.3 Satellite images
Satellite imagery from Landsat 7 (row 13 of Supplementary

Table S2) was used to calibrate the CoastalME model. Images were

selected following a rigorous quality assessment, excluding those

with cloud cover exceeding 5% as well as most images containing

data gaps (strips with no information) affecting more than 10% of

the area. Shorelines were automatically extracted from the selected

images using the methodology described in Magaña et al. (2022).
3 Methodology

The methodology assumes that, for a given realization of wave

climate over a specific time interval, morphological changes can be

analyzed as the cumulative effect of a sequence of climate states

during which conditions remain approximately stationary

(Baquerizo and Losada, 2008; Payo et al., 2008). This assumption

enables the decoupling of hydrodynamic and morphodynamic

processes, thereby reducing the complexity of the modelling

approach (De Vriend et al., 1993). By repeating this procedure

multiple times, it is possible to generate different, equally probable

realizations and to analyze dynamic random sets related to coastal

evolution and flooding occurrence.

For each realization, the methodology begins with an initial

configuration of a specific coastal area, defined by bathymetry,

terrain characteristics—such as sediment properties and land use—

and the presence of infrastructures. Future climate projections derived

from multiple combinations of GCM–RCM models are also known.

The methodological steps are detailed below and illustrated in Figure 2.
3.1 Characterization of the physical
environment

The analysis of the physical environment enabled the

identification of distinct coastal tracts at a regional scale [O(50

km)], defined as sediment-sharing cells in accordance with Cowell

et al. (2003). Within each cell, sediment availability, as well as

sediment sources and sinks, were determined. These tracts were

further subdivided into subunits at a local scale [O(1–10 km)],

characterized by similar morphological features and exhibiting

a comparable range of climatic variability, following the concept

of “subsets” of maritime works defined in the Spanish

Recommendations for Maritime Works (Losada, 2001, 2009).

Within each tract, rivers and creeks that could potentially
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influence flooding and sediment supply were identified using data

from Andalusia’s Areas with Significant Potential Flood Risk

(APSFR). These areas were defined through Preliminary Flood

Risk Assessments (known as PFRA), conducted in alignment with

EU Directive 2000/60/EC. Additional information was obtained

from the coastal flood-prone area inventory developed as part of the

Riskcoast project (Mateos et al., 2020a, b).
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3.2 Multi-model characterization of agents
and random simulation of climatic series

Time series with projections of wave climate, storm surge, wind

characteristics, precipitation, and river water discharges

were considered. A multi-model stochastic non-stationary

characterization of future climate was performed (Lira-Loarca et al.,
FIGURE 3

Characterization of the physical environment. Identification of coastal tracts and key physical features (including coastline, watercourses, basins, and
reservoirs) in the Granada coast (a) and the Almerıá coast (b), along with the spatial distribution of climate data sources. (c) Detailed view of subunit
A01-001, highlighting the infrastructure present at Guainos Beach (e.g., buildings, promenades, and breakwaters). The initial mean sea level is
represented by a continuous thick black line, serving as a reference.
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2021). This methodology first involves a non-stationary

characterization of univariate and multivariate climate for each

individual GCM–RCM timeseries, consisting of: (i) the fitting of

non-stationary marginal distributions to each random variable (Solari

and Losada, 2012; Cobos et al., 2022c), and (ii) the assessment of

short-term temporal dependence between wave climate variables

using a stationary vector autoregressive (VAR) model. A Bayesian

approach is then applied to the marginal distributions, where each

random component is treated as a compound variable, with its

distribution obtained as the weighted summation of the non-

stationary distributions fitted to each GCM–RCM timeseries. This

approach accounts for uncertainty regarding the true state of nature

by considering that the time-varying parameters of the marginal

probability models are themselves random variables. The temporal

dependence of the compound variable at a given time, with respect to

its previous values and, in the multivariate case, also the other

variables, is obtained as the ensemble mean of the matrices that

describe the parameters of the VAR model for the GCM–RCM

timeseries. The random variables representing river discharge and

precipitation were considered independent from the remaining

variables (HS, Tp, qm, Vw, qw, hmet) due to the unavailability of

consistent climate projections from the same GCM–RCM model

combinations. This assumption is nonetheless justified by the semi-

arid to arid nature of the river and creek basins in the study area,

where fluvial discharges are infrequent events typically uncorrelated

with wind wave storms (Losada et al., 2011).

Due to the lack of wave climate data for the period 2046–2080,

an analysis using the aforementioned methodology of Lira-Loarca

et al. (2021) was previously conducted for the periods 2026–2045

and 2081–2100. The comparison of their non-stationary empirical

percentiles for the relevant variables revealed no statistically

significant differences between these periods (<10 cm for wave

height and <10° for mean wind direction). Data from the nearer

period, 2026–2045, was therefore considered representative for the

entire century and used throughout the analysis. This assumption

aligns with the conclusion of Álvarez-Cuesta et al. (2021b), who

assessed the same dataset for the Castellón coast and concluded that

significant changes in wave climate are not expected.

The results of the statistical characterization were used to

generate twenty new random multivariate time series that

preserve the statistical properties of the original data (Cobos

et al., 2022b). These series represent equally probable realizations

of future climate conditions for each coastal subunit, spanning the

analysis period from 2025 to 2100.
3.3 Transformation of climate states to the
site

As part of this task, the climate conditions from the realizations

were downscaled to the vicinity of the coastal subunits using models

that simulate the physical processes. The characteristics and input/

output data of these models are summarized in Table 1, along with

additional numerical tools described in the following sections.
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3.3.1 Propagation of wave climate states
Due to the computational cost of propagating wave climate

states over the entire time series, a combination of physically based

models and mathematical tools was employed. Specifically, 500

representative sea states—characterized by waves, wind, and sea

level in deep water—were selected using the Maximum

Dissimilarity Algorithm (MDA) (Kennard and Stone, 1969),

which identifies, among all possible combinations of climate-

defining variables, those that best represent the event space. The

algorithm was applied to rescaled variables, with their variability

range normalized to the [0,1] interval, accounting for the

particularities of circular variables (Camus et al., 2011). In

particular, the values of circular variables were divided by p,
while min-max normalization was applied to the remaining

components. These sea states were propagated to the study sites

using DELFT3D, from which wave data were obtained at depths of

approximately 20–25 m. The transformed data for the selected

climate states were then used to interpolate, using techniques based

on radial basis functions (Hardy, 1971), the values of other climate

states with different combinations of variables, enabling the

reconstruction of the complete transformed series in the study area.

3.3.2 Estimation of water levels, discharges, and
sediment supply at river mouths

River discharges, water levels, flood extents, and sediment

supply to the coast were estimated using the Guadalfortran

model. The model was driven by time series of river discharge

and total sea level—composed of mean sea level and storm surge

values—as a boundary condition applied at an offshore location

near the river mouth. The methodology varies depending on data

availability and the significance of each watercourse. For minor

rivers and creeks with small and irregular runoff, the SCS-GDFA

model (described in the SM) was implemented and fed with

precipitation simulation time series to estimate catchment

contributions to the main river course. For non-regulated rivers,

data from E-HYPEcatch were directly used. In other cases,

information on historical discharge management was considered

to transform reservoir inflow into dam outflows. In the latter case,

data were used to simulate the final 2 km of the river to obtain flood

curves at the mouth. From river flow data, solid sediment supply

was estimated for bedload and suspended sediment transport using

the average of values obtained from the formulations of Bagnold

(1966); Brownlie and Keck (1981); Meyer-Peter and Müller (1948)

and Wilcock and Crowe (2003).

The outputs of this process, for each climate realization, are time

series of waves and sea level, and, where applicable, river discharge and

sediment supply at river mouths in the vicinity of each study section.
3.4 Simulation of hydro-morphodynamic
processes

Waves, water level, and sediment supply data were used to

simulate the temporal evolution of the coastline using the
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CoastalME model, by sequentially reproducing hydro-

morphodynamic processes and associated morphological changes

at a time step of 3 h. The coastline configuration for each time step

was based on the output of the previous one.

Along this process, hydrodynamic conditions were recorded at

a temporal resolution of three hours, while topobathymetric

properties were saved monthly and at six-hour intervals during

storm events and periods of high river discharge, with additional

recordings at the onset and conclusion of each event. Maritime

storm events were defined by a significant wave height threshold of

1.5 m, a minimum duration of 30 h, and a minimum inter-event

interval of 24 h (Lira-Loarca et al., 2020). Fluvial discharge events

were characterized by a threshold flow rate of 5 m³/s, which was

found to be a suitable value for defining Poisson-type events whose

sediment contributions were significant enough to be considered.

To quantify the wave contribution to total water level, wave setup

and runup were estimated using the empirical formulation of

Stockdon et al. (2006), which integrates significant wave height,

peak wave period, and beach slope to estimate the maximum wave-

induced water level elevation. This integrated dataset captures both

hydrodynamic forcing—including wave-induced water level

variations—and the resulting topobathymetric changes, enabling a

comprehensive and coupled assessment of coastal system response.

The results of this task consist of 20 equally likely realizations of

dynamic random sets characterizing erosion and flooding in the

subunits under a climate change scenario spanning 75 years, from

the beginning of 2025 to the end of 2100.
3.5 Statistical characterization of erosion
and flooding

Based on the evolution of topobathymetric data, the spatial and

temporal variability of several random variables is analyzed for all

beaches within each subunit. The NS treatment of climate enables

analysis across different time scales, including monthly, seasonal (for

peak and off-peak tourist periods, ranging from April 1st to

September 30th for the peak tourist season and from October 1st to

March 31st for the off-peak tourist season), and annual resolutions. In

particular, the position of the mean sea level line is examined, defined

as the intersection between the local mean sea level plane and the

beach profile. A companion paper by Otiñar et al. (2025) presents a

selection of these random variables, specifically defined to support

decision-making in alignment with the Spanish legal framework.
4 Results

After summarizing the results of the physical environment

characterization, we present the results for Subunit 1 of Tract

‘A01’ in Almerı ́a province, identified as ‘A01-001’. In the

companion paper by Otiñar et al. (2025), we also present overall

results obtained along the analyzed coast. Within this subunit is
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Guainos Beach, a semi-urban beach composed of dark gravel and

sand, approximately 700 meters in length and 15 meters in width,

with negligible tidal variation O(40 cm). The beach is bounded by a

small rocky cliff to the west and a transverse breakwater to the east.

It has three additional transverse breakwaters at its easternmost

end. The Guainos River creek flows into the sea near the western

end. Precipitation within the basin is scarce, with prolonged dry

periods during the summer—typical of semiarid regions.

The characterization of the study area resulted in the

identification of nine tracts—three in Granada and six in

Almerıá—and a total of 67 subunits within them. Supplementary

Table S3 lists these tracts and subunits, including a representative

element for each subunit, as well as the characteristics of the

computational meshes used in CoastalME. Figure 3 shows the

delimitation of the tracts over physical maps of the provinces of

Granada (A) and Almerıá (B), along with the location of wave, river

discharge, and precipitation datasets, as well as other elements such as

the coastline, river courses, basins, and reservoirs. A total of seven

rivers and 30 minor watercourses were considered. The information

is zoomed into panel (C), which focuses on subunit A01–001 and

shows the initial position of the mean water level line.
4.1 Climate characterization by tract

Wave and wind analyses were conducted for each tract at the

offshore locations indicated in Figure 3B. Figure 4 presents the results

of the statistical characterization of the maritime climate ensemble

projection in the vicinity of Guainos Beach. The non-stationary

marginal compound distributions obtained for the variables HS, Tp,

qm, hmet ,  Vw and qw are shown in panels (a) to (f). Panel (g) displays

the coefficients of the ensemble VARmodel, which relates the current

values at time t with those at the three preceding time steps (t–1, t–2,

and t–3). Additional lags, up to t–78 h, are omitted for brevity. The

climate analysis figures from which Figure 4 was derived are provided

in Supplementary Figures S1–S7. The wave climate exhibits a clear

seasonal pattern, with more severe conditions occurring between

January and April, when maximum significant wave heights reach up

to 2.5 m (panel a), wind speeds exceed 12 m/s (panel e), and storm

surge approaches 0.15 m at the 99th percentile (panel d). The peak

wave period (panel b) ranges between 3 and 11 seconds. Both the

wave and wind climates display a bimodal directional pattern, with

predominant directions from the second quadrant (80°/60°) and

third quadrant (195°/225°) (panels c and f). Panel (g) of Figure 4

shows the typical diagonal bands in the VAR matrix, indicating

stronger autoregressive relationships of each variable with its own

past values. These relationships are clearly visible up to lag 2. Beyond

this, HS, Vw, and qw show a decrease in self-dependence, indicating a

weakening of temporal correlation beyond three hours. In contrast,

Tp, qm and hmet maintain their dependence up to lag 4, with a sharp

decline thereafter. This panel also highlights the cross-variable

influences—for example, how wave height affects the peak period

and mean direction [see HS (m) at t–3 and Tp (s) or qm (°)]. This
frontiersin.org

https://doi.org/10.3389/fmars.2025.1631041
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Otiñar et al. 10.3389/fmars.2025.1631041
parameterization is specific to this location and differs from patterns

observed in other models (see panel (g) of Supplementary Figures

S1–S7).

Supplementary Figure S10 display the corresponding results

related to precipitation characterization, with values ranging from 0

to 5 mm/h and extended dry periods observed during the

summer months.
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4.2 Transformation of climate states from
tracts to subunits

Supplementary Figure S8 presents scatter plots of paired

maritime variables, where all simulation points are shown as blue

dots, and those corresponding to the representative climate states

selected using the MDA algorithm are highlighted. These
FIGURE 4

Ensemble non-stationary marginal distributions of wave and wind climate (a–f), along with VAR coefficients up to the fourth order (g), representing
the ensemble’s temporal and multivariable dependencies at tract A01. As stated in Section 3.2 data from the period 2026–2045 was considered for
the analysis.
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representative states were transformed into study sites using

DELFT3D, implementing over nine curvilinear grids (one per

tract). The layout and spatial configuration of these grids, along

with the corresponding bathymetry for the selected tract (A01), are

shown in Supplementary Figure S9.

Regarding precipitation, the catchment’s contribution to the

watercourse was estimated using the SCS-GDFA model,

incorporating the relative influence of precipitation data derived

from the Thiessen polygons shown in Supplementary Figure S11.

This figure depicts the Guainos Creek basin, the locations of

available precipitation data points, and land use information

within the catchment. Precipitation data from each model were

statistically analyzed following the same methodology applied to the

wave climate (see Supplementary Figure S10). Precipitation was

simulated using the same approach as for the other variables and

served as input for the SCS-GDFA model, which computes runoff.

The resulting runoff was then used as input for the Guadalfortran

model (see Section 4 of the SM). Figure 5 shows the resulting

sediment discharge at the river mouth for a single simulation, as

computed by Guadalfortran. Peak discharges reached up to 800 m³/

h, although only 10% of events exceeded 300 m³/h. A detailed view

of the 2040–2050 period reveals that most discharge events—

including the most intense—occurred during the winter months

or the low tourist season, reflecting the marked seasonality of

precipitation in the region (see Supplementary Figure S10).
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4.3 Simulation of hydro-morphodynamic
processes

The outcome of the CoastalME simulation for subunit one is

illustrated in Figure 6, which shows the difference between digital

terrain models before and after a four-day period at the end of 2030.

During this period, a multi-peak discharge event occurred under

relatively high south-westerly wave conditions. The figure reveals

that sediment supplied by the river is deposited to the east of the

creek mouth. Erosion is observed in the deeper portion of the beach

profile, while sediment accumulation occurs on the foreshore west

of the mouth. On the lee side of the delta, eastward longshore drift

causes widespread erosion and sand accumulation near the

westernmost groin. Sand bypasses the tip of this structure and

accumulates on the small beach located between the groins, which is

predominantly subject to erosion.
4.4 Statistical characterization of erosion
and flooding

Figure 7 shows several curves related to the mean sea level line

at the end of tH = 2030, 2050, and 2099. Specifically, it displays the

50% probability curve (solid line), along with the boundaries of the

zone within which the line is expected to lie with 90% probability.
FIGURE 5

Sediment discharge. (a) Time series of river sediment discharge to the coast for simulation one. (b) Zoomed-in view to the period 2040 – 2050.
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These boundaries correspond to the 5% and 95% probability

isolines (dashed blue and red lines, respectively). In this context,

the probability at a point on the beach refers to the likelihood of it

being seaward of the mean sea level line. At tH = 2030 (Figure 7A),

the entire region exhibits erosion. Some simulations indicate

sediment accumulation at the river mouth and near the groins, as

shown by the dashed red line. Episodic river discharges contribute

to the development of an incipient delta lobe at the creek mouth,

which advances approximately 10 meters by 2050 (Figure 7B) and

20 meters by 2100 (Figure 7C), while migrating about 20 meters

eastward by the end of the century. Coastal retreat is particularly

pronounced on the western side of the delta, where it reaches an

average of 25 meters by 2099, with differences of up to 15 meters

between the 5% and 95% probability curves.

This temporal variability is also illustrated in Figure 8, which

shows the mean variation in total area relative to the mean shoreline

position at the start of the simulation, along with the 5th and 95th

percentiles. The graph also includes the results from the 20

simulations. Panel (A) represents the entire simulation period,

while panel (B) provides a zoomed-in view highlighting more

detailed observations of the magnitude of changes during the

summer and winter seasons. On average, there is a net loss of

beach area. Until 2045, the probability of a net increase in area is

not negligible, as indicated by the positive values of the 5th percentile.

Superimposed on the main trend is a seasonal variation linked to the

non-stationary treatment of the wave climate. Due to the decision to

use the wave climate from 2026 to 2045 as representative of the entire
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century, as explained in Section 3.2, the impact of wave conditions

may be overshadowed by the rise in sea levels. This last point is also

supported by the noticeable jump in the time series around the year

2080, when SLR approaches 50 cm. This behavior is associated with

the increased frequency with which the total sea level reaches and

surpasses the berm. Indeed, along the beach sector to the west of the

river mouth, the berm is currently approximately 1 m above today’s

mean sea level, and the more frequent action of waves over a higher

sea level triggers a more rapid progression of erosion.

The interannual variability of compound flooding is illustrated

in Figure 9, which shows the probability of flooding for each month

at the time horizon tH = 2100. From June to September, the final

stretch of the river and its mouth are unlikely to experience flooding

(with probabilities smaller than 20%), while during the winter

months, the probabilities increase, reaching up to 50%.
5 Discussion and concluding remarks

We have presented a methodology developed within the

ICCOAST project for making joint projections of erosion and

flooding due to the combined action of maritime and riverine

forcings under the RCP 8.5 climate pathway. To the best of the

authors’ knowledge, this is the first work that explicitly considers

sediment supply from watercourses, geological setting, the presence

of obstacles, and climate non-stationarity. The methodology is

applicable to a variety of coastal typologies, including deltaic
FIGURE 6

Erosion and sedimentation at Guainos beach. (a) Difference between the digital terrain models generated with CoastalME on 2029/12/31 and 2030/
01/04, before and after a river discharge event in simulation one. The thick black solid line represents the initial mean sea level contour. Grey-filled
polygons indicate buildings, structures, or rocky cliffs, while the main channel of the river creek is shown in light blue. (b) Illustration of the sediment
discharge during the stormy period.
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systems, natural pocket beaches, headland bay beaches, and other

coastal landforms developed in the shelter of marine structures.

Moreover, as discussed in detail in a companion paper by Otiñar

et al. (2025), it allows for the assessment of the intrinsic uncertainty

of a collection of random sets that can be tailored to the

management requirements of the analysis.

As mentioned in Section 3.2, future climate is addressed through a

multivariate, non-stationary, multi-model ensemble characterization

(Lira-Loarca et al., 2021), which applies a Bayesian approach to

marginal distributions to account for uncertainty regarding the true

state of nature. The non-stationary framework, together with the

inclusion of riverine forcings, enables the analysis of the

spatiotemporal variability of flooding driven by both maritime

climate and episodic river discharge events typical of arid and semi-

arid Mediterranean coastal stretches. Additionally, this non-stationary

treatment of climate forcings allows results to be distinguished across

different time scales—such as monthly or touristic seasons—associated

with annual climate variability. This seasonal analysis reveals significant
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differences between peak and off-peak seasons, enabling authorities to

make informed decisions regarding authorizations for the use and

occupation of the coastal zone. The choice of one year as the reference

time unit in the non-stationary climate characterization and simulation

is due to the limited length of available climate projections (20 years for

wave climate), which prevents analysis at longer climate variability

scales (Cobos et al., 2022c; Lira-Loarca et al., 2021), such as the 11-year

Schwabe cycle or the 22-year cycle (Usoskin et al., 2004), both linked to

solar activity and associated with major climate indices.

As also noted in Section 3.2, due to the unavailability of

precipitation projections from the models used for wave and wind,

the random variables representing river discharge and precipitation

were assumed to be independent of the other variables. This assumption

is justified by the semi-arid to arid nature of the river basins in the study

area, where fluvial discharges are rare events typically decoupled from

wind-wave storms (Losada et al., 2011). However, when this is not the

case, a joint analysis is recommended. Given the large spatial scope of

the ICCOAST methodology (over 1,000 km of the Andalusian coast),
FIGURE 7

Characterization of the mean-level line at tH = (a) 2030, (b) 2050 and (c) 2100.
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several simplifications have been made. First, the methodology

decouples hydrodynamic and morphodynamic processes by keeping

the seabed constant during each sea state. This assumption, based on the

differing temporal scales of hydrodynamic and morphodynamic

responses, is valid for short- to medium-term analyses, but does not

capture the non-linear behavior of coastal systems over the long term

(De Vriend et al., 1993). Additionally, a simplified morphological model

is employed in which cross-shore processes are not considered. This

approach assumes equilibrium beach profiles and treats cross-shore

sediment transport as a perturbation superimposed on long-term

coastal change (Payo et al., 2017). On the Mediterranean Andalusian

coast—where the wave climate features nearly opposing dominant

directions (Losada et al., 2011), typically approaching obliquely—

alongshore sediment transport governs the sediment budget (see, e.g.,

Fredsoe andDeigaard (1992)). However, cross-shore transport may play

a critical role in short-term changes, particularly during storm events

and post-storm recovery (Bergillos et al., 2017), and may interact with

alongshore transport. Despite the simplifications made, the

methodology offers the advantage of being modular, allowing any of

its components to be modified or enhanced to incorporate additional

processes or to tailor the analysis to specific coastal stretches.

Regarding SLR, the model does not explicitly incorporate the so-

called Bruun effect (Bruun, 1954; 1962), unlike other studies such as

Álvarez-Cuesta et al. (2021a) and Toimil et al. (2021, 2023), which

apply the original Bruun formulation. This formulation has been

questioned due to challenges in estimating its parameters and
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concerns about its applicability beyond its originally intended

context. Although alternative formulations have been proposed to

address these limitations and extend their applicability (e.g., Dean

and Houston, 2016; Dean and Maurmeyer, 2018; Edelman, 1969;

Rosati et al., 2013), they are often based on site-specific field data

and are not directly transferable to beaches with different

characteristics. The approach presented here is more closely aligned

with that of Ranasinghe et al. (2012), which uses synthetic climate and

sea level data to force a morphological model.

In this study, a single time series corresponding to the ensemble

mean of 20 GCMs is used to represent SLR. This contrasts with the

approach of Álvarez-Cuesta et al. (2021b) and Toimil et al. (2021,

2023), which employ multiple SLR time series from different

percentiles, treating the resulting outcomes as equally probable to

reduce uncertainty. An alternative approach—not pursued here due

to computational constraints—would be to present results under

multiple SLR scenarios, in the style of a scenario-based analysis.

Compound flooding is addressed by integrating maritime and

fluvial dynamics using two coupled numerical models. The sea level is

set as the downstream boundary condition in the Guadalfortran model

that simulates the river’s hydrodynamics, to achieve this coupling. This

sea level incorporates contributions from the mean sea level, as well as

from astronomical andmeteorological tides. Consequently, water levels

throughout the river channel are influenced by river discharge and

maritime forcing. However, this approach neglects the effect of river

discharge on the water levels of adjacent beaches. The level prescribed
FIGURE 8

Accumulated variation in beach area relative to the initial mean sea level. The black, red, and blue lines represent the mean value, and the 5th and
95th percentiles, respectively. The results of the 20 simulations are shown in grey. Panel (A) represents the entire simulation period, while panel (B)
provides a zoomed-in view.
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to the Guadalfortran model at the river mouth is also used as input in

the CSHORE model, which simulates maritime hydrodynamics within

the CoastalME model.

The resulting inundation domains, one from the fluvial model and

one from the coastal evolution model, are represented in raster format

and combined spatially to define the total flood extent. This modular
Frontiers in Marine Science 16
coupling strategy allows processes to be integrated in a practical way,

while ensuring that computational costs remain manageable.

Several simplifications have been made within this framework.

Firstly, the seabed topography within the river channel is assumed to

remain constant throughout the simulation. Secondly, the sea level is

kept fixed for each three-hour sea state, in line with the wave climate
FIGURE 9

Monthly probability of compound coastal and riverine flooding occurrence throughout the year for a given tH = 2100. The 5% (black) and 95%
(white) probability isolines are shown over the colored probability raster map.
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input.While this assumption is suitable for capturing general patterns, it

may overlook short-term nonlinear interactions between river discharge

and maritime forcing. These interactions can be associated with rapidly

evolving storm conditions or the interplay between tides, surges and

waves, which operate at finer temporal scales. These limitations are well

documented in the literature on compound flooding, where a lack of

finer temporal resolution can lead to the underestimation of the impact

of critical peaks (e.g. Moftakhari et al., 2017; Bilskie and Hagen, 2018).

For this reason, this approximation may only be reasonably valid for

small rivers with low discharge and microtidal environments, where the

influence of riverine flows on sea level is minimal and the effect of waves

within the river mouth is negligible.

The analysis of the variation in mean shoreline position is illustrated

with results from Guainos Beach, where a net loss of beach area is

observed on average. Superimposed on this general trend is a clear

seasonal variation, attributed to the non-stationary treatment of climate.

This seasonal variation is more pronounced during the first 15 years;

thereafter, the influence of wave climate conditions gradually diminishes,

and the trend appears to be primarily driven by SLR. Although this

behavior could be partly attributed to the use of constant wave climate

conditions derived from the 2026–2045 period (due to data gaps in wave

projections), the lack of significant differences in wave climate compared

to the later available period (2081–2100) suggests a progressive increase

in the relative importance of SLR. Results regarding the compound

flooding shows a strong variability of probability of flooding across

months particularly at the final stretch of the river and its mouth.

Although there are no specific studies on the historical evolution or

future projections of the variables analyzed in this article for Guainos

beach, the companion paper (Otiñar et al., 2025) presents results based

on multiple random sets for this beach and the wider coastal areas of

Granada and Málaga. The future projections in that analysis are

consistent with previously documented trends along the Andalusian

coast, particularly regarding the spatial distribution of the most critical

sectors and the expected intensity of impacts. Specifically, the

identification of areas prone to erosion and flooding, as well as the

magnitude of projected shoreline retreat, aligns with historical patterns

observed by Prieto Campos and Ojeda Zújar (2024) in the provinces of

Granada and Almerıá, based on shoreline evolution from 2001 to 2019.

The agreement between these historical trends and the future

projections, despite the different time periods and methods involved,

supports the robustness of the modelling approach and strengthens

confidence in the projections presented for the 21st century (2025–2100).
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characterization and simulation for damage evolution models of maritime structures.
Coast. Eng. 156. doi: 10.1016/j.coastaleng.2019.103620

Losada, M. A. (2001). ROM 0.0 Procedimiento general y bases de cálculo en el proyecto
de obras marıt́imas y portuarias. (Madrid, España: Puertos del Estado).

Losada, M. A. (2009). ROM 1.0–09 Recomendaciones del diseño y ejecución de las
Obras de Abrigo (Parte 1a. Bases y Factores para el proyecto. Agentes climáticos).
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