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The past resembles the future 
more than a drop of water resembles another 
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Foreword 

The Mediterranean is likely the most amazing sea of the world as it keeps jealously the 
remnants of the past signs of its geological and archaeological history. The Mare Nostrum 
of the roman is just a little basin with respect to the Oceans, thus favoring the cultural and 
commercial exchanges through the ancient Mediterranean populations. In this way, 
besides the aqueducts, the fish tanks built along the coast of the Mediterranean are 
among the most marvelous exemplary structures built around 2000 years ago by the 
roman hydraulic engineers. They were built along the shores to embellish the maritime 
villas of the wealthy Romans and to breed fish as well. These installations had 
constructional elements, such as tidally controlled channels equipped with sluice gates for 
water exchange in the basins that bear directly on sea level. Well-preserved remains of 
these provide a precise measure of the intervening sea-level change because they exactly 
show the mean sea level at the time of their construction. In addition, they provide 
information on the vertical motion of the land being sometimes constructed in active 
tectonics and volcanic zones. These pools allow us to extract from their constructional 
parts crucial information to understand one of the most critical effects caused by the global 
changes affecting our planet: the rising sea level.  
It is quite funny for me to understand after several years when I was just a young boy that 
used to spend his summer holydays swimming and fishing in the large roman fish tanks of 
Torre Astura near Anzio, that in 1976 my colleagues Pirazzoli, Schmiedt, Caputo and Pieri, 
were in competition to publish their first results on the sea level position in roman times 
from these same fish tanks. And it was nice for me to swim back again into these fish 
tanks after years and use them as valuable paleo-sea level indicators, discovering that 
previous studies did not recognize the right indicators, thus underestimating the changes 
in sea level.  
In the meantime, I had a degree in Geology and an extensively experience in geophysics 
and geodesy that allow me to understand and appreciate the precious information that we 
can get from these maritime structures. These considerations induced me to begin new 
and extensive surveys in Italy and in the Mediterranean, searching for the archaeological 
evidences of past sea levels, to understand the changes and possibly to estimate the 
future trends. Therefore, in the frame of research projects, I had the possibility to visit a 
large number of coastal archaeological structures located in many parts of the 
Mediterranean. In these research programs I had the opportunity to collaborate with many 
scientists from different countries.  
Mainly I benefit from the collaboration with Kurt Lambeck, Emeritus Professor of the 
Australian National University and former President of the Australian Academy of Science. 
Kurt is the most expert geophysicist in sea level and introduced me to the multidisciplinary 
research including geodesy, geology, geomorphology, topography, biology and 
archaeology, all joined together to interpret and model the observations. With him, I had 
long discussions on the high validity of the roman fish tanks as sea level gauges. I am 
greatly thankful to Kurt, because he opened my mind bringing me toward new limits of 
geophysics during these years. In 2012 he won the Balzan Prize in the Earth Sciences “for 
his exceptional contribution to the understanding of the relationship between pot glacial 
rebound and sea level changes. His findings have radically modified climate science”. I am 
proud that our common research in the Mediterranean played an important role in these 
results.  
I also had benefit from the long discussions with marine archaeologists like Piero 
Gianfrotta, Rita Auriemma, Emanuela Solinas and many others. I am particularly thankful 
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to Alessandra Benini. She introduced me since the beginning into maritime archaeology, 
providing many historical books and archaeological papers with the description of most of 
the archaeological sites we have visited. With Alessandra we introduced for the first time 
the basic concept of “functional elevation”, which is at the basis of our archeological 
interpretations of roman sea level. I always appreciated her criticism and the great skill 
during field surveys even in remote and uncomfortable coastal areas of the Mediterranean. 
We spent together nice and hard times into the fish tanks and other archaeological 
indicators, sometimes polluted by modern coastal installations. We consumed our hands 
excavating the seafloor in search of constructional parts crucial for the geophysical 
interpretations.  
I am thankful to Fabrizio Antonioli, of ENEA, for the long discussion on the biological and 
archaeological markers we had during our field trips and for the long work spent together 
in the field and in his office, discussing results and preparing papers. Moreover, being an 
expert photo diver, during our field work he shot beautiful pictures of the fish tanks that 
clearly show the details of these amazing constructions. 
I am grateful to Giovanni Arena at ISPRA, manager of the Italian tidal network, for his 
precious collaboration to provide the tidal data and for the fruitful technical discussions.  
At the University of Calabria, I had fruitful work with Vincenzo Carbone and Antonio 
Vecchio, both at the Department of Physics of the University of Calabria. With them, we 
explored new research fields in geophysics and tuned new techniques to analyze tidal 
data in relationship with tsunami. In this way we found an unexpected transient signal in 
sea level variation in the Mediterranean sea, induced by the March 11, 2011, tsunami  that 
followed  the giant M=9, Tohoku-Oki earthquake (Japan). We obtained so exciting results 
that our paper had a worldwide resonance, in the newspapers and in the WEB, as well.  
I am particularly thankful to Ignazio Guerra, of the Department of Physics of the University 
of Calabria for his warm collaboration and welcome. With him, I spent many days during 
my winter staying in Arcavacata, discussing of geophysics and geodesy. He always 
supported me with great enthusiasm, appreciating the multidisciplinary studies performed 
along the coasts of Calabria. In this area I also had a great collaboration with Luigi 
Cantafora, likely one of the most expert divers I have ever met. With him and Alessandra 
Benini, I explored a part of the Ionian coast of Calabria, obtaining new crucial data for the 
geodynamic comprehension of this region.  
In Libya I was supported by Luisa Musso, chair professor in archaeology at the University 
of Roma 3 and director of the Italian archaeological mission in Leptis Magna. I am thankful 
to Luisa who showed me some of the most amazing maritime roman coastal cities of the 
Mediterranean from which I obtained new data on the roman sea level.  
In Tunisia, I had great collaboration with my friend Mohamed Soussi, chair professor in 
geology at the University of El Manar, Tunis. With Mohamed I explored about all the coast 
of Tunisia, observing geological, biological and archaeological evidences of the sea level 
changes.  
In Israel I had the opportunity to work with Dorit Sivan, chair professor at the University of 
Haifa. With Dorit we re-visited the roman coastal installations in Israel, finding new 
evidences of recent sea level changes. Here, I had the possibility to have very interesting 
diving in the submerged harbor of Cesarea, built by Herod’s the Great. These observations 
were important to compare the constructional features of this port with respect to others 
similar ports in the Mediterranean, like at Torre Astura, to interpret their relationship with 
past sea levels. I am also thankful to Captain Mustafa Yildir and his brother, who 
accompanied me on board of a gullet along some hundreds of miles of the amazing coasts 
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of southwestern Turkey, surveying several submerging cities and coastal installations from 
Lycia to Byzantine ages. 
At least but not last, I am particularly thankful to my wife Paola, my son Luca and my 
daughter Alessandra, for their patience for all the times I have been away during my 
frequent field work. 
Finally, I feel to dedicate this thesis to my colleague Sergio Silenzi, of ISPRA, who recently 
died, killed by a cancer. We discussed of our common research in the Mediterranean up to 
end of his life. Sergio was using biological markers to reconstruct the sea level history and 
his findings were really exciting. I do hope to be able to complete his unfinished research.   
 
 

 
 

Kurt Lambeck, Marco Anzidei and Fabrizio Antonioli, during the ceremony for the Balzan  
Prize, won by Kurt Lambeck and awarded by the President of the Italian Republic Giorgio 
Napolitano, on November 14, 2012 at Quirinale Palace, Rome. 
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1. Introduction 
The recent estimates of global sea level change, based on radar altimetry and tide gauge 
data, established a global and regional sea level rise, during the 20th century and the last 
two decades, at rates of 1.7 mm/yr and 3.2 mm/yr respectively, as a result of both increase 
of ocean thermal expansion and land ice loss (Meyssignac and Cazenave). This is one of 
the most important consequences of climate change that has evident impacts on the 
coasts and on human activities (Bruun, 1962; Daly, 2004, Woodworth et al., 2010; 
Nicholls, 2010; Mitchum et al., 2010). The contributing factors, analyzed in the recent 
IPCC Fourth Assessment Report (IPCC 2007; www.ipcc-wg2.org), are characterized by a 
broad range of time scales and covers many disciplines and physical sciences of the Earth 
at the same time (Douglas and Peltier, 2002). In this context, geophysical and geological 
studies, including the geodetic observing systems, play a key role (Blewitt et al., 2010). 
The temporal and spatial changes of past sea levels for the last thousands of years in 
relation to the late Pleistocene glacial cycles, are partially caused by predominant vertical 
deformation of the Earth's lithosphere and mantle (Peltier, 2000; Lambeck and Chapell, 
2001; Lambeck et al., 2002a; Stocchi and Spada, 2009). This process of post-glacial 
isostatic adjustment (Global Isostatic Adjustment, GIA) is still active on a global scale, 
including the Mediterranean area and Italy and occurs mainly with slow vertical 
deformation of the land (Lambeck and Purcell, 2005; Lambeck et al. , 2004a). During the 
'70s, Farrell and Clark (1976) proposed that the deformation of the mantle could be able to 
produce variations of the geoid. This, in turn, induces changes in the shape of the ocean's 
surface. These global processes are at the basis of the principles of hydro and glacio-
isostasy (Lambeck et al., 2003; Mitrovica et al., 2010). Recent studies have shown that the 
sum of vertical movements occurring along the coast (caused by GIA, local subsidence, 
tectonics and volcanism), together with the eustatic rise, can produce large coastal 
variations in a short time (Lambeck et al. 2011; Dvorak and Mastrolorenzo 1991; Firth et 
al. 1996; Stiros 2000; Morhange et al. 2006; Tallarico et al., 2003). Climate change 
superimpose to these phenomena, amplifying the total effects along the coastal plains 
(Rahmstorf, 2007b; Church et al., 2004). Lambeck et al. (2011), for the first time faced this 
environmental problem for the Italian area estimating a maximum sea level rise up to 153 
cm by the year 2100, as a worst scenario at specific sites. Since the Italian area is subject 
to vertical tectonic movements, local subsidence and GIA, these effects will mainly affect 
low elevated coastal areas that presently are at high risk of marine flooding.  
In addition, the increase in extreme events observed in recent years (e.g. violent storms), 
can generate significant flooding of vast coastal areas (Lowe et al., 2010). Recent 
computations, based on the Empirical Mode Decomposition, from the analysis of historical 
climate data, have show temperatures fluctuations and presence of significant trends 
related to global warming, likely related to El Nino oscillations, with direct effect on rising 
sea level and terrestrial ice dissolution (Capparelli et al., 2011). 
Significant constraints to the models have been provided by observations of changes in 
sea level based on reliable geological and archaeological indicators, capable of giving 
information for the geological and historical past. Among these, the archaeological data 
from the Roman period (2.3-1.5 ka BP) and Middle Ages, together with instrumental and 
tidal data, have provided new valuable information in many parts of the Mediterranean 
(Flemming and Webb, 1986; Pirazzoli, 1976; Pirazzoli, 1987; Lambeck et al., 2004b; 
Antonioli et al., 2007; Anzidei et al., 2011a; Anzidei et al., 2011b; Pagliarulo et al., 2012: 
Mourtzas, 2012). It must be emphasized that the use of archaeological indicators to 
determine the relative changes in sea level can be successfully applied in the 
Mediterranean region, since this is the seat of ancient cultures which have developed 
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along these coasts (Auriemma and Solinas, 2009). In this context, the Italian area is one of 
the most suitable for such studies due to the large abundance of well preserved coastal 
archaeological structures and geological and geomorphological signatures that can be 
found along the coasts (Ferranti et al., 2010). These are crucial to understand and 
reconstruct the history of the sea-level during the Holocene, thus giving a unique 
opportunity for such studies. The state of the art on the most recent estimates of sea level 
rise in Italy, and the Mediterranean as well, is indicating that the relative variations vary 
from place to place. Along the Tyrrhenian coasts of Italy, was observed a mean sea level 
rise of about 1.35 m since the last 2 ka (Lambeck et al., 2004b), with the exception of a 
few uplifting coasts in tectonically active areas, that show a reduced or null relative sea 
level change (Anzidei et al., 2012). In other areas of the Mediterranean, as in southwest 
Turkey, were observed negative variations up to several meters due to vertical tectonic 
movements induced by the Hellenic Arc system, that have lowered the coastline (Anzidei 
et al., 2011a). The analysis are in agreement in indicating that the purely eustatic 
variations is about 13 cm, that likely occurred in the last 100±50 years. This period roughly 
coincides with the beginning of the industrial age and the increase of global temperatures, 
giving a possible evidence of a direct relationship between sea level rise and recent 
climate change (Lambeck et al., 2004b). Such changes can be critical in case of extreme 
events, as for storms and tsunamis, capable to rapidly change the coastline and its 
morphology (Lowe et al., 2010; Pucci et al., 2011; Pantosti et al., 2008; De Martini et al., 
2010; Mastronuzzi and Sansò, 2000; Mastronuzzi and Sansò, 2004). In this Doctorate 
Thesis, we review the current state of the art, and provide additional results on the sea 
level change at different time scales in the Mediterranean. Six selected key papers of the 
twenty I have published on JCR journals during the three years of the Doctorate are 
annexed to this thesis. In addition to these, further not yet published results are here briefly 
presented for the Calabria region and for the tidal analysis in relation to the tsunami that 
followed the Boumerdès earthquake of May 21, 2003. Results can be used for a conscious 
land planning, because rising sea level will affect the Italian coasts over the next years. 
 
Research goal 
The results presented in this Doctoral Thesis originated from the joint efforts of several 
researchers belonging to several institutions of the Mediterranean countries, conducted by 
the Istituto Nazionale di Geofisica e Vulcanologia, the Australian National University and 
ENEA, which have cooperated in the specific topic of the relationships between the 
reconstruction of the relative sea levels along the coast of the Mediterranean and the post-
glacial isostatic adjustment, including tectonics and volcanism. Particularly, this work has 
substantially benefited since the beginning from the project funded by CNR Agenzia 2000 
“Multidisciplinary Study of maritime villas, harbors and fish tanks of Roman and pre roman 
age along the coasts of the Italian and Mediterranean Sea, for the evaluation of the 
crustal, seismic and volcanic deformations and sea level changes during the late 
Holocene”, and later by other national research programs and from a cooperation with the 
Department of Physics of the University of Calabria for this region (Prof. Ignazio Guerra). 
In this framework were performed archaeological and geological surveys along the coasts 
of the Mediterranean, analyzed instrumental data and applied glacio-hydro-isostatic 
geophysical models for the same region.   
Observations and descriptions of the sea level change along the coast are crucial for the 
understanding of the progressive sea level rise in response to the increasing surface 
temperature of the planet. This phenomenon, caused by past climate changes and 
accompanied by the melting of the Pleistocene ice sheets, have relevant scientific and 
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socio-economical implications, because is still active and affecting coastal human 
settlements, especially when in conjunction with vertical land motion caused by natural 
and anthropogenic subsidence, tectonics and volcanism. 
The present-day sea level rate estimated by the longest available tide-gauge recordings in 
the Mediterranean, includes vertical movements of the land, that can accelerate (or 
sometimes decrease) locally the sea level rise, as well as the possible contributions of 
anthropogenic origin (greenhouse effect, global warming, etc.). 
In this work we have measured and analyzed the sea level changes occurring along the 
coasts in the Mediterranean basin at different time scales, from geological, archaeological 
data and instrumental observations, and adopting advanced mathematical modeling to 
constraining deformation mechanisms of the Earth at long temporal scales. Fast sea level 
oscillations are then analyzed to extract the frequency content of sea level after significant 
regional or global tsunamis, thus exploring different aspects of the sea level change 
occurring in the Mediterranean. 
 
 
2. Sea level 
The level of the seas has always changed during the Earth’s history with different 
amplitudes and rates. These changes were dependent on astronomical, climatic and 
tectonic causes, which vary in space and time (Tab.1). Recent studies have determined 
that sea-level change is the sum of eustatic, glacio–hydro-isostatic and tectonic factors: 
the first is global and time dependent, while the other two also vary according to location 
(Lambeck and Purcell, 2005). Therefore their effects define the sea level in a given area 
and at a given time. Recent observations suggest that the current global warming may 
lead to an unprecedented acceleration in the current trend of sea level raise (Church et al., 
2010). To understand the cause of the signal we observe along the coasts, which is crucial 
for coastal planning, it is necessary to define briefly what sea level is. 
We can distinguish between absolute sea level and relative sea level. The first one, (η), 
depends on the mass and density fields, but the combination of different factors that act in 
time and space determine its changes: 
 
 
  
The ηmass is depending from the amount of water in the oceans whose predominant 
changing factor is the melt or growth of the ice sheets during glacial cycles that vary their 
extension and thickness in time. The second factor, the ηdensity, is largely depending by 
salinity and  temperature of the oceans. The latter are changing with global temperatures. 
Instead, the relative sea level change that can be observed along the coasts can be 
defined as: 
 
 
 
The first factor Δζe needs global estimates of changes in ice volume, or the eustatic part; 
the second one ΔζG, needs understanding of Earth response to changes in surface loads, 
or isostasy, and knowledge of loads themselves; the last one ΔζT needs local knowledge 
of tectonics  of a region, that causes vertical land movements. In Figure 1 is reported a 
sketch showing the basic concepts of relative sea level change and how it can be 
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observed along a shore, as resulting from the combination of vertical land movements and 
ocean volume variation. 

. 

B(tp)

ur
h(tp)

b'

a'

h(t)ζB ζA

A(t)

Δζ
A'

h(tp)

h(t)

ur

C'

C

b

a

D

D'

 

Fig. 1 – The relative sea level change. At present time tp the shoreline is at B(tp) and the original shoreline is 
displaced to A’(tp). The position of A’ relative to B specifies the relative sea level change in the interval (t-tp). 
ur = land uplift. At time t the land surface is at a-a’ and shoreline is at A(t). 
Relative sea level change: Dz = ( zA - zB) - ur ; Elevation at t: h(t) = h(tp) - [( zA - zB) - ur] = h(tp) - Dz(t) 
(from Lambeck et al., 2010) 
 
The main cause of global sea-level change, neglecting tectonics, has been addressed to 
the growth and decay of ice sheets and the associated deformational and gravitational 
response of the Earth to the changing surface loads of ice and water. The zero order 
approximation of sea level change is the average change of the ocean caused by the 
melting of the ice sheets, defined as (from Nakada & Lambeck, 1989 and Lambeck et al., 
2002a): 
 
 
 
 
Where, Vi is the ice volume at the time t,  A0 (t) is the ocean surface area at time t, ρ i  and 
ρ0 are the average densities of ice and ocean water. 
Sea level at any locality φ and time t, is then defined as: 
 
 
 
Where, Δζrsl (φ,t) is the change of sea surface relative to land at a location mφ and time t 
compared to its present position at time tp. The second term ΔζI (φ,t) is the glacio-hydro-
isostatic contribution *. The last term ΔζT (φ,t) is the tectonic contribution for active areas.  
These terms are functions of positions φ and time t. 
 
* In simple approximation, the isostatic term consists in two parts:  

i) The glacio-isostasy (deformational and gravitational effects on sea level due to 
changing ice load; 
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ii) The hydro-isostasy, corresponding to the concomitant changes in the ocean load. 
 

Isostatic corrections are dependent on the rheological model and on assumptions on the 
ice-volume-equivalent sea level function. Separation of the two can, however, be achieved 
(Nakada and Lambeck 1989; Lambeck et al., 2002a): 
 
 
 
Where, ΔζI-g(φ,t) is the glacio-isostatic part and ΔζI-h(φ,t) is the hydro-isostatic part. 
 
The sea levels at two locations φ1 and φ2 , ignoring tectonics, are: 
 
 
 
 
 
Where, Δζ0

esl  is the contribution to the ice-volume function based on the ice model and 
δζ0

esl  (t), is a corrective term to allow for any limitation in the model. 
 
The difference is given by: 
 

 
 
If the two sites are far from ice margins and enough close to each other for glacio-isostatic 
parts to be small and comparable. This differential observation is primarily a function of the 
mantle response to the water loading and only to a second order of  Δζesl (t).  
Hence it provides an estimate of the rheological parameters which are then used to 
improve the the ΔζI (φ1,t) and the ice-volume-equivalent  through: 
 
 
 
 
An iterative process is used to obtain the far-field and near-field solutions to yield better ice 
models and rheological parameters, to estimate the change in the ocean volume through 
time. Geophysical modeling of the isostatic response of the Earth to surface load 
redistribution can be undertaken at global or at regional scales. The results here presented 
are concerning regional and or local analyses for the Mediterranean of the estimates for 
the ocean volume change during the present interglacial and for the time since that sea 
levels approached their present level about 7000–6000 years ago. For the analysis has 
been used the code developed at the Australian National University (www.anu.edu.au). 
During the Earth’s history, global sea level variations were triggered from geological, 
astronomical and climatic changes (eustatic changes) and they affected the coasts with 
different amplitudes at different locations. 
The sea level at a point P of coordinates (ω,φ) is the offset between the surface of the 
geoid and that of the ground surface, as in the following:  
 
SL = SL(ω, φ)t = r’g – r’s, 
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where the sea level change is given by:  
 
S (ω, φ)t = SL − SL0, 
 
where SL0  is a reference sea level, measured at the same point but at the at a time t=t0 
(Fig. 2 A): 
 
SL0 = rg − rs. 
 
Then, S (ω, t) = SL − SL0  is the sea level change that can be can be observed and 
measured in a point by topographic surveys at P (Fig. 2B). 
Combining the previous expressions for S(ω,φ)t we obtain: 
 
S(ω, φ)t = N − U,  
 
where  
 
N(ω, φ)t = r’g – rg 
 
This is the geoid height change, and  
 
U(ω,φ) t = r’s − rs. 
 
Is the vertical deformation of the land surface. Therefore the sea level change is 
determined by changes in the shape of the two surfaces that define the geoid and the solid 
Earth. Sea level change can be then defined on the whole surface of the sphere, since 
both N and U have precise values across the continents. 

 

 
 

Figure 2 Sea level change measurement S at a point of coordinates (ω,φ) and at a time t along the coast, 
in relationship with the geoid height change N, and the vertical deformation U (From Stocchi,2004, modified).   
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Spatial and temporal scales of sea level change and tectonic and climate causes 

 
Causes  Time scale Time window Spatial scale Dominant process 
 
 
 
 
Climate 
 

Long term 106 - 103 years Global Growth and decay of ice 
sheets 

Intermediate 
term 

103 - 102 years Regional  Global change in temperature 
and ice volume (little ice age, 
medieval climate optimum) 

Short term 102 - 10  years Local Decadal-scale climate 
change, wind circulation. 
Change in thermal state of  
ocean. Change in ground and 
surface water storage 

 
 
 
 
 
 
Tectonics 
 

Long term 106 - 109 years Global Plate tectonics and evolution 
of ocean basins. Ridge 
formation 

Intermediate 
term 

106 - 103 years Regional  Volcanic and sediment 
loading, changes in stress 
state of lithosphere 

Short term 103 - 102  years          Local slow surface response to long 
term tectonics and volcanism 

Very short term years -seconds Local Rapid surface response to 
tectonics and volcanism 
forcing. Earthquakes and 
eruptions. 

 
Table 1 Spatial and temporal scales of sea level change and tectonic and climate causes 
 
Among the global geological causes, are the drift of the continents, the expansion of the 
oceanic ridges with the subsequent changes in the shape of the oceans. The predominant 
astronomical factors that caused the past eustatic fluctuations are the eccentricity of the 
orbit of the Earth around the sun, the oscillation of the obliquity of the Earth’s rotation axis 
with the motion of precession (change in the orientation of the rotational axis). Continental 
or regional changes are primarily due to the glacio-hydro-isostatic effects, tectonics, 
variations in the force of gravity, subsidence and, in recent centuries, anthropogenic. At 
local scale are also possible short-term changes (daily, monthly, yearly), caused by 
climatic and meteorological conditions.  
Rapid changes are typically caused by tides, winds, atmospheric pressure and tsunamis. 
These oscillations may cause temporary variations in the elevations of sea level in the 
range from some decimeters and even up to several meters, as in the case of storms and 
tsunamis. 
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Fig. 3 Sea level reconstruction during the last 600 Million of years. A) Long-term sea levels changes during 
the past 600 Ma as derived by geological evidence and driven mainly by plate tectonics factors (Hallam, 
1984); B) Intermediate-term sea level change from the last glacial cycle from fossil shoreline evidence (last 
140 ka, Huon Peninsula, Papua, New Guinea and W-Australia). Signal shows large spatial variability 
(Lambeck and Chapell, 2001); C) Instrumental record for the last 3 centuries, show high frequency 
oscillations with longer-term trends (from Church et al., 2001). (set of figures from Lambeck et al., 2010). 

3. Global scale changes 
The geological phenomena that lead to changes in sea level are mainly related to plate 
tectonics. The Earth’s plate movements and the associated phenomena lead to changes in 
shape of the oceans and therefore, in the volume of the basins. For example the rapid 
formation of new oceanic crust causes a decrease in depths of the oceans. Then, the 
more the lithosphere is young, the more is hot and therefore less dense, generating due to 
isostasy a lower bathymetry and a lower oceanic volume. This leads to a rise in sea level. 
In addition, there are the effects of oscillation of the water level on the shape of the 
submerging land (e.g. coastal subsidence at continental and regional scale, rheological 
adjustments of the lithosphere, thermo-isostasy, glacio-isostasy, the sediment-isostasy, 
the accumulation of sediments, etc.). 
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Fig. 4 Left: example of a global scale sea level change caused by ocean ridge formation: the ocean basin 
changes its shape in relationship to plate tectonics, but with a constant volume of water. Right: Change in 
ocean volume caused by ice sheets melting in consequence of addition (or removal) of water. Thermal 
expansion (or contraction) is due to increasing (or decreasing) water temperatures. 
 
The global climatic changes act over tens and hundreds of thousands of years and are 
mainly triggered by periodic variations of the Earth's orbital parameters (Milankovitch, 
1938; Hayas et al., 1976; Adem, 1989). These factors control the intensity of sun radiation 
that reaches the surface of the planet. The effects of climatic variations on changes in sea 
level are mainly changes in the relative volumes of water and ice, which occurs by 
accretion or melting of ice sheets. Changes in sea level have been up to 130 m in 18,000 
years (Fig. 3). These oscillations are also defined as glacio-eustatic changes (Maclaren, 
1842). Climate change, such as those occurring in glacial and interglacial periods, also 
involves changes in temperature, salinity and pressure of the ocean water, with relative 
variations of density and volume. The changes of sea level induced by temperature 
changes are generally limited (at most a few meters of difference between glacial and 
interglacial periods), but may be perceptible (some decimeters) if a climate change is 
produced in a short time, as is happening in recent years because of global warming. 

 

 
 

Fig. 5 Sun radiation (red curve) and sea level changes (blue curve) since the Middle Pleistocene. At the 
bottom are reported the isotopic stages (9-1) and the archaeological ages for the last 10 ka (modified from 
Silenzi et al., 2004). 
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The most important climate changes that lead to changes in sea level are related to the 
glacial cycles. James Croll (1875) was the first to suggest that the climatic fluctuations of 
the last 2 million years were the result of slow movements that describes the Earth in 
space during its rotation around the Sun. The theory was elaborated by Milutin 
Milankovitch around 1930 (Milankovitch, 1930; Milankovitch, 1941) and subsequently 
discussed and refined by many authors (see eg.: Berger, 1978, Berger, 1988, Berger et 
al., 1992; Crowley & Kim, 1994; Hays et al., 1976; Imbrie et al., 1984; Imbrie et al., 1992, 
1993; Laskar, 1999; Muller & McDonald, 1997; Santer et al., 1993). 
According to Milankovitch, because of the gravitational pull exerted by the bodies of the 
solar system on our planet, the Earth's orbit is constantly modified by the cycles of 
precession, obliquity of the ecliptic and eccentricity of the orbit. On the basis of 
astronomical laws that describe these variations and assuming the Earth's atmosphere 
was stationary, Milankovitch estimated the variation of the solar radiation on the Earth’s 
surface at different latitudes over the past 600,000 years. In this way he explained the past 
successions of warm and cold periods (Fig. 5). The astronomical cycles determines the 
transition from glacial to interglacial phases with periods of about 100.000 years. Currently, 
the Earth is experiencing a warm period or interglacial, named the Holocene. This began 
about 10.000 years ago after a glacial phase in which, about 22.000 years BP, the sea 
was about 130 m below the current level. 

 
 
Fig. 6 Sea-level reconstructions at different places round the world. Note the spatial variability caused by the 
ice-volume changes during the last glacial cycle and the contrasts between, near field (Angerman and 
Hudson Bay), intermediate field sites (Bristol Channel) and far field sites (Queensland) (From Lambeck et al., 
2010).  

The earliest evidence of alternation of glacial and interglacial phases was determined by 
analyzing the ratio of the stable isotopes of oxygen contained in the fossil remains of 
marine organisms (δ18O, shows the relative abundance between the isotopes 16O and 18O 
in carbonatic rocks or in shell of mollusks and foraminifera). Such isotopic ratio is not 
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random, but is strongly dependent on the temperature (Urey, 1948; Emiliani, 1954, 1977, 
Shackleton, 1974, 1977, 1988, Shackleton & Opdyke, 1973; Wefer & Berger, 1991), 
Therefore shells are capable to record the climate of the past times in which they lived. For 
the above reason, these climatic phases are roughly corresponding to the Milankovitch 
cycles, or so called isotopic stages. These are indicated by increasing numbers going back 
in time. Stage 1 corresponds to the Holocene. Similarly, with odd numbers are indicated 
the past interglacial periods, while even numbers identify the glacial stages. Stage 2 
corresponds to the last glacial period whose colder peak occurred 22,000 years ago (LGM: 
Last Glacial Maximum) (Fig.5). 
The changes described by the Milankovitch cycles have brought the Earth 22,000 years 
ago (during the LGM) to be covered by huge ice sheets, as thick as 4000 meters. In our 
region, the extent of the ice included a large part of northern Europe and the main 
mountain ranges of the Alps (Figs. 6 and 7). The formation or melting of the ice sheets 
causes the Earth's crust vertical movement in response to the loading or unloading by the 
growth or reduction of the ice sheets. 
 

 
 
Fig. 7 The Earth’s response to deglaciation. Left: crustal rebound. Center:  ice-volume-equivalent sea-level 
(esl). Right: sum of the two. Vertical scales differ. Gravitational effects are not considered, and the melt water 
is not realistically distributed. (a) sites within the former ice margin: crustal rebound (left) exceeds the esl 
change (center) and the relative sea level is falling (if the cessation of global melting at time t1 a small cusp 
will appear in the relative sea-level curve). The rebound from sites far from the center of rebound will become 
progressively smaller and near the ice margin the rebound and eustatic signals may be of comparable 
amplitude but opposite sign. (b) Sites outside the former ice margin: rebound signal is subsidence and 
isostatic contribution is of the same sign as the esl change. Amplitude depends on distance from the ice 
margin. (c) Far-field continental margin sites: the dominant signal is a subsidence of the sea floor induced by 
the water loading of the ocean floor with a concomitant fall in the water surface. The coastal zone is dragged 
down less than the offshore sea floor and sea level at the coast will appear to be falling. Once major melting 
has ceased the relaxation of the sea floor dominates and results in the high-stand in relative sea level at  
~6000 years ago (From Lambeck et al., 2010). 
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These phenomena are acting on a global scale and, due to the viscosity of the mantle, 
persist for a long time even after the end of the cause that led them. The large part of the 
ice cap that covered once Scandinavia during the last glacial period disappeared since 
8000 years, but the Earth’s crust in this region is still continuing to rise for glacio-isostatic 
response, at a rate of about 20 mm/year. At the same time, as the Earth’s mass is 
constant, subsidence occurs in the adjacent regions, such as the Mediterranean, including 
Italy (Lambeck and Johnston, 1995). 
This effect, which tends to be negligible across the equator, is the glacio-isostatic, and has 
been described among the first by Farrell and Clark in 1976. The hydro-isostatic 
component is instead connected to changes in the seafloor due to the increase (or 
decrease) of the water column, in turn caused by the dissolution (or grow) of the ice as a 
result of the global warming (or cooling). This effect produces a maximum value of 
subsidence within the ocean basins, and resulting in a rising of the continental lands. All 
areas are therefore subject to strong circumpolar phenomena of glacio-isostasy, with uplift 
of up to 200 meters over the past 10,000 years. At mid-latitudes, such as the 
Mediterranean basin, are added the glacio and hydro components, while at low latitudes 
(e.g. the equator) the main effects are due to hydro-isostasy 
Today we are experiencing a new sea level culmination of a warm interglacial period, 
which began about 10.000 years ago. During this time sea level has risen dramatically, 
despite the solar radiance over the Earth's surface decreased (Antonioli and Silenzi, 
2007). Recent studies determined that since about 4000 years the melting of the ice caps 
ceased and therefore their contribution to the eustatism have almost ceased as well. 
Anyway, the land  movements along the coasts are sensitive to the vertical isostatic signal. 
In this complex framework, the coasts of the Mediterranean underwent to a diffuse 
subsidence since the end of the last Last Glacial Maximum (LGM), thus experiencing a 
continuous relative sea level rise (Fig. 6). These movements, which add to the eustatic 
signal caused by the ice sheets melting in relationship with the recent global warming, will 
have large effects on most of the coastal areas, especially those at low topographic 
elevation, like coastal plains, or the river deltas. 
 
4. The Mediterranean region  
The indented shores of the Mediterranean Sea run for about 46.000 km along its rocky 
and sandy shores extending from the Straits of Gibraltar in the west, to the Levant in the 
east, in southern Europe and North Africa. About 50 sub-aerial and sub-marine volcanoes 
are still active in this region, which is struck by a continuous seismicity with frequent 
destructive earthquakes (www.ingv.it).  
With its peculiar features, the Mediterranean Sea is a natural laboratory for studying 
crustal dynamics, volcanism and coastal processes included sea-level changes. 
Additionally, this region has been settled by ancient populations since Paleolithic times 
and the archaeological traces of past civilizations are still remaining along the coasts 
providing valuable information to test geophysical, geodynamic, paleogeographyc 
reconstructions and paleoclimatic models for this region.  
The Mediterranean basin is placed in zone of a tectonic convergence between the main 
African and Eurasian continental plates, although some additionally minor plates, such as 
the Adriatic and the Arabia, have a key role in the current geodynamic activity (Figs.8 and 
9). Therefore, the result is a complex network of tectonic structures that drive the 
geodynamics of this region, causing seismic and volcanic activity and a diffuse crustal 
deformation. In the eastern Mediterranean, the Hellenic arc system is the most active and 
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causes regional deformations, releasing most of the largest earthquakes of the region. In 
the central Mediterranean, is still active the subduction of the Calabrian arc and the 
volcanism  associated to the Aeolian Islands (Serpelloni et al., 2007 and references 
therein). 
In this geodynamic framework, large scale geological processes cause uplift and 
subsidence along the shores. The fastest horizontal crustal movements are occurring at 
rates up to 30–40 mm/yr and often within 1 or 2 mm/yr along the vertical. If we extrapolate 
back in time these movements, assuming they have continued at constant rates, it means 
that over the scale of thousands to millions of years their cumulative effects can produce 
dramatic changes along the coasts. The largest critical effect of these movements, 
occurred around 6 Ma BP even in conjunction with global climate changes and glacio-
eustatic processes: the closure of the Gibraltar strait and of the Atlantic gateway with the 
subsequent drying event, namely the Messinian Salinity Crisis (Hsu et al. 1973; Clauzon et 
al. 1996; Hodell et al. 2001; Krijgsman et al. 2001; Warny et al. 2003; Duggen et al. 2003, 
2004). During this period, the Mediterranean Sea lost most of its water for evaporation and 
its level dropped even more than 1.300 m, below the current level (Fig.10). Thick 
sequences of evaporites deposited in the hyper-saline abyssal plains and today are 
represented by the salt mines in Sicily (i.e. at Realmonte, near Agrigento). 
 

 
 

Fig. 8  Simplified tectonic sketch of the Mediterranean region: HA: High Atlas; MM: Moroccan Meseta; MA: 
Middle Atlas; SA: Saharian Atlas; TA: Tunisian Atlas; HP: High Plateau; SC: Sardinia Channel; ME: Malta 
Escarpment; SI: Sicily; AI: Aeolian Islands; ET: Mount Etna; PP: Pelagian Plateau; CS: Corsica-Sardinia 
block; AP: Apulian block; GP: Gargano Promontory; KF: Kephallinia Fault zone (modified from Serpelloni et 
al., 2007). 
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Figure 9. Horizontal velocities (with 95% error ellipses) given with respect to the Eurasian plate. Red arrows: 
permanent GPS stations; blue arrows: non-permanent GPS stations; yellow arrows: subset of McClusky et 
al. (2000) velocity field transformed into the Eurasian fixed frame. Green arrows display the motion vectors of 
points south of the seismically active belts in northern Africa predicted by the Nubia-Eurasia Euler vector 
(From Serpelloni et al., 2007). 
 
The Messinian crisis ended about 5.3 million years ago, when the marine gateway to the 
Atlantic was restored (Duggen et al. 2003) and the present-day straits of Gibraltar formed. 
Since the Messinian Salinity Crisis, the Mediterranean continuously experienced the 
effects of tectonics and climate changes, as shown by the stratigraphic sequences in 
subsiding coastal plains, shallow shelves or in drowned littoral caves, that provided 
information on Pleistocene sea-level oscillations (Van Andel et al. 1989; Fornos et al. 
2002; Tuccimei et al. 2003; Antonioli et al. 2004). Flights of marine terraces on emerging 
coastlines preserved the signatures of sea-level high-stands (Keraudren and Sorel 1987; 
Goy and Zazo 1988; Dumas et al. 1993; Carobene and Dai Pra 2003; Zazo et al. 1999, 
2003; Rodriguez-Vidal et al. 2004; Ulu˘g et al. 2005). These shorelines are used to 
estimate the geodynamic activity and the most common marker is the shoreline that 
formed during the Last Interglacial period, 120-130 ka BP, during the climatic optimum of 
the Marine Isotope Stage (MIS) 5.5. 
 

 
 

Fig.10 Paleogeographical reconstruction of the Mediterranean basin during the Messinian salinity crisis, 
about 6 Ma BP, based on SRTM data for surface topography and GEBCO data for bathymetry. 
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This event has left its traces along a large part of the coast of the Mediterranean, when 
global sea levels were standing 3–6 m higher than present time, and the warm climatic 
conditions favored the development of faunal assemblages. The fossilized gastropods of 
Strombus bubonius are valuable sea level indicators of this high-stand (Bordoni and 
Valensise 1998). Raised MIS 5.5 terraces are found in the Strait of Gibraltar (Zazo et al. 
1999). in north-eastern Sicily and south-western Calabria (Miyauchi et al. 1994; Bordoni 
and Valensise 1998; Ferranti et al. 2006). In other parts of the Mediterranean basin, like in 
Tunisia and Libya, the MIS 5.5 shorelines are roughly at their original elevation. But in 
other part are missing, such as along the Turkish Aegean coast (Bruckneret al. 2004). 
Thus, the variability in terrace elevation of the MIS 5.5 highlights the local vertical crustal 
deformations. 
Besides the long term vertical land movements, recent instrumental sea-level data 
collected along the Mediterranean coast indicate the occurrence of an overall 
submergence at the rate of 1.2-1.8 mm/yr (Emery et al. 1988). The estimated sea level 
rates vary with the location, depending on the tectonics and volcanic activity, besides local 
disturbances. The most active shorelines are those of the Hellenic and Calabrian arc, 
located in the eastern and central Mediterranean, respectively. These are coinciding with 
zones at high seismic activity (e.g. Pirazzoli et al. 1986b; Stewart et al. 1996; Anzidei et 
al., 2011b) or with active volcanic centers (Dvorak and Mastrolorenzo 1991; Firth et al. 
1996; Stiros 2000; Morhange et al. 2006; Tallarico et al., 2003). In addition to tectonic 
deformation, land movements in the Mediterranean are caused by the glacio-hydro-
isostatic effect as shown by various competing numerical models developed during the last 
two decades.  
 

 
 
Fig. 11 Predicted relative sea levels and shorelines across the Mediterranean between 20 and 2 ka BP. The 
green–blue transition is the palaeoshoreline. Contour intervals: 5m for 20 and12 ka BP; 1m for 6 ka and 
0.25m for 2 ka. Red contours are negative values, orange contours are positive values, and yellow contour is 
zero change (from Lambeck and Purcell, 2005).  
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They predict the shoreline responses to changes in the ice-ocean loading (Lambeck and 
Johnston, 1995; Peltier, 2000; Lambeck and Bard 2000; Stocchi and Spada, 2009) 
originated from the rebound of the former ice-mass centers of Europe and North America. 
During this global scale deformations, the mantle beneath the Mediterranean crust 
deformed due to ice-sheet loading and now flows back causing the previously up-warped 
Mediterranean ‘forebulge’ to subside. The hydro-isostatic contribution, resulting from the 
melt water of the ice-sheet decay, increase the water load of the global oceans and seas, 
down-warping the marine basin floors and up-warping their margins (Lambeck et al. 
2004a, 2004b). It is worth noting that the glacio-isostatic models are in agreement with 
field observations and the postglacial Mediterranean sea level has never been higher than 
today. Therefore eventual Holocene coastal deposit located at elevation above the modern 
sea level, are the evidence for local vertical tectonic movements.  
The Mediterranean Sea is beyond the direct influence of the ice sheets and of the glacio-
isostatic signal since the end of the Last Glacial Maximum (Meier et al., 1984). (Fig. 11). 
For the last 7000 years this signal causes a sea level rise that mostly dominates the hydro-
isostatic contribution. Thus, in the absence of tectonics, Late Holocene sea levels for much 
of the Mediterranean will be characterized by slowly rising values. 
The Mediterranean is an area of low tidal amplitudes and restricted wave effect (short 
fetch). For these features, the records of past sea levels along the coasts are better 
preserved than in the oceans. Geological, biological, and archaeological indicators 
represent a good observational database, to address some of the specific issues about 
Late Holocene sea level. Unfortunately, horizontal and vertical tectonic movements are 
important in this region due to the still ongoing collision between the African and the 
Eurasiatic plates, complicating the pattern of sea-level change expected from glacial 
cycles alone. Additionally, being the Mediterranean a nearly closed basin, water variations 
induced by changes in salinity and/or temperatures may be important over decades and 
centuries. Many studies in the Mediterranean, aimed to establish the sea level rate of 
change and tectonic uplift rates along the coasts (Flemming 1969; Caputo and Pieri 1976; 
Van Andel 1989; Laborel et al. 1994). But the isostatic contributions were neglected in 
these studies. Lambeck et al. (2004b) and Lambeck and Purcell (2005), introduced the 
isostatic contribution in the sea level reconstructions and modeled the observed changes 
across the basin. Anyway, tectonically stable areas within the Mediterranean basin can be 
identified on geological or geophysical features or from the position of the Tyrrhenian 
shoreline of the Last Interglacial (MIS 5.5), which is clearly identified by its morphological 
and litho-stratigraphic markers and the associated Senegalese fauna (Antonioli e Silenzi 
2007). 
Parts of the Italian peninsula, Sardinia and northwest Sicily can be considered tectonically 
stable on the Holocene timescale but part of southern Italy, such as Calabria and 
northeast Sicily are uplifting at rates of up to 2.4 mm/yr (Antonioli e Silenzi 2007). 
Conversely the north Adriatic area is downlifitng at a rate of 0.75 mm/yr in the last two 
millennia, producing a significant downward displacement of the coastline of ~1.5–1.6m 
(Antonioli et al., 2007). The evidence of uplifting areas is well given by the erosion notches 
near Corinth (Figure 21) (Flemming and Webb 1986; Pirazzoli et al., 1994), and their 
elevations were used to estimate magnitudes and Earthquake recurrence times than for 
sea level studies. But, in the regions where the Last Interglacial shorelines are absent, 
uplift and subsidence rates for Holocene can be estimated more precisely when the glacio-
hydro-isostatic model has been calibrated against the data from the known tectonically 
stable areas (Monaco et al. 2004; Orrù et al. 2004) and then applied to the areas of 
recognized or supposed tectonic activity (Antonioli et al., 2007). 
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The assumption of uniform rates of tectonic vertical movement is not always valid for all 
the areas as shown by the examples of Basiluzzo and Pozzuoli, respectively located in the 
volcanic arc of the Aeolian Islands and the Phlaegrean Fields volcanic complex. In the 
latter, the Roman columns of the temple of Serapis show marine borings at elevations up 
to 7 m above sea level (Morhange et al. 1999). Radiocarbon dating of in situ Lithophaga 
and other mollusk shells found in these columns, as well as of in situ corals and mollusks 
from nearby cave and cliff sites, indicates that local sea level reached 7 m above present 
during three periods since Roman times; in the fifth century AD, early Middle Ages 
between 700 and 900 AD, between 1300 and 1500 AD, and finally before 1538, when a 
volcanic eruption created the Monte Nuovo (Morhange et al. 2006) (Fig.12), displacing the 
coast to a new position. 
At other sites there is evidence for long term changes in uplift rates with the average rates 
for the past approximately 120.000 years up to time larger when compared with those for 
the past 10.000 years (Antonioli e Silenzi, 2007).  
Archaeological evidence provides many records of patterns of change. For example, along 
the coast of Tunisia (Slim et al. 2004; Anzidei et al., 2011a), in Lybia (Anzidei et al., 
2011a), at the buried port of Troy (Kraft et al. 2003), at the ancient harbor of Marseilles 
(Morhange et al. 2001), or the submerged urban quarters at Tyre where a seawall 3 m 
high indicates ~3 m of submergence, compared with a submerged quarry indicating 
relatively little sea-level change at Sidon (Marriner et al. 2006). Along the coast of Israel, 
sea level rose to reach a level close to present around 2000 years ago (Anzidei et al., 
2011b), with evidence of changes of ~30–40 cm (Sivan et al. (2003b; Sivan et al. 2004). 
The Roman fish tank data from the more stable areas of the central Mediterranean have 
provided the most accurate estimates for paleo-sea levels because the relationship 
between the structural features of the archaeological sites to the tidal range is well 
established and it indicates an average relative sea-level change along the central 
Tyrrhenian coast of Italy at ~1.35±0.07 m at 2000 years ago (Lambeck et al. 2004b). 
 
 

 
 
Fig. 12 Painting of the 1538 Monte Nuovo eruption (author unknown), that shows the coastline position 
before the eruption “Termine del mare de prima”. 
 
Anyway, in other part of this coast, such as in Calabria, this change is compensated by the 
tectonic uplift, that has equal value of the glacio-hydro-isostatic signal, but having  
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opposite direction  (Anzidei et al. 2006; Anzidei et al., 2012). Most of this change from the 
stable region can be attributed to ongoing isostatic signals. When corrected for this and 
compared with the present rates of change estimated from nearby tide-gauge stations 
having long enough records to be statistically affordable, the change in sea level attributed 
to change in ocean volume since the Roman Period is a rise of 0.13±0.09 m. The 
comparison of the Roman fish tanks and tide gauge results for eustatic sea level indicate 
that the present-day rate of change can only be representative of a short interval of time 
unless sea levels in the intervening period were actually lower than the Roman values. In 
the absence of evidence for this, the comparison indicates that this duration was of the 
order 100±50 years and, while the uncertainties in this estimate remain large, the results 
are consistent with an onset of the present sea-level rise in the late nineteenth century or 
early twentieth century (Lambeck et al. 2004b). 
The isostatic response in the Mediterranean basin causes a significant spatial variability 
due to the variability in the coastline geometry and because of variable distance from the 
former ice sheets. This is shown from the vermetid and coralline algae data from the 
French Mediterranean coast between Marseilles and Nice (Laborel et al. 1994) and the 
well data from Israel (Sivan et al. 2004). The differences can be attributed to the 
differences in isostatic contribution at the two sites. Thus the differential techniques can be 
used successfully to separate out the isostatic and ocean-volume contributions. In all 
cases, the results show an ongoing increase in ocean volume until about 3000 years ago, 
such as to raise global sea level of about 3 m between ~7000 and ~3000 years BP, with a 
near constant ocean volume over the past ~2000 years (Lambeck and Purcell 2005). 
Therefore, the glacio-hydro-isostatic effect for the Mediterranean, results in a diffuse 
subsiding process with rates varying from north to south and from west to east, with orders 
of magnitude between 0.2 and 0.8 mm / yr (Lambeck and Chappel, 2001; Lambeck and 
Bard, 2000; Lambeck et al., 2004 a; Lambeck et al. 2004b, Antonioli et al., 2007). An 
exemplary effects of what is happening is given by coastal archaeological structures such 
as the fish tanks built by the Romans 2000 years ago, along large parts of the 
Mediterranean coasts that are nowadays often submerged (Lambeck et al., 2004b). 
 
5. The sea level indicators in the Mediterranean 
The sea level indicators are natural or anthropogenic structures located along the coast in 
the tidal range thus directly bearing with the local mean sea level. Particularly valuable, are 
the paleo-sea-level indicators that are crucial to understand the past positions of sea level. 
Exist several types of paleo-sea-level indicators: sedimentary (i.e. beachrock), erosional 
(i.e. notches), ecological (i.e. accretionary biotherms built up by coralline algae), 
microfossils (i.e. diatoms, testate amoebae, and foraminifera), and archaeological (i.e. 
harbors, pools, fish tanks). 
Anyway, the reconstruction of sea level history (sea level curves) must take into account 
the uncertainties regarding the determination of vertical relationships between the position 
of the sea-level indicator and mean sea level and the errors associated with the age 
determination, considering that their level refer to a position included within the local tidal 
range. Therefore, is mandatory to define the functional elevation or the elevation of the 
specific the sea level indicators with respect to the estimated local mean sea level at that 
location and at the time when they were active.  
The functional elevation depends on the type of the indicator (biological, geomorphological 
or archaeological, etc.), and the local tide amplitudes. For example, when surveying 
archaeological indicators, the minimum elevation of particular structures above the local 
highest tides must be defined on the basis of archaeological interpretations. The main 
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steps to be followed during surveys and the subsequent interpretation of the results are 
summarized as follows: 
 

• reduce the measurements to local mean sea level by applying tidal corrections 
using the available nearby tide gauges (i.e. www.idromare.it; www.pol.ac.uk; 
http://www.ioc-sealevelmonitoring.org/). If tide gauge are unavailable, can be used 
predicted tidal amplitude (for example using tidal prediction at http://wxtide.com), 
and reducing them for local pressure values; 
 

• estimate measurement errors of topographic elevations (multiple measurements), 
and ages (instrumental, historical and bibliographical data), of the indicators; 
 

• examine predicted and observed sea levels for the observed locations, by 
comparing the current elevations of the markers (i.e. relative sea level change 
measured at each location), against the sea level elevation predicted by the glacio-
hydro-isostatic model for the same location; 
 

• in general, and in absence of any further information, during the interpretations can 
be defined as stable tectonic areas those where the elevations of the indicators are 
in agreement with the predicted sea-level curve. Conversely, when the elevations of 
the indicators disagree from the predicted sea-level curve (i.e. they fall below or 
above the predicted sea-level curve), vertical land movements are expected (due to 
tectonics, volcanism, subsidence, anthropogenic effects).  
 

it is worth noting that because each area has its own geological and geophysical 
characteristics, it is not possible to compute a single sea level curve valid to describe the 
sea level change at regional or global scale. Therefore for each investigated area is 
necessary to estimate the history of the local sea level curve. 
The positions of the sea level indicators can be close to mean high water, as is the case 
for salt marsh markers (Horton et al. 1999), or mean low water springs, as for coral 
microatolls (Smithers and Woodroffe 2000; Hopley et al. 2007), or near the mean sea 
level, as for the sluice gate of the fish tanks (Lambeck et al., 2004b). Often this 
observation can only gives a limiting value. Positional uncertainties (from survey error or 
from disturbances of the marker since their existence), and age uncertainties must be 
taken into account (Woodroffe et al. 2007).  
When multiple indicators, such as geological, biological and archaeological are all present 
in combination in a locality, the observations of the past sea level positions are reinforced 
(i.e. marine mollusk grown on archaeological structures, as reported in Morhange et al., 
(2001), or the fish tank complex at Ventotene, with harbor and quarry of the roman age, as 
in Lambeck et al., (2004b).  
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Fig. 13 Sea level indicators: (a) Notches along the rocky coasts of the Mediterranean with  organisms 
characterizing the supralittoral, mid-littoral, and sublittoral environments; (b) coral microatolls (Orpheus 
island, AU); (c) Vermetid reef; (d) Serpulid overgrowth on submerged stalagmites in Argentarola Cave, Italy; 
(e) sunken city of Baia (Italy), 2ka BP; (f) Neolithic submerged well at Atlit Yam (9.5 and 8.2 cal/yr BP), at 10 
m bsl (Israel); (g) roman age rock- cut fish tank (Briatico, Calabria); (h) Strombus Bubonius, fossil of the MIS 
5.5 climatic stage of 125 ka BP. (figs. a,b,c,e,f,g from Lambeck et al., 2010; fig.d courtesy of F.Antonioli; 
fig.e, courtesy A.Benini; fig.g and h by M.Anzidei). (modified from Church et al., 2010) 
 
 
5.1 The archaeological indicators 
Coastal settlements constructed in antiquity provide important insights into sea-level 
changes during past millennia, and reconstructions of historical sea-level change using 
archaeological coastal installations have been particularly effective in the Mediterranean 
Sea, whose coastlines preserve remnants of past human activity since the LGM. The first 
pioneering results using geophysical interpretations from archaeological indicators for the 
sea-level change estimation were published by Flemming (1969), Caputo and Pieri (1976), 
and Pirazzoli (1976). Unfortunately, despite the large number of archaeological remains in 
the Mediterranean (Figs.13,14 and 16), only a small part of them can be used to obtain 
precise information on their former relationship to sea level.  
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Fig. 14 The archaeological sites in the Mediterranean studied since the last decades. Orange boxes are the 
areas discussed in this study. Blue boxes are areas previously investigated. Black and white dots are the 
archaeological sites investigated. 
 
Limitations arise as a result of their uncertain use, poor preservation, or because they 
were built in geologically unstable areas (for examples soft sediments at the mouth of 
rivers or near active volcanic centers). The observed intervening sea level change is 
inferred from those structures or artifacts which must have been terrestrial but have now 
been flooded, and second those coastal structures that were built with a precise relation to 
water level and which no longer function because of a change in sea level (either rising or 
falling). The flooded paintings of Cosquer cave, in Southern France (Clottes et al. 1997), 
belong to the first category and provide the oldest known archaeological constraints on 
sea-level change in the Mediterranean (Lambeck and Bard 2000). The second category 
more precise and includes slipways, fish tanks, piers and harbor constructions generally 
built between 2500 and 1000 years BP.  
The Roman fish tanks, generally dated between the first century B.C. and the first century 
A.D., are particularly valuable, because they can provide very precise data (Figures 
13,14,16,17). Quarries carved along the coastlines and located nearby fish tanks, and 
harbors or villas of similar age, can provide additional data on past water level, as well as 
information on their functional elevation above sea level, although these are less precise 
indicators (Flemming 1969). Wells, such as those submerged off the coast of Israel (Figure 
13f), indicate gradual sea-level rise since 8000 years ago (Sivan et al. 2001, 2004). 
Likewise, now-submerged sites of human activity can provide limiting information. 
One example is the Early Neolithic burial site at ~8.5 m in northern Sardinia where the 
archaeological style of a nearby settlement gives an age of approximately 7600 years BP 
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at which time local sea level was more than 8.5 m lower than present (Antonioli et al. 
1996). Other examples are the submerged buildings of the sunken city of Baia (Fig. 13e) 
and the submerged breakwater at Capo Malfatano in Sardinia. Functional elevation is 
defined from the elevation of specific architectural parts of an archaeological structure with 
respect to the local mean sea level at that location and at the time of its construction, and 
provides the basis for determining sea-level change. It depends on the type of structure, its 
use and the local tide amplitudes.  
The minimum elevation of particular structures above the local highest tides can be 
defined. So far, pier surfaces can be estimated at an elevation of at least 1 m above sea 
level, bollards at 0.7–1.0 m, and up to 2.0 m for large harbors such as at Leptis Magna 
(Libya), depending on the ship size. Slipways can be found at several sites in the 
Mediterranean, such as Sicily, Cyprus, and Turkey, and it is apparent that they will function 
only if they have enough dry length to house the ship out of the water and sufficient depth 
of water at the bottom of the slipway for the ship to enter (Blackman 1973) (Fig. 15). 
 

 
Fig. 15 Sketch of the functional elevation of the archaeological indicators in the Mediterranean. Data derive 
from the observation of constructional parts in about 100 different coastal archaeological sites distributed 
along the coasts of the Mediterranean. Vertical bars are the elevation uncertainty; horizontal bars are the 
age errors. 
 
 
5.2 The Roman fish tanks 
Among the different type of archaeological sea level indicators briefly described before, the 
Roman fish tanks are the most precise for the past 2 ka (Fig.16).  
These have constructional elements that bear directly on sea level at the time of 
construction (Columella) and well-preserved remains of these features provide a precise 
measure of sea-level change (Flemming, 1969; Pirazzoli, 1976; Schmiedt, 1976). 
According to Plinius and Varro, the use of piscinae as holding tanks and fish culture was 
introduced between the end of the second century and early first century BC. But because 
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of high construction and maintenance costs, they were used for a relatively short period 
only and the building of new tanks ceased during the second century AD. Most of the 
known fish tanks in Italy occur along the Tyrrhenian coastline (Schmiedt, 1976; Giacobini, 
1997) near large Roman villas and only two are known along the Adriatic coast, at Ancona 
and in Apulia (Fouache et al., 2000). Only for a small number of these, precise sea-level 
markers been preserved or identified. Remains of piscinae are also found along the 
Mediterranean coasts beyond the Italian borders (Flemming, 1969; Flemming and Webb, 
1986) but these are often lacking in the very features that give the high accuracy for the 
Tyrrhenian examples, with the exception of a few cases in Cyprus and Tunisia. The 
Roman fish tanks were often carved into rock up to to a depth of 2.7 m or less “...in pedes 
novem defondiatur piscine…” depending on fish species. The basins themselves were 
protected from wave and storm action by exterior walls, ‘‘Mox praeiaciuntur in gyrum 
moles, ita ut conplectantur sinu suo et tamen excedant stagni modum’’, whose foundations 
have mostly been preserved but whose relation to sea level is not defined.  
From Latin publications and field surveys, were identified the significant sea-level markers 
and includes foot-walks (crepidines), channels, sluice gates with posts, sliding grooves 
and, in some cases, the actual sliding gates, and thresholds (Fig. 17) (Lambeck et al., 
2004b; Schmiedt, 1976; Fouache et al., 2000). The foot-walks border the internal pools 
and occur at two or three levels (Flemming, 1969; Caputo and Pieri, 1976; Schmiedt, 
1976; Leoni and Dai Pra, 1997). The lowest surface is cut by channels that permit water 
exchange between the tanks and the open sea, with the flow being controlled by sluice 
gates. These gates consist of  
 

• a horizontal stone surface that defines the threshold and is cut by a groove to 
receive the gate;  
 

• two vertical posts with grooves to guide the vertical movement of the gate;  
 

• an upper stone slab with horizontal slot to extract the gate; and  
 

• the gate itself with small holes to permit water exchange and prevent the escape of 
fish. The base of the channels coincides with the position of the threshold slab.  

 
The top of the sluice gate coincides with the elevation of the lowest level foot-walk and, to 
keep a safety margin, corresponds, as reported by Columella, ‘‘Spissi deinde clatri 
marginibus infiguntur, qui super aquam semper emineant, etiam cum maris aestus 
intumuerit’’ to a position above the highest tide level.  
From sites with complete preservation of sluice gates, channels and foot-walks, were 
estimate that the level of the lowest crepidine occurred at ~20 cm above the highest tide 
level. In the Tyrrhenian Sea the maximum tidal excursion is  ~40–45 cm (Istituto 
Idrografico della Marina; www.pol.ac.uk; www.idromare.it), equal to the observed depths of 
the channels, and this indicates that the flow of water into the holding tanks was tidally 
controlled (Fig.17). 
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Fig. 16 Some of the fish tanks located along the coastlines of the Mediterranean sea, discussed in the text 
(see also annexes 4,5,6): A)Cesarea (Israel); B) Sidi Daoud (Tunisia); C) Ferma (Crete, Greece); D) Baia 
(Naples). The photo shows the post and the channel of the fish tank, presently submerged at about -3.4 m; 
E) Torre Astura (Italy); F) Alicante (Spain); G) Ventotene Island (Italy); H) Briatico (Italy).   
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Fig. 17 The sluice gate and channel system for tidally controlled water exchange in a roman age fish tank 
(tides in the Mediterranean are normally in the range of 0.45 m, with the exception of the Gulf of Gabes 
(Tunisia) and in the north Adriatic Sea). The sketch corresponds to channels systems that still include sluice 
gates made of lead or stone, in the fish tanks of Torre Astura – La Banca, Ventotene (Italy), and Akziv 
(Israel). The complete gate consist of: (i) a horizontal stone surface that defines the threshold with a groove 
to receive the gate; (ii) two vertical posts with grooves to guide the movement of the gate; (iii) an upper stone 
slab with horizontal slot to extract the gate; (iv) the gate itself, ~65 cm high, with small holes for water 
exchange. In this illustration, the gate is partially covered by sand and the bright zone is that part of the gate 
that has been cleaned of sand and biological growth. The threshold, covered by sand, lies ~10 cm below the 
measuring rod that is calibrated at 10-cm intervals. (B) Sketch of the channel sluice gate with sliding posts, 
threshold and lowest level crepidine as viewed from within the fish tank. The top of the sluice gates coincides 
with the elevation of the lowest level footwalks and corresponds to a position above the highest tide. In this 
example, the lowest foot-walk is now 0.72 m below the sea surface at the time of measurement and the 
threshold is 1.37 m below present sea level. 
 
6. Vertical land movements 
A crucial point in the estimation of the relative sea level changes at local scale is provided 
by the active tectonic movements along the vertical, that may modify the coastlines 
(Pirazzoli, 1991) (Figs. 18, 19, 20, 21). In studies of coastal vertical movements in the 
Mediterranean are traditionally used geological and biological markers of the last 
interglacial period of the isotopic stage 5.5 (the Tyrrhenian layer of MIS 5.5 dated at ~125 
ka BP). Their elevation corresponds to the eustatic sea level during this period, at 7 ± 1 m 
above present sea level. Therefore it is possible to determine the value and extent of the 
long term vertical coastal movements by measuring the elevation of this deposit of the 
Tyrrhenian age outcropping along the coast (the difference in elevation between the 
current elevation of the MIS 5.5 layer and its corresponding palaeo-eustatic position at +7 
meters, quantitatively defines the mean vertical dislocation occurred in the last 125 ka BP) 
(Antonioli et al., 2000; Bordoni and Valensise, 1998; Nisi et al., 2003a, Ferranti et al., 
2006; Ferranti et al., 2010). 
The Mediterranean region is a tectonically active area that suffers of seismicity and 
volcanism due to the dynamics of the African and the Eurasian plates. Because these 
plates are still colliding up to several mm/yr (Serpelloni et al., 2007), we can deduce that 
coastal areas located in this active region  can experience, besides the horizontal motion, 
tectonic uplift or subsidence. Recent studies estimated the rates of the vertical land 
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movements in the range of -1 and 2.4 mm/year (Amorosi et al., 2004; Doglioni, 1994; 
Carminati et al., 2003a,b; Ferranti et al., 2007; Figs. 19 and 20). 
These vertical movements occur at different rates for different locations. The coast of 
northern Africa facing the Mediterranean, displays an overall tectonic stability and the 
elevation of the MIS 5.5 is generally at 3-7 m above sea level and in one case within 32 m. 
In the Levant region, the large part of Tunisia and Libya, part of Italy, the MIS 5.5 is within 
5 and 7 m. But along the coasts of SW Turkey is missing, due to the large tectonic coastal 
subsidence recently estimatedat 1.48 mm/yr, and related to the intense seismic activity of 
the Hellenic Arc, causing the dramatic relative sea level rise for this part of the coast 
(Anzidei et al., 2011b). In Greece, France, Spain, Slovenia and Croatia, data are sparse 
and with various elevations. In Italy, the coastal areas of Tuscany, Sardinia, southern 
Lazio, western Sicily and Apulia are stable with MIS 5.5 elevations generally within 10 m, 
with the exception of part of the coasts of Lazio, where MIS 5.5 is up to 30 m (Ferranti et 
al., 2010).  Calabria is the area of the Mediterranean with the highest uplift rates. Here, the 
MIS 5.5 is up to about 200 m of elevation. The Eastern Sicily is also uplifting, but with 
minor rates. Conversely, the Friuli, Veneto and Emilia-Romagna regions are in tectonic 
subsidence (Ferranti et al., 2006).   
 

 
 

Fig. 18 Elevated marine terraces along the Tyrrhenian coast of Calabria, near Lamezia Terme. 
 

 
 
Fig.19 Elevation of the MIS 5.5 marker in the Mediterranean region (From Ferranti et al., 2006). The blue 
lines mark the absence of MIS 5.5. 
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Figure 20 Two key areas of the Mediterranean that highlight the large differences in vertical land movement  
from the elevation of geological and geomorphological indicators. A) Vertical displacement rates in the 
Calabrian Arc, which is the most uplifting region in the Mediterranean (From Ferranti et al., 2010); B) Map of 
the elevation of the MIS 5.5 in Tunisia that reaches 32 m at one location (from Anzidei et al., 2011a). (The 
black triangle is the position of the Lithophaga at El Grine, dated at 5846-5700 calibrated age, related to a 
possible high-stand of ~5ka BP) (see annex 5 for details). 
 
The subsidence in coastal lowlands is also caused by natural (e.g. soil compaction), or 
anthropogenic causes (land reclamation, extraction of fluids). An example is the coast of 
Emilia-Romagna near the Po delta, where the subsidence rate is up to 70 mm/yr 
(Carminati and Martinelli, 2002), including those caused to human activities due to fluid 
extraction, that are of 10-30 mm/year (Bonsignore and Vicari, 2000). Therefore, the use of 
land resources, are also considered among the causes of the recent sea level change, 
besides the thermal expansion of the oceans and the melting of glaciers, likely due to the 
massive release of greenhouse gases in the atmosphere. 
In addition, the over-exploitation of deep fluids has as a consequence, local coastal 
erosion. The anthropogenic effects are then a part of the causes of the changes in sea 
level, probably with a greater impact than the natural dynamics of at least one order of 
magnitude. 
 

A B
 

Fig. 21 A) Co-seismic coastal uplift at Le Figuier (Algeria) caused by the Mw= 6.8 Boumerdès Earthquake of 
May 21, 2003 (from Meghraoui et al., 2004); B) Repeated co-seismic uplifted marine notches in the Gulf of 
Corinth, at Heraion (Greece),  
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Fig. 22 Rates of vertical movements in Italy (mm/yr) averaged for the Holocene and for the last glacial cycle 
(From Lambeck et al., 2011) (see annex 2 for details). 
 
7. Recent new findings for the coasts of Calabria 
Calabria is one of the most complex geological regions of the Mediterranean basin, which 
experienced large Earthquakes and land uplift and is still undergoing to active tectonics 
(Antonioli et al., 2007; Ferranti et al., 2006; 2007; 2010). Its coastlines are displaced at 
various elevations, thus providing indications on sea level changes and tectonic activity 
(Pirazzoli, 1976), and shows several archaeological sites of the last ~2.3 ka BP that can 
be used as powerful indicators of the relative vertical movements between land and sea 
since their construction. During this Doctorate were investigated part of the Tyrrhenian and 
Ionian coasts of Calabria, and were found different patterns of the relative sea level 
change occurring in these two areas. Along the Tyrrhenian coast were studied the 
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maritime archaeological indicators at Briatico, consisting in an uplifted Roman age fish 
tank and a submerged breakwater about 320m long.  
Along the Ionian coast, were observed only submerged constructions, breakwaters and 
coastal quarries of greek and roman ages, in conjunction with geomorphological 
indicators, all providing information of a relevant subsidence intervening during the last 2.3 
ka BP.   
 
 

 

A B
 

Fig. 23 A) Location of the investigated coastal archaeological areas in Calabria (black rectangles), and 
seismicity (black dots and red squares are the epicenters of instrumental and historical earthquakes, 
respectively (size is proportional to Magnitude). The locations of the 1905 earthquake are from: 1=Rizzo 
(1907), 2=Riuscetti and Schick (1974); 3=Camassi and Stucchi (1997), 4=Michelini et al. (2005) (from 
Anzidei et al., 2006; Anzidei et al., 2012). B) The MIS 5.5 terrace (green line with elevation in meters) and 
the main faults at Capo Vaticano promontory (from Miyauchi et al., 1994). Numbered blue squares are 1) the 
location of the Scoglio Galera fish tank and 2) the pier at the mouth of Trainiti creek. (from Anzidei et al, 
2012. See also annex n.6) 
 
7.1 Tyrrhenian coast 
Along the Tyrrhenian coast of Calabria, surveys mainly focused in the area between Vibo 
Valentia marina and the village of Briatico where are located two archaeological structures 
of Roman age (Fig 23a). The first one is represented by a breakwater built at the mouth of 
Trainiti creek near Porto Salvo village. The second is a fish tank, excavated on the Scoglio 
Galera, a small rocky islet near the small village of Santa Irene (Briatico) (see annex 6). 
The breakwater near Trainiti was excluded from the analysis because in absence of 
precise constructional and morphological elements in the shallow part of the pier, precise 
estimation of the intervening relative sea level changes since the time of its construction 
cannot be determined. In fact there is a lack of precise information on the harbor that today 
is completely buried under the recent sediments of the coastal plain (Schmiedt, 1966). 
The second site is the Scoglio Galera, having features particularly valuable as sea level 
indicator. It is located near the village of Briatico, about 100 m distant from the coast and is 
~120 m long and ~40 m wide, extending east-west (Fig 24). This small islet was known 
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from historical tradition to be used by Arabs to jail the Christians, sinking them in the pools. 
Recently, marine archaeologists classified this site as a fish tank and a fish processing 
plant (Mariottini, 2001). The islet was excavated in the bio-marlstone and limestone of 
Miocene age. The fish tank consists of four nearby pools, E-W aligned, that follow the 
natural morphology of the islet. The pools have a total length of about 28 m and a constant 
width of 2.5 m. The two main pools are subdivided into minor ones and are crossed by two 
main channels, which link the inner basin with the open sea. The latter is protected and 
suitable for the moorings of ships.  
All the channels show the signs of the grooves used to operate the sluice gates, similar to 
those found in the fish tanks along the Tyrrhenian coasts of central Italy and other 
localities (Lambeck et al., 2004b; Anzidei et al., 2011b). The inner side of the pools show a 
present day notch about 40 cm high and 30-60 cm deep. Its bottom part shows an organic 
platform typical of high hydrodynamics environments, in agreement with the amplitude of 
the local tides. The northern border displays an abrasion platform up to 6m wide, 
characterized by Dendropoma petreum, a gastropods that usually live in the lower 
intertidal environment (Antonioli et al., 1999). The platform includes several squared holes 
excavated in the islet that once supported the wooden poles that made up the 
reinforcements of high concrete walls, built to protect the islet from the waves.  
 

 A B 
 
Fig. 24 A) The Scoglio Galera with the pools of the fish tank equipped with channels tidally controlled for 
water exchange within the basins. Note the tidal notch within the pools, developed only after the fish tank 
construction; B) Aerial view of the pier at the mouth of Trainini creek (image from Google Earth, 
http://www.earth.google.com). 
 
The sea level curve estimated by Lambeck et al. (2011) predicts a sea level change for 
this location of ~113 cm since the last 1806±50 years, at a mean rate of  ~0.63 mm/y. 
Observations have estimated that the relative sea level has changed only ~7 cm since the 
construction of the archaeological site. Therefore, the recent tectonic uplift inferred from 
the fish tank exceeds by ~0.18 mm/y the previous estimates of Miyauchi et al. (1994) 
obtained from the elevation of the MIS 5.5 marine terrace, which infers an uplift rate of 
0.47 mm/y at Briatico. Bianca et al. (2011) found the MIS 5.5 terrace at 216 m of elevation, 
in contrast to the value of about 60m reported in Miyauchi et al. (1994), thus inferring a 
long term uplift rate up to 1.74 mm/y. As this value is in large contrast with the previous 
measurements of Miyauchi et al. (1994). Besides the long term geological data, recent 
geodetic observations are available in Calabria which show the present day uplift of this 
region. The tide gauge of Reggio Calabria has recorded a sea level trend of 0.28 mm/y 
during the time span 1999-2007 (but with higher rates for 2001-2011 as shown in chapter 
8 of this thesis). Although the duration of the sea level recordings for this station is still too 
short to provide a robust estimation, this value can be considered as a preliminary 
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indication that should correspond to a deficit of ~0.8 mm/y in the sea level increase with 
respect to tectonically stable coastlines of Italy. This result is in agreement with the results 
from Braitenberg et al. (2011). 
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Fig. 25 Archaeological indicators along the Ionian coast of Calabria.  A) The millstones of uncertain age at 
Soverato at -4.5 m (likely carved during the Greek age); B) The stairway of the submerged Greek age quarry 
at Le Castella at -6.0±0.5 m  (2200 yr BP); C) the submerged excavated blocks at Punta Cicala of the nearby 
quarry; D) The double notch at showing an abrupt rise of still unknown age in relative sea level at Punta 
Cicala; E) cuttings in the submerged quarry at Punta Cicala; F) the quarry at Punta Cicala showing the 
remnants of unfinished columns; G) the submerged water well at Capo Donato; H) the breakwater located 
about 1 nautical mile offshore Le Castella, located in the same area of the historical islets of Ogigia. This site 
still shows remnants of roman age amphora mixed with the rumbling of cemented stones. A similar structure 
is present at Capo Rizzuto. 
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Moreover, the available GPS data show a variable uplifting trend for southern Calabria 
(Devoti et al., 2010). Therefore, the rate of crustal uplift inferred from the marine 
archaeological site of Scoglio Galera provides the evidence of a continuous uplift, whose 
trend is in agreement with the recent instrumental observations. The archaeological data 
fills a gap between geological and instrumental data, providing new estimations on the 
tectonic trend of this region during historical times. The vertical uplift rate is based on the 
elevation of the Quaternary terraces of MIS 5.5 of 124 ka, elevated at 65 m according to 
Miyauchi et al. (1994) and a uniform uplift since the last 1806±50 yr BP, which is the age 
of the archaeological site, is assumed. The average value of f the relative sea level change 
inferred from the archaeological site, estimated at ~106 cm for the last 1806±50 yr 
(radiocarbon age of the wooden pole) while the predicted sea level curve for the last 1806 
yr gives a value of ~113 cm. The difference in ~7 cm between predicted and observed 
data results from the sum of the opposite movements of uplift and subsidence that 
counterbalance each other. This estimation includes the uncertainties from the model and 
field observation. This result is in good agreement with the tectonic rate inferred by the 
elevation of the terraces of MIS 5.5, located at 60 m above sea level, that infer a vertical 
uplift of 0.47 mm/y (Miyauchi et al., 1994), that caused a displacement of about 85 cm 
since the last 1806±50 years at the studied site. This estimate, which differs by 21 cm from 
the present study’s results, could result from the measurements of the MIS 5.5 elevation in 
this region, which shows large spatial variability.  
 
7.2 Ionian coast  
Our preliminary results show that this area is undergoing to high rate active subsidence 
and beach retreat, mainly caused by tectonics. This region requires further investigations 
through integrated surveys, including aerial photogrammetric analysis and multibeam 
bathymetry, to estimate timing and extents of these relative vertical deformations that are 
concentrated in a narrow coastal zone (Fig.25). In this area we have surveyed several 
archaeological sea level indicators, all in agreement to indicate a relative sea level rise at 
up to 6.0±0.5 m in the areas between Punta Alice and Crotone. The archaeological sites 
investigated includes millstones located at -4.1±0.2 m at Soverato, likely carved during the 
Greek age; the stairway of the submerged Greek age quarry located at Le Castella at -
6.0±0.5 m (2200 yr BP); the submerged remnants of unfinished columns, the excavated 
blocks and cuttings in the bedrock, up to -5.3±0.3 m at Punta Cicala; the submerged water 
well at Capo Donato at -1.5±0.2 m and finally two breakwaters: one is located at about 1 
nautical mile offshore Le Castella at -5.25±1.0 m, in the same area of the historical islets of 
Ogigia. This site still shows remnants of roman age amphora mixed with the rumbling of 
cemented stones. The second breakwater investigated is placed in the area of Capo 
Rizzuto. Its offshore top part is placed up to -3.5±1.0 m. Besides the archaeological sites, 
we have found traces of a double notch running along the coast near Punta Cicala. The 
upper notch is of contemporary formation, while the second notch, which formed under the 
previous one, is submerged at about -1 m and shows an abrupt rise in relative sea level of 
still unknown age. 
 
7.3 Remarks on the Calabria region  
The elevation of the archaeological indicators in Calabria provided new interesting clues of 
large tectonic activity for this area. Here, the timing of the relative sea level changes can 
be inferred from the elevation of the Quaternary marine terrace and the coastal 
archaeological sites of roman age. The only suitable indicator along the Tyrrhenian coast 
of Calabria is the Scoglio Galera at Briatico dated at 1806±50cal BP. Excluding any 
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uplifting co-seismic displacement, we hypothesize that this fish tank, underwent to a 
continuous uplift since the time of its construction, at the same rate of the subsidence 
signal caused by the glacio-hydro-isostasy. The erosion notches formed in this tectonic 
environment developed under constant tidal range amplitude, since the relative sea level 
remained steadily at the same relative level while it was continuously rising together with 
the Earth’s crust (Fig. 26a). The pools do not show any morphological evidence of 
submerged erosion notches, reinforcing the hypothesis that relative sea level has not 
changed here since the construction of the fish tank. Assuming a constant rate of uplift 
since the late Quaternary, including the last 1806 years, then the current elevation of the 
Scoglio Galera is due to the glacio-hydro-isostatic signal that counterbalances the tectonic 
signal. Therefore, the uplifting rate for this location can be estimated at ~0.65 mm/y for the 
last 1806±50 BP. The present day biological marker of the Dendropoma platform is in 
agreement with these observations as well as with the tidal notch along the inner side of 
the pools of the fish tank. These markers developed in an environment characterized by a 
relative null vertical motion, and consequently are at the same elevation. This balance also 
includes the recent eustatic increase of ~13 cm, as estimated for the Mediterranean by 
Lambeck et al. (2004b), Anzidei et al. (2011a, 2011b). On the base of these data, the 
Scoglio Galera did not record co-seismic significant vertical displacements, including the 
December 8th, 1905 Ms ~7 Earthquake, which is the largest in this region occurred in the 
last centuries, in agreement with the dislocation model proposed by Piatanesi and Tinti 
(2002). However, co-seismic movements may have occurred before the construction of the 
fish tank. 
 

 
Fig. 26 Plots of the predicted sea level curves (data from Lambeck et al., 2011) compared with the elevation 
of the archaeological markers (diamonds with error bars for age and elevation). A) the for fish tank of  
Scoglio Galera (S. Irene, Briatico) along the Tyrrhenian coast; B) for the archaeological indicators found 
along the Ionian coast of Calabria. Sites located along the Tyrrhenian coast remained at the same elevation 
with respect to local sea level since 1860±60 ka BP, thus inferring tectonic uplift. Conversely, in the Ionian 
coast, the archaeological sites fall below the predicted sea level curve, showing a continuous and extensive 
subsidence since the last 2.3 ka with large rates. 
 
Conversely, in the Ionian coast of Calabria, diffuse coastal submersion is observed at a 
mean rate of 2.5 mm/yr (Fig.26b). This is in contrast with the marine terraces of MIS 5.5 
located on land at elevation up to 30 m that indicate uplift (Ferranti et al., 2006, Bordoni 
and Valensise, 1998; Pedoja et al., 2011), but with rates smaller than in the Tyrrhenian 
coast. This infers an inversion of the vertical deformation direction that occurs in a narrow 
belt along the coast. Because the elevations at which are located the archaeological 
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indicators along the Ionian coast of Calabria in the area comprised between Punta Alice in 
the North and Kaulonia in the South, is quite homogeneous, (Stanley, 2006), we can 
hypothesize that the Ionian coast of Calabria is affected by tectonic subsidence besides 
coastal erosional effects, which is partially caused by the GIA signal.  
 

 
Fig. 27 Current vertical land motion from GPS data along the coast of southern Italy (colored dots show the 
rate of velocity indicated in the legend (From Serpelloni et al., in preparation). Pink arrows are the uplifting 
rates of the coastlines based on geological data, from Pedoja et al. (2011). Sea level rates from tidal stations 
with >20 years (black arrows) and 10 years (grey arrows) of data (see tables 3 and 4 for data), are reported 
in the map.  
 
The latter has been recently estimated for this region at -0.57 mm/yr (Lambeck et al., 
2011). Then the resulting rate of tectonic signal is a subsidence at 1.93 mm/yr. This rate is 
among the largest that can be observed in the Mediterranean basin. This trend is in 
agreement with the current beach retreating, which is observed since the last 50 years or 
more and in agreement with data from the tidal station of Crotone. Although the time series 
for this station is still too short (2001-2011), it provides a local relative sea level rise at 
6.77±2.7 mm/yr that exceeds of 5.0 mm/yr the mean sea level rise estimated for the 
Mediterranean at 1.77 mm/yr. Reducing this value for GIA and tectonics, we obtain 2.5 
mm/yr of residual local sea level change for this location. Vertical GPS data from the 
nearest stations to the shorelines but often still too far from the coast, show an uplifting 
trend at <1 mm/yr. GPS position information only provide limited constraints on the vertical 
motions because the record lengths are near sub-decadal and values are barely significant 
in view of unresolved questions about the GPS reference frame stability (Altamimi et al., 



45 

 

2007). Of greater significance are the larger vertical movements occurring in Sicily, with an 
uplifting signal larger than the uncertainties of the technique (Fig.27). Moreover, the 
horizontal velocity at the GPS station of KROT, located near Crotone shows local 
instability or gravity sliding towards the Ionian Sea (D’agostino et al., 2011). This signal is 
in agreement with the results from seismic lines offshore of Crotone (Minelli and 
Faccenna, 2010) and with the subsidence shown by the archaeological indicators. 
 

TG rate 
Crotone  
mm/yr 

Archeo SLC 
rate  
mm/yr 

GIA rate 
mm/yr 

Tect rate 
(archeo-gia) 
mm/yr 

SLCeu crotone 
(TGCr-GIA-tect) 
mm/yr 

SlCeu-mean 
slmed (res SLCdiff)
mm/yr 

6.77±2.7 2.5 0.57 1.93 4.27 2.5 
 
Table 2 From tidal data to vertical tectonic rate estimated for the Ionian coast of Calabria. 
  
 
8. Sea level changes at different time scales in the Mediterranean from Tide Gauge 
data 

Tidal measurement is one of the most important branches of oceanography and its history 
dates back to USA and northern Europe since the eighteen century. These stations have 
been used since then for different goals, such as navigation, environment or geodetic 
applications. During the last decades several countries established networks of sensors 
devoted to sea level monitoring and therefore is now available a global scale 
infrastructure, managed by national agencies and single organizations. Additional 
improvements were performed after the 2004 Indian Ocean tsunami, with the aim to create 
a Tsunami Early Warning and Mitigation System [Titov et al., 2005]. The global tidal 
network presently consists in about 200 stations and part of them is located in the 
Mediterranean. Sea level recordings are distributed often in near real time and can be 
easily retrieved by internet (www.ioc-sealevelmonitoring.org; www.mareografico.it; and 
www.pol.ac.uk).  
In Italy, the first tide gauges were installed in the mid-nineteenth century in the 
Oceanographic Institute of Trieste in 1859, at Venice in 1871 (Punta della Salute), at 
Rimini in 1867 and at Genoa in 1883, at the Navy Hydrographic Institute. Italy was a 
leading country in this field and since 1896 the network was extended thanks to the Civil 
Engineer Office, with the stations of Imperia, Livorno, Civitavecchia, Naples, Ancona, 
Ravenna, Palermo, Catania, Cagliari and La Maddalena. In 1920 were installed two 
additional tide gauges in Reggio Calabria and Vieste. During the first half on the 
nineteenth century, several new tidal stations were installed worldwide for navigation 
applications. In Italy, in 1942 was founded the Tidal Service (Servizio Mareografico) as 
part of the Ministero dei Lavori Pubblici and in 1989 was established the Tidal National 
Hydrographic Service under the Presidency of the Council. Finally, in 2002 is established 
the ISPRA (Istituto Superiore per la Protezione dell’Ambiente), and the Tidal Service 
became part of the Agency for Environmental Protection and Technical Services. After the 
2004 Indonesian destructive tsunami, several countries cooperated for the Tsunami 
Warning Center and new modern tidal stations and wave-meters were installed in the 
Oceans. Following this example, in Italy was set up the National Wave-meter Network 
(Rete Ondametrica Nazionale), and the national tide gauge network was rebuilt. With this 
scope, were performed geodetic surveys to establish the reference elevations at all the 
tide gauges of the tidal network. Were measured geodetic benchmarks through high 
precision leveling surveys tight to the nearest leveling benchmarks of the Istituto 
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Geografico Militare Italiano (IGM). Since 2001, the Italian tidal network is operational with 
modern digital tide gauge sensors, suitable for continuous monitoring, equipped with real 
time data transmission to the ISPRA headquarter in Rome.  
 

8.1. The ISPRA tidal network 

The Italian national tide gauge network (Rete Mareografica Nazionale - RMN) is currently 
managed by ISPRA, and has been designed to measure and monitor the sea level of the 
Italian seas. Monitoring stations are distributed along the 7375 km of the coastlines, 
including Sardinia, Sicily and the small islands. Because tsunamis may have large 
potential impact along the Italian coastlines (i.e. the December, 28, 1908, Mw=7.1 Messina 
earthquake; Stromboli eruption in 2002, besides large historical events like the 365 AD 
tsunami originated in western Crete. Shaw et al., 2008), the tidal network was also 
planned for the detection, characterization and propagation of tsunami waves. Therefore, 
the ISPRA network represents a powerful tool in the process of building a strategy to 
improve our knowlege of tsunamis in the Mediterranean, with the aim to attempt the 
prediction of their effects.  
Stations features fit the guidelines of the Intergovernmental Coordination Group for the 
Tsunami Early Warning and Mitigation System in the Northeast Atlantic area, 
Mediterranean and connected seas (ICG / NEAMTWS) - Italian Regional Emergency 
Center - Ministry of Foreign Affairs MFA-DGDC. Presently, the RMN consists in 35 
monitoring stations (Fig.28a), mainly located in the principal harbors (Imperia, Genoa, La 
Spezia, Livorno, Civitavecchia, Cagliari, Carloforte, Porto Torres, Palermo, Porto 
Empedocles, Catania, Messina, Reggio Calabria, Crotone, Taranto, Otranto, Bari, Vieste, 
Ortona, Ancona, Ravenna, Venice, Trieste, Naples, Palinuro, Salerno and Lampedusa, 
San Benedetto del Tronto, Gaeta, Tremiti, Stromboli, Ponza and Elba).  
The instrumental equipment includes i) a  microwave waveguide and ii) a subsidiary 
floating device with digital encoding for timely verification of measures. The equipment is 
suitable for analyzing particular events or phenomena and for data recovery. Recording 
frequency is at 1 minute, but can be set up to every 10 sec. All stations of the network 
have remote connection and are equipped with additional sensors consisting in 
anemometers (placed at 10 m above ground level), barometers, humidity and temperature 
sensors (FigS.28b, 29).  
All of these provide real-time measurements of sea and weather conditions at the 
individual stations. Real time data are transmitted via UMTS IP-S to the ISPRA 
headquarter in Rome. A spare data transmission system is ensured by IRIDIUM satellite 
technology that guarantees connection even during eventual black-out of the UMTS 
system.  
To establish the altimetry control, the network is linked to the Italian Leveling Network, 
managed by the Istituto Geografico Militare Italiano. Topographic surveys ensure a careful 
control of elevations and horizontal coordinates of the reference benchmarks associated to 
the tidal stations. Measurements have been performed by DGPS technique. 
From the time series of the last 10 years of tidal recordings have been determined at each 
station the elevation of the tidal references, to obtain the zero level (the elevation 
reference level). 
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Fig.28 A) Location of the current 35 ISPRA tidal stations; B) Sketch of a typical tidal installation; B) the tide 
gauges are attached to the piers of principal harbors and consist in a calm tube that contains the sea level 
sensor, the hydrometric pole, the protection, the data recording and data transfer system. 
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Fig.29  B) example of data products provided for each station of the ISPRA network: A) sea level recording; 
B) wind plot direction (color scale is wind velocity in m/sec); C) sea water temperature; D) air temperature; E) 
atmospheric pressure and F) humidity. Data can be retrieved by internet at www.mareografico.it. 

Tidal data consist in ASCII files that are stored into a tailor made data base. Observation 
files, as well as site description, topographic surveys, sensors, data transmitting systems, 
etc., can be retrieved via internet at www.mareografico.it. Each folder is related to an 
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individual station and includes tidal data, sea water temperature, atmospheric temperature 
(ground level), wind intensity and its direction. Available historical tidal data, that go back 
up to 1986, are also included into the data base.  
Since 1998 and until the end of 2009, the database of RMN consisted in tidal data with 10 
minutes sampling rate. Since 2010, sampling has been increased and set at 15 seconds, 
to record rapid oscillation phenomena even related to tsunami type effects. High frequency 
tidal data represents a fundamental source of information to understand the sea surface 
dynamics in case of seismic activity. Furthermore, the analysis of tidal signal from a well 
spatially distributed tidal network allows the studying the timing of propagation of waves 
and their decay in energy. Summarizing, the availability of time series data of sea level 
measurements allows estimating: 

• low frequency oscillations related to astronomical tides; 
• self-fluctuation of  basins  (natural motion, seiche etc.); 
• transient sea level changes due to meteorological phenomena; 
• decadal to secular sea level change (thermal expansion, eustatism, glacio-hydro-

isostatic signal); 
• vertical motion of the land (subsidence and uplift of tectonic, volcanic and 

anthropogenic nature), that may cause additional local relative sea level changes; 
• regional tsunamis and tsunami type signals related to coastal and submarine 

landslides.  
In the following chapters, are shown: i) the analysis of the tidal time series for the time 
span 2001-2011 of the ISPRA network; ii) the analysis of the tidal time series for longest 
records from data retrieved at the Permanent Service for Mean Sea Level 
(www.pol.ac.uk); iii) some examples of tidal recordings of regional tsunamis and the 
effects induced in the Mediterranean by the Tohoku-Oki giant earthquake of March 11, 
2011, as well. 
 
8.3. Tidal time series 2001-2011 - ISPRA network (Italy) 
Here are analyzed and discussed the time series of sea level data for a set of 26 tide 
gauge stations on the ISPRA network, for the period 2001-2011. In particular, the analyses 
of the annual means, derived from daily data sampled every 10 minutes, previously filtered 
by ISPRA through the Bloomfield code, to remove eventual raw noise from the recordings, 
have been performed. Thus, high frequency sea level oscillations caused from tsunami or 
storms were removed from the data. We clarify that the data set is not affected by eventual 
vertical land deformations caused by seismic or volcanic events, occurred nearby the tidal 
stations. In Table 3 are shown the observed sea level rates together with those reduced 
for the atmospheric pressure acquired at the same locations, by means of a barometric 
inverse procedure with respect to a reference pressure of 1013 HPa (Wunsch and 
Stammer, 1997). 
Recordings show a very good continuity and consistency. It’s worth noting that since the 
end of 2009 and to the end of 2010, the entire network recorded a sharp rise in sea level 
that later fell in 2011, returning at value a bit higher than of 2009. The plots shown in 
Fig.31, evidence that this is a transient signal occurring within the temporal variability of a 
sea level record. The analysis have shown some stations with trends having unexpected 
rates, that can be caused by local site instabilities likely related to the installation of the 
sensors, rather than effects that can be addressed to ground deformation for tectonic 
origin.  
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Table 3 Tidal rates estimated from the mean annual values at 26 stations of the Italian tidal network 
(ISPRA), observed in the time span 01/01/2001 – 31/12/2012. The column E reports the local sea level rate; 
the column F the residual sea level rate (holosteric) at individual stations after inverse barometric inversion 
has been applied. The columns A-G are number, names and positions of the tidal stations. In column G is 
the GIA rate estimated at the individual stations (from Lambeck et al., 2011). In column H are the tectonic 
rates estimated at the individual stations (Lambeck et al., 2011 and reference therein). In column I is the 
residual sea level rate removed from the previous disturbances. Note the negative values of sea level rates 
(sea level fall) at Messina and Trieste stations due to local instrumental instability. Rates are higher with 
respect to the long term analysis that give a mean value of the sea level rise at 1.8 mm/yr for the 
Mediterranean Sea  (see Table 2 and Fig.7,8). 
 

ISPRA tidal network  2001-2011 
A  B  C  D  E F G H  I
Station 
n. 

Station name  Lat   Lon  Observed 
sea level 
rate mm/yr 

Holosteric
sea level 
rate mm/yr   

GIA 
rate 
m/yr 

Tectonic 
rate 
mm/yr 

Sea level 
rate 
mm/yr 

1  Ancona  43.37  13.30 5.42±3.8 5.51±3.4 ‐0.28  0  5.23
2  Bari   41.08  16.51 9.83±3.6 9.61±3.0 ‐0.46  0  9.15
3  Cagliari  39.21  9.11 5.97±2.1 5.27±2.3 ‐0.55  0  4.72
4  Carloforte  39.14  8.30 5.26±2.0 5.35±1.7 ‐0.55  0  4.8
5  Catania  37.49  15.09 7.94±3.2  7.83±3.0  ‐0.52  1.3  8.61
6  Civitavecchia  42.00  12.46 12.67±3.4  8.31±4.2  ‐0.40  0.18  8.09
7  Crotone  39.04  17.08 6.77±2.7  7.30±3.0  ‐0.53  0.83  7.6
8  Genova  44.41  8.92 6.01±3.2  5.44±2.3  ‐0.20  0  5.24
9  Imperia  43.87  8.01 4.99±2.6  4.12±1.4  ‐0.31  0  3.81
10  Lampedusa  35.49  12.60 6.07±2.7  5.90±2.6  ‐0.50  0  5.40
11  Livorno  43.54  10.29 7.74±3.8  7.82±3.8  ‐0.35  0  7.47
12  Messina  38.11  15.33 ‐19.06±4.6  ‐19.14±4.5  ‐0.53  0.85  ‐19.46
13  Napoli  40.83  14.26 6.62±3.0  6.56±2.6  ‐0.41  ‐1.5  4.65
14  Ortona  42.21  14.24 8.18±3.4  8.05±3.0  ‐0.37  0  7.68
15  Otranto  40.14  18.49 4.97±2.8  4.88±2.4  ‐0.44  0  4.44
16  Palermo  38.07  13.22 5.32±2.8  5.19±2.6  ‐0.53  0  4.66
17  Palinuro  40.01  15.16 8.64±2.2  8.52±2.2  ‐0.43  0  8.09
18  Porto Empedocle  37.29  13.52 6.86±2.3  6.61±2.2 ‐0.50  0  6.11
19  Porto Torres  40.50  08.24 3.88±2.9 3.80±2.6  ‐0.56  0  3.24
20  Ravenna  44.29  12.16 11.39±4.3  11.24±3.8 ‐0.18  ‐3  8.06
21  Reggio Calabria  38.07  15.38 8.92±3.5 8.63±3.4  ‐0.53  1.1  9.2
22  Salerno  40.40  14.46 4.08±4.0  3.98±3.7 ‐0.40  0  3.58
23   Taranto  40.28  17.13 13.63±3.7  13.64±3.2 ‐0.47  0.05  13.22
24  Trieste  45.65  13.75 ‐7.27±3.5 ‐7.47±2.8 ‐0.12  0  ‐7.35
25  Venezia  45.41  12.42 17.69±3.9  17.47±3.5  ‐0.12  ‐0.7  16.65
26  Vieste  41.53  16.10 7.67±3.3  7.74±2.9  ‐0.42  0  7.32
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Fig.30 Diagram of the sea level rates at individual stations of the ISPRA tidal stations observed in the time 
span 01/01/2001 – 31/12/2012. Note the negative values (sea level fall) at Messina and Trieste due to local 
instrumental instabilities (data correspond to the residual trends values of Fig. 4 and Table 3). 

In particular at the stations of Messina and Trieste (Fig.30 and 31). For the period 2001-
2011, we found a mean trend of 4.22±1.36 mm/yr, once the inverse barometric correction 
has been applied. If we consider the observed sea level (without the barometric 
correction), the mean rate increases at 5.97±1.35 mm/yr (Fig.33). In other words, the latter 
is the "effective" signal observed along the coast. Finally, local vertical motion of the land, 
such as  subsidence or uplift, in the area where stations are placed, can increase or 
decrease the relative sea level rate at the individual stations. 
In the plots of Figure 30 and 31, are shown the annual mean of sea level values at the 
individual stations and the corresponding linear trends with related errors (see also Table 
3)  (straight lines are the linear fit of the data, that represent the optimal set of linear data 
containing values that increase or decrease in a constant way, according to the equation 
used to calculate the least squares to a line y=mx+b, where m is the slope and b is the 
intercept. In the plots are also reported the R2, or the square of the correlation coefficient, 
i.e. the ratio of the variance in y attributable to the variance in x).  
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Tidal trends 2001-2011 - ISPRA network 
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Figure 31 Mean annual values of the tidal trends at 26 stations of the Italian tidal network (ISPRA), observed 
in the time span 01/01/2001 – 31/12/2011. Plots listed as in Table 3. Data have been reduced for 
atmospheric pressure. Note the large positive peak at all tidal stations in 2009-2010 and the continuous sea 
level fall at Messina and Trieste stations likely due to local instrumental instability. 
 

Mean tidal rates 2001-2011 - ISPRA network 
Observed values Residual values 

  

  

 
Fig. 32 Plot of the mean sea level rates estimated at the individual tidal stations for the time span 
01/01/2001-01/01/2011. In the horizontal axes are the tidal stations, as listed in Table 3. Left: observed 
mean values of the sea level trend. Right: residual mean values of the sea level trend estimated for valid 
stations only, after inverse barometric correction has been applied. Top: all data set. Bottom: valid stations 
only (Messina and Trieste are excluded from the analysis). The linear fit for the whole network, corresponds 
to a sea level rise at 5.97±1.35 mm/yr (valid stations) and to a value of 4.22±1.36 mm/yr once the barometric 
effect has been removed. This latter value can be considered within the decadal variability of sea level and is 
caused by the sum of eustatic, glacio-hydro isostatic and tectonic signal.  
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Fig. 33 Plot of the mean sea level rates estimated at the individual tidal stations for the time span 
01/01/2001-01/01/2011 after data have been reduced for GIA and tectonics, with values reported in table 3. 
Horizontal axes are station numbers, as listed in Table 3. Left, all data set: trend is at 4.71±2.6 mm/yr; right 
plot, valid stations only: trend is at 5.13±0.1 mm/yr (in the latter Messina and Trieste are excluded from the 
analysis). 
 

8.4. The longest tidal records in the Mediterranean  

In this chapter, the sea level trends estimated by the longest tidal time series for a set of 
available tidal stations located in the Mediterranean are shown (Fig.34). The data set 
consists in 58 tidal station that collected data in the time span 1884-2011 and at least for 
more than 13 years (Table 4). Tidal data have been retrieved by the internet at 
www.pol.ac.uk. In Table 4 are reported for each station the time span of the recordings, 
the length of the considered records (years), the length of the valid record used in this 
analysis and the estimated sea level rates. Figure 36, shows the plots of the tidal records 
for each one of the 56 tidal stations used in this study. Each plot shows the linear trend of 
the sea level for the time span considered at the tidal stations. The average sea level rate 
for the entire analyzed data set is 1.78 mm/yr (including the two stations of Bourgas and 
Varna located in the Black Sea) and 1.79 mm/yr for the Mediterranean region.  
Tidal stations that have recorded eventual co-seismic signal have been excluded from the 
analyses. Exemplary is the case of the tidal station located at Messina, that recorded the 
land movements caused by the December 28, 1908 Mw=7.1 earthquake. Recordings 
show ~3.6 cm of pre-seismic sea level fall in the time span 1906-1907, which was followed 
by an abrupt co-seismic sea level rise of ~50 cm during the main shock and by additional 
~27 cm of sea level rise in the time span 1909-1915, caused by the continuous post-
seismic relaxation of the earth’s crust occurred across the fault (Fig.35).        
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Fig.34 Position of the 57 analyzed tidal stations distributed along the coast of the Mediterranean and 2 in the 
Black Sea that recorded in the time span 1884-2011, for more than 13 years (see also table 4 for station 
coordinates, data time span and sea level rates). Note the lack of tidal stations in North Africa. 

 
 

Fig. 35 Historical recording of the Messina tidal station located in the harbor of Messina, for the time span 
1897-1922 (data from www.pol.ac.uk). Data show the relative sea level change across the December 28, 
1908, Mw=7.1, Messina earthquake, inferred from annual mean values of the tide gauge station. Note the 
pre- co- and post- seismic signal inferred from the tidal data. Before the earthquake is observed a sea level 
fall of ~3.6 cm in the time span 1906-1907 (red rectangle). The co-seismic vertical deformation of the land 
caused a relative sea level rise at ~50.0 cm (double arrow in red) which was followed by ~27.6 cm of 
continuous post-seismic sea level rise in the time span 1909-1916 (double arrow in green), with a sea level 
trend at 35.4 mm/yr. 
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.    
 longest tidal records in the Mediterranean 

A  B  C  D  E  F  G  H  I  K 
Station 
n. 

Station Name  Country 
 

Lat  Lon   Time span  
(years) 

Valid 
years 

SL rate 
mm/yr 

Tecto 
mm/yr 

GIA 

1  Alexandropoulis  GRC  40.844  25.878  1969‐2011 (42)  32  2.2±0.6     
2  Algeciras  ESP  36.117  ‐5.433  1944‐2001 (57)  43  0.4±0.2     
3  Alicante I  ESP  38.333  ‐0.483  1952‐1996 (44)  28  ‐0.9±0.5  0.6   
4  Alicante II  ESP  38.333  ‐0.483  1960‐1997 (37)  35  ‐0.8±0.2  0.6   
5  Antalya  TUR  36.833  30.617  1986‐2007 (21)  19  6.7±1.0  ‐1.48   
6  Bakar  HRV  45.300  14.533  1930‐2009 (79)  67  1.0±0.2  0  0.83 
7  Bar  MNE  42.083  19.083  1965‐1990 (25)  26  1.3±0.6    1.05 
8  Barcelona  ESP  41.350  2.167  1993‐2007 (14)  12  5.4±1.4     
9  Bodrum  TUR  37.033  27.417  1986‐2008 (22)  15  1.5±1.0     
10  Bourgas  BGR  42.483  27.483  1929‐1995 (66)  50  1.5±0.4     
11  Cagliari  ITA  39.200  9.167  1897‐1934 (37)  30  1.8±0.3  0  1.2 
12  Ceuta  ESP  35.900  ‐5.317  1945‐2010 (65)  59  0.5±1.9  ‐0.1   
13  Civitavecchia  ITA  42.00  12.46  1897‐1921 (24)  23  0.7±0.6  0.18  0.3 
14  Dubrovnik  HRV  42.658  18.063  1956‐2009 (53)  52  1.1±0.2  0  0.79 
15  Erdek  TUR  40.383  27.850  1985‐2009 (24)  15  7.4±1.0     
16  Genova  ITA  44.400  8.900  1884‐1996 (102)  85  1.2±0.7  0  1 
17  Gibraltar  TUR  36.133  ‐5.350  1962‐2007 (45)  24  0.8±0.8  ‐0.1   
18  Hadera  ISR  32.467  34.883  1995‐2008 (13)  12  0.7±0.7  0   
19  Iraklion  GRC  35.348  25.153  1984‐2011 (27)  17  5.2±1.3     
20  Izmir  TUR  38.433  26.717  1986‐2006 (20)  16  4.5±1.3     
21  Kalamai   GRC  37.024  22.116  1973‐2011 (38)  28  4.7±0.4     
22  Khalkis north  GRC  38.472  23.593  1969‐2011 (42)  31  ‐0.3±0.7     
23  Khalkis south  GRC  38.461  23.589  1978‐2006 (28)  19  ‐2.0±1.0     
24  Katakolon  GRC  37.645  21.320  1969‐2011 (42)  33  2.0±0.4     
25  Kavalla  GRC  40.935  24.412  1969‐2009 (38)  28  ‐6.0±1.6     
26  Khios  GRC  38.372  26.141  1969‐2011 (42)  29  2.9±0.6     
27  La Valletta  MLT  35.900  14.517  1991‐2009 (18)  16  0.9±1.6  0  0.26 
28  Lefkas  GRC  38.835  20.712  1970‐2011 (41)  29  2.6±0.4    2.29 
29  Leros  GRC  37.130  26.848  1971‐2011 (40)  26  1.0±0.5     
30  L’Estartit  ESP  42.050  3.200  1990‐2011 (21)  22  3.8±0.7     
31  Malaga II  ESP  36.717  ‐4.417  1993‐2009 (16)  15  4.4±1.0  0.1   
32  Marseille   FRA  43.300  5.350  1885‐2011 (126)  120  1.3±0.1  0  1.2 
33  Monaco  MCO  43.733  7.417  1956‐2011 (55)  20  0.0±3.5  0  0.37 
34  Napoli  Arsenale  ITA  40.866  14.267  1899‐1922 (24)  24  2.6±0.7  ‐1.5  2.2 
35  Napoli Mandraccio  ITA  40.866  14.267  1896‐1922 (27)  27  2.4±0.6  ‐1.5  2 
36  Nice  FRA  43.700  7.267  1978‐2011 (33)  28  2.8±0.6  0  2.43 
37  North Salaminos  GRC  37.950  23.500  1984‐2000 (16)  13  1.0±1.3     
38  Palermo  ITA  38.133  13.333  1897‐1921 (24)  20  0.8±0.5  0  0.27 
39  Patrai  GRC  38.417  21.729  1969‐2006 (37)  29  16.0±0.7     
40  Piraeius  GRC  37.937  23.627  1969‐2002 (33)  23  ‐6.0±1.5     
41  Port Said  EGY  31.250  32.300  1923‐1946 (23)  24  4.8±1.0     
42  Porto Maurizio  ITA  43.867  8.017  1897‐1921 (24)  24  1.7±0.6  0  1.52 
43  Posidhonia  GRC  37.951  22.960  1969‐2009 (40)  26  ‐2.0±1.4     
44  Preveza  GRC  38.959  20.757  1969‐2011 (42)  29  0.3±0.7    ‐0.01 
45  Rodos  GRC  36.442  28.236  1972‐2011 (39)  18  1.7±0.5     
46  Rovinij  HRV  45.083  13.628  1956‐2008 (52)  52  0.4±0.2  0  0.22 
47  Siros  GRC  37.440  24.946  1969‐2011 (42)  23  4.3±0.8     
48  Soudhas  GRC  35.487  24.082  1969‐2001 (32)  28  ‐2.0±0.8     
49  Split RT  HRV  43.508  16.392  1953‐2007 (54)  54  0.6±2.6  0  0.32 
50  Split Gradska Luka  HRV  43.507  16.442  1955‐2009 (54)  55  0.6±2.6  0  0.32 
51  Sucuraji  HRV  43.133  17.200  1987‐2005 (18)  17  5.7±1.7  0  5.37 
52  Tel Aviv  ISR  32.083  34.767  1996‐2009 (13)  12  0.2±1.1  0   
53  Thessaloniki  GRC  40.633  22.935  1969‐2009 (40)  33  3.6±0.4     
54  Toulon  FRA  43.117  5.917  1961‐2010 (49)  21  0.7±3.8  0  0.6 
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Table 4. Tidal rates estimated from the mean annual values at 55 stations (listed in alphabetical order) of the 
tidal stations distributed along the coast of the Mediterranean and 2 in the Black Sea (in blue, Bourgas and 
Varna), that recorded in the time span 1884-2011 (data from www.pol.ac.uk). We analyzed only stations with 
more than 13 years of recorded data. In the table the station number, the station name, the recording time 
span, the number of the valid mean annual values data, the sea level rates with their related uncertainties 
and vertical tectonics estimated at each station, are shown. 
 

Tidal trends 1884-2011 
In the Mediterranean 

 

  

  

55  Trieste  ITA  45.647  13.758  1905‐2011 (106)  101  1.27±0.1  0  1.15 
56  Varna  BGR  43.183  27.917  1929‐1996 (67)  58  1.5±0.4     
57  Zadar  HRV  44.123  15.235  1995‐2008 (13)  14  0.9±1.7  0  0.6 
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Fig. 36 Plot of the tidal records at 57 tide gauge 
stations (as listed in Table 4) distributed along the 
coast of the Mediterranean (55) and in the Black 
Sea (2), for the time span 1884-2011 (data from 
www.pol.ac.uk). Each plot show the linear trend of 
the sea level records for the time span considered 
at each tidal station. The average rate for the 
analyzed data set is 1.76 mm/yr and 1.78 mm/yr for 
the Mediterranean stations only (see also table 4 for 
individual rates) (each plot reports the R2 value: the 
square of the correlation coefficient, i.e. the ratio of 
the variance in y attributable to the variance in x).  

 
 
In the following figures are reported some results concerning the relationships between the 
length of the recordings (years) against the estimated sea level rates and their 
uncertainties. Figure 37 shows the sea level rates for the stations analyzed in this study. 
Figure 38 show the estimated sea level rates against valid records and Fig. 39 against all 
records for 55 analyzed tidal stations in the Mediterranean and 2 in the Black Sea. With 
valid records are defined the length (years) of the recordings, excluding data interruptions. 
With all records, we define the age of each station, including periods without data. 
Therefore, valid records are given by the age of the stations minus the years of missing 
data recordings.  
Stations with valid records improve the analysis and indicate that those with at least 30 
years of recordings provide more stable results, with sea level trend values that largely fall 
within the average value of the whole data set, at ~1-2 mm/yr. Figures 11 and 12, show 
the uncertainties of the analysis for the estimated sea level rates versus all records 
(Fig.40) and valid records (Fig.41) for the 55 tidal stations in the Mediterranean and in the 
Black Sea (2 stations). The uncertainties are decreasing with the increasing duration of the 
available recordings. Fig. 42 shows the rate of sea level estimated at a set of stations, for 
which are known the GIA and tectonic rates from independent studies. The analysis 
provide a sea level rise between 0.72 and 0.97 mm/yr, dependent from the stations used 
in the analysys (data set includes stations with a mean age of 46 years and a maximum 
age of 126 years with station numbers corresponding to Table 4).  
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Fig.37 Plot of the estimated sea level rates at the 55 analyzed tide gauge stations in the Mediterranean and 
in the Black Sea (2 stations). The mean rate estimated in the time span 1884-2011, is 1.78 mm/yr. 

 

Fig.38 Plot of the estimated sea level rates versus valid records for 55 tidal stations in the Mediterranean 
and in the Black Sea (2 stations). Note that only after 30-35 years of recordings, the estimated sea level 
rates are more stable and with values within about 1-2 mm/yr. The red line is the exponential behavior of the 
trend.  

 

Fig.39 Plot of the estimated sea level rates versus all records for 55 tidal stations in the Mediterranean and 
in the Black Sea (2 stations). Note that rates are sparser than in the previous figure and only after 40/45 
years of recordings, the estimated sea level rates become more stable and with values of about 1-2 mm/yr. 
The red line shows the exponential behavior of the trend.  
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Fig.40 Plot of the uncertainties for the estimated sea level rates versus all records from 55 tidal stations in 
the Mediterranean and in the Black Sea (2 stations). Uncertainties decrease with the length of the 
recordings. The red line shows the exponential behavior of the trend.  

 

Fig.41 Plot of the uncertainties for the estimated sea level rates versus valid records from 55 tidal stations in 
the Mediterranean and in the Black Sea (2 stations). Uncertainties decrease with the length of the recordings 
and become smaller after 35 year of continuous data. The red line shows the exponential behavior of the 
trend.  

 

Fig. 42 Plot of the residual sea level for a set of tidal stations for which are known GIA and tectonic rates 
from independent studies. The analysis provide a sea level rise between 0.72 and 0.97 mm/yr, dependent 
from the stations used in the analysys (data set includes stations with a mean age of 46 years and a 
maximum age of 126 years). 
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9. Tsunami recordings in the Mediterranean from tidal stations: case studies 

The modern digital tide gauge stations have now the possibility to provide high frequency 
data of sea level measurements, with respect to the past analogical instrumentation. 
Hence, given the available tidal data set, we have the possibility to analyze sea level 
perturbation related to tsunamis or tsunami-like signals (i.e. not caused by earthquakes, 
but submarine slides, rapid atmospheric pressure changes at the sea surface, storms). In 
this chapter we show some examples of transient sea level changes caused by significant 
earthquakes occurring inside and outside the Mediterranean basin that produced tsunami 
waves capable to be recorded from regional to global scale tidal networks. Particularly, we 
focus on two cases: the Boumerdès and Tohoku-Oki earthquakes, of Magnitude 6.8 and 
9.0, occurred in 2003 and 2011 in the Mediterranean and in the Pacific Ocean, 
respectively.   
In order to characterize the observed change of dynamical behavior, we used the 
Empirical Mode Decomposition (EMD) (Huang et al., 1998) to analyze the tidal signal 
related to both of these events. This technique has been developed to process non 
stationary data and successfully applied in several different contexts. Through the EMD a 
time series L(t) of the sea level recording is decomposed into a finite number n of Intrinsic 
Mode Functions (IMF) θj (t) as: 

 

The functional form of the (IMF) θj (t) is not given a priori but obtained from the data by 
following the “sifting” procedure (Huang et al., 1998). This process starts by identifying 
local minima and maxima of the raw signal L(t). The envelopes of maxima and minima are 
then obtained through cubic splines and the mean between them, namely m1(t), is then 
calculated. The difference between the raw time series and the mean series, h1(t) = 
L(t)m1(t), represents an IMF only if it satisfies two criteria: i) the number of extrema and 
zero-crossing does not differ by more than one; ii) at any point the mean value of the 
envelope defined by the local maxima and the envelope defined by the local minima is 
zero. If h1(t) does not support the criteria, the previous steps are repeated by using h1(t) as 
raw series and h11(t) = h1(t)m11 (t), where m11 (t) is the mean of the envelopes in this case, 
is generated. This procedure is repeated k times until h1k(t) satisfies the IMFs properties. 
Thus θ1(t) = h1k(t) represents the first IMF, containing the shortest time scale of the 
process and having a zero local mean. To guarantee that the IMF components contain 
enough physical sense with respect to both amplitude and frequency modulations, a 
criterion to stop the sifting process has been introduced (Huang et al., 1998). A kind of 
standard deviation, calculated using two consecutive siftings is defined by: 

 
and the iterative process is stopped when σ is smaller than a threshold value, in our case 
chosen as 0.3 (as suggested by Huang et al. (1998)). The function r1(t) = L(t)θ1(t) is called 
the first residue, and it is analyzed in the same way as just described, thus obtaining a new 
IMF θ2(t) and a second residue r2(t). The process continues until θj or rj are almost zero 
everywhere or when the residue r j(t) becomes a monotonic function from which no more 
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IMF can be extracted. At the end of the procedure the original time series is decomposed 
into n empirical modes ordered with increasing characteristic time scale, and a residue 
rn(t) which describes the mean trend if any.  
The EMD decomposition is local, namely it preserves information about the local 
properties of the signal, complete orthogonal: each IMF captures the empirical dynamical 
behavior of a single independent mode of the system, namely each j-mode describes a 
single phenomenon within the complex dynamics. The orthogonality property of the IMFs 
allows filtering and reconstructing the signal through partial sums in equation 1 in order to 
obtain independent contributions to the signal in different ranges of time scales (Huang et 
al., 1998; Terradas, Oliver and Ballester, 2004; Vecchio, 2010). Moreover, each IMF has 
its own timescale and represents a zero mean oscillation experiencing amplitude and 
frequency modulations, namely the j-th IMF can be expressed as Aj(t) = Aj(t)cos[ωj(t) · t], 
where Aj(t) and ωj(t) represent the amplitude and the frequency of the j-th mode 
respectively. 
The typical IMF timescale τj is computed as the average time between local maxima and 
minima. It cannot be interpreted as the periods of Fourier modes because it provides just 
an estimate of the timescale characterizing the EMD j-th mode for which it is computed, 
although many modes with different average periods may contribute to the variability of the 
actual signal at a particular time scale. The decomposition through IMFs allows defining a 
meaningful instantaneous frequency for each EMD mode calculated as follows. For each 
IMF the Hilbert transform is applied, namely: 

 
where P indicates the Cauchy principal value. θj(t) and θ*j (t) form the complex conjugate 
pair so that the instantaneous phase can be calculated as Φj(t) = arctan[θ*j (t) / θj(t)]. It 
follows that the instantaneous frequency is ωj(t) = dΦj/dt. This definition of ω(t) is quite 
general and in principle some limitations on the data are necessary in order to obtain 
instantaneous frequency as single value function of time. The latter property is fulfilled by 
the EMD basis functions which allow obtaining meaningful instantaneous frequency 
consistent with the physics of the system under study (Huang et al., 1998). 
 

9.1 The May 21, 2003, Mw=6.8, Boumerdès earthquake (Algeria) 
The Boumerdès earthquake, of Mw=6.8, occurred on May 21, 2003 along the northern 
coast of Algeria (Meghragoui et al., 2004). This part of the North African coast is one of the 
most seismic areas of the Mediterranean that have often released large magnitude 
earthquakes in the past. The tsunami that followed the Boumerdès earthquake, was 
recorded by several tidal stations that were active at that time (Fig. 43, 44), and represents 
one of the very few cases of tsunami recordings in the Mediterranean.  
The amplitude of the sea surface oscillation measured at the tidal stations every ten 
minutes was decreasing with their increasing distance from the epicenter. Also, was 
observed a temporal shift with the onset of the anomalous fluctuation at the different tidal 
stations: waves arrived first at the tidal stations located in southern Italy and later in time 
up to the northern coasts of the Tyrrhenian Sea. 
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Fig. 43 Map of the tide gauge stations used to study the effects of the Boumerdes earthquake that triggered 
a tsunami in the central Mediterranean: 1) Lampedusa, 2) Porto Empedocle, 3) Palermo, 4) Reggio Calabria, 
5) Carloforte, 6) Cagliari, 7) Taranto, 8) Salerno, 9) Napoli, 10) Porto Torres, 11) Civitavecchia, 12)Livorno, 
13) Imperia, 14) Genova. The red star is the location of the earthquake. 
 
 
Although the detection and analysis of these signals (amplitudes and periods) can be 
better evaluated using high frequency sampling intervals, in this case we attempted to 
analyze the data set at ten minutes sampling interval, using the EMD technique. 
By applying the EMD to the tide gauge data, a number n of IMFs, depending on the 
station, is obtained. The highest amplitude IMFs, as expected, are associated to the 
semidiurnal oscillation representing the main tidal contribution. The orthogonality of the 
IMF allows to recover four main contributions to L(t), by partial sum in equation (1). The 
sea level can be written as L(t) = HF(t) + S D(t) + LF(t) + r n(t), where HF(t) is associated 
with the high-frequency IMFs (30min ≤ τj ≤ 3h), S D(t) represents the contribution of the 
semi-diurnal component and LF(t) describes the remaining low-frequency contribution. 
The HF(t) contributions, for each station, are reported in Figure 45. In particular a sudden 
increase of the amplitude is observed for all station but Lampedusa, Napoli, Porto Torres, 
Reggio Calabria, Salerno, Taranto. By looking at the semidiurnal tidal component, it is split 
in two or three IMFs, depending to the station. This indicates that one IMF does not suffice 
to fully account for the temporal behavior of the 12 hour tidal component. This result 
comes from the high sensitivity of the EMD to local frequency fluctuations, related to the 
effect of the earthquake, affecting the regularity of the semidiurnal mode of oscillation after 
the meteorological effects have been removed. As mentioned above, since each IMF is 
associated to a well defined time scale of the analyzed signal, a regular semidiurnal 
oscillation should be isolated in a single IMF.  
The presence of frequency fluctuations, well localized in time, introduces new time scales 
in the signal mainly affecting the high amplitude tidal components. When this happens a 
single IMF is not able to account for the new time scales and the time evolution of the 12 
hour oscillation is split into two or more IMFs. Quite obviously, the sum of these EMD 
modes will describe the full contribution of the semidiurnal oscillation to the sea level. The 
behavior of S D(t) is not regular, far from stationary and an abrupt change of regime is 
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observed for t > 0. The change of behavior at t = 0 is clearly underlined when we look at 
the instantaneous frequency ω(t) of the semidiurnal component of the highest-amplitude 
IMF which is abruptly destabilized in correspondence of the change of the oscillating 
regime and departs from the constant value of (2π)/12hour1. 
 

 
Figure 44 Time evolution of the sea level for each station in the considered period. The time series of the 
raw tidal data show a change on the tidal oscillation right after the earthquake. The normal tidal oscillations 
are broken, high frequency fluctuations appear, and the time behavior becomes more complex and highly 
non stationary. After about 30 hours after the earthquake, the tidal oscillation returns to its usual dynamics. 
 
 
This effect is observed in all the analyzed stations, including those that do not show the 
increase of amplitude in HF(t). We remark that for the three nearest stations to the 
earthquake epicenter, namely Lampedusa, Palermo and Porto Empedocle, the 
destabilization of the semidiurnal frequency begins slightly before t = 0.  
This signal, that seems to precede the onset of the earthquake, is still under investigation. 
EMD modes with longer periods, describe low-frequency phenomena. Figure 16 shows the 
contour plot of LF(t) for the analyzed stations in the space-time plane, ordered according 
to the distance from the earthquake’s epicenter. The main feature is the presence of a void 
at around and after t=0 occurring in a few hours of duration and depending on the 
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geographic location. The time at which the void is observe changes, about linearly, with 
the distance. This result is consistent with a traveling perturbation in the Mediterranean 
Sea that we address to the sea level perturbation induced by the Boumerdès earthquake 
(Fig.46).  
The occurrence of void in sea level data, mainly presence of tsunami perturbation, has 
been detected in the past (Joseph et al., 2006; Vecchio et al., 2012), and has been 
attributed to the local seafloor topography and/or by the different paths taken by the tidal 
perturbation and reflection effects. 
 

 
 
Figure 45 Time evolution of the high frequency contribution H f (t) for the 14 stations. Time is counted from 
the origin time of the Boumerdès earthquake. 
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Figure 46 Contours of S D(t) in the space-time plane. The x-axis reports the time counted from the 
Boumerd´es earthquake, while the y-axis reports the distance in km from the epicenter 
 
 
9.2 The March 11, 2011, M=9.0,Tohoku-Oki earthquake (Japan) 
The second data set analyzed, is related to the Mw 9.0, Tohoku-Oki earthquake of March 
11, 2011, at 05:46:23 UTC. This event, occurred along the NE coast of Honshu island 
(Japan), and triggered a giant tsunami that was felt across the world’s Oceans, including 
the Mediterranean Sea (Fig.47, 48). This event was one of the largest earthquakes ever 
occurred in the world since historical times (Ito et al., 2011). (see annex 1 for further 
details)  
 

 
 
Fig.47 Tsunami propagation as predicted by global propagating models. The estimated arrival time at 
Gibraltar is ~38 hours after the onset of the Earthquake. 
(http://nctr.pmel.noaa.gov/honshu20110311/honshu2011-globalmaxplot.png).  
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Tide Gauge at Ofunato
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Fig.48 A) Tidal signal at Ofunato (Japan). The onset of the tsunami saturated the recordings (the large step 
in figure). Later the tide gauge remained flooded (flat signal) (data from http://www.ioc-
sealevelmonitoring.org/). B) Extreme low tide observed at Iraklion (Crete) on March 13th at 11:53 local time 
(09:53 UTC). Photo, courtesy of C. (Babbis) Fassoulas. 
 

During the earthquake was released the tectonic stress accumulated over the last 700 
years and subsequent tsunami caused an estimated loss of 200–300 billion US dollars and 
killed more than 10000 people living along the coasts of Japan and elsewhere in the 
Pacific region. Tsunami crossed the Ocean and perturbed the Mediterranean Sea, across 
the narrow straits of Gibraltar. 
To analyze the tidal signal, we focused on 31 sea level data in the period 9–15 March 
2011, collected with a time sampling of 10 minutes and with an accuracy of better than 1 
cm. Sea level data have been retrieved by internet from the IOC (www.ioc-
sealevelmonitoring.org), ISPRA (www.mareografico.it) and the Permanent Service for 
Mean Sea Level (PSMSL, www.pol.ac.uk) (Fig. 49).  During the considered time window 
the weather situation around the stations was favorable (calm sea, low wind velocity), thus 
not inducing critical conditions of the sea surface for the quality of the sea level data set. 
Moreover, our analysis was restricted to the tidal stations located in sheltered positions 
(Fig.50A and B).  
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Fig. 49 Map of the tide gauge stations, in the Mediterranean, used to study the effects of the Tohoku-Oki 
tsunami on the Mediterranean: 1) Gibraltar, 2) Ceuta, 3) Melilla, 4) Palma de Mallorca, 5) Cagliari, 6) 
Carloforte, 7) Civitavecchia, 8) Gaeta, 9) Genova, 10) Ginostra, 11) Imperia, 12) La Spezia, 13) Livorno, 14) 
Napoli, 15) Palinuro, 16) Porto Empedocle, 17) Porto Torres, 18) Salerno, 19) Catania, 20) Crotone, 21) 
Taranto, 22) Otranto, 23) Bari, 24) Vieste, 25) Ortona, 26) San Benedetto, 27) Ancona, 28) Ravenna, 29) 
Venezia, 30) Trieste, 31) Hadera. 
 
 
Sea level observations were first reduced for atmospheric pressure variations by applying 
an inverse barometric correction to the data (Wunsch and Stammer, 1997). Time is 
measured as the lag from the earthquake occurrence.  
A sudden change of regime can be identified in all the signals after the earthquake. In fact, 
the regular tidal oscillation is broken, more frequencies appear, and the time behavior 
becomes more complex and highly non stationary. This kind of dynamical behavior is 
common to all the records we have investigated. In Fig. 51 we report the sea level time 
series L(t) for the Cagliari station (panel (a)), along with the 12 hours return map L(t+Δ) vs. 
L(t), for Δ= 12 hours (panel (b)).  
The figure roughly provides evidences that after the main-shock the Mediterranean Sea 
felt a strong phase and amplitude perturbation of the tidal oscillation. In fact, for t ≤0 (blue 
line), the points of the return map are approximately sorted along a straight line, indicating 
that the oscillation amplitude and phase remain almost constant. On the contrary for t>0 
(red line), the points are distributed on irregular ellipses, indicating that the phase and 
amplitude are no more constant but change with time. 
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Salerno,  SSW‐N 200°‐360°, 1‐2 m/s 

 
Catania,  SE‐NE 120°‐20°, 1‐7 m/s 

 
Crotone,  NE‐N 50°‐360°, 6‐8 m/s 

 
Taranto,  W‐NW 330°‐250°, 5‐2 m/s 

 
Otranto,  W‐NW 250°‐330°, 4‐6 m/s 

 
Bari,  W‐N 250°‐0°, 4‐0 m/s 

 
Vieste,  W‐N 250°‐0°, 5‐0 m/s  Ortona,  SSW‐N 200°‐360°, 2‐1 m/s  San Benedetto,  N 360°, 0‐2 m/s 

 
Ancona,  E‐N 100°‐360°, 0‐3 m/s 

 
Ravenna,  E‐NW 100°‐300°, 0‐3 m/s 

 
Trieste,  E‐ N 100°‐360°, 0‐3 m/s 

 

 
Venezia,  NW‐N 300°‐360°, 0‐2 m/s 

 
Fig.50 A) Position of the analyzed tidal stations in the Adriatic sea. Below each picture direction and wind 
angle direction (clockwise from North), wind velocity (min-max m/s), are shown. Values between 30 and 60 
hours after the onset of the earthquake (satellite images from Google Earth). 
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Cagliari,  SE‐S 150°‐190°, 8‐0 m/s 

 
Carloforte,  SE‐S 150°‐180°, 8‐1 m/s  Civitavecchia, E‐SE 100°‐150°, 0‐8 

m/s 

 
Gaeta,  E 100°, 1‐10 m/s  Genova,  N 20°‐360°,0‐6 m/s  Ginostra,  SE 150°, 2‐9 m/s 

 
Imperia,  N 30°‐360°, 4‐10 m/s  La Spezia,  N 360°, 2‐6 m/s  Livorno,  NE 50°, 3‐6 m/s 

 
Napoli,  SSW 200°‐10, 2‐13 m/s 

 
Palinuro,  E‐SE 150°‐100°, 1‐6 m/s  Porto Empedocle,  SE 130°, 8‐14 m/s 

 

Porto Torres,E‐SSW 100°‐200°,3‐6m/s 
 
Fig.50 B) Position of the analyzed tidal stations of the ISPRA network in the Tyrrhenian Sea. Below each 
picture direction and wind angle direction (clockwise from North), wind velocity (min-max m/s), are shown. 
Values across -30 and +60 hours since the onset of the earthquake (satellite images from Google Earth).  
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Fig. 51Time evolution of the sea level L(t) (panel (a)) and the 12 hours return map L(t+Δ) vs. L(t)(panel (b)) 
for the Cagliari station (Δ=12 hours). Time is counted from the origin time of the Tohoku-Oki earthquake. The 
blue dashed line refers to times t ≤0, the red full line refers to times t>0. 
 
 

 
 
Fig. 52 Time evolution of the sea levels (line A), contribution of the high-amplitude components S(t) (line B), 
instantaneous frequency of the highest-amplitude IMF (line C), low-frequency contribution G(t) (line D) for the 
stations of Palma de Mallorca (4), Cagliari (5), Porto Empedocle (16) and Hadera (31). Time is counted from 
the origin time of the Tohoku-Oki earthquake. The dashed line corresponds to (2π)/12 hour−1 for Cagliari, 
Porto Empedocle and Hadera and (2π)/24 hour−1 for Palma. 
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When applied to the Mediterranean tide gauge data, the EMD gives a number n of modes 
which in general depends on the station under analysis. As obtained from the test of 
significance for the various IMFs (Wu and Huang, 2004), the first three modes, j≤2, 
represent high-frequency noise while higher-j modes are associated with significant 
oscillations of the sea level at different time scales. For the majority of the stations the IMF 
with the highest amplitude has a period of τ≈12 hours, corresponding to the well-known 
semidiurnal oscillation. However, in the analyzed data sets, the full semidiurnal component 
of the tide is split into two or three IMFs, depending on the station. This means that one 
IMF does not suffice to fully describe the temporal behavior of the 12 hours tidal 
component. The previous result follows from the high sensitivity of the EMD to local 
frequency fluctuations. The latter, still persisting when meteorological effects are removed, 
are strong enough to affect the regularity of the semidiurnal mode of oscillation. As 
mentioned before, since for the properties of the EMD decomposition each IMF is 
associated to a well-defined time scale of the signal at hand, a regular semidiurnal 
oscillation should be isolated in a single IMF. In the presence of localized frequency 
fluctuations new time scales arise and affect the regular oscillation of the high-energy tidal 
components. 
In this case, a single IMF is not able to account for the new time scales and the time 
evolution of the 12 hour oscillation is split into two or more IMFs. Of course, the sum of 
these EMD modes will describe the full contribution of the semidiurnal oscillation to the sea 
level. For Palma de Mallorca and the stations in the northern sector of the Adriatic Sea 
(stations 26–30), the simultaneous presence of both diurnal and semidiurnal components, 
as main tidal constituents, has been detected. 
This is a well-known phenomenon and it should depend, in the Adriatic Sea, on the basin 
characteristics, i.e., the low sea depth and the semi closed shape (Janekovic and Kuzmic, 
(2005); Capuano et al., 2011).  For these cases the previous considerations are also valid 
for the 24 hours component which is split into two IMF. By exploiting the orthogonality of 
the EMD decomposition, the signal L(t) has been divided, by partial sum in eq. (1), into 
four contributions namely L(t)=ή(t)+S(t)+G(t)+rn(t). The function ή(t) is associated with the 
high frequency noise, S(t), obtained as the sum of the high amplitude components 
(semidiurnal and for some station also diurnal), represents the basic tidal mode and G(t) 
describes the remaining low-frequency contribution. An example of the time behavior of 
S(t) is reported in row B of Fig. 52. Its dynamics is far from being regular and stationary 
since the waveforms abruptly change after t=0. The variation of the main tidal contribution 
can be better appreciated by looking at the instantaneous frequency of the highest-
amplitude IMF (row C of Fig. 52) which is abruptly destabilized in correspondence of the 
change of the oscillating regime in S(t) and departs from the constant value of (2π)/12 
hour−1. Note that for Palma de Mallorca the reference frequency is (2π)/24 hour−1 since, in 
this case, the highest-amplitude mode is associated with the diurnal component. EMD 
modes with longer periods describe low-frequency phenomena. The function G(t), an 
example is reported in row D of Fig. 52, is characterized by the increase of amplitude after 
t = 0. Figure 53 shows the contour plot of the functions G(t), ordered according to the 
distance from Gibraltar. The figure clearly indicates that the time at which the increased 
amplitude regime is at its maximum absolute value is a function of the distance from the 
Strait of Gibraltar. This result is consistent with a traveling perturbation in the whole 
Mediterranean Sea propagating from Gibraltar. The Adriatic stations, for the sake of clarity, 
have been excluded. For these stations, due to the Adriatic basin geographic 
characteristics, the time-distance relation is inverted. In fact, the northernmost Adriatic 
stations are nearer to Gibraltar but the perturbation has to cover a longer path before 
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reaching them. As shown in Figure 52 the majority of stations shows a peak after t = 0, 
which indicates a positive fluctuation of the sea level. On the other hand, some records, 
including Hadera and the stations in the Ionian Sea, are characterized by a drop (in blue) 
followed by the transient increase of the sea level. This behavior can be induced by the 
local seafloor topography and/or by the different paths taken by the tsunami waves and 
reflection effects (Joseph A. et al., 2006). 
The space-time representation allows estimating the velocity of propagation of the 
perturbation, in the Mediterranean Sea, to be about Vp≈60 m/s. Note that, this perturbation 
is revealed in the whole Mediterranean Sea, being observed up to Hadera, the 
easternmost station, about 13 hours after Gibraltar. We hypothesize that both the indirect 
perturbation of the tidal frequency and the direct transfer of small fluctuations beyond the 
Strait of Gibraltar, are generated from the tsunami triggered by the March 11th 2011, 
Tohoku-Oki earthquake.  
We remark that the timing of both these effects, varying between ~45 hours in Gibraltar 
and ~58 hours in Hadera, are in agreement with the results of theoretical models of 
tsunami propagation for which the perturbation should arrive at Gibraltar in a time of about 
38 hours after the earthquake. The obtained results have been tested by looking at the sea 
level records during the period 9–15 September 2011, in a time window which cannot be 
related with the Tohoku-Oki earthquake. We assume that, in this period, the possible 
transient effect of the tsunami is null and the system behaves according to the usual 
dynamics. As expected, we found that the principal tidal components show a regular 
behavior and are detected, by the EMD, in a single IMF. 
This indicates that the splitting of the principal tidal components into more IMFs along with 
the instantaneous frequency destabilization could be plausibly in connection with a 
transient effect, associated with the tsunami.  
 

 
Fig. 53 Contours of G(t) in the space-time plane. The x-axis reports the time counted from the Tohoku-Oki 
earthquake, while the y-axis reports the distance in km from Gibraltar. 
 
Finally, our analysis shows that this basin felt the effect of the tsunami 40–50 hours after 
the main-shock, thus indicating that tsunamis generated by giant earthquakes can be 
global events. The analyses revealed two kinds of transient signatures. Firstly, the 
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perturbation generates strong frequency fluctuations affecting the regular behavior of the 
high-amplitude tidal components, usually the semidiurnal and in some cases also the 
diurnal one.  
As a consequence of the perturbation, these components appear highly non stationary and 
several IMFs are needed to reproduce their full contribution. In addition the instantaneous 
frequency shows abrupt destabilization after the earthquake occurrence. The physical 
mechanism causing these manifestations should be related to a resonant response to the 
tsunami at the strait entrance. Tides in enclosed basins, connected to the open sea by 
narrow straits, can manifest amplified or damped response to a forcing action outside the 
basin (Maas, 1987). 
Due to nonlinear effects the basin may exhibit chaotic modulation of the tidal amplitude 
and frequency. Since the Mediterranean Sea is a closed basin with respect to the oceans 
and is connected to Atlantic Ocean by the narrow strait of Gibraltar, it could be affected by 
the forcing action of the fluctuations associated with the tsunami and could manifest 
nonlinear response leading to amplification and frequency destabilization. The second 
signature consists in a propagating perturbation manifesting itself with a weak increase of 
amplitude of the low-frequency EMD modes, after the occurrence of the Tohoku-Oki 
earthquake. This perturbation, significant with respect to the noise level, should be an 
evidence of the direct transmission of tsunami fluctuations, characterized by long periods, 
through the Strait of Gibraltar.  
The timing of the detected tidal perturbations at the recording stations is in agreement with 
the prediction of the global models of tsunami propagation, for which the arrival at the 
Strait of Gibraltar is expected about 38 hours after the onset of the earthquake. Effects on 
sea levels due to post-seismic deformations  (Melini and Piersanti, 2006), capable to 
cause global sea level raise of the order of a fraction of mm 
(http://cires.colorado.edu/bilham/ Honshu2011/Honshu2011.html), and direct propagation 
of surface seismic waves from the epicenter, arriving at the Mediterranean region 20–30 
minutes after the mainshock (www.emsc-csem.org), have been excluded since they are 
not consistent with the observed sea level variations. Additionally, it is unlikely that free 
oscillations of the Earth, excited by the high-magnitude Tohoku-Oki earthquake, originated 
the detected fluctuations since the timing and period of the main mode of oscillation (Aki 
and Richards, 2002; Kanamori and Anderson, 1975), are not in agreement with the timing 
and frequency of the sea level perturbations revealed by our observations. However, 
based on the available seismological and geophysical literature (Aki and Richards, 2002), 
the effects of free oscillations of the Earth on the sea level have not yet been investigated 
and the results presented in this paper provide new observational constraints for these 
studies.  
 
10. Future predictions  
In this doctorate thesis, has been illustrated, discussed and analyzed the variability of sea 
level changes in the time scales of millennia, centuries and up to a few hours. The first can 
be successfully estimated from geological and archaeological indicators, the latter by tidal 
data records, including the analysis of transient signals related to tsunami events. The 
archaeological data fill the gap between the long term geological data and the modern 
instrumental recordings. The detection and analysis of sea level changes over these 
different time scales, depends from the length and completeness of the data set. Long 
term analysis, requires historical time series of data (~100 years), and the use of monthly 
or annual mean of sea level signal recorded at individual tide gauge stations, provide good 
information. Conversely, transient signals, such those related to tsunamis, requires high 
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frequency recordings for a limited time span (days), to cover as much as possible the 
observed short perturbations.  
The analysis of tidal data from tide gauge stations, have shown that the estimated sea 
level trends is largely dependent from the duration of the available recordings of the 
analyzed station. Long records, of ~100 years of data, as those available from the tidal 
stations of Genova, Trieste and Marseille in the Mediterranean, are the most robust data 
set to estimate secular variations in this enclosed basin and are in agreement to show a 
mean sea level rate at 1.25±0.3 mm/yr.  
Records of ~70-80 years of duration, give similar results, such as at Bakar and Varna (the 
latter is located in the Black Sea) that measure sea level trends at 1.0±0.2 and 1.5±0.4 
mm/yr, respectively. In general, only after ~35 years of continuous recordings, tidal 
stations can provide affordable data. Short recordings are affected by decadal to inter-
decadal variability, preventing us to obtain stable results in the analysis of sea level trends. 
Thus, the need for time series longer than two-three decades is mandatory to obtain 
robust and realistic estimates of sea level change rates.  
Therefore, the 11 years of sea level recordings from the ISPRA network (see Chapter 8.1), 
are still too short and their data are not representative for the long term behavior of the sea 
level. Anyway, they are useful to observe the current variability of the sea level and its 
impact along the coast. In this way, the observed mean value of ~6 mm/yr of sea level rise 
recorded by the ISPRA data set along the Italian coasts in the time span 2001-2011, are 
representative of the temporary acceleration of sea level (particularly for the positive peak 
occurred in 2009-2010). In addition, data show that sea level trend within a decade, is 
even more than three times larger than the secular trend estimated for the longest tidal 
records in the Mediterranean. It is worth noting that previous studies have shown that 
atmospheric forcing and steric signal, that are included in the recordings, may contribute 
with amplitudes up to ±1 mm/yr for short recording periods (Tsimplis et al., 2011). The 
results shown here are in agreement with Church et al. (2004) who estimated a global rise 
of about 1-1.5 mm/year while for the last 50 years, this value increased up to 1.8 mm/year. 
Satellite measurements of the sea surface by radar altimeters determined a global 
average of raising oceans with a trend of 3.2 mm/yr (Cazenave and Nerem, 2004; 
Meyssignac and Cazenave, 2012). Results are debated and it is not still clear if this 
increase (compared to the average of 1.8 mm/yr of tide gauges) is due to a recent 
acceleration or is associated with decadal cycles (Church et al., 2010 and references 
therein). 
It is worth noting that the rate of sea level estimated at a set of stations, for which are 
known the GIA and tectonic rates from independent studies, sea level is rising at rates 
between 0.72 and 0.97 mm/yr (dependent from the stations used in the analysys). For the 
long recording stations of Genova, Marseille and Trieste, where the tectonic signal is zero, 
we obtain a sea level at 1.0, 1.2 and 1.1, respectively. 
The Intergovernmental Panel on Climate Changes (IPCC) is monitoring the results of sea 
level trend because sea level rise is a global environmental problem and the estimation of 
future trend is a crucial topic which is often associated to global warming and climate 
change. Therefore, the prediction of the future sea level is a debated matter that involves 
several disciplines of geophysics and Earth sciences.  
The recent report of the IPCC in 2007, shows how the average global temperature in 2100 
is expected to increase between 1.1°C and 6.4°C (in the previous IPCC 2001 report, the 
maximum estimates were lower and between 1.4° and 5.8°C). These values have been 
estimated according to the different emission scenarios that are depending on the adopted 
models of global socio-economic development. Furthermore, a global sea level rise is 
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expected in a range between +0.18 and +0.59 m, for the same period (2011 IPCC  report 
predicted values ranging between +0.09 and +0.88 m). The continuous sea level rise is 
already affecting millions of people living along the worldwide coasts, especially in 
lowlands and subsiding areas, such as like river deltas or tectonic and volcanic zones. In 
the Mediterranean, we can recall the critical cases of the Venice lagoon, the Nile delta, 
south western Turkey and Baia (Phlegrean Fields), all affected by subsidence that 
dramatically increases the effects of the relative sea level rise. Additionally, many coasts 
will be soon endangered by marine flooding, like the Versilia plain (see annex 2 for  
details).  
In the Mediterranean, the complex physiography and the specific climatic conditions, as 
well as the negative hydrogeological balance (evaporates more sea water than it comes 
from rivers), can help determine a sea level rise between 50% and 100% of the global 
rates. 
Instrumental data and geological and archaeological observations that span over the past 
centuries are the most valuable data source for the reconstruction of the sea level history. 
They can be tentatively used to predict the future relative sea level trend at global, regional 
and local scale. In this way, we have analyzed tidal data from the two longest tidal records 
of the Italian network, collected in the time span 1905-2011 at the tide gauges of Trieste 
and Genova (they have both more than 100 years of data), with the aim to understand the 
secular behavior of long period frequencies of sea level trend.   
For the analysis we have applied the EMD technique (see Chapter 9). Our preliminary 
results, shows a ~45/50 years cycle in the sea level (Fig.54).  
 

 

Fig. 54 Tidal analysis from historical records of the tide gauges of Trieste and Genova for the time span 
1905-2011. Stations have 85 and 101 years of valid data, respectively. The analysis has shown sea level 
oscillations with a periodicity of 45/50 years. The sea level trend shown by the two stations, remain always 
increasing and based on this data an increasing sea level rise for this century can be expected. The question 
mark indicates the unknown rate of the future sea level trend. 
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Although further investigations are required, the signal can be roughly addressed to the 
North Atlantic Oscillation (NAO) (Weng and Neelin, 1998), which is a cyclic climatic 
perturbation having similar periodical trend. It is worth noting that the sea level shows a 
trend always positive and with periodical change in velocity. If this trend will continue with 
this behavior in the next future, an increasing sea level rise can be predicted during this 
century (the question mark at the top of the plot, aims to indicate the unknown future sea 
level rise trend).  
Although this is just a preliminary interpretation that must be supported by additional 
climatic data, it is in agreement with the results from Church et al. (2010 and references 
therein), and the study from Lambeck et al. (2011). They predict by the end of 2100 a sea 
level rise up to 1 m at global scale and up to 1.53 m for the Italian region, respectively. In 
addition, Zecca and Chiari (2012), predict even a worst scenario by the end of 2200. When 
sea level rise is in combination with subsiding vertical land movements, caused by glacio-
hydro-isostasy and vertical tectonics, the relative sea levels are increased (see annex 3 for 
details). This leads to a large uncertainty in an average quantification of the current and 
future trends, especially in the Mediterranean, being a tectonically active semi-enclosed 
basin with own hydro-geological features. 

 
Fig. 55 Reconstruction of the history of sea level from different indicators and prediction for 2100. A global 
mean sea level rise up to 1 m or more is expected in the worst scenario (From Woodworth et al., 2010). 
 
However, the scientific community, almost unanimously agree that the increase in 
greenhouse gases in the atmosphere are changing the climate of the planet in such a way 
as to trigger a rise in sea level on a global scale. We underline, that the scenarios 
identified by the models for the last decade have even been overtaken by recent global 
sea level rise at rates higher than those expected only a few years ago (Fig. 55, 56). 
Based on these type of indicators in combination with tidal analysis and geophysical  
modeling, Lambeck et al. (2004b) estimated that in the central Mediterranean the onset of 
the modern sea level rise occurred in recent times, at 100±53 years before present with an 
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eustatic increase at ~13 cm (see annex 3 and reference therein for further details). 
Additional studies, found similar results in other parts of the Mediterranean, namely in 
Northern Africa, Eastern Mediterranean, Malta and northern Tyrrhenian sea (Anzidei et 
al.,2011a; Anzidei et al., 2011b; Furlani et al., 2012), supporting the validity of the previous 
results (see annex 4 and 5 for further details). In high tectonically active regions, such as 
Calabria, the vertical motion of the land can counterbalance the relative sea level change 
caused by the glacio-hydro-isostasy, even determining an about null relative sea level 
change along the coast (Ferranti et al., 2010; Anzidei et al., 2012), (see annex 6 for further 
details).  

 
 

Fig. 56 This plot shows the elevation of about 160 archaeological sites in the Mediterranean. Data have 
been collected in previous studies and during this Doctorate. A large part of them have been investigated in 
this doctorate. Note  the very low elevation of Le Castella area, in the Ionian sea of Calabria (top site in the 
plot), and the very high elevation of the roman harbor at Falasarna, displaced at 6.5 m above sea level 
(Crete Island, Greece) during the 365 A.D. earthquake (estimated magnitude ~8) (Pirazzoli et al., 1992; 
Shaw et al., 2008). Note also the deeper elevation of the archaeological sites with their increasing age due to 
the continuing sea level rise since the last LGM. 
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Fig.57. a) Relative sea level change along the coast of SW Turkey observed from archaeological data and 
from predictions based on different parameters of the glacio-hydro-isostatic model; b) relative sea level 
change along the coast of Israel from archaeological data and isostatic predictions based on different 
parameters of the glacio-hydro-isostatic model. C) Elevation (m) of the observed upper (green) and lower 
(blue) limits to sea level estimates from the archaeological sites compared with the predicted levels for the 
epoch of construction (open red circles). The predictions include the glacio-hydro isostatic contributions 
based on the mean of earth models discussed in the text and a contribution of recent increase in ocean 
volume at an equivalent sea level rate of 1.5 mm/year for the past 100 years; D) Annual mean sea level 
trends estimated from the tide gauges of Hadera (top) and Antalya (bottom), located along the coast of Israel 
and SW Turkey, respectively. Although the duration of recordings are too short at both stations (time span 
1996-2003 at Hadera and 1985-2005 at Antalya) to provide a reliable secular sea level trend, their data are 
in agreement with the current elevation of the archaeological sea level indicators and models. Note the 
anomalous oscillations in Antalya compared with Hadera (valid data from the PMSLS database, 
www.pol.ac.uk) (from Anzidei et al., 2011a; Anzidei et al., 2011b). 
 
In other regions of the Mediterranean, like in southwest Turkey, or along the Ionian coast 
of Calabria, tectonic subsidence summed to the glacio-hydro-isostatic signal, is 
dramatically changing the coastline since the last 2.3 ka BP (Fig. 57, 58) (see annex 4 for 
details). 
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Fig.58 The archaeological evidence of the dramatic relative sea live rise in Turkey. A) Submerged byzantine 
age building at Domuz Island and (b) Lycian age tombs at Kekova (from Anzidei et al., 2011b). 
 

Researches carried out during recent years, have shown that most of the coastal areas of 
the world (80% of all existing beaches) is undergoing to erosion (Fig.59). This 
phenomenon is also a consequence of the ongoing sea level rise, land subsidence and 
anthropogenic contributions (destruction of dune systems, sand exploitation from rivers, 
maritime constructions, etc..). 
 

 
 

Fig. 59 Example of adaptation to coastal erosion.  
 
The consequences of sea level acceleration on ecosystems and coastal populations are 
critical: the increase of 1 cm of water roughly correspond to the retreat of the shoreline up 
to 1 meter, therefore the lower estimate of a sea level rise of 0.5 m will have large social 
and economic impacts along many coasts of the Earth. To understand the importance of 
the problem, we recall that in the Mediterranean and particularly along 7500 km of coasts 
of Italy, 47% of these are steep rocky coasts, while 53% are beaches and ~42% of the 
latter are currently in erosion (Fig.61).  
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The IPCC suggests the world governments to undertake appropriate adaptation policies to 
reduce the impact of future changes in sea level even in relation with the intensification of 
extreme events, such as those caused by the hurricane Katrina in 2005. The 
Mediterranean coasts, and particular in Italy are at risk of sea flooding due to: 1) geological 
features; 2) coastal settlements placed very close to the shorelines; 3) still active isostatic 
movements; 4) vertical land movements triggered by tectonics and volcanism; 5) natural 
and anthropogenic subsidence. The sum of these causes will amplify relative sea level 
changes and subsequent flooding along low elevated coastal areas, particularly those that 
are already today under the sea level (Gornitz et al., 2002). 
Lambeck et al (2011) estimated the projections of the sea level change in Italy for 2100, 
using published and new sea level data and by adding isostatic and tectonic component to 
the IPCC and Rahmstorf projections. Comparison of the observations from more than 130 
sites (with different geomorphological and archaeological sea level indicators),  against the 
predicted sea level curves, provided estimates of the vertical tectonic contribution to the 
relative sea level change (see annex 2). The results are based on glacio-hydro-isostatic 
models developed at the Australian National University. On the basis of the eustatic, 
tectonic and isostatic components to the sea level change, projections provided the 
scenarios of marine inundations valid for 33 Italian low elevated coastal plains for the year 
2100. 
The ice model used for the predictions is described in Lambeck et al. (2006, 2009, 2010) 
(model K33_j1b_WS9_6). It includes the major ice sheets back to the penultimate 
interglacial as well as an alpine deglaciation model. No changes in ocean volume occur in 
this model for the past few centuries. Rheological parameters have been adopted from 
previous work for the same region (Lambeck et al., 2004a, b) and correspond to the three-
layer model with an effective elastic lithospheric thickness of 65 km, an upper mantle 
viscosity of 3x1020 Pa s and a lower mantle viscosity of 3x1022 Pa s.   
These predictions are for the isostatic-eustatic components from the last glacial cycle only 
and their variability from site to site reflects both an approximately north-south component 
from the increasing distance from the former northern ice sheets and a more variable 
component from the water-loading contribution (Lambeck and Purcell, 2005).  
The result of this ongoing response to the past deglaciations causes a variable sea level 
rise at rates of up to 0.6 mm/year, along the Italian coasts. This is an estimated average 
for the past 100 years and is representative for future change out to at least 2100 (Fig. 3). 
To provide different possible scenarios for the Italian coastal plains in the year 2100, were 
considered global estimates for the “low-impact” B1 projection of the IPCC (2007) (the 
lower sea level rise scenario), and the maximum value in Rahmstorf (2007) (higher 
scenario) (Table 5). 
The B1 IPCC (2007) projection includes thermal ocean expansion and glacier and ice 
sheet melting in a scenario where carbon dioxide will rise to double the pre-industrial 
concentration by 2100 (Mote et al., 2008). Rahmstorf (2007), by considering that global 
temperature and sea level rise variations are strongly correlated, applied a linear model for 
the 21st century that leads to considerably higher projections than those of the IPCC. 
The rates for these two different projection scenarios are then combined with local isostatic 
tectonic values, to delineate zones of the Italian coast that will undergo to marine 
inundation under the different scenarios by the year 2100. These projections do not 
include extreme events, or changes in the patterns of such events or in local changes in 
tidal range. The Digital Elevation Model (DEM) for the near-shore low-lands of Italy, 
produced by the National Geologic Survey and National Research Council from the 
Military Geographic Institute’s elevation data, was used.  
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Fig. 60 Predicted present-day isostatic rates for Italy (in mm/yr). This signal corresponds to a relative sea 
level rise with spatially variable rate, differing by 0.5 mm/yr between the northern Adriatic coast and Sardinia. 
Red contours denote negative values, orange contours denote positive values, dark red contour correspond 
to zero change. (From Lambeck et al., 2011). 
 

Scenario  Annual SLR rate (mm/yr) SLR yr 2100 AD (mm) 
IPCC, 2007-B1  1.8-2.8 180-280 
Rahmstorf, 2007  5-14 500-1400 

 
Table 5 Expected lower and higher sea level rise scenarios for global effects in the year 2100 (From 
Lambeck et al., 2011), (see Annex 2 for details). 
 
Because of the relative low resolution (cell size 250 m) this DEM model is useful only for 
identifying regional trends rather than providing high-resolution detailed projections. In this 
way have been identified 33 coastal plains that will be susceptible to marine inundation by 
2010 under these projections. For some of the most important coastal plains, higher 
resolution DEM (with cell size 60 m, 40 m, 20 m, 3 m) based on different sources (satellite 
data, aerial photogrammetric and topographic surveys) were used. Comparison with the 
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coarser DEM model results confirms the results based on the lower resolution data even if 
in most cases this leads to an overestimation of the extent of some of the susceptible 
areas. 
This model is calibrated for the central Mediterranean region based on the evidence from 
sites of long-term tectonic stability, by the elevation of the MIS 5.5 shoreline, and then 
used to predict sea levels for other locations. Such predictions have been estimated for 
some 40 representative sites along the Italian coast. Differences between observed and 
predicted changes can then be interpreted as reflecting vertical tectonic contributions 
representative of the latter part of the Holocene. Vertical tectonic movements of the Italian 
coast were estimated at more than 456 sites (211 for the Holocene and 255 from the Last 
Interglacial. See annex 2 for details). Assuming minimum (180 mm, IPCC, 2007) and 
maximum (1400 mm, Rahmstorf, 2007) eustatic sea level rise projections, the total 
projections for sea level by 2100 were calculated, and the coastal zones that are 
susceptible to marine inundation identified. 
The principal result is that for the low-rise IPCC prediction the tectonic and isostatic 
components produce an important impact with values between 162 and 315 mm whereas 
for the maximum rise of Rahmstorf, it is the climate change induced signal that dominates 
(1400 and 1535 mm). 
Based on these results, the most prone areas at flooding are located in the north Adriatic 
Sea, along the coast of Metaponto in the Ionian Sea and several lowlands of the northern 
Tyrrhenian coast, being placed at low elevations. The amount of coastal land surface that 
will be likely flooded in the next 100 years is approximately 4500 km2. Anyway, these 
numbers do not consider the unknown effects related to ground subsidence for fluid 
exploitation that will accelerate flooding. 
 

 
 
Fig. 61 Example of accelerated erosion along the Tyrrhenian coast of Latium. Note the buildings too near the 
shoreline. 
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Fig. 62 Relative sea level rise (year 2100) for 33 Italian coastal plains. For the Po Delta and Venice Plain, 
mean values are reported. Data do not include the contribution of local compaction and fluid (gas and water) 
extraction (From Lambeck et al., 2011). (see annex 2 for details). 
 
Although the values reported in the map of Fig. 62 require further improvements (i.e. new 
estimates of the current vertical movements from GPS measurements and the extensively 
use of very high resolution DTMs) (Scicchitano et al., 2012), they are useful to decision 
makers to plan  eventual adaptations and planning new detailed surveys to monitor coastal 
changes and protect lands against the sea level rise. In addition, the 33 Italian coastal 
plains are valuable natural areas with locations of important production activities (Aucelli et 
al., 2006). The expected increase in the frequency and intensity of extreme events (floods, 
storms, etc..) along these coasts will cause a fast acceleration of sea level rise with 
subsequent erosion that will lead to loss of land, affecting infrastructures and economic 
assets. 
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11. Concluding remarks 
On the basis of the current scientific literature and on the result obtained in this doctorate 
thesis, we can conclude that global sea level has changed continuously in the past and will 
continue to do so even in the future. Since the last LGM, sea level has risen of ~130 m 
and the current global estimates give a continuous rising at 3.2 mm/yr. Based on tidal 
records, in the Mediterranean we obtained an average value of sea level rise at 1.77 
mm/yr and 1.2 mm/yr when using a set of very long records that span over three centuries. 
These rates include the current GIA and the vertical tectonic signals estimated from the 
MIS 5.5 elevation. 
When reduced for local tectonics movements and GIA rates (that varies between 0.12 and 
0.62 mm/yr depending of the location), sea level trend shows an average value at 0.84 
mm/yr. Anyway, we feel to stress that the tectonic correction based on the long term data, 
cannot be always representative of the current rates of the vertical motion, thus inducing 
us to be prudent with the interpretations. In this way, the archaeological observations are 
extremely useful, particularly for those sites located in tectonically stable areas. They fill a 
gap between the geological past of the MIS 5.5 and the modern instrumental data and 
provide data on the vertical tectonic rate of an area. Additionally, from the sea level curve 
predictions, the current elevation of coastal archaeological structures located in 
tectonically stable areas and modern tidal data, were identified ~13-15 cm of eustatic 
change, in agreement with previous studies of Lambeck et  al. (2004). This result  
reinforces the hypothesis of a recent acceleration in sea level in the last 100±50 years. 
This timing coincides with the beginning of the industrial age, thus supporting the 
interpretations of the anthropogenic contribution to the observed global change, in 
agreement with part of the international scientific community. 
Besides the long term changes, transient signals caused by regional or global tsunami can 
be successfully analyzed by EMD technique, when high frequency tidal data are available. 
In the case of the M=9.0 Tohku-Oki earthquake of March 11, 2011, we estimated an 
increasing tidal amplitude of about 15 cm in the Mediterranean. 
Finally, the future trends projected for 2100 for the Italian region, indicate that sea level will 
rise up to +1.53 m, in conjunction with increasing global temperatures and tectonic 
subsidence. This value is larger from the global average of  ~1 m, because the Italian 
region is a tectonically active zone and subsiding processes accelerate the relative sea 
level rates along the coasts, thus causing coastal erosion and social and economical 
impacts. Therefore, new coastal structures must be planned taking into account that 
shorelines will change from place to place in the near future and the decision makers 
should act on the basis of the future sea level predictions. In this way, we will then turn 
from emergency to prevention, reducing the impact on productive activities and the 
environment. 
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Annex 1 

(6 pages) 

Abstract – The possibility that the tsunami, generated as a consequence of the large Mw 

9.0 Tohoku-Oki earthquake of March 11th 2011, could be recorded by the tide gauge 

stations located in the Mediterranean Sea has been investigated. We find two kinds of 

transient signatures which should be attributed to the far-field destabilizing effect of the 

tsunami on the usual tidal components: 1) the excitation of a broad spectrum of frequency 

fluctuations, superimposed to the diurnal and semidiurnal tidal components, 2) the change 

of amplitude of the low-frequency tidal components in the Mediterranean, related to the 

sea surface fluctuation perhaps caused by the direct transmission of the tsunami across 

Gibraltar. 

 

A. Vecchio, M. Anzidei, V. Capparelli, V. Carbone and I. Guerra. Has the Mediterranean 
Sea felt the March 11th, 2011, Mw 9.0 Tohoku-Oki earthquake?. EPL, 98 (2012) 59001. 
doi: 10.1209/0295-5075/98/59001 
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Annex 2 
(8 pages) 

 
Abstract - Published and new sea level data are used to provide projections of sea level 

change in Italy for the year 2100 by adding new isostatic and tectonic component to the 

IPCC and Rahmstorf projections. Comparison of the observations from more than 130 

sites (with different geomorphological and archaeological sea level markers) with the 

predicted sea level curves provides estimates of the vertical tectonic contribution to the 

relative sea level change. The results are based on the most recent ANU model for the ice 

sheets of both hemispheres, including an alpine deglaciation model. On the basis of the 

eustatic, tectonic and isostatic components to the sea level change, projections are 

provided for marine inundation scenarios for the Italian coastal plains for the year 2100, 

that today are at elevations close to current sea level. 

 

K. Lambeck, F. Antonioli, M. Anzidei,  L. Ferranti, G. Leoni, G. Scicchitano, S. Silenzi. Sea 
level change along the Italian coast during the Holocene and projections for the future. 
Quaternary International, 2010. DOI 10.1016/j.quaint.2010.04.026 
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Annex 3 
(18 pages) 

 
Abstract - In any discussion of the evolution of a river basin, the history of sea level 

change is important since river gradients and delta developments are strongly influenced 

by local sea level. Also, sea level provides a reference for inferring past vertical tectonic 

stability from the geological record. Hence it is appropriate that the discussion on the Tiber 

basin starts with sea level change along the Tyrrhenian coast during the Holocene. 

 
Kurt Lambeck, Fabrizio Antonioli, Marco Anzidei. Ses level change along the Tyrrhenian 
coast from early Holocene to the present. Accademia Nazionale dei Lincei, Atti dei dei 
convegni Lincei, 254, IX Giornata mondiale dell’acqua, Il bacino del Tevere, Roma, 2010. 
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Annex 4 
(8 pages) 

 
Abstract - along the Turkish coasts of the Gulf of Fethye (8 sites), and Israel, between 

Akziv and Caesarea (5 sites). The structures selected are those that, for effective 

functioning, can be accurately related to sea level at the time of their construction. Thus 

their positions with respect to present sea level provide a measure of the relative sea level 

change since their time of construction. Useful information was obtained from the 

investigated sites spanning an age range of ~2.3 ~1.6 ka BP. The inferred changes in 

relative sea level for the two areas are distinctly different, from a rise of 2.41 to 4.50 m in 

Turkey and from 0 to 0.18 m in Israel. Sea level change is the combination of several 

processes, including vertical tectonics, glacioehydro-isostatic signals associated with the 

last glacial cycle, and changes in ocean volume. For the Israel section, the present 

elevations of the MIS-5.5 Tyrrhenian terraces occur at a few meters above present sea 

level and vertical tectonic displacements are small. Data from GPS and tide gauge 

measurements also indicate that any recent vertical movements are small. The MIS-5.5 

shorelines are absent from the investigated section of the Turkish coast, consistent with 

crustal subsidence associated with the Hellenic Arc. The isostatic signals for the Israel 

section of the coast are also small (ranging from 0.11 mm/yr to 0.14 mm/yr, depending on 

site and earth model) and the observed (eustatic) average sea level change, corrected for 

this contribution, is a rise of 13.5 ± 2.6 cm during the past e2 ka. This is attributed to the 

time-integrated contribution to sea level from a combination of thermal expansion and 

other increases in ocean volume. The observed sea levels from the Turkish sites, in 

contrast, indicate a much greater rise of up to 2.2 mm/yr since 2.3 ka BP occurring in a 

wide area between Knidos and Kekova. The isostatic signal here is also one of a rising 

sea level (of up to ~1 mm/yr and site and earth model dependent) and the corrected 

tectonic rate of land subsidence is ~1.48 mm/yr. This is the primary cause of dramatic 

relative sea level rise for this part of the coast. 

 

M. Anzidei, F.Antonioli, A.Benini, K.Lambeck, D.Sivan, E.Serpelloni, P.Stocchi. Sea level 
change and vertical land movements since the last two millennia along the coasts of 
southwestern Turkey and Israel. Quaternary International, 2010. 
doi:10.1016/j.quaint.2010.05.005 
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Annex 5 
(8 pages) 

 
Abstract - New data of sea level changes for the Mediterranean region along the coasts of 

northern Africa are presented. Data are inferred from archaeological sites of Punic-Roman 

age located along the coast of Tunisia, between Tunis and Jerba island and along the 

western coast of Libya, between Sabratha and Leptis Magna. Data are based on precise 

measures of presently submerged archaeological markers that are good indicators of past 

sea-level elevation. Nineteen selected archaeological sites were studied in Tunisia and 

four in Libya, all aged between w2.0 and w1.5 ka BP. The functional elevations of 

significant archaeological markers were measured with respect to the sea level at the time 

of measurements, applying corrections for tide and atmospheric pressure values. The 

functional elevations of specific architectural parts of the sites were interpreted, related to 

sea level at the time of their construction providing data on the relative changes between 

land and sea. Observations were compared against sea level change predictions derived 

from the glacio-hydro-isostatic model associated with the Last Glacial cycle. The results 

indicate that local relative sea level change along the coast of Tunisia and Libya, has 

increased 0.2 O 0.5 m since the last w2 ka. Besides minor vertical tectonic movements of 

the land, the observed changes are produced by eustatic and glacio-hydro-isostatic 

variations acting in the Mediterranean basin since the end of the last glacial maximum. 

 

M. Anzidei, F. Antonioli, K. Lambeck, A. Benini, M. Soussi New insights on the relative sea 
level change during Holocene along the coasts of Tunisia and western Libya from 
archaeological and geomorphological markers. Quaternary International, 2010 DOI: 
10.1016/j.quaint.2010.03.01 
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Annex 6 
(10 pages) 

 
Abstract - Calabria is one of the most complex geological regions of the Mediterranean 

basin, which experienced large earthquakes and uplift and is still undergoing active 

tectonics. Along its coasts are located archaeological sites that can be used as powerful 

indicators of the relative vertical movements between land and sea since their 

construction. This paper presents and discusses data on the relative sea-level change as 

estimated from maritime archaeological indicators of the last ~2.0 ka BP existing along the 

Tyrrhenian coast of Briatico. These sites still show the remnants of a Roman age fish tank 

and a submerged breakwater about 320mlong. The palaeo sea level has been obtained 

measuring the functional elevation of the significant archaeological markers. Their 

elevation was compared against the latest predicted sea level curve for the Holocene 

along the Tyrrhenian coast of Calabria. As this coastal area is affected by significant and 

continuous vertical tectonic uplift during Pleistocene, the data show the counterbalance 

between coastal uplift and relative sea level change caused by the glacio-hydro-isostasy, 

acting since the construction of these archaeological sites. The sum of these movements 

determined an about null relative sea level change for this location. These data are in 

contrast with other part of the tectonically stable areas of the Mediterranean and provide 

evidence that crustal uplift continued in the last 1806±50 y at a rate of 0.65 mm/y. 

 

Marco Anzidei, Fabrizio Antonioli, Alessandra Benini, Anna Gervasi, Ignazio Guerra 
(2012). Evidence of vertical tectonic uplift at Briatico (Calabria, Italy) inferred from Roman 
age maritime archaeological indicators. Quaternary International, in press (2012),  
doi:10.1016/j.quaint.2012.01.019 
 

 



165 

 

 
 
 
 
 



166 

 

 
 
 
 
 



167 

 

 
 
 
 
 



168 

 

 
 
 
 
 



169 

 

 
 
 
 
 



170 

 

 
 
 
 
 



171 

 

 
 
 
 
 
 



172 

 

 
 
 
 
 



173 

 

 
 
 
 
 



174 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


