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1. Introduction
The study of geological and historical sea-level changes constitutes an important aspect of climate change and global warming research. In addition to the
imminent hazards resulting from the inundation of low-lying areas along coastal
regions, the rise in sea level can also cause erosion of beaches, salt intrusion into
freshwater aquifers, and other damage to the coastal environment. The utmost
importance of current changes in sea level is attributed to its impact on diverse
ecological systems in coastal regions (Klein et al., 2004).
On time-scales of millions of years, geological processes, such as changes in
ocean basin geometry caused by plate tectonics, are dominant in affecting sealevel change, whereas on shorter time-scales of years and decades, oceanographic
and climatic factors are more dominant (Lambeck and Purcell, 2005).
On time-scales of centuries and millennia, sea-level change is affected
mainly by eustatic (all types of water volume variations), glacio-hydro-isostatic,
and tectonic factors. Eustatic changes are global and are defined as ice volume
equivalent. Isostatic sea-level changes are regional, and result from changes of ice
mass balance over the crust and water and sediment over the continental shelf
and ocean floor. Vertical tectonic movements are local and are caused by geological uplift or subsidence. Glacio-hydro-isostatic change has a predictable pattern, whereas tectonics is less predictable (Lambeck et al., 2004). The best way for
differentiating the global, regional, and tectonic processes in long-term records is
by comparing observations and glacio-hydro-isostatic models that predict the
combined global and regional components (e.g., Lambeck and Purcell, 2005, and
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references therein). Discrepancies between the observed and the model-predicted
changes are attributed to local movements, whether induced by tectonic movements, sediment compaction, or other reasons.
For short-term records of decadal scale, distinguishing between the “eustatic”
component and regional–local crustal movements can be conducted only with
present-day measurements. This involves simultaneous measurements of relative
sea-level changes by tide-gauge and land vertical movement by GPS or other
geodetic techniques. Daily and seasonal changes are caused mainly by astronomical tides and other atmospheric and oceanic forcing mechanisms.
“Eustatic” sea-level changes do not actually exist because sea-level changes
are spatially heterogeneous, at least over decadal time scales (Mitrovica et al.,
2001). Isostatic and local factors affecting land levels may cause relative sea-level
changes that vary from place to place throughout the world (Pirazzoli, 1996).
Over the past century, sea level rose by 1–2 mm/year, with nonlinear changes
(“accelerations”) in different places (Woodworth and Player, 2003; Church and
White, 2006; Jevrejeva et al., 2006; Woodworth, 2008), inundating flat coastal
areas, and disrupting natural freshwater environments as well as human habitat
in many coastal and inland communities.
2. Mediterranean Sea-Level Change Since the Middle Pleistocene
“Global” sea-level curves indicate that during the last 600,000 years (ka), the sea
reached a maximum elevation of 5–10 m above present sea level (asl) (Fig. 1) at least
three times and dropped to more than 100 m below present sea level (bsl) at least five
times (Waelbroeck et al., 2002; Schellmann and Radtke, 2004; Rabineau et al., 2006;

Figure 1. Global sea-level changes in the last 600 ka. (Modified after Waelbroeck et al., 2002;
Rabineau et al., 2006; and Siddall et al., 2006.)
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Siddall et al., 2006). The cyclic transition between glacial and interglacial cycles was
about 100 ka (Shackleton, 2000), and the mean time between one glacial trough and
the succeeding interglacial peak was about 20 ka.
Sea level during Marine isotope stage (MIS) 7.1, dated to between 202 and
190 ka, remained 18–9 m bsl (Bard et al., 2002), based on precise Uranium–
Thorium (U-Th) dating of stalagmites from a currently submerged cave in Italy.
Sea level rose above its present level only at the peak of the last interglacial,
some 125 ka ago (MIS 5e). In the Mediterranean, dating of the MIS 5e terraces
is not certain, and at present there are indications of different levels, as summarized in Mauz and Antonioli (2009) and Stewart and Morhange (2009). The
present elevations of the different sea-level indicators range between +175 and
−125 m only in Italy because of tectonic reasons (Ferranti et al., 2006), or because
of hydro-glacial adjustment of the crust (Antonioli et al., 2006). Studies in regions
of the Mediterranean that are relatively tectonically stable, such as the coast of
Israel (Sivan et al., 1999; Galili et al., 2007), western Sicily, and southern Sardinia,
indicate that the Last Interglacial sea reached approximately 6 ± 3 m asl (Lambeck
et al., 2004; Ferranti et al., 2006).
“Global” sea level later dropped to about 120 ± 5 m bsl, reaching its lowest
levels during the Last Glacial Maximum (LGM), about 18 ka ago. In the
Mediterranean, the longest record is found in Cosquer Cave, southern France,
where Paleolithic wall paintings of horses dated to about 22 ka ago have been
partially eroded by the recent rising sea water level (Lambeck and Bard, 2000 and
references therein; Morhange et al., 2001).
Numerical models (Lambeck and Bard, 2000; Lambeck and Purcell, 2005)
predicting sea-level changes during the last 18 ka allow estimation of the vertical
movements by comparing the observations to the predictions summarized for all
the Mediterranean by Stewart and Morhange (2009).
Since then, “global” sea level has been rising as a result of deglaciation and
global warming (Fairbanks, 1989; Bard et al., 1990, 1996; Pirazzolli, 1991; Fleming
et al., 1998; Rohling et al., 1998; Lambeck and Bard, 2000; Lambeck et al., 2002,
2004). At around 12.5 ka ago, “global” sea level rose rapidly to 70 m bsl. It continued to rise and reached 40 m bsl at the beginning of the Holocene. Levels lower
than 20 bsl at the beginning of the Holocene have been observed in Israel, based on
the submerged Pre-Pottery Neolithic site of Atlit Yam, situated at present 10–12 m
bsl, with the bottom of one of the water wells at present 15.5 m bsl (Galili et al.,
1988, 2005). Sea level continued to rise rapidly until the Mid-Holocene, when the rate
slowed considerably (Lambeck and Bard, 2000; Bard et al., 1996; Lambeck et al.,
2004; Poulos et al., 2009). Based on biological, sedimentological, and archeological
indicators, sea-level studies around the Mediterranean indicate ±1 m bsl about 4 ka
ago (Morhange et al. (2001) in the west Mediterranean, Lambeck et al. (2004) in
Italy, Marriner et al. (2005) in Lebanon, and Sneh and Klein (1984), Galili et al.
(1988, 2005), Nir (1997), Sivan et al. (2001, 2004), Galili and Sharvit (1998, 2000),
and Porat et al. (2008) all from Israel, east Mediterranean). From about 4,000 until
2,000 years ago, there is ample archeological and biological (mainly biostructural)
evidence available for sea-level reconstructions from all around the Mediterranean
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with better vertical accuracy of up to ±10 cm. During the Early Roman period,
2,000 years ago, sea level in the Mediterranean was 10–15 cm bsl. In Israel, Sivan
et al. (2004) examined 64 coastal water wells in ancient Caesarea, and concluded
that sea level was close to the present level during the Roman period. This conclusion agrees with the results found in Italy (Anzidei et al., 2008). For the Crusader
period (eleventh to thirteenth centuries AD), lower levels of about 30 ± 15 cm bsl
were estimated, based on the coastal water wells of Caesarea (Sivan et al., 2004;
Sivan et al., 2008). These low levels are confirmed (with even lower estimated levels)
by ongoing data from a few sites along the coast of Israel, based mainly on archeological evidence (Sivan et al., 2008).
3. “Global” Sea-Level Observations During the Twentieth Century
There is a consensus among sea-level researchers that the “global” sea-level rise in
the past 100 years has been considerably faster than in the previous two millennia
(Douglas, 2001).
“Global” sea-level rise during the twentieth century (Table 1) is estimated by
most researchers to be 1–2 mm/year (Peltier, 2001; Miller and Douglas, 2004;
Church and White, 2006). Church and White (2006) calculated a significant acceleration of sea-level rise of 0.013 ± 0.006 mm/year during the twentieth century.
The employment of tide-gauging facilities began in the second half of the
nineteenth century, markedly improving the accuracy of sea-level measurement.
Tide-gauge stations were rare prior to 1870, while spatially widespread tide-gauge
records are available only for the twentieth century. Tide-gauge measurements are
considered the most accurate sea-level records available for the twentieth century
(Miller and Douglas, 2004), but they suffer from problems of spatial and temporal
discontinuity that make calculating “global” mean trends a difficult task. Since
the 1990s, sea-level measurements have also been obtained by satellite altimetry,
which are often used as complementary data for tide-gauge data (Cabanes et al.,
2001; Church et al., 2004). At present, more information about sea-level change
Table 1. Estimates of the “global” mean sea-level contributions from
1961 to 2003 and 1993 to 2003, compared with the observed rate of rise.
(Modified after Bindoff et al., 2007.)
Source

1961 to 2003

1993 to 2003

Thermal expansion
Glaciers and ice caps
Greenland ice sheet
Antarctic ice sheet
Sum
Observed
Difference (observed-sum)

0.42 ± 0.12
0.50 ± 0.18
0.05 ± 0.12
0.14 ± 0.41
1.10 ± 0.50
1.80 ± 0.50
0.70 ± 0.70

1.60 ± 0.50
0.77 ± 0.22
0.21 ± 0.07
0.21 ± 0.35
2.80 ± 0.70
3.10 ± 0.70
0.30 ± 1.00
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is available than ever before: historical data sets from tide-gauges; new understanding of postglacial rebound; precise geodetic techniques for the estimation of
vertical crustal motion, and finally, more a decade of satellite altimetry, providing
more precise records of recent changes in mean sea level (Cazenave and Nerem,
2004). New altimeter measurements from the TOPEX/Poseidon and Jason-1 satellites
since the beginning of the 1990s have revealed a much faster rise in sea level
during 1993–2003 than the average twentieth century rate. Cazenave and Nerem
(2004) calculated a 2.8 ± 0.4 mm/year rise for this period (3.1 mm/year if the
effects of postglacial rebound are removed).
As mentioned earlier, sea-level changes are not uniform around the Globe,
e.g., Church et al. (2004) recognized a maximum sea-level rise in the eastern Pacific
off-equatorial area, and minima along the equator, in the western Pacific, and in
the eastern Indian Ocean.
Table 1 summarizes the contributions of thermal expansion, glaciers and ice
caps, and the two ice sheets to “global” sea-level rise since 1961, according to
the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate
Change (IPCC). It is, however, noted in the report that the total “global” sea-level
change budget has not yet been satisfactorily closed.
From 1961 to 2003, thermal expansion accounted for only 23 ± 9% of the
observed rate of sea-level rise (Bindoff et al., 2007). Since 1993, the contribution
of thermal expansion of the oceans to the total rise of sea levels has been about
57%. The contribution of glaciers and ice caps decreased to about 28%, and losses
from the polar ice sheets contributed the remainder (IPCC, 2007).
4. Mediterranean Sea Levels During the Twentieth Century
Tsimplis et al. (2008) examined sea-level trends and interannual variability in the
Mediterranean (Genova and Trieste) during the years 1960–2000. Although the
observed values did not show a rise in sea level, when removing the atmospheric
and the steric contributions, the residual trends revealed a significant rise of
0.7–1.8 mm/year. This rise was not uniform, as two different trends were distinguished. Between 1960 and 1975, there was no significant change in sea level, but
from 1975 to 2000, sea level rose at a rate of 1.1–1.8 mm/year. They attributed part
of the residual trend to local land movements (0.3 mm/year), and its major part to
a global signal, probably mass addition, after 1975.
Klein and Lichter (2009) compared observed Mediterranean rates with the
“global” rate, and found the sea-level rise in the Mediterranean over the twentieth
century to be in agreement with the mean “global” sea-level rise during the
twentieth century (1.1–2.4 mm/year). They also found that this trend has not been
consistent throughout the century (Table 2; Fig. 2). Three distinctly different sealevel trends were recognized. The first lasted from the end of the nineteenth century
to 1960, when relative sea level in the Mediterranean rose by rates slightly higher
than the overall “global” trend (1.3–2.8 mm/year). In the second, from 1961 to 1989,
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Table 2. Twentieth century sea-level trends in the Mediterranean. Linear trends from the four tidegauging stations with the longest record in the Mediterranean. The trends are presented for the full
record and for the three different trends during the twentieth century: until 1960, from 1961 to 1989,
and from 1990 to 2000 (not enough data).
Sea-level
change
1961–1989
(mm/year)

Sea-level
change
1990–2000
(mm/year)

Sea-level
change
full record
(mm/year)

PSMSL
station No.

PSMSL station
name

Start of
record

Sea-level change
until 1960
(mm/year)

230051
250011
270054

Marseille (FR)
Genova (FR)
Venice (Ponte
della Salute) (IT)
Trieste (IT)

1885
1884
1909

1.72
1.28
2.77

−0.78
−0.03
0.44

–
–
10.11

1.24
1.22
2.40

1905

1.35

0.37

9.11

1.14

270061

Figure 2. Linear sea-level trends from the beginning of the measurement until 1960, from 1961 to 1989,
and from 1990 to 2000 in Marseilles (230051), Genoa (250011), Venice (270054), and Trieste (270061).

the observed measurements did not indicate significant changes in Mediterranean
sea level. Since the beginning of the 1990s, a third, short-term trend of extremely
rapid sea-level rise has been measured (4–17 mm/year). Table 2 presents sea-level
trends of four Revised Local Reference (RLR) tide-gauging records in the
Mediterranean, with a record of close to 100 years, available in the Permanent
Service for Mean Sea Level (PSMSL) database. The stations are Marseille, Genova,
Venice (with higher rates of relative sea-level rise due to subsidence in the first half
of the century) and Trieste. Sea-level trends are shown for the period from the
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beginning of the measurement to 1960, from 1961 to 1989, from 1990 to 2000 (only
Venice and Trieste had sufficient data), and for the entire record.
Klein and Lichter (2009) also found that the stability in sea level during 1961
and 1989 was the result of a rise in surface atmospheric pressure from 1961 to 1989,
and that eustatic sea level has in fact been rising, but had been depressed by the rising
air pressure. From 1990 onward, most gauging stations have showed an extremely
high sea-level rise, 5–10 times the average twentieth century rise, and notably higher
than the “global” average measured by TOPEX/Poseidon for the same years. This is
in agreement with sea-level rates found in the eastern Mediterranean by Rosen
(2002), who calculated a sea-level rise of 10 mm/year at the Hadera gauging station
between 1992 and 2002, and Shirman (2004) who showed a 10 cm rise in sea level
from 1990 to 2001 at the Ashdod and Tel Aviv tide-gauges.
New tide-gauge measurements (for location, see Fig. 3), presented in Table 3,
show a slight decrease in the rate of Mediterranean sea-level rise in the first few
years of the twenty-first century. The rates of sea-level rise were calculated from 27
Mediterranean PSMSL RLR tide-gauge records between 1990 and 2000, and
between 1990 and 2006 (the full data sets currently available on the PSMSL website). In most stations, there has been a decrease in the rate of sea-level rise between
1990 and 2006 when compared with the trend between 1990 and 2000, but the rates
remain considerably higher than the “global” and Mediterranean twentieth century
rates. It is important to note that the periods considered here are short, and the

Figure 3. Location map of the tide-gauging stations presented in Table 3.
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Table 3. Mediterranean sea-level trends from 1990s and onward. Linear trends are presented for
1990–2000, and where data were available trends extending to the mid-2000s were calculated.

PSMSL
station No.

PSMSL
station name

1
2
3
4
5

220011
220031
220041
220081
270054

6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

270061
279003
280006
280011
280021
280031
280046
280081
290001
290004
290014
290017
290030
290031
290033
290034
290051
290061
290065
290071
290091
290097

Algeciras (ES)
Malaga (ES)
Almeria (ES)
L’Estartit (ES)
Venezia – Ponte della
Salute (IT)
Trieste (IT)
Luka Koper (SL)
Rovinj (HR)
Bakar (HR)
Split Rt Marjana (HR)
Split Harbor (HR)
Sucuraj (HR)
Dubrovnik (HR)
Preveza (GR)
Levkas (GR)
Patrai (GR)
Katakolon (GR)
North Salaminos (GR)
Piraeus (GR)
Khalkis South (GR)
Khalkis North (GR)
Thessaloniki (GR)
Kavalla (GR)
Alexandroupolis (GR)
Khios (GR)
Leros (GR)
Soudhas (GR)

Sea-level change
during period
1990–2000
(mm/year)

No. of
years

3.32
8.62
9.58
4.50
10.11

10
10
8
11
11

9.11
−1.20
10.05
13.52
9.90
9.45
11.02
9.51
11.32
4.21
14.92
17.26
4.88
−16.15
7.54
1.68
9.04
−0.06
6.46
17.98
−0.08
7.36

11
9
11
11
11
11
10
9
11
8
8
8
8
8
8
10
9
9
10
9
8
10

Sea-level change
during period
1990–2006
(mm/year)

No. of
years

4.99

17

6.24
8.98
7.33
7.96
7.40
7.35
4.92
2.96
12.88
6.21

15
15
15
15
14
13
14
12
14
12

5.71

15

1.70
5.31
5.17
−1.84

13
15
12
11

trend they indicate might be merely an expression of a rising phase of an oscillating
pattern. However, during no other short period in the twentieth century have tidegauge records in the Mediterranean shown such an extreme trend.
5. Future Sea-Level Predictions
The AR4 of the IPCC (2007) predicted “global” sea-level rise of 0.18–0.59 m in
2090 and 2099, relative to 1990 and 1999 (about 2–6 mm/year) using several different future scenarios. These predictions, however, do not include uncertainties
resulting from climate–carbon cycle feedbacks, or the full effects of changes in
ice sheet flow. These factors are currently unknown, and therefore the upper
values of these predictions are not considered upper bounds for sea-level rise.
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The predictions take into consideration a contribution to sea-level rise due to
increased ice flow from Greenland and Antarctica at the rates observed from 1993
to 2003. A linear increase in ice flow from the ice sheets with global average temperature change would increase the upper range of sea-level rise for these future
scenarios by only 0.1–0.2 m (IPCC, 2007).
The IPCC AR4 predicts thermal expansion that contributes more than half
of the average sea-level rise estimated for the twenty-first century, and land ice
that loses mass increasingly rapidly. An important uncertainty relates to the question of whether discharge of ice from ice sheets will continue to increase as a
consequence of accelerated ice flow, as has been observed in recent years. This
would add to the sea-level rise, but quantitative predictions cannot be made with
a high degree of confidence, owing to the limited understanding of the relevant
processes (Bindoff et al., 2007).
The ranges of sea-level rise predictions of the AR4 are lower than those
projected in the Third Assessment Report (TAR) of the IPCC (2001), because of
improved information about some of the uncertainties of some contributions.
Recent attempts to predict future “global” sea-level rise confirm the ranges
predicted by the IPCC reports, while others predict higher rates. Church and
White (2006) estimate that if the twentieth century acceleration in sea-level rise
(0.013 ± 0.006 mm/year) remains constant during the twenty-first century, sealevel would rise by 0.28–0.34 m from 1990 to 2100, a rise consistent with the middle range of the TAR and AR4 predictions.
However, Rahmstorf et al. (2007) compared sea-level predictions of the TAR
with sea-level observations from the 1990s and 2000s, and found that the observations followed the upper limit of the predictions, including land-ice uncertainties.
They calculated the rate of rise in the past 20 years to be 25% faster than in any
other 20-year period in the last 115 years. Although they are aware of the short time
interval, they conclude that these predictions may have underestimated sea-level
change. Rahmstorf (2007) applied a semi-empirical methodology to project future
sea-level rise by using the relations between “global” sea-level rise and global mean
surface temperature. He suggests that the rate of sea-level rise is roughly proportional to the magnitude of warming above the temperatures of the pre-industrial
age. This relation produced a constant of 3.4 mm/year/°C. Applying this to future
IPCC scenarios, a sea-level rise of 0.5–1.4 m above the 1990 level is projected for
2100. Hence, he concludes that if the linear relations between sea-level rise and
temperature that existed in the twentieth century persist through the twenty-first
century, a rise of over 1 m for strong warming scenarios is not unlikely.
6. Summary
The past 600,000 years are characterized by glacial and interglacial cycles. During
the glacial maxima, sea level dropped more than 100 m below its present level. Sea
level in interglacial periods exceeded the present sea level by a few meters three
times during that time.
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During the LGM, about 18 ka ago, “global” sea level dropped by about 120 m
below its present level. Since then, the transition of the global climate into an
interglacial period was followed by a rapid sea-level rise until around 6,000 years
ago, when there was a decrease in the rate of sea-level rise, and a relative stabilization at about the present level about 4,000 years ago.
In the Mediterranean, there are radiometric ages derived from different sealevel indicators that go back to the MIS 7.1, dated to between 202 and 190 ka ago.
The last time that sea level rose above its present level was some 125 ka ago during
the MIS 5e. There are ample well-dated indications for sea level during MIS 5e,
located at present at different elevations due to vertical movements. There are biological, sedimentological, and mainly archeological data from the LGM, about 18
ka ago from all around the Mediterranean; the oldest being from Cosquer Cave,
southern France, dated to about 22 ka ago. Sea level stabilized at almost the present
level around 4,000 years ago with vertical accuracy of ±1 m. Later, 2,000 years ago,
the rate of accuracy from different indicators (both biological and archeological)
reaches ±10–15 cm, and fluctuations of tens of cm are recorded.
“Global” twentieth century sea-level rise is agreed by researchers to be considerably faster than in the previous two millennia. Most researchers estimate a
“global” twentieth century rate of 1.0–2.5 mm/year. During the 1990s, the mean
rate of “global” sea-level rise was significantly higher than the twentieth century
mean rate (1.3–2.8 mm/year). Mediterranean twentieth century sea-level rise was
close to the “global” rise, with the exception of the 1990s, when sea level in the
Mediterranean rose at rates higher even than the unusually high “global” ones (up
to three and four times the “global” 1990s rate). The rate of sea-level rise since the
beginning of the 1990s has decreased in the first half of the current decade; however,
it is still considerably higher than the twentieth century mean rate.
Future predictions of sea-level rise over the twenty-first century range from
moderate amounts of less than 20 cm to much higher values of over 1 m. The
uncertainties are attributed to the future contribution of Greenland and the
Antarctic ice sheets, and uncertainties resulting from climate–carbon cycle feedback, as well as from other unpredicted proxies.
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