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This contribution presents an assessment at a regional (island) scale of the beach

erosion due to storm events under Climate Change. The approach adopted to assess

beach erosion at the island scale consisted of three modules. First, the location,

dimensions and other attributes of the Cypriot beaches were recorded on the basis of

widely-available satellite imagery. Secondly, sea levels andwavesweremodeled along

the coast under different climatic scenarios and dates in the 21st century. Finally, using

these projections beach retreat due to the relative mean sea level rise (RSLR) and

extreme sea levels (ESLs) was estimated using ensembles of analytical and numerical

cross-shore morphodynamic models, respectively. Extreme sea levels (ESLs) were

projected to (a) increase by up to 60% in 2100 from their baseline (2000) levels, and (b)

vary along the coast, with the highest ESLs (and corresponding waves) projected for

the southern and western coasts. The mostly narrow Cypriot beaches (91% recorded

maximum widths of < 50 m) showed increased exposure to erosion. In 2100, about

47% and 72% (based on the median model estimates) of the 241 unprotected Cypriot

beaches will be permanently eroded, due to mean sea level rise (SLR), to 50% of their

present maximum width, depending on the scenario. In addition to the long-term

erosion due to SLR, severe storm erosion is projected by 2050 even under the RCP4.5

scenario; the 100-year extreme sea level event (ESL100) may overwhelm (at least

temporarily) 49% of the currently unprotected Cypriot beaches without effective

adaptation responses, with the most exposed beaches located along the northern

coast. As the beach carrying capacity and hedonic value will be severely

compromised, effective adaptation policies and technical measures will be

urgently required.

KEYWORDS

beach erosion, shoreline retreat, island beaches, extreme sea levels, sea level rise,
climate change impacts
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1 Introduction

Beaches (sandy shorelines) are critical coastal ecosystems. They

constitute a substantial fraction of the global coastline (e.g.

Luijendijk et al., 2018), are important habitats in their own right

(e.g. Ackerman, 2017), have a high hedonic value (Boto-Garcı́ a and
Leoni, 2022) and provide protection from coastal flooding to their

backshore ecosystems, assets and infrastructure (e.g. Ciavola et al.,

2018). At the same time, many beaches are under retreat/erosion

(Wong et al., 2014), manifested as: (i) shoreline retreat due to

relative mean sea level rise (RSLR) and negative sedimentary

budgets (Nicholls and Cazenave, 2010); and/or (ii) short-term

retreat caused by storm events, which although might not result

in permanent erosion, it could be, nevertheless, devastating (Di

Paola et al., 2023). Shoreline retreat in beaches backed by natural

and/or artificial features, such as coastal cliffs and infrastructure/

assets could result in beach ‘drowning’.

Assessments are determined by the spatial (global, regional,

local) and temporal (short- or long-term) scales of the study and the

available information and resources (Ranasinghe, 2016). These

involve (a) evaluations of the current trends (e.g. Mentaschi et al.,

2018), and/or (b) future projections using analytical, numerical

and/or empirical models (e.g. Hinkel et al., 2013; de Winter and

Ruessink, 2017; Vousdoukas et al., 2020). Assessments at the

regional scale (100s of km of coastline) are particularly important

for integrated adaptation policies and efficient allocation of the

requisite resources (e.g. Monioudi et al., 2016; Toimil et al., 2017;

Giardino et al., 2018).

Erosion can be particularly threatening for island beaches, as

these commonly have limited dimensions and sediment supply

(Monioudi et al., 2017). At the same time, in many cases, island

beaches are major tourism destinations (e.g. Alvarez et al, 2022).

Tourism, which has been increasingly associated with beach

recreation according to the ‘Sun, Sea and Sand - 3S’ model

(Monioudi and Velegrakis, 2022) accounts for about 33.5% (on

average) of the Gross Domestic Product (GDP) of the Caribbean

Small Island Developing States (SIDS) (ILO, 2020), with many

Mediterranean islands being also dependent on beach tourism

(UNWTO, 2019). In the period 2010 - 2021, the majority of the

246.5 million arrivals (20.1 million annual average) in Greece had a

Greek island destination (SETE, 2023), whereas about 23% of the

71.6 million arrivals in Spain in 2022 had a Balearic destination

(IBESTAT, 2023; INE, 2023).

In the future, the accelerating mean sea level rise, coupled with

potential changes in the magnitude and recurrence frequency of

storm events (e.g. Vitousek et al., 2017; IPCC, 2019) will inevitably

Intensify beach erosion and coastal flooding, with severe impacts on

the natural and human coastal systems (e.g. Bellard et al., 2014;

Anderson et al., 2018; Toimil et al., 2018; Rodella et al., 2020).

Therefore, although projecting the beach morphodynamics under a

variable and changing climate is not an easy exercise due to inherent

uncertainties in both forcing and the beach response (Le Cozannet

et al., 2019), beach erosion assessment and mitigation should be

decidedly important components in all sustainable development

plans of the coastal zone (e.g. Summers et al., 2018).
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The present contribution presents an approach for the

assessment of beach retreat/erosion at a regional (island) scale

under mean sea level and storm events and its application at the

touristic island of Cyprus (Eastern Mediterranean). The spatial

characteristics and other attributes of the Cypriot beaches were

recorded from widely available satellite imagery. Projections of

mean and extreme sea levels (ESLs) and corresponding waves

under different climatic scenarios were then used to force cross-

shore morphodynamic model ensembles to obtain estimates of

beach erosion for the island beaches.
2 Cypriot beaches:
environmental setting and
socio-economic significance

Cyprus is the third largest Mediterranean island, with an area of

9,250 km2, a total population of about 1.25 million (2022) and a

coastline length of about 740 km. The island is located in a

tectonically active region and can be divided in 4 main geological

zones (Figure 1): the northern Keryneia Terrane, comprising

thrusted Cenozoic sedimentary sequences; (ii) the Troodos massif

comprising uplifted, Cretaceous ophiolites; (iii) the Mesozoic

sedimentary/basaltic Mamonia terrane in the west; and (iv) the

Circum–Troodos sedimentary succession. Cyprus climate exhibits

hot dry summers and changeable winters characterized by short-

lived wet events that provide most of the annual precipitation (Price

et al., 1999). The seasonal precipitation and the burgeoning summer

water needs have prompted the construction of 108 river dams with

a total capacity of about 332 million m3 (WDD, 2017) diminishing

the sediment supply at their downstream beaches.

The coast of Cyprus is microtidal (Wolff et al., 2018) and its

wave regime varies, with the most energetic waves observed along

the western and southern coastline (Galanis et al., 2012). The

regional sea level rise has accelerated to 2.4 – 3.8 mm/year since

the late 1990s (Tsimplis et al., 2013). Regarding the extreme sea

levels, their storm surge components (Section 3.2) have a seasonal

footprint and heights that have rarely exceeded 0.4 m (e.g. Tsimplis

and Shaw, 2010).

In recent decades, beach (3S) tourism has become a most

significant economic activity in Cyprus that requires efficient and

integrated coastal management. However, coastal governance,

management and regulation in Cyprus are fragmented. The

northern part of the island and about half of its coastline are

administered by the self–declared Turkish Republic of Northern

Cyprus (TRNC) (https://www.securitycouncilreport.org/un-

documents/cyprus/). The Republic of Cyprus, an EU Member

State since 2004, administers only the island’s southern and

western coasts where there are also parts of the coast located in

the UK Sovereign Base Areas (Akrotiri and Dhekelia) and the UN

Buffer Zone (Figure 1).

In 2019, 4.0 million international tourists visited the Republic of

Cyprus contributing about €2.7 billion to the economy, a

contribution forecasted to reach up to about 27% of GDP by

2027 (CYSTAT, 2017; CYSTAT, 2019). Tourism infrastructure
frontiersin.org
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and activities are concentrated at the coast. In 2013, 94% of the hotel

beds were located at the coast (Lemesios et al., 2016) whereas, in

2016, 91% of the international tourists stated that they had a coastal

vacation (CYSTAT, 2017). The situation is similar in northern

Cyprus (TRNC), where the vast majority of the tourism facilities/

flows are also found at the coast (Farmaki et al., 2015; Safakli and

Kutlay, 2016)
3 Methods

The approach adopted to assess beach erosion at the island scale

consisted of three modules. First, the location, dimensions and

other attributes of the Cypriot beaches were recorded on the basis of

widely-available satellite imagery. Secondly, sea levels and waves

were modeled along the coast under different climatic scenarios and

dates in the 21st century. Finally, using these projections beach

retreat due to the relative mean sea level rise (RSLR) and extreme

sea levels (ESLs) was estimated using ensembles of analytical and

numerical cross-shore morphodynamic models, respectively. A

concise flow chart of the approach is presented as Figure 2.
3.1 Characteristics of Cyprus beaches

The beach inventory was created using the satellite images and

related optical information and tools available in the Google Earth

Pro application. To facilitate consistency, a standard operating

procedure (SOP) for capturing beaches from the images was used.

The subaerial (‘dry’) beaches were digitized as polygons (Figure 3),
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with their: (i) landward boundaries defined by either backshore

natural features (vegetated dunes and/or cliffs), or permanent

artificial structures (e.g. coastal embankments, roads and

buildings); (ii) lateral extent delimited by promontories, rocky

coasts or coastal works; and (iii) seaward boundaries defined by

the shoreline, i.e., the median line of the foaming swash zone in

the imagery.

Geo-spatial characteristics and other attributes of the beach

database include: beach location, dimensions (e.g. area and beach

maximum width, BMW) and orientation; imagery acquisition

dates; the presence of natural and artificial features (backshore

sand dunes and cliffs, coastal defenses); the coverage of the

infrastructure/assets at the immediate backshore as a fraction of

its length; road accessibility; and a qualitative classification of the

beach sediment texture (e.g. gravel, sand) based on the available

optical information (e.g. Wolff et al., 2018). Very small beaches

(lengths< 30 m) were not recorded. Digitization was carried out by a

unique analyst who followed consistently the SOP rules, whereas

production of metadata from the digitized polygons was carried out

in a GIS environment. The database includes characteristics of the

322 recorded beaches (beach location in Figure 1).

In order to assess historical changes, images from Google Earth

historical image tool were used; in total 2363 images spanning the

period 2003 – 2022 were examined. However, comparisons were

carried out between images from the 2010 – 2014 and 2020 – 2022

periods for 317 beaches (no available images for beaches 284 – 288

from the period 2010 – 2014). This was due to the lack of

concurrent images of appropriate quality covering the whole

Cyprus coastline; thus, the time span of the comparisons differs

along the coast. Since in an interannual scale longshore transport
FIGURE 1

Cyprus: Major administrative boundaries, cities, transport network, rivers and major dams. The 322 beaches with their maximum widths recorded in
this study are numbered clockwise from the eastern UNAZ border. Inset shows the generalized geology http://www.moa.gov.cy/moa/gsd/gsd.nsf/
All/F9B6C7484AFDCADCC2258363003BE7C5?OpenDocument. Key: UNAZ, United Nations Administered Buffer Zone (https://unficyp.unmissions.
org/); UKB, UK Sovereign Base Areas (https://www.army.mod.uk/deployments/cyprus/).
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processes can affect beach morphology altering positions of accreted

and eroded parts alongshore it can be assumed that a decrease in the

recorded BMW implies erosion for the total beach area.

Constraints of the approach in terms of capturing the beach

features and their dynamics can stem from the accuracy/resolution

of the images from which the information was extracted. Moreover,

the available satellite imagery has not been synoptic over the island,

having been collected in different times and under different

hydrodynamic conditions preceding image acquisition. Although

tidal effects on the shoreline position in the microtidal Cyprus coast

can be considered small and care was taken to compare images from

the same season (when possible) and under low hydrodynamic

conditions, recorded beach dimensions may not represent the

‘mean’ conditions as there could be considerable short-term

variability in response to the nearshore hydrodynamics (e.g.

Chatzipavlis et al., 2019). This, however, cannot be avoided in

comparisons of historical coastal satellite imagery (e.g. Mentaschi

et al., 2018).
3.2 Sea level and waves

The Projections for the 21st century under the IPCC

representative concentration pathway scenarios RCP4.5 and

RCP8.5 were obtained from the dataset presented in Vousdoukas

et al. (2018b) for every 25 km along the coastline. Extreme sea levels

at the coast are due to mean sea level, the astronomical tide (htide)
and the episodic coastal water levels (hCE) due to storm surges and

wave set ups. Projections have been derived using dynamic models,

namely the DFLOW-FM (Muis et al., 2016) for the storm surges

and the WAVEWATCH III (Tolman, 2009) for the offshore wave

characteristics while mean sea level (RSLR) projections are

according to Jevrejeva et al. (2016). As detailed information on

the nearshore bathymetry has not been available to provide a
Frontiers in Marine Science 04
precise estimation of the wave set ups, these were assessed using

the generic approximation (0.2 x Hs) of CEM (2002). The dataset

combined all ESL components and their uncertainties in a

probabilistic fashion through Monte Carlo simulations. https://

www.aviso.altimetry.fr/en/data/products/auxiliary-products/

global-tide-fes.html

In addition to the ESLs, beach response during the extreme sea

level events is controlled by the corresponding waves (Toimil et al.,

2017). This was assessed by bivariate copulas, i.e., joint distributions

on the unit square with uniform [0,1] margins (e.g. Oswaldo et al.,

2017; Li et al., 2018). In this study, the variables involved were

transformed to [0,1] margins through their empirical margins and

the correlation of total water level with the wave parameters (Hs, T

and direction) was investigated with Spearman’s rank correlation

coefficient. The pairs of transformed margins were then fitted to 7

copula types (Gaussian, Gumbel, Clayton, Frank, Plackett, t and

Joe-Clayton BB7), representing various dependency structures (Joe,

2014). For each pair, the type best fitting the data was chosen by

goodness-of-fit statistics (Genest et al., 2009):

Mn(u) = no
uj j

Cq̂ n
(u) − B(u)

n o2
, u ∈ ½0, 1�2 (1)

where B(u) = 1=no1(Ui ≤ u) is the empirical copula, and

Cq̂ n
(u) is a parametric copula with parameter q̂ n estimated from

the sample of length n.

For a given ESL value, the probability of exceedance on the

marginal distribution of total water levels was computed. However,

when this was lower than 1=n, indicating that the selected margin

values could not include such an extreme case, the margins were

amended using parametric distributions of extreme values for each

margin (except wave direction); generalized Pareto distribution, fitted

to values above the 98.5th percentile threshold, was employed for this

purpose. Finally, the conditional marginal distribution of each wave

parameter given P(ESL) was computed, providing both the expected
FIGURE 2

Flow chart of the methodology used in the present study. Key 1: Athanasiou (2019); 2: Bujan et al. (2019).
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(mean) value of the wave parameters and the uncertainty bounds. The

copula dependency analysis, which was based on the reanalysis data,

allowed to obtain for every hCE the corresponding most likely

significant wave height (Hs), period (T) and wave direction. These

waves were used to force the morphodynamic models.
3.3 Beach erosion projections

Two ensembles of cross-shore (1-D) morphodynamic models

were used: (a) an analytical ensemble consisting of the models

Bruun (Bruun, 1988), Dean (Dean, 1991) and Edelman (Edelman,

1972) which was used to assess beach retreat due to mean sea level

rise (RSLR) and (b) a numerical model ensemble comprising the

models SBEACH (Larson and Kraus, 1989), Leont’yev (Leont’yev,

1996), Xbeach (Roelvink et al., 2010) and Boussinesq (Karambas

and Koutitas, 2002) which was used to assess beach retreat under

ESLs. Ensemble methods in coastal modelling have been found to

perform generally better than individual models and their

application have been predicted to increase in the future

(Sherwood et al., 2022). As the sensitivity to different forcing

factors varies among individual morphodynamic models,

ensemble techniques exploit each model’s strength and mitigate

its weaknesses (Simmons and Splinter, 2022). In the present case, a

validation exercise involving the same model ensembles, the results

of which were compared with results of physical experiments

(Monioudi et al., 2017), showed that ensemble modeling

improves considerably the comparisons between the projected

beach retreats with those recorded in the physical experiments

under both the mean sea level rise and extreme sea levels.

The Bruun model is based on the equilibrium profile concept

with its results controlled by the beach slope and the closure depth

which was abstracted from the database of Athanasiou (2019). The

Edelman model can deal with temporally variable sea level changes

and realistic beach profiles, whereas the Dean model assigns a

greater significance on wave hydrodynamics than the previous

models. The Leont’yev (1996) model uses the energetic approach

to simulate the hydrodynamic conditions and estimates sediment

transport separately for the surf and swash zones, whereas the

SBEACH model contains descriptions of the wave transformation

in shoaling waters and estimates sediment transport through the

coastal wave energy flux. The Xbeach model contains a time

dependent, wave action balance equation and simulates sediment

transport using a depth-averaged advection/diffusion equation.

Finally, the Boussinesq model computes nonlinear wave

transformation involving high-order equations (Karambas and

Koutitas, 2002) and its sediment transport module estimates sheet

flow as well as bed and suspended load over uneven sea beds (e.g.

Karambas, 2006). The numerical models were run from 20 m depth

to the beach (up to a 10 m elevation above the mean level), with the

simulation duration controlled by beach profile stabilization.

Further details on the models used and their comparison with

experimental data can be found elsewhere (e.g. Vousdoukas et al.,

2009; Monioudi et al., 2016; Monioudi et al., 2017).

For each of the 322 recorded beaches, the nearest mean sea level,

ESL and corresponding waves (at 20 m water depth) were selected
Frontiers in Marine Science 05
from their available projections along the coastline (Section 3.2) and

were used to force the models. Given the spatial and temporal scales

of the application, the input seabed slope and sediment data could

not be based on observations or on open source nearshore

bathymetric datasets (e.g. GEBCO or EMODnet products) due to

their coarse resolution. Instead, the models, used in a stationary

mode, were set up using a range of linear beach profiles; this was

justified, since the validation of the models against physical

experiments has shown that, at least for the conditions tested, the

beach retreats projected from the model ensembles set up with

equivalent linear profiles were reasonably close to those by the

physical experiments with natural profiles (Monioudi et al., 2017).

Regarding the bed slopes and sediments, it has been widely

suggested that beach face slopes and sediment size can be

interdepended, with coarser sediment sizes associated with steeper

slopes (e.g. Reis and Gama, 2010). Based on the slope-grain size

relationship presented by Bujan et al. (2019) and on the recorded

(qualitative) sediment texture (Section 3.1) a plausible range of

beach slopes and median gain sizes were selected for each beach.

Beaches were grouped in 3 categories based on their sediment

texture: sandy, mixed (sandy gravels) and gravel beaches. The

models were run for various combinations of bed slopes and

median sediment sizes (d50): bed slopes between 1/20 – 1/30 and

sediment sizes between 0.2 and 0.8 mm for sandy beaches; (ii) bed

slopes between 1/10 – 1/15 and sediment sizes between 0.8 and 1

mm for mixed texture beaches; and (iii) bed slopes between of 1/10

and sediment sizes (d50) between 2 – 5 mm.

Cross-shore beach retreat was assessed for the 1-10, 1-50 and 1-

100 year ESLs projected for the years 2050 and 2100 under the IPCC

RCP4.5 (moderate) and RCP8.5 scenarios. Due to the different

conditions used in the model set ups, each model produced a range

of beach erosion projections. The minimum, maximum and median

values of the projections of the ensembles were then calculated to

project the minimum (most conservative), median and maximum

beach retreat, respectively, for each beach (Supplementary Table 1).

These retreats were then compared to the recorded beach maximum

widths (BMWs) (Section 3.1) to assess the future impacts on each

beach. The change in beach maximum width was selected as it is a

conservative indicator regarding the impacts of the beach retreat on

the safety of the (frontline) backshore infrastructure/assets and the

beach carrying capacity, since a decrease in the recorded BMW

implies even worse erosion and impacts for the rest of the beach.

Projections are not provided for about 25% of the Cypriot beaches

recorded as being ‘perched’ and/or protected by various coastal

protection schemes (Velegrakis et al., 2016); nevertheless, these

beaches will also experience impacts in the future, as most coastal

defenses have not been designed to mitigate erosion under mean sea

level rise (e.g. Arns et al., 2017). Finally, it is noted that beach retreats

due to episodic extreme sea levels and waves may be reversible.

4 Results

4.1 Beach characteristics

In Cyprus, 322 beaches were recorded (Figure 1), with a total

area of approximately about 2.9 km2 that indicates a total beach
frontiersin.org
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carrying capacity, i.e. the number of visitors that can be

simultaneously hosted, of about 131,800 users (22 m2 per user,

Chen and Teng 2016). Regarding coastal management, the Republic

of Cyprus administers 142 beaches (with an area of 1.24 km2),

whereas 163 (1.46 km2), 10 (0. 2 km2) and 7 beaches (0.01 km2) are

located in northern Cyprus, the UK Bases and the UN

Administered Zone, respectively.

Most Cypriot beaches are narrow: almost 42% recorded

maximum ‘dry’ beach widths (BMWs) of less than 20 m and 91%

of less than 50 m, with only 0.6% recording maximum widths

exceeding 100 m in the most recent images. Regarding the sediment

texture, the majority of the beaches have been classified as sandy

beaches (166 beaches, 52% of the total); this finding is in broad

agreement with that presented in the Mediterranean coastal

database of (Wolff et al., 2018). Mixed texture (sand- gravel

beaches) was allocated to 103 beaches (32%), whereas about 16%

were classified as gravel beaches. Very few beaches were found

associated with active river mouths, whereas about half of the

Cypriot beaches are backed directly by cliffs and/or coastal

infrastructure and assets; such beaches have a high ‘coastal

squeeze ’ risk from increasing sea levels (Nicholls and

Cazenave, 2010).

Statistical tests (a Levene’s test followed by a Kruskal-Wallis

test, p< 0.05) showed that beaches facing the northern sector (NW,

N and NE, 53% of all beaches) recorded mean (per direction)

BMWs of less than 20.5 m, whereas mean BMWs for the other

directions were exceeding 36 m; the largest mean BMWs were

found at the S and SW facing beaches (about 39 m). As the northern

beaches are affected by less energetic waves (Section 4.2), these

findings indicate that beach dimensions may have been controlled

by the geology, antecedent topography and sediment supply rather

than the wave energetics. For example, it appears that the northern

beaches associated with the Troodos and Kyreneia terranes are

generally narrower than those built in coastal areas associated with

the other major geological units (Figure 1). A significant correlation

(p< 0.05) was also found between BMWs and sediment texture:

sandy beaches were found to be wider than those built on sand-

gravel and, particularly, gravels. In addition to natural and

geological factors, human interventions have been found to

impact beach width (BMW). Beaches associated with coastal

protection structures have an average BMW of 37.3 m, whereas

unprotected beaches have an estimated average BMW of 24.6 m.

This finding suggests that the presence of hard structures may have

a positive effect on beach stability.

Most (63%) Cypriot beaches do not show any significant

backshore development, which is an interesting finding, as

Cyprus has a mature 3S tourism industry, with the majority of its

beaches (85%) easily accessible by road (49% directly connected to

the main road network) and there are also 45 ‘Blue Flag’ beaches.

The remainder of the beaches (37%) were found to directly front

coastal infrastructure/assets, without any construction line ‘set-

back’; on these beaches there is a high/intense beach tourism

during summer, manifested by the beach umbrellas and the

presence of watersport facilities in many of them.

The density of the backshore frontline assets (where any) is

variable, ranging from few houses observed in remote beaches to the
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heavy concentrations of public and private assets found behind the

beaches of Larnaca, Limassol, Kyrenia and Famagusta (Figure 1).

Frontline backshore asset coverage (expressed as a percentage of the

beach length) is higher than 30% for about 13% of the Cyprus

beaches, and higher than 80% for about 2% of the beaches. Finally,

77 beaches (24%) were observed to host coastal protection schemes,

most of them (46) located in the Republic of Cyprus. Groynes were

found to be the dominant schemes (14% of beaches) either alone or

in mixed schemes that may also include offshore breakwaters or

jetties. It should be noted that in the area of Limassol most beaches

(no 29-54) are fronted by detached breakwaters that cover the entire

beach length.

Analysis of the changes in BMWs (Figure 3) showed discernible

decreases for 152 (48%) beaches and increases for 164 (52%)

beaches (Figure 4A); interestingly these results appear comparable

to those of the global assessment of Luijendijk et al. (2018). It is

noted that in the present study manual mapping was carried out

using high resolution Google Earth images, whereas in the global

Luijendijk et al. (2018) assessment an automated mapping

technique on coarser 30 m Landsat images was applied.

Concerning the frontline backshore development (urbanization)

(Figure 4B), 46 beaches showed discernible changes in the coverage

of the frontline backshore assets (as a percentage of the beach

length), with fast development detected mostly along the southern

and the eastern coast.
4.2 Mean and extreme sea levels
and waves

Mean sea levels are projected to rise considerably in the course

of the century, with the rate of rise increasing with the time and the

RCP scenario; small spatial RSLR variability (0.01-0.05 m) is also

projected along the coastline (Table 1). In comparison, ESLs are

projected to be more variable and consistently higher along the

southern and western Cyprus coast (Table 1 and Figure 5). For the

baseline (2000) year, the 1 in a 100 years extreme sea level (ESL100),

was found to range along the coast between 0.83 and 1.29 m above

the mean sea level. Future ESLs will also exhibit spatial variability,

with the differentials between the highest and the lowest ESLs100
projected along the coastline (at beaches 73-86 and 225-235,

respectively) varying between 23 and 35%, depending on the date

and climatic scenario.

ESLs are projected to rise in the course of the century, being

increasingly controlled by the emission scenario (Table 1). For

example, the maximum ESL100 along the Cyprus coastline in 2050 is

projected as 1.47 and 1.54 m higher than the baseline mean sea level

under RCP4.5 and RCP8.5, respectively, whereas in 2100 the spread

between the two climatic scenarios has increased threefold (1.74 -

2.04). It also appears that the ESL increases are controlled by the

RSLR (Table 1). Considering the corresponding to the baseline

ESL100 waves (Section 3.2), their heights and periods were projected

to also differ along the coastline, varying between 1.1 and 2.35 m

and 4.1 and 7.3 s, respectively (Table 1). More energetic waves were

consistently projected along the western and southern coasts

(Figure 5), but heights appear to be overall slightly decreasing
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during the century under most tested scenarios (see also Camus

et al., 2017).

Regarding the contributions of the different ESL components

and their temporal evolution (Table 1), no changes are projected for
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the tidal range/maxima. It also appears that although the episodic

hCE is the primary contributor of the baseline period, its dominance

will decrease in the future as it will change little compared with the

accelerating RSLR (e.g. Androulidakis et al., 2015).
A

B

FIGURE 4

Historical changes in the (A) recorded BMWs and (B) frontline backshore urbanization, i.e. in the coverage of the frontline assets as a percentage of
the beach length (only the 46 beaches recording changes are shown). Changes shown are between the periods 2010-2014 and 2020-2022.
A B

FIGURE 3

Beach delimitation in the historical imagery of (A) a southern beach (ID 27) and (B) a northern beach (ID 223) (for location see Figure 1). The differing
landward boundary position in (A) is due to changes in vegetation coverage. Note that there are apparent area losses in both embayed beaches, but
the maximum beach widths (BMWs, stippled lines) of the ‘dry’ beaches have not changed significantly.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1188896
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Monioudi et al. 10.3389/fmars.2023.1188896
The return periods of ESL events with particular magnitudes

will significantly decrease over time (Table 1 and Figure 6); for

example, depending on the location along the Cypriot coastline, the

baseline (2000) ESL100 will be occurring in 2050 every about 9 – 27

(RCP4.5) and 2.5 – 13 years (RCP8.5). respectively. By 2100, and

under the RCP8.5 scenario, the baseline ESL100 will occur many

times annually. These projections may have significant implications

for the design of coastal works.

Changes in the intensity/direction of (extreme) coastal wave

energy fluxes (WEFs) under CV&C could also impact the Cypriot

coastal natural and human environment. Global simulations for the

extreme WEFs (Mentaschi, 2017), suggest that Cypriot coastline is

currently characterized by relatively low to moderate extreme

WEFs, with the highest intensities found in the western Cyprus.

Our analysis shows that the 100-year significant wave height ranges

between 0.95 and 2.16 m with higher waves observed at the W and

SW coast of Cyprus and less energetic waves at the NE and E coast;

no significant changes are observed through the course of the

century (Figure 5)
4.3 Beach retreat

Models generally displayed differential behavior for almost all

tested conditions, showing varying shoreline retreats and profile

changes (Figure 7). At the same time, each model gave a range of
Frontiers in Marine Science 08
results, reflecting the varying bed slopes and sediment sizes used;

thus, the median value and minimum and maximum projections

for each condition and scenario tested are considered (see also

Section 3.3). The beach slope and hydrodynamics were found to

represent major controls. Beach retreat projections decreased with

increasing Iribarren number (x =(b/(H/L)1/2, where b the seabed

slope and H and L the wave height and length, respectively), for the

range of bed slopes and wave conditions considered.

The most sensitive models were found to be the Edelman and

the SBEACH models and the least sensitive the XBeach model.

Regarding the sediment texture, a weak decreasing trend in beach

retreat was observed (for the numerical models) with increases in

the sediment size. Generally, Xbeach provided the most ‘pessimistic’

predictions (Figure 7), whereas the Leont’yev and SBEACH models

projected similar retreats. With regard to the analytical models, the

Dean model gave the highest erosion predictions, whereas the

Bruun and Edelman models projected mostly similar retreats.

RSLR was projected by the analytical model ensemble to lead to

beach retreats (Table 2). By 2050, according to the projection

median values, about 2% of the tested beaches will retreat by

more than 100% and about 11 and 16% by 50% of the current

BMW under the RCP4.5 (Figure 8) and RCP8.5, respectively.

By 2100, beach retreat has been projected to be very significant:

between 9 and 30% of the (currently unprotected) Cypriot beaches

will retreat by > 100% of their current BMW under RCP4.5 and

RCP8.5, respectively, whereas between 47 and 72% will retreat by
TABLE 1 Ranges of the 10-, 50- and 100-year extreme sea levels (ESLs10, ESLs50 and ESLs100) and their components (RSLR, htide, and hCE) and
corresponding wave conditions along the Cypriot coastline (Figure 4) for different dates (2000-baseline, 2050 and 2100) and under the IPCC RCP4.5
and RCP8.5 scenarios.

Extreme Sea Level (ESL) ranges along the Cyprus coastline

Tr
Baseline RCP 4.5 RCP 8.5

2000 2050 2100 2050 2100

RSLR (m) – 0 0.21-0.23 0.47-0.52 0.27-0.29 0.78-0.83

htide (m) – 0.12-0.15 0.12-0.15 0.12-0.15 0.12-0.15 0.12-0.15

hCE (m)

10 0.52-0.90 0.49-0.85 0.48-0.83 0.51-0.87 0.49-0.83

50 0.63-1.07 0.58-1.02 0.58-1.00 0.61-1.03 0.59-0.99

100 0.69-1.16 0.64-1.11 0.64-1.10 0.66-1.12 0.65-1.08

ESL(m)

10 0.66-1.02 0.85-1.21 1.09-1.47 0.92-1.28 1.42-1.78

50 0.77-1.19 0.94-1.38 1.19-1.64 1.02-1.45 1.52-1.95

100 0.83-1.29 1.00-1.47 1.25-1.74 1.08-1.54 1.57-2.04

Hs (m)

10 0.83-1.87 0.77-1.81 0.78-1.77 0.80-1.83 0.78-1.77

50 0.97-2.17 0.91-2.08 0.91-2.03 0.90-2.08 0.94-2.03

100 1.06-2.35 0.97-2.23 1.02-2.21 1.02-2.27 0.98-2.17

T (s)

10 4.07-6.79 4.10-6.70 4.11-6.77 4.07-6.75 4.10-6.75

50 4.12-7.12 4.13-7.00 4.12-7.03 4.12-7.11 4.12-7.03

100 4.11-7.33 4.06-7.23 4.07-7.22 4.09-7.26 4.08-7.07
fro
Key: Tr, extreme event return period (years); RSLR, mean sea level rise relative to the baseline mean sea level; htide, max. tidal level; hCE, storm sea level component; Hs, significant wave height; T,
wave period.
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50% of their current BMW. As many of these beaches lack the

accommodation space to retreat landwards (Table 2), such retreats

may translate to coastal squeeze and permanent erosion (Nicholls

and Cazenave, 2010). In this case, appropriate beach replenishment

schemes would be required to avoid damage to the backshore
Frontiers in Marine Science 09
assets/infrastructure and maintain the beach carrying capacity

(e.g. Monioudi and Velegrakis, 2022).

Cypriot beaches are also threatened by the extreme events

(Table 2). According to the median projections of the numerical

model ensemble, the 10-, 50- and 100-year events (ESL10, ESL50 and
D

A B

C

FIGURE 6

Time evolution of ESLs, i.e., the sum of the RSLR, the maximum astronomical tide and the episodic level rise due to storm surges and wave set ups
(A, B) and of their corresponding return periods (C, D) compared to their baseline return periods for the 10- 50- and 100-year events, under RCP4.5
(A, C) and RCP8.5 (B, D). Predictions are for all beaches which explains the result spread.
FIGURE 5

Extreme sea levels (Tr 1/100, ESLs100) and corresponding wave heights (Hs) at the Cypriot beaches for different dates under RCP8.5.
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ESL100) in 2050 (RCP4.5) will result in storm beach retreats of up to

about 30, 34 and 37 m, respectively; under RCP8.5, retreat is

projected to be slightly greater (up to about 32, 36 and 39 m); the

difference in the projections between the two RCP scenarios will

increase by 2100 (Table 2). Although these retreats can be

temporary and the beaches could in time partially or totally

recover, there could be very significant impacts on the backshore

frontline infrastructure/assets. By 2050 and under RCP4.5, about

37, 45 and 47% of the beaches tested are projected to temporarily

retreat by more than 100% of their current BMW, under the ESL10,
Frontiers in Marine Science 10
ESL50, and ESL100, respectively, whereas under RCP 8.5, more

beaches (43, 49 and 54%, respectively) will retreat more than

their current BMWs. By 2100, shoreline retreats under extreme

events could be devastating for the backshore assets/infrastructure

under both tested scenarios (Table 2). Concerning the spatial

distribution of the projections, the most impacted beaches will be

also along the northern and eastern Cyprus coast (Figure 9).

It appears that in the next decades, many Cyprus beaches and

their backshore infrastructure/assets will be seriously impacted by

extreme events. It should be noted that these projections are
FIGURE 7

Morphodynamic changes in the upper beach profile of a northern beach (left, ID 238, equivalent linear bed slope: 1/15, d50: 1 mm) and a southern
beach (right, ID 73, 1/30, 0.5 mm) projected by the numerical (short-term) model ensemble. Projections are for the ESL100. Models are forced by
waves (at 20 m water depth, origin of x axis) with heights of 1 and 2 m and periods of 6 and 7 s, respectively. Mean shoreline retreats for 2050
(RCP4.5) are shown as horizontal bars. Key: hCE, episodic level rise.
TABLE 2 Model ensembles’ estimates of the range of median beach retreat (Smedian) along the Cyprus coast under mean sea level rise and extreme events.

Sea Level Smedian (Range-all beaches)
(m)

Retreat to 50% of max. width
(%)

Retreat to max. width
(%)

Beaches
with
assets
affected

Year RCP (m) N %

RSLR

2050

4.5
0.21-
0.23

2.8-9.0 11.2 1.7 1 1.9

8.5
0.27-
0.29

3.4-10.4 16.2 2.1 1 1.9

2100

4.5
0.47-
0.52

5.3-16.1 46.9 8.7 5 9.4

8.5
0.78-
0.83

8.5-23.9 72.2 29.9 13 24.5

ESL10

2050

4.5
0.85-
1.21

8.9-30.1 80.1 36.9 17 32.1

8.5
0.92-
1.28

9.6-32.0 83.4 42.7 18 34.0

2100

4.5
1.09-
1.48

11.4-36.7 88.4 50.6 23 43.4

8.5
1.42-
1.78

14.8-44.3 94.2 67.6 31 58.5

(Continued)
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considered conservative as: a) they refer to retreats relative to the

recorded beach maximum widths; and b) they do not account for

other beach retreat/erosion contributing factors such as potential

beach sediment losses from the extreme events (and their

sequencing) during the intervening time and the diminishing

river sediment supply due to the many Cyprus riverine dams

(Section 2).
5 Discussion

Most approaches for regional and large-scale assessments of

shoreline retreats under climate change have limitations stemming

from, amongst others, their requirements for detailed coastal

topographic information (e.g. Rueda et al., 2017). In the present

approach, ranges of shoreline retreats under the mean and extreme

sea levels (and corresponding waves) are projected for different

plausible bed slopes and sediment sizes; thus, it can account for the

lack of specific information on the slope of the active beach profile

(Ranasinghe et al., 2012) and sediments when such information is

not available which is commonly the case for the present and,

certainly, for the future beaches. Nevertheless, there are also

several constraints.

Regarding the historical trends, in addition to the difficulty to

extract probabilistic estimates of shoreline retreat required in

coastal management/planning frameworks (Ranasinghe, 2016),

there are also geo-referencing issues in the imagery comparisons,

as well as issues associated with the varying hydrodynamic

conditions during the image collection that can affect shoreline

delimitation (e.g. Chatzipavlis et al., 2019). Although the former is
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not a large issue as the ‘dry’ beach maximum widths are used in the

comparisons, the latter may introduce uncertainties which,

however, cannot be avoided in large-scale studies (e.g. Mentaschi

et al., 2018).

Some processes are inevitably neglected in the modeling. These

include, amongst others, cumulative storm impacts, the effects of

storm duration/spacing, as well as the potential effects of a changing

wave regime on multi-decadal mean sea level changes (Callaghan

et al., 2008; Melet et al., 2018). Moreover, predictions are based on

the assumption that the Cyprus (mostly ‘pocket’) beaches comprise

sediment reservoirs with no lateral sediment exchanges and/or

other sediment sinks/sources (e.g. Dean and Houston, 2016). In

addition, although perched/protected beaches were excluded from

the beach retreat projections to avoid uncertainties from the

influence of the natural and/or artificial coastal protection

structures (e.g. Velegrakis et al., 2016; Stripling et al., 2017), the

implications of potential nearshore benthic ecosystems (e.g.

seagrasses) on wave attenuation (e.g. Twomey et al., 2020;

Peduzzi et al., 2022) have not been considered. Finally, the results

are based on cross-shore modelling which cannot account for

longshore sedimentary processes/transport; this issue, however,

cannot be resolved without incorporating full 2D (or 3D)

modeling that requires detailed topographic/sedimentary

information for meaningful set up and high computational

resources, which are prohibitively expensive endeavors for other

than local scale assessments (Le Cozannet et al., 2014; Toimil

et al., 2017).

Notwithstanding these constraints, the study provides the first

comprehensive assessment of the Cypriot beach retreat/erosion

hazard under climate change on the basis of easily obtainable
TABLE 2 Continued

Sea Level Smedian (Range-all beaches)
(m)

Retreat to 50% of max. width
(%)

Retreat to max. width
(%)

Beaches
with
assets
affected

Year RCP (m) N %

ESL50

2050

4.5
0.94-
1.38

9.8-34.3 84.6 45.2 18 34.0

8.5
1.02-
1.45

10.7-36.2 86.7 48.5 21 39.6

2100

4.5
1.19-
1.64

12.4-41.1 92.9 57.7 27 50.9

8.5
1.52-
1.95

15.8-48.7 95.0 70.5 33 62.3

ESL100

2050

4.5
1.00-
1.47

10.4-36.7 87.1 49.0 20 37.7

8.5
1.08-
1.54

11.3-38.6 90.9 53.9 24 45.3

2100

4.5
1.25-
1.74

13.0-43.5 92.9 29.0 29 54.7

8.5
1.57-
2.04

16.3-51.0 95.4 71.8 33 62.3
fr
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Percentages refer to 241 Cypriot beaches (perched/protected beaches were excluded) that are projected to retreat by more than 50% of their current BMW and more than their current BMW.
Numbers (N) and percentages of beaches where (current) frontline backshore infrastructure/assets are projected to be impacted are also shown.
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information and modest investment in resources. Results could be

fine-tuned, if high resolution coastal topographies/bathymetries

(DEMs) were to become available. In any case, the aim of the

exercise has not been to replace detailed local studies for individual

beaches (Ranasinghe, 2016).

Under the RSLR alone, beach retreat/erosion has been projected

to become an issue after 2050. By comparison, the projected

increases in ESLs combined with the corresponding storm waves

will have severe impacts on Cyprus beaches; by 2100, impacts could

be devastating (Table 2). It is noted that the present projections

refer to shoreline retreat/erosion and cannot deal with the

implications of the potential increases in coastal flooding and/or

wave runup. Regarding the former, a study on the European coastal

flood risk has estimated that the Expected Annual Damages (EADs)

in Cyprus will range from 0.6 to 0.8% and 1.7 to 8.3% of Cyprus

GDP in 2050 and 2100, respectively, depending on the scenario

(Vousdoukas et al., 2018a). Concerning the latter, although wave

runup (i.e., the wave incursion length (or height) onto the dry beach

under extreme waves) is a critical factor for shoreline change (e.g.

Chatzipavlis et al., 2019) as well as a very significant boundary for

the legal demarcation of the beach (Velegrakis et al., 2021), its
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assessment requires detailed/accurate nearshore bathymetric

information (e,g. Gomes da Silva et al., 2020; Almar et al., 2021).

The findings of the present study strongly indicate that plans to

respond effectively to projected beach erosion/retreat should be

urgently drawn up in Cyprus with different adaptation options

considered. First, effective policies and regulation should be

introduced. The allocation of buffer (‘set-back’) zones, such as

those prescribed in Art. 8.2 of the 2008 ICZM Protocol to the

Barcelona Convention (ICZM, 2008), behind retreating shorelines

where no future development shall be allowed, could be a critical

regulatory development (e.g. Summers et al., 2018). Nevertheless,

since many Cypriot beaches show minimal (or no) backshore

development (Section 4.1), both sustainable policies and coastal

development might still be possible.

Secondly, several adaptation options should be considered,

although given the dire nature of the problem costly ‘hard’

engineering schemes might be, in many cases, inevitable (e.g.

Narayan et al., 2016). Projections on the future magnitude and

recurrence frequency of ESLs and waves along the island’s coast can

provide vital information for the selection, design, timing, costs and

benefits of the requisite technical responses (Arns et al., 2017); in
FIGURE 8

Projection of the impacts of the RSLR under RCP4.5 on the 241 currently unprotected Cypriot beaches in 2050. The impacts are shown on the map
as reductions (%) in the current BMW due to the median beach retreats projected by the analytical model ensemble (Section 3.3). In the lower
panels, the projected median retreats are shown together with the recorded coverage of frontline backshore assets (as a percentage of the beach
length); the current (initial) BMWs (black bars) are compared with those resulting from the beach retreats (blue bars).
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any case, such assessments are prescribed by the European Directive

2014/52/EU for all future coastal projects in the EUMembers States.

The importance of the beaches as socio-economic resources and

the low effectiveness of the hard coastal defenses (groynes, offshore

breakwaters and seawalls/revetments) to protect them under

increasing mean sea levels (Semeoshenkova and Newton, 2015;

Beuzen et al., 2018), suggest that beach replenishment schemes will

be required, at least for beaches which function as “armors” to

valuable backshore infrastructure and assets, serve as important

environments of leisure and/or have particular environmental

significance (e.g. marine turtle nesting beaches, Mavris, 2011).

The results of our analysis indicate that the presence of hard

structures may have a positive effect on beach stability. However,

it is important to note that the effectiveness of these coastal

protection structures cannot be definitively concluded due to the

fact that beach nourishment projects are also commonly

implemented in the most touristic beaches of the southern sector,

where the majority of coastal works have been implemented. As

marine aggregates form the most suitable (but often scarce) material

for beach replenishment (Velegrakis et al., 2010), the sustainability

of such deposits, should be ensured in the marine spatial planning

of Cyprus (see also EU Directive 2014/89/EU), as a matter of
Frontiers in Marine Science 13
priority. Moreover, and considering that the intense dam

construction in Cyprus have been found in past studies to cause

recession of adjacent beaches and delta areas through sediment

trapping (Toumazis et al., 2008), efficient management of terrestrial

sediments is required.
6 Conclusion

This study represents the first comprehensive effort to record

the characteristics of the beaches of the island of Cyprus and

provide an assessment of their exposure to erosion due to

Climate Change. Cypriot beaches were found to be mostly sandy

and narrow with 91% recording maximum widths of less than 50 m

and only 0.6% of more than 100 m. Analysis of the historical

changes showed (a) discernible erosion and accretion in 152 and

164 beaches, respectively and (b) increases in backshore

urbanization at 46 beaches, which are mostly located along the

southern and eastern coast. Substantial increases in the magnitude

of RSLR and ESLs were projected for the 21st century, which will

vary along the Cyprus coast with the highest ESLs (and waves)

projected for its western and southern sectors.
FIGURE 9

Projection (RCP4.5) of the ESL100 impacts on the 241 currently unprotected Cypriot beaches in 2050, shown as decreases (%) in the current BMW
due to the median projections by the numerical model ensemble (Section 3.3). In the lower panels, the projected median retreats are shown
together with the recorded coverage of the frontline backshore assets (as a percentage of the beach length); the current (initial) BMWs (black bars)
are compared with those resulting from the beach retreat projections (blue bars); negative values indicate beach retreat more than the current BMW.
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In terms of beach erosion, even under a moderate emission

scenario (RCP4.5) and as early as 2050, the one in 100-year extreme

sea level event (ESL100) could completely (at least temporarily)

overwhelm 49% of the 241 unprotected Cyprus beaches in the

absence of effective technical responses. In 2100 impacts will be

devastating, with 72% of (currently unprotected) beaches projected

to be completely (at least temporarily) eroded under the business as

usual (i.e. RCP8.5) scenario, with the most exposed beaches located

along the western and northern coast. These results suggest that the

primary natural resource of the island’s booming 3S tourism is

under a clear and increasing risk. Plans to respond effectively to the

projected risk should be urgently drawn up with different regulatory

(shoreline development) and technical adaptation (coastal

fortification) options examined.

The approach adopted in the present study can provide a

framework for regional assessments of the beach erosion under

climate change and produce vital information for the selection,

design and timing of the requisite technical adaptation options. In

this context, it may assist managers and policy makers at island

settings to identify beaches under increased risk, estimate losses in

beach carrying and hedonic value, and plan and prioritize effective

adaptation responses.
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