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Abstract. The hydrological consequences of historical, con- cation with the open sea. Therefore, the flushing capacity of
temporary and future human activities on a coastal systhe lagoon will decrease considerably, especially in its cen-
tem were investigated by means of numerical models. Theral part. Furthermore, some considerations on the impact of
changes in the morphology of the Lagoon of Venice duringthe hydromorphological changes on the ecological dynamics
the last century result from the sedimentological responsere proposed.

to the combined effects of human interventions on the envi-
ronment and global changes. This study focuses on changes

from 1927 to 2012 and includes the changes planned for the

protection of the city of Venice from storm surges and excep-1  Introduction

tional tides under future sea level rise scenarios. The appli-

cation of a hydrodynamic model allowed for the analysis of Lagoons are ephemeral environments from an geological
the morphological effects on the lagoon circulation, the in-Point of view and are naturally subjected to rapid morpho-
teraction with the sea and the internal mixing processes. ThéPdical changes on a very short timescale. Their evolution
absolute values of the exchange between the lagoon and ségpends on the interaction between natural processes, human
increased from 1927 to 2002 (from 3900 to 4600amt), activities and hydromorphological responses to such activi-
while the daily fraction of lagoon water volume exchanged ties Kjerfve and Magill 1989. Hydrodynamics determine
decreased. At the same time, the flattening of the lagoodNOst of the physical and biogeochemical processes affecting
and loss of morphological heterogeneity enhanced the intercoastal and lagoon environmentgroli et al, 2007, Pérez-

nal mixing processes driven by the tide and wind, reducingRuzafa et al.2007 2011, Roselli et al, 2013. Man-induced

thus the overall water renewal time from 11.9 days in 1927hydromorphological modifications can therefore drastically
to 10.8 days in 2002. Morphological changes during the las@lter the hydraulic forcing and consequently also the ecologi-
decade reduced the water exchange through the inlets and i@l status of such a highly dynamic environmeifatdliapietra
duced an increase of the basin-wide water renewal time oft al, 2009.

0.5 day. In the future, Venice Lagoon will evolve to a more ~ Investigating hydromorphology of a lagoon requires
restricted environment due to sea level rise, which increased large amount of information, which in most cases cannot
the lagoon volume, and periodical closure of the lagoon fromPe easily provided. Only in few cases, i.e. Aveiro Lagoon

the sea during flooding events, which reduces the communi{Puck and da Silva2012), Venice LagoonNolinaroli et al,
2007 Sarretta et a.2010 and San Pablo Bayléffe et al.
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2007, the available dataset allows detailed geological and

geomorphological investigations. On the other side, numeri-

cal models provide a powerful tool for investigating the re- Ty +

sponse of the lagoon hydrodynamics to historical or even fu- | «* ,

ture engineering intervention&6ng et al. 2008 Carniello { ‘ / e

et al, 2009 Ghezzo et a).201Q Bruneau et a).2011). ' ‘
Many morphometric and hydrological parameters have ndustrial [ &

been used to characterize and classify coastal lagoons /Nl

(Chubarenko et gl2005. Among the hydrological param-

eters, the water transport timescale has been widely usec

in this context, since it is an integrative variable providing \ Co

an overall estimate of the lagoon hydrodynamics. The wa- oS BY i Adriatic

ter transport timescale has been regarded as fundamental py§ 1 Sea

rameter in understanding chemical and ecological dynamics| - R Valamoceo

in lagoon environmentsGamito et al. 2005 Gong et al, / S

2008. Several definitions of transport timescales exist, refer- | | Solt marshas

ring to different concepts. There are several studies describ-| | * f‘ Fish fanning arees

ing and comparing different transport timescal@akgoka T ) e s el

1984 Monsen et al.2002 Jouon et al.2006 Liu et al., « X %;t,g?e‘fgg‘a —— MOSE structures

2008 Cucco et al.2009 de Brye et al.2012. Our intent \ G

is not to debate this issue, but to provide insight on the appli- Y o o0 soo _r2000m

cability of such an indicator. L
The aim of this study was to investigate the hydrological

«

~_ Lido Inlet

P

regime and renewal capacity of the heavily modified Venice™9: 1- The Lagoon of Venice in its present configuration (2012).
Major morphological types (channels, salt marshes and fish farm-

Lagoon via a modelling approach following the morpholog- . o .

. . ing areas) and modifications (reclaimed area, Malamocco-Marghera

ical change_:s carried out from 1927 to 2012 a_nd the futurechannel and MoSE structures at the inlets) are illustrated.

sea level rise (SLR) scenarios. The progressive change of

the lagoon morphology was represented by adopting four nu-

merical grids, with different coastline and bathymetry, corre-

sponding to the situation of the lagoon in year 1927, 1970, The morphological evolution of the Lagoon of Venice has

2002 and 2012. Furthermore, future scenarios were carrietheen strongly influenced by the human presence since remote

out simulating sea level rise and the closure of the mobiletimes. From a few centuries after its colonisation, the Vene-

barriers at the inlets during flooding events. tians tried to modify the environment in the attempt to pre-
As anthropogenic influences on aquatic environments inserve economic interests and for defense purpdsesrgoni

crease, there is considerable scientific and practical interand Tagliapietra2006 Solidoro et al. 2010. Priority was

est in understanding how the ecological components will re-given to the management of freshwater and sediment yield

spond to multiple stressors. Therefore, in the last part of thisof the drainage-basin tributaries to prevent sedimentation in

study, some hydroecological considerations are presented tmarginal areas, which exposed the city to the threat of in-

improve our understanding of ecological changes that hapvasions from the mainland. The main intervention realized

pened in the Lagoon of Venice during last decades and tdrom the second half of the 16th century was the diversion

hypothesize some implications in future scenarios. of main rivers (Piave and Brenta) that determined a strong
imbalance in the sediment budget of the lagoon. Other im-
Study area portant issues were the protection of the barrier islands from

] ) storm waves and the accessibility to the port channel. The
Venice Lagoon, a coastal system located in the northwesf,ayigation channel at the northern end was endangered by

Adriatic Sea (Fig1), covers roughly an area of 500Knits e long-shore transport of sand that caused the formation
major axis is oriented north-east to south-west. It is charac-

: A , and the SW migration of a large sand bar immediately out-
terized by a complex network of channels, intertidal flats andg;qe of the lagoon. Several measures were taken throughout

shoals. Currently, a few principal deep channels (maximumy,e centuries but a definitive solution was found only at the
depth around 15m) cross an area of very shallow water withy§ of the 19th century with the construction of long jet-
an average depth on the order of 1 m. The three inlets argeg hat joined the flow of three previous inlets in a single

called, from north to south, Lido, Malamocco and Chioggia ge|f gredging channel which is presently known as Lido Inlet
and are from about 500 to about 900 m wide and up to 25 MD'Alpaos, 2010.

deep. In this study we focus on changes that occurred from

1927, after the protection of the inlets with jetties, to the
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Table 1. Morphometric characteristics of the Venice Lagoon in the 1927, 1970, 2002 and 2012 scenarios in terms of lagoon surface, mean
water depth, water volume, extension of salt marshes, total cross-sectional area ofiglglsa0d openness parameté#pfen), defined as
the ratio betweenj et and the lagoon surface area.

Scenario  Surface Meandepth  Volume  Salt marsheSinet Popen

(1B m?) (m) (1Fmd)  (1¥m?) (m?)  (1079)

1927 4.260 1.39 5.055 0.68 21001 4.93
1970 4.150 1.61 6.372 0.35 23341 5.62
2002 4.150 1.85 6.596 0.32 23758 5.72
2012 4.146 1.85 6.577 0.32 23468 5.66

present-day (2012). For this period detailed bathymetric andhe areal diminution of the salt marshesagniello et al.
morphological data are availabl84rretta et al.2010. The 2009 Sarretta et al.2010. Salt marshes decreased by more
main morphological changes are: than 50% from 68krhin 1927 to 32k in 2002, while
the mean depth of the whole lagoon varied from a value of
— salt marshes’ destruction from 1927 to 1960 to reclaim 39 m in 1927 to 1.85 m in 2002. The severe erosion of tidal
land for the construction of the industrial zone (a t0- f|ats (average deepening of 40 cm) in the central lagoon from
tal of 22kn¥), together with Venice airport and urban 1970 and 2000 is probably the morphological response of
development on the lagoon-side of the city of Mestre the |agoon to the excavation of Malamocco-Marghera nav-
(S. Giuliano), the latter two occupying a further 5km  jgation channel in 1966-1969 (30-5F10° of sediments
disposed in landfill areas outside the lagod®arfetta et a).
2010. The total cross-sectional area of the inlefg ) in-
creased from 1927 to 2002, as well as the openness param-

— restoration activities, which included salt marsh stabi- €t€r Popen defined as the ratio betweeSnier and the la-

-5 5
lization up to the construction of artificial salt marshes, 900N surface area (from 4.9310™ to 5.72x 10™). Both
since the early 1990s; Sinlet and Popen reduced slightly after the construction of the

MoSE infrastructures.

— inlet reconfiguration from 2002 to 2012 to constructthe The sea level reference datum is about 27-28 cm higher
mobile barrier system (MoSE, from the Italian acronym than the IGM42 datum used for the bathymetri€arfetta
for Experimental Electromechanic Module) for defend- et al, 2010 due to subsidence and sea level rise in the last
ing the city of Venice from floods caused by exceptional century. The vertical datum difference was accounted in the
tides and storm surges. The main changes are the corsimulations.
struction of an artificial island in the middle of the Lido
inlet, and the creation of breakwaters and refuge har- _
bours in each inlet. The MoSE project entails building 2 Materials and methods
mobile barriers at the bottom of each inlet that, when

— dredging of the Malamocco-Marghera ship channel in
the central part of the lagoon from 1960 to 1970;

o S A framework of numerical models (SHYFEM, freely avail-
flood events threaten to become critical, will rise and able online atwww.ismar.cnr.it'shyfem Umgiesser et al,
shut off the lagoon from the sea. Thg level of 1.10 cm 2004 was applied to the surface domain of Venice Lagoon
(ab_ove sealevel ref_erence datgm), which conventlonallyand its adjacent shore. Water renewal times are estimated by
defines the (_exceptlonal _floodmg event (Iocally called computing the dispersal and fate of the conservative tracer.
acqua alta high water), is the value above which the The model is especially well suited to very shallow areas
gates WOL.“d close to separate the lagoon from the S€4nd has been successfully applied to several shallow wa-
(Carbognin et a).2019. MoSE should be fully opera- ter coastal systemdJfmgiesser et al.2004 Ferrarin and

tive in 2016. Some hydrodynamic consequences 01‘in|etUmgiesser2005 Ferrarin et al. 2008 2010h De Pascalis
modification and closure have been previously investi-et al, 2017

gated through numerical models Melaku Canu et al.
et al.(2010.

The 3-D hydrodynamic model SHYFEM applied here uses

A set of quantitative geo-morphometric parameters of thefyite elements for horizontal spatial integration and a semi-
Venice Lagoon in the 1927, 1970, 2002 and 2012 scenariogyyicit algorithm for integration in time Wmgiesser and

is reported in Tabld. The main morphological alterations in Bergamascol995 Umgiesser et al2004).
the period 1970-2002 were an extensive deepening of the la-

goon (as a result of subsidence and loss of sediment), and
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The primitive equations, vertically integrated over each2.2 Water renewal time, return flow factor and

layer, are openness with the sea
k1 k1 k1 Vi = —oh ¢ hi dpa . . . -
TR T fVi=—gho= - 0 9% In this section we describe the three hydrological parame-
1/ on bottomd P au; P U ters, based on numeri_cal model results, which_ were use_d in
o (fx T ) AT AT A By (1) this study to characterize the hydromorphological evolution
3V av 3V U — o 3¢ hi dpa of the Iagpon. ' o .
T Ty tugy TSV = mehigs =y Assuming that advection and diffusion are the main phys-
1/ topd)  _botiom) 3 v 3 (, 2V B ical processes that influence the cleaning capacity of the la-
+ 0 (’«V W ) tox Ay ay "My goon’s ecosystenRodhe 1992, the water renewal time was
or Lol & avi used to compute the transport time of lagoon’s waters. The
m Ix Ty 0 3) water renewal time (WRT) was considered as the time re-
=1 =1

quired for each element of the domain to replace the mass of
with / indicating the vertical layer,{;, W) the horizontal 5 conservative tracer with new wat@ucco and Umgiesser
transport at each layer (integrated velocitieSthe Coriolis 2006 Cucco et al.2009 Ferrarin et al.2008. Such a trans-
parameterp, the atmospheric pressurg,the gravitational ot timescale can be associated with the renewal time con-
acceleration/ the sea levelpo the average density of sea ceptand is an adequate indicator related to the environmental
water,z the internal stress term at the top and bottom of each,eith of the aquatic systemlgdelrhman 2005 Plus et al.

layer, h the layer thickness. 2009 Ouillon et al, 201Q Hartnett et al.2012. The model
The boundary conditions for stress terms are solves the 3-D advection and diffusion equation to compute
_L,Xsurfacez €D Pattx /w)% + w§ the dispersal and fate of the conservative tracer, which is
’ given by
f
T3 "€ = cp pawy JwE + wh (CON Yo T o NN To AN To MY’ aC)
bottom [2. .2 B T TV T T M
‘L’xo = cgpouuL /U + vf y z

0 aC| 0 aC|
/ — | Ky — — | Ky — 6
beottomz CB PO UL ”E + UE (5) + 2y ( H 3y ) + Py ( \Y 9z ) (6)

wherecp is the wind drag coefficientg is the bottom fric-  where C; is the concentration of the conservative tracer at
tion coefficient,pa is the air density, ., w,) are the zonal |ayer/, u, v andw are the velocitiesky and Ky are respec-
and meridional components of the wind velocity, respec-tively the horizontal and vertical turbulent diffusion coeffi-
tively, and ¢, v_) is the water velocity in the lowest layer.  cients. The transport and diffusion equation is solved with a
Smagorinsky’s  formulation §magorinsky 1963 first-order explicit scheme based on the total variational di-
Blumberg and Mellor 1987 is used to parameterize minishing (TVD) method.
the horizontal eddy viscosityA). For the computation of  To compute the WRT we refer to the mathematical expres-
the vertical viscosities, a turbulence closure scheme wasijon given byTakeoka(1984), known as the remnant func-
used. This scheme is an adaptation of thee module of  tion. The water renewal time can then be computed for each

GOTM (General Ocean Turbulence Model) described inpoint of the domain asqucco and Umgiessg2006
Burchard and Peters€¢h999.

The model uses a semi-implicit algorithm for integration -
over time, which has the advantage of being uncondition-WRT(x, y, 2) = / r(t,x,y, z)dt (7)
ally stable with respect to gravity waves, bottom friction and 1=0

Coriolis terms, and allows transport variables to be solved _ .
O . X . ; wherer(t, x, vy, 2)=C(t, x, y, z)/C(0, x, y, z) is the local
explicitly without solving a linear systenfngiesser et a|. ; : .
- . ) remnant function, withkC (¢, x, y, z) the local concentration
2009. The Coriolis term and pressure gradient in the mo- . : .
. . . . of a conservative tracer at time(s) andC (0, x, y, 7) its
mentum equation, and the divergence terms in the continu:

. : S S L initial value. The integral in the above equation is numeri-
ity equation are treated semi-implicitly. Bottom friction and . : . . . .

. . . L - cally approximated in accordance with the simulation time
vertical viscosity are treated fully implicitly for stability rea-

sons due to the shallow nature of the lagoon, while the re_step. To account for the residual tracer mass at the end of the

. . . e .~ simulation, local water renewal time values are subsequently
maining terms (advective and horizontal diffusion terms in . : .
. - . corrected, assuming exponential decay of the tracer, as:
the momentum equation) are treated explicilymgiesser
et al, 2004 Umgiesser and Bergamasd®95. The maxi- WRT(x, y, 2)
mum allowable time step in the simulation was set to 100s WRT(x, y, 2) = ———————
. : : 1—r(T,x,y,2)
and the model adopts automatic sub-stepping over time to _ .
enforce numerical stability with respect to advection andwherer(T, x, y, z) is the local remnant function at the end
diffusion terms. of the simulation{=T).

8)
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The volume-weighted average of local renewal times
(WRT) equals the overall water renewal time of the basin
computed as the time integral of the total concentration over
the model domain, divided by the initial amount of material %
in the water body.

The water renewal time of a semi-closed basin can be
strongly influenced by the properties of the outgoing flow and
by the interaction with the coastal currents. In tidally domi-
nated basins, for each tidal cycle, a fraction of the tracer flows
out to sea during the ebb tide, but a part of it can flow back
into the lagoon again during the next flood tidanford et al.
(1992 proposed the definition of return flow factor (RFF) as
an estimate of the proportion of lagoon water flowing out to
seathat returns to the basin. It can be calculated for the whole
lagoon domain as

Lagoon of Venice

I ™ ™
01234 5km

where WRT is the basin-wide average water renewal time
andWRTy is the basin-wide average water renewal time cal-
culated for the situation in which all the tracer that exits the
basin vanishes. RFF ranges between 0 (no tracer return) and
(the whole tracer mass re-enter§jucco and Umgiesser

2006).
The degree of communication with the open sea is usually Bathymetry [m]
measured by the openness parame&gen, deduced by geo- 0 2 4 6 8 101

morphologic characteristic€aubarenko et §12005. How- . ) )
ever, this parameter does not take into account the water vol£'9- 2- Bathymetry (referred to IGM42 datum) of Venice Lagoon in
ume of the lagoon and the real water exchange through thg'? present situation (2_012) ano! adjacent shore'obta_lne_d by using
inlets. Therefore. in this study. the influence of the sea on inite element model grid (superimposed). The circle indicates the
) ’ Y, . .~ location of oceanographic towdicqua Alta(AA).

general lagoon hydrology was estimated by the daily fraction

of lagoon water volume exchanged with the open sea (FVE),

computed as ratio between the daily flux of water from the

sea to the lagoon and the basin volume the frequency, duration and intensity of wind events affects

strongly the circulation regime of the lagoon and, as a con-
2.3 Simulations set-up sequence, the WRT. In this paper the baroclinic contribution

is not considered, therefore the model results take into ac-
The hydrodynamic numerical computation is performed oncount only the water exchanges between the lagoon and the
a spatial domain that represents the Venice Lagoon and itsea induced by the tide and wind action.
adjacent shore. The use of elements of variable sizes, typical Four yearly simulations, representing the Venice Lagoon
of finite element methods, is fully exploited in order to suit configuration in 1927, 1970, 2002 and 2012, were carried
the complicated geometry of the basin, the rapidly varyingout (hamed Y1927, Y.1970, Y_2002 and Y2012). Consid-
topographic features, and the complex bathymetry. Four nuering that we simulate the circulation of the lagoon under
merical grids were constructed representing the morphologyealistic tide and wind forcing conditions (the selected year
of the Venice Lagoon in 1927, 1970, 2002 and 2012. Theof reference is 2002) and that the results may depend on the
numerical grid of the 2012 configuration is represented ininitial time of the simulation, we calculated WRT every three
Fig. 2. The water column is discretized into 17 vertical lev- months along one year and considered an average values of
els with progressively increasing thickness, varying from 1 mfour repetitions as meaWRT for the year.
for the topmost 10 to 7 m for the deepest layer of the outer In order to investigate the effects of morphological modifi-
shelf. cations during high water condition, a set of monthly simula-

The factors affecting the transport process have a high intions was carried out (simulations named1427, M.1970,

fluence on the calculation of the WRT. In the Venice Lagoon,M_2002 and M2012). The period of reference of these sim-
tide (about 1 m tidal range during spring tides) and wind areulations is November 2002, during which seven high wa-
the most important forcing factors and, in particular, the di- ter events occurred. Furthermore, four additional simulations
rection of the wind (Bora from NE and Scirocco from SE), were performed for the 2012 configuration considering the
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Table 2. Simulations description and set-up. 5000
T 4000 l . l . l .a
Sim. name Layout Duration MoSE SLR e . - L N B
closure (cm) 3 o000 S8 5 : 3 1
Y_1927/M 1927 1927  yearly/monthly no 0 S 2000 | s B
Y _1970/M.1970 1970  yearly/monthly no 0 g “ ‘
Y _2002/M.2002 2002  yearly/monthly no 0 < ‘°°°“ “ lLlI
Y_-2012/M.2012 2012  yearly/monthly no 0 o
FLOOD EBB FLOOD EBB FLOOD EBB FLOOD EBB
SLR.00 2012  monthly yes 0 1e27 1o70 2002 2012
SLR.10/SLR10.NoM 2012  monthly yes/no 10 Malameiss === Chicggia e
SLR30/SLR30.NoM 2012  monthly yes/no 30
SLR50/SLR50.NoM 2012  monthly yes/no 50 Fig. 3. Average water fluxes between the lagoon and the sea during

ebb and flood tide for the four past and present situations (1927,
1970, 2002, 2012).

closure of barriers at water level higher than 110cm, and in-

creasing the boundary water level by 0, 10, 30 and 50 cm, t&t al, 2004 Cucco and Umgiesse00G Ferrarin et al.
reproduce future sea level rise scenarios (simulations name@010a Ghezzo et a).2010. The model application for the
SLR.00, SLR10, SLR30, SLR50). The absence of water 1927 scenario could not be validated due to lack of measure-
flux through the inlets during the rise of the barriers was sim-ments. The numerical procedure for simulating the closure
ulated by increasing bottom shear stress and viscosity in th&f the barrier has been successfully testetdingiesser and
inlets area. In order to investigate the degree of choking théViatticchio (2006.

MoSE batrriers are causing to the lagoon, we carried out three

additional simulations which considers SLR without any clo-
sure of the inlets duringigh tideevents (simulations named

SLR10.NoM, SLR 30.NoM, SLR 50.NoM). Modelling results are divided into two sections: the first
The expected times for SLR of 10, 30 and 50cm can beyegcripes the yearly simulations output of the historical
estimated to b_e 2030, 2060 and 2090 _by considering that rez,q contemporary layouts (1927-2012), while the second
cent observations find sea level tracking at the upper rang@resents the fall-winter simulations results and the future sea

of IPCC projectionsAllison et al, 2009 Umgiesser et al.  |eye| rise scenarios considering the shut off of the lagoon due
2012. It is reasonable to assume that SLR will change they, ihe MoSE barriers.

mean depth and volume, but it will not modify the lagoon

surface since its perimeter is heavily anthropized. The apti3.1 1927-2012 evolution

tude of salt marshes to keep pace with SLR is a debated topic,

but it has been generally found that wetlands can counteracthe evolution of the WRTs is linked to the different situation
accelerated sea level rise only in areas with high sedimenof the bathymetry, of the lagoon perimeter and of the inlets
input Day et al., 2011). Therefore, since river sediment in- structure, represented by the different grids. The method per-

3 Results

putin the Venice Lagoon is almost absebag et al., 1998, mits the examination of both th&/RT value for the whole
we assumed no accretion and vertical elevation gain of salbasin and the local WRT, with a spatial differentiation de-
marshes with future SLR. pending on the local circulation.

All simulations were forced by hourly observations of  Model results for these simulations, as average values for
wind and water level recorded in the open sea in front of thethe whole basin, are summarized in TaBld=igure3 shows
lagoon at the oceanographic towsequa Alta(up to 15km  that the total water exchange with the sea increases from the
offshore). The characteristics of the performed simulationsyear 1927 to the year 1970 because of the opening of the
are summarized in Tab2 Malamocco-Marghera channel and the deepening of the shal-

The conservative tracer was initially released uniformly low areas, as indicated by the increase of volume and by land
throughout the entire lagoon with a concentration corre-reclamation. From 2002 to 2012 the total water flow tends
sponding to 1, while a concentration of zero was imposedto reduce after the construction of the MoSE infrastructures
on the seaward boundary. The horizontal turbulent diffusiv-that slightly decrease the fluxeSifezzo et a).2010. From
ity was calculated using the model proposednyagorinsky  Fig. 3 it is evident that the flux through some inlets, during
(1963, with a Smagorinsky parameter of 0.3. Vertical diffu- ebb and flood phase, does not have a symmetrical behaviour
sivities are calculated by the— e turbulence closure model. in all the considered situations. For the period 1930-2000,

The model application to the Venice Lagoon has beenpassing from flood to ebb phase, the flow through the Lido
validated in previous works correctly reproducing the tidal inlet increases, and it reduces through the Chioggia inlet,
propagation and the flows in the three inlets for the sce-whereas Malamocco inlet maintains a balanced behaviour.
narios 1970, 2002 and 201®ifhgiesser200Q Umgiesser  With the MoSE structures almost completely in place, as for
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Table 3. Simulation results for the 1927-2012 scenarios. Results — From the year 2002 (blue dotted line) to 2012 (gray
are given in terms of average sea-lagoon water fluxes, basin-wide dot-dashed line) there is a general shift of water re-
average water renewal time and return flow factor. The last two pa- newal time toward higher values. In particular the fre-

rameters were calculated as average of four replicas. quency of WRTs below 6 days decreases, whereas the
— number of WRTs between 6 to 10 days increases. This
Sim. name  Sea-lagoon fluxesWRT ~ RFF variation is related to the recent changes in the circu-
m3s (days) (adim) lation in the three inlets, induced by the realisation of
Y 1927 3881 11.9 0.082 the MoSE structures at the inlets, which affect mostly
Y_1970 4688 11.0 0.086 the central part of the lagoon (Figd). In this period,
Y _2002 4641 10.8  0.086 a single dataset of bathymetry is available and elevation
Y_2012 4570 11.3  0.112 differences cannot be estimated.

The average value of the return flow factor for the basin

the present situation (year 2012), even the Malamocco inIetS“gmIy increases (from 0.082 10 0.086) from 1927 to the

h liahtl bal d behavi ith i i year 1970. This indicates that the opening of Malamocco-
Shows a slightly unbajanced behaviour with incoming uxesMarghera channel intensifies the current velocities, but re-
greater than the outgoing fluxes.

o . ._tains the symmetry of the flow and therefore the amount of
The basin-wide average water renewal times of the Ven'ceiracer that may come back increases. From 1970 to 2002 it
Lagoon are reported in Tab® The WRT tends to decrease intains th I finallyi ) h 5
. 12 h
from 1927 (11.9 days), to 1970 (11.0 days), until to 20Ozmalntalnst e same value, and finally in the year 2012 reaches

(10.8 days). Only with the last change of the inlet mor- the maximum value of 0.112.

phology in 2012 (MoSE) does it tend to slightly increase 32  Fall-winter simulations and future scenarios of sea
(11.3 days). level rise
Qualitatively, the spatial distribution of WRT is heteroge-
neous, mainly dependent on the relative distance from thé=rom the statistics of the local climatology, winter months,
inlets and on the presence of channels. The areas connectgarticularly November, are more frequently characterised
to these channels are directly influenced by the sea and corby meteo-marine conditions favourable to the onset of
sequently their water renewal times are lower (B@). The  storm surges (high water). Typically, southeasterly winds
main characteristics of WRT spatial distribution remain sim- (Scirocco), associated to storm surges in the northern Adri-
ilar in the considered scenarios, with a gradient going fromatic Sea, induce an energetic circulation in the Lagoon of
the inlets towards the inner margins of the lagoon. Venice Umgiesser2000 and consequently lower water re-
The spatial distribution of the WRT difference between the newal times of the lagoon with respect to calm conditions
different scenarios (Figthb—d) and the comparison between (Cucco and Umgiessg2006).
the frequency distribution of the water renewal times, by % Modelled water renewal time and the daily fraction of la-
of volume (Fig.5a), and the variations of the elevation, by % goon water volume exchanged with the open sea (FVE), the
of area (Fig5b), of the lagoon indicate that: number ofover thresholdevents and the overall time of clo-

— From the year 1927 (red continuous line) to 1970 (greenS!'® of the mobile barriers at the inlets for the considered

dashed line), the frequency of the highest WRT val- scenarios are reported in Tade

Numerical results of the monthly simulations for the 1927
ues decreases, whereas the frequency of very low WRT . - '
(around 2 days overall) increases significantly. At the 1970, 2002 and 2012 scenarios show a similar trend of the

same time the bathymetry of the lagoon becomes generyearly. simula.tions: from 1927 to_ 2002 the r_norphqlogical
ally deeper with an overall variation of 0.5 m. As shown evolution implies a S.IOW decrease in WA&RT, while the f|>§ed
in Fig. 4b, there is a general decrease of WRT over the.’vIOSE structL_Jres br_lng back te/RT to the values otgtamed
whole lagoon. in the 1927 simulation. In 1927 more thar_1 hal_f (54 %) of the
lagoon water volume was exchanged daily with the sea dur-
— From the year 1970 (green dashed line) to 2002 (blueing strong Scirocco events. Morphological modifications so
dotted line) there is an increase of the frequency offar introduced changed both the lagoon water volume and the
WRTs in the range of 5-8 days. This corresponds toflux through the inlets, reducing the daily fraction of water
the decrease of WRT in the central part of the lagoonvolume exchanged with the open sea (FVE =0.49 in 2012).
(Fig. 4c), where the deepening was more interSar{ Closing the gates during high water events (for a total of
retta et al. 2010. As shown in Fig.5b, the areas be- 39h of closure) increases the water renewal time from 8.3 to
tween 0 and -1 m decrease significantly, while deeperd.4 days. The operating time of the MoSE barriers under the
areas increase. The increase of WRT in the northern pardifferent sea level rise scenarios extends the modelled WRTSs.
of the lagoon and the associated increase of areas in thEhe computed average water renewal time is 10.6, 12.2 and
range 0:1m are probably due to recent construction 0f15.2 days for an SLR of 10, 30 and 50 cm, respectively. Dur-
artificial salt marshes. ing autumn, an SLR of 50 cm, and the associated closure of
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Fig. 4. Map of water renewal time computed by the model for the 1@97and maps of the WRT difference (in days) between 1970 and
1927(B), between 2002 and 197C) and between 2012 and 20(R2). WRT values were computed as average of four replicas obtained by
forcing the model with water level and wind observations of year 2002.

the MoSE barriers, limit the daily water exchange with the the scenarios with SLR of 10, 30 and 50cm and the refer-
sea to about one-sixth of the overall lagoon water volume. ence scenario SLR-00 are presented in Big.he effects of

The distribution of the WRTSs in the lagoon for the SLR-00 Scirocco winds on the water renewal capacity of the lagoon
scenario considering the closure of the inlets during high wa-are spatially diversified with more efficiency in the south-
ter events and the maps of WRT difference (in days) betweerern areas than in the northern ones, where the highest WRT
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Fig. 5. Frequency distribution of water renewal time, by % of volu@Ag, and elevation (referred to IGM42 datum), by % of afBg for the
1927 (red continuous line), 1970 (green dashed line), 2002 (blue dotted line) and 2012 (gray dot-dashed line) scenarios. There is no available
elevation dataset for the 2012 scenario and therefore the elevation over the lagoon was assumed to be unchanged from year 2002.

Table 4. Model results of monthly simulations in terms of basin- in the central part of the lagoon (close to the city of Venice)
wide average water renewal timé&/RT) and daily fraction of water  and lower values in its southern and northern areas. The de-
lagoon volume exchanged with the open sea (FVE). Table reportgrease of the WRT with increasing SLR in the northern parts
also_the number of high water events and the overall closure time off the lagoon is due to the inflow from the Porto di Piave
barriers. Vecchia channel which is not planned to be closed during
high water events. The inflow of water through the Porto di
Piave Vecchia channel has a negligible effect on the mean
water level in the lagoon. With an SLR of 50 cm, the central

Sim.name  Number of Closure WRT FVE
high water period (days) (adim)

events (hours) . . .

sub-basin is expected to have under fall-winter conditions

M.1927 7 0 8.3 0.54 WRT values higher than 15 days. These high WRT values

mgggg ; 8 g-i 8-2(2) are found in the present situation only in the more confined

M._2012 7 0 8.3 0.49 inner-lagoon areas (Figd).

SLR.00 7 39 9.4 0.43 _ _

SLR.10 10 60 10.6  0.41 4 Discussion

SLR.30 25 183 12.2 0.28 . .

SLR 50 42 372 15.2  0.17 4.1 Hydromorphological evolution

The evolution of the Venice Lagoon from the recent historical
period to the future is summarized in Figin terms of basin-
values are found (Figga). With increasing SLR, the WRT wide average water renewal time computed for the monthly
in the northern part of the lagoon decreases, whereas it insimulation.
creases in the central and in the southern sub-basing-ig.
d). In these future scenarios, the spatial distribution of water
renewal time seems less related to the distance from the in-
lets, but rather resembles a radial gradient with higher values
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events(A), and maps of WRT difference (in days) between SLR-10 and SLR-00 sce()jdetween SLR-30 and SLR-00 scenar(iG3
and between SLR-50 and SLR-00 scena(dfs The period of reference is November 2002.

From 1927 to 2002 the decreaseWRT well correlates  coastal sea decreases. This apparent contradiction is due to
with the increase of water fluxes through the inlets. How- the fact that the loss of morphological heterogeneity in the
ever, the water volume increases, mostly due to the deeperiagoon (lowering of tidal flats, infilling of tidal channels and
ing of the lagoon and loss of marsh areas in the inner lagoonreduction of salt marsh areas) enhanced the internal water
and the daily fraction of water volume exchanged with the mixing processes driven by the tide and wind. The flattening
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Fig. 7. Evolution of average water renewal time in the Venice Lagoon under fall-winter conditions considering past morphological changes,

the MoSE structures, the closure of MOSE barriers dunigy tideevents and future sea level rise of 10, 30 and 50 cm. Gray asterisks indicate

the results of SLR simulations without considering closure of the mobile barriers at the inletsl(NBM, SLR_20_.NoM, SLR_30_.NoM).

The red dashed line at WRT =11.3 days indicates the average yearly value of the present situation (2012, sim2@4t&)n Y

of the lagoon had thus a positive effect on the overall renewaWRT, and therefore it will have a stronger effect on water
capacity of the basin, which counteracts the negative effectenewal in comparison with only the increase of volume in-
induced by the increase in volume. duced by SLR.

The most conspicuous changes in WRT spatial distribution In the present configuration (2012), the value of water re-
shown in Fig.4c between 1970 and 2000 can be explainednewal time during strong Scirocco winds is three days lower
by the effects of the excavation of Malamocco-Margherathan the average value computed in the yearly simulation
navigation channel and recent construction of artificial salt(8.3 with respect to 11.3 days). Figureshows that a sea
marshes. level rise between 10 and 30 cm leads #/RT higher than

The increase of water renewal time from 2002 to 2012 isthe present (2012) yearly averaged value (red dotted line).
due to the new structures at the inlets that modify the localThe obtained results indicate that the closure of the inlets
circulation and determine a longer retention of water massesluring storm surges and very high tides to prevent flooding
in the areas around the inlets as highlighted by the highesin Venice makes Scirocco winds less effective in renewing
value of the return flow factor (Tabl®. the lagoon’s waters. Consequently, the internal circulation

With increasing sea level rise, the number of high waterredistributes the tracer and has more influence on the spa-
events and closure periods increases. While in the preserial distribution of the water renewal time than the exchange
situation the closures are only related to storm surges, in thavith the sea.
future scenarios of SLR the barriers are expected to oper- Model results could also be used to investigate the his-
ate also for very high tides related to purely astronomicaltorical and future hydromorphological evolution of Venice
forcings. Model results clearly show that sea level rise in-Lagoon. According t&jerfve and Magill(1989, coastal la-
creases the lagoon water volume and closure of the MoSKjoons can conveniently be subdivided into choked, restricted
gates reduces water fluxes through the inlets. The Venice Laand leaky systems based on the degree of water exchange
goon will then become progressively more isolated and, as &etween lagoon and ocean. Even if no clear and sharp dis-
consequence, the average renewal time of the lagoon’s watdinction among hydromorphological types exists, according
will increase. to this classification, Venice Lagoon may be defined between

Basin-wide average water renewal time of simulationsleaky and restricted.
which considers SLR without any closure of the inlets during Lagoon type classification was archived in this study ac-
high tide events are 8.4, 8.8 and 9.2 days for an SLR of 10cording toWRT and to daily fraction of lagoon water volume
30 and 50 cm respectively. Increase in W&T is only due  exchanged with the open sea (F&). The figure reports also
in this case to increase in the lagoon volume that is not fullythe numerical results, obtained by applying the same model
compensated by the increase of water fluxes through the inSHYFEM, of five other Mediterranean lagoons: the Marano-
lets. As shown in Fig7, where results of these simulations Grado Lagoon in the northern Adriatic Sea, the Taranto basin
are presented as gray asterisks, the closure of the MoSE bain the lonian Sea, the Cabras Lagoon in Sardinia, the Mar
riers is responsible for about the 90 % of the total change inMenor in Spain and the Nador Lagoon in Morocco. Details
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winter conditions. Leaky, restricted and choked water body sketches areKjemfee and Magill (1989. Numerical results of five other
Mediterranean lagoons are marked with filled and half-filled magenta circles.

of model application to these lagoons can be founedlagni progressive changes in the main environmental variables,
et al.(2008, Ferrarin et al(20100, Umgiesser et a(2017) such as salinity, water renewal, nutrients, turbidity and sed-
andDe Pascalis et a{2011). These environments range from iment structure that generate composite sea-land gradients
a leaky type to a choked type of basins and give a repre{Tagliapietra et a).2009. These environmental gradients
sentative picture of the coastal lagoons situated around thafluence directly the structure of biological assemblages
Mediterranean Sea. selecting sensitive specieBgasron and Rosenbert978
Figure8 shows that Venice Lagoon in the last century did Guelorget and Perthuisdt983 1989.
undergo slight changes in hydromorphological type, with a At a functional level, the sequence from the sea towards
shift towards a more restricted system since the daily fracc-more and more confined areas provides a succession of
tion of water volume exchanged with the coastal sea despecies from “sensitive species”, K-strategift®ka 1970
creases. The MoSE structures reduce the exchange with theharacteristics of the less confined habitats, to “opportunistic
sea and slightly increase the overall water renewal time. Simspecies” Grassle and Grassl@974 characterized by type
ulations of future scenarios indicate an evolution towards"r” reproductive strategy (r-strategists) that dominate under
a more restricted environment. The fraction of water volumeconditions of intense disturbance. This is accompanied by a
exchanged daily with the open sea decreases from 0.49 of thgrogressive decrease in the number of species. Nevertheless
present situation (M2012) to 0.17 in the case of an SLR of often in lagoons resident species show “K features” as far as
50 cm. Such a marked decrease depends on two factors: firdhe reproductive strategy is concerned (e.g. few larvae born
the closure of barriers durirfggh tideevents limits mechan- at an advanced stage of development) combined with “r fea-
ically the water flow between the lagoon and the sea; sectures” as far as the life-style is concerned (e.g. short living,
ond, SLR induces a water volume increase in the basin thafast-growing animals) as evidenced Bgrnes (1980 in in-
is only partially compensated by the increase in water ex-vertebrates and biyérez-Ruzafa et a(2012 in fishes.

change through the inlets. Together with the variation of salinity, one of the main
mechanisms responsible for this seriation of species and re-
4.2 Hydroecological implications duction of biodiversity along the gradient is the increase of

saprobity, defined as the state of the environment resulting
The presented model results can be used to improve oduifom the input and decomposition of organic matter and the
understanding of the links between physics, hydrology andemoval of its catabolitesTagliapietra et a).20121. The
ecosystem conditions. To properly understand the effects ofiner areas of the lagoons are therefore naturally the most
the hydrological changes we must remember the pecunasaprobic and host communities more tolerant towards the
ecological structure of lagoons, which are characterised by
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accumulation of organic matter, towards catabolites arisingncides with the highest load of sediments, nutrients and pol-
from degradation, and to hypoxic and reducing conditions. lutants. If these inputs from the hinterland and the City of

The rate of accumulation of nutrients, organic matter andVenice will not change, there will be a possible entrapment
pollutants in semi-closed systems can be proportional to waef toxic substances in the central areas of the lagoon, with in-
ter transport timescaleDgttmann 2001). This process de- creased eutrophication and saprobity and risk of anoxia that
pends on the accumulation rate of substances in respect wwould also involve the historical city. The lagoon will have
the auto-depurative capacity of the system. Altering the balto rely almost exclusively on the internal metabolic processes
ance of these two processes can mean a shift of environmetfier the assimilation and mineralization of the nutrient inputs.
tal conditions and consequentially a different habitat typol- If nutrients and pollutants are not biologically, chemically or
ogy, community composition and distributioBielorgetand  geologically retained in the system, they may be flushed dur-
Perthuisot1989. ing the following winter, otherwise in spring they will trig-

Significant changes in water chemistry have overlapped t@er the growth of algaeTagliapietra et a).20123. The eu-
hydrological changes in the last century, producing vegetatrophic conditions may also lead to the reduction of seagrass,
and animal trophic effectsSfriso et al, 1992 Tagliapietra  currently in the recovery phase, with drastic effects on bio-
et al, 1998 Solidoro et al. 2010. The increase of nutrient diversity. Among others, the zone with lower water renewal
inputs in the 80-90s caused a succession of aquatic vegime is situated in the area where there is now a higher har-
etation from seagrasses to fast-growing macroal§deso vesting of Manila clams which might suffer a considerable
et al, 2003 Sfriso and FacG&2007). The consequent dispro- reduction.
portionate increase of catabolites generated by the degrada- The benthic community could assume a structure more
tion of organic matter was not balanced by an adequate wasimilar to that of the communities currently present in the
ter exchange, producing an accumulation of toxic cataboliteperipheral areas of the central basin close to the salt marsh
and an increase of the reducing conditions, flowing finally in fringe. The hypothesized conditions will affect the most sen-
dystrophic crisis. sitive species needing oxygenated waters, including many

The changes in hydrological conditions could be partly re-species of molluscs, and favouring resistant species, toler-
sponsible for the evolution observed from 1970 to the presenant and opportunistic, among them mainly small polychaetes.
in the zooplankton community structur@dgi et al, 2004 The communities will therefore be less different, composed
Solidoro et al. 2010. The increased exchange with the sea of more tolerant species, and in which the vigor is expressed
and the shortening of the WRT, mainly in the inner area ofin increasing the number of individuals of small dimensions
the Venice Lagoon, well correlate with the shift in meso- rather than in increased biomass as it conversely happens
zooplankton composition, with occurrence of the copepodin less impacted situations. Moreover a general increase in
Acartia tonsaDana, now the dominartcartiaspecies inthe polychaetes, and a reduction in bivalves could occur, but also
inner and middle part of the basin, and decreaséar- face a less favourable environment for many species of fish,
tia lasetinosatypical of confined environmentdi@uchlineg including the prized sea bream and bass more favourable to
1998. mullets.

Scenarios with an SLR from 0 to 50 cm (F&).propose a In future scenarios the connectivity with the sea will be re-
lagoon in which the hydrology of the various habitats is pro- duced, limiting the incoming passive particles and migratory
foundly changed: the banded zonation with increasing con-organisms, and increasing the relevance of the recirculation
finement from sea to land, shifts to a lagoon characterizedand redistribution inside the lagoon. Since Venice Lagoon
by a more concentric confinement gradient, in which the cir-plays a nursery role for several species, the larval colonisa-
culation is more influenced by the wind and that looks moretion and the fish migration can be disturbed by the limited
like a choked Mediterranean lagoon (coastal pond). In theconnectivity and this could have some consequences on the
most extreme simulation (SLR 50 cm), the area with higherrecruitment Cowen et al.2005.
water renewal time moves from the edge of the lagoon to-
wards central parts of the lagoon, coinciding with the water-
shed (divide) between the basins of Lido and Malamocco5 Conclusions
spreading up to and including the city of Veenice. There is a
reduction of the land-sea gradient of confinement, resultingn the recent morphological history of the Venice Lagoon
in a homogenization of communities in many parts of the la-(1927-2012) several steps can be recognized as important in-
goon. The higher the level of the sea, and the frequency oferventions affecting hydromorphological structures and pro-
closures, the more the lagoon will be increasingly confinedcesses. This study aims to relate the general geomorphologi-
with a reduction of water exchange, resulting in a possiblecal changes to the hydrological and ecological consequence.
reduction of species with marine affinities, more sensitive to Human activities in the period 1927-2002 (salt marshes
saprobic conditions. destruction to reclaim land and dredging of the ship channel),

The numerical simulations of future scenarios focus on theand hydromorphological responses to such activities (lower-
period of maximum closure of the inlets (autumn) which co- ing of tidal flats, infilling of tidal channels and reduction of
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