remote sensing

Review

The Rising Concern for Sea Level Rise: Altimeter Record
and Geo-Engineering Debate

Jim Gower ! and Vittorio Barale >*

check for
updates

Citation: Gower, J.; Barale, V. The
Rising Concern for Sea Level Rise:
Altimeter Record and
Geo-Engineering Debate. Remote Sens.
2024, 16, 262. https://doi.org/
10.3390/1s16020262

Academic Editor: Chung-yen Kuo

Received: 29 September 2023
Revised: 21 December 2023
Accepted: 22 December 2023
Published: 9 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 The Pillars of Hercules Foundation, Sidney, BC V8L 4B2, Canada; jimgower1940@gmail.com
2 Tethys Research Institute, 20121 Milan, Italy
*  Correspondence: vittorio_barale@yahoo.it

Abstract: The Oceans from Space V Symposium, held in Venice, Italy, on 24-27 October 2022,
devoted special sessions to sea level rise, as described by a series of satellite altimeters, and to
remediations of consequent calamities in vulnerable mediterranean seas. It emerged that various
aspects of climate change can be modelled in time as a Single Exponential Event (SEE), with a similar
trend (a 54—year e-folding time) for CO, concentration in the Earth’s atmosphere, global average sea
surface temperature, and global average sea level. The sea level rise record, combining tide gauges
data starting in 1850, as well as more recent altimeter data, for the last 30 years, is already 25 cm above
historical values. If the curve continues to follow the exponential growth of the simple SEE model,
it will reach about 40 cm by the year 2050, 1 m by 2100, and 2.5 m by 2150. As a result, dramatic
impacts would be expected for most coastal areas in the next century. Decisive remediations, based
on geo-engineering at the basin scale, are possible for semi-enclosed seas, such as the Mediterranean
and Black Seas. Damming the Strait of Gibraltar would provide an alternative to the conclusion that
coastal sites such as the City of Venice are inevitably doomed.

Keywords: oceans from Space V; SEE model; sea level rise; satellite altimetry; geo-engineering;
Mediterranean Sea; Gibraltar Dam; City of Venice; MOSE project

1. Introduction

“A friend recently told me her son had bought a water-front lot, but was worried about
building a cabin on it. He had heard alarming news about future sea level rise. She asked
for my advice. All I could say was that the only way of knowing the future for certain
is to wait and see, but in this case, we can be fairly sure of what the immediate future
holds. I suggested her son go ahead and build his cabin, and enjoy the coast (his lot is on
Hornby Island, British Columbia, along the magnificent Pacific coast of Canada), but to
be prepared for a global rise of almost half-a-metre in the first half of this century, and a
full metre rise, or even more, by 2100. Hornby Island is far from flat, and unless he has
bought a coastal marsh, he should be able to handle this. For other parts of the world, the
danger is much more immediate, and will have vastly greater impact”.

Sea level rise is now a common topic for routine talks, in the wake of a growing public
concern for the impending consequences of climate change, and for scientific conferences
alike, in search of a holistic approach to its causes, effects, and remedies. The Oceans from
Space V Symposium [1], held in Venice, Italy, on 24-27 October 2022, was no exception. The
conference, the fifth in a series held at 10-year intervals since 1980 (with the latest delayed
two years by the COVID-19 pandemic), aimed to review progress in the use of satellites
to study the oceans [2]. Special sessions were devoted to the assessment of sea level rise
by virtue of altimetric techniques [3], as well as to possible remediations to the expected
damages on the coastal environment of marginal and enclosed seas [4] (a subject to be
reviewed by Appendix A, in particular for the special case of the Mediterranean Sea and
Black Sea). At the same time, as in previous editions, attendees had a chance to witness
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first hand the increasing impact of sea level variations on the City of Venice, as well as the
city’s response, most recently entrusted to the movable barriers of the MOSE (acronym of
the Italian MOdulo Sperimentale Elettromeccanico, alluding in a secondary meaning to the
biblical character Moses, or Mos¢ in Italian, who is credited for parting the sea), capable of
sealing off the Venetian Lagoon from the Adriatic Sea, and now nearly operational [5].

Symposium participants were able to tour the MOSE control station, on the artificial
island built in the middle of the Venetian Lagoon’s main opening on the Adriatic Sea,
from which the system is operated (see Appendix B for details on Venice, its periodic
floodings known as Acqua Alta, and the MOSE project). Raising the movable barriers from
the bottom platform, they were told, can provide temporary defence against short-term
flooding events, which are due to the combined effects of tides and wind. However, the
MOSE is not designed to protect against the long-term sea level rise due to climate change.
Taking inspiration from the MOSE field trip, the conference sessions devoted to altimetry
and sea level rise were somewhat expanded to discuss (a) impacts of sea level rise on
semi-enclosed marine basins, with the Mediterranean Sea and Black Sea providing the
most classical of examples; (b) the ecological danger of widespread coastal reinforcements,
which might be adopted in the effort to prevent erosion and flooding; and (c) possible
future actions that might be undertaken to protect coastal sites, infrastructures and urban
settlements, of which Venice represents the archetype. The present review aims to provide
a record of the main presentations delivered during these sessions and of the ensuing
discussion themes as a contribution to the development of a public debate, advocated by
several conference participants.

Global average sea level is indeed rising at an alarming rate [6]. In general, the media
tend to over-emphasize immediate dangers of climate change, recently presenting the
Thwaites Glacier in Antarctica, e.g., as “Doomsday Glacier” [7], possibly able to raise sea
level in steps, causing sudden floods at uncertain times. But, in fact, observations of global
sea level rise have, up to present, closely followed an unambiguous growth rate, pointing
inexorably upwards into the future. A target rise of about 1 m by 2100 seems to be generally
agreed upon in the literature [8], and such a value implies an exponential increase. This
can be represented by the Single Exponential Event (SEE) model introduced during the
Oceans from Space V Symposium (to be set out in the following section), which climate
change indicators appear to be following precisely, and which shows no sign of sudden
surges, or of slowing down. The parameters considered here, atmospheric concentration
of carbon dioxide (CO5), global mean Sea Surface Temperature (SST) and sea level can
all be seen following the same trend (see Figures 1-3). This analysis is discussed in the
following, where some of the key factors related to the changing level of the oceans [9] are
reviewed. The sea level record, as defined in the last few decades by a number of altimeter
space missions [10], is also reviewed. Finally, the main aspects of the Oceans from Space V
discussion on impacts and defenses foreseeable (for the Mediterranean basin) is reported.
More details about the envisioned geo-engineering possibilities and problems, and the
particular case of Venice, will be deferred to the closing Appendices.

2. Single Exponential Event Model

It is becoming increasingly evident that the world is facing a major climate change
disaster [11], driven by the ever-growing concentration of greenhouse gases in the Earth’s
atmosphere, attributable to anthropogenic causes [12]. The rate of change of atmospheric
CO, concentration can be simulated by a simple mathematical model of the expected
(exponential) form, which also provides a good approximation for a number of related
parameters (i.e., global average SST and sea level, as will be seen later in this section),
with a comparable e-folding time. The SEE-type trend has been ascribed to the impact of
increasing anthropogenic pressure, as already debated in the scientific literature for almost
a century [13]. The initial tendency was partly driven by the surge in human population,
which was exponential up to about 1990, but has been significantly slower since then [14].
Industrial development and CO, production, however, have not slowed down. As a result,
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the Keeling Curve [15], plotted in Figure 1 as monthly averages of CO, concentration, with
annual cycle removed, together with a best fit exponential for comparison, continues to
show the same growing trend, in spite of all international efforts, led by the United Nations
(UN), aiming at the reduction of human-caused carbon emissions [16].

Such efforts formally got under way with the establishment of the United Nations
Framework Convention on Climate Change (UNFCCC), following the “Earth Summit”—in
fact, the United Nations Conference on Environment and Development (UNCED)—held
in Rio de Janeiro, Brazil, in 1992 [17], and continued with the 1997 Kyoto Protocol [18]
and its 2012 Doha Amendment [19]. More recently, the Paris Agreement, reached by the
parties to the UNFCCC at the 21st Conference of the Parties (COP), held in Paris, France, in
2015, originated a five-year cycle of “increasingly ambitious climate action” carried out by
participating countries [20]. As a consequence, since 2020, countries have been submitting
their first national climate action plans, or Nationally Determined Contributions (NDCs).
However, given the UN’s Intergovernamental Panel on Climate Change (IPCC) warning
of “more severe climate change impacts, including more frequent and severe droughts,
heatwaves and rainfall”, should global warming cross the 1.5 °C threshold, the 27th COP,
held in Sharm el-Sheikh, Egypt, in 2022, called for accelerated action and requested parties
to “revisit and strengthen the 2030 targets in their NDCs, to align with the Paris Agreement
temperature goal by the end of 2023” [21]. But, in the meantime, CO; concentrations shown
by the Keeling Curve continue to rise, exhibiting the same exponential growth rate, with
no effect apparent from these efforts.
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Figure 1. The Keeling Curve, showing the 1956-2022 evolution of CO, concentration [ppm] in the
Earth’s atmosphere (red line: CO, concentration monthly averages, seasonal cycle removed; public
data obtained from [22]); compared to the best-fit exponential curve of the SEE model (black line).

2.1. The Keeling Curve

Data collection at the Mauna Loa Observatory—located on the north flank of the
Mauna Loa Volcano, on the Big Island of Hawaii, at an elevation of 3397 m above sea
level—on which the Keeling Curve is based, started in 1958 and continues through the
present, albeit from a nearby station, with updates published regularly [23]. Actual mea-
surements at the original facility stopped following the late 2022 eruption of Mauna Loa’s
Volcano, when a lava flow across the road leading to the site cut both access and power
lines. Thanks to an emergency set-up, the same atmospheric sampling has been resumed
at a temporary facility, using existing infrastructures on Maunakea, a dormant volcano
located approximately 21 miles north of Mauna Loa [24]. Both observation points lie above
the local marine temperature inversion layer, which separates the lower portions of the
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atmosphere from the above-standing cleaner troposphere. These remote locations, offering
undisturbed conditions, with minimal influences of vegetation or human activity, are ideal
for monitoring air constituents that can affect climate change. Thanks to the continuity of
such measurements, well over 60 years of continuous CO, observations are now available,
showing occasional minor dips and bumps due to volcanic eruptions and El Nifio events,
but staying depressingly close to the same exponential, in spite of the growing concern
about the Earth’s climate and the consequent UNFCCC-led actions recalled earlier in this
section. So far, at least judging from the trend of the Keeling Curve, ongoing human activ-
ities apparently continue to generate the exponential greenhouse effect driving force [8].
The exponential best-fit, shown in Figure 1, gives an e-folding time of 54 years, with a
baseline value of 269 ppm in the pre-industrial era, consistent with estimates of peak con-
centrations reached during warm interglacial periods in the last 800,000 years [25], based
on Antarctic ice core data [26]. Concentrations have recently reached 420 ppm, 1.5 times the
pre-industrial value. As of today, in 2023, the CO, amount is still growing exponentially,
with no signs of any significant down-turn. By the year 2100, the SEE scenario reaches a
value of 905 ppm, over three times the pre-industrial level.
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Figure 2. The 1850-2022 global monthly average SST anomaly [°C], as computed by the UK Hadley
Centre, with 0.35 °C added to change anomaly reference date from the 1961 to 1990 period to the
distant past (red line: SST anomaly monthly averages; HADSST4 public data set obtained from [27]);
compared to the best-fit exponential curve, assuming the SEE 54-year e-folding time (black line).

2.2. Global Average Sea Surface Temperature

In comparison to the Keeling Curve for CO, concentration, the global average SST
data from the UK Hadley Centre (HADSST4) shows more short-term and long-term varia-
tions [28], but with a longer data series, starting in 1850 (Figure 2). An exponential with an
e-folding time of 54 years (also shown in Figure 2) again gives a good fit, with warming of
1.5 °C (the value that UN’s IPCC reports [29] warn not to exceed) by 2046, 2 °C by 2062,
and just over 4 °C by 2100. If the SEE model is taken as a prediction, this is clearly the
most significant change of all those affecting sea level rise, given the most recent record
temperatures reached in some basins of the northern hemisphere (e.g., in the summer of
2023 for the Mediterranean Sea [30]). Continued exponential growth, to 10 °C in 2150 and
26 °C in 2200, represents a run-away greenhouse effect that would eventually sterilize the
Earth, in a Venus-like fashion [31]. Indeed, additional sources of CO,, like the increasingly
common wildfires raging in several regions of both the northern and southern hemispheres,
must now be adding to the problem.



Remote Sens. 2024, 16, 262

50f 20

2.3. Global Average Sea Level

The global average sea level, as measured by satellite altimeters since the early
1990s [32], shows a similarly rising exponential curve (Figure 3), with the same e-folding
time of about 54 years already introduced earlier. The more precise satellite data record is
still rather short, so the e-folding time value is not yet well-determined, but the 54-year
apparent figure is somewhat confirmed by the Reconstructed Sea Level [33], based on tide
gauge data (also shown in Figure 3), going back to before 1900. The rise has amounted
to 16 cm by the year 2000, and 24 cm by 2020; small amounts so far, but enough to start
causing erosion and floods, locally and around the world [34]. The satellite altimeter data
exhibit dips of up to 1 cm in years 2010 to 2016, which have been explained as large-area
rain events, when water evaporated from the oceans has taken several months to flow
back from land [35], but continues to follow rather precisely the SEE model. The difference
between model and observed values for the period 1993 to 2022 shows a standard deviation
of 2.5 mm, while the level has increased by 10 cm.
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Figure 3. Global average sea level [m], as derived from tide gauge measurements before 1993 (red
dots: reconstructed sea level based on [36], public data obtained from [37]), and by satellite altimeters
after 1993 (red line: public data obtained from [38]), with 0.145 m added to change the height reference
date from 1993; compared to the best-fit exponential curve (black line), assuming the SEE 54-year
e-folding time.

These numbers are starting to attract widespread attention, though the rise is not yet
large enough to cause the alarm that it deserves. The SEE model represents a continuing
exponential rise, to 1 m in 2100, 2.6 m in 2150, even to 6.6 m in 2200. Of course, there’s
no way to be certain that the actual rise will continue to follow the model curve into the
next century, but the present trend is clear and gives a good indication of what future to
expect in the next few decades. If the model continues to be realistic, then sea level rise will
have to be recognized as a really serious problem by the same national and international
bodies mentioned above, which are now trying to reduce climate change, as well as by the
general public at large (although global warming per se, rather than just rising sea levels,
will probably continue to be the issue attracting the most attention).

3. Satellite Altimetry Data Record

Historical sea level changes cover a broad spectrum of space and time scales, resulting
from complex processes taking place within the Earth system, as well as to external forcing
due to both natural phenomena and anthropogenic factors [39]. In the last three decades,
spaceborne instruments have detected accelerations in sea level rise, and in the evolution
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of other indicators of climate change, which are to be expected when the planet warms,
based on current understanding of Earth’s history and climate physics [40]. Most of the
observed global sea level rise (in excess of ~3.3 mm/year, in the satellite measurements
record; see following paragraphs) is estimated to come from the melting of land-based ice,
which adds to the ocean’s volume (~2.1 mm/year), and from the thermal expansion of
ocean water as it warms (~1.3 mm/year) [41]. Changes in land-water storage (e.g., due to
the enlargement of surface reservoirs or the depletion of underground aquifers), as well
as changes in global precipitation patterns, also make small contributions [42]. Vertical
land motions, due to subsidence and/or to rebounding of the Earth’s crust since the end of
the Last Glacial Maximum, contribute to site-specific, regional variations in sea level [43].
The amount and speed of sea level rise also varies by location, and from near-coastal to
open ocean areas, mainly due to the Earth’s uneven distribution of mass, as well as to the
changing physical properties of seawater and its dynamics [44]. In the present climate
change context, both models and observations seem to agree that the dominant trend of
sea level rise over most of the globe will follow the exponential increase exhibited by the
global average curve (Figure 3). Prominent exceptions will occur wherever glacial isostatic
adjustment is significant, either from the last ice age, as in Northern Europe, or from the
ongoing land ice melting, over Greenland and Antarctica.

3.1. Relative Sea Level

Before the satellite altimetry era, tide gauges, which record the height of the water
level with respect to a local land reference, were the only means to directly observe sea level
variability [45]. Such measurements, limited to specific and unevenly distributed coastal
sites, show relative changes due to the combination of absolute water level variations
and local or regional vertical land movements. To derive absolute sea level changes from
tide gauge records, these have to be corrected, in general by using global positioning
systems [46]. Various methods are available to process tide gauge records over long periods
and provide long-term mean values in which shorter-term variations are greatly reduced, so
that local changes in sea level can be estimated to an accuracy at or below the cm level [47].
This renders the coverage of such in situ sensors invaluable, at least at their specific location,
in following the evolution of average sea level, and of other coastal processes as well. The
strong heterogeneity in tide gauge locations worldwide represents a main limitation at
the global scale. Nevertheless, these data are also useful to validate numerical models
and even to detect errors or drifts in altimeter datasets [48]. Reconstructed sea level data
can also be obtained, combining the tide gauges data (and/or other in situ data) with
satellite altimeters data, in order to estimate the pre-satellite era sea level. For example,
an Empirical Orthogonal Function (EOF) can be fitted to the satellite record in order to
generate an algorithm that uses tide gauge data back in time to extrapolate past global sea
levels [49].

3.2. Geocentric Sea Level

Unlike tide gauges, satellite altimetry from the Earth’s orbit can provide a measure
of geocentric sea level variations [50]. Altimeters map the sea surface by measuring the
satellite-to-surface return travel time of successive radar pulses in order to determine the
height of the satellite above the water, i.e., its altimetric range. The difference between
altimetric range and satellite altitude above a reference surface gives the height of the sea
surface with respect to the same reference surface. The altimetric range must be corrected
to mitigate effects caused by atmospheric refraction, sea state, and instrumental biases; a
number of corrections due to different geophysical effects are also taken into account [51].
The proximity of land contaminates the return signal of the altimeter, so algorithms are
used to provide corrections in coastal zones [52]. The measurements are collected along the
ground tracks, the projection of the altimeter orbits on the Earth’s surface, in any weather
conditions and regardless of the time of overpass. Covering the oceans with repeated tracks,
at repetition rates of some days, satellite altimeters can provide (quasi) global monitoring
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of sea surface height to an accuracy of 1 to 2 cm. Combining data from several satellites,
by removing their respective biases, a continuous time series between mission can be
obtained [53]. This provides unprecedented, detailed insights in the redistribution of water
masses, thermal expansion and contraction, currents and eddies, thermohaline density
variations, ocean—-atmosphere coupling, and impact of fresh waters, including melting ice
sheets and glaciers.

3.3. Satellite Altimeter Missions

For the last three decades, a string of diverse but coherent altimetry missions has been
measuring routinely climate-related sea level dynamics, at both regional and global scales.
A remarkable international group of space agencies is behind the realization of such a long-
term series of satellite altimeters, and it includes the US National Aeronautics and Space
Administration (NASA) and National Oceanographic and Atmospheric Administration
(NOAA); the European Space Agency (ESA) and European Organisation for the Exploitation
of Meteorological Satellites (EUMETSAT); the French Centre National d’Etudes Spatial
(CNES); the Indian Space Research Organization (ISRO); the Canadian Space Agency (CSA);
and the United Kingdom Space Agency (UKSA). Their early attempts to collect data on the
structure of the sea surface, i.e., its elevation (with respect to the geoid) and roughness (as
a function of winds, waves, wakes, slicks) started with the very first generation of ocean-
viewing satellites, namely, Skylab in 1973 and Geos-3 in 1975 [54], carrying a suite of (active)
microwave sensors, in particular altimeter and Synthetic Aperture Radar (SAR) prototypes.
The 1978 SEASAT mission, also carrying a radar altimeter, as well as a number of other
microwave sensors, explicitly aimed to validate the feasibility of global ocean monitoring
by satellite, and to define the requirements of future operational satellite systems for ocean
remote sensing [55].

More than a decade later, a series of follow-up quasi-operational altimeter missions
begun to develop [56]. The sequence was initiated by the European ERS-1 and ERS-2,
launched in 1991 and 1995, respectively, and by the American-French TOPEX/Poseidon,
launched in 1992. American-European cooperative missions were continued by the Jason
satellite series, i.e., Jason-1 in 2001, the Ocean Surface Topography Mission OSTM /Jason-2
in 2008, and Jason-3 in 2016. Next came the all-European Envisat, in 2002 [57]; the Indian-
French altimetry mission SARAL/ALtiKa, launched in 2013 [58]; and, again, the European
Sentinel 3A and Sentinel 3B, in 2016 and 2018, respectively; and Sentinel-6 Michael Freilich
(S6MF) in 2020 [59]. Sentinel-3A and 3B (together with CryoSat-1, lost in 2005 due to a
launch failure, and Cryosat-2, launched in 2010 [60]) were the first satellites to operate SAR
(Delay-Doppler) mode altimeters, achieving major refinements, over both open ocean and
coastal zone, improving the accuracy of measurements, mapping previously unresolvable
features, and providing measurements closer to the coast than ever before. S6MF has
ensured continuity of such observations. With the new digital altimeter technology and
dedicated onboard processing of SGMF, more precise measurements of sea surface height
are possible, as well as information on coastal ocean dynamics within a few kilometers of
the coast.

Finally, the short-lived American-French, with Canadian and British contributions,
Surface Water & Ocean Topography (SWOT) latest altimetry mission, with enhanced
technologies for higher resolution data, was launched in late 2022 [61]. It will be followed
by Sentinel-6B, scheduled for launch in 2025. SWOT, with new Ka band radar interferometer
technology and a nadir altimeter, provided the first high-resolution measurements of both
marine and other surface water features, obtained with a single satellite mission, resolving
lakes of 250 m? in size, rivers 100 m wide, and sub-mesoscale ocean features.

The current time series of global mean sea level rise has been created essentially using
Topex/Poseidon, the three Jason series, and S6MF. These have produced the unique, long-
term, continuous time series of data, constituting the later, post-1992 part of the graph
shown in Figure 3 [62]. While the historical data record indicates that sea level rose by
about 15 cm on average, between 1900 and 1993, the altimetry-based global mean sea level
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has risen on average at a rate of 3.3 £ 0.3 mm per year, between the years of 1993 and
2022. This corresponds to a post-1990 average increase of almost 10 cm over the following
30 years, clearly showing acceleration of the rise. Moreover, the altimeter-derived sea level
rise has been around 2.6 mm per year, between 1993 and 2008, but the rate of rise has grown
to 4.2 mm per year, considering the period from 2007 to 2022 [35].

The SEE model curve, shown in Figure 3, displays an exponential increase, which
has reached 25 cm above pre-1900 values in 2022 and will reach 40 cm by the year 2050,
followed by 1 m by 2100 and 2.5 m by 2150. Institutions responsible for satellite al-
timetry in both the US and Europe have in the past suggested a much more moderate
rise by publicizing only the linear best-fit trend of the satellite record. Until this year,
2023, websites of the US NOAA [63], the University of Colorado [64], and the French
AVISO [65] all prominently displayed only a linear rise rate, close to 3.5 mm per year.
This gives a much less alarming picture, but promotes a value from 15 years in the past
(mean date of the satellite record is 2008) and suggests linear extrapolation for future pre-
diction, to about 50 cm by 2100 and 85 cm in 2200, much less than the rise suggested
by exponential growth. The most recent update of the NOAA website now emphasizes
acceleration, and the University of Colorado website links to this. Only the French AVISO
website continues to promote the linear rise. Presumably, this will be updated soon.

4. Coastal Areas: Impacts and Defenses

In the next 10 to 100 years, the dramatic effects of global sea level rise are expected to
seriously affect most of the world’s coastal regions (while in regions such as Greenland, or
Antarctica, and nearby areas, the effects of significant glacial rebound will tend to prevail,
as land ice melts so that loading plus gravitational attraction are removed). If the SEE
scenario outlined above, showing exponential rates of sea level rise, continues to prove
correct, then relatively soon, most of the world’s coasts, which are not natural rock, will
be either heavily reinforced artificially, or heavily eroded. One implication is that most of
the present beaches are going to be lost [66]—a perspective that might be acceptable, as
long as the coastline’s changing structure were capable of evolving until it reaches a new
equilibrium. But, of course, concern arises for the consequent anthropogenic stiffening of
coastal environments, artificially reinforced or outright covered with concrete, to protect
existing formations, which hinders the natural system’s ability to adjust and adapt to the
changes. In addition, there exist already large amounts of coastal infrastructures, along
several stretches of coastline, worth retaining for environmental, cultural, or economic
reasons (e.g., the City of Venice). A widespread discussion should be initiated on possible
actions to be taken, including how to preserve some unchanged, natural coastline for future
generations, as well as how to plan the future of presently modified coastline, which will
have to be either abandoned or defended.

While sea level rise impacts and responses will need to be considered for all shorelines
worldwide, the coastal areas of marginal and enclosed seas, especially those exhibiting high
residential density, abundance of historical and cultural sites, and great economic value,
due to local maritime activities such as tourism, commerce, transportation, aquaculture and
fisheries, will represent special cases to be notably considered. The cluster of semi-enclosed
basins in the Mediterranean region (Figure 4) embodies such a critical hotspot, where
geography and history combine to create the cradle of (western) civilization [67]. At the
same time, the basins” morphology offers an almost unique opportunity to study possible
remediations to uncontrolled sea level rise, which near Gibraltar will be close to the global
average [44], based on environmental engineering at the basin scale. A possible solution—
proposed at the Oceans from Space V Symposium—to provide long-term, sustainable, and
possibly affordable protection for all coastlines of the Mediterranean Sea, and Black Sea
as well in fact, would be to close the Strait of Gibraltar with a dam, thereby regulating the
water through-flow to and from the Atlantic Ocean and ultimately controlling sea level
within the whole basin.
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Figure 4. The semi-enclosed Mediterranean Sea, Black Sea, and Red Sea. The Mediterranean Sea is
connected to the Atlantic Ocean by the Strait of Gibraltar; to the Black Sea by the Bosphorus; and to
the Red Sea by the Suez Canal (all identifyed by red circles). The location of the Lagoon and City
of Venice is also shown. The colour coding of sea areas indicates approximate bathymetry, from
shallower waters (lighter blue tones) to deeper waters (darker blue tones), while that of land areas
indicates vegetation cover (green tones) and desert areas (yellow and brown tones).

The notion of a Gibraltar Dam is not new. In the 1930s, for example, such a dam
was proposed by Herman Sorgel as part of the Atlantropa Project, designed to lower the
Mediterranean Sea level by up to 200 m, in order to gain new coastal lands and allow power
generation from the resulting inflow at Gibraltar and the Bosphorous [68]. In 1958, Scientific
American published an article by Henry Stommel, which mentioned the “entertaining
fantasy” of controlling climate by building a Gibraltar Dam, blocking the deep outflow
from the Mediterranean Sea and thus achieving climatic modifications that might possibly
improve the planet for human habitation [69]. In 1977, a controversial paper by Roger
Johnson, published in the EOS Transactions of the American Geophysical Union (AGU),
claimed that damming the Strait of Gibraltar would prevent the onset of a new ice age,
triggered by an increased salt outflow from the Mediterranean Sea, which in turn was a
consequence of building the Aswan Dam on the river Nile [70]. More recently, in 2015,
a precursor of the present review, published in Natural Hazards, revived the issue by
advocating “a sea surface height control dam at the Strait of Gibraltar”, aimed to stabilize
the Mediterranean Sea and Black Sea at the present level, thus preventing the future loss of
countless coastal sites of great economic and cultural value [71]. The debate was resumed
once again at Oceans from Space V, during two ad hoc Sea Level Rise sessions, foreseen by
the Symposium program for this very purpose, of which the present review constitutes a
concise report.
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The Strait of Gibraltar has been blocked in the process of continental drift, during the
Messinian stage (the uppermost stage of the Miocene, in the geologic timescale), between 7.2
and 5.3 million years ago (Ma), with catastrophic consequences for the marine environment
of the inner basins [72]. In the latter part of this stage, the connection between Atlantic
Ocean and Mediterranean Sea was progressively restricted by tectonic movements, until its
total closure during the Messinian salinity crisis, starting from 5.9 Ma [73]. Consequently,
the Mediterranean basin went into a cycle of repeated partial desiccations, turning into
a deep desert surrounding a number of residual extensive brine pools. After the Strait
of Gibraltar precursor closed for the last time, around 5.6 Ma, the Mediterranean basin
dried out almost completely within a thousand years [74]. The Messinian salinity crisis
ended 5.3 Ma, when the Atlantic breached the closure once again and rapidly filled up the
Mediterranean basin in what is known as the Zanclean flood [75].

A modern, artificial closure of the Strait of Gibraltar would require a careful evaluation
of its effects, difficult international agreements, long realization plans, and relatively high
costs (see [71] and references therein). If such a project could ever be realized, the long-term
stability of water levels, as well as of the resulting new environmental equilibrium, would
require an appropriate water flow management. Both positive and negative effects would
result. On the positive side, the closure would allow an effective regulation of sea level
and provide coastal protection throughout the inner basins, as well as a significant power
generation potential and a land link between Europe and Africa. Adverse effects would
include still unknown results of limiting the water exchange with the Atlantic Ocean;
rising salinity in the Mediterranean Sea and possibly stronger stratification in the Black
Sea; changes in nutrient cycling and ensuing ecological repercussions, including disrupted
migration patterns of various species; and the need for maritime traffic to go through locks
at both Gibraltar and Suez. No particular intervention would be required for the Black Sea
sub-basin, where no alternative protection could be obtained by damming the Bosphorous,
since the large freshwater inflow would eventually, and rather quickly, raise the water level.
Appendix A offers a summary of this entire topic, as discussed during the Sea Level Rise
sessions at Oceans from Space V, together with additional details and proper referencing
for most of the issues above.

The general idea of responding to the effects of climate change with some form of
“geo-engineering”—where a negative connotation might be given to the idea of solving a
human-induced problem by tampering even more with nature, only to cause even worse
side effects [76]—leads to important ethical considerations. Indeed, any plan for large-
scale interference with Earth sub-systems implies the risk of unintentional disruptions
of some natural balance and may result in a dilemma that such disruptions could be
more damaging than the very damage they were meant to offset. Some geo-engineering
proposals, in particular when related to climate change remediation, have been highly
controversial, due to the large uncertainties about their effectiveness, their possible side
effects, and just the outright possibility of unforeseen consequences [77]. However, the risks
of adopting such interventions must be seen, eventually, in the context of the outcome of
continuing climate change without them [78]. The proposed Gibraltar Dam does represent
a major modification of environmental equilibria, but this is in response to the on-going
global, albeit unplanned, “geo-engineering” that has so significantly increased the CO,
concentration in the Earth’s atmosphere and altered the climate in the first place.

A second ethical point to be noted is that a group of countries could unilaterally
implement geo-engineering plans, which may be beneficial for themselves, but hurt others.
Damming the Strait of Gibraltar to lower sea level in the Mediterranean basin would help
riparian countries to safeguard their coastlines, and ease expected problems [79], but it
would impose some level of hardship on low-lying countries in the rest of the world. In
fact, should the Mediterranean Sea level stop rising in the future, the global ocean rise rate
would increase by 0.8% (corresponding to the Mediterranean basin’s share of the world’s
ocean area). This seems a relatively small fractional increase, but in principle it would add
to the existing sea level problem worldwide (e.g., an 8 mm rise in global sea level for a drop
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of 1 m in Mediterranean Sea level). In this respect, the construction of a Gibraltar Dam
has been labeled as “colonial” geo-engineering, in that Mediterranean countries would
protect themselves at the expense of other countries, which would simply have to suffer
the consequences of such imposition. This argument could be rejected on the basis of
its relative scale: in fact, if even a microscopic rise is forbidden, then all flood protection
becomes illegal, as in all cases water is being diverted to somewhere else, only to become
somebody else’s problem. Moreover, the Mediterranean basin is the only large marine
area that could be dammed in this way (with the exception perhaps of the Red Sea and the
Persian Gulf, although similar measures have been proposed also for the North Sea and
Baltic Sea [80]), so there is little danger that similar solutions would proliferate, though
major coastal defenses must be expected elsewhere, around the world. And, in the end, the
whole climate change problem could be called “colonial”, in that an initially small group of
developed countries have already discharged their CO, waste into the Earth’s atmosphere
to further increase their own economic development, causing hardship to all (including
themselves).

5. Concluding Remarks

The unfolding changes in the Earth’s climate due to greenhouse gases emissions will
have enduring consequences for the natural ecosystem—which, in some cases, may last
up to one hundred thousand years [81]. They will also have immediate effects on human
society. So far, commitments to cut emissions have proven unable to achieve the goals
set by international agreements [82], so that various kinds of interim measures have been
proposed [83]. While reducing emissions remains the foremost immediate priority, at least
in the (very) long run, contingency plans would also be advisable to deal with the resulting
changes that are already in progress, including sea level rise [84]. Instead of trying to
modify the entire Earth’s climate, though, as some of the geo-engineering plans recalled
earlier would do, perhaps locally targeted interventions should be employed, aimed at
specific high-leverage locations [85]. For sea level rise, future actions may encompass both
traditional coastal protection and focused, regional, basin-scale geo-engineering.

As discussed at Oceans from Space V (more information on the conference and its
contents can be obtained as indicated in the Supplementary Materials endnote), the sim-
ple SEE model proposes that climate change can be represented as a single exponential
event in time, with a similar shape (a 54-year e-folding time) for indicators such as CO,
concentration, average global SST, and global average sea level as well. An international
suite of satellite altimeter missions has contributed a continuous 30-year time series to the
long-term record of sea level observations. So far, the altimetry component indicates that
global average sea level is rising at an increasing rate, and this suggests that the exponential
increase, which has already reached 25 cm above historic values, will climb to about 40
cm by the year 2050, 1 m by 2100, and 2.5 m by 2150. Future satellite missions will help
clarify the issue by extending the data record into the next decade and beyond [86]. Mea-
surements at higher resolution and closer to coastlines, where the impact of level rise on
coastal communities and infrastructures is expected to be the most significant, will also
have relevance. But for now, the global altimeter measurements closely follow a growing
exponential, indicative of a runaway greenhouse effect. Should this continue to be true, big
changes are to be expected for the world’s coastal regions [87]. To bring this situation back
under control, at some point in the next two decades a concrete response will be required,
in order for the curves of the various indicators to start bending down, below the present
growth rate. This may include ambitious, possibly even daring, regional geo-engineering
plans, to ensure that coastal icons such as the city of Venice may be spared.

Of course, managing sea level rise at its very source, mitigating and then reversing
climate change by reducing the concentration of CO; in the Earth’s atmosphere, offers
the advantage of benefiting the entire planet, while a management strategy that aims just
at local coastal protection represents an every-man-for-himself approach that may leave
others behind. But still, local, targeted interventions, focusing on specific areas, do offer
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a softer alternative to global-scale geo-engineering. With enough research on all aspects
of the proposal, it is plausible that damming the Strait of Gibraltar may prove itself as a
solution that is both effective and achievable in order to protect in a single stroke the whole
Mediterranean and Black Seas. A large amount of data collection, modeling, planning,
testing, as well as of technological and logistical development, not to mention public
discussion and political debate, will be needed before such a project is undertaken. The
hypothesis that emerged from the Oceans from Space V debate, reported here (Appendices
A and B) in some detail, can only be the starting point for a long incremental process of
design upgrades that will be required, before the international community can agree on the
merits of such a solution. Perhaps, after careful consideration, basin-scale geo-engineering
may reveal to be not so viable, after all, while site-specific coastal protection, coupled to
inland retreat where no protection measures would prove feasible or economical, may
emerge as the proper answer. We shall SEE . ..
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Appendix A
The Pillars of Hercules: Damming the Strait of Gibraltar

The Pillars of Hercules have stood for centuries at the separation of the Mediterranean
Sea and the Atlantic Ocean [88]. They are commonly identified with the high mountain
relief standing on both sides of the Strait of Gibraltar, and they are forever linked to the
demigod Hercules—or Heracles, as he was known in the ancient Greek world—who ven-
tured beyond the outer limits of the known world to perform one of his Twelve Labors [89].
According to Greek mythology, also shared by Etruscans and Romans, the Strait was opened
by the hero himself in the mountain range that joined Africa and Europe. Both Seneca and
later Pliny the Elder, in the first century AD, recall how Hercules decided not to go around
the obstacle, but rather split the mountains with a blow from his sword, and then passed
through the narrow strait. Conversely, in the preceding century, Diodorus Siculus, favoring
an alternate school of thought on this matter, held that instead of smashing through an
isthmus to create the Gibraltar opening, Hercules actually narrowed an existing, larger
strait to prevent sea monsters of the Atlantic Ocean from entering the Mediterranean [90].
This second mythological hypothesis seems to point at a similar labor which faces mankind
today: how to prevent the Atlantic Ocean itself from entering the semi-enclosed seas at
the southern edges of the European continent, engulfing their coasts, submerging their
riches, destroying their valuable infrastructures. The sea-level-rise monster is here, men-
acing to burst into Mare Nostrum, nullifying any effort to properly manage its present
near-coastal environment.

The Pillars of Hercules Foundation—a vitual non-governamental organization born in the
wake of the Oceans from Space V Symposium, held in Venice, Italy, in October 2022 [91]—was
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created to continue the debate started during the conference on climate change and its
clear consequences for sites of the Venice class. Now that sea level rise is starting to be
increasingly seen as a real and immediate danger, the advantages offered by regulating
water flows at the Strait of Gibraltar (Figure A1), to provide protection for all coastlines of
the Mediterranean and Black Seas, appear clearer than ever. The main outcome emerging
from the 2022 Venice discussions is that the idea of countering the rising sea water level
with a dam—for one of the few places in the world where a long-term, large-scale defense
against sea level changes might indeed be practical—should be studied in greater detail.
Planning and construction of a dam closing the Mediterranean Sea would be a major project,
requiring complex negotiations and international agreements, not to mention significant
resources. But most of all, the environmental impacts of controlling sea level in a semi-
enclosed basin with a dam need to be carefully assessed. Certainly, such a project could not
be undertaken any time soon, but discussions should start as early as possible in order to
quantify uncertainties and impacts, benefits and drawbacks, alternatives and costs. The
present paper should be seen as a contribution to this debate, aimed at highlighting what
is known, or not known, about the southern European Seas, and what are the chances of
mitigating problems foreseen in future sea level rise scenarios.

The Gibraltar Dam—a barrage, actually, meant to stabilize sea level with a relatively
minor sea-level difference between its two sides, rather than a wall of concrete holding back
water with a height difference of many metres—would be positioned along the Camarinal
Sill, crossing the shallowest channel in the western part of the Strait. It should be designed
to initially cause a height difference between its two sides of about 1 m, allowing inflow of
Atlantic water to balance surface evaporation in the inner basin, and possibly a residual
deep outflow from the Mediterranean itself. Such a design would need to accommodate
the fact that height differences could increase significantly in future years, even up to 10 m
within a century or so. The barrage would be built of loosely piled rock, dropped from
ships or barges, or from the dam itself, with an angle of repose small enough to ensure
stability. Since the structure would need to be designed so as to be stable in the event of at
least moderate earthquakes, an angle of repose from 30° to 20° has been suggested [92],
with the smaller angle giving increased dam stability. It could be on the order of 100 m
wide at the top and about 10 m in height above the outer ocean level, to protect against
high tides and storm surges. Being positioned west of the narrowest part of the Strait, it
would be about 25 km long, following a shallow water line where the maximum depth is
284 m (rather than 800 m in the narrowest part of the Strait). Simple geometry gives an
approximate required volume of rock, ranging from 1.23 km? at an angle of repose of 30°,
to 1.45 km3 at 25°, and to 1.78 km3 at 20° (about the same order of magnitude as the whole
Rock of Gibraltar).

A cost estimate can be derived by comparison with large-scale mining operations. For
example, 1.5 km?3, or 5 billion tons, of rock is about half the volume of material mined from
the 4.3 x 3.0 km? wide, 0.9 km deep Chuquicamata copper mine in northern Chile [94].
The total value of the copper extracted from this mine can be estimated at USD 50 billion.
By comparison, if the dam is not built, the estimated total cost of coastal defenses could
be considerably higher [95,96]. At the global scale, with about 200 million people living
within coastal floodplains—and with 2 million km? of land and USD 1 trillion worth of
assets lying less than 1 m above current sea level—sea-level rise is considered to be one of
the major socio-economic hazards associated with global warming [97].

Power generation would also be possible at the dam, especially as the water level
difference across the two sides increases in future years, offsetting over time the construction
and maintenance cost of the infrastructure. A further major benefit of the dam would be
a land link between Europe and Africa. Security for illegal immigration would need to
be handled, but a major road and rail corridor between Spain and Morocco should help
reduce the economic gap between Western Europe and North Africa. At present, both
countries have royal commissions charged with designing an underground rail tunnel
under the Strait [98,99] to improve this transport link. A tunnel would have to contend
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with the unstable geology of the Strait. The surface link provided by the dam (along the
same route as the tunnel) would be simpler, safer, and of much higher capacity. The dam
would face the same unstable geology, and could be subject to occasional slumping, but
assuming it is built of loose rock, it should be relatively easily repaired.
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Figure Al. The Strait of Gibraltar, connecting Atlantic Ocean and Mediterranean Sea. Panel
(a): location of the Strait at the westernmost end of the Mediterranean basin (black circle). Panel
(b): bathymetry of the Strait and surrounding area, from [93]. Contours are shown at 150 m intervals.
The red line indicates the approximate position for a barrage, along the Camarinal Sill, in the western
part of the Strait. Panel (c): depth profile along the shallowest water line proposed for the barrage.

Unfavorable effects of the dam would include the disruption of present water flow
patterns, rising salinity, changes in nutrient cycling, and still unclear biological impacts.
Partially blocking the inflow of surface water from the Atlantic Ocean would cause sea
level behind the dam to drop, because evaporation in the Mediterranean region exceeds the
sum of river inflow and precipitation [100]. Sluices would be needed to allow and control
water inflow to compensate for this drop. Evaporation would cause Mediterranean salinity
to increase. Under present climate conditions, this average salinity increase is estimated at
about 0.01 psu per year, or 1 psu every 100 years. This slow trend would eventually cause
serious effects, but should give sufficient time (several hundred years) for climate change
problems to be solved.

The outflow of deep, saline water into the Atlantic Ocean might also need to be
preserved [101]. Numerical models of the global ocean, in which the exchange through
the Strait of Gibraltar could be modulated at will, should be able to clarify this matter.
Modeling of the Mediterranean itself would show the impact of changing stratification
and vertical mixing patterns, affecting both oxygen ventilation of deeper layers, patterns of
nutrients dynamics, and primary/secondary production. It remains to be seen whether
fish and marine mammal migrations could be maintained via the dam openings (i.e., the
sluices above). Ultimately, though, without a dam to control sea level rise, the trend to
increase coastal reinforcements would lead to a catastrophic degeneration of a large part of
the coastline, with dramatic impacts on the entire basin’s flora and fauna [102].

Shipping would need to be regulated at the dam with locks, possibly built together
with port facilities located to the north and to the south of the barrage, west of Tarifa,
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Spain, and east of Tangier, Morocco, for redundancy. Locks would also be needed for the
Suez Canal. These could be installed in both the south and north sections of the waterway,
allowing the central Bitter Lakes to return to the higher salinity that previously blocked
invasive species from the Red Sea [103]. The locks would increase transit times for marine
traffic, reducing the competitiveness of the Mediterranean shipping route. Moreover,
undetected passage of submarines would become impossible, but that may prove not to be
such a negative occurrence.

Appendix B
Saving the City of Venice

A barrage in the Strait of Gibraltar, regulating water exchanges with the Atlantic
Ocean, together with proper locks in the Suez Canal, could protect all coastal environments
and infrastructures throughout the Mediterranean Sea and Black Sea, eliminating the need
for any other coastal defense against rising sea levels. A recent report by UNESCO [104]
concluded that, due to the connection of the Mediterranean to the global ocean through the
Strait of Gibraltar, the MOSE system of movable barriers is inadequate to defend the City
of Venice on the long term [105]. The report states that “the sea will eventually rise to a
level where even continuous closures will not be able to protect the city from flooding”,
and that “the question is not if this will happen, but only when”.

Closing Gibraltar is an alternative to the conclusion that cities such as Venice are
inevitably doomed. Clearly, this proposal needs to be studied and discussed. But it is
also clear that a significant length of unchanged, natural Mediterranean coastline would
be preserved if the dam were built. The dam would protect many historic cities and
archeological sites which were designed for the low tidal range of the Mediterranean basin,
and which have survived (with a few notable exceptions) thanks to the relatively stable
sea level of the most recent centuries. The exponential increase in global sea level, which
has already reached 25 cm above historic values, will reach 40 cm by the year 2050, 1 m by
2100, and 2.5 m by 2150. The present systems to prevent flooding in the City of Venice will
find it hard to operate with an additional sea level rise of even 40 cm.

The MOdulo Sperimentale Elettromeccanico (MOSE), now nearly operational, is Venice’s
response to the recurring episodes of Acqua Alta, which combine storm surges and high
astronomical tides (up to 187 cm, on 13 November 2019 [106], second highest only after
the 194 cm record of 4 November 1966). These episodes cause repeated, picturesque, but
devastating flooding in the city. The MOSE movable barriers rest on the bottom of the
Venetian Lagoon openings (the three Bocche di Porto, i.e., Lido, Malamocco, and Chioggia)
and can be raised from a control station on the artificial island built in the middle of
the Bocca di Lido (Figure A2). Their closure seals off the Lagoon from the Adriatic Sea,
preventing any water level rise in the city’s historical centre, and in all other Lagoon sites.
The MOSE, however, is designed to provide short-term defense from Acqua Alta, not from
the long-term rise due to climate change. Ultimately, even if all Mediterranean coastlines
were protected against the global sea level rise by a dam at Gibraltar, Acqua Alta would still
occur in Venice, and the MOSE would still be required. The combination of MOSE and the
dam would seem the best, and probably the only, long-term solution.

In the past 100 years, natural land subsidence lowered the City of Venice by 3 cm,
and water pumping from underground aquifers caused additional lowering by 9 cm. In
the same period, global sea level rise amounted to 13 cm. The total relative rise of about
25 cm is expected to grow by an additional 50 cm by the end of the century. By that time, a
climate-change-driven sea level rise of 1 m and a possible 2 m Acqua Alta could give a grand
total of 4 m! This would be well beyond the capability of the MOSE, which was designed
to handle exceptional surges of up to 3 m, and to be closed only a few times per year. As of
today, in 29 months of MOSE test operations, there have already been 44 closures, about
20 per year, a rate almost 10 times higher than expected [107].
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Figure A2. Location of the Venetian Lagoon’s three main inlets, or Bocca di Porto (Lido, Malamocco,
Chioggia), where the MOSE floodgates are located (red circles).

The book “Venice shall rise again”, subtitled “Engineered uplift of Venice through
seawater injection” [108], promotes the idea of raising by about 30 cm a circle of land
~3.5 km in radius, centered under Venice, with lesser uplift out to a distance of ~25 km.
An obvious danger is that differential uplift could damage buildings, but the authors point
out that the reverse procedure, i.e., the extraction of water for urban usage, has caused a
drop by a significant fraction (about 30%) of the planned rise, without significant damage.
Measurements of subsidence in the years 1950 to 1970 provide data on the differential
movements due to extraction, and hence those to be expected during injection. The cost
estimate appears to be modest, in comparison to that of MOSE, but, so far, the idea has not
been pursued further.

Action to save Venice, if it is to include major projects like a Gibraltar Dam, requires
active support by the entire Mediterranean community. Indeed, other countries are facing
similar problems, due to the present and foreseen sea level rise. Egypt is a prime example,
where the entire Nile delta is in danger of disappearing, while coastal cities, such as
Alexandria, are struggling with the combined effects of sinking land and rising sea. It
seems that an unprecedented level of collaboration would not be unlikely in the region.
In the Mediterranean and Black Seas, the Gibraltar Dam would be a possible alternative
to the massive intervention on coastal landscapes and infrastructures required by global
sea level rise. But the present standard reaction to proposals to initiate a public debate
on the subject appears to be quiet disbelief, probably directed more at the international
cooperation needed for success, rather than at the reality of the coming sea level rise.
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