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ABSTRACT  

According to the most recent scenarios, sea level is expected to keep rising during the next 
decades because of global warming. In this context, coastal areas are highly vulnerable to 
marine and climate-related processes, such as erosion and inundation. Such processes are 
expected to cause shoreline retreat and local morphological variations with consequent loss 
in natural ecosystems, exploitable coastal land, and significant socio-economic impacts. This 
paper aims at outlining future scenarios of potential coastal inundation along the NE coastal 
sector of the Island of Gozo (Malta). The study assessed expected coastline positions for the 
investigated coastal stretch by analysing high-resolution topographic data coupled with sea 
level projections for the years 2050 and 2100, accounting also for the contribution of storm 
surges. Results are expected to sensitize local authorities and communities about potential 
threats derived from sea level rise that could a0ect coastal areas in the near future.
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1. Introduction

During the Quaternary, coastal areas worldwide have 

undergone significant morphological and environ-

mental changes as a response to glacial and post-gla-

cial sea level variations which have controlled coastal 

dynamics. During the Last Glacial Maximum (LGM), 

the Mediterranean mean sea level fell to more than 

120 m below the present-day level with consequent 

seaward coastline migration. Sea level started to rise 

during the Lateglacial as a consequence of ice melt-

ing, leading to rapid marine transgression, with 

rates up 10 mm/yr during the Early Holocene (Lam-

beck et al., 2011), and a consequent coastline 

regression. During the Late Holocene, a progradation 

phase of the Mediterranean coastal systems occurred 

as a response to a deceleration of sea level rise rates 

and an increase of ,uvial inputs (Amorosi et al.,  

2012; Barra et al., 1996; Lambeck et al., 2011; Romano 

et al., 1994; Sacchi et al., 2014; Santangelo et al.,  

2010).

The evaluation of global sea level variations from 

the late nineteenth to the early twenty-first century 

derives from the analysis of tide gauge data, which 

show that the global mean sea level has risen at a 

rate ranging from 1.6 to 1.9 mm/yr (Church & 

White, 2011; Dangendorf et al., 2017; Hay et al.,  

2015; Jevrejeva et al., 2014; Palmer et al., 2021). 

Since 1992, the analysis of sea level position – esti-

mated by means of high-precision altimeter satellites 

– has shown that global sea level has risen at a rate 

of 3.1 mm/yr over the period 1993–2017 (Cazenave 

et al., 2018; Legeais et al., 2018; Nerem et al., 2018). 

The average variation rate has further increased to 

3.7 mm/yr between 2006 and 2018 (Intergovern-

mental Panel on Climate Change, 2021). At a local 

scale, Vertical Land Movements (VLMs) due to iso-

stasy (Lambeck et al., 2011), tectonics (Karymbalis 

et al., 2022), volcanic activity (Papanastassiou 

et al., 2014), and subsidence due to both natural 

sediment compaction and anthropogenic processes 

may contribute to enhance sea level rise and its 

impacts along coastal sectors. Several studies have 

highlighted that during the last decades anthropo-

genic activities-such as groundwater exploitation, 

hydraulic reclamation and development of newly 

built-up areas-have strongly enhanced natural pro-

cesses causing subsiding trends up to 10 mm/yr 

(Aucelli et al., 2017; Da Lio & Tosi, 2018; Di Paola 

et al., 2021; Matano et al., 2018).

According to the most recent projections, sea level 

is expected to keep rising during the next decades as a 

consequence of ongoing global warming (IPCC, 2021) 
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making coastal areas and related natural ecosystems 

and human activities highly vulnerable to marine- 

and climate-related processes, such as coastal erosion, 

,ooding and permanent inundation. According to the 

IPCC data, under the worst climate scenario (RCP8.5), 

global sea level is expected to rise at a rate of up to 

15 mm/yr (10–20 mm/yr). In addition, climate models 

show that the global mean sea level will continue to 

rise for thousands of years, even if future CO2 emis-

sions are reduced to net zero and global warming 

halted, as glaciers and ice sheets will continue to 

melt (Brown et al., 2018; Horton et al., 2018; IPCC,  

2021). In this context, the Mediterranean Sea is con-

sidered as a ‘hotspot’ of climate change (Giorgi  

2006; Giorgi & Lionello, 2008; MedECC, 2020) since 

in this area the combined eEects of climate change 

are expected to be stronger than in other areas of the 

world.

In order to provide updated global and regional 

sea level projections data, a specific web tool was 

released by NASA in 2021 (https://sealevel.nasa.gov/ 

ipcc-ar6-sea-level-projection-tool). This tool is a 

user-friendly platform that allows users to download 

sea level data from 2020 to 2150 under diEerent scen-

arios that re,ect the response of the climate system to 

diEerent concentration levels of climate-altering gases 

in the atmosphere, which in turn, depends on socio- 

economic development, climate change mitigation 

actions and air pollution controls (O’Neill et al.,  

2014).

Sea level projections represent a key parameter for 

evaluating the evolution of coastal morphological fea-

tures under changing conditions. This latter aspect is 

crucial to protect coastal ecosystems, infrastructures, 

and anthropogenic activities from the impacts of 

future sea levels and to enhance the adaptation of 

coastal communities (Prampolini et al., 2020).

This paper aims at assessing future variations in the 

coastline position along the north-eastern sector of the 

Island of Gozo (Malta) by highlighting the most criti-

cal coastal sectors as far as permanent marine inunda-

tion at diEerent time scales is concerned. The study 

area can be considered as a key site for studies related 

to the potential impacts of sea level rise in the Mediter-

ranean region being located centrally within the Med-

iterranean Sea (Foglini et al., 2016; Marriner et al.,  

2012; Micallef et al., 2013; Prampolini et al., 2021). 

Apart from explanatory tables, graphs, and histo-

grams, research outputs are shown in the Main Map 

which describes expected coastline positions in the 

years 2050 (medium-term scenario) and 2100 (long- 

term scenario) as a consequence of future sea level 

rise. Mapping was focused on the bays of Marsalforn 

and Ramla since they host remarkable economic and 

tourist activities and are therefore highly vulnerable 

to socio-economic impacts from marine- and cli-

mate-related processes (Rizzo et al., 2020, 2022). The 

annexed maps are intended to sensitize local insti-

tutions and stakeholders with respect to the threats 

posed by climate change and related hazards in coastal 

environments.

2. Study area

The Island of Gozo is the second largest among the 

Maltese Islands (Schembri, 2019) and holds remark-

able environmental and cultural values (Coratza 

et al., 2016). It is located in the centre of the Mediter-

ranean Sea, about 100 km south of Sicily and 300 km 

north-east of Tunisia (Figure 1). Tourism-related 

economic revenue is an important component of the 

island’s economy, accounting for nearly half of the 

island’s GDP, and employing 20% of its workforce 

(Ministry for Tourism, 2015).

This study focuses on the north-eastern coastal 

stretch of Gozo, from Marsalforn Bay to Dahlet Qor-

rot Bay (Figure 2). The investigated area hosts two 

renowned tourist destinations, Marsalforn Bay and 

Ramla Bay, both of great importance to Gozo tourism, 

and of significant geomorphological interest (Prampo-

lini et al., 2018).

Marsalforn is one of the main inhabited coastal 

towns in Gozo (Figure 3(a)). The availability of a sig-

nificant number of accommodation facilities as well as 

restaurants, shops and diving centres contribute to a 

dense tourist population and remunerative businesses, 

which are remarkable especially during summer 

months. In Marsalforn, a wide range of utilities (elec-

tricity, roads, promenade, housing, etc.) are also 

located. Ramla Bay hosts the largest sandy beach of 

Gozo (Figure 3(b)); it is characterized by golden-red-

dish sands, which makes this place peculiar and 

unique to the Maltese Islands. The bay also hosts a 

protected coastal dune system (the best preserved of 

the Maltese Islands) and cultural heritage features 

including the buried remains of a Roman villa, a Fou-

gasse (a stone-firing cannon hollowed out in the rock), 

and a submerged seawall built in 1715 for defensive 

purposes. Moreover, two Special Areas of Conserva-

tion comprised in the Natura 2000 network extend 

along the investigated coastal stretch: Għajn Barrani, 

located east of Marsalforn (Figure 3(c)), including 

Ramla Bay, and Il-Qortin tal-Magun and l-Qortin il- 

Kbir, located close to Dahlet Qorrot Bay. Moreover, 

in the latter bay, some traditional boat houses are 

located (Figure 3(d)). All these features make the 

investigated coastal area particularly vulnerable to 

marine processes exacerbated by sea level rise. This 

may cause serious losses in economic terms as well 

as in the rich natural and cultural heritage of the inves-

tigated area.

Along the study area, a wide range of geomorphic 

features occur, including cliEs and plunging cliEs, 

coastal landslides of diEerent types, sloping coasts, 
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shore platforms, pocket beaches and submerged mor-

phological features (Prampolini et al., 2018, 2021). 

The rocks outcropping in the study area comprise a 

Late Oligocene–Miocene marine sedimentary succes-

sion of five lithostratigraphic units in large part com-

posed of limestones and clayey marls (Baldassini & 

Di Stefano, 2017; Pedley et al., 2002; Scerri, 2019). Old-

est to youngest, the units comprise Lower Coralline 

Limestone Formatioņ Globigerina Limestone For-

mation, Blue Clay Formation, Greensand and Upper 

Coralline Limestone Formation. The Maltese Islands 

are crossed by two fault systems: one WSW-ENE 

oriented and the other NW-SE oriented (Galea,  

2019). Low seismicity and GPS surveys show that the 

Maltese Islands are currently aEected only by horizon-

tal displacements due to the relative movement 

between the African and Eurasian continental plates 

(Serpelloni et al., 2007, 2013). Additionally, studies 

based on the analysis of archaeological markers and 

speleothems confirm the tectonic stability of the area 

(Furlani et al., 2013, 2018).

3. Materials and methods

In order to map the expected variations in coastline 

position induced by medium- and long-term sea 

level rise along the north-eastern sector of the Island 

of Gozo, the topographic setting of the study area 

was firstly analysed. In particular, the recognition of 

the expected future coastline positions was carried 

out by identifying the areas with a topographic 

elevation lower than the future sea levels, and there-

fore considered as prone to be potentially inundated 

by the rising sea (cf. Di Paola et al., 2021 and refer-

ences therein). The analysis took advantage of the 

high-resolution topographic data available for the 

study area and derived from LiDAR data collected in 

2013 by the Malta Environment and Planning Auth-

ority (ERDF, 2013, https://msdi.data.gov.mt/ 

geoportal.html). In detail, the study used a Digital Ter-

rain Model (DTM) with a cell resolution of 1 m. 

Coastline changes due to diEerent sea levels were 

then evaluated by coupling high-resolution topo-

graphic data with sea level projections for the years 

2050 and 2100 under two scenarios (expressed in 

terms of Shared Socio-economic Pathway – SSP scen-

arios). SSP1-2.6 represents a best-case scenario while 

scenario SSP5-8.5 is representative of the worst-case 

conditions with a fossil fuel development world and 

the absence of climate adaptation and mitigation pol-

icies throughout the twenty-first century (Meinshau-

sen et al., 2020; O’Neill et al., 2014). Sea level 

projections were downloaded from the NASA Sea 

Level Projection Tool (https://sealevel.nasa.gov/data_ 

tools/17) which provides the most updated global 

and local sea level projections from 2020 to 2150 relat-

ing to the baseline period of 1995–2014 (IPCC, 2021). 

In addition, in order to assess the combined eEect of 

permanent and temporary sea level rise, the study used 

the Storm Surge indicator available from the Climate 

Data Store (CDS) platform (https://cds.climate. 

copernicus.eu/cdsapp#!/dataset/sis-water-level-chang 

e-indicators?tab=overview). This indicator defines 

sea level increases due to storm surges with diEerent 

return periods (2, 5, 10, 25, 50 and 100 years) 

expressed in metres above the current mean sea 

level. Along the coastal sectors, Copernicus data 

have a horizontal resolution of 0.1° (11.1 km) and 

are available for the medium- (2041–2070) and long- 

(2071–2100) term periods under the RCP8.5 and 

RCP4.5 climate scenarios, respectively. In this study, 

in order to consider events with high and low 

Figure 1. Geographic setting of Gozo within the Maltese Islands (central Mediterranean Sea). Satellite images are derived from 
Google Earth (map data: SIO, NOAA, US Navy, NGA, GEBCO, Landsat/Copernicus). The map data of Gozo and Comino islands (upper 
right corner) are derived from OpenStreetMap database (2022). Geographic coordinates are represented in the WGS84 reference 
system.
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frequency, storm surges values with a return period of 

10 and 100 years have been taken in consideration. Sea 

level and storm surge values taken into account for the 

analysis are indicated in Table 1 and Table 2, respect-

ively. Data elaboration and coastline mapping were 

carried out in a GIS environment by means of specific 

raster analysis tools. From the outputs of the GIS 

analysis, it was possible to extract the coastline pos-

itions for the present day and for all the considered 

future sea levels (cf. Table 1); extracted coastlines 

Figure 2. Physical setting of the study area (geographic coordinates are expressed in WGS84).

Figure 3. Coastal landscapes of the north-eastern sector of the Island of Gozo: (a) the densely inhabited Marsalforn Bay; (b) the 
gold-reddish sands of Ramla Bay; (c) coastal clay slopes east of Marsalforn Bay within the Għajn Barrani protected area; (d) tra-
ditional boat houses at Dahlet Qorrot Bay.
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were stored in a dedicated geodatabase and used to 

depict the Main Map.

In order to identify a local trend of the areal 

changes of the areas expected to be inundated, the sur-

face of areas below future sea levels was calculated for 

the years 2030, 2040, 2050, 2060, 2070, 2080, 2090, 

2100. Also in this case, sea level projections were 

referred to the AR6 (IPCC, 2021). The results of this 

analysis were expressed as percentage of the investi-

gated area potentially inundated by considering: 

. the total surface of low-lying areas (i.e. areas with 

an elevation equal to or below 1 m);
. the total surface of areas with an elevation below 

5 m (i.e. areas considered to belong to the radius 

of in,uence of coastal erosion and ,ooding pro-

cesses, as defined in the EUROSION Project  

http://www.eurosion.org/reports-online/part3.pdf).

Finally, in order to depict local coastal modifi-

cations which occurred as a response to the Holocene 

marine transgression, the sea level position relative to 

the LGM, corresponding to the −130 m bathymetric 

line, was detected from literature data (Foglini et al.,  

2016; Furlani et al., 2013; Micallef et al., 2013; Prampo-

lini et al., 2017) and shown in an auxiliary map.

4. Results and discussion

The analyses carried out in this study have allowed the 

identification of coastal areas below future sea levels 

and therefore prone to be inundated at diEerent 

time intervals. In detail, taking into consideration 

the SSP5-RCP8.5 scenario, the areas potentially 

aEected by SLR inundation extend from 0.02 to 0.10 

km2 in the period between 2030 and 2100 (Table 3).

The topographic analysis has also allowed the cal-

culation of the extent of low-lying areas (i.e. below 

and equal to 1 m) and of the areas below 5 m, which 

occupy respectively 0.13 and 0.42 km2. Taking into 

consideration the future sea-level projections for the 

year 2100, the analysis shows that, under the SSP1- 

RCP2.6 and SSP5-RCP8.5 scenarios, the area prone 

to be inundated will respectively occupy: 

. 57% and 81.5% of the low-lying surface;

. 17% and 24.6% of the area below 5 m.

The percentage of areas aEected by SLR is reported 

in Figure 4 in which the values calculated for each dec-

ade from 2020 to 2100 are indicated for both the scen-

arios SSP1-2.6 and SSP5-8.5.

The outputs of our analysis are shown in the Main 

Map which highlights areas with an elevation below 

the accounted future sea levels and provides the 

expected coastline positions under diEerent scenarios 

in the medium- (2050) and long- (2100) term periods. 

Expected coastlines are reported as lines in orange for 

the 2050 scenarios and in red for the 2100 scenarios. 

Coastal zones potentially aEected by storm surges 

with a return period of 100 years are also shown in 

the maps in light blue with the aim of depicting the 

worst-case condition which is relevant from a land 

management and planning perspective, to prioritize 

mitigation and adaptation actions. For merely graphi-

cal reasons, coastal areas that might be inundated in 

shorter return periods were not mapped. However, 

data relevant to a 10-year return period are reported 

in Table 2.

In the 3D view of the study area accompanying the 

Main Map, the −130 m bathymetric line is depicted 

(in red) with the aim of showing the high coastal 

modification occurring as a response to post-glacial 

marine transgression. It should be underlined that 

the eustatic signal along the Maltese coasts is not 

in,uenced by vertical land displacement due to tec-

tonics; in fact, the Maltese Islands are currently con-

sidered as tectonically stable (Furlani et al., 2013,  

2018; Serpelloni et al., 2007, 2013).

The definition of potential future shoreline pos-

itions has allowed this study to identify the bays of 

Ramla and Marsalforn as the most vulnerable areas 

within the investigated coastal stretch. In both cases, 

Table 1. Sea level values used in this study for the evaluation 
of potential coastal inundation and coastline retreat under 
different scenarios.

Sea level 
(IPCC, 2021)

Projections 
(vs. 1995–2014)

Scenario 
SSP1-2.6 (m)

Scenario 
SSP5-8.5 (m)

Local 2050 0.19 (0.11–0.28) 0.23 (0.14–0.33)
Local 2100 0.40 (0.22–0.62) 0.73 (0.52–1.03)

Note: The median values are represented in bold while the likely ranges 
are in parenthesis.

Table 3. Extent of the areas potentially inundated by sea level 
rise under the scenarios SSP1-2.6 and SSP5-8.5.

Year

Scenario SSP1-2.6 Scenario SSP5-8.5
Potentially inundated area 

(km2)
Potentially inundated area 

(km2)

2030 0.02 0.02
2040 0.03 0.04
2050 0.04 0.05
2060 0.05 0.06
2070 0.06 0.07
2080 0.06 0.08
2090 0.07 0.09
2100 0.07 0.10

Note: Values in bold refer to the scenarios used to depict the inundation 
map.

Table 2. Storm surge values referred to return periods of 10 
and 100 years which were used in this study for the 
evaluation of potential coastal inundation and coastline 
retreat under different scenarios.

Storm surge level 
(CDS, 2020) Projections

10 years return 
period (m)

100 years return 
period (m)

Local 2041–2070 0.34 0.45
Local 2071–2100 0.33 0.45
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local modifications may aEect the economic and tour-

ist activities with significant risk implications (cf.  

Rizzo et al., 2022). In fact, the potential landward 

retreat of shoreline position as a consequence of tem-

porary and permanent sea level rise on sandy beaches 

is particularly relevant given the significant socio- 

economic importance of such recreational areas. At 

Ramla Bay, shoreline retreat will significantly enhance 

the threat of erosion of the sand dune system located 

behind the beach – which represents the best-pre-

served dune system in the Maltese Islands – endanger-

ing its conservation and related ecological functions 

and services. Ramla Bay also hosts a plethora of 

archaeological features of cultural heritage and coastal 

clay slopes on the western arm of the beach, both 

highly sensitive to potential impacts of sea level rise 

(Rizzo et al., 2020, 2022).

In the case of Marsalforn Bay, coastal inundation 

erosion is also compounded by the phenomenon of 

coastal squeeze due to the infrastructures (road) 

located in the immediate backshore (cf. Main Map). 

In addition, in this area, a wide range of utilities (elec-

tricity, roads, promenade, housing, etc.) will come 

under increased coastal inundation/retreat threat. 

The number of buildings aEected by future sea levels 

has been calculated by analysing the most recent satel-

lite images available for the investigated area, which 

refer to May 2021. The total number of buildings 

rises from 48 (in 2050) to 82 (in 2100) accounting 

for the sea level expected under the worst-case scen-

ario (Figure 5). The number increases up to 189 if 

the contribution of storm surge with a return period 

of 100 years is taken into consideration. The poten-

tially aEected buildings are mostly represented by 

Figure 4. Percentage of area potentially inundated resulting from the analysis of the extent of the low-lying areas (a, c) and of the 
area within 5 m above sea level (b, d). Upper panels (green dots) refer to SSP1-2.6 scenarios while lower panels (blue dots) refer to 
SSP5-8.5 scenarios.

Figure 5. Numbers of buildings potentially inundated considering the SSP5-8.5 scenario for the year 2050 (first column), 2100 
(second column) and with the contribution of storm surge with a return period of 100 years (third column).

6 V. VANDELLI ET AL.



residential structures and a number of tourist assets. 

The economic value of residences and catering estab-

lishments should not be overlooked. Apart from the 

ever-increasing restrictions on development within a 

small island context, such buildings represent extre-

mely high-value sea-front positioning that has taken 

up the entire esplanade in this area. In addition, sum-

mer rental incomes are remarkable, not only in terms 

of value but also because of the extreme diRculty in 

locating availability.

From a multi-risk perspective (Gallina et al., 2016,  

2020), it is worth noting that the out,ow of rainwater 

due to heavy storms emanating from the significantly 

sized catchment out,owing at Marsalforn Bay will be 

increasingly impinged, enhancing ,ooding issues reg-

ularly experienced at present time in this area.

Even if the assessment of the area potentially inun-

dated by sea level rise is based on a static evaluation 

method, it can be considered suitable for the analysis 

carried out in coastal sectors where natural resilience 

and coastal morphological variations can be con-

sidered negligible, as in the case of the tectonically 

stable coasts in Gozo. By identifying the most vulner-

able areas in the investigated sector, the results of this 

analysis allowed highlighting coastal zones where pri-

ority management actions should be oriented to 

reduce the economic impact that expected sea level 

rise may cause in the near future and to enhance the 

conservation of natural assets and their ecological 

functions. More detailed high-performing models 

should be implemented for modelling the expected 

damage on buildings (in the case of urban areas) 

and the potential natural adaptation (in the case of 

mobile coastal systems).

5. Conclusions

In its consideration that a fuller comprehension of 

coastal morphological evolution forms a critical contri-

bution to the eRcacy of coastal management, particu-

larly in reaction to ongoing and predicted sea level 

rise, this paper assessed future scenarios of potential 

coastal inundation along the NE coast of the Mediterra-

nean Island of Gozo, located centrally within an area 

considered as a ‘hotspot’ of climate change. This objec-

tive was addressed by identifying those coastal areas 

forecasted to be subject to permanent marine inunda-

tion at diEerent time scales. The study area investigated 

was identified as hosting a rich socio, economic, ecolo-

gic and cultural heritage, with a tourism-related econ-

omic revenue accounting for approximately half of 

the island’s GDP; such assets were considered to aggra-

vate vulnerability to marine processes exacerbated by 

sea level rise (cf. Batzakis et al., 2020).

In the assessment of the IPCC SSP5-8.5 scenarios, 

this study identified the areas likely to be aEected by 

SLR inundation to range between 0.02 and 0.10 km2 

in the period 2030–2100. Under scenarios SSP1-2.6 

and SSP5-8.5, the future sea-level projections for the 

year 2100 were assessed to result in the inundation 

of 57% and 81.5% of the low-lying coastline and 

17% and 24.6% of the areas below 5 m. In particular, 

the bays of Ramla and Marsalforn were identified as 

the most vulnerable within the investigated coastline. 

In the case of Ramla Bay, aggravated beach erosion 

was identified to pose a particular threat to the best- 

preserved sand dune system on the Maltese Islands, 

to a significant presence of archaeological remains 

and to coastal clay slopes on the western arm of the 

beach.

Given the highly built-up nature of Marsalforn 

embayment, the negative impacts of coastal inunda-

tion and enhanced erosion on a range of infrastruc-

tures, utilities, housing and beach/rock platform 

bathing facilities, were considered to become further 

aggravated by ‘coastal squeeze’. Incorporating storm 

surge enhancement of inundation, the study further 

identified that the number of buildings within Marsal-

forn that would be impacted by sea level rise would 

rise to 189.

The final output of the study was in the form of a 

map describing coastal areas below estimated future 

sea levels under diEerent SLR scenarios for the med-

ium- (2050) and long-term (2100) periods. Such a pro-

duct was presented as an important contribution to 

awareness raising of local authorities and commu-

nities to potential threats from sea level rise and to 

improved coastal planning and management.

Software

The map and the layout were produced using ESRI 

ArcGIS (version 10.1), QGIS 3.24.2 and Inkscape vec-

tor graphics editor. The map was produced at a scale 

1:5000 and embedded into the A1 size map frame. 

The Main Map is accompanied by the following 

inserts: a geographic and geological setting of the 

study area and a 3D view of Maltese Islands including 

the LGM shoreline position.
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