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A B S T R A C T

This study investigates the effects of 昀氀ow regulation by the 昀氀oodgate system (MoSE: Electromechanical Exper-
imental Module) on sediment and water exchanges between the Venice Lagoon and the Adriatic Sea, during two 
signi昀椀cant storm surges in 2022 and 2023. An integrated observation system, which combines satellite-derived 
products and data from in-situ instrumental networks, was implemented at the three lagoon inlets (Lido, 
Malamocco and Chioggia). The high spatial and temporal resolution of continuous in-situ data allowed to 
characterize the complex interactions between sediment 昀氀uxes driven by tidal 昀氀ow and the repeated and pro-
longed activations of the 昀氀oodgates, considering the intense particle resuspension within the lagoon and along 
the coasts by wind waves. Our 昀椀ndings reveal a quite similar net sediment loss from the lagoon during each event 
(~13,880 tons and ~ 14,850 tons), but with distinct spatial and temporal patterns in the four inlet channels. 
During the 2022 event, sediment export during ebb tides exceeded import during 昀氀oods, leading to a net loss at 
all inlets (Chioggia ~ 4,720 tons, Malamocco ~ 3,360 tons, Lido ~ 5,800 tons). By contrast, in the 2023 event, 
sediment import dominated in the northern basin (Lido ~ 5,900 tons), while export prevailed in the central and 
southern basins (Malamocco ~ 6,570 tons, Chioggia ~ 14,160 tons). As observable in satellite images, this input 
at north is related to 昀椀ne particles resuspended under northeasterly wind along the adjacent coast and trans-
ported in the lagoon by 昀氀ood tidal currents. The presence of jetties at the inlets interrupts the natural coastal drift 
at south inhibiting such inputs at central and southern basins. Besides being effective in preventing high waters 
in Venice, this study suggests that the regulation operated by the barriers can potentially determine positive or 
negative short-term feedbacks on the lagoon sedimentary budget, minimizing sediment losses from the lagoon or 
blocking the inputs from the nearby coast. In an operational context, near real-time information deriving from 
the tested methodology can support an effective management of the MoSE system, adaptable to the evolution of 
meteo-marine conditions. In the long term, adaptive strategies are essential to prevent alterations of the sediment 
昀氀uxes and the consequent loss of habitat in shallow tidal environments that are already threatened by natural 
and anthropogenic pressures.

1. Introduction

About 32,000 lagoons are reported along 13 % of the world’s 
coastline (Carter and Woodroffe, 1994) and they represent complex 
ecosystems highly sensitive to environmental variability and anthro-
pogenic pressures (Ferrarin et al., 2014; Newton et al., 2014) and to the 
impact of climate change. Coastal lagoons are dynamic environments 
located at the interface of land and sea and they are vital for 

biodiversity, coastal protection, and human livelihoods. Their vulnera-
bility underscores the urgent need for effective management strategies 
and several approaches were adopted in coastal lagoons, to mitigate the 
impacts of sea level rise, including the construction of infrastructures 
such as dikes and barriers to regulate water 昀氀ow and reduce the risk of 
inundation (Gibbons and Nicholls, 2006; Cooper and Lemckert, 2012; 
Mahdian et al., 2023). Signi昀椀cant examples of such interventions are 
found worldwide. For example, in the Ria Formosa lagoon system along 
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the southern coast of Portugal a series of arti昀椀cial inlets and culverts 
were constructed to modulate the tidal 昀氀ow, aiming to preserve the 
ecological integrity and sustain traditional 昀椀shing practices (Kombiadou 
et al., 2019; Newton et al., 2022). Similarly, in the Coorong coastal 
lagoon, Australia, systems of barrages and weirs were implemented to 
regulate water levels and salinity gradients (Webster 2011). In the 
Chesapeake Bay, United States, an extensive series of arti昀椀cial channels 
and dykes was built to control nutrient runoff and sedimentation, 
mitigating the impacts of eutrophication and shoreline erosion (Russ 
and Palinkas, 2020; NOE et al, 2020). A long-awaited and discussed 
intervention is the system of mobile barriers built at the inlets of the 
Venice Lagoon, Italy. Known as MoSE, the Italian acronym for Experi-
mental Electromechanical Module, the infrastructure already defends 
Venice from 昀氀ooding by lifting a total of 78 movable gates, normally 
housed on the seabed, on a forecast of a high tide in the northern 
Adriatic Sea (Zarotti, 2022; Umgiesser, 2020). Since October 2020, the 
MoSE system has operated in a preliminary experimental mode and the 
inlets were already closed 84 times until May 2024. The frequency and 
duration of closures are expected to increase in view of the ongoing 
processes and predicted scenarios of relative sea level rise (RSLR) and 
climate change (Mel, 2021; Tagliapietra and Umgiesser, 2023) with 
several implications for hydrodynamics (Ferrarin et al., 2010), wind 
waves (Favaretto et al., 2022), lagoon water temperature (Ferrarin et al., 
2024), 昀氀uxes of sediments, contaminants and organisms (Ferrarin et al., 
2015) and morphodynamics of saltmarshes (Tognin et al., 2021). 
Although the MoSE system is proving to be an ef昀椀cient and essential 
measure for the physical safeguard of Venice and its unique cultural 
heritage from high waters (Giupponi et al., 2024), the 昀椀rst effects of its 
operation on the ef昀椀ciency of 昀椀sheries and port activities and on the 
preservation of ecosystem services have already been ascertained. The 
effects of the altered hydrodynamics induced by the operational phase of 
the MoSE system were observed by Leoni et al. (2022) that demonstrated 
how the dissolved oxygen balance in the water column is affected by the 
increase in water residence time. Also, Baldassarre et al. (2023) inves-
tigated the effects of the MoSE-related alterations on the micro-
phytobenthic community. Tognin et al. (2021) proved that the reduction 
of salt marsh inundation, related to the MoSE operations, critically in-
昀氀uences their resilience to RSLR by reducing inorganic deposition dur-
ing storm-surge events which, though episodic, contribute to marsh 
vertical accretion. Moreover, the arti昀椀cial reduction of water levels in-
side the lagoon during the MoSE operations might enhance wave- 
induced sediment resuspension from the lagoon beds, promoting in- 
channel deposition and/or 昀氀ushing-out of sediments, through the 
channel network and eventually the inlets (Tognin et al., 2022).

For a realistic assessment of the impacts of lagoon closures on sedi-
ment dynamics, the in-situ monitoring of water and particle exchanges 
becomes crucial, especially during storm events when large amounts of 
materials are mobilized by wind waves and normally transported 
through the inlets. In this context, the existing information mostly dates 
back to the period before the construction of the barrier system. 
Experimental measurements of solid transport based on the use of 
Acoustic Doppler Current Pro昀椀lers (ADCPs) started from 2004, (Defendi 
et al., 2010) and continued in the following decade until 2019, mostly to 
monitor the impacts of the construction works on the lagoon ecosystem.

To cover the data gap for the assessment of alterations in the lagoon- 
sea exchanges, an observation system integrating satellite images, in- 
situ water parameters and hydrodynamic measurements was imple-
mented concomitant to the pre-operative experimental phases of the 
MoSE 昀氀oodgates. The instrumental network continuously monitor the 
昀氀uxes of water and sediments through the Lido inlet of the Venice 
Lagoon (Scarpa et al., 2022).

Here, we analyze data from the integrated observation system, now 
extended to the three inlets, to investigate the overall lagoon-sea ex-
changes and short-to-long-term variations on sediment transport path-
ways in this phase of experimental operativity of the MoSE 昀氀oodgates. 
We focus on two storm events with a prolonged activation of the MoSE 

barriers to investigate the evolution of sediment transport within a time- 
window of one week (November 2022 and January 2023). The sediment 
budget for the Venice Lagoon inlets is also estimated on the same time- 
intervals to assess the impact of the barrier activation in extreme tide 
and weather conditions.

2. Study site

The Venice Lagoon is located in the northern Adriatic Sea (NAS) and 
extends over an area of about 550 km2. It is connected to the Adriatic Sea 
through three inlets: Chioggia (CH), Malamocco (MAL) and Lido 
(Fig. 1). The inlets are from 450 to 900 m wide and are up to 20 m deep. 
An arti昀椀cial island splits the Lido inlet into two distinct branches, Tre-
porti (TRP) and S. Nicolò (SN) resulting in a total of four inlet channels. 
A semidiurnal tide with a range of about 1 m induces a total water ex-
change per cycle of the order of 10,000 m3/s, reaching 20,000 m3/s 
during spring tides (GaÇcić et al., 2002).

Extreme high tides occur periodically in the NAS as a combination of 
atmospheric forcing, astronomical tide and free oscillations (Lionello 
et al., 2021). They represent the main threat to coastal areas by causing a 
range of potential hazards, such as inundation and coastal erosion, as 
well as damages to the vulnerable artistic and cultural heritage of Venice 
(Ferrarin et al., 2022). Storm surges, which often produce the largest 
contribution to the 昀氀oods, are generally triggered by a south-easterly 
wind, called Sirocco, which is mainly produced by cyclones with pres-
sure minimum centered on the north-western Mediterranean Sea, 
combined with the NAS bathymetry and coastal orography (Lionello, 
2005; Lionello, 2012). Another wind con昀椀guration causing storm surges 
is a combination of strong north-easterly wind, locally called Bora, over 
the NAS and Sirocco over the southern Adriatic. Free oscillations of the 
water surface, known as seiches, with periods determined by the normal 
modes of the Adriatic Sea basin, can continue to cause 昀氀ooding in the 
Venice Lagoon for several days after the passage of the storm (Bajo et al., 
2019; Ferrarin et al., 2021). High tides from the NAS propagate into the 
Venice Lagoon through the four inlet channels and along the tidal 
channels, expanding laterally into the wetlands. A wind setup, which 
may exceed 50 cm, on the water level between the southern and the 
northern parts of the lagoon can be produced by strong Bora and Sirocco 
winds (Mel et al., 2019). To prevent widespread 昀氀ooding of the city of 
Venice, the MoSE system is currently activated when the forecasted level 
of the NAS is greater than 110 cm above the local datum at Punta Salute 
(PS), closing in advance at an initial level of 70 cm inside the lagoon.

3. Materials and methods

This study was based on the integration of instrumental networks 
deployed at the four inlet channels of the Venice Lagoon, appropriately 
calibrated through extensive in-situ measurement campaigns and data 
processing, for the assessment of water and suspended sediment ex-
changes with the NAS during selected and representative periods of 
multiple activations of the MoSE system. A schematic procedure of the 
data processing operations is presented as a 昀氀owchart in the Supple-
mentary Materials (Supplementary 1).

3.1. In-situ network

Continuous in-situ turbidity measurements (TOBS), expressed in 
Formazin Nephelometric Units (FNU), were made using OBS-501 
turbimeters (Campbell Scienti昀椀c, Loughborough, UK), installed on 
steel structures adjacent to the channels on the concrete lateral struc-
tures of the MoSE system (blue dots in Fig. 1). TOBS was measured at a 
depth of 2 m by detecting the intensity of light scattered from suspended 
particles in the water with an acquisition frequency of 5 min. An anti-
fouling system prevented data drift related to lens darkening or 
opaci昀椀cation.

At the bottom of each inlet channel (red dots in Fig. 1), an ADCP (600 

G.M. Scarpa et al.                                                                                                                                                                                                                              Journal of Hydrology 651 (2025) 132588 

2 



KHz RDI Workhorse Monitor ADCP; Teledyne RD Instruments, San 
Diego, CA, USA) was deployed upward-looking for continuous mea-
surement of current velocity and direction and acoustic backscatter 
along the water column with a sampling interval of 5 min and a 0.5 m 
vertical cell size. The monitoring platform was installed and is managed 
by the Consorzio Venezia Nuova (the concessionary of the Authority for 
the implementation of measures to safeguard Venice and its lagoon) to 
monitor the 昀氀ow in the inlets during the operations of the barriers. The 
instruments are located on a sandy bottom immediately seaward of the 
MoSE structures, approximately at the center of the channel cross- 
section whose margins are delimited by the jetties. It should be noted 
that in the case of the TRP inlet channel the position of the ADCP pro昀椀ler 
is not exactly at the center of the section.

Tidal levels for the three sub-basins of the lagoon were obtained from 
time series recorded by the Punta della Salute (PS), Malamocco Porto 
(MP) and Chioggia Porto (CP) tide gauge stations managed by the Mu-
nicipality of Venice (yellow dots in Fig. 1). Wind direction and velocity 
were recorded every 昀椀ve minutes at the AAOT at 18 m above the sea 
surface (purple dot in Fig. 1).

3.2. In-Field activities

Two different types of in-situ measurements were conducted for the 

estimation of Suspended Sediment Concentration from turbidity records 
(SSCOBS) and to derive time series of water discharge from ADCP 
(QADCP).

To convert TOBS into SSCOBS (mg L-1), a site-speci昀椀c calibration curve 
of the two variables was empirically derived for each station (Minella 
et al., 2008). Water samples were collected under different meteo- 
marine conditions at the same depth and within 1 m of the in-
struments, synchronized with turbidity measurements. SSC was deter-
mined by 昀椀ltering the samples through 0.4 μm polycarbonate 昀椀lters, 
followed by drying at 105 çC and weighing.

The vertically averaged 昀氀ow velocity (vav), measured by the 昀椀xed 
ADCPs at the bottom of the 4 inlet channels, was linearly related to 
direct discharge measurements performed with a boat-mounted down-
ward looking ADCP (600 kHz RDI Workhorse Rio Grande, Teledyne RD 
Instruments, San Diego, CA, USA) along transects perpendicular to the 
昀氀ow. For this purpose, a large series of transects were acquired in 
different meteo-marine and tidal conditions at the 4 inlet channels 
obtaining a total number of more than 400 match-ups of velocity and 
discharge data. Time series of instantaneous discharge QADCP were then 
calculated from the records of vav using the obtained regression equa-
tions, according to the index-velocity method described by Simpson and 
Bland (2000).

Fig. 1. Copernicus Sentinel-2 true-colour composite of the Venice Lagoon (24th November 2022), acquired when the MoSE 昀氀oodgates, normally housed on the 
seabed, are operating. (A) Lido inlet, divided into the SN (400 m wide, 12 m deep, 20 gates) and the TRP channels (420 m wide, 6 m deep, 21 gates); (B) MAL inlet 
(380 m wide, 14 m deep, 19 gates); (C) CH inlet (360 m wide, 12 m deep, 18 gates). The locations of the instrumental network and monitoring stations, used in this 
study, are also indicated: bottom-mounted upward looking ADCPs (red dots); CP, MP and PS tidal and meteo gauge stations (yellow dots); OBS turbidimeters (blue 
dots); Acqua Alta Oceanographic Tower (AAOT) (purple dot). (For interpretation of the references to color in this 昀椀gure legend, the reader is referred to the web 
version of this article.)
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3.3. Data processing

For the conversion of the acoustic backscatter intensity (IADCP) 
measured by bottom-mounted ADCPs along the water column into 
pro昀椀les of SSCADCP, we used SSCOBS time series obtained from the 昀椀xed 
turbidimeter stations at 2 m depth, as input data for the ViSea Data 
Acquisition Software (ViSea DAS; Aqua Vision) and its Plume Detection 
Toolbox (PDT) package, based on the method described by Deines 
(1999) and updated in Mullison (2017). To obtain a reliable parame-
trization of each ADCP at the 4 inlets, the procedure was applied on 
time-windows of 20 days (from November 10th to November 30th, 
2022, and from January 10th to January 30th, 2023), which included 
the two storm surge events of interest. The considerably large amount of 
SSCOBS data for the processing (about 5000 match-ups) permitted to 
improve the representativity of acoustic backscatter conversion 
compared to the use of SSC from single water samples. The conversion 
procedure of ViSea DAS was integrated with a statistical analysis, known 
as robust regression, that permitted to identify and remove outliers due 
to instrumental and ambient transient anomalies, improving the overall 
model 昀椀t. Additional input parameters were: i) temperature and salinity 
pro昀椀les for determining acoustic properties of the water; ii) median 
grain size of suspended particles (25–30 µm), determined with LISST- 
100X (Sequoia Scienti昀椀c Inc., 2004).

Starting from the bidimensional matrix of backscatter along the 
vertical pro昀椀le above the bottom-mounted ADCP, the time series of 
SSCADCP along the water column and its vertically averaged particle 
concentration SSCAVG were calculated. Due to the limitations of ADCPs, 
only IADCP and SSCADCP data from the water column directly above the 
instrument were considered, excluding the surface (about 1.0 m) and the 
near-bed zone (about 2.0 m). Time series of instantaneous values of solid 
昀氀ux (in kg s−1) for each inlet were then computed by combining the 
QADCP and the SSCAVG from the four bottom-mounted ADCPs (Defendi 
et al., 2010), assuming that this is representative of the SSC distribution 
in the channel cross section. The assumption is justi昀椀ed by the good 
correspondence between SSCAVG and the average particle concentration 
in the channel cross section determined from the backscatter of the boat- 
mounted ADCP transects. The only exception is the markedly asym-
metric distribution of SSC in the channel section of TRP during strong 
northeasterly winds (Defendi et al., 2010; Scarpa et al., 2022). Consid-
ering that the 昀椀xed ADCP is located on the center-south side of the TRP 
inlet section, an underestimation of the SSC and sediment 昀氀ux may occur 
in these speci昀椀c conditions. To investigate the sediment exchanges 
within the study periods, the time series of solid 昀氀ux were integrated on 
a 5-minute interval and plotted as cumulative values of suspended 
sediment load (SSL) for the four inlet channels.

3.4. Remote sensing data

Sentinel-2 (S2) satellite images (Level-1C), processed by the Euro-
pean Space Agency (ESA) under the European Union Copernicus Pro-
gramme, were downloaded from the Copernicus Browser (https:// 
browser.dataspace.copernicus.eu). For the periods of interest, only two 
cloud-free S2 images were available: November 24th, 2022, and January 
25th, 2023. Pseudo true-color composites and satellite-derived turbidity 
(TSAT) maps at a 10-meter resolution were generated from the S2 data, 
following the methodology described in Braga et al. (2020) and Braga 
et al. (2022). In brief, the S2 images were radiometrically calibrated and 
atmospherically corrected using ACOLITE [Version 20231023.0], with 
the dark spectrum function approach (Vanhellemont and Ruddick, 
2018; Vanhellemont, 2019). Pseudo true-color composites were created 
from ACOLITE-derived water-leaving re昀氀ectance at 665, 560, and 492 
nm. Additionally, TSAT maps, expressed in formazin nephelometric units 
(FNU), were obtained according to Dogliotti et al. (2015).

4. Results and discussion

4.1. In-situ data and derived variables

From February 2020 to November 2023, a total of 112 water samples 
were analyzed for the site-speci昀椀c conversion of TOBS into SSCOBS. 
Because of the longer deployment of the instruments, a larger number of 
samples were collected at TRP and SN stations compared to MAL and 
CH. The plots in Fig. 2 show the correlations between TOBS and SSC (mg 
L-1) obtained for each inlet channel.

The highest SSC were found at TRP, with a range of 1 to more than 
90 mg L-1. At SN and MAL, the ranges were lower (1–60 mg L−1), while 
at CH, in-situ SSC did not exceed 40 mg L-1. A robust correlation is 
observable across the entire sampled ranges, with a coef昀椀cient of 
determination (R2) higher than 0.95 for the 4 inlet channels. The 
resulting regression equations were used to convert TOBS data of each 
station into SSCOBS.

Similarly to what demonstrated for SN and TRP (Scarpa et al., 2022), 
the correlations between instantaneous discharge data obtained from 
ADCP transects and vav measured by 昀椀xed ADCPs (the index-velocity) at 
MAL and CH are signi昀椀cant with coef昀椀cients of determination (R2) close 
to unity (Fig. 3). These results con昀椀rm that the index velocity can be 
used as a reliable proxy of discharge in all the investigated sections also 
thanks to the 昀椀xed geometry of the channel section that is arti昀椀cially 
maintained only allowing negligible changes. The regression equations 
of Fig. 3 were then used to calculate time series of instantaneous 
discharge starting from vav obtained from ADCP datasets.

In Fig. 4 we present the scatterplots of the acoustic backscatter versus 
SSCOBS, for the 昀椀xed ADCPs at the four inlet channels for the two periods 
selected for this analysis. The number of match-ups varied according to 
the amount of validated data in each time series, providing a site-speci昀椀c 
and instrument-speci昀椀c relationship over a wide range of concentra-
tions. The differences observed between the two periods were due to 
service activities like repositioning and/or replacement of the ADCPs. 
The slope and offset derived from the robust regression in each scat-
terplot were used in ViSea DAS to convert time series of IADCP into the 
corresponding SSCADCP. To estimate the measurement uncertainty of the 
SSC derived from ADCP backscatter conversion (SSCADCP), we compared 
the SSC values estimated using the regression curves (red lines in Fig. 4) 
with the SSCOBS values derived from turbidity data. This comparison, 
presented in the supplementary material (Supplementary 2) provided a 
Mean Absolute Error (MAE) for each period and each inlet ranging from 
5.52 mg L-1 to 12.8 mg L-1. The lowest MAE values for both 2022 and 
2023 were observed at SN (5.52 mg L−1 in 2022 and 5.59 mg L−1 in 
2023), while the highest values were consistently recorded at TRP, with 
8.94 mg L−1 in 2022 and 13.81 mg L−1 in 2023.

As described in the methods section, time series of instantaneous 
solid 昀氀ux for each inlet channels were then computed for the periods of 
interest by combining the QADCP and the SSCAVG from the four bottom- 
mounted ADCPs and used for the estimation of SSL.

4.2. Meteo-marine conditions

Figs. 5 and 6 show the meteo-marine conditions for November 
21st−27th 2022 and January 19th − 25th 2023, respectively: the hourly 
昀椀elds of the horizontal wind speed at 10 m height (U10) in the Adriatic 
Sea, derived from the ECMWF ERA5 reanalysis (available from the 
Copernicus Climate Data Store; (Hersbach et al., 2020) (panel A), the 
time series of wind speed and direction measured at AAOT (panel B) and 
the tide levels measured within the Venice Lagoon at the three gauge 
stations (PS, MP and CP) and at AAOT (panel C). These events were 
characterized by different meteorological conditions and are of partic-
ular interest for the purposes of this study because in both cases, the 
forecasted tidal level at PS required a prolonged activation of the MoSE 
barriers with multiple closures of the 昀氀oodgates and partial openings of 
single inlets.
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As described by Mel et al. (2023), between November 21st and 22nd 
2022, the large-scale weather conditions in the eastern Atlantic and 
Mediterranean regions triggered the ideal con昀椀gurations for storm 
surges in the Adriatic Sea, that normally cause the occurrence of the 
highest tides along the Venice coastlands (Cavaleri et al., 2019). From 
the evening of the November 21st until the night of the 22nd, a strong 
southeasterly wind (Sirocco) prevailed in the Adriatic Sea, coupled with 
an intense easterly to northeasterly wind pattern over the northern 
basin, reaching maximum gusts of 28 m/s from NE at AAOT (Fig. 5A and 
B). These meteorological conditions generated an extreme storm surge 
event with maximum sea levels of 1.73 m at AAOT and more than 2 m at 
stations located on the coast at 8:35 (UTC) of the 22nd. A 昀椀rst partial 
MoSE operation in the afternoon of the November 21st involved only the 
TRP and SN inlet channels, while CH and MAL remained open. The 
closure of Lido inlet allowed the modulation of the level within the 
northern basin of the lagoon (the city of Venice), determining a slower 
昀氀ood phase and a maximum level of 0.78 m at PS, while the tidal peak 
reached 0.98 m at 20:15 at AAOT. At MP and CP gauge stations, where 
the inlets remained open, the trend of the tide was more similar to the 
one of AAOT with peaks of 0.86 m at 21:10 in MP and 0.93 at 20:35 in 
CP. Considering the tidal forecast, the MoSE 昀氀oodgates were then raised 
at 1:15 of 22nd in all the inlets, isolating the lagoon from the sea and 
limiting the internal tidal levels to less than 0.75 m for the 昀椀rst 6 h 
(Fig. 5C). With the intensi昀椀cation of northeasterly winds, which blew 
along the main axis of the lagoon, the water level at CP station started to 
increase up to 1.10 m due to the wind setup, while a decrease was 
observed at PS (about 0.50 m), with an average difference in the 
maximum observed water levels between the two stations equal to 0.60 
m. To prevent the 昀氀ooding of the southern lagoon, while keeping close 
the other inlets, the barriers of CH inlet were then temporarily opened 
for an interval of 5 h during the ebb tide phase, favoring a rapid drop of 
water level. In non-regulated conditions, this Bora wind setup would 

induce a net southward residual current affecting the 昀氀ow rate across 
the inlets, with a prevailing in昀氀ow from Lido and out昀氀ow from Chioggia, 
which would result in a reduction of the internal north–south gradient of 
sea level (Mel et al., 2019). The overall operation of MoSE barriers in 
this initial phase of the event covered a period of about 20 h. In the 
following three days, despite a decrease of wind speed below 5 m s -1, the 
seiches in the Adriatic basin induced three consecutive high tides. At 
AAOT, sea levels reached 1.42 m at 8:15 of 23rd, 1.34 m at 8:00 of 24th, 
and 1.14 m at 9:20 of 25th, while the water level in the lagoon was 
maintained below 0.80 m thanks to the activation of the MoSE barriers 
in three other intervals (gray boxes evidenced in Fig. 5C).

On January 20th and 21st, 2023, synoptic meteorological conditions 
led to the development of a strong depression system with a very deep 
baric minimum over the Adriatic Sea, accompanied by strong Sirocco 
winds over southern Adriatic, with a consequent rise of sea levels over 
the entire basin, and intense Bora winds over the northern and center 
Adriatic. In the NAS, northeasterly winds persisted for the whole study 
period (January 19- 25th, 2023) with speed mainly above 10 m/s, 
reaching two maximum values of 22 m/s and 24.2 m/s, respectively at 
22:45 of the 22nd and at 8:05 of the 23rd at AAOT (Fig. 6). These 
conditions generated an intense storm surge event with maximum sea 
level of 1.35 m at AAOT at 09:35 of the 23rd. Considering the tidal 
forecast, the MoSE 昀氀oodgates were raised from 5:00 of the 21st in all the 
inlets, blocking the input from the sea and maintaining the internal 
water levels to less than 0.75 m (Fig. 6C). In the following days, the 
strong steady wind conditions induced four consecutive high tides. At 
AAOT, sea levels reached 1.14 m at 8:45, 0.94 m at 22:55 of 22nd, 1.35 
m at 08:15 and 0.89 m at 22:15 of 23rd, while the water level in the 
lagoon was limited below 0.80 m thanks to the activation of the MoSE 
barriers (gray boxes evidenced in Fig. 6C). During the fourth closure, 
which lasted 9 h, an internal wind setup determined a difference be-
tween CP and PS of 0.29 m.

Fig. 2. Scatter plot of the turbidity data retrieved from the 昀椀xed turbidimeters (TOBS) and suspended sediment concentration (SSC) derived from water samples, for 
the stations SN, TRP, MAL and CH. The linear regression equations and the coef昀椀cients of determination (R2) are reported in the plots; red dotted lines are the best-昀椀t 
regression; the grey solid line is the 1:1 line. (For interpretation of the references to color in this 昀椀gure legend, the reader is referred to the web version of this article.)

Fig. 3. Linear regressions between the vertically averaged velocities (vav) by 昀椀xed ADCPs (the index-velocity) and instantaneous discharge data from the ADCP 
transects for SN, TRP, MAL and CH stations. Red dashed lines are the best-昀椀t regression. Scatterplots of SN and TRP are (For interpretation of the references to color 
in this 昀椀gure legend, the reader is referred to the web version of this article.)
adapted from Scarpa et al. (2022).
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4.3. Hydrodynamics and suspended sediment distribution

In Figs. 7 and 8, the time series of the channel-axis component of 
current speed (panel A) and suspended sediment concentration along 
the water column (panel B) for the four inlet channels, derived from the 
bottom mounted ADCPs (SSCADCP), are presented. Moreover, vav and 

TOBS are plotted with white lines, overlaid to panel A and panel B, 
respectively, to support the interpretation of the events. Negative ve-
locities indicate 昀氀ood tidal currents, while positive velocities indicate 
ebb tidal currents.

In the event of November 2022, the 昀椀ve activations of MoSE barriers 
are highlighted by red boxes in Fig. 7. Data clearly show the 

Fig. 4. Calibration of the acoustic backscatter of the bottom-mounted ADCPs for the two studied periods. Linear regressions between bottom-mounted ADCPs 
backscatter and Log10 of SSCOBS .

G.M. Scarpa et al.                                                                                                                                                                                                                              Journal of Hydrology 651 (2025) 132588 

6 



hydrodynamic effects of the closure (Fig. 7A), as current velocities 
dropped to zero, except TRP where a slight negative residual current is 
observed (vav ~ −0.2 m/s). Generally, SSCADCP also reduced consider-
ably during the closures, because of the interruption of sea-lagoon ex-
changes at the inlets, except for a sudden increase in the initial phases of 
the closures that is particularly evident at the start of the closure 2 in 
MAL and CH and correspond to instantaneous pulses of vav (Fig. 7). This 
increase is attributed to the turbulence locally generated by the move-
ment of the gates as they are raised into position and is occasionally 
detected by the instruments in relation to the sequence of maneuvers 
that could change in the different operations. Typically, on a given inlet 
the array of 昀氀oodgates is raised on a time interval of about 30 min 
(Umgiesser, 2020) and the individual gates are moved in an alternate 
sequence, as visible in publicly available videos that also document the 
temporary turbulence and turbidity generated in the initial phases of the 
gate movement: (https://www.youtube.com/watch?v=acI8Otju5hI, 
https://www.youtube.com/watch?v=MFrZLbjlrRY). It should be noted 
that the MoSE system is still in its experimental phase, and operational 
protocols are still under development and details of the closing pro-
cedure are given internal reports of the Authority for the implementa-
tion of measures to safeguard Venice and its lagoon.

During the 昀椀rst partial closure (box 1 in Fig. 7 panels A and B), the 
water velocities were close to zero in SN and TRP, while they reached 
maximum values of 1.65 m/s and 0.85 m/s at MAL and CH, respectively. 
Similarly, the estimated SSCADCP at TRP and SN were also close to zero, 
while they reached maximum values of 84 mg L-1 and 17.4 mg L-1 at 

MAL and CH, respectively.
From 1:15 of 22nd, the MoSE 昀氀oodgates were raised in all the inlets, 

and the lagoon remained partially closed for about 23 h (box 2 in Fig. 7
panels A and B). In correspondence of the maximum wind speed, an 
increase in SSCADCP was recorded in the water column with higher 
values at the surface. This can be related to a combination of factors, 
such as: weak residual 昀氀ow driven by leakages, through the unsealed 
joints of the gates, and seawater accumulation inside the inlet channels, 
both carrying sediment resuspended by wind waves on the nearby 
shores (https://earthobservatory.nasa.gov/images/149151/venice- 
holds-back-the-adriatic-sea). TOBS at TRP reached values of 100 FNU, 
probably due to the resuspension of 昀椀ne sand from the bottom of the 
northern side of the inlet channel that is relatively shallow (about 3 m) 
and may be exposed to Bora waves and their diffracted components. The 
temporary opening of the CH inlet from 12:55 to 17:05 determined a net 
seaward 昀氀ow in the inlet with a maximum value of current velocity of 
0.95 m/s at 13:55 (Fig. 7A) and an increase in SSCADCP along the water 
column, that reached 55 mg L-1. This is also evident from the TOBS 
measurements, where a peak of 144 FNU was recorded at 14:40. 
(Fig. 7B). This material was likely originated from the intense resus-
pension by wind waves on the tidal 昀氀ats of the southern lagoon basin. A 
more detailed 昀椀gure for the period between November 21, 2022, and 
November 23, 2022, is available in the supplementary materials (Sup-
plementary 3).

Following the complete opening of the inlets at 21:40 on November 
22nd, a sudden pulse in the seaward 昀氀ow velocity occurred (Fig. 7A) 

Fig. 5. Meteo-marine conditions for the studied event from November 21st to 27th 2022. Panel A: surface wind speed at 10 m height (U10) and direction 昀椀elds from 
ERA5 atmospheric reanalysis for November 22nd, 24th and 26th 2022 at 12:00 UTC. The red dot in the maps of this panel indicates the location of the Acqua Alta 
Oceanographic Tower (AAOT). Panel B: time series of wind direction and speed measured at AAOT (red = 0ç–90ç, yellow = 90ç–180ç, cyan = 180ç–270ç, green =
270ç–360ç). Panel C: water level measured at PS, MP, CP and AAOT. Areas with gray background indicate the MoSE. closure intervals. The orange dotted box 
identi昀椀es the partial opening of the CH inlet. The vertical dashed red line marks the S2 satellite overpass time. (For interpretation of the references to color in this 
昀椀gure legend, the reader is referred to the web version of this article.)
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with a progressive increase in TOBS and SSCADCP, that exceeded 100 mg 
L-1 in the lower layer of water column at TRP (Fig. 7B). This process can 
occur at every opening of the inlets upon the activation of the tidal 昀氀ow. 
Similarly to what described for the temporary opening at CH, the higher 
SSCADCP was due to suspended material mobilized by strong winds in the 
internal lagoon areas and transported through the channel network and 
the inlets to the open sea by the ebb tidal 昀氀ow. As proved by Tognin et al. 
(2022), reduced water levels due to the closure can further increase 
bottom shear stress, exacerbating sediment resuspension in the inter-
tidal and subtidal zones, generalized sediment transport and in-channel 
deposition. The temporary sediment accumulation in the channel 
seabed can be easily mobilized by the intense current velocities induced 
by the strong hydraulic gradients generated by the opening of the 
昀氀oodgates. This is quite evident after the 4th and 5th closure, that 
occurred in relatively calm wind conditions but gave rise to a high 
export of suspended sediments, particularly for the TRP which drains the 
large extents of tidal 昀氀ats and salt-marshes of the northern lagoon.

In the investigated period of January 19th−26th, 2023, the storm- 
surge barrier system was raised 昀椀ve times, simultaneously at all the 
inlets (red boxes in Fig. 8A and B), while intense Bora wind (over 10 m/ 
s) prevailed for almost the entire period considered. Compared to the 
previous case of November 2022, the estimated SSCADCP after the 
opening of the inlets was higher throughout the period for all the inlets, 
with maximum values along the water column exceeding 150 mg L-1 at 
SN and TRP. The highest SSCADCP generally corresponded to the ebb 

tidal 昀氀ow at MAL and CH stations and to 昀氀ood tide at SN, while the trend 
of SSCADCP at TRP was slightly symmetric during ebb and 昀氀ood phases. 
This suggests a relevant inward transport of suspended sediments from 
the adjacent Adriatic coasts into the Lido inlet under Bora wind, as 
described by Scarpa et al. (2022). This is particularly evident after the 
second opening on January 22nd at SN, when maximum incoming 昀氀ow 
velocity and maximum SSCADCP reached 1.35 m/s and 151 mg L-1 at 
21:20, respectively. A similar condition was observed the following day, 
January 23rd, at 20:15, with 昀氀ow velocity at 1.43 m/s and maximum 
SSCADCP at 199 mg L-1. Analogous behavior characterized TRP during 
these intervals, with in昀氀ow water velocity of 1.4 m/s and concentrations 
of 118 mg L-1, and 1.25 m/s and 94 mg L-1 during the subsequent 昀氀ood 
tide peak. A more detailed 昀椀gure for the period between January 22, 
2023, and January 24, 2023, is available in the supplementary materials 
(Supplementary 4). The trends of TOBS were quite similar to SSCADCP. 
However, it should be noted that at TRP the TOBS reached extremely high 
values during the 昀氀ood tide on 23rd (about 250 FNU). These pulses of 
suspended sediments derived from the 昀椀ne materials resuspended under 
Bora wind along the northern coast of the Adriatic Sea and carried 
southward by longshore current (Western Adriatic Coastal Current) 
(Wang et al., 2007; Bella昀椀ore and Umgiesser, 2010). They were then 
partially conveyed in the lagoon by the 昀氀ood tidal current and partially 
deviated offshore by the jetties of Lido inlet, that interrupt the natural 
southward coastal drift, thus altering the local sediment dynamics 
(Molinaroli et al., 2023). Consequently, the inputs of suspended 

Fig. 6. Meteo-marine condition for the studied event from January 19th to 26th 2023. Panel A: surface wind speed at 10 m height (U10) and direction 昀椀elds from 
ERA5 atmospheric reanalysis for January 20th and 24th at 12:00 UTC. The red dot in the maps of this panel indicates the location of the Acqua Alta Oceanographic 
Tower (AAOT). Panel B: time series of wind direction and speed measured at AAOT (red = 0ç–90ç, yellow = 90ç–180ç, cyan = 180ç–270ç, green = 270ç–360ç). Panel 
C: water level measured at PS, MP, CP and AAOT. Areas with gray background indicate the MoSE closures intervals. Vertical dashed red line marks the S2 satellite 
overpass time. (For interpretation of the references to color in this 昀椀gure legend, the reader is referred to the web version of this article.)
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Fig. 7. Panel A: Time series of horizontal current velocity along the water column as height above the ADCPs. White lines in the secondary axis represent vav . Panel 
B: Time series of suspended sediment concentration along the water column as height above the ADCPs. White lines in the secondary axis represent the TOBS for each 
inlet. Red dashed boxes on both panels evidence the closure intervals of the MoSE 昀氀oodgates in each inlet. Vertical dashed white lines mark the S2 satellite overpass 
time. (For interpretation of the references to color in this 昀椀gure legend, the reader is referred to the web version of this article.)
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Fig. 8. Panel A: Time series of horizontal current velocity along the water column as height above the ADCPs. White lines in the secondary axis represent vav . Panel 
B: Time series of suspended sediment concentration along the water column as height above the ADCPs. White lines in the secondary axis represent the TOBS for each 
inlet. Red dashed boxes on both panels evidence the closure intervals of the MoSE 昀氀oodgates in each inlet. Vertical dashed white lines mark the S2 satellite overpass 
time. (For interpretation of the references to color in this 昀椀gure legend, the reader is referred to the web version of this article.)
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sediments at MAL and CH were relatively lower, as shown on Fig. 8A, 
due to the combined effect of the offshore deviation of the main trans-
port pathway and to the presence of shoreline protections (groins and 
submerged breakwaters, parallel to the shoreline) at south of the Lido 
inlet, that inhibit sediment mobilization.

Figs. 9 and 10 present the true-color satellite images (Panel A) and 
the corresponding TSAT maps (Panel B) from Sentinel-2, captured on 
November 24th, 2022, and January 25th, 2023, respectively. The syn-
optic overview of turbidity patterns across the Venice Lagoon and the 
coastal area of NAS provides insights into both submesoscale and local 
scale of suspended sediment dynamics. On November 24th, 2022 
(Fig. 9), during the satellite overpass, the lagoon was closed and isolated 
by the MoSE barriers (4th closure, red box in Fig. 7), which are clearly 
visible in the pseudo true-color image. At this time, the meteo-marine 
conditions were relatively calm, with wind speeds below 10 m/s in 
the last 24 h. The TSAT map shows that the NAS was moderately turbid 
with values ranging from 6 to 18 FNU, as an effect of the meteo-marine 
conditions of the previous days. According to Braga et al. (2017), the 
turbidity of NAS in calm conditions typically have a range of 1–3 FNU. 
The narrow coastal strip, characterized by residual TSAT up to 45 FNU, 
was originated from the wind-wave resuspension of sediments from the 
seabed and shorelines by the Bora winds and transported southward 
(Wang and Pinardi, 2002). The MoSE barriers prevented sea-lagoon 
exchanges, halting water 昀氀ow in all inlets and leading to gradual sedi-
mentation of suspended materials within the lagoon also favored by the 
relatively low winds. Consequently, the TSAT map shows relatively low 
values within the inlets (14–16 FNU) and in the lagoon (10–15 FNU), 
with exceptions in the central and northern lagoon basins, where 
turbidity remains locally higher as an effect of boat traf昀椀c, as described 
by Braga et al. (2020). A moderately higher TSAT is observable in the TRP 
channel towards the northern lagoon basin (16–20 FNU).

The Sentinel-2 scene, acquired on January 25th, 2023 (Fig. 10, Panel 
B) during the latest phase of the described storm event, captured the 
pattern of suspended sediment distribution inside the lagoon and in the 
coastal areas. The TSAT in the NAS is very high (about 30 FNU) caused by 

wave-induced resuspension and extended from the coast up to approx-
imately 12 km offshore. The true color image (Panel A) clearly shows the 
whitecaps of the waves, indicating the active breaking, which deter-
mined extremely high TSAT in the nearshore zone (> 200 FNU). Sus-
pended sediments were conveyed in the lagoon by the 昀氀ood tidal current 
with different patterns in the inlets, typical of these wind conditions. At 
the Lido inlet (Fig. 10 B1), the TSAT shows the very turbid coastal belt 
entrained into the inlet around the northern jetty with a marked 
asymmetric distribution in the channel. The 昀椀ner fraction of this sus-
pended load was transported inward at TRP channel along the tidal 
network up to the marshland areas of the northern lagoon, providing a 
positive contribution to the morphodynamics. The inputs of particles 
through the inlets of MAL and CH had lower TSAT than Lido and were 
limited to the proximity of the 昀氀ood-tidal delta. Here the jetties intercept 
the longshore current and only allow the entrance of the offshore sus-
pended fraction. Such signi昀椀cant storm-driven sediment supply was 
abruptly interrupted during the previous 昀氀ood phases, when the MoSE 
barriers were operated.

4.4. Suspended sediment budget

The trend of cumulative suspended sediment load (SSL, tons) 
through the four inlet channels of the Venice Lagoon is shown in 
Fig. 11A and B, for the November 2022 and January 2023 events, 
respectively. The dashed black line indicates the total SSL, obtained as 
the sum of individual SSL contribution of each inlet. Positive values of 
SSL indicate seaward transport, while negative values represent material 
transported into the lagoon. The overall budgets, estimated from the 
total lagoon SSL by considering an interval that includes the whole event 
within temporal extremes with coincident water levels at PS, were ~ 
13,900 tons for November 2022 and ~ 14,850 tons for January 2023.

In the November 2022 event, the trends of SSL were very similar for 
the four inlet channels: CH had relatively high variations respect to 
MAL, SN and TRP channels, with a loss of about ~ 4,720 tons at CH and 
between 2,700 and 3,360 tons at the other three inlet channels 

Fig. 9. Panel A: Sentinel-2 true-colour image of the lagoon of Venice acquired on the November 24th 2022 at 10:00 UTC. MoSE barriers closed. Panel B: TSAT map.
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Fig. 10. Panel A: Sentinel-2 true-colour image of the lagoon of Venice acquired on the January 25th January 2023 at 10:00 UTC, late 昀氀ood phase. Panel B: Sentinel- 
2-derived TSAT map.

Fig. 11. Cumulative suspended sediment load through the four inlet channels for the investigated periods: Panel A, November 21st to 28th, 2022, Panel B, January 
19th to 26th, 2023. The black dashed lines represent the overall exchange for the Venice Lagoon, obtained as the sum of individual SSL contributions. The gray 
background boxes indicate the MoSE closures.
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(Fig. 11A). The marked rise of SSL values, visible for all the inlets, 
indicated a loss of sediments after every opening of the MoSE barriers, 
with the onset of ebb tidal currents. These increases were proportional to 
the residual tidal variations, (i.e., changes in water level) for instance a 
SSL of 1,272 tons corresponded to the 25 cm excursion in water level 
that followed the 3rd MoSE operations, while 8,750 and 7,410 tons were 
related to the excursions of about 1 m in both the 4th and 5th operations, 
respectively. It should be stressed that, in the following ebb tide, the SSL 
didn’t compensate these consistent exports during the regulated tidal 
phase, thereby enhancing the asymmetry in the SSL that normally 
occurred in non-regulated conditions (Defendi et al., 2010). A further 
forcing affecting the sediment export was the wind-driven resuspension 
within the lagoon, as in the case of 2nd operation, when the barriers at 
CH inlet were opened in the period of maximum wind intensity, deter-
mining a marked increase of SSL in CH. We can estimate that, in this 
case, 1150 tons transited through this inlet from the lagoon to the sea. 
This is the main cause of the shift observed between CH and the other 
curves in Fig. 11A.

During the January 2023 event, that represents a typical condition of 
strong northeasterly wind, a marked imbalance is observed between the 
prevailing net import of suspended sediment in the northern basin 
(~5,880 tons), resulting from an export of about 2,060 tons at SN and an 
import of about 7,930 tons at TRP, and the signi昀椀cant export at MAL and 
CH in the central and southern basins (~6,570 and 14,160 respectively), 
despite the overall exchange is similar to the one of previous event. As 
observed from the analysis of SSCADCP and TSAT, large amounts of sus-
pended sediment were mobilized from the foreshore and nearshore 
zones of the coast at north of the lagoon of Venice and entered through 
the Lido inlet with 昀氀ood tide, while the wind resuspension in the tidal 
昀氀ats of the central and southern lagoon basins determined a prevailing 
export of materials from MAL and CH during the ebb tidal phase. ADCP- 
derived loads indicate as the highest export of sediments was measured 
in non-regulated conditions, although the analysis of TSAT map of 
January 25th 2023 (Fig. 9B) shows a large amount of suspended sedi-
ment transported towards the lagoon along the TRP channel, mainly in 
its northern edge. This asymmetric distribution, described by Defendi 
et al. (2010), was not completely measured by the 昀椀xed ADCP, that is 
located on the center-south side of the inlet channel, likely determining 
an underestimate of SSL at TRP and consequently on the cumulative 
budget. Moreover, differently from November 2022, in regulated con-
ditions (i.e. the MoSE barriers operations), the overall budget of the 4 
inlet channels remained nearly constant (about 5,000 tons), as the losses 
of sediments in the ebb tide were compensated by the inputs in the 昀氀ood 
tide. This suggests that the closures of the MoSE barriers, besides 
limiting the export, could also affect the budget preventing the input of 
sediment from the sea, particularly important during Bora events. In 
combination with the regulation of tidal levels operated by the MoSE 
system, reduced sediment inputs may exacerbate the erosion of tidal and 
subtidal morphologies increasing the vulnerability of tidal morphologies 
in the lagoon wetrlands, due to the acceleration of relative sea level rise 
(Tosi et al., 2024). The missing sediment inputs from the sea during 
storms may cause a long-term loss of geomorphic diversity in shallow 
tidal environments, as showed by Tognin et al. (2022), with eventual 
cascading effects on biodiversity and ecosystem services typically pro-
vided by coastal wetlands (Li et al., 2018). While the Venice lagoon 
昀氀oodgates were built and started to operate, more storm surge barrier 
projects were recommended and completed worldwide (Orton et al., 
2023). All these systems are expected to strongly affect the physics and 
environmental functions of our coastline and estuaries. Although direct 
short-term impacts on hydrodynamics and sediment transport of these 
structures can be easily observed, as shown by this study, long-term 
changes induced by the barrier operations are harder to predict and 
require an adequate support by long time series of the variables of in-
terest to improve our understanding of natural system responses and to 
address protocols and operational strategies for the management of the 
infrastructures.

5. Conclusions

The monitoring observation system implemented at the inlets of the 
Venice Lagoon is based on an innovative approach that combines in-situ 
observations with high temporal resolution from new and existing 
instrumental platforms and remote sensing techniques. Part of the 
existing instruments, like the 昀椀xed ADCP pro昀椀lers, were installed and 
are managed for different purposes and the required technical com-
promises determined some limitations on the estimate of SSL, as dis-
cussed in the previous sections. The resulting dataset enabled us to 
assess the exchanges of water and sediments between the sea and the 
lagoon, unraveling the effects of storm surge events on the suspended 
sediment dynamics under the 昀氀ow regulations imposed by the activation 
of MoSE 昀氀oodgates. The complex interactions between barrier opera-
tions and sediment 昀氀uxes were analyzed in detail by leveraging the high 
spatial and temporal resolution of continuous in-situ data and derived 
parameters, even during adverse weather conditions that would be 
otherwise prohibitive for on-site work. Although only two cloud-free 
Sentinel-2 images were available for the periods of interest, satellite- 
derived products aided the investigation of sediment transport 
pathways.

The results showed how the exchanges at the inlets under regulated 
昀氀ow can be extremely diversi昀椀ed in response to the speci昀椀c meteo- 
marine conditions. In the two investigated events (November 2022 
and January 2023), despite the resulting cumulative suspended sedi-
ment loads (SSL) were quite similar, the trends of each inlet channel 
were locally and temporally different. In November 2022, after every 
opening of the 昀氀ood barriers, the general export of sediment during ebb 
tidal phase was not compensated by the import in the 昀氀ood phase, 
determining a progressive loss of materials through all the inlet chan-
nels. By contrast, during the January 2023 storm event, a marked dif-
ference among the exchanges at the inlets was found, with an imbalance 
between sediment import and export: the import prevailed in the 
northern basin, while export predominated the southern and central 
basins. Besides being effective in preventing high waters in Venice, the 
regulation operated by the barriers can potentially determine short-term 
positive or negative feedbacks on the lagoon sedimentary budget, 
minimizing sediment losses from the lagoon or blocking the inputs from 
the adjacent coast, respectively. An optimal management of the system 
and criteria for its use in modulating sediment exchanges should be 
adaptable to the evolution of meteo-marine conditions, also with robust 
forecast and nowcast modelling tools, that are already available for the 
Venice Lagoon. This is particularly important in the future climate 
change scenarios, where the relative sea-level rise will lead to more 
frequent and longer activations of the 昀氀oodgates to protect Venice. In 
the long-term, the expected reduction of lagoon-sea exchanges to protect 
the human landscape can in fact deeply affect the morphodynamics by 
exacerbating the loss of habitats in shallow tidal environments of the 
lagoon, whose preservation is already threatened by natural and 
anthropogenic pressures. Future research work should be extended over 
a longer interval, to include the normal-to-moderate meteomarine 
conditions and the other barrier operations. The time series of water and 
sediment 昀氀uxes at the inlets could be integrated in numerical models to 
assess the overall budget of the system also considering the effects of 
tidal 昀氀ow and wind-wave resuspension inside the lagoon and along the 
coast.

As a valuable and highly vulnerable environment, the solutions 
adopted in lagoon of Venice may represent a peculiar case in the context 
of interventions for the protection of coastal communities by the effects 
of climate changes. However, actions to preserve the habitat and 
ecosystem services in the Venice lagoon are just an anticipation of the 
challenges that we can envisage for similar environments worldwide in 
the near future where analogous actions will be required. The concep-
tual approach adopted for the Venice Lagoon can then be 昀椀tted to other 
cases to provide an effective tool for the management of sediment 
transport and erosion processes in coastal environments, whose 
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resilience is of growing importance in a changing climate.
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