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FOREWORD

The latest AR6 Climate Report, WG2, “Impacts, Adaptation and Vulnerability”, 
2022, for the !rst time in the IPCC history devotes the Cross-Chapter Paper 4 to 
the Mediterraean region. "is region is known for its exceptional environmental 

and socio-cultural richness which originates from three surrounding continents. Climate 
change, in its di#erent and diverse aspects, interacts very strongly with a variety of problems 
resulting from urbanization, water and air pollution, biodiversity loss and degradation of 
land and marine ecosystems. "e Mediterranean is moreover expected “to be one of the 
most prominent and vulnerable climate change hotspots” (AR6, WG1, 2021, Chapter 10).  
 
Adaptation options impact all the above environmental and social aspects, especially con-
sidering that a very probable scenario for the near future will simply obey the principle of 
“business as usual”, through simple inertia of the economic system."is conference hence 
focuses on the Mediterranean Sea as a climate hotspot both scienti!cally and regarding 
adaptation measures.
 
"e conference is composed of two parts.

"e !rst part focuses on the physical sciences of the Earth (geodesy, physical oceanogra-
phy, atmospheric dynamics) with the goal of providing a scienti!c background aimed at 
establishing what is known with certainty, what is debatable, what is simply still unknown 
and what are the projections of future climate scenarios. Hence each scienti!c presentation 
poses one overarching question, the answer to which can be important for the global climate, 
the Mediterranean one and their mutual interactions. 

"e second part focuses on adaptation measures, which obviously depend, !rst and fore-
most, on the scienti!c knowledge and second on the practical  possibilities.

"e most obvious, and well-known example of adaptation is the network of barriers against 
sea level rise and extreme sea level events constructed in the Netherlands since last century, 
and the 21st century example of the Venice barriers (the MOSE), recently completed, for the 
protection of the city and its lagoon.

Further adaptation options for climate change impacts on marine ecosystems and !sheries 
include improving and enlarging the regional network of marine protected areas, sustaina-
ble !shery practices, developing collaborative monitoring and sustainable aquaculture.

Adaptation options to sea level rise in the Mediterranean include also more modest na-
ture-based solutions, such as beach and shore nourishment, dune restoration, with engi-
neering playing a major role through breakwaters, seawalls and dykes. Many engineer-
ing-based coastal adaptations, however, imply large impacts on the coastal ecosystems and 
the environment as well.

An extreme engineering solution is the envisioned control dam at the Gibraltar strait for 
mitigation of sea level rise in the entire sea.
 

"e dam would most likely involve major impacts on the entire physical, chemical and 



biological properties of the basin. "ese, and many more options, will be discussed in the 
Round Table scheduled  for the second day of the conference. "is report summarizes the 
issues debated at the conference. 

"e short summaries provided by the speakers re$ect their scienti!c insights as well as their 
preferences for possible adaptation measures.  "e organizers hope that this report will be 
of stimulus to the Mediterranean community at large for the preservation of this uniquely 
rich basin and of its heritage to the future generations.

Fernando SANSÒ
Accademia Nazionale dei Lincei 

Co-Chair of the Scienti!c Committee 
of the Conference

Paola MALANOTTE-RIZZOLI 
Massachusetts Institute of Technology 

Chair of the Scienti!c Committee 
of the Conference

Bruno CARLI 
Accademia Nazionale dei Lincei

Chair of the Environmental
Committee
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Dear Mr. Parisi, dear colleagues, dear friends, ladies and gentlemen:

It has now been 60 years since our Co-Nobel-Laureate Syukuro Manabe demon-
strated that increased levels of carbon dioxide in the atmosphere leads to increased tem-
peratures on the earth’s surface. It has been 50 years since the Club of Rome published 
their book "e Limits of Growth. And it has been 40 years since I was able to demonstrate 
that the observed global warming was indeed man-made. And the Club of Rome has just 
updated their model in their latest publication Earth for All. How much time have we lost! 
How o%en have we repeated our warning that the longer we wait, the more expensive this 
problem will become for mankind?

"ere are several reasons in my opinion for the generally slow recognition of the urgency of 
the problem of climate change:

1. First, our inborne ability to ignore danger unless we are directly a#ected by it.
 

2. Secondly, our democratic systems. With elections every four or !ve years, 
and the desire to be re-elected, our politicians are hesitant to make unpopular 
decisions.

3. And !nally, industry, which is willing to change unilaterally only if there is no 
economic disadvantage from that change. 

"erefore, there is need for clear corporate mandates from our politicians. A vicious cycle. 
Or do we need an international Ecocide Law? 

Now the danger is approaching closer and closer and seemingly faster and faster. "e Pots-
dam Institute for Climate Impact Research has just published a study that shows that the 
US, one of the world’s strongest economies, will soon be unable to cope on its own with 
damages caused by climate change in the form of increased and more powerful hurricanes.

"e changing climate has become part of the normal experience of millions of people 
around the globe and is o%en most felt in regions, such as the Mediterranean, where the 
e#ect of centuries of environmental degradation is now being compounded by increasing 
temperatures.

In 2021 and 2022, heatwaves swept through the Mediterranean region, causing widespread 
droughts, wild!res and serious health e#ects for people. In 2022 in many Mediterranean 
countries, temperatures above 40 or even 50 degrees Celsius were observed, the highest 
since temperature records exist. In 2022, a marine heatwave accompanied the terrestrial 
heatwave in the Mediterranean.

Scienti!c models suggest that these were not isolated events. If greenhouse gas emissions 
do not decline markedly, we should expect summer temperatures in the Mediterranean to 
increase at a rate higher than the average global temperature increase. Even more worrying, 
precipitation, which in most parts of the world is expected to increase, will be reduced over 
large parts of the Mediterranean. "is makes the Mediterranean a climate change hotspot.

ENDORSEMENT



Klaus HASSELMANN 
Nobel Laureate for Physics 2021

In addition, the Mediterranean region has long su#ered from environmental stress, going 
all the way back to the deforestation in ancient Greece and Rome. Intensive agriculture is 
leading to overuse of water resources with groundwater levels lowering year by year. Over-
!shing has long been going on. "e amount of !sh caught in the Mediterranean is no longer 
su&cient to feed the local population and tourists. High population density and millions of 
tourists annually exacerbate the environmental stress. And climate change now adds to this 
longstanding overuse of natural resources.

And it o#ers little comfort that in the wake of the present energy crisis, gas exploration in 
the eastern Mediterranean is being accelerated instead of using sun and wind, renewable 
energy resources that the Mediterranean has in abundance.

"ere is no scienti!c doubt about man-made climate change; but even though we know the 
cause of the illness, we still have to !nd the cure.

"e Mediterranean is remarkably diverse in terms of geography and political, economic, 
cultural, and belief systems, but it also has many commonalities. Science and scientists, 
with their commitment to a rational analysis of the world and a long-standing practice of 
working together across borders, can be a major positive force in !nding solutions to the 
climate challenge. 

Sharing data, information, knowledge and scienti!c advances, working together across bor-
ders and disciplines, collaborating to !nd locally adaptable solutions, the scienti!c commu-
nity has the noble and important task of advising policy makers and informing the public. 
"is conference, “"e Mediterranean System ‒ A Hotspot for Climate Change and Adapta-
tion,” is a welcome opportunity to work together.

"e ancients called the Mediterranean Mare nostrum, literally “our sea”. So that future gen-
erations can also enjoy this beautiful and culturally rich region as their common heritage, 
we need to combine all our intelligence, our compassion and our e#orts to preserve it for 
the future. 

I wish you a conference with many new ideas and insights into the immense problem of 
reducing, mitigating, or perhaps even stopping climate change.
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GEODESY

WHAT ARE THE TOOLS AND METHODS TO OBSERVE SEA WHAT ARE THE TOOLS AND METHODS TO OBSERVE SEA 
SURFACE HEIGHT FROM SPACE IN THE MEDITERRANEAN?SURFACE HEIGHT FROM SPACE IN THE MEDITERRANEAN?

Monitoring sea surface topography with high-precision satellite altimetry began in the early 
1990s with the launch of the European Space Agency’s (ESA) European Remote-Sensing Sat-
ellite-1 (ERS-1) satellite (1991) and the NASA/CNES Topex/Poseidon satellite (1992). "ese 
spaceborne missions measure the distance between the satellite and the ocean surface by 
sending a radar wave and counting the time it takes to return, from which sea surface height 
can be accurately determined knowing precisely the orbital altitude of the spacecra%s. Meas-
uring sea surface topography contributes to advance our understanding of ocean circulation 
and its variability from large scale to mesoscale, as well as climate-related global sea level rise 
and its regional variation. 

Since then, to ensure continuity, several subsequent satellite missions have been launched, in-
cluding Jason-1 (2001), Jason-2 (2008), Jason-3 (2016) and Sentinel-6 Michael Freilich (2021), 
following the path of Topex/Poseidon, providing continuous and highly accurate sea level 
data over the past three decades. "e data from these satellites are now routinely used to 
monitor sea level rise, as well as for understanding the role of the oceans in the Earth’s climate 
system. Following ERS-1, which had additional mission objectives besides the oceanograph-
ic mission mentioned above, focussing also on ice sheets, sea-ice thickness, extent and con-
centration, and continental surfaces, were launched ERS-2 (1995), Envisat (2002), CryoSat-2 
(2010), Sentinel-3A (2016) and Sentinel-3B (2018). "e French/Indian Saral/AltiKa mission 
in orbit since 2013 completed this constellation. "e Chinese Space Agency has also launched 
radar altimeter missions, Haiyang-2A (HY-2A, 2011), HY-2B (2018) and HY-2C (2020). 

"e two satellite-series of Topex-Poseidon/Jason/Sentinel-6 Michael Freilich and ERS/Envi-
sat/AltiKa/Sentinel-3 series, complement each other by their space and time characteristics: 
10 day repeat and coarse space resolution (315 km at Equator), and ~1 month repeat and 
!ner resolution (~80 km at Equator), respectively. Also, the inclinations are di#erent, the ESA 
satellites aim at making measurements as far north as possible (up to 88° latitude) , while the 
Topex/Poseidon series favour lower inclination (66°) for perpendicular crossings to better 
derive geostrophic velocity. Figure 1 shows the two very di#erent space coverages and how 
Sentinel-3 densi!es the sampling ensured on the larger scale by Jason/Sentinel-6.

1

Figure 1. Comparison between Jason (black) and Sentinel-3 (purple) ground tracks for a complete 
cycle (Source: ESA).



6

In terms of spatial scales, satellite altimetry provides global coverage, allowing for the meas-
urement of sea level changes over large geographic areas. "is global perspective is crucial 
for understanding the behaviour of the ocean at basin scale, and for detecting regional dif-
ferences in sea level trends (Legeais et al., 2018). With several altimetry satellites now $ying, 
and more coming in the future, the coverage has drastically increased. "e Mediterranean 
Sea is densely covered by the constellation of altimetry missions $ying today. Figure 2 shows 
the dense coverage over the Mediterranean Sea over 14 days in August 2022 by SARAL/
AltiKa (ISRO/CNES), CryoSat-2 (ESA), Copernicus Sentinel-3A/B (EC/ESA/Eumetsat) and 
Copernicus Sentinel-6 Michael Freilich (EC/ESA/Eumetsat/CNES/NASA /NOAA). "is fast 
coverage far exceeds the capability of an in situ oceanographic campaign but the latter is in-
dispensable for studying the ocean in its depth and for validation of space data.

Figure 2. Coverage over the Mediterranean Sea over 14 days in August 2022  (week 19 and 20) by 
SARAL/AltiKa (ISRO/CNES), CryoSat-2 (ESA), Sentinel-3A/B (EC/ESA/Eumetsat - Copernicus) and 
Sentinel-6 Michael Freilich (EC/ESA/Eumetsat/CNES/NASA/NOAA) – Copernicus. "e colour exhi-
bits the dynamic topography in metres. (Source: OceanDataLab, Ocean Virtual Laboratory).

Furthermore, with the advent of synthetic aperture radar (SAR, delay-Doppler) altimetry, 
valid measurements are retrievable much closer to the coast, as close as a few hundreds of 
meters, with specialised retrackers such as SAMOSA+, accessible to anyone in the ESA Al-
timetry Virtual Lab (https://earthconsole.eu/altimetry-virtual-lab). While the along-track 
resolution is getting higher and higher with the development of di#erent processing algori-
thms for SAR altimetry, the cross-track resolution remains very poor, of the order of 130 km 
at the latitude of the Mediterranean Sea for gridded products (Ballarotta et al., 2019). "e 
best way to exploit altimetry, especially for monitoring the ocean dynamics in the coastal 
zone is to use to the along-track data at its time and location, rather than smoothing a grid 
with optimal interpolation, particularly when assimilating in high resolution coastal ocean 
models. 

In terms of accuracy, current satellite altimeters have the capability to measure sea level with 
an uncertainty below the centimetre. With today’s altimetry, say the 3rd generation since 
ERS-1, using the along-track Doppler to synthetise a very large antenna of several kilome-
tres, the noise level has been beaten down from 1.8 cm for Envisat to 0.8 cm for Sentinel-3, 
for measurements averaged at 1 Hz (Dinardo et al., 2016).  "is level of accuracy, and its 
stability in time, has been crucial in detecting and monitoring the long-term trend of sea 
level rise (Ablain et al., 2017, Guerou et al., 2023), which is a key indicator of current global 
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warming as it results from global changes occurring tin the climate system, such as ocean 
warming and land ice melting (Horwarth et al., 2022).

"e Sentinel-6 Michael Freilich and SWOT (Surface Water and Ocean Topography, lau-
nched on 16 December 2022) radar altimetry missions are both designed to measure the 
height of the ocean surface with high accuracy and precision. Exploiting these missions 
together will improve our understanding of oceanic processes at short space and time scales 
in the Mediterranean Sea by complementing each other to improve spatial and temporal 
resolution: "e Sentinel-6 mission provides high temporal resolution measurements, whi-
le the SWOT mission provides high spatial resolution measurements. "e combination of 
measurements from the two missions, especially monitoring the exchanges between the in-
land water domain and the oceanic coastal zone, will improve our understanding of coastal 
dynamics, including coastal $ooding and coastal erosion. Future radar altimetry missions 
designed to improve our understanding of processes at short space and time scales would 
need to o#er both high spatial and high temporal resolution, which would be achieved by 
swath altimeters or constellations of dozens of altimeters.

While instruments and methods used to observe the sea surface topography from space 
in the Mediterranean region provide a wealth of information and allow for high accuracy 
and precision measurements, they are not su&cient to understand small-scale processes 
a#ecting the coastal zones (Dieng et al., 2021; Cazenave et al., 2022). 

Satellite observations are limited in their spatial and temporal resolution, therefore they 
need to be complemented by other types of observations, such as high-altitude platforms 
(so called pseudo-satellites, airships or balloons) and in situ measurements. In situ measu-
rements, such as those made by buoys, ships and underwater vehicles, provide detailed in-
formation on ocean processes at speci!c locations and times, and at depth. "is information 
can then be used to validate and improve satellite observations, as well as to study processes 
that are not captured by satellite observations. Numerical models are also an important tool 
for testing our understanding of small-scale processes. "ey produce simulations of the 
ocean, coupled with the atmosphere, and produce predictions of future conditions. "ese 
simulations can be used to understand how di#erent processes interact and to estimate the 
e#ects of human activities on the Mediterranean Sea. A comprehensive understanding of 
the Mediterranean Sea requires a combination of satellite observations, in situ measure-
ments and numerical models.

Jérôme BENVENISTE
European Space Agency

ESA-ESRIN, Frascati, Italy
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HOW WELL CAN WE MEASURE THE MEDITERRANEAN SEA 
CIRCULATION FROM SPACE?

"e general circulation of the Mediterranean Sea is characterized by an open "ermohaline 
Circulation (THC) cell, starting in the Strait of Gibraltar with the in$ow of relatively fresh 
Atlantic Waters, and ending with the out$ow, at the same site, of intermediate and deep salt-
ier Mediterranean Waters. By transporting heat and salt over large distances, this circula-
tion modulates both the short-term and climatological dynamics of the Mediterranean Sea 
– Atmosphere system. Its improved understanding and accurate monitoring are thus of key 
importance, all the more in the present context of climate change. In the Mediterranean Sea, 
all published studies agree on a modi!cation of the thermohaline circulation under vari-
ous twenty !rst century emission scenarios, with a northward shi% of the eastward moving 
surface water veins in both the western and eastern basins and a weakening of the open-sea 
deep convection in the western basin (Adlo# et al., 2015). 

Satellite data, by providing global and continuous measurements of several ocean param-
eters (sea surface temperature, salinity, sea level, geoid) are a key source of information to 
improve the estimation of the upper-layer circulation. In particular, the launch in 2009, 
of the GOCE (Gravity Field and Ocean Circulation Experiment) satellite, by allowing to 

Figure 1. Top: Sketch of the general surface circulation of the Mediterranean Sea from Pou-
lain et al. (2013). Bottom: Mean surface circulation calculated from altimetry, gravity and 
in-situ data by Jousset et al. (2022).
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Marie-Hélène RIO
European Space Agency 

ESA-ESRIN, Frascati, Italy

measure for the !rst time the Earth geoid at 100km resolution, has been a game-changer for 
the estimation of ocean currents from the joint use of altimeter data and gravity data (Mulet 
et al., 2012a). At !rst order (the so-called geostrophic approximation), ocean currents are 
indeed proportional to the gradient of the absolute dynamic topography, calculated as the 
di#erence between the altimeter sea level (above a reference ellipsoid), and the geoid height 
(above the same reference ellipsoid). In the global, open ocean, such data, used in synergy 
with in-situ measurements (Argo $oats and dri%ing buoy velocities), have led to the devel-
opment of improved current estimates, both at the surface (Rio et al, 2014a) and at depth 
(Mulet et al., 2012b), which are today calculated and delivered operationally, on a daily 
basis, within the Copernicus Marine Environment Monitoring System (CMEMS).
Methods developed for the global ocean are not always directly applicable to the Mediter-
ranean Sea, characterized by numerous coastal areas and straits, shorter spatial scales than 
in the open ocean, and a rather complex surface circulation, as sketched by Poulain et al in 
2013 (top plot of Figure 1) from the joint analysis of satellite and in-situ measurements. As 
a consequence, speci!c, regional algorithms need to be developed. Bottom plot of Figure 1 
shows the most recent estimate of the Mediterranean Sea general circulation calculated at 
4km resolution using altimeter, GOCE and in-situ measurements of sea level and velocity 
by Jousset et al (2022). Comparison to independent in-situ measurements of surface veloc-
ities show mean di#erences of the order of 10 cm/s, which represent a signi!cant improve-
ment compared to earlier solutions (Rio et al., 2014b) and a strong step forward regarding 
the monitoring from space of the Mediterranean Sea circulation. 
In the near future further improvements are expected by exploiting the high-resolution data 
from the recently launched wide-swath altimetry SWOT (Surface Water and Ocean Topog-
raphy) mission, together with regionally improved geoid models as GEOMED-2 (Barzaghi 
et al., 2015). 

HOW CAN GEODETIC METHODS IMPROVE THE ESTIMATE OF 
THE CURRENTS IN THE MEDITERRANEAN SEA?

Geodesy can provide valuable information on currents estimation based on the combina-
tion of gravity and altimetry. Gravity is standardly used to estimate the geoid undulation 
N, i.e. the height of the geoid over a given reference ellipsoid (see Figure 1). In a recent 
international test, the Colorado experiment (Wang et al., 2022), 14 international research 
teams have estimated the geoid undulation in an area having a complex gravity signal. "is 
test proved that a precision of 2~3 cm in estimating the geoid can be obtained when using a 
dense and reliable gravity database. 

As it is well-known, the geoid undulation over the ocean areas is closely related to the Mean 
Sea Surface Height (MSSH) with discrepancies that can reach 1~2 m at global scale (see, 
e.g., Rummel and Sansò, 1993). 
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Figure 1. "e satellite satellite altimetry observation.

By satellite altimetry, one can get the Sea Surface Height (SSH in Figure 1) that can be then 
averaged in time to get the MSSH. 
"e satellite altimetry equation giving the SSH is 

 Satellite Altitude (h)-Observed Range(ρ)=SSH    (1)

where h is known from the satellite orbit and the range ρ is observed by the satellite radar altimeter.
Finally, the estimate of the Mean Dynamic Ocean Topography (MDOT), which is related to 
the ocean circulation, is obtained as 

 MDOT=MSSH-N       (2)

where N is the geoid undulation.

In this way, information on the ocean circulation to be compared with oceanographic esti-
mates can be provided using geodetic methodologies. 

Figure 2. "e Gulf Stream 
current velocity
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As an example of this approach, the velocity of the Gulf Stream permanent current is dis-
played in Figure 2 as derived from the DTU MSSH (Andersen et al., 2017) and the geoid esti-
mate based on the satellite only GOCE Global Geopotential Model (Drinkwater et al., 2023). 
In this context, the GeoMed2 project aims at estimating a high-accuracy and high-reso-
lution geoid model for the Mediterranean Sea based on land and marine gravity data and 
GOCE/GRACE based Global Geopotential Models. "e processing methodology is based 
on the well-known remove-compute-restore approach (Barzaghi, 2016) following both sto-
chastic and spectral methods (Sansò and Sideris, 2013) for the determination of the geoid 
and the rigorous combination of heterogeneous data. In a pre-processing step, all available 
gravity observations for the wider Mediterranean basin have been collected, validated, ho-
mogenized and uni!ed in terms of their horizontal and gravity system, so as to derive a 
reliable gravity database to be used for the determination of the geoid.

Figure 3. "e GeoMed2 geoid.

In Figure 3, one of the estimates of the geoid undulation over the Mediterranean area is 
shown (Barzaghi et al., 2018). 
"is GeoMed2 geoid will be the reference surface for height-system uni!cation within the 
Mediterranean Sea and will allow the de!nition of a high-resolution model of the MDOT 
to be used in estimating the circulation in the Mediterranean Sea.

Riccardo BARZAGHI
DICA-Politecnico di Milano
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2
ARE WE APPROACHING A TIPPING POINT OF THE ATLANTIC 
OCEAN CIRCULATION?

"ere is growing concern among scientists that the Atlantic Meridional Overtuning Cir-
culation (AMOC), a key component of the Earth’s climate system, may be slowing down 
and could potentially reach a tipping point in the future. "e AMOC is an ocean current 
system that carries warm water from the South Atlantic via the tropics to the northern 
Atlantic and returns colder water back toward the South Atlantic, playing a crucial role in 
regulating global climate patterns.
However, the current state and future of the AMOC is the subject of ongoing research and 
scienti!c debate, and there is still much that is not known about this complex system and 
how it will respond to future changes in climate, such as rising atmospheric and ocean 
temperatures, melting of the Greenland Ice Sheet, and increasing freshwater inputs from 
rainfall and rivers.
One key piece of evidence is the “North Atlantic Warming Hole”, a region of the North 
Atlantic Ocean south of Greenland and Iceland that is the only area of the world that has 
experienced a cooling over the last 100 years (see Figure 1). "is phenomenon has been 
predicted by climate models as a result of a slowing AMOC in response to global warming 
(Rahmstorf et al., 2015).

PHYSICAL OCEANOGRAPHY

Figure 1. Future prediction of global warming compared to past observed warming. Note the di$erent 
scales and the remarkable “North Atlantic Warming Hole”. Grey indicates lack of data.

When looking at sea surface temperatures, models and data in higher resolution also reveal 
excessive warming along the US coast in addition to the warming hole (Figure 2). Both 
phenomena combined have been shown to be a ‘!ngerprint’ characteristic of an AMOC 
slowdown by about 15% (Caesar et al., 2018). "is type of !ngerprint is useful to recon-
struct past AMOC evolution, since we do not have long-term direct measurements of the 
currents.

Paleoclimate proxy data, such as sediment records, can provide valuable information about 
past changes in the Atlantic Meridional Overtuning Circulation (AMOC) further back in 
time. "ese data can help to place recent changes in the AMOC into a longer-term per-
spective and provide insights into the natural variability of the system over time. Such proxy 
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data studies suggest that the modern slowing of the AMOC is unique in the past millen-
nium or more (Caesar et al., 2021). 

Figure 2. Sea surface temperature trend 1993-2021 from satellite data. Source: Copernicus Marine 
Service.

Continued melting of the Greenland Ice Sheet in the coming decades could contribute to 
further weakening of the AMOC, with important consequences for the ocean ecosystem, 
the weather in the wider North Atlantic region, regional sea levels and the ocean’s ability to 
absorb carbon dioxide. 

Moreover, the AMOC has a known tipping point beyond which it becomes unstable and 
grinds to a halt (Rahmstorf, 2002). "e question of how close we already are to this tipping 
point is becoming increasingly urgent. A recent study using the established method of ‘cri-
tical slowing down’ of a system’s variability close to a tipping point suggests that the AMOC 
is too close to its tipping point for comfort (Boers, 2021).

Stefan RAHMSTORF
Potsdam Institute for Climate 

Impact Research
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DOES THE MEDITERRANEAN SALT TONGUE AFFECT THE 
ATLANTIC MERIDIONAL OVERTURNING CIRCULATION?
WHAT ARE THE CHANGES AND PROJECTIONS IN THE MEDI-
TERRANEAN PHYSICAL PROPERTIES?

"e Mediterranean sea is a concentration basin in which evaporation exceeds precipitation 
plus river runo#. Hence the balance required by volume and salt conservation at the Gibral-
tar strait, the “choke” point of the basin, implies an excess in$ow of Atlantic Water (AW ) 
with respect to the Mediterranean Over$ow Water (MOW) in the amount of ~ 0.07 Sv. Fur-
thermore, the rather complex bathymetry of the strait, provides  hydraulic controls at the 
two critical sections, the Camarilla Sills (CS) and Tarifa Narrows (TN). (Bryden and Kinder, 
1991). A very high resolution of the strait bathymetry is required in numerical simulations 
of the basin circulation to represent such controls and the consequent $ow exchanges. A 
further consequence, is that salinity controls the dynamics and thermodynamics of the ba-
sin. While global projections of sea level rise take into account only the thermosteric e#ect, 
the halosteric e#ect cannot be neglected in Mediterranean climate projections, as it can 
even overcome the thermosteric one. ( Marcos and Tsimplis, 2008).

"e overall picture of the two upper layers circulation, the open thermohaline cell of the 
Mediterranean, is presented in the scheme of Figure 1.   

"e in$ow of AW at Gibraltar is shown in green entering and bifurcating into di#erent 
branches in the surface layer of ~ 200 m thickness. In the Levantine basin, through inter-
mediate convection at the historically recognized site of the Rhodes Gyre ( Figure 1), the 
light and cold AW (upper limb of the open cell)  is transformed into the warm, salty Le-
vantine Intermediate Water (LIW) through surface evaporation and related latent heat loss. 
LIW occupies the intermediate layer ~ 300 m. thick and constitutes the return $ow which 
!nally returns to Gibraltar exiting into the Atlantic ocean at ~ 1,200 m depth. "is is the 
well-known salty Mediterranean tongue a#ecting the lower limb of the Atlantic Meridional 
Overturning Circulation (AMOC) also known as the Global Conveyor Belt. Also shown in 
!gure 1 are the sites of Deep Convection reaching to >1,000 m depth. "e two major sites 
are the !rst one in the Western Mediterranean, in the Gulf of Lions, where the Western 
Mediterranen Deep Water (WMDW) is formed, therea%er spreading in the abyssal western 
basin. An upwelling branch possibly joins the upper LIW in the out$ow to the Atlantic. "e 

Figure 1. Pathways of the two water masses, AW and LIW, of the open thermohaline Mediterranean cell.
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second deep convection site in the Eastern Mediterranean is known to be in the Southern 
Adriatic Pit (SAP). "ere Eastern Mediterranean Deep Water (EMDW ) is formed, which 
spreads in the bottom layer eastward following the isobaths contours, as shown in !gure 1, 
thus obeying the conservation of potential vorticity. "e source of EMDW , however, was 
shown experimentally in 1995 to have shi%ed from the SAP to the Cretan sea, with deep 
convection leading to Cretan Deep Water (CDW) out$owing from both the eastern and we-
stern Cretan arc straits. "e phenomenon, which actually started in 1991 (Malanotte-Rizzo-
li et. al., 1999) is known in the literature as the Eastern Mediterranean Transient (Roether et 
al., 1995) and has been the object of intense research in the last decades. Hence two possible 
equilibrium states exist for the Eastern Mediterranean deep thermohaline cell as demon-
strated !rst by a 3-box analytical model, comprising the Southern Adriatic-Ionian-Aegean 
Seas (Ashkenazy, Stone and Malanotte-Rizzoli, 2012) and more recently numerically (Reale 
et al., 2017). "e conclusion is that the two Deep "ermohaline Cells of the Mediterranean 
are very di#erent. "e Western one is open through the Gibraltar strait. "e Eastern one is 
closed, with multiple equilibria, and constitutes the Eastern Mediterranean Conveyor belt. 
For these phenomena the Mediterranean basin can be considered as a laboratory for global 
ocean processes (Malanotte-Rizzoli and Robinson, 1993). In particular, the Eastern basin is 
also a laboratory of contrasting ecosystems (Malanotte-Rizzoli and Eremeev, 1999).

Figure 2a shows the classical picture of the pattern of North Atlantic currents at di#erent 
vertical levels. "e blue cell in the Labrador sea is the site where the North Atlantic Deep 
Water (NADW) has been experimentally proven to be formed through deep convection. 
"e NADW constitutes the lower limb of the AMOC, i.e., the Deep Western Boundary 
Current (DWBC). "e yellow arrows show the pathways of the MOW. Figure 2b shows the 
details of the Mediterranean salty tongue exiting from Gibraltar and propagating into the 
Atlantic interior at 1,200 m depth for the year 2020. "e yellow arrows show again the infer-
red pathways for the MOW water. Two hypotheses have been proposed for how the MOW 
reaches the Labrador sea and preconditions the deep convection and consequent formation 
of NADW.

"e !rst hypothesis is direct advection on the isopycnal surfaces from Gibraltar to the La-
brador sea (Reid, 1979). "e second, and more plausible one, is a process of “peeling o# ’ 

Figure 2a (le!). Pattern of the Nor-
th Atlantic currents and of the polar 
convective cells as indicated in the 
!gure.

Figure 2b (right). Average salinity !eld at 1,200 m depth 
for the year 2020 from the GODAS dataset. In yellow are the 
pathways of the MOW towards the North Atlantic Current 
(NAC) in red.



16

and successive mixing both laterally and vertically of the MOW with the waters of the two 
branches of the NAC (Lozier et al., 1995). Neither one has been de!nitively proven. Only 
one modeling e#ort has been reported in the literature, by Rahmstorf (1998) with an oce-
an OGCM forced by a rudimentary atmosphere. It shows that the MOW has a small, but 
signi!cant e#ect, on the AMOC meridional transport increasing it by 1 Sv. Even with this 
very simpli!ed modeling con!guration, the integration time for the AMOC to equilibrate 
is of 5,000 years. A modeling recipe for clearly demonstrating the MOW e#ect would in-
volve: 1. A global climate model like those used in the IPCC. 2. A regional Mediterranean 
model with a su&ciently high resolution to resolve the Gibraltar strait. 3. A two-way cou-
pling between the global and the regional Mediterranean model at a boundary in the At-
lantic interior outside Gibraltar. Such a complex con!guration would require an integration 
time > 10,000 years at least to reach an equilibrated global thermohaline circulation under 
the e#ect of the MOW. Considering the multiple causes that can induce a collapse of the 
AMOC, the Mediterranean out$ow does not seem to be a probable one. "ere is another 
way, though , through which the MOW pathways can be investigated and proven: the use of 
the ARGO $oats. "e NASA ARGO program was started in 1999. In the period 1999-2019 
more that 3,000 $oats were launched. "e $oats sink to a depth of 1,000 m and start their 
upward/downward pro!ling from the surface to 2000 m over a cycle of 10 days. At this time, 
two million temperature/salinity pro!les and subsurface velocity observations are available. 
"e global ARGO array of $oats is shown in !gure 3. "e North Atlantic $oats exiting from 
Gibraltar over 20 years could be used to prove, or disprove, the e#ect of the MOW on the 
northern NADW cells. Hence, there is yet no de!nitive answer to the question posed in this 
paper.

"e 2021 AR6 IPCC report devotes a section in Chapter 10 to the Mediterranean sea. "e 
only data analysis considers only land stations (Fig.10.20.b) and reports increased warming 
over land, Mediterranean summer vs. global warming (Fig.10.21.d). Cross-chapter Paper 
4 , 2022 is richer in providing observational updates on climate change in the region, even 
though its main objectives are vulnerability, adaptation and sustainable development as ad-
dendum to the report of IPCC WGII.

Figure 3. Global ARGO array of %oats in 2020.



17

On the other side recent observational reports (Copernicus Ocean State Report, 2022) as 
well as modeling simulations under climate change scenarios (RCP2.6, RCP4.5, RCP8.5, 
Soto-Navarro et al., 2020) are in agreement in projecting a considerable warming across the 
entire Mediterranean basin by the end of the century as a result of the decrease of heat losses 
to the atmosphere and an increase in the net heat input through the Gibraltar strait. Salinity 
is also projected to increase with a clear zonal gradient and a large positive salinity anomaly 
in the eastern basin. "ese changes in temperature and salinity modify the characteristics 
of the main water masses as the new waters become saltier, warmer and less dense along the 
21st century. In particular deep water formation in the western basin (Gulf of Lions) has 
been absent in the last 13 years and is expected to further decrease in the future. Decreases 
in deep water formation, even though smaller, are expected to occur also in the convective 
cells of the Southern Adriatic Pit and in the Aegean Sea. "e lack of ventilation of the deep 
layers, if continued, may produce important changes in the deep sea ecosystems.

Paola MALANOTTE-RIZZOLI
Massachusetts Institute of Technology

DOES CLIMATE CHANGE IMPACT THE PHYSICAL DRIVERS 
BEHIND MARINE HEATWAVES IN THE MEDITERRANEAN SEA?

"e Mediterranean Sea (Med) is considered a “hotspot” region for climate change and de-
pending on the greenhouse emission scenario, the annual mean basin sea surface tempera-
ture (SST) is expected to increase from +1.5 °C to +3 °C at the end of the 21st century rela-
tive to present-day. "is signi!cant SST rise is likely to intensify episodes of extreme warm 
ocean temperatures in the basin, named as Marine heatwaves (MHWs), which are known 
to exert substantial pressure on marine ecosystems and related !sheries around the world.
"ese statistically rare climate episodes can occur in the coastal or open, surface and/or 
deep ocean, extending horizontally up to thousands of kilometers, while forcing abrupt and 
severe changes in marine biodiversity and ecosystem functioning, on timescales from days 
to months. 

Climate change has dramatically increased their frequency, duration and intensity over the 
past century, at a global level, causing, for example, unprecedented mass mortalities of ma-
rine species, seabirds, kelp forests, seagrass and other coastal vegetation, triggering also 
extensive species migrations, abrupt shi%s in community composition (e.g. tropicalisation), 
coral bleaching, and harmful algal blooms, apart from resulting in loss and/or degradation 
of ecosystem services. As a cascading e#ect, MHWs have prompted signi!cant socio- eco-
nomic rami!cations on commercially valuable !sheries, as a response to MHW- related 
declines of !sh stocks, which can ultimately lead to economic and political tensions betwe-
en nations, as well as on the aquaculture industry, with disease outbreaks in commercially 
important species.

Given the recently documented impacts of extreme ocean temperatures, assessing changes 
in MHW characteristics and their drivers in the context of climate change is of vital impor-
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tance, especially for regions such as the Med, where over 480 million inhabitants live along 
its coasts. In addition, MHWs in the Med have been associated with a range of local-ecolo-
gical impacts and their frequency has increased since the early 1990s. However, these events 
are not uniformly distributed in space and time due to their various drivers. Depending on 
the location and the season, their generating mechanisms are a result of local-scale oceanic 
and/or atmospheric in$uences (e.g., currents, atmospheric heatwaves) acting collectively 
with or separately from modulating large-scale circulation patterns (e.g., NAO). While the 
latter features may o#er a degree of predictability of these events, in timescales from weeks 
to months, it is o%en the case that local-scale physical processes are the ones ultimately 
promoting or inhibiting the development and intensity of the events regionally and at daily 
timescales.

To date, only a few studies have addressed the regional physical processes behind individual 
past MHWs in the Med. In fact, we know more about how much the intensity, duration and 
impacts of MHWs are projected to increase throughout the 21st century, due to anthropo-
genically induced climate change, than we know of why this increase is expected to occur. 
Most of the studies on the drivers of MHWs, have based the predictability of regional events 
on the future large-scale climate forcing, by which they can be a#ected remotely. "at is, any 
future changes in the dominant local-scale physical processes due to climate change are po-
orly understood or addressed, even though their variations can critically a#ect the evolution 
of ocean temperature anomalies at timescales relevant for synoptic-scale forecasting. Due to 
the lack of systematic assessment of the local-scale generating mechanisms behind MHWs 
in the Med, it remains an open question how these mechanisms might change due to cli-
mate change in the future relative to the present and how di#erent greenhouse gas emission 
scenario, may (or may not) alter their spatiotemporal distribution.

Figure 1. Basin-mean, yearly averaged SST anomalies with respect to HIST (1976-2005). Bold colors 
represent the Med-Cordex multi-model average and lighter colors are the individual simulations. 
RCP2.6 scenario has only one simulation (CNRM), HIST run is illustrated in grey and observations 
in dashed black (Darmaraki et al., 2019).

So"a DARMARAKI
University of Athens
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3 METEREOLOGY AND ATMOSPHERIC DYNAMICS

IS CLIMATE CHANGE IN THE MEDITERRANEAN BASIN 
PECULIAR COMPARED TO OTHER REGIONS? 

"e lands around the Mediterranean Sea host a diversity of di#erent climates: arid along a 
large fraction of the southern shores, properly called Mediterranean in many central areas 
close to the sea, humid continental in the interior of peninsulas and cold (alpine) in the 
mountain ridges along the north (Lionello et al., 2012; 2023). Increasing temperatures and 
chang of precipitation regimes tend to move these climate types northwards, increasing 
the fraction of arid areas and decreasing substantially the extent of areas with cold alpine 
climates (Ali et al., 2022).

Anthropogenic warming is expected to be particularly large in the Mediterranean basin 
in summer. Global warming is an unequivocally observed consequence of anthropogenic 
climate change and it is very likely to reach a value in the range from 3.3° to 5.7°C in a very 
high emission scenario (IPCC 2021, Summary for Policymakers). "e increase of tempe-
rature varies spatially: it is virtually certain that land areas will continue to warm more 
than the ocean surface and there is high con!dence that the Arctic will continue warming 
above twice the rate of global warming (IPCC 2021, Summary for Policymakers). Within 
this global picture the Mediterranean is expected to warm at an annual rate comparable to 
those of the other land areas at similar latitudes, but much more in summer, exceeding 50% 
the global rates in the continental interior (Lionello and Scarascia, 2018; Doblas-Reyes et 
al., 2021). Consequently, at a 4° C global warming level in the Mediterranean most nights 
will be warm and there will be no cold days (Lionello and Scarascia, 2020). Di#erent me-
chanisms have been proposed to explain the anomalously large past warming of the Me-
diterranean in summer. "ey include the role of Atlantic Multidecadal Variability (Suttong 
and Dong, 2012), decrease of anthropogenic aerosol concentrations (Nabat et al., 2014), 
reduced cloudiness (Pfeifroth et al., 2018), limits to evaporation due to low soil moisture 
(Lorenz et al., 2016; Zampieri et al., 2009) and a superposition of these factors (Mariotti and 
Dell’Aquila, 2012). Particularly, the increasing moisture atmospheric demand and suppres-
sion of evaporation due to low soil moisture are mechanisms supporting the Mediterranean 
summer warming in the future (Lorenz et al., 2016; Zampieri et al., 2009). Not only the 
terrestrial, but also the marine environment is warming at an unprecedented rate in the last 
decades (Pisano et al., 2020) leading to a further increase of marine heatwaves intensity and 
frequency in the future (Darmaraki et al., 2019).

Precipitation is expected to decrease in the future in the Mediterranean basin while, at 
global scale, there is high con!dence in both its past and future increase (Douville et al., 
2021). In fact, such increase is not valid for all regions and the Mediterranean basin is among 
those where, on the contrary, a future precipitation decrease is expected (Lionello and Sca-
rascia, 2018). "ough there is medium con!dence on past trends of land precipitation in the 
Mediterranean because their magnitude and sign depend on time period and study region, 
there is high con!dence on a future precipitation decrease, though with uncertainties in its 
magnitude (Lionello et al., 2012; Lionello and Scarascia, 2018; Cherif et al., 2020; Gutierrez 
et al., 2021; Ali et al., 2022). Mechanisms leading to this decrease di#er between the cold 
(wet) and warm (dry) seasons. Precipitation decrease in the cold season is mainly driven 
by the decrease of cyclones (Lionello and Giorgi, 2008; Zappa et al., 2015). Precipitation 
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decrease in the warm season is attributed to various factors: increased land-sea temperature 
contrast leading to isolation of land areas from humidity advection (Drobinski et al., 2020), 
decreasing lapse-rate, increasing stability and other thermodynamic changes (Rowell and 
Jones, 2006; Brogli et al., 2019), increased adiabatic descent (associated with more intense 
Indian Monsoon) of air masses over the eastern Mediterranean with consequent reduced 
humidity and lack of convection (Rodwell and Hoskins, 1996). Moreover, anthropogenic 
warming will further increase the existing di#erence in intensity of precipitation and hydro-
logical extremes between North and South Mediterranean (Lionello and Scarascia, 2020).

$e Mediterranean environment is becoming drier with longer and more intense drou-
ghts, and this trend will continue in the future. "ere is medium con!dence that agricul-
tural-ecological droughts (lack of moisture in the soil caused by lack of precipitation and a 
large atmospheric evaporative demand) have globally increased and high con!dence they 
will further increase in the future (Douville et al., 2021). "ere is high con!dence that the 
Mediterranean is a region where decrease of soil moisture and future aridi!cation will be 
particularly large (Douville et al., 2021; Tramblay et al., 2020; Samaniego et al., 2018). In 
fact, the positive precipitation−evaporation budget in the Mediterranean land areas in the 
cold season is sustained by the cyclonic activity, which is expected to decrease in the future 
(Reale et al., 2022). "e negative precipitation-evaporation budget in the warm season is 
caused by mean $ow moisture divergence, which is expected to become stronger, because 
of increasing atmospheric humidity and strengthening of the mass divergence (Seager et al., 
2014; D’Agostino and Lionello, 2020).

Finally, the risks posed by climate change in the Mediterranean region are particularly criti-
cal because of high levels of exposure and vulnerability: large and growing urban popula-
tion exposed and vulnerable to heat waves; a large and growing number of people in settle-
ments posed at risk by sea level rise; serious and growing water scarcity, already experienced 
today in North Africa and the Middle East; growing demand for water from agriculture for 
irrigation; economic dependence on tourism (at risk due to temperature increase and inter-
national policies to reduce emissions from air travel and cruises); exposed ecosystems (ma-
rine, wetlands, rivers, mountain areas) endangered also by unsustainable practices (Cramer 
et al., 2018; Ali et al., 2022).

Piero LIONELLO
University of Salento

TO WHAT EXTENT THE KNOWLEDGE OF METEOROLOGICAL 
HIGH-IMPACT PHENOMENA CAN SUPPORT THE INTERPRE-
TATION OF CLIMATE CHANGE EFFECTS IN THE MEDITERRANEAN?

"e climate change manifests itself through modi!cation of meteorological phenomena, 
o%en leading to more intense weather events such as extreme precipitation. To improve 
our understanding of extreme weather, its evolution and associated impacts, advancements 
are required on several levels, including a better understanding of processes and dynamics 
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characterizing present-day extreme weather phenomena.

Heavy precipitation is o%en the main trigger for natural disasters. Many studies have repor-
ted a growing evidence of a general intensi!cation of extreme precipitation events at global 
scale, associated with climate warming, both in recent trends and in future projections. In-
creasing temperature allows more moisture in the atmosphere available to rainstorm and it 
also act to increase the instability leading to convective phenomena. However, the atmosphe-
ric circulation modi!es the regional responses, determining the moisture transport pathways 
and the occurring location of precipitation extremes. Changes in extreme precipitation on 
regional scale can be substantially di#erent from those on the global scale (Pfahl et al., 2017). 

Due to its unique characteristics, resulting from the geographical location and the complex 
orography surrounding a nearly enclosed sea basin, the Mediterranean region is particular-
ly prone to natural hazards related to the water cycle as heavy rainfall and $oods. "e Medi-
terranean presents substantial regional and seasonal variability in precipitation distribution 
and extreme events occurrence. It is very sensitive to global climate change, and despite the 
foreseen overall Mediterranean climate drying, heavy precipitation events are expected to 
increase especially along the northern rim of the basin (Tramblay and Somot, 2018). Still 
important uncertainties remain; thus, gaining a better understanding and characterization 
of the physical processes conducive to extreme weather events represents an important step 
to !ll our knowledge gap and to identify and interpret future changes.

Two ingredients are required for extreme precipitation to occur, moisture supply and li%ing 
of the moist air. Synoptic and mesoscale systems provide these ingredients, while locally 
heavy rains are also modulated by temperature gradients, determining slantwise and ver-
tical stability, $ow convergence and orographic forcing. Atmospheric rivers, cyclones and 
mesoscale convective systems have been identi!ed among the key phenomena at di#erent 
spatial scales, decisive for the occurrence of extreme precipitation events in the Mediterra-
nean. To assess their role and possible modi!cations in a warmer climate, it is necessary to 
understand and disentangle the interacting processes that characterize their development.

Figure 1. Integrated water vapour transport (kg/m/s) revealing the atmospheric river during the 
“Vaia” storm on 29 Oct. 2018 (Davolio et al., 2020).
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Atmospheric rivers (Ralph et al., 2018), long and narrow structures of strong water vapor 
transport from tropical areas, have recently emerged as a relevant feature leading to extre-
me precipitation events in the Mediterranean, since they largely contribute to the moisture 
supply, o%en exceeding that due to local evaporation from the sea. "e evolution of atmo-
spheric rivers in a warmer climate deserves deeper analysis, but seems mostly modulated 
by moisture availability. Mediterranean cyclones (Flaounas et al., 2022) are the main modu-
lator of the mesoscale variability and the water budget in the region. "e large majority of 
extreme rainfall events are associated with cyclones of diverse intensity and dynamics, close 
to the heavy rain region and driving the moisture supply. Recent e#orts have been aimed 
at classifying cyclones upon the governing processes that lead to their development. "is 
can support the evaluation of climate and weather models, and improve our understanding 
of future changes and impacts. Finally, the mechanisms supporting mesocale convective 
systems have been disclosed in di#erent mountainous coastal areas (Khodayar et al., 2021), 
under typical synoptic situations. However, severe convective storms and their e#ects (tor-
nadoes, hail, etc.) lack of observational records and involve very small scale processes who-
se direct simulation turns out to be challenging even for high-resolution models. "erefore, 
an improved process-level understanding, through meteorological studies, represents a su-
itable approach for the analysis of climate change e#ects on these local scale phenomena.

Silvio DAVOLIO
Institute of Atmospheric Sciences 

and Climate (CNR-ISAC)

HOW CAN WE MAKE AN ASSESSMENT OF A SPECIFIC HAZARD 
AT THE REGIONAL SCALE AND HOW CAN THE UNCERTAINTY 
ESTIMATION STRENGTHEN CLIMATE PROJECTIONS?

Climate change is a#ecting every region of the world and this e#ect increases with the in-
crease of global warming. "e higher the global warming will be, the more regions will 
experience the changes of climate conditions responsible for impacts for the society and 
ecosystem (climatic impact-drivers CIDs; Ruane et al., 2022) and the number of changes 
will also be proportional to the warming. (Arias et al., 2021). To be able to assess the impact 
of climate change at the regional or local scale  on a speci!c CID, or better known in the 
negative expression as hazard, we need information regarding the climate evolution in that 
region spanning the entire range from the past to the future and deriving from multiple 
lines of evidence. 

"e way we can achieve this is by using multiple data sources, methodologies and approa-
ches starting with process understanding of all mechanisms and feedbacks relevant at the 
regional scale for that speci!c region, including attributional evidence of human induced 
changes; by gathering of all the observational data available from stations, satellite gridded 
products; by using model projections from both global climate models (GCMs), regional 
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climate models (RCMs) and statistical downscaling, from all coordinated experiment, like 
for example coupled model intercomparison projects (CMIP)  or the coordinated regional 
climate downscaling experiment (CORDEX).

Once all the information is collected, it needs to be adequate to be used. "is means that the 
observations for example need to have a spatial and temporal coverage that is avoiding to 
create spurious observational trends; the number of model simulations should be su&cient 
to be able to estimate the di#erent source of uncertainty (Hawkins and Sutton, 2009); the 
attribution studies if available need to show solid evidence of human induced signal. 

All this information will form the lines of evidence  that can be used to shape the overall 
assessment, providing that each line of evidence shows a robust and convincing signal per 
se. "is means that for example given a CID, several indicators could be used to represent 
it, therefore, for both observations and projections, the trend needs to show robustness in 
respect to the choice of the indicator.  Moreover the physical explanation must apply to both 
the observed and projected trend and of course the two need to be coherent. As a !nal step, 
all the lines of evidence have to point in the same direction showing that a process under-
standing exists of why there is an observed and consistent projected trend and all is in line 
with the available event attribution studies (Coppola et al., 2021). 

"is methodology can be applied in all regions and at multiple scale depending on the 
available information, and for di#erent CIDs.  As a results for each region we can assess 
the impact of climate change on multiple CIDs and establish a di#erent level of robustness 
according to the !nal uncertainty level that we reach. 

"e climate change assessment at regional and local scales can be improved. Parametriza-
tion of physical processes in climate models is one of the major source of uncertainty and 
o%en an increase in model resolution is not obviously associated with a decrease of uncer-
tainty especially for indicators of climate extremes or CIDs (Iles et al., 2020). But models 
able to explicitly represent the convection, seem to be a promising way to decrease the 
model uncertainty for at least precipitation extremes o%en associated with hazards (Ban et 
al., 2021; Pichelli et al., 2021). More research is needed in this direction including the use of 
bigger domains and longer simulation time periods.

Erica COPPOLA
"e Abdus Salam International Centre 

for "eoretical Physics, Trieste, Italy
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4 RISKS FROM CLIMATE CHANGE

HOW TO DISENTANGLE SEA LEVEL RISE AND A NUMBER OF 
OTHER PROCESSES INFLUENCING COASTAL FLOODS?

On 12 November 2019 at 21:50 UTC the sea level reached a maximum in Venice, which 
caused the $ooding of about 85% of the city (Cavaleri et al., 2020). With the sea level height 
of 189 cm above the so-called ‘Zero Mareogra!co Punta Salute (ZMPS)’, this was the second 
largest sea level height ever recorded at the Venice station ‘Punta della Salute’. "e event was 
forecasted by the operational modeling system (Cavaleri et al., 2020) and was hindcasted by 
a machine learning system (Rus et al., 2023), but was in both cases underestimated by about 
40 cm. With the aim of explaining the underestimation, a series of numerical !lters have 
been applied on the sea level time series and therefore a number of processes responsible for 
the Venice $ood have been isolated (Ferrarin et al., 2021). "e results obtained are brie$y 
overviewed here.

To begin with, the tidal signal, which contributed 36 cm to the 2019 maximum, is removed 
from recorded sea level. "e residual sea level thus computed is shown in Figure 1. It is fur-
ther decomposed into four di#erent contributions.

Figure 1. Residual sea level recorded in Venice on 12 and 13 November 2019 and its decomposition 
into four contributions (Ferrarin et al., 2021).

"e !rst of these contributions is the long-term one, characterized by time scales of O(1 
year) and larger, and it equals to 48 cm. "e contribution includes relative sea level change 
(amounting to an increase of 34 cm relative to the 1884-1909 interval for which the ZMPS 
zero is de!ned) as well as annual-scale variability (contributing 14 cm to the 2019 event). 
"e relative sea level change was to a similar extent in$uenced by vertical land motion and 
sea level rise. "e latter merits a special attention. It was initially considered as a linear in-
crease – i.e., interannual and decadal-scale variability was removed from annual sea levels 
by !tting a straight line to the data. "e procedure has been followed by Polli (1938) in his 
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pioneering paper, in which the Venice and Trieste data were analyzed, and by a number 
of later investigators including Emery and Aubrey (1991) who have paid attention to the 
whole Mediterranean. Subsequently, it was recognized that the sea level rise could represent 
a nonlinear change. "us, Mosetti (1961) and several other authors have documented a 
deceleration of the Adriatic and Mediterranean sea level in the middle of the 20th century, 
Marcos and Tsimplis (2008) have shown that the Mediterranean sea level was stable during 
the following decades, whereas Orlić and Pasarić (2013) have detected an acceleration that 
commenced in the area in the late 20th century. Eventually, it has been concluded that the 
Mediterranean sea level was strongly in$uenced by multidecadal variability, characterized 
by the 60-80 year period (Orlić et al., 2018). "e multidecadal signal was much more pro-
nounced in the Mediterranean Sea than in the world oceans (Dangendorf et al., 2019). "e 
Mediterranean signal was capable of occasionally canceling the sea level rise, as, for exam-
ple, during the 1950-1990 interval when the regional air pressure and wind forcing, as well 
as the regional contraction of the water column, counteracted a global mass increase (Orlić 
et al., 2018). Recently, it has been shown that the multidecadal variability of the Adriatic 
sea level could be related to the Atlantic Multidecadal Variability (AMV, Zanchettin et al., 
2022).

"e second contribution to the residual sea level has a time scale of O(10 days), being rela-
ted to the passage of planetary atmospheric waves (paw) above the sea and the consequent 
variability of the air pressure and wind. As has initially been shown by Penzar et al. (1980), 
a trough of planetary atmospheric wave brings about raising of the sea surface, a crest sup-
ports its lowering. During the whole of November 2019, a trough dominated over the Medi-
terranean Sea and the resulting paw surge contributed 21 cm to the sea level extreme.

"e residual sea level is also considerably in$uenced by the third contribution to it, having 
a time scale of O(1 day). "e contribution includes storm surges and basin-wide seiches, 
the former driven by and the latter triggered by synoptic-scale atmospheric disturbances. 
In the Mediterranean area, the synoptic atmospheric scale is dominated by mid-latitude 
cyclones, and their in$uence on the sea has been o%en investigated starting with the pio-
neering paper published by Kesslitz (1911). During the 2019 event, the cyclone propagated 
over the Ligurian and Tyrrhenian Seas and brought about a decrease of the air pressure and 
a strengthening of the southern, sirocco wind above the Adriatic. "e basin-wide seiches 
were not pronounced on this occasion but the storm surge did contribute respectable 47 cm 
to the sea level maximum.

"e !nal, fourth contribution to the residual sea level has a time scale of O(1 minute) – O(1 
hour). "e high-frequency contribution is controlled by mesoscale atmospheric disturban-
ces, which could resonantly generate so-called meteotsunamis that propagate from the open 
sea into a coastal basin but could also directly in$uence a coastal basin. First analyses of the 
meteotsunamis in the Adriatic Sea have shown that they are shaped by the open-sea reso-
nance in the North Adriatic (Caloi, 1938) and by both the open-sea and coastal resonances 
in the Middle Adriatic (Orlić, 1980). As for the direct forcing of a coastal basin, it has been 
known for a while that the wind set-up could be signi!cant in the Lagoon of Venice, due to 
its small depths and despite its small horizontal extent (Pirazzoli, 1981). On 12 November 
2019, the mesoscale atmospheric disturbance had the form of a secondary depression that 
travelled o# the Italian coast, from Ancona to Venice, at a speed of about 12 m/s. A meteot-
sunami was formed due to a resonant coupling of the depression with the gravity waves in 
the open sea, and, additionally, a set-up was supported inside the lagoon by the winds rela-
ted to the depression. Together, they contributed 37 cm to the 2019 event, with a larger part 
provided by the meteotsunami (28 cm) and a smaller part added by the wind set-up (9 cm).
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"e decomposition described above suggests why the $ooding event was underestimated 
by both the operational modeling system and the machine learning system: because the 
di#erence between observed sea height and computed values was almost equal to the hi-
gh-frequency part of residual sea level, it appears that the source of the problem was the 
secondary depression causing meteotsunami and local set-up. When preparing the sea level 
forecast, a rather low-resolution meteorological forecast was used, which did not adequately 
reproduce the secondary depression. When later a higher-resolution meteorological simu-
lation was utilized to force the oceanographic model (Ferrarin et al., 2021), the simulated 
sea levels came much closer to the observations thus suggesting the way the operational 
modeling system could be improved. As for the sea level hindcast, the problem was obviou-
sly related to the fact that the meteotsunamis and the local set-ups had rarely contributed 
to the $ooding of Venice (Lionello et al., 2021). It remains to be seen whether inclusion of 
the 2019 event into the atmospheric and sea level training data could improve the machine 
learning system.

"e basic assumption behind the present method of decomposition is that the various pro-
cesses contributing to the sea level variability are linearly superimposed. "ere are some 
indications that nonlinear interactions are at work, manifested in the anticorrelation of ti-
des and residual sea levels in Venice (Ferrarin et al., 2022). "e statistical !nding, however, 
proved di&cult to interpret, which implies that the interactions are probably not very pro-
nounced.

Finally, there is a question of how the coastal $oods will change under the future climate 
conditions. Usually, the issue is addressed by considering the sea level rise and the change 
of synoptic-scale atmospheric processes. Yet, the present decomposition of residual sea level 
implies that other phenomena could be important, and, in particular, that the change of dy-
namics of planetary atmospheric waves could in$uence the frequency of occurrence of $o-
oding events. It has already been observed that global warming, which is more pronounced 
in the Arctic than in the equatorial region, supports an increase of amplitude and a slowing 
down of planetary atmospheric waves (Francis and Vavrus, 2012). At the same time, it has 
been found that the frequency of Venice $ooding events increased, with the most dramatic 
example coming from the year 2019 when the $ood was recorded not only on 12 November 
but – with somewhat smaller heights – also on 13, 15 and 17 November (Lionello et al., 
2021). "e series of events was obviously related to a trough of planetary atmospheric wave 
persisting above the Mediterranean throughout November 2019, thus suggesting that the 
atmosphere-sea dynamics is already changing at the planetary scale.

Mirko ORLIĆ
Croatian Academy of Sciences and Arts
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IS THERE AWARENESS OF THE EXPECTED SCENARIOS OF SEA 
LEVEL RISE ALONG THE MEDITERRANEAN COASTS AMONG 
THE POPULATION, STAKEHOLDERS AND POLICY MAKERS?

Global Sea Level (GSL) data from tide gauge networks, radar altimeters and ground ob-
servations agree with an unprecedented sea level acceleration since the mid-19th century. 
Presently, the GSL is rising at about 4 mm/year, a rate more than twice that observed in the 
20th century (Fox-Kemper et al., 2021; Palmer et al., 2021). "e rise has been addressed to 
global warming caused by human activities that are continuously adding greenhouse gases 
in the atmosphere. "is process is triggering the melting of ice caps and glaciers and the 
thermal expansion of the oceans, leading to a rising sea level (Oppenheimer et al., 2019). 
Global Sea Level Rise (GSLR) projections by 2100 AD predict a likely rise in the range of 
0.28-0.55 m to 0.63-1.02 m, relative to the period 1995-2014,  for very low and very high 
emission scenarios, respectively (66% con!dence SSP1-1.9 and SSP5-8.5) (IPCC, 2021). In 
addition, a possible faster melting of the Antarctic ice sheet could trigger a SLR rise up to 
2.3 m by 2100 and up to 5.4 m by 2150 (Bakker et al., 2017; Kopp et al.,  2017; DeConto 
et al., 2021). Besides the eustatic factor, along the coasts natural phenomena such as the 
vertical land motion (VLM) as a consequence of the Glacial Isostatic Adjustment (GIA), 
tectonics and volcanic activity can exacerbate the local SLR in subsiding areas (Anzidei et 
al., 2014; Lambeck et al., 2010). "e combination of the above contributions represents a 
dramatic factor of hazard for about one million of people living along the global coasts. Also 
the Mediterranean basin is exposed to the e#ects of SLR, especially along the low elevated 
coastal plains, river deltas, lagoons and reclamation area. "ese areas are o%en experiencing 
dramatic beach retreat, coastal erosion, marine $ooding and salinization of the water tables 
due to the in!ltration of salt water that are causing the 85% of the damage costs (Bouda et 
al., 2017). Natural and anthropogenic land subsidence in the Mediterranean is increasing 
the exposition to $ooding and inundation (Anzidei et al., 2021), causing the submergence 
of ancient coastal settlements (Benjamin et al., 2017), historical cities like Venice, in Italy 
(Vecchio et al., 2019) and small islands (Anzidei et al., 2017).

Figure 1. Sea level rise scenario for 2030-2050 and 2100 AD for the city of Venice (RCP 8.5 climatic scenario; 
VLM at 1.52±0.58 mm/yr) in absence of the MOSE system (map from the SAVEMEDCOASTS2 Project).
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"e projected economic loss due to the retreat of coastlines in natural and cultural heritage 
sites in Southern Europe is estimated at 18 billion of euros for the period 1908-2080 (Marios 
Karagiannis, 2017). Since many Mediterranean countries are heavily dependent on tourism 
and other coastal activities (e.g., agriculture, farming, and maritime industry), the social 
and economic impacts of the SLR are very signi!cant and urge for mitigating strategies. For 
example, in Catalonia (Spain) the SLR is projected to lead to a decline of 20% in the area’s 
tourism-related GDP (Garola et al., 2022), whereas rice production in the Ebro River Delta 
is expected to decrease signi!cantly, reducing farmers’ pro!ts by up to 300 euros per hectare 
(Genua-Olmedo et al., 2016). "e risks associated to the SLR are not yet well understood 
by the population, claiming for an adequate awareness to implement appropriate mitigation 
and adaptation policies. A more consolidated collaboration among scientists, decision-ma-
kers and stakeholders involved in the management of the various aspects and e#ects of 
climate change and SLR, is needed to !ll the gap between science and policy. Furthermore, 
there is a lack of local stakeholder involvement in decision-making regarding SLR. Deci-
sion-makers and land planners o%en fail to recognise the importance of their knowledge 
about the local environmental and socio-economic characteristics. "erefore, stakeholders 
feel powerless, or even removed, from the causes, impacts and solutions to SLR. 

Here we show the state of the art of the RSLR projections in view of the contribution of 
VLM as estimated from geodetic data. We also focus on the analysis of selected stakeholders 
engaged in the SAVEMEDCOASTS2 project (www.savemedcoasts2.eu) from Mediterrane-
an areas that are highly vulnerable to the impacts of SLR (Loizidou et al., 2023).

Marco ANZIDEI
Istituto Nazionale di Geo!sica 

e Vulcanologia, Rome, Italy

“THE FUTURE IS NOT WHAT IT USED TO BE”: HOW DO WE 
PREPARE FOR CHANGING CLIMATE-DRIVEN EXTREMES?

"e consensus about ongoing climatic changes, their anthropogenic origin, and the need 
for both mitigation and adaptation measures is ever widening at the global scale. Observa-
tions and climate models quantify past and future changes with improved resolution and 
accuracy, and indicate that increased rates of sea level rise, frequencies of extreme $ood 
and storm events, as well as drought durations and intensities, await us in coming decades. 
On the front of mitigation, a consensus is growing about the necessity of quickly reducing 
greenhouse gas emissions to avoid global warming beyond 2 degrees Celsius, though little 
has been done in this direction. We must therefore act, in parallel with e#orts towards cli-
mate change mitigation, to quickly implement adaptation measures to “climate proof ” our 
infrastructures and avoid a dramatic increase in risk of economic damage and life losses.

Critical infrastructure, such as bridges, $uvial levees, dams, coastal defenses, or urban drai-
nage systems, are built for a “useful service life” of 50 to 100 years and beyond, and thus 
will experience extremes that will be very di#erent from past ones. While this is now an 
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accepted notion, a gap exists in our ability to translate climate change projections into ap-
plicable design methodologies that will permit our infrastructure to withstand changing 
extremes. "e problem is two-fold. Firstly, one must obtain regional to local projections of 
the characteristics of the relevant driving factors, such as rainfall, winds, or storm surges. 
"is remains challenging particularly when local or short-duration events are of interest. 
Secondly, we must devise and adopt methods to estimate extreme-event probabilities for 
natural processes that will change over time. "e methods currently in use, on the contrary, 
postulate stationarity, i.e., that past events are representative of the future and that the data 
on which these methods are applied do not exhibit change. Projections through the current 
century, exhibiting the systematic changes that are characteristic of climatic change, and 
thus cannot be “processed” through traditional methodologies that assume stationarity. In 
order to climate proof our societies, we need methods for quantifying extreme events un-
der changing conditions, such that past observations and projections may be used to infer 
future extremes. Here I exemplify the above issues by focusing on hazards of wide interest 
and impact. "e probability associated with extreme storm surges in Venice (Italy), and 
elsewhere, is a#ected by a sea level rise rate that is certain to accelerate (see Figure 1).

Figure 1. Visualization of the water level in St. Mark square in Venice associated with the 1966 storm surge 
and superimposed to the mean sea level in di$erent centuries. Canaletto was a venetian “vedutista painter”, 
who used a camera obscura to preserve the scale of the painted view.

Methods are here discussed that are particularly suited to account for non-stationary beha-
vior. "ey will be used to explore extreme storm-surge changes in the Mediterranean area 
and elsewhere. Further illustrative examples of the bene!t and insight a#orded by analysis 
methods that explicitly allow for non-stationary behavior will be focused on extreme rain-
fall, hurricane intensity, and droughts and meteotsunamis.

Marco MARANI
Università di Padova, Italy

 Duke University, USA 
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CLIMATE CHANGE AND SEA LEVEL RISE: WHAT CAN WE 
LEARN FROM FLOOD PROTECTION OF SINKING DELTAS, 
INCLUDING THE NETHERLANDS AND VENICE?

Introduction
Coastal $ooding will increase as a result of climate change. Sea level rise (SLR), induced 
coastal erosion, changing storm patterns, more rainfall and more extreme river discharg-
es are existential threats to coastal urban areas. Examples are the Rijn-Meuse-Scheldt del-
ta in "e Netherlands, the Ganges-Brahmaputra delta in Bangladesh, the Yangtze River 
delta at Shanghai in China, the Po delta in Italy, the Ciliwung delta at Jakarta, Indonesia 
and the Nile delta in Egypt. Deltas once cultivated and urbanized have a tendency to 
subside (sink) as a result of drainage and ground water extraction. "e Netherlands and 
the Po-Delta are typical examples. "ese deltas have a long history of $ooding and coastal 
protection, others are entering a similar trajectory.

"e question central in this paper is: how will these delta’s, their communities and gov-
ernments cope with climate change and sea level rise, changing storm patterns and more 
extreme rainfall. Over the next few decades, a 1 in a 100-year storm and $ood event is 
likely to turn into a 1 in 10 years event (IPCC 2022), and the 1 in 100-year event is expect-
ed to become more extreme than ever experienced. "ere is a growing literature what can 
be done. Engineering interventions are usually suggested such as sea walls, storm surge 
barriers and nature based solutions. However, over the years the discussion is moving be-
yond technical solutions and includes societal and cultural issues and conditions such as 
governance, institutions and !nancing arrangements (Hinkel et al., 2018).

"is paper illustrates the various approaches and strategies for $ood protection with ex-
amples from di#erent deltas. Next it reviews and evaluates the approaches in Netherlands 
and Venice, followed by a discussion on lessons learned from 50 years of experience in 
Venice and "e Netherlands.

Response strategies
A protection strategy usually includes the building of new or the strengthening of existing 
seawalls around the low-lying area, o%en including water management measures and pu-
mping stations. "e goal is to increase $ood-safety of the low lying land and urban areas.
In an accommodation strategy more frequent $ooding is more or less accepted. Infra-
structure and managerial measures ensure that social and economic life can continue such 

Figure 1. “Protection”: sea wall, Louisiana built 
a&er Hurricane Katrina .

Figure 2. “Accommodation”:  Hamburg City of 
Bridges.
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as in Hamburg Germany.  An accommodation strategy o%en includes innovative technical 
measures such as bridges and $oating homes. It may also include nature based solutions 
such as wetlands that reduce the $ood levels.

A planned retreat strategy implies that land areas including urban areas are given up, thus 
replaced by sea or wetland. Such a strategy is usually developed for rural coastal areas whe-
re the cost of coastal protection is much higher than the bene!ts of protecting the land 
and human settlements. It sounds cruel, but the good side is that it provides clarity for the 
existing inhabitants and land owners. "e national or regional government announces for 
example 30 years in advance that public funds will not become available for long term co-
astal protection. "is is rational and transparent but in practice nearly always perceived as 
controversial by the general public as illustrated by the case of Fairbourne in the UK.

A do-nothing strategy can be found in regions where climate change is not on the agenda. 
"is can be seen in countries where other major existence or survival issues are considered 
more important than long term coastal planning issues. It can also be seen in countries and 
regions where climate change is politically denied. Individual inhabitants, land and home 
owners, and coastal communities will have to !nd their own solutions. 

$e Netherlands and Venice
"e Po delta and the Rijn-Meuse-Scheldt delta have much in common, in particular their 
economic and cultural history.  Collective water and land management arrangements were 
at the basis of their governance systems. "eir history illustrates how major infrastructural 
water works provided economic prosperity. History also illustrates that nearly all major 
interventions in coastal infrastructure and sea walls were triggered by high impact $oo-
ding events. "e delta plan in the Netherlands was initiated only a%er the disastrous 1953 
storm surge. "e Mose solution for Venice was triggered by the 1966 $ood. Both coastal 
protection plans have taken 30 to 50 years to be fully implemented. Both plans have been 
evaluated on the basis of a cost bene!t analysis. In both cases the cost of “full protection” 
was in the same order as an accommodation alternative. 

In Venice as well as in the Netherlands a combination of delta prosperity and delta identity 
made the di#erence. "e engineering approach served as an example for many other deltas, 
i.e., the "ames Barrier in London, the Ems Barrier in Germany, the Petersburg barrier in 
Russia, the Seabrook and the INHC barrier in New Orleans. It should be borne in mind that 

Figure 3. “Planned retreat”: Fairbourn in Wales 
UK just below sea level spring tide now. In 30 years, 
it will no longer be safe to live there. UK policy im-
plies retreat; public protest.

Figure 4. “Do nothing” Miami Florida, climate 
change is not on the political agenda.
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these major $ood protection works were mainly required to compensate for long term sub-
sidence and not in view of climate change. "is leads to the question central in this paper: Is 
such a “coastal protection” approach in response mainly to subsidence a wise and a feasible 
strategy to address sea level rise?

From exploring of impacts to adaptive planning of interventions
Many studies on climate change carried out over the last few decades focused on the impact 
of climate change. Impact studies were o%en meant to demonstrate the urgency of limiting 
climate change. "e reports and the media o%en had images of completely submerged coa-
stal mega cities and their deltas. Indeed, the urgency of limiting climate change is fully justi-
!ed when considering the long term, 100 to 500 years of sea level rise e#ects. But the images 
used are not correct in many cases. Adaptation makes the di#erence. Several delta’s have 
a long-term history of environmental and coastal protection, others such as Vietnam and 
Bangladesh are on the way. Hinkel et al. (2018) illustrate the progress made in adaptation 
in coastal regions across the world. "ey demonstrate that even limited coastal protection 
works will greatly reduce the geographic and economic impact and the cost of sea level rise 
at least for the next 50 to 100 years. 

When a cost bene!t analysis indicates that a “protection” or an “accommodation” strategy 
may be feasible, it is recommended to develop a so-called “dynamic adaptive planning” 
(Haasnoot et al., 2013; Ranger et al., 2013). Such a planning starts with the development of 
a series of possible trajectories of sea level rise over time, each with their own sequence of 
interventions. Such trajectories usually start with an exploration of the !rst 30 to 50 years 
and then continue to cover a period for example until 2300. "e art of dynamic adaptive 
planning is to make sure that the !rst steps in $ood protection will support and not coun-
teract a range of possible next steps and subsequent steps. "is way a wide range of future 
trajectories can be mapped. "e level and rate of SLR will determine the trajectory that 
will be followed in practice. "e idea of dynamic adaptive planning is that investments in 
the early stages of $ood protection will not be stranded assets in future or be in the way of 
possible next steps. 

Start with considering the coming  50 to 80 years
In order to evaluate any response strategy, one should compare the social, environmental, 
economic and cultural losses of “do nothing” with the bene!ts of intervening, considering 
a de!ned time period. "e public debate is o%en focused on the longer term say 100 or 
300 years as climate change is a long-long-term issue. High-end projections for 2300 range 
from 2.50 up to 10 meters sea level rise. Such projections usually generate innovative out 
of the box solutions. Although justi!ed in itself such a long-long term discussion distracts 
from an evaluation of short term practical approaches. An interesting example is the MOSE 
(MOdulo Sperimentale Elettromeccanico) in Venice. "e opposition against MOSE prima-
rily argued that the mobile gate intervention is not a sustainable solution as it will not work 
when sea level rises beyond 50 or 60 cm. "e argument was: it may be better to leave the 
lagoon open and fully focus on accepting an ever increasing $ooding frequency. Another 
suggestion was to fully close the opening as in the end this would be necessary anyway. "e 
reasoning behind the MOSE solution may be e#ective only for a limited amount of time, i.e., 
a limited amount of sea level rise is true but that does not disqualify the intervention. MOSE 
can be seen as buying time while considering and evaluating the next steps.

International e#orts trying to keep global temperature rise below 2 degrees and preferably 
below 1.5 degrees are partly successful. While 20 years ago temperature rise projections 
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included a 5 to 6 degree warming. "is has come down now to projections between 2 and 
3 degrees. "is implies that the lower IPCC scenarios (RCP 2.6) have a higher probability 
than the higher (RCP 8.5) scenarios. RCP 2.6 scenario includes a sea level rise projection 
ranging from 29 to 59 cm by 2100.  

"e mobile gates, MOSE,  can function reasonably well up to a rise in sea level of 40 cm. 
"e lagoon will slowly become more brackish because of more frequent closures of the 
lagoon but the tidal $ushing can be maintained. Beyond 0,40 m SLR incremental technical 
and managerial adjustments of MOSE will enable the system to function up to a level of  
about 60 cm SLR. "us for an estimated period of 80 years, until 2100. Beyond that major 
interventions will be required, i.e, the lagoon will probably need to be closed-o# from the 
Adriatic. As a consequence Venice Lagoon will become a fresh water system. Additional 
pumping and $ushing will be required to manage the fresh water quality and quantity. "is 
may be considered disastrous from a nature conservation and human welfare point of view, 
still one should bear in mind that Venice is far better o# than nearly all other coastal areas 
in the world. Venice $ood protection works including MOSE can be seen as the !rst step in 
a dynamic adaptation trajectory. 

"e protection works in the Netherlands, including the “storm surge” barriers are likely to 
follow a simililar pathway. Over time it will have to be decided to either fully close the gates 
/ barriers (and port of Rotterdam) or leave them open and heighten the dikes along the tidal 
rivers.

To conclude: Even though climate change and in particular sea level rise will continue for 
many ages to come, we do not have to solve it all today. In case we !nd solutions that will 
work for he next 50 to 100 years like Venice $ood protection works, such solutions are de-
!nitely worthwhile provided the cost are reasonably in line with the social, environmental, 
economic and cultural bene!ts. It is important though to design and evaluate a series of 
possible future trajectories to ensure that interventions of today will not create stranded 
assets when the next steps need to be taken.

Pier VELLINGA
Vrij Universitat Amsterdam, 

"e Netherlands
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ROUND TABLE ON ADAPTATION: 
TECHNICAL CHALLENGES AND POLICIES 

INTRODUCTION AND COMMENTS
 

As one of this session’s contributors says, the Mediterranean is a melting pot: its shores 
cross 22 countries whose populations contain many ethnic groups with di#erent religions 
and cultures.  It has seen the birth and decline of some of the most advanced civilisations 
of their time, and more than its fair share of wars.  Such a rich history has endowed it with 
abundant cultural assets including hundreds recognized by UNESCO as World Heritage 
Sites. On its northern boundary, waters enter from the European Alps, while on its south-
ern boundaries, water $ows from mountains thousands of kilometres to the south.  "e 
sea itself has undergone extreme $uctuations, essentially drying out before opening to the 
Atlantic !ve million years ago. 

Although connected to the Atlantic, the Mediterranean is quite di#erent. Tides are limited 
because of the small extent and the narrow connection with the Atlantic Ocean. Evapora-
tion exceeds rainfall and river discharge, so that water $ows in from the Atlantic Ocean 
through the Straits of Gibraltar at around 70,000 m³/s. "is cool and relatively low-salinity 
water circulates eastwards and, as it warms and increases salinity, ultimately sinks to form 
the Levantine Intermediate Waters that return westwards, before exiting the Mediterra-
nean at depth through the Strait of Gibraltar. "e time taken to complete this circuit is of 
the order of 100 years, but local water circulation can shi% substantially during short time 
weather events that in turn a#ect deep water formation and circulation patterns. "e biota 
that live in these waters still support a !shing industry that produces ca. 700,000 tonnes 
of !sh and shell!sh from ca. 75,000 vessels, and half a million jobs along the value chain 
(FAO, 2022). However, 73 percent of commercial species remain over!shed with !shing 
pressures double what is considered sustainable. 

Climate change is a#ecting the sea in terms of reduced precipitation on the surrounding 
lands, sea level rise which may approach one metre by the end of the century, and warming 
of the surface waters which is now extending to the deepest parts, with the risk of strati!ca-
tion and very high temperatures increasing the risk of mass mortality events. "is in turn 
will impact the ecological system, posing a threat to biodiversity and even an existential 
threat to some habitats. Currently hypoxic events are localized but increasing as mean tem-
peratures rise; such dead zones add to stresses on historical food webs leading to increases 
in simpler food webs dominated by algae, invertebrates and jelly!sh.

"e above is the background against which this roundtable considers the potential for ad-
aptation, technical challenges and policies. Our !rst distinguished speaker is Anny Ca-
zenave who asks “How can we adapt to sea level rise in full Mediterranean”? Satellite-based 
monitoring has shown a global mean sea level rise of ~10 cm over the past three decades, 
but this is accelerating with a wide range of forecasts for the rest of the century (0.6-2 m); 
a%er 2100, it will continue to rise and even if Paris Agreement targets to hold the mean 
global surface temperature rise below 2 °C were to be met, global sea level rise is predicted 
to rise a further 50 to 450 cm by 2300. 

"e modest present-day sea level rise has already had signi!cant e#ects on some low-lying 
coastal regions (particularly during extreme events). Moreover, local factors superpose on 
the global mean so that adapting to such uncertainties is a complex problem, and it is also 

5
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essential to consider coastal impacts of sea level rise in combination with extreme weather 
events. "e main strategies available are: (1) engineering protection, (2) so% protection, (3) 
accommodation (4) ecosystem-based adaptation, and (5) retreat. "ere remain many data 
shortages for the Mediterranean which limits the power of models to predict future levels 
and their spatio-temporal resolution. "ere is a need  for improved observational coverage 
(many coastal regions lack tide gauges), together with measurements from altimeter satel-
lites and from stations to measure vertical land motions. With better data, models can be 
improved to strengthen decadal predictions and provide better coastal sea level projections 
with higher resolution that also take into account the small scale coastal processes that 
may cause sea level at the coast to di#er from o#shore. Such information can better inform 
decisions on adapting to extremes events.

"e next contributor to this roundtable is Francisco Garcia Novo who describes the cur-
rent degraded state of the “melting pot” of the Mediterranean Sea due to the large inputs of 
chemical contaminants, organic pollution and sediments, while development had removed 
much of the area’s natural landscapes including wetlands. Con$ict continues to hamper 
sustainable development, and migration adds an additional burden on the sea as a route of 
passage from Africa to Europe. "ere is a family of Mediterranean challenges which de-
mand joint research: on sea level rise, e#ects on salinity, behaviour of currents, ecosystem 
e#ects from over!shing and alien species, eutrophication from high nutrient containing 
rivers, as well as mercury contamination. "ese require adequate management based on 
collaboration between all countries bordering the sea. "is could be combined with more 
collaboration on energy production, water use, species protection and ecosystem restora-
tion and other !elds.

Fausto Guzzetti asks how disaster risk reduction can respond to a changing climate, draw-
ing on the background of Italy’s long history of geophysical and meteorological hazards. As 
climate change increases some threats, it may become increasingly di&cult to insulate in-
frastructure from unpredictable extremes, and so reducing risks should rely on enhanced 
early warning systems based on sound science. "is could be achieved with existing knowl-
edge and technologies, and policymakers do not need to wait for more research. However, 
to cope e#ectively with geophysical and meteorological hazards we need to combine exper-
tise between all the physical, environmental, economic, social, and human elements that 
characterize hazards and their consequences.

Mirko Orlić asks if temperature hiatuses can in$uence the perception of climate change 
due to the regional e#ects of the Atlantic’s multidecadal variability. When this enters its 
cool phase, temperature rises may moderate so that it may appear that the pace of warm-
ing has slowed. In previous cycles, such periods were associated with a decline in public 
interest in climate change but this was less likely in future since projections suggest that 
all the trends will stay positive. While such temporary slowdowns may buy some time to 
implement adaptation strategies, it appears unlikely that public support for adaptation will 
be weakened.

Finally, Christos Zerefos considers how best to protect the many rich cultural resources in 
general and the UNESCO Heritage sites in particular. A primary threat was on the coastal 
edge, as exempli!ed by Venice, which is the subject of a keynote speech by Pier Vellinga, 
who provides an overview of “Adaptation of coastal regions and cities: "e Netherlands 
and the Venice MOSE”. One comprehensive study (Kapsomenakis et al., 2022) ranks the 
hazards posed by climate change to the 244 heritage sites around the Mediterranean, tak-
ing into account extreme heat, !re risk, heavy rainfall, frost, aridity and sea level rise. 34 
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monument sites fall within a “High” hazard group and 13 heritage sites in the “Extreme” 
hazard category. Earlier studies (Reimann et al., 2018) have identi!ed 49 World Heritage 
Sites in low-lying coastal areas of the Mediterranean containing many that are already at 
risk from 100-year $oods (37) and from coastal erosion (42). Policymakers can thus know 
where adaptation is most urgently needed, but each case requires local-scale research to 
devise suitable adaptation strategies, and may be restricted for fear of compromising each 
site’s Outstanding Universal Value.

"is session and its roundtable discussion are extremely valuable in emphasizing not just 
the importance for all policymakers to integrate adaptation into their strategies, but also to 
highlight some remaining uncertainties when deciding adaptation strategies in the region. 
Several research targets are identi!ed to enable the impact of climate change to be better 
predicted and thus adaptation strategies to be more e#ective. Improved knowledge of the 
physical and oceanographic changes would also inform research into the biological im-
pacts of salinity changes, acidi!cation, water temperature and oxygen levels. "e descrip-
tion of the MOSE barrier in Venice shows that engineering approaches could be e#ective in 
the short term, but there are signs that the current rate of sea level rise would soon require 
such frequent closure between the Adriatic Sea and the Venice Lagoon that water quality 
and the local ecosystem could be seriously degraded.

Case studies of concrete-based solutions need to be seen alongside natural solutions such 
as wetland and marsh restoration and ultimately retreat, as is taking place in many coastal 
locations in Europe. New infrastructure and build also need to factor in the combination of 
mean sea level rise, local variations and combine with extreme event scenarios to avoid in-
vesting in assets that will all too soon be at risk as the inexorable rise in sea level continues 
for centuries. With the inherent unpredictability of extreme weather events, physical adap-
tation needs to be combined with ‘so%’ adaptation of warning systems and relief resources. 

Safeguarding the hundreds of cultural assets is a particular challenge. Many of these may 
be beyond the resources of the countries hosting them and of the international resourc-
es available. Moreover, there are many climate impacts which cannot be compensated 
through adaptation. Increasing dead zones in the sea, deserti!cation of the surrounding 
lands, increased forest !res, crop losses through drought, and other ecological impacts 
have only limited adaptation potential. Where adaptation is an option, it may be just a 
matter of buying time to allow society to implement the only long-term solution, which is 
to abandon fossil fuels in their entirety, and transform society to one that does not depend 
on emitting gigatonnes of carbon dioxide and other greenhouse gases. And to restore the 
Planet’s destroyed ecosystems (from forests to wetlands) so that they can play their natural 
role in mitigating climate change rather than exacerbating it. 
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HOW CAN WE  ADAPT TO SEA LEVEL RISE IN THE MEDITER-
RANEAN SEA REGION? 

General context
Sea level rise is a major consequence of present-day global warming. Being a slow but long-
term process, sea level will continue to rise over the coming centuries at rates that will 
depend on future greenhouse gas emissions. Satellite-based monitoring reports a global 
mean sea level elevation of ~15 cm over the past three decades but also a substantial accel-
eration caused by accelerated land ice melt and ocean warming (IPCC, 2021). Observations 
also show that sea level rise is not uniform over the oceanic domain, with rates 2 to 3 times 
faster than the global mean in some regions, a result of non-uniform ocean heat storage. 
Figure 1 shows non uniform altimetry-based sea level trends in the Mediterranean Sea over 
1993-2022.

While still modest, present-day sea level rise has already signi!cant e#ects on some low-ly-
ing coastal regions (in particular during extreme events, since the higher the sea level, 
the more devastating the temporary inundations). Moreover, at the coast, sea level results 
from the superposition of the global mean rise, large-scale regional changes and small-
scale coastal processes (e.g., shelf currents, small-scale eddies, sea water density changes 
in river deltas and estuaries), with the regional and local factors possibly amplifying the 
global mean rise. How to adapt to such a still poorly quanti!ed but inescapable threat is a 
complex problem faced by many countries which have important maritime facades. "is is 
indeed the case of France.

Di!erent strategies of coastal adaptation
Di#erent strategies have been proposed to adapt to sea level rise. We brie$y summarize 
them below (on the basis of the synthesis made by Bongarts Lebbe et al., 2021). 
In coastal areas developing rapidly, avoiding to build new infrastructure in areas exposed 
to $ooding and erosion reduces future lock-ins. For existing infrastructure, responses to 
sea level rise can be classi!ed as follows (IPCC, 2022): (1) engineering protection, (2) so% 
protection, (3) accommodation (4) ecosystem-based adaptation, and (5) retreat.

Figure 1. Sea level trends over January 1993 to June 2022, based on satellite altimetry in the Mediterranean 
Sea  (Source: Copernicus Climate Change Service, https://climate.copernicus.eu/).
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Engineering protection consists of building coastal defenses such as dikes, seawalls and es-
tuarine barriers to prevent from $ooding, salinization and shoreline erosion. "is strategy 
has been developed in Europe (e.g., in the Netherlands, United Kingdom, Venice) and in 
many Asian countries such as South Corea or Japan. Engineering protection can also result 
in land reclamation such as in Singapore or the Maldives, resulting in advances seaward. 
However, engineering protection has several drawbacks. It is costly and it is not always 
well accepted by coastal societies where coastal defenses prevent from accessing to the sea-
shores. Besides, seawalls and dikes may degrade coastal ecosystems through habitat loss 
and reduced species, and may favor intrusion of non-native invasive species. 

So% protection is subject to growing interest worldwide because it produces less negative 
impacts than engineering protection. It mainly consists of sand-based nourishment of 
beaches and dunes. "is practice is receiving increased interest in several coastal areas, 
e.g., in the Netherlands with the Sand Engine, a mega-nourishment project. It points out 
however the problem of sand availability in some regions and potential decrease of coastal 
ecosystem services depending on how sand nourishment is performed.

Accommodation is another strategy whose objective is to adapt existing infrastructures to 
climate change and natural hazards. "ese include interventions at the level of buildings 
to reduce damages in case of $ooding (e.g., elevated electrical devices or waterproof doors) 
or to improve urban drainage or innovations such as $oating housing in sheltered waters. 
Ecosystem-based adaptation includes the restauration of salt marshes, mangroves and cor-
al reefs where available, to create a bu#er zone that naturally accumulates sediments be-
tween the sea and coastal infrastructures, or to reduce peak water levels during a storm as 
seawaters spill into wetlands.  While limited in e&ciency for high rates of sea-level rise, this 
approach is generally considered as very positive as it provides multiple bene!ts to coastal 
species while reducing coastal erosion and $ooding.

Finally retreat consists of relocation of populations and infrastructures. Relocation clearly 
poses a broad range of social, cultural psychological and economic issues. It is deployed 
di#erently around the world, the largest project so far being the relocation of the capital 
of Indonesia from Java to Borneo due to a range of environmental and political issues, in-
cluding sea-level rise and subsidence. While di&cult to implement today due to a range of 
operational and social constraints, this option should receive more attention in the future 
as sea levels will continue to rise.

$e case of France
Coastal management in France remains still largely dominated by engineering-based ad-
aptation. "e last major marine $ooding event in mainland France (the Xynthia storm in 
2010) also resulted in new investments in coastal defenses. However, environmental consid-
erations and costs are motivating new approaches such as relocation and ecosystem-based 
management. "is is supported by two distinct processes: the ongoing adaptation planning 
stimulated by climate change, and the regulations and strategies focused on coastal areas.
For more than a decade, France has established a national adaptation plan to climate 
change in order to implement concrete actions for adapting by 2050 the French territories 
(including overseas territories) to regional impacts caused by the changing climate. "e 
plan addresses various impacts of climate change, including !res, water availability and 
resources, decrease of land and marine biodiversity and shoreline erosion & retreat. It pro-
poses strategies to increase economic resilience in response to the changing environment. 
Importantly, the plan includes the consideration of sea-level rise scenario of 60 cm by 2100 
for coastal risk prevention plans.
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In addition to ongoing adaptation plans, France has developed over the last decade a strat-
egy for integrated coastal management that considers coastal impacts of sea level and ex-
treme events, shoreline evolution and many other coastal management issues.  "e French 
shoreline is 20 000 km long, of which 22% is eroding. 650 km of the shoreline is retreating, 
among which 270 km at a mean rate of 50 cm/year. "is concerns 17% of the France main 
land coastlines, and 12% in overseas territories. As the population density at the coast is 
2.5 times larger than the national average, this impacts a large amount of people. In case 
of 1 m elevation by 2100, several coastal areas of France main land will be permanently 
inundated.

While France is still largely implementing engineering coastal protection, other approach-
es are being experimented. For example, the Ministry in charge of Environment launched 
an experiment to consider relocation in several coastal zones covering a wide range of 
coastal contexts: cli#s in Guadeloupe and Northern France, high and low-energy beaches 
along the Mediterranean and southwest Atlantic coasts, including in areas that are already 
protected with coastal engineering infrastructures. Relocation is also considered, for ex-
ample in the case of the village of Miquelon (St Pierre and Miquelon territory) which is 
highly exposed to $ooding and where some inhabitants prefer to invest in higher locations 
that will remain una#ected by sea-level rise over decades, rather than in a low-lying $ood 
plain that might be too costly to protect within decades (Philippenko et al., 2021). 

Regarding ecosystem-based adaptation, an important experiment is being developed un-
der the impulsion and leadership of the French Coastal Conservation Agency. In 10 coastal 
sites, the Conservation Agency is experimenting ecosystem-based approaches, consisting, 
for example, in removing the 1st rank of coastal defenses, building new defenses inland, 
thus saving land and restoring natural processes in wetlands (https://www.lifeadapto.eu/). 
"ese experiments could promote a larger implementation of nature-based solutions in 
coastal areas of France because the Conservation Agency is interacting with many stake-
holders (e.g., elected representatives, communities at risks, farmers). 

Like many countries in the world, France is just beginning to be a#ected by an unprece-
dented event in the human history: the onset of climate-induced sea-level rise and asso-
ciated coastal changes. As noted in the latest IPCC report (IPCC 2022), the governance 
supporting coastal adaptation requires decades to be put in place. "is is illustrated above 
for France, which is developing this governance and is implementing some experiments to 
explore the possibilities to escape from a response dominated by engineering solutions. Yet, 
the time available to discuss and plan adaptation is shrinking as adaptation requires time 
to be implemented, while at the same time sea level rise is accelerating. In this context, we 
argue that there is a need for a transparent public debate explaining options to deal with 
sea level rise over the coming decades, with associated economic, social and environmental 
impacts and co-bene!ts.
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LAND-SEA INTERACTIONS IN THE MEDITERRANEAN: HOW 
CAN WE TAKE ADVANTAGE OF MULTIPLE INFLUENCES ON 
THE MEDITERRANEAN BASIN CLIMATE, BIODIVERSITY, 
ENVIRONMENTS, CULTURES, PEOPLE, RELIGIONS, LANGUAGES...?

Mediterranean basin performs as a melting pot for people, cultures, and natural systems. 
How to bene!t from such a diversity? 

In the !rst place recognizing and acknowledging it. It implies exploring, understanding, 
viewing and incorporating social suggestions. It is not the case at present. We receive a 
wealth of information, suggestions and pressures, from entities, societies and people from 
outside the basin. What is more: we rarely tune on sources broadcasting from the other 
rim, from Africa and Near East. And yet, these E and S regions, treasure vigourous cultures 
and active societies. It might be that we turn our eyes to them as energy resources or tour-
ist destinations, but we are not eager to learn from their lives or to share their mounting 
problems. When we receive an endless $ow of courageous migrants aiming at European 
countries, we pretend it is unacceptable, responding with barriers, walls, or police squads 
to halt them. Med countries attempt to handle newcomers passing them to N European 
countries as if they never existed. Med countries fail to gain from their presence, culture, 
abilities, and interests and easily charge them with misbehavior or crime. 

Blind to their culture, deaf to their demands, we overlook how their population is growing 
outnumbering the countries seated on the N rim. 

On second place, is the bene!t of culture. In history, cultural exchange has been the role, 
not the exception. In archaeological collections, there is a time when local pieces are joined 
by outside elements. Neighboring or distant artifacts are found, and at a later stage, the 
foreign design, symbols, and even gods are incorporated to the local population’s religion 
and way of living. "is fusion was always enriching local cultures, o%en leading to the 
most important discoveries. Ancient Greek incorporated the Phoenician alphabet, adding 
new signs for vowels and building up the foundation of classic culture. Greek literature, 
philosophy, and scienti!c legacies were brought to Europe through Arabic invaders which 
conquered Spain in the VIII century. From Arabic towns such as Cordoba, Zaragoza, and 
Murcia, Greek legacy, including numbers and mathematics, found its way to Europe in 
an exercise of Mediterranean enlightenment. When tourists visit Islamic countries in the 
S and E rims of the basin, they are surprised by the relaxed way of living, hospitality, and 
cra%smanship. And deep religious attitudes. 

Aside from souvenirs and pictures, the busy societies in S rim deserve more interest, and a 
genuine desire for collaboration, education, and participation. Access to the local literature 
and arts. An equalitarian approach to help lay the basis for an easy understanding across 
the Sea.

A third family of elements entering the Mediterranean melting pot exhibits environmental 
roots. Species, phenomena, climate, or environments, have no political boundaries and 
they o%en occur all around the basin. "is feature makes them most adequate for integra-
tive research and the application of local results to many other problems. What is more, 
when a relevant result sheds new light on one process or feature, it serves to give light to 
common solutions to many points in the basin. "ere is a family of Med problems which 
demand joint research ventures:   the regulation of sea level and salinity equilibrium from 
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E to W; the sensitivity to currents under a scenario of climate change; the unbalance of !sh 
species under a growing !sheries exploitation; the e#ect of eutrophication due to river out-
$ow with a high nutrient content; the fate of mercury contamination and the incorporation 
to !sh captures; the spreading of introduced species from Red Sea, aquaculture and domes-
tic aquaria. Some of above listed issues demand adequate management which needs com-
mon protocols to become e#ective. "e basin provides a rich collection of islands where the 
local population has attained a sustainable equilibrium with natural resources, land, water, 
biota, and !sheries. Island cultures summarize the principles of the circular economy.

In a di#erent direction, policies of freshwater use, of energy consumption and production, 
species protection and ecosystem restoration, tourism activities, resort building, and natu-
ral resource exploitation. All strongly demand collaboration among regions and countries 
to sustain common policies letting the Mediterranean basin be addressed in a common 
way. African migrants, in their trajectory to Europe, reach the sea border where they are 
abused by the local ma!a and harassed by police. People su#ering and the thousands of 
casualties caused by unsafe boats during navigation show a political and social dysfunction 
to be overcome without delay. 
Population in S-rim countries rapidly grows, outnumbering N-rim countries. Large gas 
deposits, some oil, rich aquifers, valuable minerals such as phosphates, and endless possi-
bilities of energy production from aeolian, or solar plants are highly appreciated assets to 
sustain economic development both in S and N countries, provided they are not turned 
into political weapons. A state of war persists in a few countries (Syria, Israel, Lebanon, 
Cyprus), making it even more di&cult to progress to sustainable development. 

"e Mediterranean basin o#ers a long list of needs, demands, suggestions and problems 
to be heard and solved. Water is a distinct protagonist in many of them. A wide scenario 
remains open for collaboration, trial (and error), for engaging in new activities to overcome 
historical problems. 

An example of relevant activities is this meeting on water issues entitled “"e Mediterra-
nean System: a hotspot for climate change and adaptation”, set up by the Accademia Nazi-
onale dei Lincei. I wish that during next year, a parallel venture will be held in one of the S 
rim countries, exhibiting how collaboration in Mediterranean countries was proceeding.
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COULD HIATUSES INFLUENCE THE PERCEPTION OF CLI-
MATE CHANGE AGAIN? 

"e recent global warming does not represent a uniform increase of temperature. As could 
be seen in the Figure 1, the !rst part of which is based on the time series constructed by 
Hansen et al. (2010), there were intervals when the temperature increase slowed down or 
even temporarily changed to the decrease, obviously related to the multidecadal variability 
in$uencing the long term trend. It is of interest that the attention paid by the research-
ers and the general public to the global warming issue was to some extent in$uenced by 
the variability. In order to illustrate this, also shown in the !gure are numbers indicating 
some in$uential publications on global warming. Although several factors in$uenced the 
scienti!c activity, as did, for example, the preoccupation of early researchers with the ori-
gin of ice ages or the decrease of research intensity during the wars, it is still obvious that 
the scientists tended to pay more attention to the global warming when the temperatures 
were increasing or were high. A%er the formation of the Intergovernmental Panel on Cli-
mate Change (IPCC) in 1988, the intensity of research increased irrespective of what was 
happening with the temperature. However, the slowing down of the temperature increase 
(so-called hiatus) in the beginning of the 21st century a#ected the public interest. "e latter 
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CAN WE REDUCE DISASTER RISK IN A CHANGING CLIMATE?

Stretching from the Alps to the Mediterranean Sea, Italy has a long history of geophysical 
and meteorological hazards, a result of the subduction of the African plate under the Eur-
asian plate. Frequent and widespread damaging events a#ect an area of about 301,000 km2, 
inhabited by 59 million people, with 31 million buildings and 180,000 km of roads and 
railways. Depending on the hazard, the number of people at risk ranges from millions to 
tens of millions and is expected to increase with projected climate change. In the coming 
decades, we will not be able to make our natural and built environments safe from these 
hazards. It will be too di&cult and costly and, in places, socially unacceptable. Solutions 
to (at least) reduce the human toll will rely on so% measures, notably early warning sys-
tems based on sound science. For most hazards, existing knowledge and technology are 
su&cient to implement e#ective measures. As with climate adaptation (Stocker, 2013), the 
reasons for postponing decisions are political, not scienti!c. I argue that we should use ex-
isting knowledge and technologies before seeking new ones that may not come soon (Park 
et al., 2023). I further argue that to cope e#ectively with geophysical and meteorological 
hazards in the face of the changing climate, we need a “new science” able to consider the 
complex interactions between all the physical, environmental, economic, social, and hu-
man elements that characterize hazards and their consequences, adopting a convergent 
research approach (Sharp & Hock!eld, 2017).



43

Figure 1. Global temperatures (up) and global tem-
perature trends (down), observed (Hansen et al., 
2010) and projected until the end of the present 
century under the RCP4.5 scenario (Stocker et al., 
2014), subjected to a low-pass !lter in order to re-
move interannual and decadal-scale variability; 
projected temperatures include the  multidecadal 
variability, which was obtained by simply extending 
the observed variability into the future. In the upper 
!gure the numbers indicate some in%uential publi-
cations on global warming, which appeared befo-
re the IPCC era: (3) S. Arrhenius, 1896, (4) E. O. 
Hulburt, 1931, (5) G. S. Callendar, 1938, (6) G. N. 
Plass, 1956, (7) R. Revelle and H. E. Suess, 1957, (8) 
S. Manabe and K. Bryan, 1969, (9) M. I. Budyko, 
1969, (10) W. D. Sellers, 1969, (11) W. S. Broecker, 
1975, (12) C. D. Keeling et al., 1976, (13) K. Has-
selmann, 1979, (14) J. Charney et al., 1979, (15) J. 
Hansen et al., 1981, (16) P. D. Jones et al., 1986. 
Two early studies (by J. B. J. Fourier, 1824, and J. 
Tyndall, 1859) were published before the time inter-
val considered here.

could be illustrated by the number of articles in which the terms ‘global warming/climate 
change’, ‘skeptic’ or ‘denier’ were mentioned in the major world newspapers (Grundmann, 
2015) or by the number of sentences devoted to climate change in the university-level biol-
ogy textbooks published in the United States (Prillaman, 2023). 

"e global warming was accompanied by a number of other changes in the climate sy-
stem. One of them is the global sea level rise (Church and White, 2011), which was likewise 
subjected to the multidecadal variability with the rise being relatively slow in the 1900s and 
1960s. It appears, however, that the variability was not re$ected in the interest of researchers 
(Barnett, 1990), probably due to the fact that the trends never changed sign. "e warming 
hiatus observed during the past decades could be related to the present sea level rise that 
is fast but stable, which probably explains why the rise did not fuel imagination of skeptics 
and deniers.

When it comes to the Mediterranean and Adriatic Seas, both the regional temperature data 
(Hansen et al., 2010) and the regional sea level data (Orlić et al., 2018) reveal a considerable 
in$uence of the multidecadal variability, comparable to or even larger than the variability 
observed on the global scale. Consequently, the temperature trends were negative in the 
1960s and the sea level trends were negative in the 1970s. It is not known whether the mul-
tidecadal variability in$uenced the activity of climatologists interested in atmospheric pro-
cesses, but it did a#ect the publication record of oceanographers studying sea level trends: as 
is visible from the review published by Vilibić et al. (2017), the Adriatic sea level change was 
addressed in some early papers, published in 1938, 1947 and 1961, and, a%er a standstill, in 
the papers that appeared in the 1980s and a%erwards.

How will the multidecadal variability in$uence the future temperatures and sea levels? In 
order to illustrate a possible sequence of events, projections of both the global and regional 
temperatures expected under the RCP4.5 scenario (Stocker et al., 2014) are used and are 
subjected to the multidecadal variability representing a simple extension of observed varia-
bility into the future. "e global temperature values thus obtained and the related trends are 
shown in the Figure 1’. Moreover, a variant of the semi-empirical method (Orlić and Pasa-
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WHICH ARE THE MOST VULNERABLE CULTURAL AND NATU-
RAL UNESCO HERITAGE SITES IN THE MEDITERRANEAN?

"e Mediterranean region, one of the cradles of global civilization, is included among the 
most vulnerable regions to climate change for the decades to come. Cultural and natural 
heritage in the Mediterranean, including 244 UNESCO heritage sites, is expected to be at 
risk from man-made climate change (Sesana et al., 2021). Heritage monuments can be vul-
nerable to climate change, considering their old age, the detrimental to their authenticity 
reparations with new and modern materials or replacement of some of their parts/structure 
that might be necessary to cope with the climate change induced hazards (Haugen & Mat-
tsson, 2011; Berenfeld, 2008; Cassar, 2005). In addition, cultural landscapes and important 
plant or animal species may be lost. A multi hazard risk assessment for the design and 
optimized implementation of disaster risk reduction and resilience-enhancing strategies is 
necessary for the Mediterranean heritage sites, in which the incorporation of climate chan-
ge is a challenge. 
A methodology to assess the total hazard from the synergy of extreme weather in the future 
climate with the seismic activity at the cultural and natural heritage sites in the Mediterra-
nean has been introduced by Kapsomenakis et al., 2022 (and references therein). Six climate 
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rić, 2013) is applied on the observed temperatures and sea levels and is then used to prepare 
projections of the global and regional sea levels on the basis of corresponding temperature 
projections. "e results point to the global temperature and sea level accelerations lasting 
until the middle of this century and the subsequent decelerations leading to minimum 
trends late in the century. As for the regional temperatures and sea levels, the evolution is 
similar albeit shi%ed to earlier times and therefore characterized by minimum trends in the 
2050s and 2060s (temperature) and 2070s (sea level).

Let us !nally return to the question posed in the title. Assuming that the emission of gre-
enhouse gases will follow the moderate scenario and that the future multidecadal variability 
will be similar to the observed one, the temperature and sea level hiatuses could be expected 
late in the present century on the global scale and in the mid-century on the regional scale. 
Because, however, the projections suggest that all the trends will stay positive, i.e., that the 
increases of temperature and sea level will slow down but will not reverse to the decreases, 
and that the dynamics will change when the temperatures and sea levels are already high, it 
is not likely that the forthcoming hiatuses will in$uence the perception of climate change. 
Consequently, it is unlikely that the future multidecadal variability will adversely in$uence 
the development of adaptation strategies.
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indices were calculated throughout the period 1971-2100 at the locations of all the UNE-
SCO sites in the Mediterranean. "e indices represent estimates of the man-made climate 
change hazards and are described as it follows:
 i. Number of days with maximum temperature higher than 37°C (Extreme heat), 
 ii. Number of days with Fire Weather Index higher than 45 (Wild!res) (Good et al.,
  2008),
 iii. Number of days with precipitation higher than the 99th percentile of the 
 reference period 1971-2000 (Heavy rainfall),
 iv. Number of days with minimum temperature lower than 0°C (Frost),
 v. Aridity (Aridity index) ("ornthwaite, 1948) and
 vi. Changes in mean sea level (Sea level rise).

"e indices were calculated from a large ensemble of high spatial resolution model results, 
under the RCP4.5 and RCP8.5 IPCC emission scenarios, based on 21 regional climate mo-
dels applied in the framework of the EUROCORDEX program (https:// euro-cordex. net/). 
Sea level rise was calculated from the Extreme Sea Level dataset of the Large Scale Integra-
ted Sea-level and Coastal Assessment Tool program developed by the Joint Research Center 
of the European Commission.  

A synergistic-combined Heritage Hazard Index (HHI) was calculated to account for the sy-
nergy of all above mentioned climate change hazards with the local geophysical properties of 
the heritage sites, such as topography, proximity to forests and seas and earthquake probabi-
lity. "e latter has been estimated only at the locations of the south European heritage sites 
using the extracted intensity measure type of the maximum expected peak ground accelera-
tion value from the most up to date European Seismic Hazard Model (Danciu et al., 2021).

Figure 1 presents the climate change total hazard (i.e. the sum of the six individual climate 
change hazards) and its synergy with the seismic hazard, under the two IPCC emission 
scenarios RCP4.5 and RCP8.5. In Figure 1, a four-class color scale is depicted, in parallel 
to the arithmetic scale, to characterize the following groups of hazard intensity: Low (L), 

Figure 1. "e climate change total hazard (le&) under the two IPCC emission scenarios RCP4.5 (a) and 
RCP8.5 (b). Figures 1 (c) and (d) show the synergy of climate change total hazard with the seismic hazard. 



Moderate (M), High (H) and Extreme (X) threat from the man-made climate change. 
Under the RCP4.5 scenario, the majority of heritage sites are under low or moderate 
climate change hazard (Figure 1a). "e sites that are at higher hazard are mostly at 
coastal areas. "e risk increases considerably under the RCP8.5 scenario at all heri-
tage sites (Figure 1b). To the right of Figure 1, the ampli!cation of climate hazard at 
places which are vulnerable also to seismic hazard is shown. "ese results are indi-
cative of a comparatively higher total risk at the heritage sites located in countries at 
the center and east of southern Europe (Italy, Greece, Dalmatia, western Turkey and 
Cyprus). Based on the HHI and for the worst-case emission scenario (i.e. RCP8.5), 34 
monument sites fall within the “High” hazard group. "ere are 13 heritage sites that 
fall under the category of “Extreme” hazard being the following: 

 i. Albania: Butrint
 ii. Croatia: Stari Grad Plain; Old City of Dubrovnik
 iii. Greece: Paleochristian and Byzantine Monuments of "essalonika;
 Pythagoreion and Heraion of Samos; Archaeological Sites of Mycenae
 and Tiryns; Medieval City of Rhodes; Delos
 iv. Italy: Portovenere, Cinque Terre and the Islands (Palmaria, Tino
 and Tinetto); Syracuse and the Rocky Necropolis of Pantalica
 v. Spain: Doñana National Park 
 vi. Turkey: Hierapolis-Pamukkale; Historic Areas of Istanbul.

"e previous discussion reveals that it is important to promote the adaptation of cul-
tural and natural heritage sites to climate change, taking into consideration that the 
speci!c damage of climate change on heritage depends also on a variety of additional 
variables and parameters, e.g., the construction materials, state of conservation, sur-
rounding landscape etc. Under this view, site speci!c multidisciplinary studies are 
necessary involving the earth science community, engineers, archaeologists, biodi-
versity experts etc., and the owners and/or managers, which can provide information 
about the criticalities and climate adaptation capacity of the heritage sites.
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