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Abstract

This thesis investigates and quantifies the impacts caused by climate change in the

coasts of Balearic Islands (western Mediterranean Sea) from both a physical and an

economic perspective. Two physical mechanisms that generate coastal hazards are con-

sidered in this work: mean sea-level rise and wind-waves. Their impacts are assessed,

separately and jointly, in three case studies that have been selected due to the amount

of available observations of nearshore waves, shoreline position and topo-bathymetries;

these are two urban beaches (located in Mallorca island) and one natural beach (in

Menorca island). The relevance of sandy coasts in the Balearic Islands, and in general

in the Mediterranean coastal communities, is evident in terms of coastal protection but

also from an economic point of view since sun-and-beach tourism is the main economic

activity of the region.

The physical impacts on the beaches are investigated using numerical modelling to

simulate the shoreline retreat, the beach erosion and the beach vulnerability resulting

from projected mean sea-level rise and wind-wave changes up to 2100. The method-

ology and the assumptions vary depending on the hydro- and morphodynamical pro-

cesses required to study the coastal impacts in each case. In addition, numerical simu-

lations are validated against observations whenever possible, prior to the application of

the modelling setup under projected future conditions. Our results for urban beaches,

highly anthropised and backed by infrastructures such as promenades and buildings, in-

dicate a permanent loss of approximately half of the present-day beach area; in addition,

the beach is expected to be almost completed flooded under storm conditions. In other

words, urban beaches are unable to respond to long-term changes in the oceanic forces.

In the case of the natural beach, our results anticipate that the beach will retreat at the

expense of the dune area located behind it. A noteworthy finding is the importance of

simulating the beach morphological features when assissing beach impacts, which play

a key role in the beach erosion rates.
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The economic impact on sun-and-beach tourism is measured by means of a choice

experiment application. More precisely, the shoreline retreat projections obtained for

the urban beach cases studies are used to estimate the welfare loss that tourists would ex-

periment in a future scenario characterized by a reduction of the beach size, in addition

to two other climate-induced environmental changes. Data on the socioeconomic and

the travel profile of tourists as well as their preferences for different policies aimed at

reducing climate-induced environmental changes, was collected through a survey con-

ducted in the high season of 2016 at the airport of Palma (Mallorca). Overall, results

show that sun-and-beach tourists have a positive willingness-to-pay to reduce climate

change impacts. At the same time, the mixed logit specification accounting for prefer-

ence heterogeneity allows to find that the welfare loss varies across tourists depending

on their socioeconomic and travel characteristics.

xii



Resumen

Esta tesis investiga y cuantifica los impactos causados por el cambio climático en

las costas de las Islas Baleares (Mediterráneo occidental) desde un punto de vista tanto

fı́sico como económico. Dos mecanismos fı́sicos, los cuales suponen una amenaza para

las zonas costeras, son considerados en este trabajo: el aumento del nivel medio del mar

y el oleaje. Sus impactos se evalúan, tanto de forma separada como conjuntamente, en

tres casos de estudio que han sido seleccionados debido a la disponibilidad de obser-

vaciones de oleaje costero, posición de lı́nea de playa y topo-batimetrı́as: dos playas

urbanas (ubicadas en la isla de Mallorca) y una playa natural (en la isla de Menorca).

La relevancia de las costas arenosas en las Islas Baleares, y en general en las comu-

nidades costeras del Mediterráneo, es evidente en términos de protección costera, pero

también desde un punto de vista económico ya que el turismo de sol y playa es la prin-

cipal actividad económica de la región.

Los impactos fı́sicos en las playas se estudian mediante el uso de modelos numéricos

con los que se simula el retroceso de la lı́nea de costa, la erosión y la vulnerabilidad de

las playas como resultado del esperado aumento del nivel medio del mar y los cam-

bios en el oleaje hasta 2100. La metodologı́a y las premisas aplicadas varı́an depen-

diendo de los procesos hidro- y morfodinámicos necesarios para estudiar los impactos

costeros en cada caso. Además, antes de ejecutar los modelos numéricos bajo condi-

ciones oceánicas futuras, las simulaciones numéricas son validadas con observaciones

en los casos en los que es posible. Nuestros resultados para las playas urbanas, las

cuales presentan paseos marı́timos y edificios tras ellas y por lo tanto, un alto nivel

de antropización, indican una pérdida permanente de la playa de aproximadamente la

mitad de su área actual. Además, el área de playa afectada por la inundación aumenta

hasta su casi totalidad en condiciones de tormenta. En otras palabras, las playas urbanas

son incapaces de responder a cambios de largo plazo en las fuerzas oceánicas. En el

caso de la playa natural, nuestros resultados anticipan un retroceso, pero no pérdida, que
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conlleva la desaparición del área dunar localizada detrás. Un resultado destacable es la

importancia de simular las caracterı́sticas morfológicas de la playa cuando se evalúan

impactos costeros, las cuales desempeñan un papel clave en las tasas de erosión de la

playa.

El impacto económico en el turismo de sol y playa se mide mediante un experimento

de elección. Más concretamente, los resultados de retroceso de lı́nea de costa obtenidos

en el estudio de las playas urbanas se utilizan para estimar la pérdida de bienestar que

el turista experimentarı́a por la reducción del tamaño de playa, además de por otros dos

cambios ambientales provocados por el cambio climático. El perfil socioeconómico y

de viaje de los turistas, ası́ como sus preferencias hacia distintas polı́ticas orientadas a

reducir los impactos del cambio climático, se obtuvieron mediante una encuesta real-

izada en la temporada alta de 2016 en el aeropuerto de Palma (isla de Mallorca). En

general, los resultados muestran que los turistas de sol y playa tienen una disponibilidad

a pagar positiva para reducir los impactos del cambio climático. Al mismo tiempo, el

modelo logit mixto, que captura la heterogeneidad de preferencias entre los individuos,

permite observar que la pérdida de bienestar de los turistas varı́a entre sus caracterı́sticas

socioeconómicas y de viaje .
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Resum

Aquesta tesi investiga i quantifica els impactes causats pel canvi climàtic a les

costes de Illes Balears (Mediterrània occidental) des d’un punt de vista tant fı́sic com

econòmic. Dos mecanismes fı́sics, els quals suposen una amenaça per a les zones

costaneres, són considerats en aquest treball: l’augment del nivell mitjà del mar i

l’onatge. Els seus impactes s’avaluen, tant de forma separada com conjuntament, en tres

casos d’estudi que han estat seleccionats per la disponibilitat d’observacions d’onatge

costaner, posició de lı́nia de platja i topo-batimetries: dues platges urbanes (ubicades a

l’illa de Mallorca) i una platja natural (a l’illa de Menorca). La rellevància de les costes

arenoses a les Illes Balears, i en general en les comunitats costaneres de la Mediterrània,

és evident en termes de protecció costanera, però també des d’un punt de vista econòmic

ja que el turisme de sol i platja és la principal activitat econòmica de la regió.

Els impactes fı́sics a les platges s’estudien mitjançant l’ús de models numèrics amb

els quals es simula el retrocés de la lı́nia de costa, l’erosió i la vulnerabilitat de les

platges com a resultat de l’augment esperat del nivell mitjà del mar i els canvis en

l’onatge fins al 2100. La metodologia i les premisses aplicades varien depenent dels

processos hidro- i morfodinàmics necessaris per estudiar els impactes costaners en cada

cas. A més, abans d’executar els models numèrics sota condicions oceàniques futures,

les simulacions numèriques són validades amb observacions en els casos en què és

possible. Els nostres resultats per a les platges urbanes, les quals presenten passeigs

marı́tims i edificis darrere d’elles i per tant, un alt nivell d’antropització, indiquen una

pèrdua permanent de la platja d’aproximadament la meitat de la seva àrea actual. A

més, l’àrea de platja afectada per la inundació augmenta fins gairebé la seva totalitat

en condicions de tempesta. En altres paraules, les platges urbanes són incapaces de

respondre a canvis de llarg termini en les forces oceàniques. En el cas de la platja

natural, els nostres resultats anticipen un retrocés, però no pèrdua, que comporta la

desaparició de l’àrea dunar localitzada darrere. Un resultat destacable és la importància
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de simular les caracterı́stiques morfològiques de la platja, les quals tenen un paper clau

en les taxes d’erosió de la platja.

L’impacte econòmic del turisme de sol i platja es mesura mitjançant una aplicació

d’experiments d’elecció. Més concretament, els resultats del retrocés de la lı́nia de

costa obtinguts a l’estudi de les platges urbanes s’utilitzen per estimar la pèrdua de

benestar que els turistes experimentarien en un escenari futur caracteritzat per una re-

ducció de la superfı́cie de platja, a més i dos altres canvis ambientals provocats pel canvi

climàtic. El perfil socioeconòmic i de viatge dels turistes, aixı́ com les preferències dels

turistes per a diferents polı́tiques dirigides a reduir els impactes del canvi climàtic, es

van obtenir mitjanç una enquesta realitzada ala temporada alta de 2016 a l’aeroport de

Palma (Mallorca). En general, els resultats mostren que els turistes de sol i platja tenen

una disposició a pagar positiva per reduir els impactes del canvi climàtic. Al mateix

temps, el model logit mixt, que captura l’heterogeneı̈tat de preferències entre els in-

dividus, permet observar que la pèrdua de benestar dels turistes varia en funció de les

seves caracterı̀stiques socioeconòmiques i de viatge.
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Chapter 1

General Introduction

1.1 Global climate change and sea-level rise

The Intergovernmental Panel on Climate Change (IPCC), the United Nations body

for assessing the science related to climate change defined, more than a decade ago in

its fourth assessment report (IPCC 2007b), climate change as “a change in the state

of the climate that can be identified by changes in the mean and/or the variability of its

properties (. . . ) It refers to any change in climate over time, whether due to natural vari-

ability or as a result of human activity.” Since then, it has been established that human

contribution to climate change ranges between 93-123% during the period 1951-2010

(Knutson et al. 2017) due to the emission of greenhouse gases (GHG) released to the

atmosphere associated to the anthropogenic activities. Increasing GHG concentrations

and the resulting changes in the climate system have produced a cascade of global con-

sequences, from physical effects to impacts in biological and socioeconomic systems.

Among them are rising of global air and ocean temperatures, melting of snow and ice,

mean sea-level rise, changes in the intensity of North Atlantic tropical cyclone activity

and variations in precipitation rates and patterns (IPCC 2013). Given the magnitude

of the anthropogenic contribution to contemporaneous climate change, throughout this

thesis, we will refer only to human-induced changes when quoting climate change.

Among the consequences of climate change, mean sea-level rise is one of the po-

tentially most hazardous and costliest aspects, with important implications to the highly

populated coastal zones. Globally averaged, mean sea-level rise results from two causes,

namely thermal expansion of sea water (due to ocean warming) and fresh water mass in-

put from land-based ice melting (IPCC 2013). Regionally, mean sea-level trends show

significant departures from its global mean associated to patterns of differential heat

uptake, ocean circulation and surface mass redistribution fingerprints. Locally, changes

in mean sea-level exacerbate to a large extent the coastal impact of extreme sea-levels

caused by wind-waves (waves hereafter) and storm surges, as it defines the baseline

level upon which extreme events reach the coastlines (Marcos and Woodworth 2017,

Vousdoukas et al. 2017).

In the present thesis, we present the assessment of physical and economic impacts
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induced by climate change in three coastal case studies. In the following, we describe in

more detail the state-of-the-art of mean and extreme sea-level changes and their physical

and economic impacts along the coastal regions.

1.1.1 Present-day mean sea-level and future projections

Due to its importance to the coastal zones, much research has been focused on the

assessment and quantification of mean sea-level changes at spatial scales from global

to local. Very often this research uses sea-level observations that are obtained from

in-situ tide gauges, satellite radar altimetry or a combination of both. These two com-

plementary data sets differ, primarily, in the record length and the spatial and tempo-

ral resolution. On the one hand, tide gauges provide long sea-level time series (some

of them started circa 1700) with high temporal sampling although limited to a set of

coastal locations. In addition, the number of operating tide gauges has been changing

over time with a different rate over the northern and southern hemispheres (Church and

White 2011). On the other hand, remote sensing satellite altimetry data have a sig-

nificantly shorter temporal coverage, with records starting in early 1990s. However,

its near-global spatial coverage provides an improvement in the global scale sea-level

observations.

An important difference between these two sea-level data sets is their reference sys-

tem. Satellite altimetry measures sea-level with respect to the Earth’s reference ellipsoid

(termed as “absolute sea-level”), while tide gauges record the local sea-level relative to

the land upon which they are grounded. In consequence, for the two data sources to

be comparable, tide gauge records must be corrected for global and local vertical mo-

tions of the Earth’s crust (Cazenave et al. 1999, Dangendorf et al. 2017, Wöppelmann

and Marcos 2016). On the large scale, the vertical land movement is dominated by

the Glacial Isostatic Adjustment (GIA) (Peltier 2004) signal, a response of the Earth’s

crust to the melting from the Late Pleistocene ice-sheets. Conversely, local, small-scale

vertical land motions have a broader range of causes from anthropogenic (groundwater

pumping, deforestation, drainage of wetlands, etc) to natural processes (earthquakes,

volcanism and sediment compaction) (Gornitz 1995). While the GIA signal is routinely

removed from sea-level observations using solid Earth model outputs, the local verti-

cal land motions are far more difficult to address and, in general, impossible to model.

Thus, whenever possible, local vertical land motions are estimated using precise mea-

surements of ground motions provided by Global Navigation Satellite Systems (GNSS),

the most extended of which is the Global Positioning System (GPS) (Wöppelmann and

Marcos 2016).

Satellite altimetry observations have shown that mean sea-level changes are not

globally uniform but exhibit significant regional variations. These variations are the
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result of various factors, the most important of which is the variability in the steric (i.e.

density-driven) contribution that, in turn, is dominated by temperature changes, while

salinity plays a minor role (Antonov et al. 2002). Likewise, the spatial variability of the

mean sea-level responds also to surface wind stress anomalies and, to a lesser extent,

to buoyancy forcing anomalies and the intrinsic oceanic variability (Meyssignac et al.

2017). In addition, surface mass load redistribution resulting from the melting of land-

based ice-sheets (Antarctica and Greenland) and glaciers generates spatial footprints

in the gravitational field and, in consequence, also in mean sea-level (Mitrovica et al.

2001).

The study of global mean sea-level (GMSL) rise remains a matter of interest for

the scientific community, as it represents one of the metrics that measures the impact

of climate change. A number of methods exist that have reconstructed GMSL during

the last decades, using different datasets, corrections and with different assumptions.

Based on these reconstructions, the resulting linear trends of GMSL during the 20th

century range from 1.3 to 2 mm yr−1 (Church and White 2011, Jevrejeva et al. 2014,

Hay et al. 2015, Dangendorf et al. 2017, Marcos and Woodworth 2017). There is a

growing consensus in pre-altimetry GMSL rise of 1.1 ± 0.3 mm yr−1 before 1990,

while GMSL has been rising by 3.4 ± 0.4 mm yr−1 since 1993, according to altimetry

observations. Kopp et al. (2016) demonstrated that contemporaneous GMSL rise since

the early 20th century is the largest in, at least, the last 2700 years.

Future projections of GMSL changes have been obtained as the sum of the outputs

of 21 Atmospheric-Ocean General Circulation Models (AOGCMs). The uncertainties

derived of using these 21 AOGMs combined with the uncertainties in modelling the

contributions to GMSL, have been used to provide future GMSL change estimations

in terms of probability (IPCC 2013, Stammer et al. 2019). According to the last IPCC

assessment report (IPCC 2013), the future GMSL will likely be in the range of 0.36-

0.71 m (0.53 m) and 0.52-0.98 m (0.74 m) by 2100 (median values), under a moderate

RCP4.5 and a pessimistic RCP8.5 climate change scenario, respectively. Following the

IPCC nomenclature, the likely range refers to the interval 17-83% of a not symmetric

probability density function obtained from the model set and contributions spread, while

likely indicates the 66-100% probability. Regional deviations from the mean, resulting

from the processes discussed above, can reach up to 50% of the global values (Slangen

et al. 2014). In terms of coastal impacts, it is this regional/local value of mean sea-level

projections that matters, since it will determine the level upon which marine extremes

will reach the shorelines.
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1.1.2 Extreme sea-level changes

Extreme sea levels are particularly important for coastal regions since they are re-

sponsible of the major flooding and erosion events. Extreme sea-levels arise from the

combination of mean sea-level, tides, extreme waves and storm surges, although only

mean sea-level and waves are considered in the present thesis. Among them, mean sea-

level has been the largest contributor to the extreme water level during the last decades

(Marcos and Woodworth 2017, Vousdoukas et al. 2018). In addition, in shallow water

environments, non-linear interactions among these components may occur; for exam-

ple, with mean sea-level producing changing waves, tides and storm surges (e.g. Arns

et al. 2017). As occurs to mean sea-level, extreme storm surges and waves also vary

spatially. Spatial patterns of storm surges have been described at the global and regional

scales using the worldwide network of tide gauge observations (Menéndez and Wood-

worth 2010, Marcos and Woodworth 2017). Variations on waves, including extreme

waves, are more difficult to assess due to the lack of an extensive network of in-situ

observations although satellite radar altimetry and the longer term voluntary observing

ships data have been used for this purpose (Gulev and Grigorieva 2004, Young 1999).

Projections of waves during the 21st century have been obtained using atmospheric

pressure and wind fields from AOGCMs to force either dynamical or statistical models

(e.g. Hemer et al. 2013, Mentaschi et al. 2017, Vousdoukas et al. 2016). Model projec-

tions indicate that, along most of the coasts worldwide changes in sea-level extremes

are small in comparison with the projected mean sea-level rise and its associated un-

certainties (Vousdoukas et al. 2018). In other words, the major source of uncertainty in

extreme sea-level evolution during the present century is associated to projected mean

sea-level rise. In addition, over large continental shelves of shallow depths, storm surges

may be further modified by the changing bathymetry as mean sea-level rises. The same

principle applies to tidal waves, which are also expected to be modified in all coastal

points, sometimes with significant trends (Mawdsley et al. 2015).

1.2 Coastal impacts

The wide range of coastal hazards caused by mean sea-level rise (including flooding,

submersion, saltwater intrusion, permanent shoreline retreat and erosion) constitute a

major threat to coastal communities, not only for their effects on the ecosystem but

also for their impacts on coastal infrastructures, economic activities and human health.

Furthermore, these impacts can be exacerbated by short-term oceanic forces such as

storm waves, as well as by human actions (Nicholls and Cazenave 2010). This section

presents a short (and inevitably limited) review of the start-of-the-art research on these

impacts focusing on sandy coasts, as it is the central topic of this PhD dissertation. For
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the sake of clarity, the review is divided in two parts to introduce, first, the research on

the physical impacts caused by mean sea-level rise and, second, the research devoted to

quantify their economic impact.

1.2.1 Physical impacts

The variety of coastal hazards derived of sea-level rise is reflected into a wide range

of studies dealing with climate change impacts on coasts, including, for example, flood-

ing (Nicholls 2002), submersion of low-lying delta areas (Sayol and Marcos 2018),

impacts in aquifers and groundwater reservoirs (Bobba et al. 2000, IPCC 2007a), ero-

sion of cliffs and platforms (Naylor et al. 2010) and changes in intertidal ecosystems

(Alongi 2008). For a revision of the potential impacts of sea-level rise on coasts, the

reader is referred to Wong et al. (2014). Particular attention has been paid to the study

of the responses of sandy beaches, owing to their relevance to coastal protection, coastal

ecosystem, local economy and their high value for recreation and residences (Lee 2008,

Ruggiero et al. 2013, Vitousek et al. 2017, Wong et al. 2014).

Among the typology of coastal landforms (e.g. barrier islands, sea cliffs, tidal flats,

river deltas, ports, etc.), sandy coasts compose the 31% of the world’s ice-free shoreline.

Nowadays, 48% of beaches are stable, 24% are eroding at ∼0.5 m yr−1 and 28% are

accreting, according to a recent study (Luijendijk et al. 2018). However, mean sea-level

rise threatens the current state of the natural beaches around the world (Vitousek et al.

2017). The anticipation of shoreline retreat and beach erosion in response to climate

change is a challenging topic, with uncertainties arising from mean sea-level changes

but also from the difficulty of modelling the erosive impact of changing sea-levels (Le

Cozannet et al. 2019). One of the reasons is the highly dynamic character of sandy

coasts: the beach morphology, composed by non-consolidated sediment, responds rel-

atively quickly to changes in external forcing such as waves, sea-level, currents and

river flows. Likewise, its morphology affects to the same external forcing, leading to a

complex feedback system.

In addition to this complexity, the assessment of climate change impacts on beaches

involves many forcing factors acting at different temporal scales: mean sea-level rise,

storm waves, tides and currents, climate cycles, sandy supply from rivers and reefs,

tectonic processes, etc (Vitousek et al. 2017). In the present thesis, only two of these

forcing factors have been considered to assess the future changes in beaches: mean

sea-level rise and storm waves. The former acts at long-term scales, producing submer-

sion and permanent beach shoreline retreat. The latter cause temporal beach erosion

and shoreline retreat, which can, in principle, be recovered during post-storm periods.

However, since storm waves will reach the coastline on higher mean sea-levels and fur-

ther landward, the area of activity will change over time and therefore, the current beach
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states and their equilibrium, too.

The response of beaches to the oceanic forces differs from site to site, so local rather

than global assessments are required to obtain accurate projections of the potential im-

pacts of climate change on beaches (Le Cozannet et al. 2014). For instance, Revell

et al. (2011) obtained 214 km2 of land eroded by 2100 under a 1.4 m of sea-level rise

scenario in California coastal region. However, the potential erosion changes with the

type of coast: they projected a maximum of 400 m of erosion if shoreline is backed by

cliffs and a maximum of 600 m if it is backed by dunes.

Different approaches can be found in the literature aimed at evaluating the im-

pacts of climate drivers over beaches. The assumptions made to simplify the above-

mentioned problems (hydro and morphodynamic feedback and time scales) vary de-

pending on the methodology and the hydrodynamic forcing considered, as well as on

the final aim. In short, the methodologies applied in coastal modelling can be sorted in

“physics-based”, “process-based” and “empirical-based” models as well as a combina-

tion of different methods (an “hybrid approach”), aimed at obtaining accurate results in

a computationally efficient way (Vitousek et al. 2017). Physics-based numerical mod-

els are a widespread tool used to simulate the responses of the beach morphology to

different forcing actors. The numerical models that have been applied in this thesis are

described in more detail in Section 1.5. Most numerical models have been designed to

simulate the beach changes under short-term processes, such as storm events, mainly

due to the high computational demand for long model runs (Le Cozannet et al. 2014,

Ranasinghe 2016). Conversely, when numerical models are used in a climate change

context, mean sea-level rise is generally the unique ocean forcing considered, allow-

ing the study of long-term processes at beaches but neglecting the storm effects instead

(Dasgupta et al. 2007, Purvis et al. 2008).

In addition to numerical modelling, the process-based Bruun rule (Bruun 1962)

has been routinely applied for engineering purposes due to its simplicity. The Bruun

rule predicts a landward and upward displacement of the cross-shore beach profile in

response to mean sea-level rise, however, it does not consider the effect of waves on the

beach and has proved to be less reliable if accurate estimations are required (Ranasinghe

et al. 2012). In this sense, some attempts have been done to improve the Bruun rule,

such as the addition of other sediment transport contributions to the formulation or by

combining its principle with other techniques (Revell et al. 2011, Rosati et al. 2013).

Statistical techniques are another tool that allow combining mean sea-level rise and

storm waves. Due to their easy implementation and their low computational cost, these

methods can evaluate the projected changes under a wide range of ocean conditions.

However, they neglect the cumulative effect and the long-term changes on beaches since

they do not solve the physical processes involved (Ranasinghe et al. 2012, Revell et al.
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2011, De Winter and Ruessink 2017).

1.2.2 Economic impacts

Inevitably, the physical impacts associated to mean sea-level rise will adversely af-

fect human activities (Tseng et al. 2009). However, the research on the socio-economic

effects of these impacts remains limited. One exception is the study by Hinkel et al.

(2014) that, using a global perspective, analyse the effects of a scenario of 25-123 cm

of mean sea-level rise. According to their results, without adaptation measures, 0.2-

4.6% of global population is expected to experience a flood event annually in 2100,

with an associated annual cost of 0.3-9.3% of global Gross Domestic Product (GDP).

However, coastal flood damage and its associated costs will vary locally according to

the actual state of each coast, the expected number of flood events and the expected

level of adaptation.

Beyond the increasing vulnerability associated to coastal erosion and flooding events,

climate change will also impact the economic activity of coastal communities closely

linked to climate-sensitive resources (IPCC 2007c). The literature on this field has been

dominated by a couple of economic sectors such as agriculture and industry (Ahn et al.

2000, Pongkijvorasin and Chotiyaputta 2013). In contrast, the research on the impacts

of climate change on other sectors with a high dependency on climatic and natural re-

sources, like tourism, remains limited.

In this sense, travel and tourism is one of the world’s largest industries accounting

for 10.40% of global GDP in 2017 (WTTC 2018) and it has become the most impor-

tant economic activity in many coastal areas attracting hundreds of millions of people

(Moreno and Amelung 2009, UNWTO 2018). However, given that most of the recre-

ational activities undertaken in coastal environments are highly sensitive to climatic

and environmental conditions (Scott et al. 2008), climate change impacts are expected

to result in a decrease of attractiveness and therefore visitor numbers in many coastal

destinations (Uyarra et al. 2005, Gössling et al. 2012, Perch-Nielsen 2010). Publica-

tions addressing climate change impacts on tourism can be grouped into two categories

depending in wether they analyze the alteration of 1) the climatic suitability or 2) the

provision of natural resources, both determining to a great extreme the attractiveness of

the destination.

In the first case, the Tourism Climatic Index (TCI) is one of the most extended meth-

ods to capture human comfort preferences. This index, first introduced by Mieczkowski

(1985), combines air temperature, humidity, precipitation rates, hours of sunshine and

wind speed in a mathematical equation to assess the level of climate comfortability of

a certain destination. Different studies using the TCI have projected a regional and

seasonal redistribution of tourism flows as a result of the changing climate conditions
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(Amelung and Viner 2006, Bujosa and Rosselló 2013, Maddison 2001, Perch-Nielsen

et al. 2010, Scott et al. 2004, Tol 2002). Most of these works have been identified the

temperature as the main factor determining the climatic comfortability at the destination

and therefore, one of the most important parameters in the destination choice process.

In the second case, the literature aimed at studying the impact of climate-induced

environmental changes in tourism has mainly focused on winter sports (Landauer et al.

2012, Unbehaun et al. 2008), mountain (Pröbstl-Haider et al. 2015) and glacier tourism

(Vander Naald 2019). In spite of the limited attention received by coastal tourism

(Rosselló-Nadal et al. 2011, Becken 2013), some studies can be found addressing the

potential effects and loss of water transparency (Gössling et al. 2012). For instance, in

the context of a beach retreat scenario, a negative effect in the satisfaction of tourists has

been found in Barbados and Bonaire (Uyarra et al. 2005) and Playcar, Mexico (Buzinde,

Manuel-Navarrete, Yoo and Morais 2010). More specifically, Uyarra et al. (2005)

founds that 77% of tourists would be unwilling to return if the beach is largely reduced.

In order to integrate these climate-induced environmental impacts into decision-making

processes, in addition to the more usually considered climatic suitability, Perch-Nielsen

(2010) developed a vulnerability index to analyse the performance of beach tourism

under a climate change context in 51 coastal countries. Results showed that developing

countries and small islands are the most vulnerable areas in this context.

1.3 The case of the Mediterranean Sea

The potential impacts of mean sea-level rise and waves are particularly concerning

along the Mediterranean coasts. While the average population density in coastal areas

is globally 10%, it reaches 34% in the case of the Mediterranean region (Lionello et al.

2006). In addition, the Mediterranean region is one of the world’s leading sun-and-

beach tourism destination (UNWTO 2018), being one of the main economic contribu-

tors. After France, Spain is the second most visited country in Europe. About 17% of

the Spanish GDP comes from the tourism activity, being the Balearic Islands the second

most important tourist destination after Catalonia coastal regions, which highlights the

relevance of the sun-and-beach tourist sector. The importance of tourism on the GDP

is similar in other Mediterranean countries such as Croatia (∼ 17%), Greece (∼16%),

Morocco (∼16%) and Turkey (∼11%) (Ehmer et al. 2008).

From a physical perspective, the Mediterranean Sea is a marginal, deep (average

depth of 1500 m) and semi-enclosed sea. It is connected with the Atlantic Ocean

through the narrow Strait of Gibraltar that plays a key role in the water mass circu-

lation of the Mediterranean Sea. Despite its relatively small size (2.5 million km2)

in comparison with the Atlantic, the ocean and atmospheric climate is not uniform in

the Mediterranean. On the contrary, resulting from its complicated morphology and
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its location, between a subtropical area at south and temperate at north, the Mediter-

ranean climate shows strong spatial contrasts. In consequence, ocean parameters such

as sea-surface temperature, salinity or sea-level, show a relatively large spatial variabil-

ity (Lionello 2012).

The Mediterranean Sea boast some of the longest instrumental sea-level records.

The longest tide gauges (located in Marseille, Genoa and Trieste), show that, on aver-

age, mean sea-level has been rising by 1.1-1.3 mm yr−1 during the 20th century; this

includes a period between 1960 and 1990 of steady mean sea-level explained by the

local atmospheric pressure over the region (Marcos and Tsimplis 2008, Tsimplis et al.

2008). In the most recent decades, satellite altimetry reveals an average rate of mean

sea-level rise of 2.6 ± 0.2 mm yr−1 across the Mediterranean Sea during the period

1993-2015 (Marcos et al. 2016).

Given the complexity of the Mediterranean climate, high resolution numerical mod-

els are required to simulate atmospheric and oceanic processes in a realistic fashion.

These are regional models that are forced at their boundaries by global, coarser reso-

lution models, which limits their ability to simulate changes in mean sea-level as this

contribution must be introduced through a boundary condition. Despite their coarse res-

olution (state-of-the-art models range between 1 and 2 degrees in the ocean), the outputs

of AOGCMs have been regionalised to provide the spatial patterns of the different con-

tributors to mean sea-level changes under climate change scenarios (see Section 1.1.1).

The variability of the mean sea-level in the Mediterranean Sea is caused by basin-scale

processes combined with remote processes, the latter being represented as changes in

the near northeast Atlantic sea-level. Therefore, reliable projections of mean sea-level

rise in the Mediterranean should consider these two processes (Marcos et al. 2016).

In this thesis, we have accounted for all contributors to projected mean sea-level, in-

cluding, glaciers and ice sheet surface mass balance, global steric component, dynamic

topography, atmospheric pressure loading, ice sheet dynamics, groundwater depletion

and GIA, using the outputs of regionalised climate models from Slangen et al. (2014)

(Chapters 2 and 3). When applied to the western Mediterranean region, regionalised

projections from AOGCMs result in a mean sea-level rise of 23 and 26 cm (median

values) under RCP4.5 and RCP8.5 scenario, respectively, by mid-21st century and 50

and 68 cm (median values) by the end of the century.

1.4 Objectives of this thesis: a case study in the Balearic Islands

The aim of the present thesis is to assess the physical and economic impacts of

ocean climate change in the Balearic Islands. The thesis is framed within the research

project “Environmental and economic impacts of climate change on Spanish shores and

harbours” (CLIMPACT, reference number CGL2014-54246-C2-1-R), that run during

9



Alejandra R. Enrı́quez

2015-2018, funded by the Spanish Ministry of Economy. It therefore follows the gen-

eral overarching goal of the project and focuses on particular case studies to develop

the required methodologies. Located in the western Mediterranean Sea, the Balearic

Islands are an archipelago composed of four large islands: Mallorca, Menorca, Ibiza

and Formentera, and minor islands such as Cabrera and Dragonera. The coast of the

Balearic Islands is composed by rocky and sandy platforms as well as ocean cliffs.

Among them, the sandy coasts are those receiving the higher human pressure, since

beaches conform a leisure environment for locals and a tourist attraction for visitors.

Here, we have chosen three beaches to study the physical and economic impacts of

climate change. Two of them are located in Mallorca island (Playa de Palma and Cala

Millor), while the third one is in Menorca (Son Bou). The first two cases are urban

beaches, backed by promenades and buildings that limit their capacity of response to

changes in the ocean climate forcings. In addition, the sand distribution, and therefore

their aerial shapes, is conditioned by human activities driven to maximize the public

comfort. On the other hand, Son Bou beach is a natural beach backed by a wide and

vegetated dune area. In this case, the beach is able to change depending on the ocean

conditions and the sediment distribution is not conditioned by human demands.

These three beaches were chosen as case studies because they have been exten-

sively monitored by the Balearic Islands Coastal Observing and Forecasting System

(SOCIB) since 2011 (Tintoré et al. 2013). The monitoring programmes include several

measurements of topo-bathymetries, parameters of nearshore wave conditions, sedi-

ment features and shoreline measurements. All these observations have been used to

feed numerical models and to compare the simulation results against observations when

possible (Chapters 2 and 3). In addition, their distinctive characteristics allow the as-

sessment of climate change impacts under both, urban (Chapter 2) and natural (Chapter

3) environments. Chapter 4 will focus on measuring the economic consequences of

these impacts in Mallorca.

To achieve the main purpose, we first assessed the physical consequences of mean

sea-level rise and waves on coasts, in terms of surface beach loss and dune erosion. Be-

fore the design of the work, we anticipated a difference in the beach response depending

on its nature, either urban or natural, and we developed two methods accordingly. The

results were used to estimate the economic value of beach reduction for the tourists,

in addition to other two climate-induced environmental changes, namely beach closure

due to jellyfish outbreaks and loss of Posidonia oceanica seagrass, both of them associ-

ated with seawater warming. The methodology focused on the analysis of the tourist’s

preferences and their willingness-to-pay (WTP) for the introduction of policies aimed at

reducing these three climate-induced environmental changes. There is a wide variety of

methods available in the current state-of-the-art to solve coastal processes and to mea-
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sure economic values; in the next two sections of this Chapter, we provide an overview

on those that have been applied in this thesis and that summarize and complement the

information developed in more detail in the next three Chapters.

Chapters 2 and 3 have been published in indexed journals and the complete refer-

ences are indicated in their corresponding sections. Chapter 4 is currently under review,

also in an indexed journal. The contents of each Chapter are the same as in the published

(or submitted) articles, including figures and references.

1.5 Numerical simulation of physical impacts

Coasts are shaped by a wide range of physical processes: aerial sediment transport,

tides, currents, waves, river discharges, etc. However, in this thesis only the ocean hydro

(waves and mean sea-level) and coastal morphodynamic forces are accounted for, as

they are considered as the drivers that are most directly involved in the coastal response

to climate change. The waves and mean sea-level rise effects have been studied both

separately and in combination with sediment transport.

In cases where the coastal sediment transport is not accounted for, hydrodynamic

models are used to solve the wave processes. In the present thesis, two hydrodynamic

models have been used. The first one is a phase-average model, which represents the

sea surface height as a function of the wave frequency and wavelength. In other words,

it is a spectral model that provides the evolution of the wave spectrum in space and

time (Roland and Ardhuin 2014). Among all available spectral wave equation models,

SWAN model (Simulating WAves Nearshore model) (Booij et al. 1999) has been cho-

sen to simulate the wave propagation from deep water conditions up to the nearshore.

On the other hand, a nonlinear shallow water equation with non-hydrostatic pressure

model, has been used to simulate the wave phase and the surf zone dynamics such as

nonlinear shoaling, breaking of waves and run-up. In this case, SWASH model (Simu-

lating WAves till SHore) (Zijlema et al. 2011) has been chosen to simulate these more

complex wave processes. The application of SWASH is restricted to small areas due

to its high computational cost in contrast to SWAN, which allows a computationally

feasible simulation of waves in relatively large areas. These two models have been

combined, in presence of projected mean sea-level rise, to assess the shoreline changes

during the 21st century in two urban beaches, as will be developed in Chapter 2.

On the other hand, when the simulation of coastal sediment transport is required,

SWAN is combined with morphological models. Several approaches have been ap-

plied by different authors to simulate the whole coastal system (waves and sediment

transport), which differ in the assumptions taken to simplify the problem (Ranasinghe

2016). In the present thesis, two morphodynamic models have been used to simulate,

separately, the morphological changes due to short-term (storm waves) and long-term
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(mean sea-level rise) processes. The beach changes caused by storm waves have been

assessed with the XBeach model (Roelvink et al. 2009). This model solves the depth-

averaged coupled equations, resolving also the infragravity motions and wave groups

through a time-varying wave action balance equation. In addition, XBeach model solves

the sediment transport and bed level change caused by the wave groups.

For the long-term processes, Q2D-morfo (Falqués et al. 2007) has been used to

simulate the beach changes caused by mean sea-level rise. This is a nonlinear morpho-

dynamic model developed to solve large-scale shoreline dynamics. Despite it represents

the wave field and sediment transport in two horizontal dimensions, the surf processes

are not simulated, as waves are modelled through CERC parametrizations (Fredsoe and

Deigaard 1992, Smith et al. 2003). Q2D-morfo model is two-dimensional with respect

to the depth-averaged sediment flux and bed changes. As a result, this model is highly

efficient in terms of computational demands, allowing the modelling of long-term pro-

cesses. In Chapter 3, the XBeach and Q2D-morfo models have been combined with

SWAN, in order to obtain a more efficient and accurate method to assess the sediment

changes on a natural beach with sediment supply.

1.6 Assessment of economic impacts

The economic valuation of a good non existing in the market, as in the environ-

mental or healthy-related cases, is conducted by measuring the wellbeing (also called

utility) that individuals obtain from different changes of the good under valuation. In

this context, the stated preferences method is the most used technique, which translate

the individual’s choices into a welfare measure and gives a monetary value of the en-

vironmental goods (Akter and Bennett 2011, Birol and Koundouri 2008, Brouwer and

Schaafsma 2013, Nahuelhual et al. 2004, Remoundou et al. 2015). Among all existing

stated preferences techniques, the choice experiment is the most applied method in en-

vironmental studies, since it allows to measure individual’s wellbeing by studying their

preferences under hypothetical markets where the goods are offered at different prices.

In the choice experiment, the individual’s preferences are obtained through a survey

where the respondents are asked to choose a particular option among set a of alterna-

tives. From the theory of utility (Lancaster 1966), it is assumed that respondents will

choose the alternative that increase their utility the most. The alternatives are described

by a group of attributes (the goods under valuation) as well as by the levels that these

attributes take. Usually, one of these attributes is the price, so that the individual’s

preferences for an specific attribute or scenario can be traduced into monetary terms.

By using the choices made in the survey and through econometric models, it can be

elicited the individual’s utility as well the utility function for the specific case study. In

the present thesis, we use a mixed model to estimate the tourists’ utilities under different

12
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climate-induced environmental scenarios. The utility function obtained from this model

can be decomposed in a deterministic and stochastic component. The stochastic com-

ponent is defined by an error term that represents those factors affecting the individual’s

choices but unknown by the researcher. On the other hand, the deterministic component

is formed by a vector of the attributes included in the survey. In addition, the determin-

istic component is expected to vary depending on some individual’s socioeconomic and

attitude characteristics and therefore, these are collected within the survey and some

are included in the function. The welfare measure, and therefore, the monetary value,

is obtained through the estimation of the WTP for the good under valuation.

In the present thesis, we apply a choice experiment and mixed model to elicit the

tourists’ utilities under different climate-induced environmental scenarios. The respon-

dents were asked to choose among three alternatives containing three environmental

impacts: shoreline retreat due to mean sea-level rise, beach closure due to jellyfish out-

break and loss of seagrass due to water temperature rise. In addition to the choices, their

socioeconomic characteristics were recorded and included in the model. More details

of methods and results are explained in Chapter 4.
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Chapter 2

Changes in beach shoreline due to sea-level rise and waves under
climate change scenarios: application to the Balearic Islands

(Western Mediterranean).

This chapter has been published as:

Enrı́quez, A. R., Marcos, M., Álvarez-Ellacurı́a, A., Orfila, A., and Gomis, D.

(2017). Changes in beach shoreline due to sea level rise and waves under climate

change scenarios: application to the Balearic Islands (western Mediterranean). Nat-

ural Hazards and Earth System Sciences, 17(7), 1075-1089.

Abstract

This work assesses the impacts in reshaping coastlines as a result of mean sea-level

rise and changes in wave climate. The methodology proposed combines the SWAN and

SWASH wave models to resolve the wave processes from deep waters up to the swash

zone in two micro-tidal sandy beaches in Mallorca island, western Mediterranean. In

a first step, the modelling approach has been validated with observations from wave

gauges and from the shoreline inferred from video monitoring stations, showing a good

agreement between them. Afterwards, the modelling set-up has been applied to the

21st century mean sea-level and wave projections under two different climate scenarios,

representative concentration pathways RCP4.5 and RCP8.5. Mean sea-level projections

have been retrieved from state-of-the-art regional estimates, while wave projections

were obtained from regional climate models. Changes in the shoreline position have

been explored under mean and extreme wave conditions. Our results indicate that the

studied beaches would suffer a coastal retreat between 7 and up to 50 m, equivalent to

half of the present-day aerial beach surface, under the climate scenarios considered.

2.1 Introduction

Rising mean sea-levels represent one of the major threats for coastal regions, caus-

ing submersion, erosion and increased vulnerability to extreme marine events, among
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other negative impacts (Nicholls and Cazenave 2010). It is expected that such effects

will be aggravated in the coming decades as sea-level rise accelerates in response to

global warming (Church et al. 2013) and coastal population and economic growth (Han-

son et al. 2011).

Several studies have related coastline retreat during the last decades with mean sea-

level rise (e.g. Feagin et al. 2005, FitzGerald et al. 2008), although other relevant pro-

cesses have also been identified (Passeri et al. 2015). These include oceanic forcing by

wave climate and storms, direct or indirect human actions (e.g. mining activities or fluid

extraction), and local features such as coastal morphology (Cazenave and Le Cozannet

2014). Coastline retreat has important environmental impacts but also socio-economic

implications as it affects population, infrastructures and assets. The impact of mean sea-

level rise in the shoreline position has therefore become a subject of increasing concern,

particularly in densely populated regions with high urban development. This is the case

for many Mediterranean regions, whose economies, which constitute about 14% of the

total gross domestic product of the EU (Eurostat 2011), largely rely on tourism based

on beach and other seaside recreational activities. Thus, mean sea-level rise and its

potential impacts are key factors that must be incorporated in coastal risk management

and climate change adaptation measures.

In this paper, we investigate the shoreline changes in two anthropized micro-tidal

sandy beaches located in Mallorca (Balearic Islands, western Mediterranean Sea). Here,

the shoreline is defined as the water-land interface of the beach, i.e. the limit of the

swash zone. The potential impacts of a shoreline retreat would increase the vulnerability

of the nearshore infrastructures. In addition, both are typical tourism-oriented beaches

in urban environments of the Mediterranean region, so their reduction or disappearance

would be detrimental for the local economies.

The impact of mean sea-level rise along sandy coastlines consists of two processes,

namely inundation and erosion. Increased mean sea-levels allow waves and surges to

act at higher levels landward in the beach profile, increasing erosion rates (Zhang et al.

2004). However, in this study the beach erosion has not been considered, which means

that our estimates of landward migration of the coastline could be biased low if erosion

rates increase and sediments are carried offshore; in other words, what is assessed here

is the minimum impact in beach shoreline retreat. This assumption is further discussed

later. Some earlier studies have explored the potential impact of future mean sea-level

rise on shoreline changes, although without taking into account changes in the wave cli-

mate (see e.g. Wu et al. 2002, Stive 2004, Poulter and Halpin 2008, Le Cozannet et al.

2014). Others have addressed the impact of waves, including extreme events, erosion

rates, morphological changes, flooding, and vulnerability of infrastructures but some-

times without including changes in mean sea-level (see e.g. Ruju et al. 2014, Guimarães
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et al. 2015, Medellı́n et al. 2016). Here, in line with works in Villatoro et al. (2014),

we address both effects. Furthermore, our study goes beyond the “bathtub” approach

and takes into consideration the wave dynamic forces (as in, for example, Passeri et al.

2015, Plant et al. 2016, Gutierrez et al. 2011). To do so, we have used regional mean

sea-level changes retrieved from global sea-level projections, with all the different con-

tributions, in combination with regional wave projections over the western Mediter-

ranean Sea up to the year 2100 under two different climate change scenarios. The paper

is organized as follows. Section 2.2 is devoted to the description of the study areas,

the characteristics of the wave climate, the data available and the numerical approach.

The validation of the methodology, which includes the comparison between modelled

and observed shallow water waves and coastline positions, is presented in Section 2.3.

Section 2.4 describes the shoreline changes obtained under different climate change

scenarios. Finally, a summary and some conclusions are presented in Section 2.5.

2.2 Data and Methods

Cala Millor and Playa de Palma are two micro-tidal sandy beaches located in Mal-

lorca island (Balearic Islands, western Mediterranean Sea; Figure 2.1). Cala Millor is

1.7 km alongshore by 35–40 m cross-shore, with a rock bed and a small cliff at the

southernmost sector of the beach, and it is exposed to offshore waves from the NE to

ESE. Both beaches are reflective, with the Playa de Palma slope being slightly steeper

than Cala Millor.

The wave regime in deep waters has a significant wave height (Hs) of 1 m and a peak

period (Tp) of 4 s. Playa de Palma is 4 km alongshore by 30–50 m cross-shore and is

exposed to offshore wave conditions from the SE to SW, with an Hs of 0.7 m and a Tp

of 4.8 s. Figure 2.2 characterizes the mean wave regime offshore at both sites using self-

organizing maps (SOMs) that have been built with a 58-year wave hindcast (see Section

2.2.5 for more details). SOMs graphically display the distribution of Hs, Tp and wave

direction (in arrows). The results evidence that low-energy states are dominant at both

sites and that, overall, Cala Millor is more energetic than Playa de Palma.

These two beaches are considered urban beaches since they are backed by prome-

nades and buildings; therefore, the beach responses to hydrodynamic changes are re-

stricted by these features. Also, their aerial shape depends on the distribution of the

sand that is carried out by the council workers according to the tourist comfortability.

Playa de Palma and Cala Millor beaches have been part of the beach monitoring pro-

gramme of the Balearic Islands Coastal Observing and Forecasting System (SOCIB)

since 2011 (Tintoré et al. 2013). This programme includes periodic topography and

bathymetry surveys, continuous video monitoring of the shoreline position and in situ

measurements of nearshore waves and currents, among others. In addition, a dedicated
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Figure 2.1 Mallorca island with Cala Millor and Playa de Palma beaches marked
with yellow squares. SIMAR grid points used to characterize the offshore wave cli-
mate and the Capdepera wave buoy are also marked. The inset map represents the
western Mediterranean basin.

field survey (RISKBEACH) was undertaken in Cala Millor in March-April 2014, dur-

ing which higher resolution observations were obtained (Morales-Márquez et al. 2017).

Specific data used in the present work are described in the following.

2.2.1 Topo-bathymetric surveys

Bathymetry surveys were conducted using a single-beam echo sounder, BioSonics

DT/DE Series Digital Echosounder, in the Cala Millor beach and a multi-beam echo

sounder, R2Sonic2020, in Playa de Palma. The final spatial resolution is 1 m cross-

shore and 2 m alongshore in Cala Millor and 0.5 m x 0.5 m in Playa de Palma. These

measurements were complemented with topographies of the aerial beach obtained using

a survey-grade RTK-GPS (Real Time Kinematic Global Position System) mounted in

a backpack carried by a human walker. These detailed beach topo-bathymetries were

surveyed under calm conditions.

2.2.2 Hydrodynamic data

In Cala Millor, nearshore hydrodynamic data were obtained from three directional

Acoustic Waves and Currents (AWACs) sensors located at 8, 12 and 25 m water depths;

the AWACs were deployed as part of the RISKBEACH field survey, which covered 12

March to 14 April 2014. Offshore hourly hydrodynamic data have been recovered from

Capdepera buoy, located 36.45 km northeast of Cala Millor at 48 m depth (see Figure
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Figure 2.2 Playa de Palma and Cala Millor self-organizing maps (SOMs). SIMAR
databases are shown in 100 cells displaying the more representative deep water sea
conditions at the Playa de Palma (a) and Cala Millor (b) beaches. The blue colour
illustrates the frequency of the sea states, together with the Hs in metres (yellow to red),
the period in seconds (white to black) and the direction in arrows. It can be seen that
the more energetic conditions come from the SW in Playa de Palma and from the NE in
Cala Millor, the higher frequency waves are also low-energy at both sites.

2.1 for location). The buoy has been operative during the period 1989-2014 as part of

Puertos del Estado (the Spanish holding of harbours) buoys network. On the other hand,

in Playa de Palma, wave data came from a coastal buoy located at 23 m depth and an

acoustic Doppler current profiler (ADCP) deployed at 17 m depth, both operating since

January 2012 as part of the SOCIB beach monitoring programme.

2.2.3 Video imagery data

Five and fourteen video cameras are used to measure the coastline position along

Cala Millor and Playa de Palma beaches, respectively. These cameras are part of the

video-based coastal zone monitoring system called SIRENA developed by SOCIB and

IMEDEA (Mediterranean Institute of Advanced Studies). Departing from images taken

at 7.5 Hz, the SIRENA system generates statistical products that provide quantitative in-

formation of hydrodynamics and morphodynamics after specific post-processing (Nieto

et al. 2010). Specifically, the coastline is routinely obtained from the time image con-

sisting of the addition of all images captured during 10 min (a total of 4500 images) and

applying a post-processing of cluster classification. After applying different corrections

to overcome the coarser resolution of the far-field camera images as well as rectifying

the perspective projection, the coastline is georeferenced in a world coordinate system.

The processing of camera images involves two types of errors related to the intrinsic

and extrinsic calibrations. After images have been optically corrected, the extrinsic cali-

bration relates pixel position with real-world coordinates, and thus errors are associated

with the georeferencing (Simarro et al. 2017). Typically, resolution ranges between 0.5

and 2 pixels for Cala Millor and from 0.5 to 5 pixels for Playa de Palma. Conversely,
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pixel resolution decreases with distance, but higher resolution (∼0.2 m) is obtained at

the shore since cameras are oriented to measure this part at the centre of the image.

Only pixels where errors are less than 3 m have been considered in this study. Exem-

plarily, the pixel resolution is added to Figure 2.15 in one area with the lowest radial

resolution in Playa de Palma.

2.2.4 Numerical approach

With the aim of simulating the shoreline changes under given offshore conditions,

the SWAN (Booij et al. 1999) and SWASH (Zijlema et al. 2011) models have been

combined to resolve the wave processes from deep waters up to the swash zone. SWAN

is a third-generation wave model that solves the spectral action balance equation for

the propagation of wave spectra (http://swanmodel.sourceforge.net/). This model al-

lows an accurate and computationally feasible simulation of waves in relatively large

areas. On the other hand, SWASH is a phase-resolving non-hydrostatic model gov-

erned by the nonlinear shallow water equations with the addition of a vertical momen-

tum equation and non-hydrostatic pressure in horizontal momentum equations (http:

//swash.sourceforge.net/). Due to its computational cost, the application of SWASH is

restricted to small areas. The combination of both models allows for high-resolution

and accurate results with less computational cost.

For the present study, SWAN simulations have been performed in a stationary mode

over two regular nested grids. In Cala Millor, the coarser grid covers a domain of 21 km

x 21 km, with its lowest left vertex at 39.53◦ N, 3.38◦ E (Figure 2.3) and a resolution

of 149 m x 119 m in the x and y directions, respectively. The size of the finer grid is

9.5 km x 9.5 km, with its lowest left vertex at 39.6◦ N, 3.38◦ E and a resolution of 60

m. The coarse grid in Playa de Palma covers a domain of 21.5 km x 27.7 km, with its

lowest left vertex at 39.31◦ N, 2.5◦ E (Figure 2.4) and a resolution of 100 m x 100 m

in x and y directions. The domain of the finer grid is 13 km 10.8 km starting at 39.47◦

N, 2.58◦ E, with a resolution of 50 m x 50 m. In all cases, the SWAN output consisted

of the 2-D variance energy density spectrum and the spectral parameters of propagated

wave conditions. Each output SWAN spectra corresponded to 1 h of simulation and

were used as the input wave conditions of SWASH.

SWASH simulations in Cala Millor have been performed on a 1.5 km x 3.2 km

rectangular grid, with its lowest left vertex at 39.57◦ N, 3.38◦ E, a resolution of 3 m x 3

m (Figure 2.3) and a maximum depth at 17 m. A larger SWASH domain was required

in Playa de Palma, so a 3 m x 3 m grid covering a domain of 3 km x 7 km starting at

39.47◦ N, 2.75◦ E and tilted 45◦ in order to orient the wave maker boundary parallel to

the beach, at 15 m depth, was used. The SWASH simulations lasted for 30 min, with a

time step of 0.05 s to keep the Courant number between 0.01 and 0.5.
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Figure 2.3 SWAN coarse (a) and fine (b) grids and SWASH (c) computational domains
for the Cala Millor beach. Yellow line indicates the sector where the three ADCPs are
located.

The initial wave conditions imposed at the eastern boundary in Cala Millor and at

the southwestern boundary in Playa de Palma corresponded to the 2-D variance energy

density spectrum field provided by the corresponding SWAN simulations.

The simulations of SWAN and SWASH were performed with the same over-land

extent as the width of the beaches, that is, 35-40 m in Cala Millor and 30-50 m in

Playa de Palma. The SWASH model requires a rectangular computational grid, so

dummy values were used behind the measured topography in order to complete the

computational grid, given that the beach width is not uniform. The final output of

the model combination consists of instantaneous water level elevations in the whole

domain and the position of the coastline at each time step. The shoreline simulated

is obtained as a mask of wet-dry points on the computational grid, providing the limit

of flooding at each time step and mesh position. More precisely, the SWASH model

obtains the moving shoreline ensuring non-negative water depths for a one-dimensional

case (|u|∆t)/(∆x) ≤ 1. Flooding never happens faster than one grid size per time step,

which is physically correct. Thus, the calculation of the dry areas does not need any

special feature.

Finally, the PETRA model is used to evaluate the changes in the beach profile un-
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Figure 2.4 SWAN coarse (a) and fine (b) grids and SWASH (c) computational domains
for Playa de Palma. Yellow dots indicate the locations of the shallow water wave buoy
and ADCP.

der the different sea-level and wave conditions, in order to assess the limitations of the

assumption of the unchanged profile. PETRA is a cross-shore beach model that sim-

ulates the sediment transport along a single beach profile. It takes into account both

the hydrodynamic conditions and the conservation of sand to study the response in 1-D

shape. The wave conditions are computed as a phase-averaged model and the sediment

transport is calculated using different formulations. The reader is referred to González

et al. (2007) for detailed information of this model.

2.2.5 Forcing of numerical models

The SWAN-SWASH model set-up described in Section 2.2.4 has been run under

present-day and future climate conditions in both domains. The first step aims at val-

idating the model performance, for which the present-day runs, forced with realistic

offshore waves, have been compared against measured nearshore wave parameters. In

the present-day runs deep water conditions were retrieved from the SIMAR database

(Pilar et al. 2008), which is a 58-year wave reanalysis generated with the WAM model

(WAMDI Group 1988). The reanalysis, which is freely distributed by Puertos del Es-

tado, covers the western Mediterranean and provides 3-hourly wave data up to 2011
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and hourly data since then. The two closest SIMAR grid points to each of the domains

were selected to force the SWAN model for the periods of validation (as detailed later).

Although this data set has already been evaluated against observations (Pilar et al. 2008,

Martı́nez-Asensio et al. 2013, 2016), we have further compared the output with the off-

shore waves observed at Capdepera buoy in order to ensure the reliability of the forcing

in the particular periods and locations studied here (Section 2.3.1). The mean sea-level

rise is included simply by indicating the still water-level corresponding to the mean

sea-level in the projections by 2100.

Once validated, the model set-up has been forced under future climate conditions.

To do so, projected mean sea-level rise together with changes in the wave climate have

been run. A summary of the values used for mean sea-level and waves is presented in

Table 2.1. Regarding mean sea-level, projections by 2100 have been estimated follow-

ing (Slangen et al. 2014), who provided the regional distribution of the different con-

tributors to sea-level change under two climate change scenarios, namely representative

concentration pathway (RCP)4.5 and RCP8.5 (Moss et al. 2010). These are representa-

tive of moderate and large emission scenarios, respectively. Slangen et al. (2014) used

an ensemble of 21 atmosphere-ocean coupled general circulation models (AOGCMs)

from the Coupled Model Intercomparison Project Phase 5 (CMIP5) archive to estimate

changes in ocean circulation and heat uptake contribution, atmospheric loading, land ice

contribution (including all glaciers, ice caps and ice sheets on Greenland and Antarc-

tica), groundwater depletion and mass load redistribution worldwide, together with the

associated uncertainties for each term. As the regional distribution of each component

was provided, we selected the Mediterranean region and averaged the sum of the com-

ponents as the input for projected mean sea-level rise. The results lead to a regional

mean sea-level rise of 48 ± 23 cm and 67 ± 31 cm by 2100 for RCP4.5 and RCP8.5,

respectively. Uncertainties quoted correspond to 1σ deviation from the ensemble mean

(Slangen et al. 2014). Such values are thus consistent with the widely adopted values

of sea-level rise and the definition of the future climate scenarios (Brunel and Sabatier

2009, Tamisiea and Mitrovica 2011, Church and White 2011, IPCC 2013).

Changes in the wave climate during the 21st century have been obtained from re-

gional wave projections over the western Mediterranean (Aznar et al. 2016). These

projections were carried out using the WAM model with a spatial resolution of 1/6◦

(over the same grid as the SIMAR database) and forced with a set of dynamically-

downscaled surface wind fields from AOGCMs. A total of six simulations were used,

five corresponding to the A1B scenario and one to the A2 scenarios (IPCC 2000). Each

projection was accompanied by a control simulation representing the climate of the last

four decades of the 20th century, as it is usual practice. As the regional wave pro-

jections were computed before the adoption of the new set of RCP scenarios, for the
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Climate scenario Cala Millor Playa de Palma

Sea level rise (mean

±1σ, in cm)

RCP4.5 48±23

RCP8.5 67±31

Hs (in m)
A1B

1.1 0.64
A2

Hs 10-year return

period, (in m)

A1B
4.5 4.4

A2

Table 2.1 Input condition of the model set-up under climate change scenarios for the
two beaches. See the text for details on their computation.

purposes of the work, it is assumed here that the A1B (A2) scenario is equivalent to

RCP4.5 (RCP8.5). One of these simulations is exemplarily represented in Figure 2.5,

in which the evolution of Hs under the A2 scenario is depicted for the mean regimen

(Figure 2.5a) and for the extremes (Figure 2.5b). Changes in the mean and extreme

wave regimes have been assessed by computing the differences between the values av-

eraged over the period 2080-2100 (from the future projections, in blue in Figure 2.5)

and those averaged over 1980-2000 (from the control simulations, in black in Figure

2.5). These differences reach 0.2 m under calm conditions and up to 0.3 during an ex-

treme event. The obtained differences were then added to the hindcasted values from

the reanalysis, which represent the best approach to the actual present-day climate (in

red in Figure 2.5). For each beach, the closest grid points (the same location as for the

SIMAR database) were selected to simulate the future wave climate. At the point rep-

resentative of the deep water wave regime of Cala Millor, the resulting values for mean

Hs were 1.20 and 0.95 m for the A2 and A1B scenarios, respectively, while in Playa

de Palma the values were 0.63 m and 0.65, respectively. The storm events have been

assessed computing the 10-year return periods by fitting a generalized Pareto distribu-

tion to each time series. The values obtained were 4.5 and 4.2 m under the A2 and A1B

climate change scenarios in Cala Millor and 4.3 and 4.4 m in Playa de Palma. Given the

similarities between the two wave climate change scenarios, a single (average) value

for the simulations has been used (see Table 2.1). Regarding the wave direction, the

changes are negligible and remain unchanged in the future simulations.

In summary, six wave simulations have been carried out for each site to predict the

shoreline changes under mean conditions: one for each of the two mean sea-level rise

scenarios (RCP4.5 and RCP8.5) and one for their respective upper and lower uncer-

tainty limits (i.e. plus 1σ and minus 1σ). Please note that, for the sake of simplicity,

hereinafter we will refer to 1±σ as our upper and lower uncertainty limits, respec-

tively. In addition, four simulations have been performed for extreme conditions; due
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Figure 2.5 Return periods in the A2 scenario for future projections (blue dashed line),
control simulation (black dotted line) and hindcast (red line). Note that there are dif-
ferent time periods for the series as well as the overlapping of hindcast and control
scenarios. The red line indicates the 1st day of hindcast time series.

to computational constraints, we focused on the two highest mean sea-levels for each

scenario, that is, the occurrence of the 10-year return level storm occurring over the two

mean sea-level scenarios and their upper limit (i.e. for the mean value and the mean

value +1σ).

2.3 Evaluation of model setup under present-day climate condi-
tions

2.3.1 Comparison with wave observations

As described above, the SIMAR wave reanalysis has been taken as representative of

the offshore wave conditions and used to force the numerical model set-up. To illustrate

its reliability, the time series at the closest grid point in Cala Millor has been compared

against observations from the nearby Capdepera buoy. The time series and scatter plots

of the measured and modelled statistical wave parameters (Hs, Tp, θ) are shown in Fig-

ures 2.6 and 2.7 for a 3-month period (January- March 2014). The root mean square

error (RMSE) and the correlation coefficient (ρ) between observed and modelled pa-

rameters are quoted in the figures. Results show that the hindcast agrees well with the

observed Hs and Tp with correlations over 0.8 and a small RMSE. For wave direction,

however, the correlation decreases down to 0.5, mostly due to the fact that the WAM

resolution cannot properly resolve the coastal topography near the SIMAR location. A

closer look at Figure 2.6 (bottom panel) reveals that SIMAR contains waves from the

NW (315◦) which are not recorded by the buoy. However, waves from the dominant

directions (i.e. from N, 0◦, to SE, 135◦) are not affected, and, therefore, Hs and Tp have
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enough accuracy to represent the wave climate of this offshore area.

Figure 2.6 Capdepera buoy observations (blue) and hindcasted SIMAR (black) time
series of Hs, Tp and wave direction. RMSE and correlation are quoted for the wave
direction.

Figure 2.7 Scatter plots of buoy observations vs. SIMAR hindcast for Hs (a) and Tp
(b). RMSE and correlation are quoted in each figure.

Despite the differences found in the wave direction, the advantages of using reanal-

ysed data instead of observations for the input wave in SWAN are evident: first, the

modelled time series are complete, while observations are often gappy; and second, the

deep water waves can be propagated over large domains, thus providing values close

to our two areas of study. Although the validation of the numerical hindcast is limited

to a single grid point close to Cala Millor, previous assessments (e.g Martı́nez-Asensio

et al. 2013) also validated this hindcast, and it is therefore assumed that the reanalysis

is equally valid for Playa de Palma.

The output of the SWAN model has been validated against observations in the two

beaches. In Cala Millor the results of SWAN forced with SIMAR data were compared

with nearshore wave observations during the period from 14 March to 14 April 2014
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ADCP 8 m ADCP 12 m ADCP 25 m

RMSE BIAS Corr. RMSE BIAS Corr. RMSE BIAS Corr.

Hs (m) 0.13 0.01 0.97 0.18 0.03 0.95 0.23 0.11 0.95

Tp (s) 1.21 0.02 0.94 1.24 0.01 0.94 1.22 -0.22 0.93

θ (◦) 25.60 6.30 0.74 29.20 3.65 0.80 40.43 14.20 0.72

Table 2.2 Comparison between SWAN results and nearshore wave observations in the
Cala Millor beach. The period spanned by the series is from 14 March to 14 April 2014.

(i.e. a total of 755 h of simulation). The closest grid points of the SWAN model to each

of the three directional wave ADCPs were selected. Resulting correlations, RMSEs and

biases are listed in Table 2.2 for the three ADCPs and for the three wave parameters.

Overall, the statistical parameters show good agreement between measurements and

the model output, with correlations over 0.9 for Hs and Tp and over 0.7 for the wave

direction. To further illustrate the model performance, observed and modelled time

series are plotted in Figures 2.8 and 2.9. Both reflect the ability of the model to capture

the magnitude and variability of nearshore waves. Nevertheless, during the storm events

recorded (as in 28 March), the model underestimates the observed Hs by up to 30 cm.

Figure 2.8 Hs, Tp and wave direction as modelled by SWAN and observed at the ADCP
deployed at 12 m depth in the Cala Millor beach.

In Playa de Palma, the simulated waves have been compared with the observations

from a buoy moored at 23 m depth and with an ADCP at 17 m depth for the period from

1 to 30 September 2015 (i.e. a total of 720 h of simulation). The results are summarized

in Table 2.3 and the time series are plotted in Figures 2.10 and 2.11 Like in Cala Millor,

there is a good agreement in Hs with correlations over 0.9. For Tp, however, observa-

tions display higher variability than modelled data, which makes the correlations drop

to 0.32–0.34 and the bias reach 0.4—0.6 s for the buoy ADCP, respectively (see Figure
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Figure 2.9 SWAN vs. ADCP scatter plots of Hs (a) and Tp (b) in Cala Millor.

2.11). Possible reasons for this discrepancy are the instrumental noise in measurements

and/or the influence of local wind within the SWAN domain. The differences between

observed and modelled wave directions are also larger than in Cala Millor, with non-

significant correlations. The reason for the discrepancies in wave direction is probably

the inability of the model to accurately represent the wave diffraction occurring at the

SE of the bay of the Playa de Palma, where the buoy and the ADCP are located. This

area is protected by a headland (see Figure 2.4) that may cause worse results in wave

direction.

Buoy 23 m ADCP 17 m

RMSE BIAS Corr. RMSE BIAS Corr.

Hs (m) 0.19 0.12 0.95 0.17 0.09 0.95

Tp (s) 0.56 0.40 0.32 1.74 0.60 0.34

θ (◦) 46.19 18.5 0.29 49.4 30.9 NS

Table 2.3 Comparison between SWAN results and nearshore wave observations in
Playa de Palma. The period spanned by the series is from 1 to 30 September 2015.

2.3.2 Comparison with observed shoreline position

A total of four and three simulations have been carried out with the SWASH model

for the Cala Millor and Playa de Palma beaches, respectively, in order to validate the

model results with measurements of shoreline positions. The dates chosen for the vali-

dation correspond to dates in which the video monitoring provided good quality images,

with them being also close to the dates when the bathymetry surveys were performed

(they are listed in Tables 2.4 and 2.5). Wave makers were defined at the eastern bound-

ary of the SWASH model domain in Cala Millor and at the southwestern boundary in
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Figure 2.10 Hs, Tp and wave direction as modelled by the SWAN model and observed
at the buoy deployed at 23 m depth in Playa de Palma.

Figure 2.11 . SWAN vs. ADCP scatter plots of Hs (a) and Tp (b) in Playa de Palma.

Playa de Palma, in both cases with the SWAN wave conditions. These input wave con-

ditions for the validation process are specified in Tables 2.4 and 2.5 for the indicated

dates.

Observed and modelled shoreline changes for each case study have been compared

in Figures 2.12 and 2.13 along the two beaches. Results show that the modelled shore-

lines line up with observations in all cases. In Cala Millor the agreement is better in the

central part of the beach, while some differences are found in the northern and south-

ernmost sector. It is important to remark that images obtained from the beach cameras

are increasingly uncertain with the distance from the cameras (Section 2.2.3 for de-

tails). Therefore, part of the difference between the measured and simulated shoreline

at the ends may come from this error in measurements. In Playa de Palma only the

area between 39.51 and 39.53◦ N is used for the comparison as this is the stretch of the

shoreline where the video system has the requested quality. We will also restrict the
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discussion on future projections to this sector.

The RMSEs and biases between observations and model results have been calcu-

lated for each case and are listed in Tables 2.4 and 2.5. These statistics must be set

in a proper context in order to evaluate how good the model performance is. To do

so, the temporal variability of the shoreline position has been estimated as the standard

deviation (cross-shore) at each alongshore position for which 10 coastlines measured

from video monitoring have been used. In Cala Millor, higher variability is observed,

calculated between April and May 2014, in the central part of the beach (mean value

of 8.4 m) and lower towards the ends, with a mean value along the entire beach of 5.5

m. Figure 2.14 shows the shorelines simulated for the case studies (red lines), the cor-

responding measured shorelines (blue lines) and the variability of the shoreline (grey

area), zoomed in around an area at the centre of the beach. In the case of Playa de

Palma, the shoreline displays a cross-shore variability of 6 m in the area around the

centre of the beach and lower at the extremes, with a mean value of 3 m, as calculated

with observations between August and October 2014. The results are plotted in Figure

2.15 in which again the central area has been zoomed in, in order to highlight the dif-

ferences. Notably, the modelled shorelines are very similar to each other, because the

forcing is also similar in the three case studies.

Hs (m) Tp (s) θ (◦) RMSE (m) BIAS (m)

27 March 1.6 8.3 13 5.7 3.2

28 March 0.8 7.9 28 2.7 -0.6

1 April 0.5 5.5 137 6.5 -3.2

2 April 1.1 5.7 134 5.4 -3.2

Table 2.4 Dates and forcing conditions of the SWASH simulations and results of the
validation against observed shoreline position in the Cala Millor beach.

Hs (m) Tp (s) θ (◦) ) RMSE (m) BIAS (m)

03 Sept. 0.4 3.7 154 6.1 1.5

15 Sept. 0.6 6.7 223 5.9 1.7

28 Sept. 0.4 2.7 47 5.8 1.4

Table 2.5 Dates and forcing conditions of the SWASH simulations and results of the
validation against observed shoreline position in Playa de Palma.
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Figure 2.12 Observed (black) and modelled by SWASH (red) shoreline positions in
Cala Millor.

2.4 Shoreline changes under climate change scenarios

Since the model performance for present-day climate conditions is considered to be

satisfactory, the same model set-up has been used to assess the response of the shoreline

under future climate change scenarios. Shoreline changes were simulated for both mean

conditions and extreme waves (the latter being defined here as Hs corresponding to the

10-year return level) for the RCP4.5 and RCP8.5 climate change scenarios.

Future projected changes in shoreline have been evaluated assuming that the present-

day beach profile remains constant. In order to check the limitations of this assumption,

we have run a numerical one-dimensional model capable of estimating profile changes

under different mean sea-level conditions. The model used here is PETRA (González

et al. 2007), and it has been run for the central profile of each beach under the condi-

tions of no sea-level rise and 0.5 and 0.9 m of sea-level rise and wave mean regime.

The results of the model are plotted in Figure 2.16 for both beaches, zoomed in to the

nearshore sector where the largest changes are expected. Profile changes are, at most,

20 cm under the highest sea level rise of 0.9 m; that is, in these environments profile

changes due to mean sea-level rise are of the order of sandbar formation and mostly

eroding the berm. We therefore have considered the variations in the beach profile to be

negligible and the assumption of constant beach profile to be reasonable in this context.

A second assumption in our climate change simulations is that the beach shape
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Figure 2.13 Observed (black) and modelled by SWASH (red) shoreline positions in
Playa de Palma.

remains unchanged under future conditions. This means that we consider a constant

direction in the mean wave energy flux. Thus, any redistribution in the alongshore

sediments is neglected in front of the hydrodynamic response to increased mean sea-

level. The present-day modelled coastline has been used as a reference to assess the

changes under climate change scenarios. The loss of aerial beach, defined here as the

landward migration averaged over the entire beach, is indicated in Tables 2.6 and 2.7

for each simulation and for the mean and extreme conditions expected under climate

change scenarios. For the extreme conditions, the maximum loss is also listed. In

addition, Figures 2.17 and 2.18 illustrate the maximum change in the shoreline position

obtained for Cala Millor and Playa de Palma (corresponding to extreme wave conditions

under the RCP8.5 1+σ scenario). Major changes are projected to occur in the central

part of the Cala Millor beach, where the higher variability is shown in Figure 2.14.

Larger relative impacts (loss of width), however, are projected towards the extremes of

the beach, as these are the narrower sectors. In Playa de Palma, the projected changes

in the shoreline are quite uniform along the beach.

Since projected changes in Hs by 2100 are small, their potentially hazardous effects

depend primarily on the mean sea-level with which they are combined. In Cala Millor,
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Figure 2.14 Modelled (red) and observed (blue) shorelines positions in Cala Millor
with mean shoreline position (black line) and its standard deviation (grey shadow)
zoomed in to the central sector.

the averaged coastline retreat ranges between 7 m under the moderate low scenarios and

24 m with the highest sea-level rise considered. During extreme wave conditions the

shoreline would retreat up to 29 m on average and may reach 49 m at some parts of the

beach. With such values the flooding would reach the urbanized area over the prome-

nade. However, it must be pointed out that the topography does not include the height

of the wall backing the beach and the simulations were stopped there, so the flooding

extension could actually be underestimated. In Playa de Palma the average coastline

retreat ranges from the 7 m obtained for the low scenario to the 21 m obtained for the

upper limit considered here. Under extreme conditions, the loss of the beach in Playa

de Palma increases with higher mean sea-level rise, and, in all the cases investigated,

the water level reaches the promenade at least in part of the domain (Table 2.7).
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Figure 2.15 Modelled (red) and observed (blue) shorelines positions in Playa de Palma
with mean shoreline position (black line), its standard deviation (grey shadow) and the
resolution of the pixels of the cameras (orange shadow).

Figure 2.16 Changes in the cross profile in Cala Millor (a) and Playa de Palma (b) in
the nearshore area under different sea levels.
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Sea Level Rise (climate

scenario ± uncertainty, in cm)

Mean conditions Extreme conditions

Mean loss (m) Mean loss (m) Max loss (m)

0.25 (RCP4.5 -1σ) 7.2 - -

0.36 (RCP8.5 -1σ) 10.7 - -

0.48 (RCP4.5) 11.7 18.5 29.4

0.67 (RCP8.5) 17.5 21.8 38.0

0.71 (RCP4.5 +1σ) 17.5 24.6 39.5

0.98 (RCP8.5 +1σ) 24.2 29.0 49.3

Table 2.6 Loss of aerial beach (defined here as the landward migration of the shoreline
averaged over the entire beach) for both the mean and extreme conditions expected
under climate change scenarios in Cala Millor (in m). For the extreme conditions, the
maximum loss is also quoted.

Sea Level Rise (climate

scenario ± uncertainty, in cm)

Mean conditions Extreme conditions

Mean loss (m) Mean loss (m) Max loss (m)

0.25 (RCP4.5 -1σ) 7 - -

0.36 (RCP8.5 -1σ) 8.2 - -

0.48 (RCP4.5) 11.3 17 30

0.67 (RCP8.5) 14.8 20.5 30

0.71 (RCP4.5 +1σ) 15.7 23.4 30

0.98 (RCP8.5 +1σ) 21.4 27.9 30

Table 2.7 Loss of aerial beach (defined here as the landward migration of the shoreline
averaged over the entire beach) for both the mean and extreme conditions expected
under climate change scenarios in Playa de Palma (in m). For the extreme conditions,
the maximum loss is also quoted.
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Figure 2.17 Present-day shoreline position (in black) and landward migration (in red)
in the worst case scenario (mean sea-level rise under RCP8.5 and extreme wave condi-
tions) by the end of the 21st century in the Cala Millor beach.

Figure 2.18 Present-day shoreline position (in black) and landward migration (in red)
in the worst case scenario (mean sea-level rise under RCP8.5 and extreme wave condi-
tions) by the end of the 21st century in Playa de Palma.
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2.5 Summary and conclusions

This paper has investigated the capabilities of state-of-the-art numerical models to

reproduce the changes in the shoreline position in the Cala Millor and Playa de Palma

beaches. These two case studies were selected for two main reasons. First, they are

representative of many other anthropized beaches in the Balearic Islands (and of many

other beaches of the Mediterranean Sea): they are beaches located in urbanized areas,

backed by walls, and therefore with limited possible landward migration of the shore-

line. Second, these two sites are part of the beach monitoring programme carried out

by SOCIB, and, consequently, a wide and complete set of observations are available,

allowing the validation of the numerical models against measurements. Furthermore,

the two beaches are exposed to offshore wave conditions from different directions and

different wave heights, with Playa de Palma being located inside a bay and Cala Millor

facing the open sea.

Much effort has been devoted to the validation of the model set-up to ensure that

the chosen combination of SWAN-SWASH models is able to reproduce the shoreline

variability within a reasonable accuracy. In both cases, modelled and observed Hs from

nearshore instruments were in very good agreement, with correlations over 0.9. This

increases our confidence in the forcing of the SWASH model. In turn, a satisfactory

correspondence between the observed and modelled shoreline position has been found.

The agreement between modelled and observed shorelines was better in the central

sector of the beaches. This is because the observations derived from the video moni-

toring system are more reliable close to the location of the cameras and also because

the SWASH model configuration requires a smooth bathymetry which can misrepresent

some parts of the shore, as is the case of the southernmost sector of Cala Millor where

a rock bed and a small cliff distort the wave field.

Regarding the projections of the shoreline changes under climate scenarios of mean

sea-level and wave climate, a major assumption of our study is that the morphology of

the beach will not change in the future. That is, both the beach shape and the profile will

be the same under the climate conditions at the end of the century. It is well known that

beach profile evolves in response to storms, moderate wave conditions and mean sea-

level rise causing changes in the beach morphology (e.g. erosion followed by recovery

episodes, see Short 1996, Simeone et al. 2014, Smallegan et al. 2016, Davidson-Arnott

et al. 2002). It has also been demonstrated that the changes in the beach profile play

a smaller role in the shoreline retreat due to mean sea-level rise and waves. On top

of the above reasons, numerical approaches reproducing the long-term morphological

response of the beach are still very limited (e.g. Ranasinghe et al. 2012).

Under the assumptions outlined above, we have found that the retreat in the future

shoreline at both sites, Cala Millor and Playa de Palma, are primarily a consequence of
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waves acting onto a higher mean sea-level. It must be mentioned that changes in the

wave climate are small and the impact of extreme waves increases mostly because they

are projected to occur concurrently with higher sea-levels. The results indicate that the

beach regression varies between 7 and 24 m along Cala Millor and between 7 and 21 m

in Playa de Palma, depending on the climate change scenario considered. This loss is

further exacerbated under moderate (return period of 10 years) storm conditions, which

may induce a temporary flooding reaching over 49 m in Cala Millor and 30 m in Playa

de Palma, thus likely overtopping the walls of the promenade. The Playa de Palma

coastal retreat is lower than in Cala Millor due to the steeper slope of the beach profile.

As pointed out above in the introduction, the approach proposed here does not consider

beach erosion, which means that the above estimates are conservative and could be

biased low if erosion acts by removing beach sediments and accelerating aerial beach

loss (Brunel and Sabatier 2009).

Playa de Palma and Cala Millor, like many other typical urban Mediterranean beaches,

are subject to high touristic pressure, especially during the summer season, and thus

concentrate valuable assets and infrastructures. Since tourism constitutes the main eco-

nomic activity of a large fraction of the region, the social, environmental and economic

impacts of future mean sea-level rise are anticipated if no adaptation measures are im-

plemented.
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Chapter 3

Assessing beach and dune erosion and vulnerability under sea-level
rise: a case study in the Mediterranean Sea.

This chapter has been published as:

Enrı́quez, A. R., Marcos, M., Falqués, A., and Roelvink, D. (2019). Assessing beach

and dune erosion and vulnerability under sea level rise: a case study in the Mediter-

ranean Sea. Frontiers in Marine Science, 6, 4.

Abstract

In this study, we estimate the shoreline retreat, the vulnerability and the erosion

rates of an open beach-dune system under projected mean sea-level rise and the action

of wind-waves (separately and in combination). The methodology is based on the com-

bination of two state-of-the-art numerical models (XBeach and Q2D-morfo) applied in

a probabilistic framework and it is implemented in an open sandy beach in Menorca

Island (Western Mediterranean). We compute the shoreline response to mean sea-level

rise during the 21st century and we assess the changing impacts of storm waves on the

aerial beach-dune system. Results demonstrate the relevant role that the beach back-

shore features, such as the berm, play as coastal defence, reducing the shoreline retreat

and dune vulnerability rates in the near-term (a few decades ahead) and highlighting

the importance of simulating the beach morphodynamic processes in coastal impacts

assessments. Our findings point at mean sea-level rise as the major driver of the pro-

jected impacts over the beach-dune system, leading to an increase of ∼25% of the

volume eroded due to storm waves by the end of the century with respect to present-day

conditions.

3.1 Introduction

Projected mean sea-level rise in response to increased greenhouse gasses concentra-

tions and its combination with land subsidence and other oceanic forces such as wind-

waves and storm surges affect the coastal zone, increasing coastal vulnerability, erosion
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rates and shoreline retreat among other potential impacts (Nicholls 2002, Idier et al.

2013, Ranasinghe 2016). These coastal damages are expected to have numerous nega-

tive social consequences since the littoral is the most populated zone worldwide (Small

et al. 2003). As a consequence, the economy of the littoral areas will be also affected

because of its strong dependence on the coastal environmental resources (Gössling et al.

2012, Bujosa 2014).

Given the threats that climate change and the associated mean sea-level rise pose to

the coastal regions, the assessments of future coastal vulnerability have become topic

research issues in the last years (Nicholls 2002, Revell et al. 2011, Idier et al. 2013,

Le Cozannet et al. 2014, Ranasinghe 2016, Luijendijk et al. 2018, Sayol and Marcos

2018) as well as their socio-economic consequences (Small et al. 2003, Dasgupta et al.

2007, Gössling et al. 2012). Among these, studies focused on sandy shores, mostly

beaches, are very common because this type of coasts is subject to a very high level

of human utilization (Gössling et al. 2012). One major challenge in predicting the

response of beaches to increased mean sea-level is their highly dynamic character. This

is due to the fact that their morphology responds relatively quickly to changes in the

hydrodynamic forces in action (including sea-level but also waves, currents and river

flows) in many ways. In addition, the morphological state of the beach itself affects the

hydrodynamic conditions, leading to a complex feedback between coastal morphology

and these forces.

To address these challenges, different approaches have been applied in the literature

to assess the beach alterations under projected climate change scenarios. Depending on

the hydrodynamic forcing considered and on the tools that are used, several assump-

tions are necessary in order to simplify the problem. For example, available numerical

models are generally able to simulate processes occurring at a single spatio-temporal

scale (e.g., one storm event). Thus, their application is limited in the context of climate

change (Le Cozannet et al. 2014, Ranasinghe 2016). When these are used to inves-

tigate the continuous long-term beach response, estimations have mostly considered

mean sea-level rise as the unique hydrodynamic forcing, ignoring the contribution of

waves (Purvis et al. 2008, Dasgupta et al. 2007). On the contrary, those estimations that

consider the marine extreme events (associated to storminess) combined with mean sea-

level changes and sediment transport processes, have commonly been performed using

statistical methods. In these cases, their main aim is to assess the coastal changes in spe-

cific time lapses and neglecting the cumulative effects over time, such as the continuous

long-term mean sea-level rise (Revell et al. 2011, Ranasinghe et al. 2012, De Winter

and Ruessink 2017). When coastal changes are concerned, the estimation of the shore-

line retreat is widely used as a proxy of the long-term impact of mean sea-level rise.

One simplified way to assess shoreline changes is the application of the Bruun Rule
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(Bruun 1962) that predicts an upward and landward movement of the beach profile,

controlled by the beach slope, in response to mean sea-level rise. The Bruun Rule has

proved to be a useful tool for rough coastal retreat assessments, but it is less reliable if

more accurate estimations are required (Ranasinghe et al. 2012). In addition, the Bruun

Rule highly simplifies the cross-shore sediment transport and neglects some morpho-

logical processes such as dune erosion. In consequence, there have been some attempts

to improve this simplified approach. In this respect, Rosati et al. (2013) proposed a

modified form of the Bruun Rule that included, not only the cross-shore sediment trans-

port, but also the aerial sand transport. Other studies have combined mean sea-level

rise with short-term impacts of storm waves and surges, which have been considered in

several ways. For instance, Revell et al. (2011) developed a new equation adding the

run-up contribution to the Bruun Rule in order to estimate the erosion rates at dunes

and cliff areas along the coast of California. They calculated the dune erosion based on

the recession associated with a 100-year storm event that takes place at the end of the

century using different shore slopes. Another example is found in Wahl et al. (2016)

who assessed the erosion and flooding risk in the Gulf of Mexico using a probabilis-

tic model that considered the run-up of wind-waves and the long-term mean sea-level

changes. On the other hand, several approaches have focused on the use of numerical

models to resolve the local wave propagation and the sediment transport. For instance,

De Winter and Ruessink (2017) used XBeach numerical model combined with three

climate change mean sea-level rise projections and three time horizons (years 2050,

2085, and 2200) to assess the dune erosion. They investigated the beach-dune system

effects caused by changes in wave direction on the Dutch coasts. Ranasinghe et al.

(2012) developed a simplified process-based model to estimate the coastal recession

and the volume of dune erosion due to mean sea-level rise and single storm events in

Narrabeen Beach, Australia. They performed a simulation of the combined mean sea-

level and storm wave effects and the sediment transport. Similarly, Idier et al. (2013)

investigated the vulnerability of sandy coasts in the near term at four beaches in France

in a short-term simulation using three different numerical models.

Overall, coastal impact assessments on sandy coasts usually compute erosion vol-

ume and/or shoreline retreat resulting from a single storm event and for a mean sea-level

change in a time lapse. However, they generally neglect the effect of long-term contin-

uous processes that may significantly modify the beach morphology. In this paper,

we consider long-term changes due to mean sea-level rise in a beach environment and

we infer the beach-dune vulnerability, the shoreline retreats and the dune erosion rates

resulting from the wave action. The assessment is performed under both, mean and

extreme wave conditions during the 21st century and under two climate change scenar-

ios. To address our purposes, we apply a combination of two numerical models and,
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additionally, the Bruun Rule is used to compare the numerical results with this widely

used formulation.

Our case study is Son Bou beach, located in Menorca Island (Balearic Islands, West-

ern Mediterranean). This beach-dune system is a well preserved environmental area that

has been extensively monitored during the last years. The beach has special relevance

since it constitutes a touristic point in the island and, therefore, a regional economic

source.

3.2 Data

3.2.1 Site Description

Son Bou beach is a micro-tidal (tidal components lower than 10 cm, Tsimplis et al.

1995) sandy beach located in Menorca Island (Balearic Islands, Western Mediterranean

Sea). The beach is 2.4 km alongshore, 20-30 m cross-shore and it presents a wide dune

area behind it (70 m wide, approximately) (see Figure 3.1 for location). Its shoreline

is oriented NW-SE direction and it is bounded by two rock capes. This area is part

of the beach monitoring program of the Balearic Islands Coastal Observing and Fore-

casting System (SOCIB, Tintoré et al. 2013) since 2011. The program includes peri-

odic topography and bathymetry surveys and in situ measurements of nearshore waves,

among others coastal features. The observed average wave conditions are characterized

by waves of medium to low energy with average significant wave height (Hs) of 0.52 m,

peak period (Tp) of 5.84 s and mean wave direction (θ) of 200◦. Higher waves associ-

ated to extreme events exceeding 95th and 99th quantiles, are represented by Hs of 1.37

and 2 m, which are associated with Tp of 7.9 and 8.5 s, respectively, and θ of 209◦ in

both cases. As expected, higher mean Hs (0.6 m), as well as larger directional spread,

are found at offshore conditions. Directional distributions of Hs at offshore location

and coastal buoy are shown in the right panel of Figure 3.1.

Son Bou topo-bathymetry survey was conducted in October 2011. The bathymetry

data was recorded using a single-beam echo sounder while the aerial beach was mon-

itored using a survey-grad RTK-GPS (Real Time Kinematic Global Position System)

with a spatial resolution of 5 m in both cases. Moreover, the topography of the dune

area was retrieved from the Geoportal data base, a Spanish national geographic in-

formation service1. This topo-bathymetry data was complemented with twelve beach

profiles measured during three field surveys carried out in 10/May/2012, 08/May/2013,

and 14/April/2014. The observed beach profiles have been used to quantify the intra-

model variability depending on the imposed equilibrium profile, while the bathymetry

data have been used as bottom input of the models.

1https://sig.mapama.gob.es/geoportal/
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Figure 3.1 Left panel: (a) location map of Son Bou beach, Menorca Island, Western
Mediterranean and the offshore wave data point. The buoy location and the location
of the beach profile transects are shown in (b). Right panel; directional distributions of
Hs at (c) offshore conditions and at (d) the coastal wave buoy.

3.2.2 Wave Data

Nearshore wave parameters in Son Bou (Hs, Tp, and θ) have been measured using

a directional Acoustic Waves and Currents (AWAC) sensor located at 22 m depth in the

southern part of the beach (see Figure 3.1 for location). The AWAC records consist of

hourly wave parameters spanning the period from October 2011 to September 2016.

Wave parameters in offshore conditions are retrieved from the SIMAR database

(Pilar et al. 2008), which is available upon request2. The dataset consists of a 58-year

(1958-2016) wave reanalysis over the Western Mediterranean basin generated with the

WAM model (WAMDI Group 1988) with a spatial resolution of 12.5 km. The temporal

resolution is 3-hourly from 1958 to 2011 and hourly since then. The SIMAR dataset

has been evaluated against observations in several locations showing good performance

2http://www.puertos.es/es-es/oceanografia/Paginas/portus.aspx
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when compared to in situ and remote observations (Pilar et al. 2008, Martı́nez-Asensio

et al. 2013, 2016). For our purposes, the closest grid point to Son Bou, situated at 152

m depth, has been used as representative of the offshore wave climate in the beach (see

Figure 3.1 for location).

3.2.3 Mean Sea-Level Data

Yearly mean sea-level rise projections up to 2100 for the Western Mediterranean are

obtained from the last global IPCC projections (Church et al. 2013), available through

the Integrated Climate Data Centre website hosted at the University of Hamburg3. We

consider two climate change scenarios, namely a moderate Representative Concentra-

tion Pathway (RCP4.5) and the business-as-usual RCP8.5. These projections consist

of gridded 1◦ x 1◦ sea surface height fields that include the contributions of ocean dy-

namic changes, global ocean thermal expansion, inverted barometer effect, melting land

ice from Greenland, Antarctica and glaciers, changes in land water storage and glacial

isostatic adjustment. Following Sayol and Marcos (2018), local mean sea-level rise

has been computed using the values at the closest grid point to our area of study for

all contributors, except for the ocean dynamics, for which we have used a value in

the nearby Atlantic Ocean. We have followed this approach because the Atmosphere-

Ocean General Circulation Models (AOGCMs) used to provide global projections of

climate variables have too coarse resolution as to resolve properly the water exchanges

and ocean dynamics through the narrow Strait of Gibraltar. They can properly simu-

late the sea surface height variations in the neighbouring region, though. Since mean

sea-level in the Mediterranean Sea does not differ, in the long-term, from that observed

in its vicinity, we have thus used the ocean dynamical changes in the nearby Atlantic

Ocean as representative of the whole basin. The outputs are provided as the ensemble

average of 21 AOGMs, from the Coupled Model Intercomparison Project Phase 5 plus

the corresponding uncertainties given by the 5 and 95% confidence intervals (Slangen

et al. 2014). We have neglected land subsidence as it has not been reported in this

region.

3.3 Material and methods

We recall here that we aim at estimating the shoreline retreat and the potential losses

of the beach-dune area and volume in Son Bou that are consequence of mean sea-level

rise and the action of waves during the 21st century. To do so, we perform our analy-

ses in two stages. First, we compute the shoreline changes under mean sea-level rise

and low energy wave conditions, considering sediment transport and the morphological

3http://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.html
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shifts of the beach; we also estimate the variability around the projected mean state (see

Section 3.3.2). Secondly, we use the temporal evolution of the beach profiles driven by

mean sea-level rise to assess the vulnerability of the aerial beach-dune system, defined

here as the risk of erosion due to the number of wave events reaching the dune toe as

well as the eroding capacity of these events. To achieve this, we base our approach on

a probabilistic tool (see Section 3.3.3).

3.3.1 Numerical Models

The shoreline changes in response to projected mean sea-level rise have been calcu-

lated using the Q2D-morfo numerical model, a non-linear morphodynamic model for

large-scale shoreline dynamics (Falqués et al. 2007). It considers sediment transport in

two horizontal dimensions and computes the wave field over the whole domain. How-

ever, the nearshore hydrodynamics is not considered because the sediment transport is

computed directly from the wave field through parametrizations. The longshore trans-

port is computed from the CERC formula, which assumes that the sediment transport

mainly depends on the incoming waves (Fredsoe and Deigaard 1992, Smith et al. 2003).

The cross-shore transport is proportional to the difference between the bed slope and

the slope of the equilibrium profile for each water depth so that it causes a relaxation of

the profile to the equilibrium profile. The relaxation time at each location depends on

the wave energy dissipation. Therefore, the model ignores the surf zone processes like

bar dynamics or rip currents. In summary, the model is 2DH regarding depth-averaged

sediment flux and bed updating, but not fully as it does not resolve the hydrodynamics

and is therefore called quasi two dimensional (Q2D) model. The Q2D-morfo is com-

putationally effective both in time and in computing resources, allowing the modeling

of long-term simulations.

Although it is not an open-source model yet, Q2D-morfo model has already been

successfully applied to assess shoreline changes under different wave conditions. The

first version of the model was tested by (Falqués et al. 2007) at La Barceloneta beach

(Barcelona, North-Western Mediterranean) during the period from October to Novem-

ber 2003, when two consecutive storms occurred. The results were compared against

beach bathymetry measurements allowing the model calibration. Van den Berg et al.

(2011, 2012) used the model to investigate the long-term evolution of a rectilinear coast

dominated by waves with high incidence angle, testing the model under high variabil-

ity conditions. More recently, Arriaga et al. (2017) have validated Q2D-morfo with 3

year-data from the Zandmotor mega-nourishment (Dutch coast). They have applied the

model to predict the nourishment evolution for the next 30 years using the correspond-

ing wave data projection.

So far, this model has not been used under long-term changing sea-levels. Thus, we
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assess the model capability to simulate the beach adaptation to different mean sea-level

rise scenarios and predict the evolution of the shoreline. In order to account for the

model uncertainty, it has been run using five equilibrium profiles that were obtained

from observations at the five locations indicated in Figure 3.1. Each equilibrium profile

was calculated as the average of the twelve observations for each location. In addition,

the depth closure was obtained from the wave height buoy measurements. The equi-

librium profiles have been forced to not have positive slope due to Q2D-morfo model

requirements. Imposing five equilibrium profiles, we can quantify the intra-model vari-

ability depending on this input parameter. Furthermore, we also compare the model

results with the Bruun Rule approach.

The beach erosion caused by storm waves has been simulated with the XBeach

model (Roelvink et al. 2009). XBeach is an open-source numerical model developed

to simulate morphodynamic processes caused by high-energy wave conditions. The

model solves phase-averaged coupled equations for cross-shore and longshore hydro

and morphodynamics. XBeach has become a state-of-the-art numerical model and has

therefore been widely validated. Among these works, Van Dongeren et al. (2009) com-

pared XBeach model results with field measurements at eight European sites. They

concluded that the model has skills in predicting the coastal profile, although it overes-

timates the erosion around the mean water line and the depositions at the lower beach

face. Roelvink et al. (2009) tested the morphodynamics and hydrodynamics of the

model in 1D and 2DH mode and contrasted the results with several lab and field cases.

The model showed reasonably results regarding to the dune toe retreat (correlation of

0.83 and bias of 0.05) and the sediment/erosion rates (mean correlation of 0.91 and bias

of 0.11). However, these authors also found a dune erosion overestimation of 10-15%.

McCall et al. (2010) simulated the beach morphological response after a hurricane in

Santa Rosa Island (FL, United States) in 2DH mode and compared the numerical results

with the field measurements. The model resulted in a good capability to solve processes

as over-swash, fore-dune erosion and deposition caused by a storm event. De Winter

et al. (2015) calibrated the hydrodynamics and dune erosion modules comparing the

model results with field observations at Egmond aan Zee (Netherlands) and concluded

that XBeach model simulates the magnitude of erosion volumes satisfactorily (correla-

tion coefficient up to 0.55) but overestimates the erosion volumes in regions with dune

scarps. Nowadays, XBeach model is extensively applied to assess beach impacts and

dune erosion (see for instance, Harley et al. 2011, Vousdoukas et al. 2012, Bugajny et al.

2013, Harley et al. 2016, Karunarathna et al. 2018).

Our approach to investigate the beach evolution combines both models’ capabilities:

we use of the Q2D-morfo model to simulate the beach changes due to mean sea-level

rise and then apply the XBeach model to estimate the response to storm conditions
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under the modified beach. Both models are used in 2D mode in order to account the

cross-shore and long-shore sediment transport.

Offshore waves have been propagated toward the coast using the state-of-the-art

SWAN model (Booij et al. 1999), a third-generation wave model that solves the spectral

action balance equation for the propagation of wave spectra4. Despite SWAN model is

not computational demanding, the simulation of the whole offshore wave time series (58

years of three sea state parameters) is unfeasible. To avoid this problem, the nearshore

wave data is obtained by applying a combination of numerical modeling and statisti-

cal downscaling approaches as it is explained in the following. Before using SWAN, a

Maximum Dissimilarity Algorithm (MDA) is applied to analyze trivariate (Hs, Tp, θ)

hourly time series of offshore wave parameters (Camus, Mendez, Medina and Cofiño

2011). The MDA algorithm allows selecting a representative subset of the offshore

wave climate diversity suitable to be implemented in a nearshore propagation method-

ology. The algorithm chooses the representative sea states (defined by its Hs, Tp, and

θ) of the wave climate, basing on the maximum dissimilarity with respect to the whole

wave dataset. This dissimilarity between one sea state and the others, is calculated

from the Euclidean distance. Based on previous studies (Camus, Mendez, Medina and

Cofiño 2011), 200 sea states of the offshore time series have been selected as represen-

tative of the wave climate. These sea states are the ones that have been propagated up

to the coast using SWAN model. From the resulting modified wave parameters, it is

possible to reconstruct the entire nearshore wave time series through an interpolation

technique based in radial basis functions (RBF) (Camus, Mendez and Medina 2011).

To do this reconstruction, the coefficients obtained from the RBF are applied to the

complete offshore wave series transferring them from deep to shallow water.

3.3.2 Estimation of the Shoreline Retreat

Sandy beaches are adaptable to changes in short-term hydrodynamic conditions

varying around a mean morphological state (Carter 2013, Muñoz-Perez and Medina

2010). Thus, persistent beach changes will be due to changes in long-term forces. Here,

we assume that long-term changes in the beach morphology, including the position of

the shoreline, are caused by mean sea-level rise. Therefore, we neglect the short-term

changes such as those resulting from storm events and cumulative storm effects. In

other words, we consider that the beach always recovers its equilibrium profile after

every storm, which we anticipate will likely underestimate the shoreline retreat.

We use the Q2D-morfo model to solve the sediment transport and the morphologi-

cal shifts of the beach caused by sea-level changes on a yearly basis and we impose low

energy wave conditions. In order to cover the entire uncertainty range of mean sea-level

4http://swanmodel.sourceforge.net/
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rise, we have considered four possible pathways, two of them corresponding to the en-

semble average of RCP4.5 and RCP8.5. The other two correspond to the 5% confidence

interval of the multi-model ensemble spread under the scenario RCP4.5 and to the 95%

confident interval of the multi-model ensemble spread for the RCP8.5 scenarios. In this

way, we account for the maximum (RCP8.5 95%) and minimum (RCP4.5 5%) limits

of the model ensemble, taking into account the two scenarios jointly (Figure 3.2). In

addition, constant low energy wave parameters, obtained from the more frequent low

energy AWAC measurements, are used to force the model. Wave conditions are needed

to run the model, but they are the same over the whole simulated period so that changes

in shoreline retreat are not conditioned by wave effects. Thus, we obtain the yearly

evolution of the shoreline position for each of the mean sea-level rise scenarios.

Figure 3.2 Projected sea level rise scenarios used in the present study. 5–95% refer to
the uncertainties derived from the multi-model ensemble spread of each of the two sce-
narios. The vertical lines indicate the time lapses when the erosion volume is estimated
(see Section 3.3.3).

In addition, we performed the same assessment using the Bruun Rule. The Bruun

Rule predicts a landward and upward displacement of the cross-shore sea-bed profile in

response to a mean sea-level rise as follows:

R = L ∗ S/(B + h) (3.1)

where h is the depth closure, B is the elevation of dune or berm above mean sea-

level, S is the mean sea-level change and L is the distance from the berm crest to the

h location. This formulation is based on the assumption of a balance system between

the sediment budget of the nearshore and bottom profile (Bruun 1962). In this way, the

shoreline retreat can be easily quantified from the landward displacement of the actual

shoreline location but assuming the profile shape remains unchanged.
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3.3.3 Beach and Dune Vulnerability and Erosion

We provide a measure of the dune vulnerability as the number of annual wave run-

up (R2%, the vertical height exceeded by 2% of maxima water-level) events reaching

the dune toe for each of the four mean sea-level rise scenarios. Based on the field mea-

surements, the dune toe is determined as the topographic line of 1 m height above the

current mean sea-level. We calculate the R2% with the empirical formulation developed

by Stockdon et al. (2006):

R2% = 1.1(0.35βf + 0.5(0.563β2
f + 0.004)1/2)(H0L0)

1/2 (3.2)

where βf is the foreshore beach slope, calculated from the topo-bathymetry mea-

surements, and H0 and L0 are the wave height and wave length in deep-water con-

ditions, respectively. Although the beach shoreline is shifted landward due to mean

sea-level rise (as described in Section 3.3.2), the Bruun Rule assumes that the equi-

librium state remains the same and, therefore, the foreshore beach slope (βf ) does not

change over time.

In order to increase the number of offshore wave time series, we use SIMAR data

to simulate, via Monte-Carlo, a set of 10000 time series of Hs and duration of extreme

events spanning 100 years each that are statistically consistent with present-day wave

climate, as described below. We expect mean sea-level rise to be the major driver con-

trolling the collision of waves with the dune and therefore we will not consider changes

in the wave fields during the 21st century. This assumption is supported by earlier

analyses showing only slight changes of waves in the western Mediterranean area un-

der climate change scenarios (Enrı́quez et al. 2017, Mentaschi et al. 2017, Sayol and

Marcos 2018).

The steps to build this synthetic dataset are the following: first, we select the inde-

pendent wave extreme events whose Hs exceeds the 90th percentile of Hs of the entire

series from SIMAR, since we are interested in the largest waves that may reach the

dune. We consider that these 10% highest waves are independent if they are sepa-

rated by at least 72 h. We also compute the duration for each of them. Second, we

fit univariate marginal probability distribution functions to the empirical Hs and to the

duration distributions; we select the best fit among the Generalized Pareto Distribution

(GPD), Weibull, Gamma, Log-normal and Exponential distributions, based on their

minimum log-likelihood. The results indicate that the most suitable distribution is the

GPD for both Hs and duration of the events. Third, we search the relationship between

these marginal distributions of Hs and duration using Copula functions to fit their joint

probability distribution. We fit the bivariate distribution based on the Clayton, Frank,

Gumbel and Gaussian Copulas and select the one displaying smaller root mean square

differences with the original values, which in our case is the Gaussian Copula. Fourth,
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we compute the number of events each year from our initial time series and fit a Poisson

distribution, resulting in λ around 24 (λ being the parameter of the distribution and cor-

responding to the average number of events per year), matching with previous results

that suggest a λ value between 15 and 25 (Mazas and Hamm 2017). Finally, we use

the obtained Poisson distribution to simulate the yearly distribution of wave events in

10000 time series of 100 years each; we then simulate Hs and duration of each of these

events from the bivariate distribution obtained with the Copula function. Wave Tp is

calculated for each simulated event using a linear relationship between Hs and Tp in the

original time series. The resulting set of Hs, Tp and duration represents 10000 different

realizations, each of them of 100-year long, of the highest 10% of waves, consistent

with the present-day wave climate in the study region.

The synthetic wave time series have been superimposed onto the beach profiles

modified by mean sea-level rise resulting from Q2D-morfo model and Bruun Rule sim-

ulations. Then, they are used to assess the probability of the wave run-up (computed as

R2% as indicated above, Equation 3.2) to reach the dune toe and induce dune erosion

during the 21st century.

In addition, the erosion caused by the wave events can be calculated by the XBeach

model. However, computational constraints limit our ability to provide estimates for

each event in each of the 10000 synthetic time series. Instead, we have computed

the Hs and duration corresponding to the 10-year and 100-year return periods from

the bivariate distribution described above. The corresponding waves are propagated

nearshore using the SWAN model and then, they are used to force the XBeach model at

the coast for the selected years as representative of each decade (vertical lines in Figure

3.2). This has been carried out for a single mean sea-level rise scenario, namely RCP8.5.

In order to reduce the number of simulations, the eroded volume was computed for 7

years equally spaced (vertical lines in Figure 3.2) and for moderate (10-year return

period) and high (100-year return period) extreme waves. This makes 35 simulations

for each return period (resulting from 7 time steps 5 input equilibrium profiles) with the

XBeach model, which is computationally feasible.

3.4 Results

3.4.1 Shoreline Retreat Under Mean Sea-Level Rise

Figure 3.3 represents the yearly shoreline retreat obtained from the outputs of the

Q2D-morfo model and the Bruun Rule. For the Q2D-morfo, a 20-year spin up has been

applied under low energy wave conditions and no mean sea-level rise. The spin up has

been needed to ensure that waves do not change the beach shoreline configuration so

that we can quantified the shoreline retreat caused by mean sea-level rise only. Figure
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3.3 represents the yearly alongshore average position of the shoreline for the period

ranged from 2017 to 2099 and for the two RCP4.5 and RCP8.5 scenarios (in blue and

red colours, respectively). The intramodel variability of the Q2D-morfo (shadowed ar-

eas around dashed lines in Figure 3.3) is calculated as the spread in the model results

when the set of 5 equilibrium profiles are used. For the sake of consistency, the un-

certainty in the Bruun Rule arising from the set of profile slopes is also plotted as the

shadowed area around solid lines. The comparison between the two approaches shows

that the Bruun Rule significantly overestimates the loss of aerial beach resulting from

mean sea-level rise, in agreement with earlier assessments (Esteves et al. 2009, Ranas-

inghe et al. 2012, Deng et al. 2015). In our case, we find that, by 2100, the shoreline

retreat obtained with Q2D-morfo is 12 m (9 m) on average while the Bruun Rule re-

sults in up to 28 m (19 m), under the RCP8.5 (RCP4.5) scenario. This overestimation

is not constant and increases over time, since the Bruun Rule responds faster to mean

sea-level rise. Another notable feature is that Q2D-morfo is strongly sensitive to the as-

sumed equilibrium profile. This is reflected in the intramodel uncertainties overlapping

for the two scenarios (Figure 3.3).

Figure 3.3 Shoreline retreat comparison using Q2D-morfo model (dashed lines) and
Bruun Rule (solid lines) under (a) RCP8.5 (red colour) and (b) RCP4.5 (blue colour)
scenarios. The light colours represent the uncertainties of the two scenarios and the
shadow areas represent the intra-model uncertainties.

Whatever the model used, the shoreline retreat due to mean sea-level rise is smaller

than the beach width (30 m approximately); this indicates that the dune area would not

be affected if only projected mean sea-level rise and low energy wave conditions are

taken into account. This picture may change under more energetic waves, however.

In order to quantify the variability of the shoreline induced by storm waves around

the time-variable mean response to mean sea-level rise, the shoreline position after the

annual largest storm has been obtained from the XBeach model. Due to computational

constraints, only three 100-year wave time series (generated as described in Section
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3.3.3) have been evaluated for two scenarios. Figure 3.4 shows the shoreline retreat,

averaged along-shore, with respect to the annual mean shoreline position from 2017

to 2099, under RCP4.5 and RCP8.5. Along-shore variations of the shoreline position

are represented as shadowed areas. These curves thus represent the variability of the

shoreline in addition to the retreat caused by mean sea-level rise. Changes around the

mean shoreline position resulting from mean sea-level rise are on average 12-14 m

during the 2020s, and then progressively reduce until an average value of 5-8 m during

the 2090s. We speculate that this decreasing trend is the result of the larger slope on the

fore-dune zone with respect to the beach-face slope. As it will be shown later, it does

not imply that the eroding capacity of storm waves is reducing over time.

Figure 3.4 Shoreline retreats derived from maximum annual storms and sea level rise
under two scenarios with respect to the annual mean position. Red and blue solid
lines represent shoreline retreats on average, under RCP8.5 and RCP4.5 mean sea-
level rise scenarios, respectively. Shadow areas represent the variability of shoreline
retreat along the beach and the dashed lines are the trends.

3.4.2 Beach and Dune Vulnerability and Erosion

The vulnerability of the beach-dune system is represented as the number of events

for which the associated wave run-up reaches the dune toe for every year and for each

of the 10000 synthetic 100-year time series. The beach configurations for every year are

those estimated by Q2D-morfo and the Bruun Rule under mean sea-level rise conditions

from Section 3.3.2. The results for the RCP8.5 scenario are shown in Figure 3.5, as the

annual evolution of the average number of events reaching the dune toe (bold lines). The

shaded areas indicate the standard deviation of the number of run-up events reaching to

the dune toe as a result of 10000 wave time series simulations performed.

When the shoreline evolution given by the Bruun Rule is used (Figure 3.5, green
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line), the number of events that reach the dune toe increases steadily from present until

2068, ranging from 3 to 5 annual events in the near term to more than 20. Since then,

all the events considered (that represent the top 10% of highest waves) reach the dune

toe. We recall here that the annual average number of events that exceed the 90th

percentile is 24; thus, the horizontal lines in Figure 3.5 indicate that this threshold

has been reached and that all the modelled wave events arrive, at least, up to the dune

toe. The evolution of the number of events the run-up reaches the dune toe is very

different when the results of the Q2D-morfo model are used (Figure 3.5, red line). It

shows a stable number ranging from one to two yearly events until approximately the

year 2050. Since then to 2066, the average number rapidly increases until it reaches the

maximum around the same year as with the Bruun Rule. The origin of these differences

in the initial frequency between the two methods is twofold: first, they are consequence

of the faster shoreline retreat obtained from Bruun Rule (see Figure 3.3). Second and

most important, the Q2D-morfo model progressively reduces the berm located between

the coastline and the dune, simulating its continuous erosion. Until this berm does not

disappear in response to mean sea-level rise (around 2050), the wave run-up is unable

to reach the dune because of its protective effect. When this happens, the potential for

beach and dune erosion increases rapidly.

Figure 3.5 Number of events reaching the dune toe under RCP8.5 mean sea-level rise
using the beach retreat obtained by Q2D-morfo model (solid red line) and Bruun Rule
(dashed green line) results. Shaded areas represent the standard deviation derived from
the of 10,000 wave time series simulations performed. Horizontal lines after late 2060s
indicate that all the events considered (that represent the top 10% of highest waves)
reach the dune toe.

The average number of wave run-up events that can reach the dune measures the

potential of erosion due to wave forcing. So, in the next step, in order to quantify this

erosion, we calculate the volume that is actually eroded under the action of moderate

(10-year return level) and large (100-year return level) storms. We anticipate that the
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impact of these events will strongly depend on the mean sea-level (and by extension

on the shoreline position) at their arrival; thus, we explore the induced erosion during

different decades, ranging from 2020s until 2090. The years for which the erosion

volume has been calculated are those indicated by vertical lines in Figure 3.2.

The wave parameters for 10 and 100-year return periods (RP) are 2.9 m of Hs, 8.26

s of Tp and 91 h of duration and 3.96 m, 9.5 s, and 120.5 h, respectively. The total

volume eroded, per linear m, is plotted in Figure 3.6 for the two RP and for each time

horizon. The shadowed areas correspond to the standard deviation of the erosion rates

obtained with the Q2D-model outputs fed with the five equilibrium profiles (i.e., intra-

model uncertainty), while the bold lines indicate the averaged erosion rates. The results

show that the volume of dune eroded generally increases as mean sea-level rises, even

for small values of mean sea-level rise. Note that we are propagating always the same

exact storm, whose eroding potential is, in most cases, larger with higher sea-levels.

This is not surprising, as the dunes become closer to the shoreline with higher sea-

levels. The increase is obtained for both the moderate and the large storms, but with

different evolutions (note the different vertical scales in the figure). The eroded volume

ranges from 34.1 m3/m in 2022 to 42.8 m3/m in 2088 using the 10-year RP storm (an

increase of 25.5%), while it ranges from 61.2 m3/m in 2022 to 77.7 m3/m with the

100-year RP storm (increasing 27%).

Figure 3.6 Dune-beach erosion volume taking into account the sea-level rise and the
10-year RP (dark blue line, left axis) and 100-year RP (orange line, right axis) under
RCP8.5 scenario. The shadowed areas indicate the standard deviation based on the
equilibrium profile used in the Q2D-morfo model simulations.

Figure 3.6 shows that the erosion volume increases significantly in the 2070s un-

der 100-year RP storm. This finding highlights the relevance of the timing when the

strongest storm takes place and the importance of the combined sea-level and wave ef-

fects; i.e., a storm hitting the coast without a protective berm has a stronger eroding
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potential. Figure 3.6 also reveals the same erosion in 2055 and 2066 under this 100-

year RP storm. This is indicating that, under similar mean sea-level conditions and

similar beach configurations (with or without a berm), the effect of the largest storms

is the most decisive factor in the erosion. The erosion volume of 10 years RP storms

increases gradually from 2022 to 2088, which indicates that low-to-medium wave en-

ergy conditions have limited consequences for the dune area, under the assumption of

neglecting the cumulative effect of several storms, and that the effect of mean sea-level

has a stronger weight in the erosion for moderate storms.

3.5 Conclusion

We have evaluated the response of an open sandy beach in a microtidal environment

to the impacts of mean sea-level rise and the action of wind-waves, under prescribed

climate change scenarios for the 21st century. In agreement with earlier studies (e.g.,

Ranasinghe et al. 2012), our results indicate that the widely applied Bruun Rule overes-

timates the shoreline retreat in this type of coasts; therefore, impacts assessments of, for

example, flood risks or vulnerability changes, must be considered with caution if they

are based on this approach. On the contrary, using a numerical morphodynamic model,

the shoreline retreat is slowed down due to the simulation of the berm erosion. This re-

sult highlights the relevance of the protection role of the beach and its berm, suggesting

that there are tipping points after which the dune erosion may become irreversible.

Our findings indicate that, when the morphodynamic response of the beach to rising

sea-levels is considered, its configuration, including the shoreline position, does not

change steadily even if the forcing does. The consequence is that the impacts of climate

change on the beach-dune system in Son Bou may be overlooked, especially if the

shoreline position is used as a proxy, as it is often the case. In addition, our results

suggest that the monitoring of the aerial beach, and whether it includes a protective

berm or not, could be a better alternative measurement of the response of the system to

the effects of climate change.

This study concludes that mean sea-level rise is the major driver of the projected

changes in the shoreline position in Son Bou beach, inducing an average retreat between

12 and 23 m (2-15 m) under RCP8.5 (RCP4.5) by 2100. These numbers increase up

to 25-42 m (13-22 m) under RCP8.5 (RCP4.5) when the Bruun Rule is used instead

of the Q2D-morfo model. This average value is altered under storm conditions, which

may temporarily displace the shoreline around ± 10 m in the near future and half of

that value by the end of the century. In both cases, these values are obtained under the

assumption of no cumulative storm effects. As sea-level increases so does the number

of waves that reach the dune toe and therefore the potential dune erosion. The estimated

erosion volume for the 1 in a 100 years event is ∼60 m3/m until the 2060s, when the
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berm has not yet disappeared. After that period, the potential erosion increases by 27%

only within a decade.

It is important to note that this study relies on some assumptions. First, we have

neglected changes in wave direction that may be relevant for the beach planform evolu-

tion even under fair weather conditions. Second, we have considered that the observed

equilibrium beach profile in present-day conditions remains constant under future mean

sea-level rise. This is a reasonable assumption since the main driver is mean sea-level

rise and the wave climate is not expected to change significantly. Finally, we have ne-

glected the cumulative storm effects on the beach configuration; in other words, we

have considered that the beach is able to recover its equilibrium state after every storm

episode. This assumption is necessary due to the inability of present-day numerical

models to simulate both the storm effects and the beach recovery in a realistic way for

long-term periods. But this is also a strong limitation since previous work has demon-

strated that the impact of storm groups may significantly exceed from those caused by a

single event (Ferreira 2005). Therefore, our estimates of beach-dune vulnerability and

potential erosion should be taken as a lower bound.
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Chapter 4

Measuring the economic impact of climate-induced environmental
changes on sun-and-beach tourism.

This chapter is under review as:

Enrı́quez, A. R. and Bujosa, A. (2019). Measuring the economic impact of climate-

induced environmental changes on sun-and-beach tourism. Climatic Change.

Abstract

Despite the economic importance of the tourism sector and its close relationship

to the environment and climate, substantial gaps remain in the investigation of climate

change (CC) impacts on tourism. Unlike the increasing body of literature focusing

on the alteration of the climatic suitability of tourism destinations, this paper focuses

on the impacts of CC on the provision of natural resources affecting the attractiveness

of destinations. More specifically, the paper provides an economic measurement of

climate-induced environmental changes in the coast of Mallorca (Spain), one of the

Mediterranean’s leading sun-and-beach destinations. A choice experiment is used to

elicit the willingness-to-pay (WTP) of tourists for the introduction of policies aimed

at reducing three climate-induced environmental changes. Estimated results show the

positive WTP of tourists to reduce CC impacts and find evidence of preference hetero-

geneity among individuals with different socioeconomic and travel characteristics.

Keywords: choice experiment, sun-and-beach tourism, climate-induced environ-

mental changes, Mallorca.

4.1 Introduction

Tourism is one of the world’s largest and fastest-growing industries (Amelung and

Nicholls 2014). Indeed, travel and tourism accounted for 10.40% of global gross do-

mestic product (GDP) and its direct contribution to GDP is expected to grow at an

average of 3.8% per year over the next ten years according to the World Travel and

Tourism Council (WTTC 2018). At the same time, with its close relationship to the
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environment and climate, tourism is considered a highly climate-sensitive economic

sector (Amelung and Viner 2006, Scott et al. 2009, Goh 2012). In fact, climate vari-

ability is expected to result in important impacts on tourism destinations and operators

varying substantially by geographic region (Cabrini et al. 2009).

Regardless of the economic importance of the sector and its relative vulnerability

to climate change (CC), the investigation of climate-induced impacts on tourism has

not received sufficient attention and substantial knowledge gaps remain. In different

reviews of studies addressing CC effects on tourism, Gössling et al. (2012), Becken

(2013), Rosselló-Nadal (2014) show that the focus of current publications has been

on the direct consequences of a changed climate, that is, the alteration of the climatic

suitability of tourism destinations. In particular, the literature on climate as a resource

for tourism builds on studies which seeks to identify comfortable conditions for tourists

by means of different climate indices (e.g. Scott et al. 2004, Amelung and Viner 2006,

Amelung et al. 2007, Moreno and Amelung 2009) or to develop demand models to

estimate potential shifts in tourism flows or visitation patterns as a result of CC (e.g.

Hamilton et al. 2005, Rosselló-Nadal et al. 2011, Goh 2012, Tol and Walsh 2012, Bujosa

and Rosselló 2013).

However, beyond the alteration of climatic conditions (in terms of temperature, pre-

cipitation, etc.), CC will also affect the provision of natural resources that determine,

to a great extreme, the attractiveness of any tourism destination (Gössling and Hall

2006, Gössling et al. 2012). Unfortunately, the study of climate-induced environmental

changes has received relatively less attention and, in addition, the body of this literature

has focused mainly on the effects of CC on winter tourism (Becken 2013).

The literature on the physical changes caused by CC on coastal and marine ecosys-

tems and their potential impact on tourism is still in its initial stage (Rosselló-Nadal

2014), despite the hundreds of millions of people visiting these areas (Moreno and

Amelung 2009). In this context, while a number of studies have investigated the ef-

fects of environmental changes in coral reefs, beaches and water bodies on key tourism

variables such as awareness (Ngazy et al. 2004, Buzinde, Manuel-Navarrete, Kerstetter

and Redclift 2010), satisfaction (Roman et al. 2007, Zeppel 2012) or destination choice

(Uyarra et al. 2005), there is a lack of research in assessing the long-term effect of these

changes (Gössling et al. 2012) as well as in quantifying their economic impacts (Tol

2018).

In light of this gap, the purpose of the study presented here is to provide an eco-

nomic measurement of climate-induced environmental changes in the coast of Mallorca

(Spain), one of the Mediterranean’s leading sun-and-beach destinations. The welfare

impact on the wellbeing of tourists is measured in terms of their willingness-to-pay

(WTP) for the introduction of policies aimed at reducing three climate-induced envi-
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ronmental changes using a choice experiment (CE). The CE is a stated preference non-

market valuation methodology where respondents are presented with different scenarios

describing specific changes in the levels of the good under valuation and are asked to

choose the scenario providing the highest level of wellbeing (see, for instance, Hanley

et al. 1998, Birol and Koundouri 2008, Carson and Louviere 2011).

In last years, CE have become very popular to assess the economic impact of CC

on many ecosystems such as forests and agricultural lands (Shoyama et al. 2013), river

basins (Andreopoulos et al. 2015, Chaikaew et al. 2017), wetlands (Torres et al. 2017,

Faccioli et al. 2019) as well as coastal and marine areas (Remoundou et al. 2015, Ro-

drigues et al. 2016). However, the growing literature on this field doesn’t show a special

interest for tourism and, in fact, the limited number of CE studies assessing the effects of

CC on tourists have only considered the alteration of the climatic suitability of coastal

destinations (Bujosa et al. 2018) and the impact of environmental changes on winter

sports (Unbehaun et al. 2008, Landauer et al. 2012), mountain (Pröbstl-Haider et al.

2015) and glacier tourism (Vander Naald 2019). Consequently, this paper also aims to

contribute to this limited literature by extending the use of CE to assess the WTP of

sun-and-beach tourists for climate-induced environmental changes.

The remainder of this paper is organized as follows. The next section describes the

most relevant characteristics of the application and the CE survey instrument. Section

4.3 introduces the mixed logit model used to analyze CE responses and to derive wel-

fare estimates accounting for the heterogeneous preferences of tourists. The results of

the model and the economic values estimated for the climate-induced environmental

changes are presented in Section 4.4. Finally, Section 4.5 concludes the paper.

4.2 Application and survey design

4.2.1 Climate-induced environmental changes in the Mediterranean coast

The Mediterranean region is considered, at the same time, the world’s leading

tourism destination –attracting around one fifth of international tourism arrivals world-

wide (UNWTO 2018)– and one of the most vulnerable areas to CC because of its mor-

phologic and geographical characteristics (Lionello et al. 2006, Giorgi and Lionello

2008). In this context, it is not surprising that the Mediterranean has become one of the

most studied tourism regions from the perspective of CC impacts (Scott and Hall 2012),

not only due to the large number of publication analyzing the expected changes in cli-

mate variables (e.g. Giorgi 2006, Mariotti et al. 2008) and climate extremes (Baettig

et al. 2007, Fowler et al. 2007), but also for the increasing number of studies focusing

on different ecosystem changes caused by CC such as sea-level rise, ocean warming and

acidification (e.g. Vargas-Yáñez and Salat 2007, Marcos and Tsimplis 2008, Lionello
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2012, Ruti et al. 2016).

The application presented here focuses on three climate–induced environmental

changes with a high potential to alter the attractiveness of sun-and-sand destinations

in the Mediterranean. The first one is beach retreat caused by sea-level rise because

beach access and wider beaches are among the most important determinants of beach

recreation (Whitehead et al. 2000, 2008, Landry et al. 2003, Parsons et al. 2013, Re-

moundou et al. 2015). The second environmental change considered in the application

is the loss of Posidonia oceanica meadows associated to seawater warming (Marbà and

Duarte 2010, Jordà et al. 2012, Marbà et al. 2014). This seagrass is endemic to the

Mediterranean Sea and provides significant ecosystem services by increasing, among

others, water quality and transparency which are key attributes for beach users (Barbier

et al. 2011, Hendriks et al. 2014, Marbà et al. 2014). Finally, the third environmental

change under evaluation is the increase in jellyfish population associated to seawater

warming (Attrill et al. 2007, Brotz et al. 2012). There is no doubt that the outbreaks

of this unpleasant and harmful species will affect negatively tourists in coastal des-

tinations, not only because they sting swimmers, but also because their proliferation

will force local authorities to close the beach for recreational use (Purcell et al. 2007,

Gössling et al. 2012, Purcell 2012, Remoundou et al. 2015).

4.2.2 The choice experiment

In order to evaluate the economic value of the above-mentioned climate-induced

environmental changes, three attributes have been defined in the CE application. The

selected attributes represent changes in the recreational potential of coastal ecosystems

and, hence, are expected to be relevant not only to tourists but also to policy makers

as they can alter the attractiveness of the destination. The attributes and their levels

have been defined in a comprehensible way to respondents (i.e. tourists). In addition,

the projections provided by different modelling studies (see description below) have

been considered in the definition of the expected level of the attributes in a no-action

scenario. The remaining levels of the attributes presented in Table 4.1 describe plausible

situations under different scenarios of adaptation to CC impacts.

The first attribute (beach retreat) represents the loss of beach area caused by sea-

level rise measured as the number of meters of landward shoreline retreat compared

to the current state. According to the wave simulations developed by (Enrı́quez et al.

2017),1 a shoreline retreat between 11.7 and 24.2 meters is expected in Mallorca by

2100 depending on the CC scenario under evaluation (RCP4.5 and RCP8.5). The same

authors have estimated that the loss of beach by half century will be of 8.7 meters under

1Enrı́quez et al. (2017) use SWAN and SWASH numerical models (Booij et al. 1999, Zijlema et al.
2011) to project the shoreline retreat in Mallorca.
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the above-mentioned CC scenarios. The remaining levels of the attribute (0, 2.9 and

5.8 meters), describe situations where the administration acts to reduce, completely or

partially, the expected beach retreat adopting a variety of measures.

The loss of seagrass is the second attribute in the CE described as the area of Posido-

nia oceanica meadows lost due to water temperature raise. Following the laboratory ex-

periment of Jordà et al. (2012), CC-induced seawater warming and local anthropogenic

pressures are increasing the seagrass mortality and predict that, by the middle of the

century, the present density of Posidonia oceanica meadows will be reduced by 90%.

The remaining levels of the attribute present a scenario where seagrass recovery tech-

niques are implemented and the current area of the seagrass is reduced by 36%, 57% or

72%.

The third attribute is the number of days of beach closure due to jellyfish outbreaks.

When faced with a large bloom, local authorities can take the decision to close the beach

to avoid dangerous situations caused by jellyfish. Although the adoption of this mea-

sure avoids painful stings to beach users, it also causes the discomfort and annoying of

tourists as they must move to a different beach to undertake their activities (Richardson

et al. 2009, Fenner et al. 2010). In the light of the number of actual blooms in the area

of study (see, for instance, the CIESM JellyWatch Program2) and the expected increase

in jellyfish population in the Mediterranean (Purcell et al. 2007; Kogovšek et al. 2010;

Brotz and Pauly 20123), the no-action scenario assumes that the beach will be closed

fifteen days per month by 2050. The number of days of beach closure can be reduced

to 2, 5 or 10 per month in the high season if measures are adopted to reduce the effects

on tourism of jellyfish outbreaks.

Finally, a monetary attribute has been included in the CE application to allow for

the calculation of the WTP for the three previous attributes. More specifically, the cost

attribute is defined as a tax that tourists would have to pay, per day of stay, to contribute

to a public fund aimed to financing policies intended to reduce the above-mentioned

climate-induced environmental changes. It was emphasized that residents would also

contribute to sustain the fund through the payment of local taxes and that all funds

raised would only be used to implement the presented measures. The levels of the

attribute ranged from 0 to 6 euros, based on previous CE studies in the same area (see,

for instance, Bujosa et al. 2018), the comments from focus groups and the results of a

pilot study.

The four attributes and their levels were combined to create the choice sets included
2The CIESM JellyWatch Program is devoted to monitor jellyfish blooms along Mediterranean

coasts and in the open sea and provides an interactive map of the blooms that can be consulted at
http://www.ciesm.org/gis/JW/build/JellyBlooms.php (accessed on July 23th 2018).

3Changes in the frequency of jellyfish blooms have been studied by using temporal series of observed
jellyfish densities, showing positive trends of blooms in native and invasive species in the Mediterranean.
For more details see Purcell et al. (2007), Kogovšek et al. (2010), Brotz and Pauly (2012).
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Attribute Description Levels

Beach retreat
Beach shoreline retreat due to sea

level rise (meters)
0, 2.9, 5.8, 8.7 (BAU)

Loss of seagrass
Loss of seagrass area due to water

temperature rise (%)
36, 54, 72, 90 (BAU)

Beach closure
Days of beach closure due to jellyfish

outbreaks (days a month)
2, 5, 10, 15 (BAU)

Cost
Daily tax per person aimed to reduce

the climate change impacts (euros)
0 (BAU), 1, 2, 3, 4, 5, 6

Table 4.1 Attributes and their levels

in the survey. These choice sets have been generated in c©Ngene software (version

1.1.1) using a Bayesian D-efficient design (Scarpa and Rose 2008) for a mixed logit

model. Prior information on the parameter values was derived from a preliminary

model estimated on data available from a pilot study. The experimental design has

resulted in 24 profile combinations which were blocked into four different versions of

six choice sets. Each choice set consisted of two improving alternatives and a business

as usual (BAU) option. The improving alternatives presented a scenario where action

was taken to reduce the climate-induced environmental changes based on a combination

of attribute levels from Table 4.1. In contrast, the BAU described a no-cost alternative

presenting the expected level of climate-induced environmental changes by the middle

of the century if no action is taken. Figure 4.1 gives an example of a choice card.

4.2.3 Survey and sample

The questionnaire was organised in three parts. Beyond asking about the main char-

acteristics of the trip and accommodation, the first part enquired about the importance

of different environmental problems that could affect the tourism experience in the des-

tination. The second part introduced a detailed description of the expected CC impacts

on the destination, focusing on the likely environmental changes described in Section

4.2.1, and presented the attributes and levels of the CE defined above (see Section 4.2.2

for more details). This part of the questionnaire was designed to get respondents think-

ing about the subject of the study before presenting the six choice sets (see Figure 4.1).

Finally, the third part of the questionnaire asked for socioeconomic information of re-

spondents.

Prior to the launch of the survey, a large pilot study with 100 respondents was con-

ducted to check the validity of the CE instrument, to perform preliminary statistical tests

of hypotheses and to estimate the priors of the experimental design described above.
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Figure 4.1 Example choice card.

The final survey was conducted in the departure terminal of the airport of Mallorca

from July to September 2016, coinciding with the high season, and was administered in

three languages (Spanish, English and German) by a professional surveying company.

Tourists waiting at the boarding gates were randomly intercepted by trained interview-

ers and asked to participate in a face-to-face interview. 280 individuals accepted to

participate in the survey achieving a response rate of 64.24% and an average interview

length of 13 minutes. Incomplete questionnaires and respondents who declared having

chosen the BAU alternative because they objected to a feature in the survey (e.g., the

payment vehicle) were excluded from the sample following the common practice in the

CE literature (see, for instance, the recent applications of Faccioli et al. 2015, Lundhede

et al. 2015, Remoundou et al. 2015).

Table 4.2 reports the most relevant socioeconomic characteristics of the 231 indi-

viduals included in the final sample: 51.26% women and 48.74% men. Overall, the

average respondent is 42.25 years old, has a university degree (50.18%) and a monthly

personal income of 2,088 euros. The distribution of respondents by nationality is similar

to the official records of tourists’ arrivals: German (31.19%), British (24.73%), Span-

ish (11.11%) and others (32.97%). Concerning trip characteristics, Table 4.3 shows

as individuals in the sample have taken, on average, 3.15 trips to Mallorca in the last

five years. In their last trip, the average length of stay has been of 6.35 days and the

average size of the group of individuals traveling together is 2.75. The good travel con-

nectivity, the climate and the island’s provision of beaches have been determinant in the

choice of the destination for a large part of the sample (70.00%, 69.53% and 59.14%,
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respectively). In contrast, other tourism supply attributes have only been relevant for a

smaller group of individuals: the natural heritage (10.00%), the availability of leisure

activities (7.88%), cultural and historic attractions (7.53%), price (6.81%), accommo-

dation infrastructure (4.30%) and safety (4.30%). The survey also gathered data about

the environmental problems experienced by individuals during their stay on Mallor-

can beaches. The most commonly reported problems are dirty and garbage (27.96%),

congestion (17.20%) and noise pollution (15.77%). Although less frequent, water tur-

bidity (10.03%), water pollution (6.09%), jellyfish presence (3.58%) and other kinds of

environmental degradation (3.58%) also affected a small part of sampled individuals.

Variable Mean Std. Dev.

Age (years) 42.25 14.85

Gender (percentage)

- Female 51.26

- Male 48.74

Monthly income (in euros) 2,088 1,383.90

Houshold size 2.66 1.06

Nationality (percentage)

- German 31.19

- British 24.73

- Spanish 11.11

- Others 32.97

Education (percentage)

- Primary school level 12.27

- Secondary school level 37.55

- University level 50.18

Number of respondents 231

Table 4.2 Socioeconomic characteristics of the sample.

4.3 Methods

4.3.1 The mixed logit model

In a typical CE, the choice of the respondents’ most preferred alternative is anal-

ysed using a discrete choice econometric model based on random utility maximization

(RUM). RUM models assume that the level of utility Unj that individual n derives from

an alternative j can be decomposed into a deterministic and a stochastic component
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Variable Mean Std. Dev

Number of trips to Mallorca in the last 5 years 3.15 1.67

Number of days spend in Mallorca in the

current trip
6.35 1.23

Number of individuals traveling together 2.75 1.53

Percentage of individuals considering the following attributes as key

determinant to choose Mallorca as holiday destination:

- Connectivity 70.00

- Climate 69.53

- Beaches 59.14

- Natural heritage 10.00

- Leisure activities 7.88

- Cultural and historic heritage 7.53

- Price 6.81

- Accommodation infraestructure 4.30

- Safety 4.30

- Global destination image 3.23

Percentage of individuals experiencing the following environmental

problems at beaches during their stay:

- Dirt and garbage 27.96

- Congestion 17.20

- Noise pollution 15.77

- Massive construction 10.39

- Water turbidity 10.03

- Water pollution 6.09

- Jellyfish presence 3.58

- Other kinds of environmental

degradation
3.58

Individuals planning to come back in the future (percentage)

- Yes 86.74

- No 13.26

Number of respondents 231

Table 4.3 Trip characteristics if the sample.
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(McFadden 1973, Manski 1977). According to Lancaster’s (1966) theory of value, the

deterministic component of utility is usually defined as a function linear and additive

in the vector of k observed attributes (xnj) and the vector of k coefficients to be esti-

mated (β). In contrast, the stochastic component captures the unobserved factors that

determine the choice which are unknown to the researcher (εnj).

In addition, alternative specific constants (ASC) and error components (µ) can be

included in the specification to accommodate the possibility that respondents may treat

one or more alternatives systematically different to the others that they are presented

with (Scarpa and Thiene 2005, Scarpa et al. 2007, Hess and Rose 2009, Marsh et al.

2011). This systematic difference may arise in this CE application as a result of the

fact that the BAU alternative is held constant across choice tasks whereas the remaining

(improving) alternatives are forced to vary by way of the experimental design. For this

reason, an ASC equalled 1 for the BAU alternative and 0 for the improving alternatives

has been included in the deterministic component of utility (β ′
xnj). At the same time,

an error component (µj) distributed N(0, σ2) has been added to account for different

correlations patterns between the utility of the improving alternatives and the utility of

the BAU (µj is equal to zero in the BAU alternative):

Unj = β
′
xnj + µj + εnj (4.1)

Assuming that the error term (εnj) is independent and identically distributed as Type

I extreme value, the probability that individual n chooses alternative j from choice set

J takes the familiar logit form (Hensher and Greene 2003):

Pnj =
exp(β

′
xnj + µj)

ΣJ
l=1exp(β

′xnl + µl)
(4.2)

In addition, the random parameter specification of the mixed logit model is applied

to account for the heterogeneous preferences of respondents towards the attributes in

the CE (Revelt and Train 1998, McFadden and Train 2000). For this reason, the vector

of coefficients (β) is allowed to vary among individuals with values that depend on an

underlying distribution f(·):

βn = β∗ + σνn (4.3)

where νn is the individual-specific unknown heterogeneity and σ is the standard

deviation of the distribution of βn around the mean β∗. The model can also be used

to explain preference heterogeneity based on the socioeconomic profile of respondents

(Greene and Hensher 2010). In this case, a vector of socioeconomic characteristics (yn)

can be included as additional explanatory variables in the specification to model a shift

of the mean β∗:
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β∗ = β + δyn (4.4)

where δ is the vector of estimated coefficients that capture the effect of the socioe-

conomic characteristics on the mean of the random parameter.

4.3.2 Welfare measurement

The economic interpretation of the estimated coefficients is not straightforward and

requires the calculation of the marginal rates of substitution between each attribute un-

der evaluation (beach retreat, loss of seagrass and beach closure) and the marginal

utility of income represented by the coefficient of the monetary attribute (cost). In this

way, the analysis of welfare measures follows the development of Hanemann (1984)

and assumes that the marginal rates of substitution can be interpreted in terms of the

marginal willingness-to-pay (MWTP) for a change in the level of provision of each

attribute (Hensher et al. 2005, Brouwer and Schaafsma 2013, Veronesi et al. 2014, Re-

moundou et al. 2015). Consequently, the economic value for individual n of a unitary

improvement in each attribute is measured by:

MWTPn =
βn
−βcost

(4.5)

where βn is the value of the coefficient of each climate-induced environmental

change for individual n and βcost is the coefficient of the cost attribute. The distribu-

tion of the MWTP will be obtained using the Krinsky and Robb (1986) bootstrapping

method to accommodate welfare effects among respondents with heterogeneous pref-

erences towards the attributes in the CE.

4.4 Results

The statistical analysis was conducted in NLOGIT 6 (Econometric Software, 2016)

using Halton draws with 1000 replications and accounting for the panel nature of the

data. Several distributional assumptions (normal, log-normal, triangular, constrained

triangular, etc.) and a range of socioeconomic variables accommodating heterogeneity

in the mean of the distribution were investigated for the specification of the random pa-

rameters. The results of the preferred model, their standard errors and some goodness-

of-fit measures are reported in Table 4.4. The ASC and all the attributes, except the

cost, were included as random parameters following a constrained triangular distribu-

tion (Greene et al. 2006, Kragt and Bennett 2012). The coefficient of the cost attribute

was specified as fixed to ease the estimation of the MWTP, as is done in common prac-

tice (e.g. Revelt and Train 1998, Hensher et al. 2005, Veronesi et al. 2014). In addition,

two socioeconomic characteristics of respondents (age and level of education) and two
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characteristics of the trip (the determinants to choose the destination and the environ-

mental problems at beaches) turned to be statistically significant as shifters of the mean

of the random parameter of the BAU alternative (see equation 4.4). Taking the above

into account, the utility function of the estimated models is:

Unj = (βASC
n + δ1AGEn + δ2LOW SCHOOLn + δ3DEGRADATIONn

+ δ4ACCOMODATIONn)ASCnj + β1
nBEACH RETREATnj

+ β2
nLOSS SEAGRASSnj + β3

nBEACH CLOSUREnj

+ β4COSTnj + µj + εnj
(4.6)

As shown in Table 4.4, all attribute parameters (β) are statistically significant and

have the expected sign. More specifically, the three attributes capturing the effect of

climate-induced environmental changes (beach retreat, loss of seagrass and beach clo-

sure) have a negative parameter indicating a disutility from higher levels of CC impacts.

That is, respondents are more likely to choose improving alternatives achieving a larger

reduction of the analysed environmental changes. The cost attribute is also negative

demonstrating that individuals preferred less costly alternatives. Finally, the ASC for

the no-action scenario is also negative and significant showing the disutility of respon-

dents in the BAU and, hence, a preference to implement measures to address climate-

induced environmental changes. In the same line, the error component (µ) capturing the

magnitude of the correlation between the improving alternatives is highly significant in-

dicating that these alternatives have a substantial effect on the stochastic component of

the utility. Therefore, the high degree of substitutability existent between the improving

alternatives confirms that individuals treat these alternatives systematically different to

the BAU.

Following equation 4.4, a vector of variables has been used to capture the effect of

socioeconomic characteristics on the mean of the distribution of all random parameters.

However, only the inclusion of these variables on the specification of the ASC parameter

has led to significant estimates and to better model fit. As a result, although the BAU

has a negative effect on the wellbeing of all respondents, the magnitude of this effect

varies with four socioeconomic characteristics. In this way, the estimated coefficients

of these variables (δ) accommodate heterogeneity in the mean of the distribution of the

ASC parameter.

In particular, the negative parameter of the variable age shows that, the older the re-

spondent is, the higher the disutility he will experience under the BAU scenario. At the

same time, the positive coefficient of the variable low school level indicates that indi-

viduals with a primary level of education (as well as those with no education at all) will

have a smaller disutility in the BAU compared to respondents with secondary or uni-
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Variable Coefficient St. Er.

Random parameters

Beach retreat -0.0443*** 0.012

Loss of seagrass -0.1108*** 0.024

Beach closure -0.0331*** 0.009

ASC -2.2201*** 0.832

Random parameters spread

Beach retreat 0.0443*** 0.012

Loss of seagrass 0.1108*** 0.024

Beach closure 0.0331*** 0.009

ASC 2.2201*** 0.832

Fixed coefficient

Cost -0.0418** 0.019

Heterogeneity in random parameter mean (δ)

Age -0.0432* 0.023

Low school level 1.8024** 0.825

Environmental degradation 2.1938* 1.141

Accommodation

infraestructure
1.7597** 0.836

Error component (µ)

Sigma 1.2618** 0.593

Log-likelihood -1071

Restricted log-likelihood -1522.68

McFadden Pseudo R-squared 0.2966

Number of observations 1,386

Parameters denoted by ***, ** and * are significantly

different from zero at the 1%, 5% and 10%

significance levels, respectively.

Table 4.4 Mixed logit model results.
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Attribute Mean 95% confidence

interval

Beach retreat 1.23 (0.18 to 3.74)

Loss of seagrass 0.31 (0.05 to 0.99)

Beach closure 0.90 (0.13 to 2.51)

Table 4.5 MWTP estimates: WTP per individual and day of stay, in euros. 95% confi-
dence intervals based on the 2.5th and 97.5th percentile of the simulated MWTP distri-
bution

versity levels of education. These results are in line with previous studies showing that

older and higher-educated individuals have a greater awareness towards CC (Franzen

and Vogl 2013, Lee et al. 2015, Beiser-McGrath and Huber 2018), tend to be more

concerned about the sustainability of tourism and show a more environment-friendly

behavior (Dolnicar 2004, Dolnicar et al. 2008).

The disutility faced in the BAU will be smaller also for individuals reporting other

kinds of environmental degradation problems during their stay on the beach, compared

with respondents facing other environmental problems (see Table 4.3 for the complete

list). In a similar way, individuals choosing the destination for its provision of accom-

modation infrastructure (rather than other desirable destination attributes listed also in

Table 4.3) will show a smaller disutility in the BAU. Note that, in this case, the at-

tribute which has become determinant in choosing Mallorca as holiday destination, is

not associated to its climatic and natural resources and, hence, it is not expected to be

impacted by CC. Therefore, it is not surprising that individuals visiting the destination

for its provision of accommodation infrastructure have smaller welfare impacts in a

future hypothetical CC scenario.

The estimated parameters of the mixed logit model have been used to calculate

the welfare impacts of the three climate-induced environmental changes under evalua-

tion. Following equation 4.5, Krinsky and Robb (1986) parametric bootstrapping with

1,000 pseudo-random draws has been used to construct the simulated distribution for

the MWTP per individual and day of stay. Table 4.5 presents the mean and the 95%

confidence interval of the MWTP distribution for the beach retreat, loss of seagrass and

beach closure attributes, respectively. According to these results, the beach retreat is the

attribute generating the worst impact on tourists’ wellbeing, as they are willing-to-pay

1.23 euros per day of stay to recover one meter of beach shoreline. Beach closure due

to jellyfish outbreaks also generates a high impact on tourists, with a WTP to avoid a

one-day closure of 0.9 euros, per day of stay. Finally, the WTP to recover a 1% of the

affected seagrass area is 0.31 euros, per day of stay.
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4.5 Conclusions

Estimated results show the support of tourists visiting the sun-and-beach destina-

tion of Mallorca, in Spain, to implement adaptation policies aimed at counteracting the

three climate-induced environmental changes under evaluation: beach retreat caused

by sea-level rise, the loss of Posidonia oceanica meadows and the increase in jellyfish

outbreaks, both associated to seawater warming. These findings are consistent with pre-

vious studies. First, because they confirm that beach width (Uyarra et al. 2005, Buzinde,

Manuel-Navarrete, Kerstetter and Redclift 2010, Buzinde, Manuel-Navarrete, Yoo and

Morais 2010), water quality and transparency (Englebert et al. 2008, Barbier et al. 2011,

Hendriks et al. 2014, Marbà et al. 2014) and jellyfish outbreaks (Purcell et al. 2007,

Gössling et al. 2012) are important determinants of the satisfaction of sand-and-beach

tourists. Second, because they demonstrate that CC effects on the provision of these

environmental attributes will alter the attractiveness of the destination (Gössling et al.

2012).

In addition, the results of the mixed logit model estimated in this application have

also found evidence of preference heterogeneity among individuals with different so-

cioeconomic and travel characteristics. In line with previous works (see, for instance,

Dolnicar 2004, Dolnicar et al. 2008), while older and higher-educated individuals are

more concerned with CC impacts showing a stronger support to the adoption of adap-

tation measures, tourists visiting the destination for its provision of accommodation

infrastructure will not be so concerned about climate-induced environmental changes

on coastal ecosystems and, hence, will show a weaker support to CC adaptation.

Finally, the economic impact of the above-mentioned ecosystem changes has been

inferred by measuring the MWTP, per tourist and day of stay, to introduce CC adap-

tation policies in the context of a CE application. Estimated results show that beach

retreat will generate the worst marginal impact on sun-and-beach tourists (1.23 euros),

followed by beach closure due to jellyfish outbreaks (0.90 euros) and loss of Posidonia

oceanica meadows (0.31 euros). Although to the best of our knowledge this is one of

the first attempts to measure the economic impact caused by climate-induced environ-

mental changes on the wellbeing of tourists, the results obtained here are consistent

with similar analysis performed outside the tourism field. In this setting, the most rele-

vant example is the CE by Remoundou et al. (2015) eliciting the WTP of residents for

mitigation measures against environmental changes caused by CC (affecting beach size,

biodiversity and beach closure due to jellyfish blooms) on coastal and marine ecosystem

in the Bay of Santander, Northern Spain.

Overall, there is no doubt that these findings are relevant for tourism planning as

they can guide the design of adaptation policies reducing the negative impact of CC on

the wellbeing of tourists and, in this way, minimizing the loss of attractiveness of the
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destination. However, this paper is only a first step in fulfilling the existing gap in the

literature on CC impacts on coastal tourism. Further research is needed to extend the

investigation to other coastal destinations as well as to other potential climate-induced

environmental changes to support decision-making processes oriented to reduce the

vulnerabilities and/or to exploit the new opportunities of coastal destinations in the face

of a changing climate.
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Chapter 5

Summary and Conclusions.

Beach erosion and shoreline retreat in response to mean sea-level rise have im-

portant implications for coastal communities. Beaches represent a natural protection

system against marine extremes caused by storm surges and waves and also, they

are strongly linked to touristic economic activities which are, often, central to local

economies. In this thesis, we have assessed the physical and economic impacts of

climate change focusing on three beaches as site studies, one natural and two urban,

located in the Balearic Islands (western Mediterranean). Because of their characteris-

tics and morphology, these beaches can be taken as representative of a large part of the

Mediterranean coasts.

One major development of the work has been the combination of different state-

of-the-art numerical models to simulate two oceanic mechanisms acting at different

time scales: mean sea-level rise and storm waves. The effects of these two forces on

sandy coasts have been assessed under different assumptions. First, we have analysed

the shoreline retreat in urban beaches, neglecting the sediment transport and the mor-

phological evolution, since the beach shapes are highly dependent on human activities.

This is a limiting premise that, nevertheless, has been found to be reasonable in this

context; after the work developed, we can now conclude that neglecting the sediment

transport could induce a bias in the rates of shoreline retreat. This is in fact confirmed

when simulating the sediment transport in the natural beach case study. Here, the beach

morphological features have proved to be a key point in the shoreline retreat and erosion

processes as well as in their rates.

We have applied both hydro- and morphodynamic models distinctly. In particular,

hydrodynamic models have been used to simulate the wave propagation from offshore

to nearshore conditions and, in the urban beaches, also to obtain the shoreline retreat

under mean sea-level rise. Our research has shown the good capabilities of the hydro-

dynamic models to reproduce wave propagation as well as to simulate changes in the

shoreline position under present-day climate, when compared to observations. There-

fore, we have applied the same models under projected mean sea-level rise and wave

climate changes, using regionalized projections in the western Mediterranean Sea. In

the case of the natural beach, the hydrodynamic simulation has been combined with
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morphodynamic models to assess the sediment transport and the morphological changes

caused by mean sea-level rise and waves.

We have found that both in natural and urban beaches in the Balearic Islands, mean

sea-level rise is the major driver of the projected shoreline retreat. Waves play an im-

portant role under extreme conditions (i.e., storm events), mostly because they act onto

higher mean sea-level. In the two urban beaches studied, Cala Millor and Playa de

Palma (Mallorca Island), our results project that almost the entire aerial beach will be

flooded during moderate extreme events by 2100; in addition, the permanent beach loss

due to only mean sea-level rise reaches half of the present-day area.

In the natural beach of Son Bou (Menorca Island), we have quantified the role of the

morphological changes, which have proved to be especially relevant to the magnitude

of the shoreline retreat in this type of natural beaches. The shoreline retreat slows down

when simulating the erosion of the berm caused by mean sea-level rise, highlighting the

relevance of the beach features to the coastal protection. Importantly, we have found

that the existence or disappearance of the berm controls the erosion and vulnerability

of the backward features, as the case of the dunes in Son Bou. This and the above-

mentioned results, outline the importance of simulating the sediment transport and the

morphological changes of beaches, especially in cases with land sediment input and

natural environment.

The coastal environmental degradation in the Mediterranean region in response to

marine changing conditions is expected to derive in local economic damages because

tourism, one of the most important economic activities in the region, is highly depen-

dent on the provision of natural resources, which determine the attractiveness of the

destination. In the present thesis, the economic impact of beach retreat, but also the loss

of seagrass meadows and the beach closure, has been assessed through the measurement

of the change in the tourist’s wellbeing by applying a choice experiment. Our results

confirm the tourist’s support to implement policies aimed at reducing these three envi-

ronmental changes. This support, as well as the respondent’s utility changes, has shown

to vary among individuals with different socioeconomic and travel characteristics: those

older and higher-educated respondents presented a stronger support to the adoption of

action policies. On the contrary, tourists visiting the destination for its accommodation

features and those who had already found an environmental degradation during their

visit, revealed weaker support to climate change adaptation. Interestingly, the higher

WTP has been found to be associated to the reduction of the beach retreat, pointing

at the loss of beach area as one of the most economically damaging consequences of

climate change in coastal environments.

The main results and derived conclusions discussed above can be extrapolated to

other beaches with similar tidal signal and wave climate conditions. This is the case
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of the Mediterranean coastal region that, in addition, is exposed to a similar human

pressure.
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Chapter 6

Main findings.

• The hydrodynamic models used in the present thesis, namely SWAN and SWASH,

have shown good capabilities in the simulation of wave propagation and shoreline

changes in the three beaches in the Balearic Islands, representative of the coasts

of the archipelago. The comparison to in-situ observations displays a high cor-

relation and low RMSE for wave height and wave period, although with poorer

results for wave direction.

• Mean sea-level rise is the main oceanic driving mechanism in the beach reduction

and erosion processes, in comparison with wind-waves, for both urban and natural

beaches in the Western Mediterranean Sea.

• Future projected changes in wave climate are negligible in Western Mediter-

ranean Sea, especially regarding to wave direction, according to regional wave

models.

• While mean sea-level rise will cause a permanent reduction of approximately

half of the present beach size by 2100, storm wave events will produce temporal

flooding of almost the complete present area in the urban beaches.

• The natural beach is not expected to disappear within the present century; it will

move landward, in a natural process that involves dune erosion.

• The morphological beach features (berm, slope changes, dunes, etc.) have proved

to be an efficient protection system that, in our natural beach case study, reduce

the shoreline retreat process. When these structures are not taken into account,

the beach erosion and shoreline retreat can be overestimated.

• The provision of coastal natural resources is important in the attractiveness of the

sun-and-beach tourism in the Balearic Island.

• Environmental degradation derived from climate change will causes tourist’s dis-

comfort and, therefore, an economic impact. Overall, tourists support the imple-

mentation of adaptation policies aimed to reduce these impacts.
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• Tourist’s disutility derived from climate change impacts as well as their support

to adaptation policies, varies among individuals: older and high-educated people

showed higher climate change concern and support to the action policies. On

the other hand, individuals who visited Mallorca for its provision of accommo-

dation infrastructure and those who found an environmental degradation during

their stay, exhibited lower concern of climate change effects and lower support to

adaptation policies.

• The tourist’s discomfort also varies with the three climate change impacts consid-

ered in this thesis: higher disutility is obtained for beach loss, following by beach

closure and seagrass loss.
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J., Bernon, N., Idier, D., Louisor, J. and Salas-y Mélia, D. (2019), ‘Quantifying un-
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Josey, S. A. (2016), ‘Response of the north atlantic wave climate to atmospheric modes

of variability’, International Journal of Climatology 36(3), 1210–1225.

Mawdsley, R. J., Haigh, I. D. and Wells, N. C. (2015), ‘Global secular changes in

different tidal high water, low water and range levels’, Earth’s Future 3(2), 66–81.

Mazas, F. and Hamm, L. (2017), ‘An event-based approach for extreme joint probabili-

ties of waves and sea levels’, Coastal Engineering 122, 44–59.

McCall, R. T., De Vries, J. V. T., Plant, N., Van Dongeren, A., Roelvink, J., Thompson,

D. and Reniers, A. (2010), ‘Two-dimensional time dependent hurricane overwash and

erosion modeling at santa rosa island’, Coastal Engineering 57(7), 668–683.

McFadden, D. (1973), ‘Conditional logit analysis of qualitative choice behavior’.

McFadden, D. and Train, K. (2000), ‘Mixed MNL models for discrete response’, Jour-

nal of applied Econometrics 15(5), 447–470.

Medellı́n, G., Brinkkemper, J., Torres-Freyermuth, A., Appendini, C., Mendoza, E. and

Salles, P. (2016), ‘Run-up parameterization and beach vulnerability assessment on a

barrier island: a downscaling approach’, Natural Hazards and Earth System Sciences

16(1), 167–180.

Menéndez, M. and Woodworth, P. L. (2010), ‘Changes in extreme high water levels

based on a quasi-global tide-gauge data set’, Journal of Geophysical Research: Oceans

115(C10).

Mentaschi, L., Vousdoukas, M. I., Voukouvalas, E., Dosio, A. and Feyen, L. (2017),

‘Global changes of extreme coastal wave energy fluxes triggered by intensified telecon-

nection patterns’, Geophysical Research Letters 44(5), 2416–2426.

89



Alejandra R. Enrı́quez

Meyssignac, B., Piecuch, C. G., Merchant, C. J., Racault, M., Palanisamy, H., Macin-

tosh, C., Sathyendranath, S. and Brewin, R. (2017), ‘Causes of the Regional Variability

in Observed Sea Level , Sea Surface Temperature and Ocean Colour Over the Period

1993 – 2011’, Surveys in Geophysics 38(1), 187–215.

Mieczkowski, Z. (1985), ‘The tourism climatic index: a method of evaluating world

climates for tourism’, Canadian Geographer/Le Géographe Canadien 29(3), 220–233.
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Tintoré, J., Vizoso, G., Casas, B., Heslop, E., Pascual, A., Orfila, A., Ruiz, S., Martı́nez-

Ledesma, M., Torner, M. and Cusı́, S. (2013), ‘SOCIB: the Balearic Islands coastal

ocean observing and forecasting system responding to science, technology and society

needs’, Marine Technology Society Journal 47(1), 101–117.

Tol, R. S. J. (2002), ‘Estimates of the damage costs of climate change. Part 1: Bench-

mark estimates’, Environmental and resource Economics 21(1), 47–73.

Tol, R. S. J. (2018), ‘The economic impacts of climate change’, Review of Environmen-

tal Economics and Policy 12(1), 4–25.

Tol, R. S. J. and Walsh, S. (2012), The impact of climate on tourist destination choice,

Technical report.

Torres, C., Faccioli, M. and Font, A. R. (2017), ‘Waiting or acting now? The effect

on willingness-to-pay of delivering inherent uncertainty information in choice experi-

ments’, Ecological economics 131, 231–240.

Tseng, W.-C., Chen, C.-C., Chang, C.-C., Chu, Y.-H., Tseng, W.-C., Chen, ·. C.-C.,

Chu, Y.-H. and Chang, C.-C. (2009), ‘Estimating the economic impacts of climate

change on infectious diseases: a case study on dengue fever in Taiwan’, Climatic

Change 92, 123–140.

Tsimplis, M., Marcos, M., Somot, S. and Barnier, B. (2008), ‘Sea level forcing in the

Mediterranean Sea between 1960 and 2000’, Global and Planetary Change 63(4), 325–

332.

Tsimplis, M., Proctor, R. and Flather, R. (1995), ‘A two-dimensional tidal model for the

mediterranean sea’, Journal of Geophysical Research: Oceans 100(C8), 16223–16239.

95



Alejandra R. Enrı́quez
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Vargas-Yáñez, M. and Salat, J. (2007), ‘Cambio climático en el Mediterráneo español’.
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Vousdoukas, M. I., Ferreira, Ó., Almeida, L. P. and Pacheco, A. (2012), ‘Toward re-

liable storm-hazard forecasts: XBeach calibration and its potential application in an

operational early-warning system’, Ocean Dynamics 62(7), 1001–1015.

96



Impacts of climate change on Balearic shores

Vousdoukas, M. I., Mentaschi, L., Voukouvalas, E., Verlaan, M. and Feyen, L. (2017),

‘Extreme sea levels on the rise along europe’s coasts’, Earth’s Future 5(3), 304–323.

Vousdoukas, M. I., Mentaschi, L., Voukouvalas, E., Verlaan, M., Jevrejeva, S., Jackson,

L. P. and Feyen, L. (2018), ‘Global probabilistic projections of extreme sea levels show

intensification of coastal flood hazard’, Nature Communications 9(1), 1–12.

Vousdoukas, M. I., Voukouvalas, E., Annunziato, A., Giardino, A. and Feyen, L. (2016),

‘Projections of extreme storm surge levels along Europe’, Climate Dynamics 47(9-

10), 3171–3190.

Wahl, T., Plant, N. G. and Long, J. W. (2016), ‘Probabilistic assessment of erosion

and flooding risk in the northern Gulf of Mexico’, Journal of Geophysical Research:

Oceans 121(5), 3029–3043.

WAMDI Group, T. (1988), ‘The WAM model - A third generation ocean wave predic-

tion model’.

Whitehead, J. C., Dumas, C. F., Herstine, J., Hill, J. and Buerger, B. (2008), ‘Valuing

beach access and width with revealed and stated preference data’, Marine Resource

Economics 23(2), 119–135.

Whitehead, J. C., Haab, T. C. and Huang, J.-C. (2000), ‘Measuring recreation benefits

of quality improvements with revealed and stated behavior data’, Resource and energy

economics 22(4), 339–354.

Wong, P., Losada, I., Gattuso, J., Hinkel, J., Khattabi, A., McInnes, K., Saito, Y. and

Sallenger, A. (2014), ‘Coastal systems and low-lying areas. climate change 2014: Im-

pacts, adaptation, and vulnerability. part a: Global and sectoral aspects. contribution

of working group ii to the fifth assessment report of the intergovernmental panel on

climate change’.
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