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Abstract. Climate change impact on storm surge regime is of Davies, 2002; Lionello, 2005; Lionello et al., 2012b). In this
great importance for the safety and maintenance of Venicecase both the pressure gradient and the south-easterly wind
In this study a future storm surge scenario is evaluated usingSirocco) blowing along the main axis of the Adriatic accu-
new high resolution sea level pressure and wind data recentlynulate water at its northern coast producing storm surges,
produced by EC-Earth, an Earth System Model based on thevhich flood Venice several times every year (Lionello et al.,
operational seasonal forecast system of the European Cent2912a).

for Medium-Range Weather Forecasts (ECMWEF). The study Future sea level rise will very likely increase the frequency
considers an ensemble of six 5yr long simulations of theof extreme sea levels. During the 20th century, the mean
rcp45 scenario at 0.25esolution and compares the 2094- relative sea level in Venice had already increased by 0.3 m.
2098 to the 2004—-2008 period. EC-Earth sea level pressur@pproximately half of it is due to vertical land motion (see
and surface wind fields are used as input for a shallow waLionello, 2012 for a synthesis), with two main contributions:
ter hydrodynamic model (HYPSE) which computes sea levellocal anthropogenic subsidence, mostly caused by the extrac-
and barotropic currents in the Adriatic Sea. Results show thation of groundwater in the past, and long-term tectonic verti-
a high resolution climate model is needed for producing re-cal motion. While the extraction of ground water has stopped
alistic values of storm surge statistics and confirm previous(Bock et al., 2012), tectonic motion is expected to continue,
studies in that they show little sensitivity of storm surge lev- though eventually not at a regular pace. Furthermore, sea
els to climate change. However, some climate change signalevel is expected to rise in the future at a pace that, as it de-
are detected, such as increased persistence of high pressyends on the action of many regional factors, is uncertain and
conditions, an increased frequency of windless hour, and @&annot be easily related to global sea level rise. Thermosteric
decreased number of moderate windstorms. expansion, air pressure and wind forcing have been proven
to be important for the Mediterranean sea level over the last
century and will continue to be relevant for what is going to
happen over the 21st century. Specific sources of uncertainty
1 Introduction in the Mediterranean Sea are the likely future halosteric con-

) ) ) traction and the difficulty to model future mass exchanges be-
Sea level rise and increased storminess are among the maj@feen the Mediterranean Sea and Atlantic Ocean (Lionello,

environmental concerns for coastal towns, such as Venice, 8§012: Scarascia and Lionello, 2013).
are often caused by low pressure systems, whose centrgg \weather extremes, which can imply additional coastal

are mostly positioned in the northwestern Mediterranean Segnpacts than attributable to sea level rise alone. However,
(Robinson et al., 1973; Canestrelli et al., 2001; Trigo and
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changes in storm characteristics and intensity are less certaincluding multiple time scales) within one common frame-
than sea level rise. Previous studies on storm surge statistic iwork. Therefore, EC-Earth was developed (Hazeleger et al.,
the Northern Adriatic Sea, which have not found clear indi- 2010), an Earth System Model based on the operational sea-
cations of significant changes (Lionello et al., 2003, 2012a),sonal forecast system of the European Centre for Medium-
were based on relatively low resolution meteorological fields,Range Weather Forecasts (ECMWEF). Itis intended to investi-
which were not able to reproduce correctly the statistic of thegate Earth system feedbacks, to study inter-annual and multi-
most extreme events. decadal climate fluctuations and predictability, and to be an

The threat of higher water levels due to a combination ofadvanced modelling tool for computing climate scenarios.
mean sea level rise and changing storm characteristics causedThe development of EC-Earth within the EC-Earth con-
by global climate change is of course not limited to the Adri- sortium started with ECMWF's Integrated Forecast System
atic Sea, and a vast body of literature investigating future(IFS) as a well-tested atmospheric module, with different
water level changes exists. They all follow the same basiccomponents being added over time. In the current version
approach used here and separate mean sea level rise and nf€2.3) of EC-Earth an interactive atmosphere—ocean-sea ice
teorological changes. The reason is that they represent indesoupling is applied across the entire globe, including the po-
pendent effects on water level. The height of a storm surgdar regions, using different sea ice and land modules.
is substantially independent of mean sea level (e.g. Lowe et In a present-day control run the large-scale characteristics
al., 2001; Sterl et al., 2009). Wind fields generated by climateof the atmosphere, such as the distributions of MSLP, tem-
models run under increasing greenhouse gas concentratioqerature and humidity are well simulated, as compared to
are then used to drive storm surge models, either directly (e.gobservations, reanalysis data and other coupled atmosphere—
Sterl et al., 2009; How et al., 2012) or after downscaling with ocean-sea ice models. When forced by increasing concen-
a regional climate model (e.g. Woth et al., 2006; Lowe andtrations of greenhouses gases to simulate the future climate,
Gregory, 2008). As it turns out, the results of such exercise€C-Earth shows similar responses as found in earlier model
depend more on the model used to generate the wind fieldstudies: tropospheric warming with a maximum in the higher
than on the scenario used to force the model (Woth et al.tropical troposphere, stratospheric cooling, polar amplifica-
2006; Lowe and Gregory, 2008), suggesting large sensitivitytion of the climate change signal, changes of the hydrological
to details of the driving model. cycle in line with most of IPCC models.

The objective of this paper is to investigate the influence ECEarth has been developed with two kinds of resolution:
of climate change on storm surge statistics in the Northerrone low resolution version (LRV), with a grid step of 1.225
Adriatic Sea using a new high resolution climate model sim-and one high resolution version (HRV), with 0°28f grid
ulation, in order to add a new and different contribution to step. Besides the resolution, the two versions also differ by
past estimates. It is important to investigate whether a new sethe kind of coupling: LRV is a fully coupled climate model,
of simulations, using meteorological forcing at higher resolu-while HRV has only the atmospheric circulation component,
tion than earlier studies, produces different conclusions. Thevith SST (sea surface temperature) prescribed from the LRV.
statistics of sea level, mean sea level pressure (MSLP) and For this study, data from an LRV simulations covering the
wind, two meteorological variables that is responsible for seaperiod from 1850 to 2100 have been extracted. This simula-
level variations, are analysed with the aim of identifying sig- tion uses the observed climate parameters from 1850 to 2005
nificant differences between present and scenario conditionsand the rcp45 emission projections for the period 2006—2100.

The paper is organised into 4 sections. Section 2 intro-The acronym “rcp45” refers to the family of simulations to
duces the climate model EC-Earth, and the storm surgde included in the IPCC’s 5th Assessment Report, in which a
model HYPSE describes the simulations used in this studyrepresentative concentration pathway” (rcp) has been spec-
and discusses their reliability. Section 3 presents a validatiorified so that it leads to an approximate radiative forcing of
of the model results and analyzes the climate change signat.5 W n ! at the end of the 21st century. In practice, rcp45
in MSLP, wind. Section 4 summarises the main conclusionsrepresents a moderate rate of warming, consistent with inter-
of this study. national governments taking significant concerted action for

mitigating climate change.
The large computing time needed to run HRV has so far

2 Models and data prevented reproducing the whole 1850-2100 period. This
study uses two ensembles of HRV: six 5 yr runs of the present
2.1 EC-Earth model simulations climate (2004—-2008) and of the rcp45 scenario at the end of

this century (2094-2098) have been performed. Therefore,
Despite their different purposes, climate and weather fore-30 yr are available at high resolution for both the present cli-
casting are obviously based on the same physical princimate and the future rcp45 scenario.
ples. This has been recognised with the introduction of the
concept of “seamless prediction”, which intends to address
the predictability of the climate (in its broadest sense and
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Fig. 2. Cumulated number of hours per decade of water level above
2.2 Storm surge model simulations fixed thresholds (x-axis) at the ISMAR-CNR platform. HRV (red
bars) and LRV (blue bars) simulations are compared with the obser-
The simulations carried out in this study are based on Hy-vations (green bars) of the period 1974-2010. The enlarged scale on
drostatic Padua Surface Elevation (HYPSE) model, whichthe right is used for sea leveig0.50 m.
is a two-dimensional model based on depth averaged cur-
rents (Lionello et al., 2005). HYPSE is a standard single- _ o ) _
layer nonlinear shallow water model, whose equations aréomputed for wind speed (considering progressively increas-
derived from the vertical average of the momentum equationind values from the 10 nTs threshold separated by 1m's
assuming a constant velocity profile. It adopts an orthogonaftePs) steps and for MSLP (considering decreasing values
C-grid and uses the leap-frog time integration scheme withTom the 1040 hPa threshold separated by 2hPa steps). For
the Asselin filter to prevent time splitting. wind and MSLP the four points shown in the right panel of

The model grid covers only the Adriatic Sea. In this study Fi9- 1 are considered.
it adopts null elevation as boundary condition in the south- Statistics were computed for the number of storms as well.

eastern area (Otranto Channel), which excludes the effect§ Windstormis here defined as a time duration of atleast 30 h
of sea level fluctuations occurring outside the basin on var-during which the wind speed exceeds a fixed reference level
ious time scales. The dependence of the model accuracy offonsequently the number of storms depend on the reference
the grid characteristics and resolution has been investigatelgve! that is chosen). A similar definition has been adopted
in a previous study (Lionello et al., 2005). The best resuits,for sea level by using, in this case, an 0.20m threshold and
optimised for the simulation of storm surges at the Venetian0-05 M step for defining a storm. An analogous concept is
coast, are obtained using a rectangular mesh grid of variablgSed for defining high (low) MSLP events considering steps
size, which has the highest resolution in the northern part off +2hPa -2hPa) from a 1030 (1000) hPa threshold.

the basin and a logarithmic increment of the mesh size,whichZ 3 Model validati di ; ¢ luti
varies from a minimum of 3.3 km at the northern boundary = odelvalidation and Importance of resofution

to a maximum of 7 km at the southern boundary_. . Model results are compared with observed statistics of sea
The storm surge model runs have been carried out using, e gata from the tide gauge located outside the Venice
both LRV anq HRV forcings. When using the LRV forcing, Lagoon at platform ISMAR-CNR for the period 1974-2010
decada! statistics of sea level for. periods from 1850—20008:ig' 2). The influence of the sea level variations originating
(past climate) and 2.010_2100 (cllma_lte scenaru_)) ha_ve bee utside of the Adriatic Sea (about 0.05 m for the periods with
produged. When using t_he HRV forcing, 30 yr (i.e. six 5 yr surge> 0) has to be subtracted from the observations to make
long simulations) statistics of sea level both for. the present . yata comparable to the model output. A preliminary anal-
(2004-2008) and the future (2094-2098) scenarios have beglLis 1as shown that decadal surge statistics produced with
computed. L i the LRV forcings show no trend over the whole 1850-2000
The sea level statistics considers the number of hours,qying Therefore, results from the whole period have been
above/below values separated by 0.05m steps and startiNgse to describe present conditions. For the HRV, the analy-

from 0.0m at four Iocqtions in the Ad_riatic Sef':l (Fig. _1’ sis uses the total of 30 yr from an ensemble of six 5yr long
right panel). The most important for this study is the tide simulations of the 2004—2008 period

gauge located 15km offshore the Venice Lagoon on plat- The 10yr time offset between HRV and LRV and the
form ISMAR-CNR (4519'N; 12°30 E), where a long time larger time offset with respect to observations is considered

series of hourly sea level observations is available. The Othefrrelevant because of the steadiness of statistics in LRV
points are situated in Trieste, Rovigno and Ancona (Fig. 1, '

left panel). The cumulative distribution has been similarly
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BREANALYSIS BHRV BLRY ber of hours below fixed thresholds with 2hPa step from 980 to
1040 (x-axis) at the four points shown in Fig. 1, left panel. Positive
values of ther test statistics indicate that values are higher in the
future than in the present period.

the north-easterly (central panel), which has a non-negligible
effect. Results show that high resolution is fundamental for
approximating the wind speed distribution of ERA-Interim
for both components. Conversely, MSLP values (Fig. 3 right
140 T LoW PRESSURES STORMS panel) are not critically sensitive to the model resolution.
120 This confirms several previous studies on the importance of
BREANALYSIS MHRV BLRV resolution for correctly modelling wind speed (e.g. Cavaleri

and Bertotti, 2004; Lionello et al., 2003).
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In this section a systematic analysis of the climate change

g P signal is carried out by comparing MSLP, wind and sea level
cumulated frequency distributions of the HRV simulations in

the future (precisely at the end of the 21st century, 2094—

Fig. 3. Number of south-easterly and north-easterly windstorms per, . .
decade (top and mid panels) and number of hours per decade b 098) and present (2004-2008) periods. Thest is used

low a low-MSLP threshold (bottom panel) for the HRV and LRV 10F assessing the sta_tistical significance of differences be-
simulations and ERA-Interim at the ISMAR-CNR platform. tween these two periods. The number of degrees of free-
dom is estimated with the Welch-Satterthwaite approxima-
tion (Motulsky, 1995). As a guideline, for Gaussian vari-
ables, absolute values oflarger than 4, 2.5, or 2 imply a
Figure 2 shows that forcing the surge model with low res-99 9%, 95% and 90% confidence level, respectively. Posi-
olution input meteorological fields does not reproduce ade+ive values of the test statistics indicate that frequencies are
quately sea level statistics in the Northern Adriatic Sea, eshigher in the future than in the present period.
pecially high sea level values. In the LRV-forced simulations
no sea level higher than about 0.60 m occurs, while in obser3.1  Climate change impact on mean sea level pressure
vations this threshold is reached for about 200 h per decade.
Clearly, HRV-forced simulations show better statistics thanMSLP statistics have been computed at four points along the
LRV forced simulations and look more reliable for simulat- axis of the Adriatic (Fig. 1, right panel). Figure 4 shows the
ing present and future sea level extremes. t test statistics for the number of hours below fixed thresholds
The shortcomings of LRV sea level statistics can be tracedand shows a significant decrease of the frequency of pres-
back to those of winds. In Fig. 3 LRV and HRV statistics sure conditions below a wide range of moderately high val-
are compared with ERA-Interim reanalysis (Dee et al., 2011)ues (from 1040 to 1000 hPa). In other words, the number of
wind data, considering the south-easterly component (tofhours with pressure values higher than 1000 hPa is projected
panel), which is the main factor producing Venice floods, andto significantly increase in the future. The significance of this

Q & L N> O O
L & O O O O
PO A
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change will be particularly large at the southern boundary ofFig. 6. ¢ test statistics (black line and left y-axis) for the change
the basin and in the range from 1015 hPa to 1030 hPa. of number of hours per decade as function of the MSLP difference
Figure 5 shows the cumulated number of low MSLP eventsbetween the northern part and the southern boundary of the Adriatic
(meaning below fixed thresholds, left panel) and of high Sea. The red line shows difference (%, right y-axis) in the number of
MSLP events (meaning above fixéd thresholds, right paneljmurs' Positive values indicate situations in which MSLP is higher
at the ISMAR-CNR platform. A test (not shown) ,reveals no at the southern boundary of the Adriatic Sea then in the north.
significant differences for the frequency of low MSLP events
(though low pressure events below the 996 hPa threshold arglockwise to the north) and north-easterly (withir-80°
slightly more frequent at the end of the century), but a veryclockwise to the north) winds are considered, because they

significant increase of high MSLP events. cause most of storm surges in the Adriatic Sea (particularly
Figure 6 compares the frequency distribution of the MSLPthe south-easterly winds).

difference between the ISMAR-CNR platform and the south-  Figure 7 shows thetest statistics for the number of hours
ern boundary of the Adriatic Sea. Positive values indicate(left column) and the number of storms (right column) above
a north-westward mean pressure gradient along the axis dixed thresholds. The upper row considers all wind direc-
the basin. In general, there is no statistically significant dif-tions, the middle and lower rows consider only south-easterly
ference between the two periods, except for the range fronand north-easterly winds, respectively. A significant future
—15 to—-5hPa denoting a higher frequency of MSLP gradi- decrease of conditions related to low and moderate wind
ent favouring the wind flow along the axis of the basin and speed (up to 12 n73) is found for all directions. This sub-
towards its southern boundaryThe increase of frequency stantial decrease takes place at the expenses of the windless
of opposite conditions (which would eventually lead to the hours (here considered the hours with wind speed lower than
storm surge at the Venetian coast) nearly reach the 90 % cont ms™1), whose frequency is projected to be 13% higher
fidence level, but remains below it for one bin. in the future than in the present at a confidence level larger

In conclusion, MSLP at the end of the 21st century is than 95 %. These changes in the wind are consistent with the
projected to increase over the whole Adriatic Sea with re-increased persistence of high pressure conditions resulting
spect to present, and there is a small (1 %), but significantfrom the analysis is Sect. 3.1. Note that the decrease of hours
increase in the frequency of situations with north-westwardattributed to the south-easterly wind is consistent with the be-
pressure gradient along the main axis of the basin. Therefor@aviour of the pressure gradient in Fig. 6 and it is particularly
in the future the North Adriatic will be characterised by more significant at the southern boundary. In general, the effect of
frequent high MSLP conditions, while an eventual increaseclimate change on high wind speed conditions, which are ex-
pressure gradient favouring storm surge at the Venetian coaglected to be responsible for high storm surges, is not statisti-
is not detected with an acceptable statistical confidence levekally significant and most changes are below the commonly

accepted minimum 90 % confidence level.
] ] ] The overall future scenario suggests an increased fre-

3.2 Climate change impact on wind quency of windless conditions, a weaker than now atmo-

. . N spheric circulation both in the north-easterly and south-
For wind 12 different directional sectors have been con—easterly directions, with, possibly, some change in the fre-

sidered, each 30 degrees wide. Though statistics has beq uency of the various wind regimes and a higher variability

fﬁ;nilét;":ﬂsegz;at(elgbgﬁ;dea::rtiecé(;] t?(ta tg;ede S%OL:?;S Aag(r)itl the north (as suggested by the increased number of wind-
atic in Fig. 1), here only south-eélsterly (within 22080 sForr"ns). H.owever., t_hls last stateme_nt doe; npt reach a con-
Ch vincingly high statistical level. There is qualitative agreement
1 Note that the presence of the mountain ridges on both sides ofvith previous results (Pasaric and Orlic, 2004) on future
the Adriatic Sea implies a strong channelling effect and departureveakening of atmospheric circulation, particularly of the
from the geostrophic balance. north-easterly component.
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Fig. 7. test statistics for cumulated number of hours above fixed wind speed thresholds (left side column) and for the number of storms
(right column) at the north, centre and south points in Fig. 1. Upper row considers all wind directions, central row considers south-easterly
winds (120-180), bottom row north easterly winds (0-80 Positive values of thetest statistics indicate that frequencies are higher in the
future than in the present period.

3.3 Climate change impact on sea level in Fig. 7) and with the increased frequency of high MSLP
conditions. However, no difference between present and fu-
level variabili h . d h ure climate condition is statistically significant, not even
tSheeaw?r\:g ;/r?d”?/l ISB/:’&:‘E;I di\g?/r;ert;ﬁg (\;\?hac;slterszgﬁn _I_Shtg itntztn? ith a low confidence level (less than 90 %). Figure 9 shows
' ther test statistics at the four station in Fig. 1 (left panel) and

sity of thl_s_re_:sp_onse IS not unlform,_ and par'FlcuIarIy for Wmd’ similarly suggests that no significant climate change signal in
the sensitivity is expected to be higher to its changes in the

. _ . Sea level is present in these simulations in the whole northern
northern shallow part of the basin. This subsection attempt?)art of the Adriatic Sea
to identify effects of the relatively small changes in the forc- )

ina. which fields have been di din the two previ Therefore, this analysis concludes that, though future
g, which Tields have been discusse € two pre ouschanges of atmospheric circulation over the Adriatic Sea can
sections, on sea level.

Figure 8 shows the cumulated distribution of the num- b_e identified, those of the surface wind components respon-
. sible for storm surges and of the MSLP are too small to ef-
ber of hpurs (left panel) and number of storms (right IO"flne')fectively affect the statistics of storm surges at the Venetian
above fixed sea level threshold in present and future climat oast
conditions at the ISMAR-CNR platform. This figure shows '
a future reduction of number of hours and storm, which is
coherent across a wide range of thresholds and consistent
both with the mild attenuation of wind regimes (involving the
north-easterly and south-easterly components, as it is shown

Nat. Hazards Earth Syst. Sci., 13, 11351142 2013 www.nat-hazards-earth-syst-sci.net/13/1135/2013/
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4 Summary and conclusions study shows that other parameters, like wind and MSLP, are
likely to change in the future. An increase of the frequency of

data f he high Ut lobal model h windless conditions, a decrease of the frequency of moderate
New data from the high resolution global model EC Earth V. i, 45 ang an increase of the frequency of high MSLP con-

23 ar? usled t(ilar!alyzedthe E"”:(‘j“? c_hagge _erfr:ect 02 SOMitions is found. However, these changes of wind and MSLP
Surge 1evels at enice an "?t e Adriatic Sea. The rcpd>5 SCegjimate have little effect on the frequency of surges (which
nario is used, producing a six member ensemble of 5yr runs

both 20042008 q7 2094-2098) cli are sensitive mostly to high wind speeds) and do not cause
oth for present ( B ) and future ( " ) " changes of storm surge frequencies.

mate conditions. MSLP and wind are analysed at four points Admittedly, our study suffers from some limitations. This

along the Adriatic Sea, with a special care paid to mGteo'approach filters out the effects of sea level variability devel-

rological situations favourable to storm surges in the Venlc:eopmg on the scale surpassing that of the Adriatic Sea. In

L_agoon. Jhe statlstlca(;'sllgnﬁ!cance of (;lﬁeren\c;\?s dbetv(‘j’eerbrinciple this limitation could be mitigated adopting differ-
'\LAJtSuLeDe;_n Idpr?sent ﬁon I_ltlons IS a(sjs?s_se llhgﬂ' indan q ent open boundary condition (e.g. Davies and Flather, 1977)
; lelds from the climate model simulations are used 10,45 the Otranto Channel, which should eventually involve
dr_lve a hydr_ostanc; storm surge model (HYPSE? e AdnS nesting an Adriatic Sea grid within a coarser grid includ-
atic Sea to investigate the importance of the climate Chang'fng the lonian Sea or possibly the whole Mediterranean Sea.
S||gnfal for sltorm su\;ge' Ievelsc.i Resglts dat t.hﬁ ISIMAR'C'\_IR However, the effect of sea level variability in the deep wa-
platform (close to Venice an equipped with a long series,o o gitions outside the Adriatic Sea is mainly related to
of observgd _data) and three_ other points in the northern parf;g) p forcing. Therefore, it is not strongly affected by model
of the Adriatic Sea are cons!dered: resolution (which is the main focus of this study). The most
Results present no statistical eyldence of ch:_:mges _Of SOMpvious approach to its description would be to use a grid at
surge sta.tlst|cs |n.the future climate scenario. _Th's CONower resolution, but covering the whole Mediterranean Sea.
firms previous studies (Lionello et al., 2003, 2012b; Lionello, Another limitation of this study is that it is based on a sin-

220.5).512(1 shows th:t I|I$Iy_ the_ main ga;)zafrd to the nlorth|g|e climate model. Future research should obviously consider
. riatic flat coast an to VEnice IS posea by uture sea EVe€lsimulations carried out with other climate models as this is an
rise and not by an increasing number of storms. Actually, this
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essential issue in this type of study (Woth et al., 2006; LoweLionello, P.: Extreme surges in the Gulf of Venice, Present and
and Gregory, 2008). Furthermore, since the simulated sce- Future Climate, in: Venice and its lagoon, edited by: Fletcher,
nario (rcp45) adopts a moderate increase of anthropogenic C. and Spencer, T., State of Knowledge Cambridge University
emissions, it is important to investigate other scenarios (if _Press, Cambridge UK, 59-65, 2005. o
high resolution simulations will be available). Llonel_lo, P The climate of the Venetian and North Adriatic region:
Variability, trends and future change, Phys. Chem. Earth, 40-41,
1-8, 2012.
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