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A B S T R A C T

The MoSE barriers system was designed and constructed at the inlets of the Venice Lagoon (Italy) in order
to limit and tame the flooding events in the Lagoon areas and in the City. The success of the design and
operation of the system has been demonstrated by the significant reduction in the number and intensity of
floods in the lagoon since its beginning of operations in 2020. In this study, we investigate the dynamical
behavior of the MoSE system at full-scale by analyzing the barriers behavior during the severe storm event
of November 22nd, 2022. In particular, the dynamical response of the Chioggia barrier to waves and storm
surge is studied in detail. Spectral analysis of field records, barrier and inlet modal analyses and Empirical
Orthogonal Functions (EOF) techniques are applied to provide a key for interpreting the actual behavior of such
a complex system during a storm event, highlighting dominant frequencies and checking for the occurrence
of resonance phenomena. First, a brief review of the experimental and theoretical studies carried out over the
past forty years is given. Modal patterns of gates oscillations detected via EOF analysis confirm the presence of
the eigenmodes of both the barrier and the inlet; however, the gates oscillations during the considered event
are mild and the hydraulic performances of the system are satisfactory for the severe event studied. Further
field measurements and future severe events should be studied to reach extended conclusions.
1. Introduction

1.1. Context and motivation

During the last seven decades up to 2022 the city of Venice has faced
an increasing number of flood events, the well-known phenomenon
of ‘‘acqua alta’’, that impacted life style, economics and impaired the
architectural and historical heritage of the City. This phenomenon is
due to a combination of astronomical tides, storm surge, and seiches
in the Adriatic Sea (Meďugorac et al., 2018; Pasquali et al., 2019),
exacerbated by a transient and now stabilized small subsidence in the
north Adriatic Sea (Tosi et al., 2013). The complex flooding defense sys-
tem of MoSE (Modulo Sperimentale Elettromeccanico) consists of four
barriers, each made of a variable number of floating gates hinged along
a common axis across the bottom of each Venice Lagoon inlet (Fig. 1).
During a storm event the gates, which are otherwise laying horizontally
on the seabed, are raised to a specific angle by pumping compressed air
into the previously water-filled gates, so that the surge is kept outside

∗ Corresponding author.
E-mail addresses: piera.fischione@uniroma2.eu, piera.fischione@uniroma2.it (P. Fischione).

the lagoon. The design and construction of the MoSE system took more
than forty years since its ideation, but it has significantly contributed
to the flooding safety of the Lagoon and the City since its beginning of
operation in 2020.

The first raising of the gates in real necessity occurred in 2020; as of
June 2024, the MoSE has been ‘‘called on duty’’ 84 times. The effective-
ness of the MoSE system’s design and construction is demonstrated by
its successful operations and functioning, as well as by the significant
reduction in the number and intensity of extreme flood events in the
lagoon over the past four years (Alberti et al., 2023; Mel et al., 2023).

One concern during the design stage, besides the gates response
in non-resonant conditions, has been the potential activation of syn-
chronous or subharmonic resonance of spatially out-of-phase gates’
motion (natural modes of the system) for a specific set of incident
wave frequencies. This motivated extensive experimental campaigns
and theoretical studies of the gates dynamics under waves action and
a design of the gates geared to avoid such excitation phenomena (see
Section 1.2).
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Fig. 1. Area of Interest. Panel (a) Overview of Italy and the area of interest (orange square). Panel (b) Zoomed-in view showing the northern Adriatic region, with the orange
square indicating the specific area of interest of the Venice Lagoon. Panel (c) View of the Venice Lagoon. The orange rectangles highlight the inlets of the lagoon. The ERA5 node
(45◦N, 12.75◦E) is represented by a thick orange circle. The white circle indicates the position of the city of Venice. Detailed views of the inlets of the lagoon are provided in
panels: (d) Chioggia, (e) Malamocco, and (f) Lido. The southernmost inlet in panel (f) is Lido San Nicolò, while the northernmost is Lido Treporti. In panels (d), (e) and (f), the
green circles represent the ADCPs positions, the red and yellow circles represent the radar sensors positions lagoon side and seaward respectively. The dark orange dashed lines
represent the barriers.
In the present new era of Operations and Maintenance of the MoSE
some questions still remain open. Were the natural modes’ periods and
patterns of the actual barriers (scale 1:1) properly predicted? Do these
natural modes manifest themselves in a manner similar to that revealed
by the experimental testing and the analytical theories? Can the barrier
natural modes and the inlet modes be excited and to what extent do
they affect gates response? Considered that in the first years of oper-
ation, no unpredicted response was ever observed and that oscillation
amplitudes have always been below the envelope of predictions, what
is the role played also by the feedback control system of the barriers?
The analyses presented here contribute to answering these questions.
One more question remains: do the actual ballast water, head difference
(sea vs. lagoon), actual real sea state in front of the barrier, structural
details of the gates, viscous dissipation and friction, all combine to alter
the predicted periods of the natural modes and the likelihood of being
excited? The answer to this question is object of ongoing research and
not considered here.

1.2. Literature review

The idea and conceptualization of the MoSE system date back
to the severe flooding event causing significant damage of Novem-
ber 4th 1966 (Trincardi et al., 2016). Since then, the entire spec-
trum of the fields of Coastal, Civil and Environmental Engineering
has been challenged by this project, with contributions from a large
number of national and international research institutions and labora-
tories (Centro Sperimentale di Voltabarozzo, Delft Hydraulics Laboratories,
Deltares, Estramed, Massachusetts Institute of Technology, Protecno, Uni-
versity of Padua), design and construction firms, united to form the
‘‘Consorzio Venezia Nuova’’ (from now on CVN). One of the many
significant challenges has been the modeling of the complex dynamic
behavior of the floating gates in waves and currents. In this context, in-
vestigations were conducted by analytical, numerical and experimental
means. Experimental model tests covered vertical and inclined gates in
2 
2D wave flumes, in 3D wave tanks, and the whole four barriers and
inlets in 3D layouts, with scales ranging from 1:64 to 1:10 (Consorzio-
Venezia-Nuova, 1988, 2002a,b,c, 2003a,b). Gates were subjected to
regular and irregular, linear and nonlinear waves, combined with cur-
rents. The extensive experimental campaigns highlighted the excitation
of a subharmonic resonance phenomenon in which the gates oscillate
at a frequency half of that of the incident waves and in opposition
of phase with the immediate neighboring gates. Other spatial patterns
and associated frequencies were also observed with the same excitation
mechanism, suggesting the presence of more than one natural mode for
a given set of gates.

In order to interpret and model this nonlinear phenomenon, ana-
lytical and numerical theories have been developed for vertical gates
in equilevel and in an infinite channel with vertical walls by Mei
et al. (1994) and Sammarco et al. (1997a,b), while Blondeaux et al.
(1993a,b), Vittori et al. (1996) and Vittori (1997) analyzed the sim-
plified geometry of a continuous vertical membrane. Mei et al. (1994)
and Sammarco et al. (1997a,b) have explained the origin of the nat-
ural modes and the excitation mechanism, which are similar to the
excitation of edge waves on a beach. The weakly nonlinear theory
of Sammarco et al. (1997a,b) describes the amplitude of the modal
oscillations as a function of the geometrical and inertial characteristics
of the gates, the depth of the channel and the amplitude of the incident
wave motion. They also showed that in the case of a modulated carrier
incident wave, the gates response is at first modulated with the same
frequency as the incident wave and then, for a higher modulational
amplitude, becomes chaotic.

Liao and Mei (2000) extended the linear theory of Mei et al. (1994)
and used the hybrid finite-element method to take into account the
prototype geometry of the inclined gates and the lagoon-sea level
difference for a two-gates system in a channel. The linear theory of Li
and Mei (2003a) determined the 𝑁 − 1 eigenfrequencies of an array of
𝑁 vertical gates in a channel and provided their 𝑁 − 1 values and the
𝑁 − 1 corresponding modal shapes as a function of the geometric and
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inertial characteristics of the gates and of the channel depth. The theory
also highlighted that the modal shapes are a discontinuous replication
of a cosine function of gradually lower spatial frequency as the order
increases from 1 to 𝑁 − 1.

According to the weakly nonlinear theory of Sammarco et al.
(1997b), the subharmonic resonance of natural modes occurs for gates
in an infinite or very long channel, where, at first order, there is
no radiation of waves associated with modal gates’ motion (perfectly
trapped modes). Similarly to the excitation of edge waves on a beach,
only a second order amplitude wave of twice the frequency of the
trapped mode can excite the mode itself.

This resonance mechanism is less pronounced when considering
the actual contours of the open lagoon and sea sides. In this case,
wave/energy radiation associated with the natural modes is possible
already at the leading order, so that the natural modes of the barriers
can also be resonated synchronously.

Indeed, Adamo and Mei (2005) developed a linear theory for a
vertical gates array forced by monochromatic incident waves, assuming
that the lagoon side opens to a semi-infinite half-plane domain rather
than a semi-infinite channel. This configuration allowed for radiation
on the lagoon side at first order, so that trapping would no longer
be perfect and therefore synchronous excitation be possible. Narrow
frequency peaks were found at the same frequencies as in Li and
Mei (2003a), with the spatial oscillation replicating the corresponding
modal shapes. Synchronous and subharmonic resonance are therefore
possible mechanisms of excitation of the natural modes of the barrier
in the prototype case. Panizzo et al. (2006) analyzed the experimental
data of the full 3D model (scale 1:60) of the Chioggia inlet and barrier
via the Empirical Orthogonal Functions (EOF) method and showed
that in storm condition the patterns and frequencies of a subset of the
𝑁−1 natural modes can be synchronously and subharmonically excited,
together with the spatially in-phase motion.

During testing and design, concerns about the impact of model
scale on nonlinear responses and natural periods measurements led to
comparing physical models at scales 1:60, 1:30, and 1:10 (Consorzio-
Venezia-Nuova, 2002c). The comparisons revealed no significant
trends, with the value of the first natural period remaining consistent
across all scales.

The three inlets of the Venice Lagoon (Lido, Malamocco and Chiog-
gia) spanned by the four barriers (Lido Tre Porti and Lido San Nicolò,
Malamocco and Chioggia respectively) are susceptible to long period
oscillations due to excitation of their natural modes (see Adami et al.,
1995). Indeed, when the gates are raised, these three inlets are closed
on one end (barrier) and open to the Adriatic Sea. The low frequency
band of the wave spectra penetrating the inlets encompasses the natural
frequencies of the inlets and can directly excite these modes.

1.3. Aim of the study

The economical Benefits of the MoSE already surpassed the eco-
nomical costs (Giupponi et al., 2024) when on November 22nd, 2022,
the raising of the gates halted outside the lagoon the highest storm
surge event since 1966, which would have otherwise caused substantial
damages to the City. Indeed, the event of November 22nd, 2022 is
the most severe that occurred since the beginning of operations both
in terms of levels and wave height. In this work we investigate the
dynamics of such a complex system, i.e. the inlets, the barriers, the
lagoon, the water levels and the waves, during this event and also
provide answers to the key questions still open.

1.4. Approach

The event is analyzed by means of spectral and Empirical Orthog-
onal Functions techniques applied to the field records of waves, water
levels and gates oscillations time series. In order to provide a key for
interpreting the behavior of the full-scale system, results are compared
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with the computed natural modes’ eigenfrequencies and modal shapes
of both the barrier and the inlet. The natural modes frequencies are
calculated via the model of Li and Mei (2003b); the natural frequencies
of the inlets are calculated using the technique of Bellotti (2020),
Bellotti et al. (2012a,b) and Bellotti and Romano (2017). In the paper,
these different techniques are combined and applied to the full-scale
case, aimed at quantifying and analyzing the main phenomena that play
a role in the dynamical response of the MoSE.

The dynamical behavior of the Chioggia inlet is analyzed in detail.
This inlet has been chosen as a proof of concept for the application
of the proposed approach, based on the application of different tech-
niques, for the following reasons: (1) the orientation of the inlet makes
it prone to wave penetration of waves coming from a wide range of di-
rection (both Scirocco and Bora); (2) the barrier has been the most thor-
oughly investigated in previous studies (e.g. Consorzio-Venezia-Nuova,
2002c; Panizzo et al., 2006).

The paper is divided into five sections: Section 2 presents an
overview of the gates system and a description of the general context
and the facilities involved. Section 3 describes the metocean charac-
teristics of the event of November 22nd, 2022, along with the gates
angular position measured during the event. In Section 4 details of
the analyses of the dynamic behavior of the gates at Chioggia inlet are
given, while discussion is provided in Section 5.

2. The Venice Lagoon and the MoSE system

2.1. The Venice Lagoon

The Venice Lagoon is a tidal marsh area located along the Italian
coasts of the northern Adriatic Sea (Fig. 1a,b,c). It covers an area of
about 700 km2, characterized by several small islands, tidal flats, and
channels, reaching depths of about 20 m and surrounded by shallow wa-
ters of about 1 m depth (Fagherazzi et al., 1999; Carniello et al., 2005).
The city of Venice stands out in the middle of the lagoon (Fig. 1c).
The lagoon is separated from the Adriatic Sea by a coastal barrier that
spans from Jesolo in the North to Chioggia in the South. The sea and
the lagoon are connected by three inlets: Chioggia (Fig. 1d), Malamocco
(Fig. 1e) and Lido (Fig. 1f ), from South to North.

The main wind systems that characterize the Adriatic Sea, and
consequently influence the levels in the lagoon, are regionally known as
Bora and Scirocco. Bora is a cold and strong wind, which blows roughly
parallel to the lagoon’s major axis (NE direction). Scirocco, weaker
than Bora, is a warmer wind that blows in South-East direction; due
to its larger fetch (Fig. 1b) often causes high waves and water set-up in
the northern part, enhanced by the semi-enclosed shape and shallow
bathymetry of the Adriatic Sea. When Scirocco drops or switches to
Bora, seiches can be generated (Lionello et al., 2021), lasting several
days after the storm event ends. Thus, seiches on the Adriatic Sea have
a different time scale from the local phenomena considered here, which
instead are characterized by a time scale ranging from a few hours to
tens of seconds.

The currents in the lagoon are mainly due to the astronomical
tide (Gačić et al., 2004). The principal tidal components that play a
significant role in the Adriatic Sea, and hence that influence the levels
at the lagoon, are seven (among the others, see Defant, 1961; Gačić
et al., 2004) with a mainly diurnal and semidiurnal microtidal regime.

2.2. The gates barriers

MoSE is a system consisting of four barriers, one at each inlet
at Chioggia and Malamocco, and two barriers for the Lido inlet (the
barriers of Lido San Nicolò and Lido Treporti). They are designed to
disconnect temporarily the Venice Lagoon from the sea and protect
the city in the event of significant storm surge (so called acqua alta).
ach barrier is made of a (varying — see Table 1) number of gates,
ach about 20 m wide, hinged at the base along a common axis, able
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Fig. 2. Panel (a). Scheme of a single gate hinged at the cellular caisson that lies on the inlet bottom. ℎ𝑆 and ℎ𝐿 are the sea and lagoon levels, respectively. Panel (b). The MoSE
barrier of Lido San Nicolò during the operation phase. The picture is taken from the seaside towards the lagoon side. Photo courtesy of Consorzio Venezia Nuova.
Table 1
Design characteristics of the barriers and the lagoon inlets.
Inlet Channel

depth (m)
Barrier
length (m)

Gates
number

Gate
thickness (m)

Gate
length (m)

Design
angle (deg)

Lido Treporti 6 420 21 3.60 18.60 40.0
Lido San Nicolò 12 400 20 4.00 26.70 45.0
Malamocco 14 380 19 4.50 29.55 45.0
Chioggia 11 360 18 5.00 27.25 42.5
to rotate independently (Fig. 2, panel a). The gates are hidden in
their housing, that consists of special concrete caissons that lie on the
bottom of the channel and form the foundation of the barriers. Each
caisson hosts three gates. Tunnel segments are part of the caissons
that, once connected, form a continuous tunnel that allows technical
inspections (Fig. 2, panel a). The equipment necessary for pumping the
compressed air into the gates is installed in buildings located at the
sides of each barrier. The caissons and the gates, in their rest position,
do not protrude above the seabed, thus ensuring no disruption for local
maritime traffic and flushing tidal currents.

The gates consist of steel box-like structures attached by two hinges
to the caissons. Each gate has a width of 19.92 m and its design
inclination angle and length are proportional to the depth of the inlet
channel, so to ensure hydraulic disconnection between the sea and the
lagoon when raised (Fig. 2, panel b). Table 1 summarizes the main
characteristics of the barriers and of the channel inlets.
4 
Each gate relies on the buoyancy mechanism to be raised. The
barrier is raised only during storm surge events: compressed air is
pumped in each gate, gradually causing a larger part of the water
originally present inside the gate to be expelled and the gate structure
to rotate around its axis, until an inclined equilibrium position is
reached. Once the level surge retreats and the sea and lagoon reach
acceptable levels, the air in the gates is released, water enters, and the
gates return to their bottom rest position.

The raising of the gates is carried out according to a precise proce-
dure. Generally, the gates are lifted in groups with a predefined order,
but controlled independently of each other. The angle of inclination rel-
ative to the horizontal plane of each gate is measured using electronic
inclinometers, installed within the gate and at each hinge, that measure
the instantaneous inclination of the gate at a frequency of 1.0 Hz and
with a tolerance of 0.2◦.

The gates are raised when the predicted water level exceeds an alert
level, that could lead to the flooding of the City. The alert level is
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Fig. 3. Tidal levels recorded by the radar sensors at each inlet from November 22nd to 25th in ZPDS datum: (a) Lido Treporti; (b) Lido San Nicolò; (c) Malamocco; (d) Chioggia.
he black line is for seaside levels and the green line is for lagoon side levels. The red dashed lines indicate the raising of the barrier and the blue lines the lowering.
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1.10 m measured with respect to the Punta della Salute datum (ZPDS),
he local vertical reference system that differs from the Italian altimetric
ational datum (IGM) of about additional 0.235 m. Throughout the
aper the IGM Italian national datum is used, except for Section 3.

Once all the gates have emerged and the inlet is closed, the in-
linometers and the tracking system that modulates the air injection
aintain the design angle in response to the head difference changes

feedback control system). The feedback control system is a Split Range
ontrol Loop and operates at the time scale of seconds (Consorzio-
enezia-Nuova, 2009). The system introduces an additional source of
amping, which is expected to have an influence in damping waves
ith wave period larger than 10 s.

. The event of November 22nd, 2022

This section presents the description of the storm event of November
2nd, 2022, providing an overview of the hydraulic forcings (sea levels
nd waves) of the MoSE system. To this end, the hindcasted time
eries and measurements of water levels and waves (Section 3.1) and
nclination angles of the gates (Section 3.2) are described in detail.

.1. Characterization of the storm event

The following measurements provided by CVN at the three inlets
re described: (i) sea levels measured both seaside and lagoonside
measurement locations are indicated by the yellow and red circles
n Fig. 1, panels d, e and f respectively); (ii) waves measured by

he Acoustic Doppler Current Profilers (ADCPs) located in front of

5 
ach barrier, and reported as green circles in Fig. 1, panels d, e and
. Furthermore, offshore waves and winds have been extracted from
he ERA5 hindcast dataset (Hersbach et al., 2020) at the point with
oordinates 45.00◦N, 12.75◦E, identified by the orange circle in Fig. 1c.

A detailed description of the storm event is provided by Mel et al.
2023). They report that from the middle of November 2022, a large
yclonic system hit the north-western regions of Europe. On the days
f 21st and 22nd November, the low-pressure area moved from the
igurian Sea to the central part of Italy, reaching a minimum of almost
85 hPa. This system triggered intense Scirocco winds over the Adriatic

Sea, that strengthened during the day 22nd and gradually shifted
towards Bora. The combination of low pressure and winds forced a
relevant storm surge in the Northern Adriatic Sea, that superposed on
a spring tidal phase, resulting in a significant storm surge event. To
protect the city of Venice from flooding, the MoSE system has been
activated several times during those days.

Fig. 3 shows the water levels recorded by the radar sensors at
each inlet, seaward (black lines) and lagoon side (green lines). In
each panel, the red dashed lines indicate the time when the barriers
were raised, while the blue dashed lines refer to the time of barriers
lowering. On the 22nd, the absolute level peak occurred in the morning,
at about 09:40 h at Lido and Malamocco and 10:30 h at Chioggia,
followed by a minimum around 16:00 h and a new relative maximum
around 19:00 h. The two peaks levels (seaside) on November 22nd are
summarized in Table 2 and both are higher than the alert level of 1.10 m
ZMPS. Therefore, the MoSE system has been activated, resulting in an
extended closure of the inlets lasting 21 consecutive hours. Note that

at the Chioggia inlet, located in the southern part of the lagoon, the
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Fig. 4. Time series of H𝑚0 (panel a), Tm (panel b), and mean direction (◦N) (panel c) extracted from ERA5 in the time period ranging from November 20th, 2022, to November
30th, 2022. The dashed red and blue lines indicate the times of raising and lowering of the first gates of the Chioggia barrier, respectively.
Table 2
Maximum levels recorded at the lagoon inlets with respect to ZPDS datum (seaside).

Inlet Peak 1 Peak 2

Hour Level (m) Hour Level (m)

Lido Treporti 09:40 1.87 19:00 1.01
Lido San Nicolò 09:40 1.93 19:00 1.07
Malamocco 09:40 1.91 19:00 1.05
Chioggia 10:30 1.92 19:30 1.17

barrier was temporarily reopened during the event to lower the water
levels (lagoon side) raised by the Bora wind blowing directly on the
lagoon water surface. Specific protocols and criteria, not described in
detail here, are adopted to manage the reopening procedures.

Fig. 3 shows the effectiveness of the MoSE system in protecting
the lagoon from the storm surge. The black and green lines represent
the recorded water levels at the seaside and lagoon side respectively.
The water levels exhibit two main peaks during the 22nd November,
one in the morning and the other in the afternoon (hereinafter Peak
1 and Peak 2, respectively). The maximum water levels during the
day are summarized in Table 2. In fact, despite the very large surge
recorded in front of the inlets, just behind the barriers the water levels
remained well below the threshold that represents the level at which
flooding of the Venice city would otherwise occur. During the event,
the MoSE system has withheld a significant head difference between
the lagoon and sea sides, that has reached the maximum values at
09:40 h of 1.27 m, 1.28 m, 1.20 m for respectively Treporti, San Nicolò
and Malamocco; the maximum value recorded at Chioggia is 1.22 m (h
09:15). Mel et al. (2023) have shown that, without the MoSE system,
the water levels in the Venice Lagoon would have been the highest ever
recorded.

We now turn to the description of wave forcing.
Fig. 4 shows the ERA5 time series of offshore significant wave height

𝐻𝑚0 (panel a), average wave period 𝑇𝑚 (panel b), and mean wave
direction 𝜃 (panel c) over the time interval ranging from November
20th to 30th, 2022. On day 22nd, the offshore significant wave height
reached almost 3.0 m, with 𝑇𝑚 around 6.5 s. The polar diagram in
Fig. 5, shows the waves direction and height. In the early hours of
6 
Fig. 5. Polar plot of the direction and 𝐻𝑚0 at the ERA5 node during November 22nd,
2022. The black dots identify the hours of the day.

November 22nd the average wave direction was between 120◦N and
170◦N, i.e. Scirocco. At about 8:00 h, H𝑚0 reached 2.8 m and the
direction of approximately 130◦N. These conditions are renowned to
drive significant storm surge events (Orlić et al., 1994). Throughout
the day, the offshore wave direction gradually rotated towards 60◦N,
i.e. Bora. Therefore, during the day, the offshore wave direction has
aligned, at successive times, with the axis of the lagoon inlets, resulting
in more pronounced wave penetration.

The time series of significant wave height measured by the ADCP in
front of each barrier on November 22nd and averaged every 15 min, are
reported in Fig. 6. The inlets of Lido and Malamocco, are more exposed
to the waves from Scirocco: the wave height in these channels reaches a



P. Sammarco et al.

m
n
w

A
d
i
o
t
f
I
w

a
s
a
2

3

d
i
t

Coastal Engineering 194 (2024) 104623 
Fig. 6. 𝐻𝑚0 time series at Lido San Nicolò inlet (panel a), Malamocco (panel b) and Chioggia (panel c).
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aximum between 12:00 h and 14:00 h. Chioggia is more prone to the
orth-eastern Bora waves and, consequently, experiences the maximum
ave height later, at about 18:00 h.

It is worth to notice that the wave fields at the positions of the
DCPs are the results of the superposition of the effects of many
ifferent physical phenomena. First, the waves that penetrate into the
nlet, undergo diffraction at the mouth and reflection along the sides
f the channel. In addition, reflection takes place at the barriers when
hey are closed. The oscillations of the gates, although small, are also a
urther source of radiating waves, that propagate back towards the sea.
t is therefore difficult to associate the measurements with a progressive
ave field.

Finally, the raising of the barriers induces translatory waves that
ppear in the wave height records as spurious sea states with larger
ignificant wave height than expected, as for example in the time series
t around 2:00 h (Fig. 6). The return period of the event of November
2nd, 2022, is estimated to be of the order of 30 years.

.2. Processing of measured gates inclinations

In this subsection, the analysis of the gates inclination time series
uring the event of November 22nd, 2022 is considered. The dataset
s represented, for each barrier, by the time series of the angles of
he gates, namely 𝜃𝑗

(

𝑡𝑚
)

. Here, 𝑗 represents the gate (𝑗 = 1,… , 𝑁 ,
with 𝑁 the number of gates in the barrier), while m represents the
generic time level at which the angle was sampled, with 𝛥𝑡 = 𝑡 −
𝑚+1 w

7 
𝑡𝑚 = 1 s the sampling interval. The recorded time series are analyzed
and processed into statistical parameters, that requires calculation of
average quantities. Specifically, the operator ⟨⋅⟩ identifies averaging
over the 𝑁 gates of the considered barrier at a given time 𝑡𝑚, while (⋅)

𝜏

indicates time average on a generic time window of duration 𝜏 = 𝑀𝛥𝑡
in minutes), 𝑀 being the number of samples. Hence, we first define
he average angle of the gates barrier ⟨𝜃⟩(𝑡𝑚). It is the spatial average
f all the 𝑁 gates inclination angles at each barrier at any given time
𝑚. The angle 𝜃

𝜏
𝑗 is the time-averaged angle of the generic gate j over

a window of duration 𝜏 = 𝑀𝛥𝑡 (in minutes). It is also possible to
define the standard deviation 𝜎𝜏𝑗 of the 𝑗th gate over the same interval
𝜏 (in minutes). The average angle of the barrier, averaged over the time
interval 𝜏, is ⟨𝜃⟩

𝜏
.

In Fig. 7, the time series ⟨𝜃⟩ of the four barriers are shown. The
onsidered time interval is the entire day of November 22nd. The
arriers were raised at around 02:00 h. In about 1 h all the gates
ad been raised and the lagoon isolated from the sea. As previously
entioned, the Chioggia inlet was reopened during the event to lower

he water levels raised by the Bora wind blowing on the lagoon. Thus,
he operational intervals of the Chioggia barrier were from 2:00 h to
4:00 h and from 17:00 h to around 23:00 h. The figure shows that the
verage working angle of each barrier slightly changed during the day,
ccording to the water level variations. In the first hours of the day, the
ates experienced negligible oscillations, since short waves (see Fig. 6)
ere very mild in the inlets. On the contrary, starting at 07:00 h, the

ave height increased and the average angle of the barriers showed
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Fig. 7. Time series ⟨𝜃⟩ of the four barriers.
b

𝛽

some oscillations around the average working angle. Fig. 7 shows that
in the time interval ranging from the raising of the barriers and the
maximum seaside level peak (i.e. 9:40 h-10:30 h), the average working
angle of the gates remained mostly constant. After 10:30 h and until
about 11:30 h, a modest increase in the gates angles is visible. From
14:00 h to 19:00 h, the mean angle decreased. In this time interval,
the levels increased, reaching the second peak around 19:00 h (Fig. 3
and Table 2). Towards the end of the day, the levels dropped again,
causing a slight increase in the mean angle.

To quantify the movements of each gate, the time series of the
oscillations have been analyzed in the time window 11:00 h–13:30 h.
In order to focus only on the short period oscillations and to remove
the low-frequency motions, mainly related to the gates raising and to
the changing water levels, a high-pass filter with a cutoff frequency
of 0.01 Hz has been applied. The filtered time series are shown in
Fig. 8 panels a, b and c for gates 9, 10 and 11 respectively. Panel
d of Fig. 8 shows for each gate the values of mean angle 𝜃𝑗

150
and

the standard deviation 𝜎150𝑗 of each gate. The filtered time series have
been processed using a method similar to the zero-crossing technique
used for the surface waves, with the aim of identifying the amplitudes
(𝑎) of the oscillations of the gates. Statistical parameters such as the
average (𝑎𝜃) and the average of the largest 33% (𝑎𝜃1∕3) amplitudes,
are also calculated. The oscillations resulted to be quite uniform along
the barrier, with a maximum value of 𝑎𝜃1∕3 of the order of 1.5◦ and a
mean ⟨𝑎𝜃1∕3⟩ of 1◦, against a mean ⟨𝑎𝜃⟩ of 0.65◦. To further quantify the
magnitude of the gates oscillations, the vertical displacement (𝜁) of the
intersection of the still water level and the axis of the gate is calculated
for each gate, using basic trigonometry. The same statistical parameters
used for the angular oscillations are calculated for the displacements
(𝑎𝜁 , 𝑎𝜁1∕3). The mean displacement ⟨𝑎𝜁1∕3⟩ is 0.16 m and the maximum
displacement ⟨𝑎𝜁 ⟩ is of the order of 0.3 m and the minimum of 0.20 m.

One further point to be investigated is the differential oscillation
etween neighboring gates. Indeed, the ability of the barrier to effi-
iently disconnect the sea from the lagoon is enhanced if each gate,
hile oscillating, has an angular position not too different from the
eighboring ones. Hydraulic performances are satisfactory when dif-
erence angles between neighboring gates are below approximately
5◦, i.e. the maximum differential angle that ensures the differential
otation of neighboring gates is less than their width. To this end, Fig. 9
s introduced. It reports, the time series of the angles difference between
gate and the neighboring one: 𝜃𝑗−𝜃𝑗−1 (𝜃10−𝜃9, panel a; 𝜃11−𝜃10, panel

b; 𝜃12 − 𝜃11, panel c). Note that also here the calculation is performed

using the high-pass filtered data of Fig. 8. Statistical parameters are

8 
calculated and reported in the bottom right panel, where the average
and the standard deviation of the absolute value of the difference
are plotted for each couple of neighboring gates. It shows also the
maximum and minimum values of the 𝜃𝑗−𝜃𝑗−1 time series for each gate,
indicated at side of each bar. The pair of gates 13–12 shows the highest
mean values, with a differential oscillation below 0.5◦ and standard
deviation smaller than 1◦. The recorded values are well below the
threshold of 15◦ mentioned before: we therefore conclude that during
this event the hydraulic barrier performance was satisfactory.

4. Analysis of dynamical response of the Chioggia inlet and bar-
rier

The natural modes of the barrier are presented in Section 4.1. The
modal analysis of the Chioggia inlet in Section 4.2, while the EOF
analysis is highlighted in Section 4.3.

4.1. Natural modes of Chioggia barrier

The 𝑁−1 periods of the natural modes 𝐺𝑗 (𝑗 = 1,… , 𝑁−1), with 𝑁 =
18 the number of gates of the barrier have been estimated by applying
the model of Li and Mei (2003b). The model allows the reproduction of
a finite length barrier of inclined gates, with different water levels on
both sides of the barrier. This results from combining the approaches
of Li and Mei (2003a) for a barrier of finite length vertical gates and the
hybrid element method for an infinitely long barrier of inclined gates
of Liao and Mei (2000).

The modal shape 𝛽(𝑥) of each mode along the 𝑥-axis spanning the
arrier width, is a piecewise replica of a cosine curve:

𝑗 = ∫𝑋𝑗

cos
( 2𝐾𝜋𝑥

𝐿

)

d𝑥 = 𝐿
2𝐾𝜋

(

sin
2𝐾𝑗𝜋
𝑁

− sin
2𝐾(𝑗 − 1)𝜋

𝑁

)

, (1)

where 𝛽𝑗 is the normalized rotation of gate 𝑗 of width 𝑋𝑗 = 𝐿∕𝑁 , with
𝑁 number of gates and 𝐿 the barrier width and 2𝐾 is an integer so
that there are 𝐾 half modal wavelengths along the barrier. A detailed
description of the characteristics of the modes is given in Li and Mei
(2003a).

Once the geometrical and inertial characteristics of the gates and
the water levels at the inlet are known, the eigenfrequencies can be
evaluated by solving the eigenvalue problem for the discrete dynamical
system made of all the gates of the barrier. Changes in head difference
𝛥ℎ, as well as changes in equilibrium angles, can lead to variations
in the periods of the 𝑗th modes 𝐺𝑗 . The influence of such variations
has been investigated. It has been found that with no sea-lagoon level
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Fig. 8. Time series of the high-pass filtered oscillations of gates 9 (panel a), 10 (panel b), and 11 (panel c), for the Chioggia barrier in the time interval 11:00 h-13:30 h. Panel
(d) reports the statistical parameters, where the mean and the standard deviation of the inclination angles are plotted for each gate.
Fig. 9. Time series of angle differences between neighboring gates (panel a: gates 10-9; panel b: gates 11-10; panel c: gates 12-11) of the Chioggia barrier in the time window
1:00 h–13:30 h. Panel (d) reports the statistical parameters, where the average and the standard deviation of the absolute value of the difference are plotted for each couple of
eighboring gates.
ifference (𝛥ℎ = 0) the natural periods are only slightly influenced by
variation in water levels, with a 5% average rate of change 𝑇ℎ=13∕𝑇ℎ=11.
Moreover, it was found that a variation in the equilibrium angle within
a range of 2◦ (the range of recorded variability of the mean angle) has
no effects on the periods calculated.

Assuming a constant ℎ𝐿 = 11.6 m, Fig. 10 shows the dependence
of the natural periods 𝑇 of the 𝐺𝑗 modes on 𝛥ℎ. An increase in 𝛥ℎ
corresponds to an increase of the natural periods (increase in added
mass). The trends of the natural periods of all the modes are plotted in
Fig. 10a, while modes ranging from 𝐺1 to 𝐺12 are enlarged in Fig. 10b.
For the first three modes, when 𝛥ℎ = 2.5 m, the periods significantly
increase by about 25% compared to the case of 𝛥ℎ = 0 (𝑇𝛥ℎ=2.5∕𝑇𝛥ℎ=0 =
1.25). The percentage increase is lower for higher modes, e.g. for the
𝐺10 mode 𝑇𝛥ℎ=2.5∕𝑇𝛥ℎ=0 = 1.20. Even lower increase rates are found for
modes 𝐺16 and 𝐺17 (see Fig. 10a), e.g. 𝑇𝛥ℎ=2.5∕𝑇𝛥ℎ=0 = 1.08 for 𝐺17.

During the event of November 22nd both the levels and the gates
inclination fluctuated (Figs. 3 and 7). Accordingly, also the natural
mode periods changed with 𝛥ℎ. To properly evaluate the dynamical
response of the barrier, an appropriate time interval has been chosen:
sufficiently short to minimize variations in 𝛥ℎ, yet long enough to
enable feasible spectral analysis, as will be discussed in subsequent
sections. In particular, the natural periods of the Chioggia barrier have
9 
been estimated referring to the mean levels recorded between 12:00 h
and 12:30 h, considering ℎ𝑆 = 12.12 m, ℎ𝐿 = 11.81 m (𝛥ℎ = 0.31 m)
and a mean angle ⟨�̄�30⟩ of 43.8◦. The modal shapes and the calculated
modal periods of the 𝐺𝑗 modes of the Chioggia inlet are plotted in
Fig. 11. The natural periods (white squares) and the eigenfrequencies
(black dots) are plotted in the bottom right panel of Fig. 11. The
estimated period of the first mode 𝐺1 = 10.75 s is consistent with
the previous experimental findings of the model tests (1:60, 1:30 and
1:10 scale model tests). The tested conditions do not exactly coincide
with those that occurred during the event; however, at ℎ𝑆 = 11.6 m
and 𝛥ℎ = 0 m the mean period of the first mode was measured as
10.7 s (Consorzio-Venezia-Nuova, 2002c).

4.2. Modal analysis of the Chioggia inlet

It is expected that the waves and barrier dynamics can be influenced
by the excitation of some of the natural modes of the elevation of the
free surface in the inlet. In order to help the interpretation of the barrier
dynamics an a priori analysis of the resonant modes has been carried
out and presented in this section.

The analysis has been based on the technique introduced by Bellotti
(2020), Bellotti et al. (2012a,b) and Bellotti and Romano (2017). It
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Fig. 10. Relationship between the natural periods and the head difference 𝛥ℎ for all the modes (panel a) and for modes from G1-G12 (enlarged panel b).
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relies on the solution of an eigenvalue problem that stems from the
homogeneous linearized long waves equation, converted by means of
the finite element technique into a system of ordinary differential
equations in time. The computational domain and the bathymetry used
for the analysis are represented in Fig. 12. The average size of the
FEM elements is 200 m and the number of degrees of freedom is
5866. At the boundaries that represent the coastline, maritime struc-
tures and the MoSE barrier, mathematical conditions that reproduce
full reflection of the waves are applied. It should be noted that the
barrier gates are considered fixed and their actual oscillations do not
generate feedback into the system. At the semicircular boundary that
separates the computational domain from the semi-infinite open sea,
an approximate radiation condition is used. This introduces a source
of damping into the mathematical problem; therefore, the resulting
eigenvalues are complex. Note that the model equations are frictionless,
thus implying a slight overestimation of the modal frequencies. The
simulation was carried out for a water depth of 12.5 m, i.e. 1.5 m above
the mean sea level.

The result of the analysis is a set of eigenvalues and eigenvectors.

The former represents the frequency of the free oscillations of each 𝐶

10 
mode. Since these are complex, the real part describes the damping
associated to each mode. The latter represents the spatial normalized
shape of the inlet channel modes 𝐶𝑖, 𝑖 = 1, 2,…. Figs. 13, 14 report
he first 16 most relevant modes, ordered in terms of their decreasing
eriods (increasing natural frequencies). Figs. 13 and 14 are shown
or the phase at which the maximum difference between positive and
egative values of the eigenvector is attained.

The modes 𝐶1, 𝐶3, 𝐶5, 𝐶6 are the 0th, 1st, 2nd and 3rd order
ongitudinal modes, respectively. They are of special interest for the
ollowing analysis, since, due to their spatial shape, they can force an
n-phase response of the barrier. Mode 𝐶1 is the 0th order longitudinal
ode of the inlet, as one nodal line appears at the entrance and the anti-
ode is located along the barrier. Mode 𝐶3 is the 1st order longitudinal
ode, with one nodal line at one quarter of the inlet length from the

arrier and one nodal line at the entrance. The mode 𝐶5 is the 2nd order
ongitudinal mode, the mode 𝐶6 is 3rd. It is worth noticing that some
odes (e.g. 𝐶2, 𝐶5, 𝐶10, 𝐶14) do exhibit a relevant interaction with the

ffshore breakwater placed to shelter the inlet from south-east. Finally,
is the Helmholtz mode of the navigational bay.
4



P. Sammarco et al.

4

s
t
b
s
f
T
o
c

a
c
i
t
t
p
i
𝜃

T

𝐂

Coastal Engineering 194 (2024) 104623 
Fig. 11. Modal shapes and periods of the Chioggia barrier. In the bottom right panel the eigenperiods and eigenfrequencies of the barrier.
w
t
𝑛

o
i
c

Θ

t

𝛼

a
s

.3. Empirical Orthogonal Functions (EOF) analysis

EOF analysis is a mathematical method used to investigate the
patial variability of a dynamical system. Spatially varying measured
ime series are projected on an orthogonal basis consisting of a num-
er of eigenfunctions equal to the number of spatial variables in the
ystem (in this case 𝑁 = 18 gates). Each of these spatial orthogonal
unctions represents a contribution to the total variability of the system.
hrough EOF analysis, it is possible to empirically identify the basis
f orthogonal eigenfunctions (EOFs) and their associated time-varying
omponents.

In the case of the gates barrier, the data set Θ(𝑥, 𝑡) of the recorded
ngles of the 𝑁 gates vary in space (𝑥) and in time (𝑡); the space
oordinate 𝑥 is indeed represented by the integers from 1 to 𝑁 , which
ndividuate the ordered position (left to right) of each gate along
he barrier axis of Fig. 11. For simplicity, in the following, we keep
he generic notation 𝑥. EOF analysis requires solving the eigenvalue
roblem for the covariance matrix of the system 𝐶 = Θ̃𝑇 Θ̃, where Θ̃

s the data set Θ(𝑥, 𝑡) adjusted around the mean angle of each 𝑗th gate
̄𝜏
𝑗 , in index notation each one of the 𝑗 = 1,… , 𝑁 vectors that form the

matrix Θ̃ is :

𝜽𝒋
(

𝑡𝑚
)

= 𝜽𝒋
(

𝑡𝑚
)

− 𝜃
𝜏
𝑗 (2)

he eigenvalue problem is formulated as follows:

Γ = 𝝀Γ, (3)
 t

11 
here 𝜆 is the generic eigenvalue and Γ is the corresponding eigenvec-
or. The relative variance of the gates array system associated with the
th eigenvalue 𝜆𝑛 of the problem is defined as:

𝜎2𝑛 =
𝜆𝑛

∑𝑁
𝑗=1 𝜆𝑗

, 𝑛 = 1,… .𝑁, (4)

and represents the percentage of the total energy of the gates ar-
ray associated with the 𝑛th spatial pattern, i.e. with the eigenvector
Γ𝑛 (Panizzo et al., 2006).

Due to the orthogonality of the eigenvectors Γ𝑛, the original dataset
f measurements can be expressed through a finite series expansion
n terms of the eigenvectors Γ𝑛 with their respective time-dependent
omponents 𝛼𝑛(𝑡), so that at each generic time 𝑡𝑚 it results:

̃ (𝑥, 𝑡𝑚) =
𝑁
∑

𝑛=1
𝛼𝑛(𝑡𝑚)Γ𝑛(𝑥), 𝑚 = 1,… ,𝑀. (5)

The time evolution 𝛼𝑛(𝑡) of each EOF can be obtained by projecting
he original dataset Θ̃(𝑥, 𝑡𝑚) on each eigenvector:

𝑛(𝑡) = Θ̃(𝑥, 𝑡𝑚)Γ𝑛(𝑥). (6)

Among the 𝑁 EOFs, those with higher relative variance are associ-
ted with higher energy content and, consequently, they are the most
ignificant in describing the spatial variability of the system.

Fig. 15 shows the first three EOFs (𝑛 = 1, 2, 3) extracted from the

ime series of the 𝑁 = 18 Chioggia gates, measured from 𝑡 = 11:00 h
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Fig. 12. Finite element mesh (left) and bathymetry (right) used for the modal analysis. The colorbar indicates the water depth in meters.
Fig. 13. Surface elevation of the first set of eight normal modes of the Chioggia inlet. x and y coordinates are in meters and refer to a local model reference system. The colorbars
indicate the dimensionless surface elevation.
to 𝑡 = 13:30 h on November 22nd (𝑀 = 9000). Each row of the plot of
Fig. 15 represents a different EOF as follows: the first panel on the left
depicts the EOF spatial pattern; the middle panel illustrates the specific
value of 𝜆 (red dot) and the associated value of 𝜎2. The right panel
𝑛 𝑛

12 
displays the power spectral density (PSD) of the specific component
𝛼𝑛 (𝑡).

The cumulated relative variance of the first three (𝑛 = 1, 2, 3) EOFs
is 𝜎2 = 0.68, i.e. 68% of the total energy; the first 𝑛 = 1 EOF contributes
𝑛



P. Sammarco et al.

Fig. 14. Surface elevation of the second set of eight normal modes of the Chioggia inlet. The colorbars indicate the dimensionless surface elevation.

Fig. 15. EOFs of the gates oscillations at Chioggia.

Coastal Engineering 194 (2024) 104623 
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Fig. 16. Panel (a). The average energy spectrum of the gates and of the free surface. The orange dashed lines represent the frequencies of the natural modes of the barrier. Panel
b). As above, but wave spectrum is plotted using a distorted 𝑥-axis (𝑓∕2).
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o the total energy of the system by 47%. EOF1 represents a spatially
n-phase mode, the empirical modal shape never crosses zero: the gates
scillate in phase. The temporal behavior of all three empirical modal
hapes exhibits two distinct spectral peaks (third column in Fig. 15): a
ong period oscillation (around 100 s) and a shorter period oscillation
around 10 s).

. Analysis and discussion

In this section the magnitude and the nature of the barrier and
ates oscillations are investigated. Firstly, the potential excitation, both
ynchronous and subharmonic, of the barrier natural modes by short
aves is analyzed. Then, the low-frequency barrier oscillations driven
y the resonant modes of the inlet are discussed. Finally, the EOF
nalysis is applied to investigate the relationship between the forcings
nd the spatial shape of the barrier natural modes.

The analysis of the excitation mechanisms of the barrier is carried
ut on the basis of the spectral analysis of waves and gates’ oscillations.
eference is made to Fig. 16, obtained using the data in the time
indow from 12:00 h to 12:30 h of November 22nd. The considered

ime window has been selected as it exhibits a relatively small variation
f the water level, specifically 𝛥ℎ = 0.31 m and ℎ𝑆 = 12.12 m, and

at the same time the wave height is 𝐻𝑚0 = 0.9 m. In the considered
time interval, the averaged inclination angle of the barrier ⟨𝜃⟩30 is
3.8◦, with an average standard deviation

⟨

𝜎30
⟩

of 0.7◦. In Fig. 16
he red line shows the spectrum of the free surface elevation measured
y the ADCP, while the black line refers to the spectrum of the gates
scillations. Specifically, the latter is obtained as the average of the
pectra of each gate and can be regarded as the spectrum of the overall
nergy pertaining to the barrier.

While in the upper panel (a) for each frequency the corresponding
ave and gates energy content is shown, in the lower panel (b) fre-
uencies of the wave spectrum are divided by a factor of 2 and are
 a

14 
arked on the secondary axis above, indicated by 𝑓𝜂 . This allows a
imple and direct evaluation of the existence of synchronous (panel
) and subharmonic (panel b) excitation mechanisms. Moreover, the
requencies of the natural modes of the barrier (see Fig. 11), are
eported in both panels as orange dashed lines.

The spectra reported in Fig. 16 show that the wave energy is
oncentrated in two distinct frequency bands. The first is in the range
.00–0.02 Hz; it is associated with resonant long waves of the inlet
nd it is discussed later in this section. The second band is in the
ange 0.08–0.15 Hz and represents the short waves. By comparing the
ave and barrier spectra in panel a, it appears that in the range 0.09–
.105 Hz, there exists some synchronous correspondence between the
nergy peaks of the waves and of the barrier. The highest energy peaks
f waves and gates occur at about 0.0975 Hz. This indicates that a
ynchronous response of the barrier is forced by the short waves. As
ar as the natural modes of the barrier are concerned, no energy is
ound at their frequencies, apart from the small peak that occurs at
1. Inspection of panel b of Fig. 16 reveals that no barrier energy is

ound at the frequencies of the potential subharmonic components of
he short waves. This is an indication of the fact that, for this event, no
ubharmonic resonance has been excited. This might be consistent with
he theoretical findings of Sammarco et al. (1997a): they pointed out
hat nonlinear subharmonic resonance can only be triggered if the wave
nergy is larger than some critical threshold values. Possibly, during the
vent the wave energy was not enough to activate the response. One
urther important point to be kept in mind is that the gates’ motion
s likely to be further damped by the feedback control system, which
egulates the influx of air in order to maintain the design inclination
ngle of the gates.

After the analysis of the high frequency oscillations, we turn to the
ow frequencies. To this end the spectral analysis is carried out on
time window of longer duration (11:00 h-13:30 h). This allows to



P. Sammarco et al.

f
i
c
⟨

o
s
w
i
m
l
c
a
a
a
m
s

Coastal Engineering 194 (2024) 104623 
Fig. 17. Spectral analysis of the barrier and the free surface PSD. The green dashed lines represent the frequencies of the inlet modes that are likely responsible for the excitation
of the gates barrier.
increase the frequency resolution, which is important to explore the low
frequencies range. In the selected time window the level ℎ𝑆 changed
rom 12.5 m to 11.76 m, and 𝛥ℎ varied from 0.86 m to −0.11 m, while 𝐻𝑚0
s of 0.9 m. The average inclination angle of the gates remains almost
onstant (Fig. 7) at about 43.9◦, with an average standard deviation
𝜎150

⟩

of 0.7◦.
The analysis of the low-frequency barrier motions is carried out

n the basis of the spectral analysis reported in Fig. 17, which is
imilar to the panel a of Fig. 16 apart from the used time window
hich is now larger. The frequencies of the modes of the lagoon

nlet (see Figs. 13 and 14) are reported as vertical dashed lines. The
odes with large amplitudes at the barrier are represented by green

ines, while for the others gray is used. Inspection of Fig. 17 reveals a
orrespondence between some of the inlet modes natural frequencies
nd some of the spectral peaks of the barrier motion. This suggests,
gain, that a synchronous forcing mechanism is active. These peaks
re located at frequencies quite close to those of some of the natural
odes evaluated through the modal analysis technique. Specifically,

ome longitudinal modes (𝐶1, 𝐶2, 𝐶3, 𝐶5, 𝐶6, 𝐶7, 𝐶14), the Helmholtz
mode of the navigational bay (𝐶4) and some cross-modes (𝐶8, 𝐶16) of
the inlet appear to be amplified due to inlet resonance and therefore
appear to force barrier motions. Since the forcing mechanism is likely
to be synchronous and driven by long-waves resonance, it is interesting
to explore the relationship between the spatial shape of the inlet modes
and the corresponding shape of the barrier motions. This is investigated
through the EOF analysis technique. Specifically, the spectra of the
three first EOFs (Fig. 15) are here analyzed in more detail and magni-
fied in Fig. 18. On each of the three subplots of Fig. 18 the frequencies
of the relevant natural modes of the inlet are also reported, using
vertical dashed green lines. These have been selected among those
that have a spatial variation at the barrier that resembles the shape of
the considered EOF. Similarly, the frequencies of the relevant natural
modes of the barrier are plotted using vertical orange bands, enveloping
the variability of the frequency in view of the variation of water level
in the considered time window (see Fig. 10). It is interesting to note
that the comparison of the EOFs, inlet and barrier responses, although
derived via different methods and forcings, exhibit some similarities. In
fact, the comparison of the modal shapes of the EOFs in Fig. 18 and the
theoretical natural modes in Figs. 11 (barrier) and 13 (inlet) reveals a
similarity between the EOF1 and the in-phase inlet mode 𝐶1, the EOF2
and 𝐺17, just as the EOF3 resembles a mix between 𝐺16 and 𝐺15.

The EOF1, reported in the panel a of Fig. 18, represents gates
oscillations that are mostly uniform along the barrier. According to the
spectra, these oscillations appear to be forced predominantly by the
15 
resonant long waves of the inlet, although it is not possible to prove that
a causal link exists. Given the spatial distribution of the oscillations,
it is likely that the longitudinal inlet modes are those responsible
for these oscillations. In fact, all the spectral peaks correspond to
frequencies of inlet longitudinal modes. Also the Helmholtz mode 𝐶4
of the navigational bay induces almost constant free surface elevation
at the barrier and forces this specific EOF.

The EOF2 is analyzed in the panel b of Fig. 18. It should be noted
that its energy content is about 25% than that pertaining to EOF1.
According to EOF2, the gates are not uniformly oscillating across the
inlet, rather the shape resembles, although not perfectly, that of half of
a cosine wave. The energy peaks in the spectrum are associated with
the crossed natural modes of the inlet; at the barrier they exhibit a free
surface elevation variation which appears similar to the shape of the
EOF. The largest peak has a frequency that is very close to those of
the inlet mode 𝐶13 and of the barrier mode 𝐺17. However, it should be
noted that the two modes share the same frequency: 0.0141 Hz (see
Figs. 11, 13 and 14). Furthermore, a small energy peak is found at
the frequency of the barrier mode 𝐺16. It seems therefore that, for this
EOF, the barrier oscillations are dominated by the resonant modes of
the inlet, and by the longest Chioggia barrier mode.

As one proceeds with the analysis of the following EOFs (see exam-
ple of EOF3 in panel c of Fig. 18) no significant energy peaks appear
in the spectrum. A small energy peak appears located in between the
frequencies of the barrier modes 𝐺16 and 𝐺15 in agreement to the
observation about EOF3 modal shape and to its lower energy content
(𝜎𝑛 = 9.7%, third row in Fig. 15).

6. Concluding remarks

The analyses presented in this paper focus on the dynamical re-
sponse of the MoSE barriers to the storm event of November 22nd,
2022, the most important storm surge event since the beginning of op-
erations in 2020. Persistent Scirocco winds, combined with low pressure
and astronomical tide, significantly increased the surge levels. As the
sea state average direction shifted towards Bora, waves significantly
penetrated into the inlet, reaching the barriers. This resulted in com-
bined surge and waves acting on the barrier at the same time, leading to
a potential critical condition for the system. In this study, the following
time series have been analyzed: sea level measured inside the lagoon
and in front of the barriers, ADCP measurements in front of the barriers,
gates angular position measured by electronic inclinometers.

First of all, for the specific storm event considered, the MoSE system
has proven to be able of limiting the rising of the waters inside the
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Fig. 18. Panel (a) represents the EOF1 PSD, panel (b) the EOF2 PSD and panel (c) the EOF3 PSD. The green dashed lines represent the frequency of the inlet modes. The orange
bands represent the calculated eigenfrequencies relative to the excursion of 𝛥ℎ between 11:00 h and 13:30 h.
lagoon and to efficiently protect the city of Venice from flooding.
According to the analyses carried out, during the considered storm
event, the gates have been affected by moderate oscillations around
their design working position (on average smaller than 1.0◦ during
the operation interval considered) and the angle difference between
neighboring gates is overall such that the barrier of Chioggia guarantees
satisfactory hydraulic disconnection between the sea and the lagoon.

In order to investigate in detail the nature of these small amplitude
oscillations, the Chioggia inlet has been selected for an in-depth anal-
ysis. To support the interpretation of the data, two models have been
applied to calculate the frequencies and the shapes of the natural modes
of the system. The first looks at the resonant modes of the barrier (Li
and Mei, 2003b). The application of the model has confirmed that the
frequencies of the barrier resonant modes depend also on the difference
in water level between the sea and lagoon. The second considers the
resonant long waves of the inlet through a modal analysis of the long
waves equation (Bellotti, 2020).

By analyzing the spectrum of the barrier oscillations, it has been
found that, for the considered event, two distinct energy bands exist:
one forced by short waves and the other by low-frequency waves. The
latter appears more relevant than the former. Comparison of waves and
barrier spectra in the high-frequency band, reveals that the excitation
mechanism is synchronous, while subharmonic resonance appears not
to be activated during the event studied. As far as the low-frequency

band is concerned, it is found that several longitudinal and crossed

16 
modes of the inlet may be the most probable cause of the barrier move-
ments during the event studied. These conclusions have been driven by
the EOF analysis, that has helped interpretation of the spatial shape of
the barrier modes. It results that the major contribution to the gates
response is likely due to the longitudinal modes, which are detected in
the most energetic EOF1. It is important to highlight that, although only
one single event is analyzed, these findings have a general meaning for
two reasons: (I) the cyclogenesis and evolution of the storm event of
November 22nd, 2022, i.e., the most important storm surge event since
the beginning of operations in 2020, are archetypal conditions to which
the MOSE system will be prone in the future; (II) the study provides
the interpretation of complex phenomena by studying a representative
event applying a combination of state-of-the-art techniques (i.e., EOF,
inlet and gates modal, and spectral analyses).

To summarize, the oscillations of the gates of the MoSE around their
working position appear to be limited during the considered intense
event. This observed response suggests that the MoSE system behaved
as designed during the considered storm event which we recall has
been the strongest since beginning of operations. Further verification
of the mechanical response will be conducted if in the future more
energetic events might occur. The stability of the system may have
been further improved by the feedback system that, controlling in real-
time the position of each gate, introduces an extra source of damping.
However, since a single storm event is investigated it is not possible to
provide general conclusions on the damping capabilities of the feedback
system.
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Future research will consider more detailed data that will become
available to further evaluate the efficiency of the MoSE system and
provide more insight into the physical mechanisms that drive the
oscillations of the gates.
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