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The maximum level that water reaches during a storm along the coast has important consequences on coastal
defences and coastal erosion. It depends on future sea level, storm surges, ocean wind generated waves, vertical
land motion. The future sea level in turn depends on water mass addition and steric contributions (with a
thermosteric and halosteric component). This study proposes a practical methodology for assessing the effects
of these different factors (which need to be estimated at sub-regional scale) and applies it to a 7-member
model ensemble of regional climatemodel simulations (developed and carried out in the CIRCE fp6 project) cov-
ering theperiod 1951–2050under theA1B emission scenario. Sea level pressure andwindfields are used for forc-
ing a hydro-dynamical shallow water model (HYPSE), wind fields are used for forcing a wave model (WAM),
obtaining estimates of storm surges and ocean waves, respectively. Thermosteric and halosteric effects are diag-
nosed from the projections of sea temperature and salinity. Steric expansion and storminess are shown to be con-
trasting factors: in the next decades wave and storm surge maxima will decrease while thermosteric expansion
will increase mean sea level. These two effects will to a large extent compensate each other, so that their super-
position will increase/decrease themaximumwater level along two comparable fractions of the coastline (about
15–20%) by the mid 21st century. However, mass addition across the Gibraltar Strait to the Mediterranean Sea
will likely become the dominant factor and determine an increase of the maximum water level along most of
the coastline.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

This paper proposes a practical methodology for computing the
maximum water level that will be reached along the coast and esti-
mates how it will change in the future because of global climate change.
The study consists in a sequence of three steps that from the outputs of
regional climatemodels i) produce an estimate of the various factors re-
sponsible for the water level ii) add the different contributions iii) build
indicators of water level maxima, whose values are used for estimating
the climate change signal.

The maximum level that water reaches during a storm along the
coast is expected to change in future with potentially important conse-
quences on coastal populations and structures (e.g. chapter 5 of IPCC
AR5). Results of this study are expected to be relevant for planning
coastal and harbor defenses, such as dams, sea walls, breakwaters and
structures such as jetties and docks. The analysis is applied to the Med-
iterranean sea leading to an estimate of future maximum water level
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along its whole coastline, whose vulnerability has been recognized
since long time (e.g. Nicholls and Hoozemans, 1996).

In spite of the relevance of the issue, it appears that no study has so
far attempted a comprehensive estimate of the maximum water level
including the superposition of the different relevant factors: mass addi-
tion, changes of density (steric effects), vertical landmotion, changes of
storm surges and of wind generated surface waves. All these factors
need to be estimated at sub-regional scale as they are characterized by
a large variability in space and time.

The mean sea level of the Mediterranean Sea has shown, in the re-
cent past, substantial deviations from the global values at decadal time
scales. In the period 1960–1990 themeanMediterranean sea level actu-
ally decreased, mainly because of a persistent positive anomaly of sea
level pressure (Tsimplis et al., 2005; Marcos et al., 2011a). Later, during
the 1990s, it increased at a speed greater than the global one, and sub-
sequently stopped from 2002 onwards (Marcos et al., 2011a, 2011b,
2011c). This behavior can be due to mass exchanged with the Atlantic
across the Gibraltar strait, to change of volume because of change of
temperature and salinity, or, more in general to a combination of both.
A mean flow of mass across Gibraltar can be the consequence of ice
ingmean sea level and decreasing storminess on themaximumwater
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melting, which increases globally the mass of the oceans, or/and of
changing sea level pressure distribution over the North Atlantic and
Mediterranean regions. Calafat et al. (2010) have estimated the mass
contribution to Mediterranean Sea level variability for the period
1948–2000. They found that the mass content of the Mediterranean
basin has increased at a rate of 0.8 ± 0.1 mm/yr for the period 1948–
2000 and that it increases up to 1.2 ± 0.2 mm/yr if the effect of the at-
mospheric surface pressure is removed. The steric contribution has
been estimated to contribute about 20% of sea level variance (Tsimplis
et al., 2008) inmodel simulations and it is clearly smaller than the effect
of mass addition, which is the real cause of the observed increase of the
Mediterranean sea level (Jordà and Gomis, 2013a, 2013b). Its estimate,
which is affected by the uncertainty of oceanographic observations con-
taining dubious records and holes during the 20th century, indicates
that a small steric sea level increase could eventually have been driven
mainly by warming of the upper waters (Tsimplis and Rixen, 2002).
However, concerning long-term trends (1960–2000), even the sign of
the thermosteric component is uncertain and ranges from −0.06to
+0.09 (Jordà and Gomis, 2013b). Halosteric trends are negative for all
products, but the magnitude and spatial patterns provided by available
hydrographic datasets are statistically inconsistent among them.

The future evolution of Mediterranean Sea level is uncertain. Some
regional studies have focused on the steric contribution. Marcos and
Tsimplis (2008) have used a large set of global climate models (GCMs)
for computing the steric effect on Mediterranean sea level. They have
found a large spread among model results (from −22 to 31 cm at the
end of the21st century), with density increase (due to the projected in-
crease of salinity) compensating the thermosteric expansion (due to the
projectedwarming) in somemodels. These estimates have been recent-
ly reconsidered using the CIRCE simulations (Gualdi et al., 2013), which
provided estimates of the 2021–2050mean steric sea level rise with re-
spect to the reference period (1961–1990) in the range from 2 to 7 cm.
All these estimates are valid under the hypothesis that the total water
mass in the Mediterranean will not change, which seems dubious if sa-
linity will change. An attempt to consider the total sea level using a sta-
tistical model has been done by Scarascia and Lionello (2013), but only
at sub-basin scale for the Adriatic Sea under the A1B scenario, where
they estimated a total sea level rise in the range from 14 cm to 49 cm
at the end of the century. The future effect of the atmospheric mechan-
ical forcing has been estimated by Jordà et al. (2012) suggesting a sea
level decrease in winter, with trends of up to −0.8 ± 0.1 mm/year in
the central Mediterranean under the A2 scenario, and a small increase
in summer (0.05 ± 0.04 mm/yr).

Marine storminess in the Mediterranean region is associated with a
well-defined sub-branch of the mid-latitude storm track and a consen-
sus on a decrease of its intensity has progressively emerged in the liter-
ature (Lionello et al., 2006, 2008a; Lionello andGiorgi, 2007; Zappa et al.
2013), which is especially evident considering the RCP8.5 scenario in
the latter study. Correspondingly, significant wave height and storm
surges are projected to decrease (Lionello et al., 2008b; Marcos et al.,
2011b; Conte and Lionello, 2013). For both wave and surge maxima
the value of the reduction varies depending on the basin in the range
from 2% to 5% in the period 2021–2050 with respect to 1971–2000 for
the A1B scenario.

This study differs from previously published studies because it aims
at computing the maximum level that water can reach during a storm
considering simultaneously various factors, that were considered sepa-
rately in previous studies: storm surges, ocean wind generated waves,
steric effects on sea level. Further its output is designed in such a way
to focus on the coastline (Fig. 1a), where effects of water level maxima
are most important and it is essential to adapt to their eventual future
variation. The goal is to assess the climate change effect on marine
storminess along the coast of the Mediterranean Sea in the next de-
cades. A multi-model approach is adopted by using the forcing fields
provided by a new generation of coupled regional atmosphere-ocean
models that were developed in the CIRCE FP7 project (Gualdi et al.,
Please cite this article as: Lionello, P., et al., The contrasting effect of increas
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2013). However, this study does not include land vertical motions
(which need a completely different set of models and information)
and the effect ofmass addition caused bymelting of polar and continen-
tal ice caps, which is an essential, but complicated issue in its own
(Church et al., 2013).

The organization of this paper reflects the different factors that are
included in this analysis. Section 2 (Data and methods) lists the climate
model projections (Section 2.1) providing the sea level pressure (SLP)
and surface wind fields and describes briefly the models used for com-
puting the surge levels and thewindwave spectra (Section 2.2). The fol-
lowing two Sections (2.3-2.4) describe how the contribution of wind
generated waves and steric effects to the maximum water level are
computed. Section 2.5 describes the indicators that are used to describe
climate change. Section 3 analyzes the results of the simulations consid-
ering first separately the role of waves (Section 3.1) and surges (Section
3.2), and then adding them to compute the maximum water level
reached by wave crests during a storm. Initially the analysis considers
the average annual maximum water level. Results for other indicators
are described in Section 3.4 (the average 10 independent annual maxi-
ma, the 5 and 50 years return values) and in Section 3.5 (storm dura-
tion). Steric effects are described in Section 3.6. The discussion
(Section 4) describes the net effect of storminess (waves and surges)
and steric effects on themaximumwater level. The study is summarized
in the conclusion Section 5.

2. Data and methods

2.1. Climate model projections

Input data for this analysis are provided by a set of climate simula-
tions that have been produced within the CIRCE fp6 project (Climate
Change and Impact Research: the Mediterranean Environment) and
cover the period 1951–2050 under the A1B emission scenario (Gualdi
et al., 2013). Seven simulations have been considered, labeled CMCC-
LR, CMCC-HR, MPI, ENEA, CNRM, IPSL3, IPSL2. All simulations except
CMCC-HR are carried out with coupled atmosphere ocean models in-
cluding a high resolution model of the Mediterranean Sea circulation.

• The CMCC-LR (Euro Mediterranean Centre for Climate Change Low
Resolution) datasets produced using the global climate model
CMCC-Med, whose atmospheric component is ECHAM5 in its T159
configuration (~150 km) and ocean component is OPA8.2 at 2° reso-
lution. Over the Mediterranean basin ECHAM5 is fully coupled with
NEMO-MFS at a 6.7 km resolution (Oddo et al., 2009).

• The CMCC-HR (Euro Mediterranean Centre for Climate Change High
Resolution) datasets produced using the CMCC-CLMRegional Climate
model downscaling of the CMCC-LR simulation and it represents its
dynamical downscaling to an horizontal grid resolution of
0.12 × 0.12°.

• The MPI (Max Plank Institute-Germany) dataset, which is produced
using REMO (REgional Model) which is a dynamical downscaling of
the CMCC-LR model at a spatial resolution of 0.22 × 0.22° coupled to
the Max-Planck-Institute for Meteorology ocean model (MPI-OM).
The boundary conditions are extracted from CMCC-LR simulation
(Elizalde et al., 2010).

• The ENEA (Italian National agency for new technologies, Energy and
sustainable economic development) dataset, which is produced
using the RegCM3 regional atmospheric model coupled to the
MITgcm model in the Mediterranean Sea (Carillo et al., 2012). This
dataset is a downscaling of ECHAM5-MPIOM at resolution of 30 km
for the atmospheric component and 1/8° for the ocean component.

• The CNRM (Centre National de Recherches Météorologiques -
MeteoFrance) dataset, which is produced using the ARPEGE atmo-
spheric circulation model (Déqué and Piedelievre, 1995), whose
stretched grid reaches a 50 km resolution over Europe-Mediterra-
nean-North Africa) coupled to OPA9 at 2° resolution for the global
ingmean sea level and decreasing storminess on themaximumwater
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Fig. 1. a (top) TheMediterranean Sea bathymetrywith the coastal grid points (yellow dots)where the climate change analysis is performed. In Fig. 1b (bottom) coastal sea points of Fig. 1a
are ordered clockwise from Spain (left margin of the x-axis) to Morocco (right margin of the x-axis). Country national borders are marked to help locating the different parts of the
Mediterranean coastline. (Sic.s. and Sis.e. denote the first and last point of the Sicilian coastline). Fig. 1b shows the value of the depth in the grid cell closest to the coast of the ETOPO1
global, integrated bathymetric–topographic, digital elevation model with cell size of 1 arc-minute (Amante and Eakins, 2009). The parts where the depth is less than 10 m are marked
red, less than 50 m are marked blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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circulation and to NEMO-MED8 (1/8° resolution) for the Mediterra-
nean Sea circulation (Somot et al., 2008).

• The IPSL3 (Institute Pierre Simon Laplace) dataset, which is computed
by the LMDZ RCM (30 km resolution) coupled to MEMO-MED at 1/8°
resolution in theMediterranean Sea. It is a dynamical downscaling of a
global simulation carried out using LMDZ GCM (300 km resolution,
e.g. Li et al., 2012) as atmospheric component coupled to OPA9 at 2°
resolution as ocean circulation component (Li, 2006)

• The IPSL2 dataset, which is produced by the samemodels as IPSL3, but
adopting a two away coupling for the nest, that is four models - two
atmospheric (global and regional) and two oceanic (global and re-
gional) - have been run together allowing the results at regional
Please cite this article as: Lionello, P., et al., The contrasting effect of increas
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scale to feedback on the global models. Therefore, IPSL2 and IPSL3
are two independent simulations, carried out with a different model
setup.

Results of these 7 simulations have been used for 3 sets of computa-
tions: i) the surface wind fields have been used for driving the wave
model WAM and producing projections of the wave fields for the
whole Mediterranean Sea; ii) the SLP (Sea Level Pressure) and wind
fields have been used for driving the hydro-dynamical shallow water
model HYPSE (Hydrostatic Padua Sea Elevation model) and producing
sea level projections; iii) the sea temperature and salinity fields have
ingmean sea level and decreasing storminess on themaximumwater
oi.org/10.1016/j.gloplacha.2016.06.012

http://dx.doi.org/10.1016/j.gloplacha.2016.06.012


4 P. Lionello et al. / Global and Planetary Change xxx (2016) xxx–xxx
been used for computing sea water density and the steric sea level
variation.

2.2. Storm surge and wind waves projections

Computation of storm surges have been carried out using theHydro-
static Padua Surface Elevation (HYPSE) model, which is a two-dimen-
sional model based on depth averaged currents (see Lionello et al.,
2005 for a description of the model). HYPSE has been implemented on
a 168 × 82 lon-lat grid, which covers the whole Mediterranean sea
with a 0.2° steps in latitude and longitude (Fig. 1a). Seven simulations
have been produced forcing HYPSEwith the SLP and surfacewind fields
of the seven climate models described in Section 2.1. Therefore seven
projections of SL evolution have been made available. These set of
data has already been used in Conte and Lionello (2013) for analyzing
the change of large surges along the coast of theMediterranean Sea. Val-
idation of the model has been performed comparing the maxima of a
model hindcast to 21 tide gauges and showed that the present spatial
variability of surge extremes and the shape of their mean annual cycle
are adequately reproduced. Further, time correlation has acceptable
values in the months when the highest surges occur. Readers can find
in Conte and Lionello (2013) a detailed discussion.

The simulations of the windwave fields have been carried out using
WAM (WAMDI group et al., 1988).WAM is a widely usedmodel, which
solves the wave energy equation for the components of the wave spec-
trum.Here it has been implemented on a grid at 0.25° resolution, resolv-
ing the spectrum using 12 directions and 25 frequencies. This
implementation has already been used and validated in previous stud-
ies that analyzed present variability (Lionello and Sanna, 2005) and cli-
mate change projections (Lionello et al., 2008a, 2008b).

2.3. Computation of the wave contribution to the maximum water level

Here we are considering themaximum level reached during a storm
by the wave crests. This problem has been addressed first in the theory
of the joint distribution ofwave heights and periods by Longuet-Higgins
(1975) under the assumption of a narrow band spectrum (see Goda,
1978, 2008 for reviews of the accuracy of this theory). Considering the
ratio β = h1/p / h1/3 of the height of the wave crest h1/p (exceeded
with a 1/p frequency) to the significant wave height h1/3 (which is the
quantity provided by wave models), the Rayleigh distribution provides
number such asβ=1.51, 1.66, 1.86 for p=100, 250, 1000, respectively.
Here we use β=1.8with the intent of giving an estimate of the highest
waves during a stormwhose duration is a fewhours and followingGoda
(1978). This approximation does not account for the deviation of the
windsea spectrum from the narrow band hypothesis, but it is usually
considered sufficiently accurate to be adopted by practitioners.

The problem is further complicated by the limitation imposed by
water depth on the wave height distribution within the surf zone,
when the wave height becomes comparable with the water depth. A
well-known and widely referred solution to this problem can be found
in Battjes and Janssen (1978), who consider a threshold coefficient k
such that wave breaking occurs when hmax = kD, where D is the
water depth, originally proposing k = 0.8. Successively, it has been
shown that the value of k varies with the slope of the sea bottom
(Battjes and Groenendijk, 2000), with a minimum about k = 0.55 for
a flat bottom (Nelson, 1994) to values close to 1.0 when the sea bottom
is very steep. Fig. 1b shows the value of the depth in the grid cell closest
to the coast of the ETOPO1 global, integrated bathymetric–topographic
digital elevation model, with cell size of 1 arc-minute. (Amante and
Eakins, 2009). The short parts of the coastline where offshore depth
values are less than 10 (and 50) meters are marked red (and blue).
Therefore, deep limited breaking could affect the results of this study
only at very few coastal points.

In practice for considering the maximum water level here we as-
sume hmax = 1.8 h1/3 and, therefore, add amax = 0.9 h1/3 representing
Please cite this article as: Lionello, P., et al., The contrasting effect of increas
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the maximum wave amplitude to the change of sea level produced by
the storm surge and steric effects. This further implies that this study ig-
nores the asymmetry of the nonlinearwave profile, where the deviation
from themean sea level is larger in correspondencewith the crests than
with the troughs.

2.4. The computation of the steric effect on sea level

The specific volume ofwater depends on temperature and salinity. If
the totalmass is constant, an increase of temperature/salinity implies an
expansion/contraction of the water column and, correspondingly, sea
level increase/decrease. These two effects are called thermosteric ex-
pansion and halosteric contraction. However, the assumption of con-
stant mass is clearly difficult to be maintained, especially for changes
of salinity, which are necessarily related to a change of the mass budget
of the Mediterranean Sea due to changes of evaporation, precipitation
or river runoff. Therefore, how to use the steric sea level changes that
are computed using temperature and salinity produced by regional
ocean circulation models is controversial. Clearly temperature and sa-
linity 3-dimensional distributions do not contain information sufficient
for computing the change of sea level (Jordà and Gomis, 2013a, 2013b)
and it is necessary to include information on the spatial distribution of
mass change, which depends also on interaction with the Atlantic
Ocean across the Gibraltar Strait. (see Jordà and Gomis, 2013a, 2013b
for a detailed discussion). Computations that have been done in the
past, producing maps of sea level change (e.g. Marcos and Tsimplis,
2008) or computing average values over the whole Mediterranean Sea
(e.g. Gualdi et al., 2013) should, therefore, not be considered really rep-
resentation of actual future sea level rise. In this study, we share these
limitations, because we have information nor on internal redistribution
of mass within theMediterranean Sea, neither on its addition across the
Gibraltar Strait. In this study, mass has, therefore been considered con-
stant, except for the effect of salt addition, which has been included, but
it is actually small in the analyzed simulations. The change of water vol-
ume has been computed separately in six sub-basins composing the
Mediterranean Sea (western Mediterranean, Tyrrhenian Sea, Adriatic
Sea, Central Mediterranean, Aegean Sea, Levantine basin) and the con-
sequent change of sea level has been assumed uniform within each of
them.

It is stressed that this study misses completely an independent esti-
mate of the mass contribution to the Mediterranean Sea level from the
Atlantic Ocean. This has been estimated in the range 0.8 to 1.0 mm/
year during the second half of the 20th century (Calafat et al., 2010)
and identified to be the main source of uncertainty in future sea level
change at sub-regional scale (Scarascia and Lionello, 2013). The role of
thismissing information,whichhas been shown to be the largest contri-
bution to recent Mediterranean sea level rise (Marcos et al., 2011a,
2011b, 2011c; Jordà andGomis, 2013a, 2013b), is discussed in Section 4.

2.5. Indicators of climate change

This study aims at analyzing the changes of water level extremes,
which are relevant for overtopping coastal defenses. As anticipated
this is discussed considering three contributions: the change of sea
level due to the combined action of sea level pressure andwinds that oc-
curs during storm surges, the maximum height of the wave crests, the
steric effect that expands or contracts thewater column. These three ef-
fects can be considered together adding steric sea level change, storm
surge and amplitude of the wave. However, as described in Section 3,
they will also be discussed separately in order to assess their relative
importance.

As this study is focalized on the max water level at the coast, results
are analyzed in the coastal points of the HYPSE grid shown in Fig. 1a. Re-
sults of WAM and of the steric computation are linearly interpolated to
this set of 607 points, so that all values are made available exactly in the
same set of locations. In the figures showing the results the coastal grid
ingmean sea level and decreasing storminess on themaximumwater
oi.org/10.1016/j.gloplacha.2016.06.012
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points have been ordered clockwise along the whole coast of the basin,
which is eastwards along the European northern coast of theMediterra-
nean and westwards along the African southern coast. The analysis has
considered time series of 3-hourly values for both wave height and
storm surges.

Evaluation of the climate change signal in climate projections is
based on comparing the values of two 30 year-long periods: 1971–
2000, representing the past (reference), and 2021–2050 representing
the future.

Different indicators are considered to describe maxima: ind11971–
2000 and ind1 2021–2050, which is the average of the annual maxima in
the twoperiods, ind101971–2000 and ind10 2021–2050,which is the average
of the 10 largest maxima in the two periods, rv51971–2000 and rv5 2021–

2050, which is the 5-year return value, and rv501971–2000 and rv50 2021–

2050, which is the 50-year return value. These indicators can be comput-
ed separately for the wave amplitude (wa), for the storm surge level
(ss) and for the water level (wl), which is the sum of the two previous
contributions. The variable that is considered is denoted by the charac-
ters “wa”, “ss” and “wl” before the name of the indicator. In other word
indicators labels are composed of three parts. The initial two letters de-
note the variable, the remaining part of the name the type of indicator
and the subscript denotes the considered period. For instance,
wlind101971–2000 is the average of the 10 largest annual maxima water
level in the period 1971–2000 and warv52021–2050 is the 5 year return
value of the wave maximum amplitude in the period 2021–2050. Cli-
mate change signal is computed as percent variations of the indicators,
that is the difference between the two periods normalized with the
present value. Positive values indicate a future increase of indicators.

Steric increase is computed as difference between average values in
the two “present” and “future” periods and its relevance is discussed
separately.

Three climate simulations (CMCC-LR, CMCC-HR, MPI), are related
and tend to reproduce the same sequence of large scale synoptic
events, while the remaining four simulations (ENEA, CNRM, IPSL2,
IPSL3) are independent., though it is difficult to use a clear criterion
for IPSL2 and IPSL3. Therefore, weights are assigned with the same
criterion that was used in Conte and Lionello (2013), with the
three simulations CMCC-LR, CMCC-HR, MPI having a total weight 1/
5 (composed of 1/10 for CMCC-LR, and 1/20 for CMCC-HR and MPI)
All other simulations have a weight equal to 1/5. As CMCC-HR in-
cludes no ocean model, when computing the steric sea level the
weight of MPI is increased to 1/10. In all analysis, statistical signifi-
cance is attributed when the climate change signal is larger than
the inter-model standard deviation.

3. Results

Here we discuss first separately the changes of annual maxima of
storm surge and of wave amplitude. Than the two factors are
superimposed to assess the changes of the annual maximum water
level during a storm. The discussion is also extended to indicators of
maximum water levels with different likelihood: the average of the 10
highest water level, the 5 and 50 year return time values of the maxi-
mum water level. When considering the 10 highest water levels, only
maxima separated by a minimum interval (3 days) have been consid-
ered. The relevance of the steric effect is discussed separately.

3.1. Analysis of the annual maximum wave amplitude

On the basis of themethod described in Section 2.3, here we discuss
the maxima of the wave amplitude. Fig. 2a shows the value of
waind11971–2000 along the Mediterranean coast according to the differ-
ent models and their weighed ensemble mean. There is a substantial
consensus among models on the geographical distribution of maxima
of wave amplitude, which is consistent with the open sea climatology
(e.g. Lionello et al., 2008a, 2008b) and the track of marine storms in
Please cite this article as: Lionello, P., et al., The contrasting effect of increas
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the Mediterranean (Lionello et al., 2006). Large values occur where
the coastline is exposed to the action of a strong wind with a long
fetch, such as the southern coast of the Tyrrhenian Sea (north coast of
Sicily and western coast of south Italy), the northern coast of Africa,
the coasts of Egypt, Libya and Algeria.

The lower panel shows the percent climate change of thewaind1 in-
dicator. Individual models do not always agree and the samemodel can
have substantially different climate change values in different parts of
the coastline. However, the weighted ensemble mean shows a negative
signal (meaning a future reduction of maximum wave amplitude),
which is consistently significant alongmost of theMediterranean coast-
line with values between 2% and 5%.

3.2. Analysis of the annual maximum surge levels

Fig. 3a-b show the value of ssind11971–2000 and its percent climate
change along theMediterranean coast according to the differentmodels
and their weighed ensemble mean. Results, which are consistent with
Conte and Lionello (2013), show the spatial distribution of storm
surge maxima (the largest values occur in the North Adriatic Sea and
Gulf of Gabes) and their wide spread reduction in the future. Reduction
of maximum wave amplitude and storm surge are consistent, but not
similar in detail. Differences are due to their different response to
changes in storminess. In deep water storm surge levels scale with the
gradient of the mean sea level atmospheric pressure and in shallow
water they scale with the wind stress, while wave amplitude scales
with the wind stress both in deep and shallow water. For storm surge
maxima (as well as for waves) climate change signal differs in detail
among models, but the ensemble mean reveals a substantial consensus
on a reduction of order 5% along most of the Mediterranean coastline.
The climate change signal for storm surge maxima is extensively
discussed in Conte and Lionello (2013).

3.3. Annual maximum water level increase during a storm

During a storm the maximumwater level results from the superpo-
sition of waves and storm surge. Besides Figs. 2 and 3, describing sepa-
rately wave amplitude and storm surge maxima, a further figure could
be produced describing thewater levelwlind1obtained by the superpo-
sition of the two processes for eachmodel simulation. However, the two
panels of this figure would be almost identical to the respective figures
with wave amplitude maxima (Fig. 2a-b), because the contribution of
storm surge is substantially smaller than that of waves.

Fig. 4 compares waind1, ssind1 and wlind1 showing only the
weighed ensemble mean of the simulations and confirms that the two
indicators waind1 and wlind1 have an almost identical distribution
along the coastline, which results in a very similar climate change signal.
The black line of Fig. 4a shows that the percent contribution of the storm
surge to themaximumwater level (given by the ratio 100·(wlind11971–
2000 -waind11971–2000)/wlind11971–2000) is rather small along most of
the coastline but in the northern Adriatic and the Gulf of Gabes, where
it is almost 20%. Therefore, wave amplitude and its change are much
more important than storm surge and storm surge changes for the
water level maxima and overtopping coastal defenses. Fig. 4b shows
the climate change of the weighed ensemble mean for the wlind1,
waind1 and ssind1 indicators. It shows that climate change signals of
waves and surges coincide over most of the coastline (e.g. the coast of
the Adriatic Sea, the coast of Libya and of Algeria), but the decrease of
storm surge maxima is larger than that of wave amplitude maxima
along some deep parts of the coastline (the eastern coast of Spain, the
Ionian and Aegean Sea coastline.

3.4. Other indicators of extreme water levels

Indicators of extremes that areweaker (more frequent) and stronger
(more rare) than the annual maximum water level are shown in Fig. 5
ingmean sea level and decreasing storminess on themaximumwater
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Fig. 2. a (top): distribution of the waind11971–2000 indicator in the individual model simulations (thin colored lines). Different colors are used to denote different simulations (labels are
annotated in the figure). The weighted ensemble mean is shown by the thick black line. Fig. 2b (bottom): percent climate change index for waind12021–2050 with respect to
waind11971–2000. Thick colored lines represents statistically significant values of each simulations. Thick gray line is the weighted ensemble mean. The thick black line shows significant
values of the weighted ensemble mean percent climate change index.
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shows, which, besides wlind1, includes also results for wlind10, wlrv5,
wlrv50. Spatial variability in the present climate (Fig. 5a) is similar for
all these 4 indicators. The climate change signal (Fig. 5b) is similar for
wlind10, wlind1, wlrv5, but there are differences in the fraction of the
coastline along which it is statistically significant. Future reduction is
significant practically everywhere considering wlin10, and along a pro-
gressively decreasing fraction of the coastline considering wlind1 and
wlrv5. The climate change of wlrv50 has a more irregular distribution
than that of other indicators and presents a large significant increase
along the coast of Spain and Greece. Therefore, extremes are mostly ex-
pected to decrease in the next decades, but fifty year return levels
Please cite this article as: Lionello, P., et al., The contrasting effect of increas
level during storms along the c..., Glob. Planet. Change (2016), http://dx.d
(wlrv50)might actually increase along someparts of theMediterranean
coastline.

3.5. Storm duration

The total duration of the storms is another indicator of the stress
exerted on the coastal structure and environment. Here the duration
of a marine storm is defined as the period during which the
maximum water level is larger than the threshold given by the
local value of the 95th percentile of the 3-hourly water level
(wl951971–2000) in the reference period 1971–2000. The total
ingmean sea level and decreasing storminess on themaximumwater
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Fig. 3. a and b same as Fig. 2a and b, respectively, except it shows the ssind1 values and their percent climate change.
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duration of marine storms is computed by counting the number of
steps in the period 2021–2050 with water level above wl951971–

2000. Fig. 6 shows the decrease of the total duration of storms
(hours) in the 2021–2050 period with respect to the reference peri-
od. Since, according to the definition, the annual average total dura-
tion of storms in the reference period is approximately 18 days, the
reduction shown in figure is larger than 10%.

3.6. Steric effects

Fig. 7 shows the change of the steric sea level. Its value is uniform
along large parts of the coastline, since the steric level variation is
computed considering average values in six different sub-basins
(as it is described in Section 2.4). Only average annual values are
Please cite this article as: Lionello, P., et al., The contrasting effect of increas
level during storms along the c..., Glob. Planet. Change (2016), http://dx.d
shown in Fig. 7, because, though the steric height (particularly the
thermosteric component) has a non-negligible annual cycle, its var-
iations between the average values in the 2021–2050 and 1971–200
periods do not depend appreciably on themonth. Most of the climate
change signal is due to the thermosteric component and to the in-
crease of temperature of the water column. Halosteric effects have
a small role on sea level changes, because though the increased fu-
ture water deficit in the basin would tend to increase its salinity,
the inflow of fresh water across the Gibraltar strait has a strong com-
pensating action in these model simulations. Therefore, with the ex-
ception of the ARPEGE model results, Fig. 7 shows a tendency of the
water column to expand, because of warming sea water tempera-
ture, with values in the range from 4 cm (in the shallow Adriatic
Sea) up to 8 cm in other basins for the ensemble mean. Uncertainty
ingmean sea level and decreasing storminess on themaximumwater
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Fig. 4. a (top): present distribution ofwater level maximawlind11971–2000 (green line) andwave amplitudemaximawaind11971–2000 (blue line, units along the right axis of the panel) and
storm surgemaxima ssind11971–2000 (red line, units along the left axis of the panel). The black line shows the percent contribution of storm surgemaxima to themaximumwater level. The
dashed line shows the percent systematic error when computing the maximumwater level by adding waind11971–2000 and ssind11971–2000 instead of analyzing the time series obtained
adding the corresponding 3-hourly values. Fig. 4b (bottom): climate change signal for wlind1, ssind1, wlind1. In both panels only the weighted ensemble mean is shown. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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is large especially in the Eastern Mediterranean and particularly in
the Levantine basin, where intermodal differences cover the range
from −2 to 20 cm.

4. Discussion

This study shows that along the coast of the Mediterranean Sea
waves are the main factor responsible for changes of maximum water
Please cite this article as: Lionello, P., et al., The contrasting effect of increas
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level during a storm, while the storm surge contribution is less impor-
tant. This depends on the substantial difference of magnitude between
the two phenomena. Maxima are in the range from 2 to 6 m for the
wave amplitude, and from 20 to 60 cm for surges, so that there is almost
oneorder ofmagnitude difference between the respective contributions
to the maximum water level. The largest percent contribution (about
20%) of the storm surge to the maximum water level occurs at the
coast of the Northern Adriatic Sea and Gulf of Gabes. Along other
ingmean sea level and decreasing storminess on themaximumwater
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Fig. 5. a (top): present distribution of water level annualmaximum indicators: wlind11971–2000, of the 10 largestmaxima indicatorwlind101971–2000, of the 5 and 50 yearwater level return
valueswlrv51971–2001 andwlrv501971–2000. Fig. 5b (bottom): corresponding climate change signal. In both panels only theweighted ensemblemean is shown. Thick parts of the lines in Fig.
5b denote statistically significant values.
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stretches of the coastline its contribution to the climate change signal is
small, so that the change of the maximumwater level is very similar to
that of the maximum wave amplitude.

In this study, when computing wlind1, the annual maxima of water
level are extracted from the 3-hourly time series that are obtained
adding time series of wave amplitude and sea level values. Otherwise,
awater level maxima could be computed adding directly maxima of
wave amplitude and of storm surge. Results are different because max-
ima of surges and of wave amplitude do not coincide in time during the
same storm and, further, characteristics of storms producing extreme
wave heights and surge levels are different. In practice, adding ssind1
and waind1 maxima would produce a systematic overestimation of an-
nual water levelmaxima. The dashed line in Fig. 4a shows the relevance
of this error as percent of the actual wlind11971–2000 indicator, with
Please cite this article as: Lionello, P., et al., The contrasting effect of increas
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values in the range 5–10%, which may be relevant for practical
applications.

In Section 3 two contrasting factors affecting the maximum water
level that will be reached during a storm at the coasts of the Mediterra-
nean Sea have been evaluated. On one hand, in the future, reduced
storminess will produce lower waves and surges than now. On the
other hand, the net steric effect (producing an expansion of the water
column) will shift the whole probability distribution of sea level to-
wards high values, therefore increasing the probability of large water
levels during storms. Herewe discusswhat is the net effect of the super-
position of these two factors.

While Section 3 has mainly considered percent variations of the
water level, in this discussion we estimate the actual variation (dimen-
sional) of water level maxima. Changes of wlind1, wlind10, wlrv5,
ingmean sea level and decreasing storminess on themaximumwater
oi.org/10.1016/j.gloplacha.2016.06.012

http://dx.doi.org/10.1016/j.gloplacha.2016.06.012


Fig. 6. same as Fig. 2b except it shows the change of the storm duration indicator in hours/year.
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wlrv50 are estimatedby applying the ensemblemeanpercent change to
the present ensemble mean distribution. The steric change (shown in
Fig. 7) has been added to these values obtaining estimates (Fig. 8) of
the change of maximum water level reached during a storm with re-
spect to the present situation, accounting for both steric effect and
change of storminess. Fig. 8 shows that alonga large fraction of theMed-
iterranean coastline the reduction of storm intensity will compensate
for the thermosteric effect, so that the maximum water levels will
only marginally change for extremes up to the five year return level.
In fact, changes of wlind1, wlind10, wlrv5 are significant in very few
points and remain significantly negative in the Adriatic Sea and along
the coast of the Middle East even including the steric effect on sea
level rise. Considering wlrv50, that is a longer return time, the fraction
of coastline with statistically significant positive (negative) climate
change increases (decreases). Increases of wlrv50 are reinforced by
Fig. 7. change of steric sea level (cm) along the Mediterranean coast. Note that the steric sea le
Adriatic Sea, Central Mediterranean, Aegean Sea, Levantine basin. Consequently the steric clim

Please cite this article as: Lionello, P., et al., The contrasting effect of increas
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the thermosteric expansion and are evident at the coast of Spain, at
the coast of Sicily and along both the Ionian and Aegean sectors of the
coast of Greece. However, in spite of the contrasting thermosteric ex-
pansion, significant reduction of wlrv50 is present in the Adriatic Sea
and at the Middle East coast of the Levantine basin.

Mass addition is a further essential contribution that needs to be in-
cluded and whose effect would further move these changes towards
positive values. Its effect on past Mediterranean sea level rise has been
estimated about 1.2 mm per year during the period 1948–2000
(Calafat et al., 2010). If it will persist in the next decades, this past
trend would add about 6 cm in 50 years, increasing the probability of
water level reaching values substantially higher than now during
storms. The future effect of mass addition on water level extremes can
be estimated by adding an uniform sea level increase along the whole
Mediterranean coast to water level maxima. Fig. 9 shows the fraction
vel is computed as average value in 6 sub-basins: western Mediterranean, Tyrrhenian Sea,
ate change is uniform along the corresponding parts of the Mediterranean coastline.

ingmean sea level and decreasing storminess on themaximumwater
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Fig. 8. spatial distribution of the change of max value reached by water during a storm including the effect of surges, waves and steric variation. Only the weighted ensemble mean is
shown. Thick parts of the lines denote statistically significant values. Indicators shown are wlind1 (average annual maximum), wlind10 (average 10 largest maxima), wlrv5 and
wlrv50 (5 and 50 year water level return values).
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of Mediterranean coastline, where the increase/decrease of maximum
water level indicators wlind10, wlind1, wlrv5, wlrv50 in the period
2021–2050 is statistically significant as function of mass addition (rep-
resented as an equivalent mean Mediterranean sea level increase).
Without mass addition the fraction of coastline with significant
increase(decrease) of water level maxima would be the same shown
in Fig. 8. This is represented by the values corresponding to 0 sea level
equivalent mass addition in Fig. 9, which shows that in this case the
fraction of coastline with a decrease of water level extremes (dashed
line)would be larger than thatwith an increase (continuous line). How-
ever, as the mass addition contribution increases the situation reverses
and a value of 20 cm would imply that the majority of the coastline
would experience a larger hazard level than presently, with a negligible
part experiencing a reduction. Mass addition will be produced by melt-
ing of continental glaciers, Greenland and Antarctica ice caps. Values are
uncertain in the literature. The 5th IPCC assessment report (Church et
Fig. 9. fraction of Mediterranean coastline (given as fraction of the total number of coastal point
of the indicatorswlind10 (average 10 largestmaxima, blue lines),wlind1 (average annualmaxim
lines) in the period 2021–2050. Changes are computed as function of mass addition, which i
interpretation of the references to colour in this figure legend, the reader is referred to the we
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al., 2013) summarizes this contribution with values in the range
4 ÷ 23 cm, 4÷21 cm, −5 ÷ 13 cm for continental glaciers, Greenland
and Antarctica, respectively, at the end of the 21st century depending
on models and scenarios. An inclusion of such mass additions in this
study on extreme water levels is made difficult by these large uncer-
tainties and the different time scale adopted here (mid 21st century)
and by IPCC (end of 21st century). However, it looks likely thatmass ad-
dition will be sufficiently large to determine an increase of the hazard
posed by extreme water levels during storms along the Mediterranean
coast in the next decades.

5. Conclusions

This study has analyzed the maximum water level that will be
reached during a storm along the Mediterranean coastline accounting
for future changes of wave height, storm surges and steric effects. The
s in the HYPSEmodel grid) with a significant increase/decrease (continuous/dashed lines)
um, green lines), wlrv5 andwlrv50 (5 and50 yearwater level return values, red andblack

s represented as an equivalent mean Mediterranean sea level increase(x-axis, cm). (For
b version of this article.)

ingmean sea level and decreasing storminess on themaximumwater
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analysis considers the A1B scenario and the 30-year long period 2021–
2050 which is compared to the period 1971–2000.

This paper has first considered only the effect of marine storminess,
that is the changes of futuremaximumwater levels that is reached during
a storm due to changes of maximum wave amplitude and storm surge.
Different levels of extremeshavebeen considered: future percent decrease
is similar considering the wlind10, wlind1, wlrv5 indicators, which would
imply that the reduction will be larger in absolute value for more rare
event than for moderate extremes. The climate change of wlrv50 has a
more irregular distribution than that of other indicators and presents a
large significant increase along the coast of Spain and Greece.

Regional steric effects on sea level are included considering a set of
regional climate model simulations including the feedback of the Med-
iterranean Sea circulation on the atmosphere. Estimates of the steric fu-
ture increment suggest a range varying with the basins from 4 (for the
relatively shallow Adriatic Sea) to 14 cm in 50 years for the model en-
semble mean.

Consequently two contrasting regional factors are affecting future
water level maxima along theMediterranean coast: reduction of storm-
iness and increase of water volume. Their superposition suggests that
the future change of the overall maximum water level will be mostly
not significant along the Mediterranean coast, negative in the Adriatic
Sea and along the coast of the Middle East, positive at the coast of
Spain, at the coast of Sicily and along both the Ionian andAegean sectors
of the coast of Greece. This pattern is maintained, but amplified, consid-
ering events with a multidecadal return time (e.g. wlrv50).

Note that the changes for indicators such as wlind1, wlind10, wlrv5
are in the range ± 25 cm, so that land subsidence (not included in this
study) will be an essential factors for the effect of water level extremes
at the coast at local scale. Further, future water levels will be affected by
mass addition entering the Mediterranean Sea through the Gibraltar
Strait. The importance of this further factor is uncertain, but it appear
likely that it will be sufficiently large to substantially affect the future
distribution ofwater levelmaxima and increase the intensity of the haz-
ards along the Mediterranean coast already by the mid 21st century.
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