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Abstract
In this study, we analyze the impact of the sea level rise induced by climate change on the coastal cultural heritage site of 
Motya, the Phoenician colony (IV–III millennium B.P.) located in the San Pantaleo island, NW corner of Sicily (southern 
Italy). In particular, we assessed the effects of this phenomenon on the human settlement in the past 2400 years and the 
expected sea level rise scenario for the next decades. A detailed flooding scenario for 2100 from direct observations and 
two models, taking into account the contribution of Vertical Land Movements (VLM), is provided. The surface topogra-
phy is derived from a novel high-resolution/high-accuracy digital surface model (DSM), which was performed through an 
Unmanned Aerial Vehicles (UAV) survey, whereas the rate of VLM was estimated by the analysis of geodetic data at three 
Continuous Global Positioning System (CGPS) stations located close to the island. To estimate the local mean sea level and 
to correct the tide level (TL) at the epoch of UAV survey, the hydrometric recordings of the nearest sea level gauge station 
located at Porto Empedocle (Sicily), were used. Two flooding scenarios for 2100 were then represented on the high-resolution 
DSM, using the regional sea-level projections of the International Panel on Climate Change (IPCC) for the Mediterranean 
region. According to the RCP 8.5 climatic model, a difference of about + 59 cm above the local mean sea level between the 
current and the expected coastline positions at 2100 A.D., was found. In addition, by adding the average half amplitude of 
the daily tide, equal to about 30 cm, a maximum flooding scenario was determined. Finally, in the maximum condition of 
sea level rise, a significant flooding on the archaeological structures is expected for the Kothon area and along the North-
West coast of the island.
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1 Introduction

The coastal areas of the central Mediterranean Sea are sensi-
tive to climate change, VLM of natural and anthropic origins 
and the consequent relative sea level rise (Antonioli et al. 
2017; Anzidei et al. 2014, 2017, 2018; Marsico et al. 2017; 
Lambeck et al. 2011; Wöppelmann and Marcos 2012). Both 
phenomena may affect the densely urbanized and populated 
areas, local infrastructures and cultural heritage sites located 
along the coasts, causing severe damages. In particular, 
archaeological sites are often located close to the seashore, 
so that maritime archaeological structures such as piers and 
fish tanks play a crucial role for the reconstruction of past 
relative sea levels in the Mediterranean basin, filling the gap 
between geological and instrumental estimates (Caputo and 
Pieri 1976; Lambeck et al. 2004a, b, 2018; Benjamin et al. 
2017).

The island of San Pantaleo is a protected archaeological 
area known to have been one of the most prosperous Phoe-
nician colonies (Motya) in western Mediterranean, already 
inhabited before the arrival of the Phoenicians at the begin-
nings of the eighth century BC (Nigro 2013, 2014; Nigro 
and Spagnoli 2017). The island is located in the province of 
Trapani (Sicily, Italy), ∼0.5 km far from the Western Sicil-
ian shoreline (Fig. 1), in a lagoon area called the “Stagnone 
di Marsala” ( ∼ 3 × 7 km of size), characterized by a very 
shallow seafloor where salt ponds are active since historical 
times.

Particularly, the investigated area is placed in a coastal 
sector of western Sicily belonging to the Apennine–Maghre-
bide chain, in the central Mediterranean region which is 
subjected to tectonic stability since the last 125 ka BP, as 
evidenced by Mediterranean vermetid platforms (Anton-
ioli et al. 1999), episodic historical seismicity (Guidoboni 

and Comastri 2005) and recent crustal defomations (Devoti 
et al. 2017). The geological features of Motya include Upper 
Pleistocene biocalcarenites of the Tyrrhenian age (D’Angelo 
and Vernucchio 1996), which are partially covered by a red 
palaeosol and breccia.

The small island has a surface of ∼ 0.4  km2 (about 40 
hectares) and a maximum elevation of ∼ 6 m above the sea 
level. Since 2002, the Archaeological Expedition of Motya 
of the Sapienza University of Rome, directed by Prof. L. 
Nigro, is leading systematic researches and excavations in 
the island, under the umbrella of the ’Whitaker Foundation’ 
and in agreement with the Superintendence of Trapani (since 
1964).

Due to the low elevated topography, the island and the 
archaeological ruins are very sensitive to the sea level 
changes, in particular to the ongoing sea level rise due to 
climatic change and VLM. One of the main evidences of 
this phenomenon is the ancient Punic causeway connect-
ing the northern gate of Motya to the nearby Sicilian coast, 
presently submerged to about 1.1 m (Schmiedt et al. 1972).

The aim of this work is to assess the expected marine 
flooding scenario for 2100 for Motya and the related impacts 
on the archaeological zone. The maps of flooding scenar-
ios were retrieved on the basis of a suitable digital surface 
model (DSM), realized ad hoc through an Unmanned Aer-
ial Vehicle (UAV) survey of the island (Barradas Gutiér-
rez 2018), using both observations and models. In details, 
the hydrometric recordings at the nearest sea level gauge 
of Porto Empedocle (Sicily) and the data collected at three 
Global Positioning System (GPS) permanent stations located 
close to the island were used to estimate, respectively, the 
tidal level (TL) at the epoch of UAV survey and the rate 
of vertical land movement (VLM) at Motya. Then the sea 
level rise projections were computed for this location from 
the RCP 2.6 and RCP 8.5 climatic models, released by the 
Intergovernmental Panel on Climate Change (IPCC 2019).

The work is structured as follows: Sect. 2 illustrates the 
generation and the main features of the realized DSM; Sects. 
3 and 4 account for present sea level trend, TL and VLM; 
Sect. 6 presents the two mentioned sea level projections and 
Sect. 5 discusses a retrospective analysis of the sea level 
change at Motya in the past 3.5 Kyears; the relative sea 
level rise projections at 2100 A.D. are presented in Sect. 7. 
Finally, some conclusions are outlined in Sect. 8.

2  The digital surface model of Motya

In the frame of this investigation, the first high-resolution/
high-accuracy digital surface model (DSM) of the whole 
island of Motya was generated, on the basis of a dedicated 
UAV survey carried out in cooperation with Leica Geosys-
tems AG (Switzerland) and Aibotix GmbH (Germany) on 

Fig. 1  Location of the San Pantaleo island, NW Sicily. It is a pro-
tected archaeological area known to have been one of the most pros-
perous Phoenician colonies (Motya) in the western Mediterranean
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September 13, 2017. In particular, a  Leica® Aibotix UAV 
captured 731 nadir images of the island (Fig. 2) from a 
height of approximately 100 m through a DIJ FC550RAW 
camera (resolution of 4608 × 3456 pixels, pixel size of 3.76 
× 3.76 µm). The UAV survey covered an area of about 0.626 
 km2 with a dense image overlap (generally more than nine 
images) for a resulting image ground resolution of 2.38 cm/
pixel.

The images were, thus, processed by the  Agisoft® pho-
togrammetric software to generate a high-resolution digital 
surface model (DSM) (Fig. 3) of the island and a corre-
sponding orthophoto (Fig. 4). Specifically, a set of 30 GPS 
surveyed ground control points were used to georeference 
the aerial images, whereas a set of 17 check points was 
adopted to assess the DSM accuracy (Table 1). Also, the 
geoidal undulations derived from the EGM2008 model 
(Pavlis et al. 2012) were applied to transform the ellipsoidal 
heights derived from differential GPS positioning to the cor-
responding orthometric ones, so that the obtained DSM is 
georeferenced within ITRF2008 reference frame (Altamimi 
et al. 2012) with orthometric heights referred to EGM2008 
geoid model.

The DSM so obtained (Fig. 3) has a ground resolution 
of 4.8 cm, a point density of 442 points/m2 and a height 
accuracy (RMSE on Check Points) of about 2 cm (Table 1); 
the derived orthophoto (Fig. 4) has a ground resolution of 
2.4 cm and a horizontal accuracy (RMSE on Check Points) 
of about 6 cm (Table 1).

A couple of remarks are necessary to well understand 
how to properly use the obtained DSM to evaluate the impact 
of sea level rise, the first one related to the morphological 

content of the DSM itself and the second related to its refer-
ence frame.

At first, it is well known that a DSM includes also man-
made structures (e.g. buildings) and vegetation, so that to 
retrieve the elevation at ground (Digital Elevation Model) a 
filtering procedure is generally necessary. In our case, any-
way, we mainly focus on the shoreline area, where no sig-
nificant vegetation is present, and the only anthropic struc-
tures are just those of archaeological interest, which were 

Fig. 2  The UAV aerial photogrammetric survey

Fig. 3  The obtained DSM of Motya island

Fig. 4  The orthophoto of Motya island. The current coastline is high-
lighted in yellow (colour figure online)
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considered to assess the impact of sea level rise. Therefore, 
no filtering is here needed, and the coastline correspond-
ing to a certain sea level position can be directly retrieved 
from the DSM, with an accuracy dependent both from (1) 
the horizontal accuracy and from (2) the height accuracy 
divided by the slope across the coast line (the lesser the 
slope, the higher the impact of the height accuracy); in our 
case, being the slope within 0.25 and 0.5, the second term 
is the most important (Figs. 5 and 6). In an average, the 

horizontal accuracy of the coast line corresponding to a cer-
tain sea level is within 5–15 cm.

As a second remark, it must be underlined that these coast 
lines can be correctly retrieved from the DSM only if the 
corresponding sea level is referred to the same reference 
frame of the DSM, which (for the height) is the mentioned 
EGM2008 geoid. In our case, the sea level is measured with 
respect to the Italian height reference frame (ITALGEO2005 
geoid) (Albertella et al. 2008; Barzaghi et al. 2007) at the 

Table 1  Ground control points 
(GCP) and check points (CP) 
RMSE

Count East RMSE North RMSE Height RMSE 2D RMSE 3D RMSE
(–) (cm) (cm) (cm) (cm) (cm)

GCP 30 3.3 3.8 2.0 5.0 5.4
CP 17 3.7 4.7 2.2 5.9 6.3

Fig. 5  Topographic sections in the Kothon area (in cyan, the current 
coastline): a location of the sections; b the A–B section; c the C–D 
section

Fig. 6  Topographic sections in the North-West area of Motya (in 
cyan, the current coastline): a location of the sections; b the E–F sec-
tion; c the G–H section
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mentioned nearest tidal station of Porto Empedocle, so that 
the reference coast line for the sea-level rise projections is 
the contour line at orthometric height equal to zero with 
respect to the Italian height reference frame at the day of 
the UAV survey, which can be computed from the actual sea 
level imaged during the UAV survey corrected by the TC, 
as estimated in the next Paragraph 3. To retrieve this refer-
ence coast line from the DSM, it is necessary to estimate the 
orthometric height in the EGM2008 geoid reference frame 
( H

EGM2008
 ) corresponding to the orthometric height equal to 

zero in the Italian height reference frame ( H
ITALGEO2005

= 0 ), 
here simply evaluated by the geoidal undulations difference 
at one location, approximately in the center of Motya island:

where h is the ellipsoidal height with respect to the GRS ref-
erence ellipsoid, and N

EGM2008
 , N

ITALGEO2005
 are the geoidal 

undulations of the EGM2008 and ITALGEO2005 geoids. 
Considering the similar average accuracies of the two geoid 
models (4–5 cm) in the Italian area (Barzaghi and Carrion 
2009), the accuracy of this transformation between height 
reference frames can be estimated around 6–7 cm.

3  Tidal correction during UAV survey

We recall that the Mediterranean Sea is characterized by 
micro-tidal environment and the tides are generally in the 
range of ± 30 cm, with the exception of the Gulf of Gabes 
(Tunisia) and the North Adriatic Sea, where they can excep-
tionally reach even ∼ 2 m (Antonioli et al. 2015; Sammari 
et al. 2006; The National Oceanography Centre Liverpool 
2019; ISPRA 2019). The tidal data collected by the ISPRA 
Tidal Network (Istituto Superiore per la Protezione e la 
Ricerca Ambientale—Higher Institute for the Environmen-
tal Protection and Research) at the sea level station of Porto 
Empedocle, which is the nearest available tide gauge sta-
tion to Mozia (ISPRA 2019), were used to estimate the TL 
during the UAV survey. To this aim, the longest available 
time series were considered to detect and account for a pos-
sible long-term linear trend, representative of the mean sea 
level during UAV surveys, with respect to which the TL is 
defined.

The sea-level time series with the linear trend at 3.23 mm/
year at Porto Empedocle for the period January 2001–July 
2017 ( ∼ 17 years), is shown in Fig. 7. Therefore, the mean sea 
level at the time of the UAV survey was computed propagating 
the linear trend at September 13, 2017, resulting equal to −2.8 

(1)
h =H

EGM2008
+ N

EGM2008
= H

ITALGEO2005

+ N
ITALGEO2005

(2)
H

EGM2008
= N

ITALGEO2005
− N

EGM2008

= 43.30 − 43.75 = −0.45m

cm (see reference in Fig. 7). During September 13, 2017, tides 
in Motya were restricted in a range of about 12 cm (Fig. 8), 
and during the UAV surveys (11:44–12:31 GMT), the tide 
gauge station measured an average tide of −2.3 cm, and the TL 
resulted equal to 0.5 cm. The amount of the TC is, therefore, 
negligible when compared to the accuracy of the DSM and of 
the transformation between EGM2008 and Italian height refer-
ence frames, so that, in our case, it is not necessary to apply it. 
Correspondingly, the coast line imaged in the interval of the 
UAV survey can be considered coincident with the contour 
line at orthometric height equal to zero in the Italian height ref-
erence frame. This contour line results at −0.40m in the DSM 
height reference frame, that is with respect to EGM2008 geoid; 
this outcome is a good independent confirmation of the esti-
mated transformation between EGM2008 and Italian height 
reference frames, accounting for both the DSM and the trans-
formation accuracy. The contour line at H

EGM2008
= −0.40 m 

was finally chosen as the reference coast line for the sea-level 
rise projections (Fig. 4).

Fig. 7  Sea level trend at the tide gauge station of Porto Empedocle 
for the period January 2001–July 2017 (3.23 mm/year)

Fig. 8  Tide amplitude recorded at the tide gauge station of Porto 
Empedocle for September 13, 2017 (ISPRA 2019)
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4  Rate of vertical land motion at Motya

The rate of VLM at Motya was estimated by the analysis of 
the observations collected at three permanent GPS stations 
(Milo, Paceco and Trapani) located on inland Sicily, within 
20 km from Motya (Fig. 9).

This analysis has been framed within the long-term rou-
tine analysis performed by the Bernese software (Beutler 
et al. 2007) to estimate the coordinate time series (both hori-
zontal and vertical) of a large network of more than 1000 
continuous GPS stations located in the Italian peninsula 
and the surrounding areas (Devoti et al. 2017). The stations 
belong to different institutions and agencies, covering differ-
ent time spans: some stations started to operate in different 
epochs and some others were already disabled, so that the 
accuracy of our estimations also depends on the number of 
recorded epochs.

For each station, the three coordinate (Up, East, North) 
time series were estimated in the ITRF2008 reference frame 
(Altamimi et al. 2012) defined by the International Earth 
Rotation and Reference Systems Service (IERS), follow-
ing the procedures described in Devoti et al. (2010). The 
information content of coordinate time series is wide: the 
site velocity components are jointly estimated fitting simul-
taneously linear and non-linear effects, as annual sinusoids 
and eventual episodic offsets representing phenomena of dif-
ferent nature (e.g. instrumental changes, earthquake occur-
rence) (Devoti and Riguzzi 2017).

Here, we focus on the linear components, which repre-
sent the long-term tectonics, including the vertical motion. 
The formal velocity errors obtained after the inversion 

are re-scaled by the a posteriori global variance factor, to 
account for the noise of the data and the uncompressible 
modelling errors. Concerning the average VLM obtained 
from the three mentioned near GPS stations and applied to 
Motya, it was estimated equal to 0.2 ± 0.9 mm/year, that is 
basically not significant (Fig. 10).

5  Sea level change at Motya in the past 3.5 
Ky

First, we investigated the sea level (and corresponding 
coastline position) at the Phoenician epoch, to supply to the 
archaeologists with the possible useful information to better 
clarify the use of some discovered structures. This is the case 

Fig. 9  Map showing the location of the three GPS stations which 
provided data to estimate the contribution of land motion due to both 
isostasy and tectonics. The horizontal velocities in the Eurasia-fixed 
frame (Altamimi et al. 2012) are shown with the red arrows (colour 
figure online)

Fig. 10  Time series of the Up components, the green lines indicate 
the epochs of instrumental step estimation and removal from the lin-
ear interpolations (colour figure online)

Fig. 11  The black curve is the sea-level prediction for the last 3.5 
Kyears BP for Motya (Lambeck et al. 2011), projected against the age 
(Nigro 2010) and current elevation of the Kothon in the DSM height 
reference frame (EGM2008 geoid). The red circle is the current ele-
vation of the floor in the Kothon. At the time of its construction, the 
sea level was about 2.2 lower than today (colour figure online)
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of Kothon, an artificial inner basin which has been hypoth-
esized having the functions of little harbor or boat storage, 
and which is now intermittently connected to the sea, depend-
ing on the tide level. We used the sea-level curve proposed 
by Lambeck et al. (2011), that estimates a sea-level rise for 
Motya of about 3.0 m during the last 3500 years (Fig. 11), in 
agreement with other RSLC estimation for the late Holocene 
in the central Mediterranean region (Furlani et al. 2013).

Under the hypothesis that the VLM has been station-
ary during such long time interval, we observed that the 
Kothon was placed at about 2.2 m above the past sea level. 
Therefore, due to its elevation and architectural features, 
it is difficult to believe that the Kothon could be a harbor, 
even for small boats.

6  Relative sea‑level rise projections at 2050 
and 2100 A.D. at Motya

To estimate the sea-level rise for 2050 and 2100 A.D. at 
Motya, the regional IPCC AR5 sea-level projections, dis-
cussed in the Fifth Assessment Report of the IPCC-AR5 

(Church et al. 2013a, b), were adopted. These data consist 
of the sea-level ensemble mean values and standard errors 
of the sea level, on a worldwide grid, obtained by adding 
the contributions from geophysical sources driving long-
term sea-level changes. Projections, based on two different 
Representative Concentration Pathways (RCP 2.6 and RCP 
8.5), are estimated by including the thermosteric/dynamic 
contribution (from 21 CMIP5 coupled atmosphere–ocean 
general circulation models AOGCMs), the surface mass 
balance and dynamic ice sheet contributions from Green-
land and Antarctica, the glacier and land water storage 
contributions, the glacial isostatic adjustment (GIA), and 
the inverse barometer effect (Church et al. 2013a, b). The 
total relative sea-level rise with respect to a chosen abso-
lute level at a chosen reference epoch and grid point is 
obtained as the sum of these contribution. By combin-
ing vertical land movements (VLM) from GPS data, very 
high-resolution DSM and regional IPCC sea level projec-
tions at the grid point closer to the investigated area (Lat 
37°52′.07′′ N, Lon 12°28′.02′′E), the first marine flooding 
scenarios for the island of Motya for 2050 and 2100 A.D 
were built up. To include the VLM effect in sea-level pro-
jections, we substituted the modelled GIA contribution to 
the IPCC rates with the measured GPS rate that includes 
both GIA and tectonic components, of both natural and 
anthropogenic origin. In the overall uncertainty estima-
tion, errors coming from GPS measurements are also 
included. The obtained relative sea-level rises in RCP2.6 
and RCP8.5 scenarios at 2050 and 2100 A.D. with respect 
to the chosen reference epoch 2016, are shown in Fig. 12, 
and numerical values are reported in Table 2. 

7  Relative sea‑level rise projections at 2100 
A.D. and flooding scenarios for Motya

Finally, the coast lines for 2100 A.D., corresponding to 
the RCP2.6 and RCP8.5 scenarios, are retrieved from 
the DSM for the sea levels listed in Table 2, with values 
referred to H

EGM2008
 (Ref) = − 0.40 m (Figs. 13, 14).

The computed and the represented scenarios correspond 
to the local mean sea level, neglecting the periodical con-
tribution due to diurnal and semidiurnal tides. To account 
for it, in order to estimate the maximum inundation 

Fig. 12  Regional IPCC sea-level projections for 2100 relative to 2016 
A.D. (red and blue dashed lines), integrated with the contribution of 
VLM as derived by CGPS analysis, (red and blue solid lines) and 
corresponding standard errors (coloured bands). Blue and red curves 
refer to the RCP 2.6 and RCP 8.5 scenarios, respectively. The small-
scale variations observed in the data are related to the ocean compo-
nent contribution accounting for the effect of dynamic SSH, global 
thermosteric SSH anomaly and inverse barometer effects (Church 
et al. 2013a, b) (colour figure online)

Table 2  Sea levels for 2050 and 2100 A.D. estimated at Motya based on RCP 2.6 and RCP 8.5 scenarios released by the IPCC (2019)

The contribution of VLM to the relative sea-level rise is estimated from a time series up to 10.3 years long of the UP component at the nearest 
CGPS stations of Milo (MILO), Trapani (TRAP), and Paceco (PACE) that provide a mean velocity of 0.2±0.9 mm/year

Year RCP 2.6 (m) RCP 2.6 (m) + VLM RCP 8.5 (m) RCP 8.5 (m) + VLM

2050 0.15±0.06 0.14±0.07 0.18±0.07 0.17±0.08
2100 0.34±0.15 0.32±0.18 0.61±0.23 0.59±0.25
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scenarios, the time series of daily hydrometric sea levels 
at Porto Empedocle tidal station from January 2010 to 
October 2018 were included in the analysis. The average 
half amplitude of daily tides was estimated as high as 30 
cm. Consequently, in the RCP 8.5 + VLM scenario, taking 

into account both the long-term sea-level rise (59 cm) and 
the daily tides (30 cm), we can infer a maximum sea-level 
rise of 89 cm, which is crucial for some archaeological 
areas, as the Kothon (Fig. 15) and North-West coast of 
the island (Fig. 16).

Fig. 13  2100 A.D. coastline 
projection for the RCP 2.6 + 
VLM scenario for Motya island: 
in yellow (continuous line) the 
current coastline, in blue the 
coastline projection (continuous 
line) with its minus/plus uncer-
tainty (dashed lines) (colour 
figure online)

Fig. 14  2100 A.D. coastline 
projection for the RCP 8.5 + 
VLM scenario for Motya island: 
in yellow (continuous line) the 
current coastline, in red the 
coastline projection (continuous 
line) with its minus/plus uncer-
tainty (dashed lines) (colour 
figure online)
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8  Conclusions

In this study, the marine flooding scenarios for 2050 and 
2100 were estimated for the relevant case of the island of 
Motya, on the basis of a high-resolution DSM, the rate 
of VLM from GPS stations, the tidal data from sea-level 
gauge and the RCP models released by the Intergovern-
mental Panel on Climate Change. Results highlight the 
flooding impacts on the archaeological zones with a local 
sea-level rise of about 59 cm for 2100 A.D. that will reach 
88 cm during high tides as estimated by the value of the 
mean half amplitude of the daily tides. This expected 
scenario will have a significant impact on the exposed 

archaeological areas, as the Kothon and those located 
along the North-West coast of Motya island. Furthermore, 
the analysis revealed also that the shoreline was placed 
at about 2.2 m below the current sea level at the time of 
the construction of the Kothon, inferring that the Kothon 
could not used as a harbor, even for small boats.

Finally, although the role and effects of waves on the 
marine flooding of the outer side of the lagoon are out of 
the scope of this study, storm waves approaching the coast 
from the North, West and South marine sectors, to which 
the island is particularly exposed, are slowed down due to 
the presence of a reef-like morphology and the shallow sea-
floor around the island. With a maximum relative sea-level 
rise of about 59 cm (89 cm in the extreme case), increas-
ing wave energy along the coast of the outer side of the 
Motya lagoon is expected (Masselink and Hughes 2003), 
thus leading to increasing coastal erosion and enhanced 
damage to the archaeological area, posing problems for 
their preservation.
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