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Preface

The SAFEleveproject at Delft University of Technology focuses on levee performance and
failure, and analyses the interrelated processes of (initial) failure of a levee and breach
development, both at a systemmacro scale as well as for individual failures. To support
the different work packages of this project an international levee performance database
has been developedA second sectiorprovides more details on the database and the type
of information provided by the database.

This report is the product of a multidisciplinary project we conducted as part of ourSd.
program atthe faculty of Civil Engineering and Geosciences of the Delft University of
Technology. The multidisciplinary projeds performed on behalf of Prof. Dr. Ir. Bas
Jonkman. It is part of a facfinding research for the flooding of Venice in November 2019,
conducted by the Delft University of Technology. The report focuses on the meteorological
and physical description othe flood event, the protection othe lagoon surrounding Venice
and the impact the flood event had on the area.

We hope that this report will contribute to the fadinding research of the Venice flooding

in 2019 and to water safety of Venice in generalVe also want to address a special word

of thanks to oursupervisors Dr. Ir. Manuel Diakzoaiza, Dr. Ir. Alessandro Antonini, Dr. Erik
Jan Houwing and Prof. Dr. Ir. Bas Jonkman, who have supported us during the process and
were always happy to help.

The rgport was developed in collaboration with Dr. Ir. Giovanni Cecconi, director of the

Venice Resilience Lab and former director of the Control Room, who granted us with an
interview, providing precious information, vital to write the report. Also Dr. Ir. Retan
Westendorp, civil engineer professional at Strukton Civiel Projecten B.V., collaborated
proving information about Struktonds -exper.i
ISMAR Venice helped providing precious data and information about thelagoon
hydrodynamics

Gabriela Godlewski
Luisa Caporalini
Bram Deuss

_ Delft, May 2020
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Summary

The city of Venice has been prone to flooding throughout its history. However, flooding has
recently been occuring more oftenthan before. As a result, engineers have collaborated
to come up with a potential solution to the flooding. This solution, a mobile barrier known
as the Experimental Electromechanical Module (Modulo Sperimentale Elettromeccanico,
or Mo.S.E) has been in progress for gile some time now and is therefore still not
functional. On 12 November 2019, an extreme highvater level event occured with the
second highest recorded water level in historyThe flooding event should have been
prevented by the construction by a flap ga storm surge barrier, a project started after the
1966 historical high water event, which takes the name of Mo.S.E. project. In this paper,
the 2019 event is analyzedinvestigating the causes of the eventand the design criteria

of the Mo.S.E. barrier pject in terms of its structure, construction process and completion
state at the time of the event

The meteorological and hydrological causes of the 12 November 20istudied to better
understand what caused the eventf the causes of an event are mderstood, a solution to
similar future events can be more easily determinedHistoric water level datas used to
better understand the hydraulic conditions withirthe Venice LagoonEXxisting research
projects that utilizedsimilar data are studied to esimate the return periods considered in
the design of theMo.S.E.barrier. The return period for the 12 November event (187 cm)
was found to be about 1308 140 years. The return period for the water level at which the
Mo.S.Ebarrier is designed to be fullglosed (110 cm) is 50 7 years.The effects of climate
change and subsequent eustey are also analyzed to determine how this would affect the
return periods of both the 12 November 2019 event and the barrier closure levéinalysis
of estimated future reurn period data predicted that the return period range for the 12
November event wouldbecome more frequent decreasng from 130 6 140 years to 500
100 years while the return periodor the Mo.S.E barrier closure would decrease from B

7 years to 20 5 years.

An estimation of the flooded buildings and roads is madé&urface elevation data is
compared with the water level of the November 2019 flood event. In this way information
is gained about what areasvere flooded by using downloaded from Open Street Maps,
information about all buildings and roads, including their location, are obtained. Analyzing
this data, results in information about what buildings and roads are flooded. These results
together with numbers of damage per flooded objectare used to make an estimation of
the total direct damage due to the flood event he estimatedtotal directdamage amounts

to G870 million. The estimated damage to cultural heritage amounts @244 million. Also,
the casein which theMo.S.E.barrier would have been operational during the November
2019 flood eventwas investigated If the barrier had closed, the total direct damage would
have been(257 million.

Conclusively, an analysis of the mamgg@ment system of the Riequilibrio E Ambiente (REA,
Lit. Rebalance and Environment) megaroject and the Mo.S.E. project is conducted to
visualize the main failures and delay causes which dd to the circumstances of
incompletion of the barrier at the timeof the 2019 flood event. Through a careful analysis
of the main events and technical problems encountered throughout the planning and
construction of the barrier, the leading causeof this delay are found to be uncertant
althoughtmany sources cite thepolitical circumstances the uncareful definition of project
objectivesand extreme levels of project complexityCurrently, the completion of the storm
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surge barrier is scheduledo be atthe end of 2021. In 2019, the construction of thebarrier
was found to be completed at its 94%signifying an 8-year delay past the original
completion dateof 2012, which was determinedat the begging of the construction works
in 2005. The Mo.S.E. barrierproject is merely one part of a much largemegaproject
designedfor the safeguard of Venice whichvas meant to be completed in 1985. While
the Mo.S.Ebarrier isdelayedalmost 8 years, the entire project is delayed bytatal of 26
years.

It is recommended to direct further researches to future impact, considering climate
change, and the amount of damage for certain return periods and the impact of the
Mo.S.E. barrier on this last.

Summary 2



Chapter 1.
Introduction

Luisa Caporalini, Bram Deuss, Gabriela G odlewsi

1.1 About the report

Students at the Delft University of Technology preserthis factfinding study as a

multidisciplinary project converginghydraulic engineering and project management

perspectives. The goal of thisstudy isto produce a clear response to the developed
researched question, stated in the following paragraph.

The Maritime Republic of Venice and its surrounding lagoon create a distinctive
environment in which construction techniques and artifactsiye a unique quality to the
ci t y 0 s(Lamehl@7#3)nEimilar to many other coastal regions, sea level rise resulting
from climate changes in Venice lagoon is expected to increase erosion along with
frequency, intensity and heighof tidal floods (locally called Acqua Alta,it. High Watey;
and loss of habitat and biodiversityS. Munaretto, 2012) In 2019, Venice lagoon was
subjected to an exceptionally high tide that causesdignificantd a mages t o Veni ce0
city center andresulted inthe death of two people. Tis floodingeventwas recordel to be

the highest tide since 1966,when another exceptionally highwater level occurred and
also resulted in extreme floodingFollowing 1966, measures were taken by the Italian
government to protect the city of Venice and its lagoon. Among the planned interventions
we can find the construction of the Mo.S.E. storm surge barrier, plannedda® completed

in 2012, but found to be still under construction in 2019.

The djectives andstructure of this report are defined in the following paragraphs, while
the next chapter outlines a system overview of Venice lagoon and contextualizes the object
of our teamds research.

1.2 Objective

The objective of this report is to studfacts surroundingthe November 2019 flooding event
that occurred in Venice as well as the design and operation of thMo.S.E.barrier. To do
so, this report attempts to answer to the following research question:

1 What are the causes, circumstances and impacts of the 2019%W¥ice flood event
and the performance and status of the Mo.S.E. barrier?

This one question concerng complicated matter and it is therefore difficult to answer
succinctly. Thus, the report consists of three different researgbrojectswhich each cover
a distinct part of the main research question and have their own research questiois
paper does not intend totest hypothesis nor sustain theories, it rather analyses verified
facts and circumstances around the 2019 Venice flooding event.

The first part considers the hydraulic conditions of the lagoon and the November 2019
storm surge. Thigart of the project considerghe following research questions:

1 What were thehydrometeorological conditions that lead to the 12 November 2019
event?

Introduction 3



What was the return period for the 12 November 2019 event?

What is the return period for the sea level of +110 cm at which th&lo.S.E.is
designed to close?

1 Whatare the return periods of the climate change scenarios?

)l
)l

The second part of the researclproject has to do withthe impact and damages which
result from the November 2019 flood event. Thipart considersthe following research
guestions:

1 What were the flooded areas during the 2019 flood event and what were thater
depths?

1 What were the priced and unpriced damages as a result of the 2019 flood event?

1 What have been flood prone areas in the past?

1 If the barrier would have worked, how would it have affected the water levels and
the damage?

The third part covershe Mo.S.E. projecitself and its completion delay. Thiginal part of
the project considersthe following research questions:

1 What is the Mo.S.E. project and in what context cée identified?
1 Which typical Large Infrastructure Project aspect most afted the Mo.S.E. project
process?

1 Should the barrier have been operated during the emergency flooding event of
20197

Prior to these three mainparts, introductory research is carriéd out to get a system
overview. Thigntroduction considersthe following questions:

1 What is the Venice lagoon layout and what is its history?
1 What was the lagoon status in 2019?

1.3 Structure of the report

The structure of this report is as follows:

First, a system overview of the Venice lagoon is given to provide more insight in the
concerning research area in chapter 2.

Chapter 3 covers the research of the hydraulic conditions and the November 2019 storm
surge.

Chapter 4 coversresearch of the im@ct and damages due to the November 2019 flood
event.

Chapter 5 covers the research of the Mo.S.E. project and its delay.

Lastly, in chapter 6 the conclusions of the main research projects areompiled, and
further recommendationsfor future research pojects are included.
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Chapter 2:
System overview

Luisa Caporalini, Bram Deuss, Gabriela  Godlewski

Venice and theMo.S.E.barrier are located in Northern Italy, in the Venice Lagoon. The
subject of our investigation is the Venice Lagoon, which holds the ssllbjects specifically
investigated which are the City of Venice, the hydraulic characteristics of the area, and the
Mo.S.E. project itself. The research questions that this introductive chapter aims to
answers are the following:

1 What is the Venice Lagoon layout and what is its history?
1 What was the Lagoon status in 2019?

2.1 Venice Lagoon

The Venice lagoon has an area afbout 550 kmz2, of which only 8%of this areaconsists

of emerged land: the city of Venice, about fifty smaller islands, the coasts, the embanked
fishing valleys and the artificial filler boxesSince this area is located in théransition from

the land to the sea, the tide is very influential in the area, especially ithe canals The
canals coverl1% of the Venice LagoonThe remaining 80%consists oftidal flats, non
vegetated muddy plains that emerge only during exceptional low tides, and vegetated
sandbanksareas occasionally submerged by high tid®abala & Campostrini, 2017)

2.1.1 Configuration

The lagoon is separated from thédriatic Sea by a series of shores callgfrom north to
south) Sottomarina, Pellestrina, Lido and Cavallino. The sequence of shoreseparated
by three lagoon mouths: Lido, Malamocco and Chiogdsee Figure 1).

ThePort of Lidg also known as thePort of San Nicolgis the northern access to the Venice
Lagoon It separates the Cavallino and Lido shores. ThdalamoccoInlet is the central

access to the Venice lagoorand it divides the Lido and Pellestrina shore€hioggia, the
southernmostinlet, is located between the Pellestrina and Sottomarina shores.

The watershed has a surfacarea of roughly 1850 km2 (Regione del Veneto, 2000Q)On
average the water exchanged between the lagoon and the sea is 400 million3nirhe
averagevariation of the tide in the lagoon is about 1 mas it is subjected to variations
caused by astronomical and meteorological facto(€VN, Mn solo il MOSE, 2014)

At the three lagoon inlets, to protect the city of Venice and all the other lagoon inhabited
parts from the risk of flooding, the Italian government planned the construction of a mobile
barrier system, the Mo.S.E. projécThe project will be referred to throughout the entire
research and will be analyzed in further detail in chapter 5.

2.1.2 Ecology

In the Mediterranean area, the Venice Lagoon represents an exceptional example of semi
lake habitats, made vulnerable by irreveible natural and climatic changes. In this
interconnected ecosystem where the salt marshes (muddy sotlsat are submerged or
emerged depending on the tidalevel) are of equal importance to the islands, it igist as

System Overview 5



necessary to protect theelevated house, fishing villages and rice fields a# is to protect
the historic palaces and churches(CVN, 2019) Venice symbolizesthe historic struggle
between humanity andthe elements The whole area is defined by UNESC@&s a World
Heritage Site.

Mouth of the Lido

Mouth of Malamocco

Mouth of Chioggia

Figurel - Overview of Venice LagoofKeane, 2013)

2.1.3 Morphologic History

The formations of the City o¥/enice and itsaquatic landscapeare the result of a dynamic
process which illugrates the interaction betweenhumanity and the natural ecosystem of
their environment over time.

The primeval lagoon reached its present size approximately 6,000 years ago, though it
was smaller for a while before then. At this time, the flow of watertime area was made
possible through eight sea openings as opposed to only three that exist tod@y
Carbognin, 1984) The lagoon morphology, consisting of shallows, mud flats, salt marshes,
islands and awide network of channels, was subjected to the great mutability of ke
factors which had generated and developed the morphology throughout the ages. Among
these, the adivity of the main lagoon tributaries (Adige, Bacchiglione, Brenta, Sile and

1 United Nations Educational, Scientific and Cultural Organization
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Piave) was determinant andalmost made the area a marshland rather than a lagoon
Together with the increase in the depth of the lagoon due to subsidence and eustatic rise,
human activities have now inverted the lagoon's natural tendency to silt up antstead
triggered the opposite processslowly transforming it into a sea environment{D'Alpaos,
Ldevoluzione morfol ogica de lettuem dilalaugeumappe d i
storiche e delle sue carte idrografiche, 2010)

Over the years, the lagoon has been subject to many flooding events due touitsque

expoaureto wind and sea forces. Although inhabitants of Venice and the surroundargas

are familiar with these eventssome flooding events have reachedsuch a water level that
posed a legitimate threat toboth the residents and the environment.The exceptionally
high tides that had been recorded at Punta della Salusnce 1930 are describedin the

timeline shown inFigure 2(Comune di Venezia, 2016)

1930s 1940s 1950s 1960s 1970s 1980s 1990s 2000s 2010s

6 nov 2000, + 144 cm | |24 dec 2010, + 144 cm
16 apr 1936, + 147cm | | No significant event t2nov 1951, +1stem | |15optisen + som | |171eb 1070 + 149om | |1teb 1986, isgem | [adec 108z, + 14zom ienaramgs  47om | [fhovantzs 1o
3 nov 1968, + 168 om 23 dec 2009, + 144 cm | |121eb 2013, + 143 cm
25 dec 2000, + 145 cm | |29 0ct 2018, + 145 om
12 nov 2018, + 187 cm

¢ L 3 4 OQT *" *”

* * * ¢ * L]
T ||||||\|\||||||||||T|||\|||||I|||||||||I|||||||||||||\||||| T imnm
1930 | 1940 | 1950 ! 1960 ! 1970 ! 1980 ! 1990 ! 2000 ' 2010

Figure2 - Timeline of exceptionally high tide€Comune di Venezia, 2016)

Human activity has profoundly changed the appearance amibrphologicalbalance of the
lagoon since the time of the first settlementsOverthe centuries, the initially numerous
port mouths have been reduced to the current thre@he shoresthat separated the lagoon
from the sea were reinforced and stabilized with the powerful works of the Murazzvery
long eighteenthcentury damsystem builtin 1782 from Istrian stone placedalong the
external lagoon perimeter for defence These dams were damaged during the
exceptionally high tide events on 1825 and in 196§Colognesi, 2017)

Four major riversd Sile, Piave, Brenta, and Bacchiglion& once drained intothe Venice
Lagoon, transportingabundant supplies of fresh water, sediment and organic matter. Prior
to the year 1500, the rivers entering the lagoon contributed approximately 700,0003of
fine-grain material, most of which was deposited to form fringingalt marshes and mud
flats. An additional 300,000 n? of sand entered the lagoon from the seand formed flood-
tidal deltas. By 1650, all major rivers had been diverted to bypass the lagoon and
discharge directly into the sea to avoid lagoon siltation. Thikversion, followed by the
construction of breakwaters at the lagoon inlets and the increased dredging lajoon
channels for navigation purposes, had a significant impact on the lagoon morphology
(Suman, Guerzoni, & Molinaroli, ATb).

These human interventionscompromised the natural equilibrium of the area and lead to
the decline of numerous inhabited centres, such as Torcello, Costanziaco and Ammiana.

2.2 The Hstory and Heritage of Venice

The history of Venice started ithe 5t century A.D. as people tried to find refuge from
raiding Visigoths, Huns and Lombards on islands in the lagodiney first settled on the
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island of Torcello and later the spread to surrounding islandknelyplanet.com, 2020.
Eventually, these settlements grew out to become a powerful and prosperous city.

This prosperity resulted in thriving architecture and art. As touched upon earlier, the whole
of the city of Venice and its lagoon arereJNESCO heritage site. Within the City of Venice,
many buildingsare individually protected as cultural heritage as wel

On the UNESCO website, the foll owhelEIC® st at
World Heritage property comprises the city of Venice and its lagoon situated in the Veneto

Region of Northeast Italy. Founded in the 5th century AD and spread oté8 small
islands, Venice became a major maritime power in the 10th century. The whole city is an
extraordinary architectural masterpiece in which even the smallest building contains works

by some of the world's greatest artists such as Giorgione, Titidimtoretto, Veronese and
others 8(UNESCO, 2020)

Nowadays, the economy in Venice is mainly driven by the tourism industryniAority of

Venice's population, about 53,00(eople, live in the historic center. Roughly four timeas

many live on the surrounding mainland and estuary of Veni¢W, 2019)Veni ceds c i |
center has seen a slow trickle of people leaving the city, as the constant flood risk has

made life and business operation for mangeople untenable(NBC News, 2019)Of about
53,000

residents in the cityds center

, Veni
(Jacobson, 2019)

The history of the population in the city of Venice is shownkigure 3 (Venipedia, 2019)
Note the declining trend in population since the mi@0th century
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Chapter 3:

Hydraulic Conditions of the Venice
Lagoon and Analysis of the November
2019 Storm Surge

Gabriela Godlewski

The focus of this section is listed as follows: to provide the results of research into
statistical analyses of highwater levels that occur in the Venice Lagoon; to explain the
physics behind the 12 November 2019 event; and to understand how these factaase
relevant to the design of theMo.S.E.barrier. The frequency at which certain water levels
occur, also known as the return period, was studied to gain a better understanding of the
hydraulic conditions in Venice. Research into statistical analyses tbe water levels in
Venice was performed to find the frequency at which these events occur. From this
analysis, the heights of the 16/ear, 100year, and 200year events were found, and the
corresponding return periods for the November 2019 storm surge evewere preliminary
estimatedas well. Sea level data used in this chapter was taken from the earlyt®2@entury

up to 2019, but the return period data was found using information available up to 2005.
This was done to better understand the coniibns for which the Mo.S.E.barrier was
designed. TheMo.S.E barrier is designed to close completely at fix water level (110 cm)
and the correlated return period of this water level wasstimated as well The results
suggestthat Mo.S.E barrier was designed for a water level with a return peri@tound 10
yearswhile the 12 November 2019 event (187 cm)was estimated to be characterized by
areturn period of 135 years. Thetatistical analysis of the hgraulic conditions provides a
wellrounded understarding not only of the conditions in the Venice Lagoon but also the
criteria required to design an effective flood prevention mechanism.

3.1 Introduction

The locationand configuration of Venicenakesthe city highly vulnerable to damage from
severe storms and higlwater level events.A layout of the city of Venice can be seen in
Figure 1 in Chapter 2. Stations that collect water level data are also situated in the area.
For this factfinding research,the data used for the Venice Lagoon was collected at Punta
della Salute and data for the Adriatic Sea outside the lagoon was collected at Diga Sud
Lido. The location of these stations is shown in Figude This map shows not only the
orientation of the inlets but also the location of Punta della Salute where the data is
recordedin Venice, and Diga Sud Lido, which recorded data for the Adriatic Sea

Hydraulic conditions of the Venice Lagoon and Analysis of the November 2019 9
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Figure4 ¢ Venice Lagoon map extract showing Punta della Salute and Digla
LidoGoogle Earth

Historically, Venice was always threatened by a myriad of issues including subsidence,
eustasy, and extreme flooding. With climate change further worsening certain threats such
as sea level rise, increased frequencgnd duration of storms, and increased arount of
rainfall, the vulnerability of Venice has increased sigitantly. Not only is Venice a city of
great historic and cultural importance, but the city is also home to more than 260,000
residents, making protecting Venice from such natural extreme eus a high priority.The
methods to protect the Venice Lagoon and therefore the City of Venicaredecided upon

by also consideringhydrological data The data was used to answer the following research
guestions:

1 What were theoceanographic and meteorological conditions that lead to the 12
November 2019 event

What was the return period for the 12 November 2019 event?

What is the return period for the sea level of +110 cm at which th&lo.S.E.is
designed to close?

1 What is the return period of the climate change scenarios?

1
1

Hydraulic conditions of the Venice Lagoon and Analysis of the November 2019 10
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These questions were answered by researching existing data related to the high water level
events and the return periods of water levels in the Venice Lagoon. First, the
meteorological and hydrodynamic conditionthat preceded the 12 November 2019 event
were researched to develop a better understanding of the high water level that occurred
that day. Then, raw data, which provided the total water level at Punta della Salute, was
gathered and filtered using the rectsive Chebyshev Type Il filter. This separated the data
into the components correspondingo the meteorologicaland the astronomical tide, which
provided a better understanding of the cause behind the 12 November 2019 event as well
as another high water level event in October 2018. This method is further elaborated upon
and the results of the method can both be fouwh in section 3.2.2. The data acquired
through researchof various return period calculation methodsvas used to estimate the
return periods of the 12 November 2019 event as well as the chosen closure level of the
Mo.S.Ebarrier. This data was then used t@stimate the time at which theMo.S.E barrier
would have closed, if it were functioning at the time of the November 2019 event, as well
as how long the barrier would have been in the raised position. The effect of climate
change on future sea levels as &ll as future return periods for extreme water levels was
also explored by researchingrevious works.

To provide a better understanding of the content in this section, some key definitions were
included

Astronomical tidethe tidal levels and character that come as a result of the gravitational
pull from the earth, sun, and moorfJudith Bosboom, 2015)

MeteorologicalStorm surge:a rise in the water level that comes as a result athanges in
wind and atmospheric pressure caused by storms.

3.2 Astronomical tides and Meteorologicalstorm surge

Since the most extreme water level event hit Venice 966, the Municipality of Venice
has been working with engineers from all around the world to produce a solution to
protecting Venice. In order to come up with such a solution, data pertaining to historic
water levels in the Venice Lagoon must be analyzddata used for this facfinding project
was provided by the Municipality of Venice and pertains to the water level height from
1983 0 2019. This data was collected at Punta della Salute, a station located in Venice
(see map above Figure4).

Over thepast decade, Venice has on average experienced daily high water levels ranging
from +65 to +75 cm above datum and daily low water levels ranging fro0 cm to -30

cm below datum, therefore fluctuating about 85 to 105 cm daily. The mean sea level in
Veniceis +34 cm above datum. kgure5 illustrates the water levels over time.Rere is an
observablesteady increase in the sea level as time goes ohhe moving averages confirm
an increase in the average sea level during this time period@his is not only cased by
global eustasy but also in part due to subsidence that occurs locally in Venice. Subsidence
refers to the sinking of the city itself, and this phenomenon is caused by ground
compaction from the weight of the buildings and groundwater pumping fromreath the

city (Live Science Staff, 2012) Over the 2@ century, it is estimated that Venice was
sinking at a rate of 0.5 mm/yr and has lost a total of 12 cm of elevatio(Brambati,
Carbognin, & Quaia2003). Fromthe data at the Punta de laSalute we find a similar trend:
sea leve rise of 16.76cmin 33 year ~ 0.5 mm/yr (see figure8)

Hydraulic conditions of the Venice Lagoon and Analysis of the November 2019 11
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Figure5 - Sea level rise data from 19832019 is compiled.

Further analysis was conducted to separate the data caused by meteorological forcing and
the data caused by astronomical data. The meteorologicalorm surge are caused by
variations in recurring weather conditions that are not periodic and happen neo
randomly, such as changes in atmospheric pressure, wind patterasid precipitation.
Astronomical tides, on the other hand, are controlled by the periodic gravitational pull of
t he Eart h, Sun and Moon with sospheee (Judithf
Bosboom, 2015)

3.2.1 Tidal Components of the Venice Lagoon

The astronomic tides experienced in Venice are the summation of different harmonic
components The tidal components are named for the astronomical influeac Below is a
chart of the tidal components and their respective amplitudes and phases that comprise
the Venetian tide(Brambati, Carbognin, & Quaia, 2003Eac h consti t uent
is characterized by the average amplitude and phasdbservedin the Adriatic Sea and in
the Venice Lagoon. The tidal constituents indicate that the sediurnal tides (M2, S2, N2,
K2) arelargerin both the Adriatic Sea andhe Venice Lagoorthan the diurnal tides, though
the overall tidal characterization can be categorized as mixed, predominantly seluirnal
(Judith Bosboom, 2015)

Tablel ¢ Tidal Components of the Veogé Lagoor(Tomas, 2008)

M2 S2 N2 K2 K1 o1 P1

Amp Phase Amp Phase Amp Phase Amp Phase Amp Phase Amp  Phase Amp Phase

cm) (deg) (cm) (deg) (cm) (deg) (cm) (deg) (cm) (deg)  (cm) (deg) (cm)  (deg)
Adriatic | 11.5 1715 7.3 166.8 2.1 1752 23 160.6 10.2 65.1 4.1 54.4 2.8 56.2
Sea
Venice 22.6 302.2 14.0 2940 4.0 297.0 4.7 288.4 18.2 94.9 6.7 82.2 5.2 96.0
Lagoon

Hydraulic conditions of the Venice Lagoon and Analysis of the November 2019 12
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3.2.2 Analysis of Tidal Data

In order to separate the meteorologicastorm surgefrom the astronomical tide, a filter
analysis was applied to the data provided by the Municipality of Venice, which was
detrended toremovethe effect of sea level riseand other long period phenomena, such
as subsidence and eustasyThe tides were separadd in order to understand which had
the highest impact on the mean water level. To run the analysis, the recursive Chebyshev
Type |1 filter was applied to the dat a. The
has a stopband for up to a 2éhour periad with a designated attenuation of 30 dB, and a
passband for a minimum period of 30 hours and a ripple magnitude of 3 dB. Although
higher frequency data is lost in this analysis, the resulting data is a reliable estimation of
the tidal events in the VeniceLagoon (Jenny M Brown, 2012) The results of the filter
analysis are shown in the figures below.
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Figure6 ¢ Top left: Theresiduals from theAstronomicaltide is superimposed in front of the detrended
sea level data (blue)Top right:The astronomical tide is shown in green superimposed in front of the
detrended sea level in blueBottom left: The periods related to the mteorologicalstorm surge

highlighted in green Bottom right: The periods related to the astronomical tide are highlighted in gres

3.3 Meteorological Summary of 12 November 2019 Ewvet

The November 2019 event in Venice was caused by several complicated meteorological
phenomena in the atmosphereoccurringat the same timeas hydrologic abnormalities in
the water below The Venice Lagoon was experiencing an exceptionally high astronamic
tide of 140 cm. Near the centralsouthern part of Italy over the Tyrrhenian Sea, a lew
pressure phenomenon generated winds from the soutast, known as Scirocco. At the
same time, a smaller cyclonic formation rotated in the atmosphere above the norther
Adriatic Sea near the Venice Lagoon, which also generated winds from the northeast
known as Bora. This wind combination often results in high water events. This vortex

Hydraulic conditions of the Venice Lagoon and Analysis of the November 2019 13
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intensified the Scirocco and Bora winds to average speeds of 70 km/hr with gusts ofQl1
km/hr. A warm front also arrived above Venice, increasing the air temperature by up to
6°C while the barometric pressure continued to rapidly decrease by 3 mb in 30 minutes.
The vortex caused theBora winds to rotate and blow from the south west, whilelso
intensifying the wind speed to 100 km/hr on average and 110 km/hr gusts. Once the
atmospheric pressure minimum and southwestern rotation passed over Venice, the water
level descended suddenly. This descent delayed the natural tide propagation, causang
critical sea level height, which coincided with the intense southwestern winds. This
resulted in a rapid sea level rise, flooding and damaging a greater part of the ¢kgrrarin,
2019).

The maximum sea level recorded during this event was 187 cm at 22:50 recorded at Punta
della Salute. At the same time, thedtal water levelat Misericordia Stationwas measured

to be 173 cm and the tide at the North of Venice Station was measured at 160 cm. This
indicates that the peak of the extreme water level event occurred near the center of the
Venice Lagoon, closer to the coast of the city of Venice.

The maximum value of 187 cm recorded at Punta della Salute is the summation of the
127 cm astronomical tide, 26 cmfrom meteorologicalstorm surge and 34 cm mean sea
level (Ferrarin, 2019)
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Figure7 ¢ Astronomical tide component from the data series Bunta de la Salute
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Original Data vs Trend
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Figure8 ¢ Linear trendremoved from the signalacumulating a total of 35L.78(in figure sligtlhydiffers
due to matlab rounding).

The graphs abovdactual observed datafiffer significantly from theinformation displayed

in Ferrarin, 2019. The maximum water level found in our data is 181 grthe astronomical
tide is 122.8 cm and the meteorological + SLR componerof 58.2 cm (35.178 cm SLR +
23.02 cm of meteorological storm surgg The errors come from several possible sources.
Firstly, the sample frequency used in our data is smaller than the frequency used for the
Ferrarin analysis, therefore resulting in different maxima. Also, the water level data used
has been detrended to acount for subsidence and eustasy. Comparing the detrended
data to observed water level data, which is not detrended to account for such phenomena,
would logically produce some errors. Finally, the above meteorological residual data is the
result of the filter analysis subtracted from the raw data.

The meteorological phenomena that resulted in the 12 November event are recorded
below.
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Figure9 - Four satellite ima
on 12 November 2019

Above: Four satellite images of the atmosphere above Italy taken at hour intervals from
19:30 0 22:30 on 12 November 2019. This interval was chosen to better visualize the
development of the atmospheric phenomena that caused the water level peak at 22:50.
The creation and progression of the cyclone above Venice (C1) as well as the progression
of the cyclone in the South of Italy (C2) are both visible. The Bora (northerly) and Scirocco
(southerly) winds are evident as wedind highlighted with light blue arrows

The meteorological (residual) data and the astronomical (tide) data for the October 2018
and November 2019 events are shown below for comparison. The resulting graphs
succeed in providing insight to the general status of events at the time.
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Figurell - The corresponding astronomical tide data for the October 2018 and November 2019 events

Both extreme water level events were caused by a sudden rise in the water level
accompaniedby a peak in the tide.The October 2018 event had a meteorologicatorm
surgegreater than the November 201%vent, butinstead this meteorologicalstorm surge
occurred at a lower astronomical tidereatinga lower intensty flood event

Hydraulic conditions of the Venice Lagoon and Analysis of the November 2019 17
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While the 2019 event had a water levebverpassedonly by the 1966 event (i.e. second in
the available historic data)it did not haveeven the second higest meteorological tide in
history. However, the event occurred during an unusually high astronomical tide, which
resulted inan exceedinglyhigh water level.

Observing water level data on an hourly scale can offer a better understanding into
extreme events, such as the November 2019 event and the October 2018 event. Further
statistical analysis into the water level data over the course of several years better
characterizes the Venice Lagoon and can be used to estimate the probabilities of the
occurrences of certain water levels, which is done in the following sectiby means of
previously published works

3.4 Return Periods of Venice Lagoon

Statistics pertaining to the water levels in the Venice Lagoon and the Adriatic Sea were
used to determinethe frequency of certain water levels as well as the probability of such
water level events occurring. The inverse of thexceedance cumulativeprobability of a
water level event occurring is known as a return period, or the estimated time between
events. Below is a table containing data related to estimated water levels for 2, 10, 50,
and 100 0 year return periods. These results were gathered usirggjoint probabilities
method to reduce the number of assumptions poorly satisfied by many available tide
gauce records.The probabilitiesgathered from the literature reviewof tides and surges
were evaluated separately, and independence was assumed between these two
processes. Then the probabilities found for both tides and surges were used to estimate
the return periods for certain water levels in the Venice Lagoon and in the Adriatic Sea.
These return periods were estimated by applying the probabilities to a generalized extreme
value (GEV) model as well as the Gumbel theory of extreme val@esazzoli, Ullman, &
Tomasin, 2007)

This method often results in overestimated return heights, or underestimated return
periods, due to tidesurge interaction and neglect of seasonal effects on the tide. Although
the potential errors in theresults must be acknowledged and understood, the results
succeed in providing a better understanding of the water level conditions in both the
Venice Lagoon and the Adriatic Sedhese return periods were found by researchers at
the Italian Consiglio Nazioale delle Ricerchg(lCNR Lit. National Research Coundilusing
water level data provided by the Municipality of Venice. The data corresponding to Diga
Sud Lido was collected from 19683 2005 and the data corresponding to Punta della
Salute was collected fom 1940 & 2005 (Pirazzoli, Ullman, & Tomasin, 2007; Brambaiti,
Carbognin, & Quaia, 2003)DigaSud Lido is a station in theAdriatic Sea whilePunta della
Salute is in theVenice Lagoon.

Hydraulic conditions of the Venice Lagoon and Analysis of the November 2019 18
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Table2 - Estimation of Return Periods for Water Levels (cm) of Venice Ladtaied from Pirazzoli,
Uliman, & Tomasin, 200y

2yr 10 yr 50 yr 100 yr 2yr 10 yr 50 yr 100 yr
100 119 131 135 102 129 153 163
(97-104) (114125) (124145) (128153)

100 122 131 149 100 124 146 155

(97-104) (117-131) (124145) (137-177)

The provided data suggests that the event that occurred on ®2November 2019
exceeded the estimated 100year return period. A different source conducted similar
analysis but for return periods greater than or equal to the 10@ear return period(Fletcher

& Spencer, 2005) Unlike the above chart, this data distinguishes the dominating winds
occurring during the extreme water level eventhis data is compiled in the graph below.
Unlike Pirazzoli, only data from Punta della Salute was used. The time frame over which
the data from Punta della Salute is calculated was also not specifiefhe data for this
calculation was collected aPunta della Salute over an urspecified amount of time.

Table3 - Flooding and environmental challenges foenice (Spencer & Fletcher).

10 years 100years 200 years 10 years 100 years 200 years
115 175 210 119 160 185

There is some observable difference in the peak water level associated with the same
return periods that differ between the two sources. This difference is likely the result of
different methods of calculation. The data compiled by Pirazzoli explicitly sisgvo
methods - Gumbel theory of extreme values and general extreme values modelsut
lumps together all the highwater level events without distinguishing whether the events
were Scirocce or Boradominated. In contrast, the data compiled by Fletcher parates
the data into categories regarding wind dominance, but the method used to calculate
these values is not explicitly stated. While the return period for 10 years varies only slightly,
the differences in the calculated values increases with the highesturn periods. Due to
the geographical conditions of Venice, the maxima are mostly due to the Scirocco condition
since Sciroccedominated events tend to experience higher water levels.

This data can be used to estimate the return period of the Novembe@Id event, which
was a Sciroccedominated event. The event, which peaked at 187 cm, was compared to
the return period data provided. To estimate the missing values in the respective data
provided by Fletcher and Pirazzoli, the values were interpolated hnlg as shown inFigure
12. Two important water level® the November 2019 event peak surge (187 cm) and the
Mo.S.E. barrier closure level (110 cm) were compared to tldata to estimate the return
periods for both events.
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Figure12 - Comparison of November 2019 Event and Mo.S.E. barrier closure level to existing return
period data

There is noticeably a larger discrepancy in the data for the higher return periods (> 50
years) than for the lower return periods. This is likely the result of different calculation
methods used to estimate the water levels with the higher return periodBecause these
extreme events occur significantly less often than the much lower, more common water
levels, their probabilities are harder to estimate accurately and will vary in different
calculation methods.Also, it is important to mention thatat Pirazdlii et al., 2007, it is
emphasizethe datais manipulatedto represent the water levels respect the MSL and not
respect a datum, reason why the sea level rise arslibsidenceis already removed from
the assessment of the extremes.Comparing from the currert data return period
assessment atFigurel12, we can see that all linesare closer fromthed d et r ended 6
periods.

The fact that the event was Scirocedominated is supported by the fact that the data falls
within the range of values for Scirocco dominated events. Estimating the return period for
the Novenber 2019 event by analyzing the intersection in the above graph determines
the return period that falls within the approximate range of 136 140 years.

The level at which theVo.S.E barrier is designed to close (110 cm) can be compared to
this data as wdl. Compared to the extreme water level events of October 2018 and
November 2019, this water level of 110 cm is very low and therefore has a much lower
return period.As seen in the figurel5, the closure level falls between the Jear and 10
year return periods. The varying data gives the closure level adb7 year return period
range.
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3.5 Hydrologic criteria pertaining toMo.S.E.operation

The Modulo Sperimentale Elettromeccanic®/p.S.E Lit. Experimental Electromechanical
Module) is a series of mobile barriers located at the three inlets of the Venice Lagoon, Lido,
Malamocco, and Chioggial he barrier is designed to close (lift up out of the water) before
the water level measured at Punta della Salute reaches +110 cm with a retyperiod of

5 0 7 yearsand open (lower back to the starting point underwater) when the water level
outside the Venice Lagoon decreases to below +110 cBecause the water is prone to
rising at a rapid rate, the barriers cannot begin to close when the storsanrge reaches
+110 cm. Because the barriers take 30 minutes talose, it is imperative that the high
water level is accurately predicted in advance to prevent the barrier from opening too late,
which would lead to failure and thus flooding in Veni¢d®lOVA, 2002)

The rate at which the water rises must be effectively determined well in advance so that
the barrier can begin to open before the water level reaches 110 cm. In order to better
estimate this rising rate, two classes ash four subclasses have been determined. Along
with these classes and subclasses, there is a corresponding water level at which the
barrier must begin to rise so it can close before the water level in the lagoon exceeds 110
cm. The criteron to distinguish between each class was determined using a specific design
storm with a return period of 10 yearsThis design storm has a storm surge of 150 cm and
lasts for 11 hours. These classes are then further dividetie four subclasses based on
wind set-up in the lagoon, projected rainfall and inflow from surrounding watershed
(Cavallaro, 2017) The classe are shown inTable4.

Table4 - Classes of operation and relative and relative water level (Cavallaro et al., 2017)

Class 1A Rainfall < 1 mm/h

Inflow < 150 m3/s 1.00

Class 1B Rainfall > 1 mm/h
Inflow > 150 m3/s 0.90

Class 1AV  Rainfall < 1 mm/h
Inflow < 150 m3/s 0.80

Class 1BV  Rainfall > 1 mm/h
Inflow > 150 m3/s 0.75
0.65

To determine when the barrier will close, the water level data as well as the meteorological
data is very carefully monitored. The strength of the imminent conditions are then
estimated well in advance and is then assigned a category. Th®.S.E.barrier will then
rise at the closure level corresponding to that category. The closure levels of We.S.E.
barrier are elaborated upon in section 5.4.2.

The existing sea water level data measured at Punta della Salute was analyzed to
determine how many past wadr events occurred above the safguarding threshold of
+110 cm. This was done by conducting a peakverthreshold analysis, which extracts the
number of peaks that occur above this chosen safguarding threshold.The peakover-
threshold analysis was perfoned on the Venice water level data from 1924 2015. The
threshold assigned to this analysis is the safeguarding level of +110 cm and the number
of peaks that exceeded this value were countedThis analysis was conductedoy
researchers at the University foCatania in Italyusing data from 19246 2015 provided by
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the Istituto Superiore per la Protezione e la Ricerce Ambientgl&PRALIt. Italian Institute
for Environmental Protection and Researgh
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Figurel3- Peakoverthreshold analysis (Cavallaret al., 2017)

The analysis resulted in around 600 events characterized by water levels exceeding the
chosen safeguarding thresholaf +110 cm measured at Punta della SaluteThese events
were then sorted based on the height of these extreme eveni&he peaks determined from
the previous peakoverthreshold analysis were sorted into different 1@8m intervals to
visualize the frequency at which these events occur, igurel14.
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Figurel4- Frequency at which high peak events occur
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Of the 600 events that exceeded the safguarding threshold of 110 cm, 61% fell into the
110-120 cm range while only 2% exceed 150 cm. This 2% accounts for storms with return
periods d 50 & 200 years. The 600 events over the course of 91 years averages to about
7 extreme water level events per year.

Using the above criteria, the 1966 event as well as the Sciroccand Boradominated
design storms were classified based on the charactstics of the event. Characteristics
such as closure duration, level of lagoon at the time of closure, and maximum water levels
in the lagoon were estimated as well.

Table5 - Classification of 196 event, along withScirocco ad Bordominated design storre (Fletcher &
Spencer, 2005)

100 years 200 years 100 years 200 years

194 175 210 160 185
24 20 24.3 10.1 11.0
2 2 2 2 2

65 65 65 65 65
102 97 103 70 75
96 89 97 104 108

The November 2019 high water level event would have been classified as a Class 2 event
due towindsstronger than 15 m/s (winds at27.75 m/s were recorded on 12 Novembey
and a storm with a return period greater than 100 yearsTherefore, theMo.S.E.barrier
would have started closing at 65 cm to prevent flooding in Venice during such an event.
The Mo.S.E.opens again after the water level descends to below 110 cm. Below is the
water level data from the 12» November event with an estimation for the duration of the
barrier closure, if theMo.S.E.were functional at the time The 12 November 2019 gent
was analyzed for peak events to determined when tido.S.E barrier should close and for
how long it should be closed for. The data given for the event determined that the event
should be categorized as a Class 2 event. Therefotee Mo.S.E. barrier would have closed
at 65 cm and reopened once the water level fell below10 cm again as illustrated in
Figurel5.
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Figurel5- Barrier closure duration estimation

If the MO.S.EDbarrier was functioning on 12 November 2019 andbeen closed at 65 cm
and open again at a descenkevel below 110 cm, probably Venice would not had suffered
the big impacts it has. If the barriers began to raise above the water when the water level
reached 65 cm the barriers would have fully closed in thirty minuteg the design
functioned properly.lt is therefore possiblethat the peak water level within the Venice
Lagooncould have been even lower tharl10 cm if the barrier closedin time. The barriers
would have lowered once the water level in the Adriatic Sea fell below 110 cm, and
therefore would have been raised for 7 hours.

This time estimation was assumed only for the prevention of the peak water level occurring
at 22:50 on 12 November. The water heel datafor the November 2019 eventindicates
more than one instance where the water level peaks at above the safeguard threshold,
signifying that the barrier would have to open multiple times during this period. However,
because these peaks are significatly lower than the 12 November peak, it would not be
necessary for theMo.S.E.to begin closing as early as a water level of 65 cm and the
durations would be shorter. If théVlo.S.E barrier were to remain closed to prevent all three
peak water levels in one closure duration, the closure duration in such an instance would
have been approximately 30 hours.

3.6 The influence of climate change on return periods

As introduced previously, fative sea level risethreatens the safety of Venice in the
present day. The combination of sea level rise and the sinking of Venice itself magnifies
the threat of flooding posed by both effects. The increase in the sea level would therefore
directly resut in an increase in the frequency of extreme water level events.

Many sources differ on the exact estimated sea level rise that is projected to occur by
2100. Some projections predict a sea level rise ranging from 30 cm to 100 cm, whereas
other empiricalmodels estimate a rise of up to 175 cm(Umgiesser, 2019) Because the
estimated rises in sea level vary so wildly, the related changes in return periods vary greatly
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as well. Due to both global eustasy and the sinking of Mee, certain water level heights
will become more common and have a smaller return period than previously.

A study conducted an analysis of the potential changes on the return periods for water
levels within the Venice LagoofLiondlo, Galati, & Elvini, 2010) This study considered
three scenarios. The first scenario is the control scenario (CTR) and assumes that the rate
of sea level rise matches the pattern of the existing water level data. The water level data
pertaining to CTR reproduced conditions from 1961 1990. The second scenario, A2,
assumes higher emissions and therefore a faster rate of sea level rise, whereas the third
scenario, B2, assumes lower emissions and a lower rate. Both A2 and B2 cases explore
future scenaios and are meant to represent the projected return periods for the water
levels from 20710 2100. The analysis of the data determined the projected storm surge
height and the sea level of the three scenarios: the control scenario (CTR, the height
emission scenario (A2), and the low emission scenario (B2). The dashed lines represent
the standard deviation of uncertainty as a function of the return periofbr all three
scenarios In both the graphsn Figure16, the x-axis denotes the return period and the-y
axis denotes the surge height in centimeters.
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Figurel6: Projected storm surge height and sea water level of the¢le scenarioCTRA2, B2

The above analysis resulted in new calculated water levels associated with certain return
periods, most distinctly the 16year and 100year return periods. The results of the study
suggested that the lowemissions scenario (B2) wold result in a higher frequency of
extreme water level events than the higamissions scenario (A2). The study also resulted

in a high standard deviation range for both the CTR, A2 and B2 scenarios. This is because
of the large level of uncertainty resulhg in different models projecting different expected
sea level rises for the next century. However, the scenarios generally agree that both low
emission and highemission climate change scenarios will result in more frequent high
water level events as welas an increase in the water levels associated with both the 10
year and 100year return periods.

The data has been compiled and compared to the return period and standard deviation
range found for the Adriatic Sea and the Venice Lagoon in Section 3T4e results are
shown inTable 6 Please note that the estimated future return period data was made
using water level data collected in the Diga sud Lido station in the Adriatic Sea from 1971
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0 1990 and the return period data for both the Adriatic Sea anché Venice Lagoon was
collected using data from Diga sud Lido and Punta della Salute, respectively, from 1940
2005.

Table6 - Future projections (A2 and B2) for 3@ar and 1068year return period for the Adriatic Sea was
created using data from 197¢ 1990 (Lionello, Galati, & Elvini, 201(A2), (Pirazzoli, Ullman, &
Tomasin, 2001B2)

10-year Return Period 100year Return Period
100 (80¢ 130) 135 (90¢ 250)

110 (85¢ 150) 140 (90¢ 300)

115 (85¢ 160) 165 (100¢ 300)
119(114¢ 125) 135 (128¢ 153)

122 (117¢ 131) 149 (137¢ 177)

The data used to calculate the results for both studies differ significantly. Although both
studies use the CNR research platform Diga sud Lido located in the Adriatic Sea, the range
for the future prediction data is much smaller than the range used to cailate the current
return period. This range for the latter calculation also uses more recent data, which takes
into consideration the sea level rise for an additional twenty more years than the data used
to calculate the future predictions.

Despite this difference, the data for future projections is quite close to the current
accepted return periods. However, the future return periods were meant to represent
water levels much further into the future. Although this may initially suggest that sea levels
arerising faster than anticipated, it is more likely that this phenomenon is due to the wide
range of uncertainty and the limited data set considered when calculating the future return
periods. It is this uncertainty that produced the wide range in the staadl deviation of
these calculations. Because these predicted sea levels have already been reached, further
sea level rise and an increase in the frequency of high water level events can still be
anticipated.

The current accepted return period range and thieiture anticipated return period range
by the end of the 2Ft century for both the Mo.S.E.barrier closure level and the 12
November 2019 peak water level are compared ifable 7. These future return periods
were estimated using thedata range provided irthe study conducted by Lionello et. al.

Table7 ¢ Comparison of Return Period Ranges fdo.S.E Closure Level and 12 November 2019 Peak
Water Level(Lionello, Galati, & Elvini, 2010)

Water Leve(cm) Current Future
187 130 8 140 50 & 100
110 587 285

Comparingthe water level datato the estimated future return period rangegesulted in
the return period range for the November 2019 event decreasing from 139140 years
to 50 8 100 years,and the Mo.S.E barrier closure level range decreasing from®& 7 years
to 2 8 5 years. These ranges are larger than the previous ranges doghe uncertainty of
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the data used to calculate the future return periods. Many factors influence thate of sea
level rise, so & accurate estimation is difficult to make. However, the data suggests that
these water levels wiltertainly increasein frequency.

3.7 Conclusion

Analyzing the sea water level and related statistics for the Venice Lagoon has provided a
more indepth understanding of the factors considered while designing théO.S.Ebatrrier.
The water level of 110 cm was determined using the watkevel associated with a 16year
return period for the Venice Lagoon data. Statistical analyses also provided insight into the
water levels for the 50year, 100year, 150year, and 200year events. The given data
related to the Mo.S.E.designindicates that the barrier was designed to close at a level of
110 cm, but the water level at which it will start to close is dependent on a storm
classification system designed around a design storm with a 4@ar return period. By this
classification system, the12 November 2019event would have been categorized as Class
2 and therefore theMo.S.E.barrier would have had started to rise when the water level
was at 65 cm at around 18:05 on 12 November 2019. It would have stayed in the raised
position for about 7 hours before once again lowering after the water level lowered to
below 110 cm.

Furthermore, climate change is expected to result in an increase in the sea water level as
well as an increased frequency in extreme water level events. A demissions scenario
anticipates a 10year return period water level of 115 cm and a 10§ear return period
water level of 165 cm, while a higkemissions scenario anticipates a 1§ear return period
water level of 110 cm and a 100year return period water level of 40 cm in the Adriatic
Sea.Using data from the same study, it can be estimated that the range of return periods
for the 12 November 2019 event will decrease from 13@ 140 years to 500 100 years,
while the return period range for théVlo.S.E barrier closue level will decrease from B 7
years to 20 5 years. This study predicted these return periods for water levels by the end
of the 21st century, but a more current study using a larger range of data suggests that
this level has already been reached in thAdriatic Sea. Regardless, the sea level is still
expected to rise due to climate change, as will the frequency of extreme water level events.

Although it is understood for what criteria th&1o.S.E barrier was designed, this does not
change the fact that theMo.S.E.barrier is still not complete and therefore cannot prevent
current storm surges from affecting the City of Venice. For this reason, the statistical
analysis of the November 2019 event as well as an-tepth analysis into the causes of
the phenomenon provides a mee wellrounded understanding of the many factors that
must be considered for the future working barrier to be closed. Knowing the statistics
behind the hydraulic conditions of Venice also helped confirm that similar future events
can be prevented with thecurrent barrier design.
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Chapter 4.
Impact and Damages

Bram Deuss ( Secti on 4. 7: Bram Deuss, Sandr a

4.1 Introduction

The flooding of a historially significantcity like Venice can have a large impaait onlyon
the inhabitants andlocal society, butalso on the buildings and structures within the city
itself. In this chapter, the impact of the flooding of Venice in November 2019 will be
assessed. The overall impacts on the city and its inhabitants will be consideredt the
focus will be on the resulting darages of the buildings Since the historic city center of
Venice containsmany buildings and structures classified adJNESCGQCultural heritage
sites, damage to thesesites will receive special attention.

Initial information about the impactswas gathered by performing online literature and
news article research.Information was also gathered by using a modethat estimated
flooded areas and the damageshat resulted from the flooding This model is created for
the purpose of this factfinding report. Therefore the following research questions will be
evaluated:

1 What areas were flooded during the 2019 flood event and what were the water
depths?

1 What were the priced and unpriced damages as a result of the 2019 flood event?

1 What have beerflood prone areas in the past?

1 If the barrier would have worked, how would it have affected the water levels and
the damage?

The answers to these research questions will be found by building a model with which
flooded areas can be determined as a functioof the water level. This model will help in
making estimations for damages as a result of the November 2019 flood event. The priced
and unpriced damages will also be investigated by an online literature and news article
research.

The structure of this clapter is as follows. First, the information resulting from the online
literature and news article research will be given. Secondly, the functioning of the flood
and damage estimation model will be explained. This is followed by the results of a
research peformed by using this model. Lastly, the results will be summarized and
concluding remarks will be given.

4.2 Online literature and news articles

Initially, it is important to get some insight in what happened during the November 2019
flood event and what theimpact of that flood event was. In this section, the information
gathered by an online literature and news article researds given in a narrative manner.
The following topicsare discussed: the flood event, the flooded area, the impact of the
flood event the resulting damages overall, damages to cultural heritage, how the
November 2019 flood compares to earlier flood events, trends the floodingand local
measurestaken in response to the flooding
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4.2.1 The flood

Venice has been prone to flooding in the pasMinor floods occur approximately 4 times
per year and major floods occur approximately once every 4 yedihie Sun, 2019) In
2019, Venice was hit again by a large floodlhe complicated causes of the evenare
describedin Section 3.3. An extreme high tide inundated more than 80 percent of Venice
on 12 November to 13 Novembe(NBC News, 2019)The waters in Venice peaked at 1.87
m, the second highest water level in recorded histar§inceofficial records began in 192
the water level in Venice been highahan 1.87 m only once reaching 1.94 m in 1966
(BBC News, 2019)

The Italian government declared a state of emergency for the city on 15 November, three
days after the water level reached 1.87m (The Art Newspaper, 2020) The threat
continued until 16 November, as the city experienced another flooding with a water level
that reached over 1.22 m. The water level remained high ovitae course of the next week
(NBC News, 2019rnd according to locals the high water levels continued even up until
23 December(Cranley, 2019)

Not only the city center was flooded. The barrier islds Lido and Pellestrina have also
been badly hit by the flood. The situation in Pellestrina was critical because the water had
overwhelmed the sea wall§The New York Times, 2019)

4.2.2 Flooded areas

On the officialMo.S.E .website, information is available about the flooded area of the city
center of Venice per water levg|CVN, 2020) On the website, plots of the flooded areas
are available at specified water levels. An example ofsuch a plot is shownin Figure
17Figurel?. Thewater level of thisplotis 1.9 m, whichis the plot closest tothe 1.87 m
water levelavailable According tathis plot, 88% of the area is floodedat a water level of
19m

Figurel? - Flooded area afL..9m (Ministry of Infrastructure and Transport, 2020)
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The percentage of the area of Venice that was flooded diffestightly per source. For
instance, the BBCreports that 90% of Venice is already flooded at 1.t (BBC News,
2019), which variesfrom the information available at theVio.S.E.website. This is probably
becauseeach source defines aifferent referencearea. It is important to consider whether
such sourcesonly look at the city center islands (like in the case abey or if they also

considerother areas, such asthe barrier islands.

The flooded areas and percentages of the area flooded can be estimated with the model,
which is elaborateduponin Section 4.8. Since the research areasre defined, the flooded
percentagesare clearer.

4.2.3 Impact

Floodwaters pushed boats ashore and sweptbugh buildings.As a result, €hools and
supermarkets closed and a city council meeting was canceled. Residents and tourists had
to navigate through the streets in waistigh waters(Risk Management Monitor, 2019)The
flood also sank at least three vaporetti,which are public transportation boatsused in
Venice(The New York Times, 2019)

A major problem is the city sewers, which also function as drainpipes that carry off the
rainwater. These draipipes carry untreated sewage, including laundry suds and toilet
effluent, into the canals which then carry the waterinto the lagoon, where the tides
periodically flush it out to sea. During especially high tides, the drains carry the effluent
onto the wakways of the city(Hyndman, 2009) posing a significant health risk.

The flood resulted in two fatalities. One man in his 70s died from electrocution as he tried
to turn on a pump in his homgThe Verge, 2019)A body of another man was found in his
home (The Guardian, 2019) Both fatalities were on the island of PellestrinédBBC News,
2019).

4.2.4 Damages

The November 2019 event wasthe worst flood to hit Venice in 53 yearscausingld 3 6 0
million worth of damage to public property. The estimate is based on an initial survey of
repairs needed for jetties, paved areas, street lighting and buildings owned or maaeg
by the municipality, including the civic museum@he Art Newspaper, 2020)

By the end of Januaryindividuals and businesses submitted around 7,200 compensation
claims to the city ad milioniFslibwingthe Novemberfloodsa t ot a
ltaly's government released G20 million in
receive up to 05, 000 anThe ArtitNswspapes, 80803 up t o 02

Venice Mayor_uigi Brugnarohas sai d t hat damage costs coul
(DW, 2019)

4.2.5 Heritage

After the flooding through Venice's @yearo | d St . Mar kds Basilica,
iconic site suffered an estimated minimum ofG 5. 5 mi Il Il i on i n damage
damaged t he basil i aftarioodwatersisabmgrged thenaceforcaboutp t

24 hours. The tilesoftheBas | i cads dome were bl own away by
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time in the basilicads history, floodwaters
was closed for about a week for washing and minor repair dama(jEravel and Leiste,
2019).

Salt from the lagoon watersrather thanthe water itself causes the most damageo the

basilica as well asother old buildings. As saltwater flowed into the basilica, the salt seeped

into the churchdés marble columns. The salt i
stone, brick and mortar foundations. Even at a height of 12 meters, crystallizing salttes

out (Travel and Leisure, 2019)The sea salt and the toxic substances found in the water,

like feces and chemicals, also cause damage. Mold spreads quickly in and on moist walls

as well(DW, 2019)

Veniceds office for ecclesiastical cultural
liturgical activities in churches around the city. Some were flooded for more than 72 hours
consecutively, causing water to erode the underlying subsoil at e¢bbes including San

Ger emi a, San Fantin, San Mois and SantdAgn
islandfthe oldest structure in the Veice Lagoon dating back to the7t century A.D The

costs of amply reoperning the churches for worshiphave beene st i mat ed at ar ou
million. However, to tackle some of the problems that have emerged due to the flooding,

at |l east 04.5 million is needed. Fortunat el
inside the churches.

The library and archives of the \feetian Benedetto Marcello)cCo ns er vat ory and C:
a 15th-century palace museum on the Grand Candlave been damaged by the flood. By

4 February2020Veni ce had r dartheeld Nouehbedfloaa.(Half of this has

already been allocatedtothecCa @ d 6 Or o ,Consetvaory\ardren charchegThe

Art Newspaper, 2020)

The SaveVenice Orgamation is funding cultural heritage recovery at the following

churches: Santa Maria Assunta on the Island of Torcello, Santa Maria dei Carmini, Santa

Maria del Giglio, Santa Maria dei Miracoli, Santa Maria Gloriosa dei Frari, Santi Apostoli,

San Moise, San Polo, San Sebastiano, San Staeisltalso funding the recovery of the

following public buildings: Conservatorio Benedetto Marcello in Palazzo Pisani, Fondazione
Giorgio Cini, Galleria Giorgio Franchetti at
Fondazione Querini Stampalia, ScumlDalmata di San Giorgio degli Schiavoni, Scuola

Grande di San Giovanni Evangelist®&ave Venice, 2020)

4.2.6 Local measures

There are some measures that locally are being taken or investigated to mitigate the
impacts of flooding.

A gangwaymade of woodenplanks is put in place to assist pedestrian circulation when a
water level of 1.2 m is reachedwikiwand.com, 2020) Also, regular dredging of the canals
decreases the impact of rising water level¢The Guardian, 2015) Very few people in
Venice live on the ground floor because of the humidity and thiereat of flooding (BBC
News, 2003) (Hyndman, 2009) Sandbagsare also often used the prevent water from
flowing in through canakide windowsin residential and commercial area§CBS News,
2019).

In 1970, the local government prohibited the industrial pumping of groundwater in Venice
to limit the subsidence of the cityHyndman, 2009)
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A group of geomechanical engineers from the University of Padua proposed that a
restoration of the underground fluids via modern injection technology could actually raise
the level of Venice. Optimistic projections indicate that Venice could be raised by 0.2 to
0.3 m through a largescale injection project, a level that would counter the settling and
subsidence of more than 0.2 meters since 1950. The group's plan called upon kewlogy
already used in the oil and gas industry to counter Venice's subsidence. Fluid pumping was
initially considered in the 1970s, but the proposal was set aside because the technology
to accomplish the task at that time was not economically feasihland because some
engineers feared that uneven rising could do more harm than godgencyclopedia.com,
2020).

4.2.7 SummaryPriced and Unpriced Damages

According to the online literature and news article researcihe priced and unpricel
damages can be summarized as follows

Table5 - Priced and unpriced damages for the November 2019 flood event

Houses, household effects and capital goods in total At least 7,200 victimized households an
fSFald edo YAtTEAZ2Yy O businesses.

Churchesat St aili e dpdp YA f A2y c2fatalities.
tdzof AO LINRPLISNI& |4 f SI &C Footpaths in the historic center were

Ly G2dGFf dzlJ 62 em oOAff g opsStucted
Damage to cultural heritage.

4.2.8 Relation to earlier floods

Thelargest water depths have been recorded during the flooding of Venice in 196te
flood caused fatalities and a total damage of $1.1 billion Adjusted for inflation,this
amountis approximatelyworth $8 billion, ord 7 . 3  GForbek, 2049

According tothe Emergency Eventdatabase (or EM-DAT), created by the Université

catholique de Louvainin Brussels, Belgiumthe 1.3 million people were affected by the

1966 flood and the event resulted in 70 casualties Unlike different reports, EMDAT

estimates the total amount of damageat $2 billion at time. Adjusted for inflation this is

equivalent to the modernrday amount of$16.1 billion,orG 14 . 7 bi I I i on. Ho we
numbers include the flooding of the Arnan Florencewhich happened at the same day

(EMDAT, 2020) This implies that this number is an overestimation of the actual damage.

Similardy, the book Changes in Flood Risk in Europeeports $14 billion in damages asof

2012. Adjusted for inflation, this value is equal to about $1®illion, or 0 1 48.billion in

2020. However, this same source report$13 to 118 fatalities (Kundzewicz 2012).

The flood of Arno in November 1966 resulted ih01 fatalities, which means that about
12 to 17 deaths occurredin Venice(wikipedia.org, 2020) The total damage to Florence
due to the flooding of the Arnavas approximately $6.6 billion or (6 billion, adjusted for
inflation (The New York Times, 2016and according to Arrighi et al.the damage to
Florence was (6 billion in 2015 (Arrighi, 2015) Therefore, it can be estimated that
approximately 8.2 billion to (8.4 billion in damages occurred dueto the flooding in
Venice.
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Anothermajor flooding of Venice occurred in 1986Thisflood resuted in 2 deaths and a
total damage of $20 million in 1986. Adjusted for inflation this is approximately $47
millionin 2020. During this flood a water depth of 1.58 m was reachd@BC News, 2008)

4.3 FloodedArea and Damages Model

Not all informationrequired for this studyis availableon the internet and in news articles.
For instance, theexact numberof flooded buildings or morespecificinformationregarding
the nature ofthe damage to building typeshas not been found. Newsarticles arealso not
always the most reliable sourcesA possible method that could be usedo gather more
detailed and verifiable information igo make a model that can supply that information. Of
course, such a model will never be 100% aarate and theresult should be regarded as
an estimation mainly to gain more insight o the magnitude of the impact due to a flood
event. Trerefore, a modelwasmade with the intention of estimating the number of flooded
objects, in this casebuildings and streets, as a function of the water levelBased on ths
acquired value, the total damage due to the flooding of Venice in November 2019as
estimated. Ths same model could be used to evaluate thampact of other high water
eventsin the history of Vaice.

In this model, the water level elevation is compared with the elevation of the surface over
the wholepre-determinedresearch area. In this waya raster of the city, whichessentially
functions asa map, can be made This rastercontains the water depths over the area.
Usinginformation pertaining towhich objects are present in the research area, an analysis
of the flooded objects can be made. This process is shownHRigure18.

Surface level Water level
elevation elevation

Water depth raster

Information about Flooded objects
objects present

Figurel8- Conceptual process of the model

Before themodel can be effectively employegdthe research areamust be defined.During
high water events, flooding occurs throughout many locations within the Venice lagoon.
The area thatwas investigated is the area that has been prone to most floodg.he
research area comprises of the following sub areas:

1 City center islandsthe old city of Venice which contains the most cultural heritage.
1 Lido: the northern barrier island.

1 Pellestrina the southern barrier island.

i Other islands the remainder of islars throughout the lagoon.
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The model separately assesd the flooded objects for these four areasThe subdivision
of the research area nade it possible to analyze the results focusedpecificallywithin the
lagoon and thus the results have more meaning. Figurel9, these subareas are shown.
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Figurel9- Research area with subreas illuminated within the Venice lagoon

4.3.1 Bathtub Model

The model thatwas created to estimate the flooded area and damages isometimes
referred to asa dbathtuboOmodel. This means that a certain water level is compared to the
surfacelevel elevation. If the chosen water level is higher than tiseirface level elevation
at a certain location, the locationis assumed to beflooded. If the water level at that
location is lower than thesurface level elevation, the locatioris not flooded.
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Therefore, the bathtub model only considers the

difference in elevation level betweerthe water and | Dy Flooded ‘
surface. Dynamic influences, like horizontal velocity Water level
inertia of the water and the roughness of the

landscape on the water as it flows into a certain areg Surface level
are not considered by the model.As a result, the

bathtub model usually overestimates the flooded— __
area(T. Neumann, 2013) The principle of the bathtub Figure20- Principle of the bathtub
model is shown inFigure20. model

4.3.2 SurfacelLevel andWater Level Hevation

Detailed nformation about the surface level elevation is not always availablewhich is
necessaryto achieve ahigh precision and reliability. In thistudy, surface level elevation
data is used with a resolution o6 x5 m. This means that the elevation of theurface is
constant over squares of X5 m (or 25 m2). Thesurfacelevel elevation datausedis known
as a Terrain Model (DTM)This means that the elevation data is given for the elevation
level of the terrainonly and excludes the elevatiorlevels of higher objects such as
buildings and trees. This is very useftibr estimating the floodingat a location witha lot
of buildings such asthe city center of Venicegsince the elevation of rooftops would
increase the average terrain level over a 25 #icell and would decrease the accuracy of
the bathtub model.However, this may also overestimate the amount of progies
submerged by the flooding.

The DTM data is downloaded frove net o Regi on 0 gRegiovef lereeto,a | we
2020). The reference level is the mean water levaeleasuredat Puntadella Salute. The

mean water level at this neasurement station located in Venice is used as main

reference level Punta della Salute reference the mean water level as it was in 1897
(venipedia.org, 2020) Due to sea level rise and the subsidence of Venice, this refecen

level lies approximately 0.34 m below the currelyt accepted mean water level(CNR,

ISMAR, 2019) The DTM elevation data will be compared to the highest measured water

level during the flooding of Venice in November 2019, vwdh was 1.87 m above mean

water level at Puntadella Salute.

The DTM data is downloaded as an ASCII file. This means that eaclm2®levation value

is added in a text filbe sferpp@amadteadp blye fat stp@ clec
few lines of text give information about thenumber of rows and columns and the
coordinates of the center of the top left cell.

4.3.3 Comparing theData

The DTMwas loaded intothe numerical computing environmenMATLAB as a matrj»so a
comparison can be made with the water leveld€h cellof this matrixrepresens a 25 m?
elevation value. By using loops with conditional statements, the values iretmatrix are
compared with the 1.87 m water level. When the water level is larger than therfacelevel
elevation, the difference is added to a cell with the same coordinates in a new matrix.
Otherwise, a value of zero is added to the associated cell etnew matrix. In this way, a
new matrix is created that shows & Qiia cell is not flooded and shows the water depth
if the cell is flooded.
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The newly created matrix is saved as a text file. Thjncols 7901

same first lines of the DTM ASCII file that givil e orcsso. 000006000000
information about the number of rows and columns |yiicorner  se10225. 000000000000
and the coordinates of the center of the top left celljcellsize 5 . 000000000000

are added. In this way, the new matrix ithen saved |"oPaTavatve =99 - - - 0
as an ASCII fileTo illustrate this the first few lines of |p s o0 000 00000000000

the created ASCII file are shown fRigure21.

Figure21 - Example of ASCII file

4.3.4 Geographic Information System

Since the newly createdvater depth matrix saves asan ASCII file, it can be loaded into a
Geographic Information System (GIS). The softwarged in this caseis QGIS whichuses

the coordinates of the cells to show the inf
by a matrix(in this case as an ASCII file) is called a rastéiris then possible to overlay the

water depth raster with a map of the area and analyze where in the water depth¥/enice

occur.

The coordinates that are given in the downloaded DTM ASCII and are added to the water
depth ASCII are not in the conventional latitedand longitude coordinate system. They are
displayed in what is known agrojected coordinatesina é f | at 6 -ike @cordieatei a n
system.More specifically these coordinates are given in the EPSG:3003 projection, which

is the optimized projection fomorth and west Italy All other maps and data that can be
loaded into QGISnust be translated to the EPSG:3003 projectiorn.o get an idea of \wat

the water depth raster values look like in QGI&,sampleraster at a water level of 1.87 m

is shownin Appendix A

4.3.5 Open Street Maps

The analysis of flooded buildings and structures @®nductedby overhying the water depth
raster with information from Open Street Maps (O9Mun open source initiative of a world
map in which evergne can add geographical information.

From Open Street Maps(openstreetmap.org, 2020) the following information is
downloaded:

1 Polygons:the outlines of all buildings and structures. Each polygon contains
information about the building or structure it representsuch asthe type, amenity,
use and in some cases the name of the building.

1 Points:the center points of all buildings and structuresLike the polygons, each
point contains information about thebuilding or structure it represents.

1 Lines:all roads, highways, bridges, pathgtc. Each line contains information about
the road it represents, like the street name and the type of the road.
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The polygons, points and lines can be opened as separate layers in QGIS. When projected
in EPSG:3003jt is possible tooverlay the water depth raster and the OSM data. Figure

22, the polygons, points and lines are shown overlaying the water depth rastspectively
from left to right

Figure22 - From left to right iespectively: Lines, points and polygons on overlaying the water dejatster

Ultimately, the choicewas made to use only the information from the polygons and the
lines. The points are not used since they mostly contain the same information as the
polygons and analging them will not produce new useful information.

By drawing out the sub areas in QGIS, tl@SM datacan be clipped.Thisway, separate
layers with polygons and lineare created for each sukarea, making it possible to analyze
the flooded objectsin each sub-area separately.

The program createsattribute tables that showall information pertaining to allpolygons
or lines. Eachline in this attribute tableis specific to one suchpolygon or line.These
attribute tables show valuable information relevant to the specific rasterherefore these
tables also providethe raster value whichin this caseis the water depth at the location
of that certain building or roadFor each subkarea, two such tables were created: one for
the polygons or buildings,and one for the lines or roads, assigning a specificaster value
for each.

The polygon or line can overlay more than one cell of 282. A mean raster value will be
determined for each polygon and for each lind.hetotal amount of cells that the polygon
or line overlies is added to the tabke

Information pertaining to bridges is not considered. Because most bridges cross canals,

lines representing bridgescross raster cells with water depths that are distortedy the

depth of the canal. Thereforemo s t bridges are registered as
model, even if this is not actually the caseThis is inconsistent with reality as the bridges

usually have a higher elevation than the roads and therefore would flood less often.

2 Adding the mean raster value and the amount of cellthmattribute tables are bth done with the plugin
W@ NI aviich & dnly dvai@ble for QGIS with GRASS.
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4.3.6 Analysis ofResults

These tables are exported as .csv files and loaded into MATLAB so an analysis can be
done. It is assumed that a polygon or a line is officially flooded if th&tio of the mean
water depthto its area is larger than a certairpredeterminedthreshold. Thisthresholdis
determined to preventmisleading information that could occur if an area is digitally
flooded by only a few centimetersas this usuallydoes not cause significant damagein
practice. Many windows and doorways are elevated by a few centimeters to prevent water
from coming in up toa certain height. Therefore,flooding levels up to this specific height
are not considered damaging.

The mean water levelfor each rowis compared to this thresholdby using loops with
conditional statements If the water depth is largethan the mean water level then all
information in the row is added to a new matrix. If the water depth is smaller, than the row
is not added to the new matrix. The value of the threshakldefined in Chapter4.4.

Through this processtwo new matrices are obtained: one with information onlyabout the
flooded polygons anda secondwith information about the flooded lines. These two new
matrices are made for each sularea. With the new matrices, the following information can
be obtained

1 The total amount of flooded objects.

1 The total area of flooded polygonuildings) and/for the total length of the flooded
lines(roads).

1 The mean water depth at all flooded objects.

The process of adding water depth values to the attribute tables and deriving information
about flooded objectsis schematically displayed ilAppendix B

The total amount of flooded objecis obtained by taking the number of rows in the matrix
of flooded polygons or lines.

The total area of flooded polygons @btained by multiplying he number of cells that each
polygon overliesby 25m2. Similarly, the total length of floodedoadsis obtained by taking
the number of cells that a line overlies and multiplying thy$ m, resulting ina pragmatic
estimation.

Thevalue pertaining to themean water depth at flooded objects found in its own column
in the matrix?.

It is important to consider that numbers concerning the floodechumber of objects and
flooded areas of objects resulting from this model argkely overestimated.As previously
explained, thisis the case because bathtub modelgeneralytend to overestimate flooded
areas. Figure 23 shows a flow chart of the modeto summarize and clarify the total
process

3 Asexplained beforethe amount of cells that each polygam line overliesis added to the attribute table
withi KS LJ dzZ3Ay WOONI atoadl 6aqQo

4The mean water depth at flooded objects are, as explained before, obtaindédded to the attribute table
08 (GKS L)X dAAY W@ONradoaidl GaqQ
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(DTM) as ASCIi file Downloaded data

Open as matrix in Define water level in
MATLAB MATLAB

If surface elevation in a cell is below water level: add difference
to corresponding cell of new matrix. Otherwise add a zero value.

OSM data (Palygons
and lines)

Water depth matrix Downloaded data

Save as ASCl file and Attribute tables of

open in GIS as (water polygons and lines
depth) raster

Add raster values to attribute tables of
overlaying polygons and lines

Attribute tables with
raster values

Save as .csv files and
open as matrices in
MATLAB

Analyze matrices

Figure23- Flow chart of the model

4.4 Validation of the Model

Tobetter understandthe reliability of the model, comparisonsre made of situationsfor

which information is available about the flooded areaA threshold of floodingis chosen

that gives the most accurate results. As explained Bection 4.3, a threshold of flooding
is necessaryto define an extreme water level that doesignificant damage

As mentioned in Section 4.2Figure 24 shows the flooded areafor the city centerat a
water levelaccording to theMo.S.E.website (Piano Generale degli Interventi, 2020and
the flooded area according to the flood estiation model both at a water level of 1.9 m
Thismap is plotted without a specifiedhreshold of flooding
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Figure24 - Top figure: Flooded areas according to the Mo8&bsite (Ministry of Infrastructure and
Transport, 2020). Bottom figure: Flooded areas according to the model. The black areas are dry ¢
rest is flooded. The blue roads represent the flooded roads

Comparison of thetwo plots indicates that approximatelythe same areasflood in both
models, indicatingthat the basic principle of the modeivorks. Howeverit is important to
acknowledge thatthe flooded areas of both pictures are not the sameThe flood
estimation model estimatesa somewhatlarger flooded area tharthe top figure does
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Venice stays virtually unaffected up until a water level of 0.9 (Btravisi, 2011) Figure
25 shows the flooded areas at a water level of also 0.9 meter, according to the flood
estimation mode] still without a threshold of flooding

v

Figure25- Flooded areas at 0.9m. The black areas are dry and the blue roads represent the flood:
roads.

Accordingto this model, some areas are flooded at 0.9 m water level,indicating a slight
overestimation of the flooded areas.This could be attributed to the fact that these two
plots are made without a threshold of floodingThislack of a threshold could result ira
water depthas insignificant asl mm registering as a fboded area.Applying a threshold
results inlargerwater depths requiredoefore an areais considered flooded.

Another factor isthat the geographical informatiorfrom the DTM data takes an average
surface level elevation over every 25n2, neglectingpossiblewalls andcertain areaswith
a higher elevation thatcould possiblyobstruct the water.

Increasingthe acceptedthreshold of floodingcould result in a more accurate modekfter
some iteration, a threshold of 0.3n seems to givethe mast accurate results in line with
the information provided by varioussources The flooded at both 1.9m and 0.9 m
including a threshold of 0.3m are shown inFigure26 and Figure27.
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Figure26 - Top figure: Flooded areas according to the Mo8&bsite (Ministry of Infrastructure and
Transport, 2020). Bottom figure: Flooded areas according to the model at 1.9m and a threshold o

0.3m. The black areas are dry and the blue roads represent thedém roads
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Figure27 - Flooded areas according to the model at a water level of 0.9 m and a threshold of 0.3 n
black areas are considered dry and the blue roads represent the flooded roads

St . Mar kds square starts (BBCNewsd 20AQAcardingdo wat er
the model, including the threshold of 0.3 m, parts of the square start indeed flooding at a
water level 0.8 m. The whole square is flooded at a water level of 1 m.

In a different flood assessmentconducted in Florence, a threshold of 0.25 ms used
(Arrighi, 2015) In the report it is stated that the 0.25 m threshold represents the average
elevation of the building's entrance door upon the road levdbut the elevation of the
entrance doorscan be significantlyhigher for historical buildingsWith this in mind, the
chosen threshold of 0.3 m seems to be a reasonable assumptionhdrefore, in all
calculations and images made with the model in this report, the threshold of 0.3isused.

4.5 Flooded objects

As statedbefore, the water level during the 2019 flood event was 1.87 m. The model is
run for this water level to gin insight into the number offlooded objects during ths flood
event. A table containing the total of all flooded polygons is shown belimTable6. The
information corresponding toall sub-areasis included

Table6 - Flooded buildings at water level of 1.87m

5176 2559925 m 091 m
2287 581950 m 0.99m
697 138625 m 0.85m
2192 654700 nd 1.04 m
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Comparingthese numbers to the totalnumber of buildingsin each sub-area determines
the percentage of flooded buildings. The total amount of buildings is determindy
countingthe numberof rows in the polygon attribute tablereated by the model SeeTable

45 in Appendix C

A table containing the totahumber of all flooded lines(or roads)is shown belowin Table
7. The informationcorresponding toall sub-areas is included Just asin the method
applied tobuildings, a line is considered flooded if it is overlapped by latast one flooded
cell of 25 m?. As explained previously, lines representing roads located bridges were
not considered to prevent error

Table7 - Flooded roads at water level of 1.87m

4114 151355 m 0.96 m
447 57610 m 1.06 m
156 22415 m 0.88 m
589 61375 m 1.16 m

Comparingthese numbers to the totalnumber of roadsin each sub-area determinesthe
percentage of flooded roadsThe total number of roads is determinedby countingthe
number of rows in the polygon attribute table created by the model.See Table 46. in

Appendix C

New matrices can be made containing only information about certain objects of interest
by searching through thecreated matrices for certain keg/words using the strcmp()
function. The results ofthese searchescan be found inAppendixD.

4.6 Cost ofDamages

The estimated damages can now beexpressed in euros The total damage can be
estimated by using the obtained information about the flooded objectsee Appendix D)

A report compiled by Deltaresenumerates the cost of flooded buildings and roads
(Deltares, 2015) Theseprovided costsare used to estimate the cost of damagesin

Venice This report uses costs associated witbutch buildings and Australian roadswvhich

likely differ from the costs ofVenetian buildings and roads Therefore, these cost
calculations areonly cansidered estimations rather thancorrect amouns. Onlythe direct

damages are considered therefore excluding indirect damages such as business

interruption and the impact on tourism.

The cost of damages to buildings as given bythe Deltares report are either in cost of
damage per building or per i Inthe case of roads the cost of damage is givenn either
cost per meter orcost per m2. All required information about the buildings and roads is
collected in section 4.5, except for the flooded roads m2. Average widths for each road
type need to be assumed. This will be discussed later in this section.

First, the numberspertaining to cost of damageaccording to the Deltares reportre
reviewed For some objects, the damageosts are dependent on he water depth. Insuch
cases, the maximuncost of damage to the object is given and subsequently a fraction of
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that maximum cost is taken. This fraction depends on the water depth and is chosen
according to a damage curveThedamage numbersare convertedto eurosand adjusted
for inflation. Finally, these numbers will be used together with the information about the
flooded objects (seefppendix D to calculate the damage to these flooded objects. The
damage costs in the Deltares report are divided in roads, houses and businesses. The
businesses are again subdivided according to the available informatibsted in Appendix

D.

4.6.1 Damage numbers

In Table8, the costs ofdamageof different types of roadsare listed. These values concern
Australian roads.Taking inflation into accountthe damages from the year 2007 need to
be multiplied by 1.21 to reach the value of the damages in 2020.

Table8 - Infrastructure costs for different road types (in 2007 eurd§)eltares, 2015)

147
134
495
870
870

Cleaningof debris on streets due to flooding are as follow®1. Reese, 2003)

1 Cleaning of sealed surfaces: approximately 6.00 euros pe¥ (2001 value)
1 Cleaning of unsealed surfaces: approximately 3.60 euros pe# (2001 value)

It is assumed that most road surfaces in Venice are unsealethese damages are from
the year 2001 anddue to inflation need to be multiplied by 1.37 to reach the value of the
damages in 2020. The damages and cleaning costs of the roads are independent of the
water depth.

In Table9, the maximumcosts ofdamage to several type®f businesses are givenThese
values are taken from data pertaining toDutch businesses.The damages are from the
year 2015 andneed to be multiplied by 1.06 taconsider inflation

Table9 - The maximum physical damage to businesses (euros/m2) (in 2015 e(Ded)ares, 2015)
Category al EAYdzY RI¥F3S wekY

Meeting facilities 168
1974
Industry 1497

Thesevalues represent the maximuntost ofdamage that might occuyindicatingthat the
actual costs ofdamage are mostikely smaller. Acertain percentage of the maximuneost
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of damage tothe businessesis used depending on the water depthEFor this a damage
curve will be used Figure28 shows the damae curve for businesses. Since the type of
businesses are rather vague and the graph does not show exact numbers, it is assumed
that for a water depth of 1.87 m the factor is 0.5 for all business types.

ompanies

eneral)

0 1 2 3 4 5 6 7 8
Water depth (m)

Figure28 - Water depth @mpared to damage factor for businesses (Deltares, 2015)

In Table 10, the maximum damage to several types of houses are glnahe Deltares
report, the maximum damage is calculated by taking the mean market value of the house,
subtracting the value of the lad (which is assumed to be 21 % of the market value) and
add 070,000 to represent the household effect{Deltares, 2015)These valuesare found
using data pertaining toDutch houses.These costsare from the year 200@nd therefore
need to be multiplied by 1.41 taccount for inflation

Table10- Maximum damage values per housing type (in 2000 eur@gltares, 2015)

Residence category Price O] Value of land (21 % o Reconstruction Maximum damage
the market value) D] value [O] HISSSM Q]

127.000  25.000 102.000 172.000
127.000  25.000 102.000 172.000
127.000  25.000 102.000 172.000
427.000  95.000 332.000 402.000
219.000  48.000 171.000 241.000

A certain percentage of the maximum damage tthe housesis used as the values are
dependent on the water depth.These depthdependent percentagesform the damage
curve andare listedin Table11.

Tablell - Water depth compared to percentage of the damage for buildirgfs$ floors(Deltares, 2015)

Water depth [m] Percentage of building volumender  Percentage of the total damage according
water to HISSSM

0 0

7 20
13 38
20 52
26 63
88 73
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The relevant building types for which damagesn be calculated with the tables from the
Deltares reportare houses, industry, health serviceeducation and sports facilities For
the churches, damages will be calculated according to the information obtained by the
internet literature and news article research. All other buildings types, which are townhalls
theatres, police stations, fire stations, parkindpts and greenhouses, will be considered
industry.

4.6.2 Damages to houses

The number of flooded houses is estimated by subtracting atither specified types of

flooded buildingsfrom the total amount offlooded buildings.Although there is a keyword
6residential o n the polygon matrices; this
residential buildings therefore producingnaccurate results.

Tablel2 - Calculation of flooded amount of houses

City center  Lido Pellestrina Other islands
5176 2287 697 2102
120 35 12 131
107 5 1 17
2 0 0 1
15 0 0 1
14 5 0 a
1 0 1 2
1 0 0 0
4 0 0 0
0 0 0 0
1 0 0 0
1 0 0 0
Numberof flooded houses 4906 2242 680 1974

It is assumed that the flooded buildings are lowise buildings to middlerange buildings.

This means that the maxi mum darniabeé0).Tre a ho!
average water depth will be used to determine the actual damage. Since the mean water

level of flooded buildings is approximately 0.95 meter (sé€eable6), the percentage of the

total damage to houses is iterated at 19% (se@able11). Taking inflation into account,

the damage to a HWao0Gi®.19tis. therefid6p0@2. The t
to houses is therefore reached by multiplyin

Tablel3- Damage to houses at water level of 1.87m

City center Lido Pellestrina Otherislands
Damage to houses € HHCZXZOH € MNOXZO0O/J € OMXZO0O0G € GqnzZdpd

4.6.3 Damage to industry

As stated before, the total area of flooded industry, townhalls, police stations, fire stations,
parkinglots and greenhouses is added together and witle regarded as industry.



Tablel4- Calculation of area of flooded industry

City center Lido Pellestrina Other islands
160000 23075 10725 137150 rd
025m  on? 0 475 ?
2000t om  om¥ o
se0nf  om  on¥ 0
o om  omt 0
24250%  om  om¥ 0
525 ni? 0 0 n? 24100 %+
Total area 174775 23075 10725 161725m

The maximum damage to industry is according iable9 00 1 4 9 7 2pSince thig is the

maximum damage, the real occurring damage is probably a lot smalle is assumed from

the damage curve irFigure28 that the occurring damage to flooded industry amounts the

maximum damage multiplied with a factor 0.5. Taking inflation into account, the maximum
damage to industry perib e c ome s t@G8tf49D6 = 0793.41. The to
industry is thereforeree hed by mul tiplying the area of f|

Tablel5- Damage to industry at water level of 1.87m

City center Lido Pellestrina Other Islands

Damage to industry € MNcXgPpye MPIZnnce GIAMI € MOCZAMI

4.6.4 Damage to health services
The total area of flooded Hospitals is regarded as health services.

Tablel6- Total area of flooded hospitals at water level of 1.87m

City center Lido Pellestrina Other islands
Totalarea of flooded hospitals 6500 n? 0 n¥ 0 ¥ 0 n¥

The maximum damage to health services is accordiig@ble9 G0 1974 per m2. Sin
is the maximum damage, the real occurring damage is probably a lot smaller. It is assumed

from the damage curve irFigure28 that the occurring damage to flooded health services

amounts the maximum damage multiplied with a factor 0.5. Taking inflation into account,

the maxi mum damage to i ndua®5ity0 @ ©&46.24nPhe b e c 0 me
total damage to health services is therefore reached by multiplying the area of flooded
health services by 01046. 22.

Tablel7- Damage to health services at water level of 1.87m

City center Lido Pellestrina Other islands
Damage to health services € cXynn e- €- €-
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4.6.5 Damage to education

The total areaof flooded university buildings and schools are added together and will be
regarded as education.

Tablel8- Calculation of area of flooded education

City center  Lido Pellestrina  Other islands
Total area of floodeduniversities 19900 n% 0 n? 4450 nt

Total area of flooded schools 38200 nt 1050 n? 0 n? 4050 n? +
Total area education 58100 n? | 1050 n? | 0 n? | 8500 nf

The maximum damage to education is accordinbpble9 0 993 per m2. Since
maximum damage, the real occurring damage is probably a lot smaller. It is assumexirfr

the damage curve inFigure28 that the occurring damage to flooded education amounts

the maximum damage multiplied with a factor 0.5. Taking inflation into accountet

maxi mum damage to educatti0binl.pledr =m20 5b2e6c. o2nde. s T
damage to education is therefore reached by multiplying the area of flooded education by
0526.29.

Table19- Damage to education at water level of 1.87m

City center Lido Pellestrina Other islands

Damage to education € ONZPTT.€ PPHZIC €- € nNXnTtoZX

4.6.6 Damage to sports facilities

The total area of flooded sports facilities is as follows

Table20- Total area of flooded sports facilities at water level &f87m

City center Lido Pellestrina Other islands

Total area of flooded sportsidsieloNy; 0 n? 25 nt 450 nt

facilities

The maxi mum damage to sports f Babledldinteithess i s O
is the maximum damage, the real occurring damage is probably a lot smaller. It is assumed

from the damage curve irFigure28 that the occurring damage to flooded sports facilities

amounts the maximum damage multiplied with a factor 0.5. Taking inflation into account,

the maximum damage to sports facilities per m2 lieo mes {05 012. 06 = 0G54. 06
The total damage to sports facilities is therefore reached by multiplying the area of flooded
sports facilities by 054.06.

Table21 - Damage to sports facilities at water level of 1.87m

City center Lido Pellestrina Other islands

Damages to flooded sports [ Y N1 V) I3« R € MXZOPFE HNXZOHT
facilities
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4.6.7 Damage to roads

All damages to the roads are independent of the water depth. The damage to motorways
is according toTable8 08 70 per meter (expresswaythe Taki
damage to motorways ptdr 3meten1i®do@m®s G870

Table22 - Total length of flooded motorways at water level of 1.87m

City center Lido Pellestrina Other islands
Total length of flooded motorways 1020 m 0Om 0Om 0Om

The damage to footpaths is according tbable8 0 1 4 7  pter (pathm). Taking inflation
into account, the damage to footpaths per meter becomé@ p 11 %.37  201.39.
Table23- Total length of flooded footpaths atvater level of 1.87m

City center Lido Pellestrina  Other islands
Total length of flooded footpaths 147975 m 17420 m 9220 m 37755 m

The damage to residential roads is according itable8,0 1 3 4  pter {secondary road).
Taking inflation into account, the damage to residential roads per meter beconm®p ot T
1.37  183.58.

Table24 - Total length offlooded residential roads at water level of 1.87m

City center Lido Pellestrina Other islands
Total length of flooded residential roadsp£Z I8 29965 m 10305m 8450 m

As mentionedearlier in this section according to Reese et al(M. Reese, 2003) the
cleaning costs of r oadsm2assaning an uriséaledsdriaceg ar e
The costs of cleaning the roads after the flood can be calculated by multiplying the total
surface of the flooded roads Tbheg widih3d ofethe. The
motorways, footpaths and residential roads are assumed to be 6 m, 2 m and 4 m
respectively.

The total damage to roads and the total cleaning costs of the roads are asduis.

Table25 - Total damage and cleaning costs of roads at water level of 1.87m

City center Lido Pellestrina Other islands

Total damage to roads € HTXTTIE T2XZMHOPT € 0XZ0MN € y2Znyp:
Total cleaning costsoads € MXZpPpOC: € TCHXZG € HMNZIH € podZml

4.6.8 Damage to churches

At he very least 04.5 million is needed to ta
due to the flooding of 85 churcheqThe Art Newspaper, 2020)This means that at least
a4,500,000 / 85 = 052,941 is needed per <chur
of 6tackling some of the probl emsé, it can
needed. This means it e= dainpéahOrthGThislisspthably 1
still a very modest estimati on, since 05.5
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Basilica only(Travel and Leisure, 2019) The total amount of flooded churches is shown
below.

Table26 - Total amount of flooded churches at water level of 1.87m

107 5 4 17

The totalcost of damage to churches therefore is as follows.

Table27 - Total damage to churches at water level of 1.87m

€ MMZONH € pPONXZJ € NHNX € M2XZYNH:

4.6.9 Total Damages

When all these damages are added together, the total direct damage due to the November
2019 flood is estimated. Again, these direct damages exclude indirect damages like
business interruption and the impact on tourism.

Table28- Tatal direct damage at water level of 1.87m
€ NPMZH|I € MOHXZPI € NN2Z0Y € HMOMXZYI € YyTnZn|

As touched upon earlier in this report, the damage fmublic property was estimated to be

040360 mil l i on j uandtheanhyorefiVenicéstated thadtle damaggs might
reach O0@OWpP2DIO) i Dme st at ed datedto thd cityacenterpnyo ba bl y
an includes indirect damages as wellThe calculated G451 million of direct damages to

the city center and(i870 million of total direct damages aretherefore quite a reasonable

estimate. Overall it can be stated that these numbers are quite representative, when
compared withthe numbers from the online literature and news article research

4.7 Cultural heritage

As mentioned in the introduction of thiseport, there are a lot of historic buildings and
structures throughout Venice and the whole lagooMany of the buildings and structures
are regarded as historically important and are therefore listed as cultural heritage. This
means that these buildings ad structures need to be protected and conservedecause

of the threatening water in Venice, this is an especially important iSSUdNESCO plays
largerole inthe protection of cultural heritage.

On the UNESCO websitdJNESCO, 20Q), the following is stated about the flood threat:

060The phenomenon of high water i s a threat tc
landscape values of the property. The occurrence of exceptional high waters poses a
significant threat to theprotection and integrity of Venice lagoon and historic settlements.

The increase in the frequency and levels of high tides, in addition to the phenomenon of

wave motion caused by motorboats, is one of the main causes of deterioration and
damagetothebui di ng structures and urban areas. 0
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4.7.1 Amount of flooded cultural heritage

The same model as has been elaborated earlier, will be used to assess the amount of
flooded cultural heritage during the November 2019 flood event (water level of 1.8d
above Puntadella Salute). For this,distinct data will be used which contains solely
polygonsof cultural heritage(Commune di Venezia, 2019)instead of the polygons from
Open Street MapsThese polygongdo not contain useful information about thecultural
heritage they representTherefore, overlaying and clipping with the OSM polygons is done.
In this way, the OSM polygons that are cultural heritage will remain and all other polygons
will be deleted. Wth the remaining polygons, just as earlier, the water depth raster will be
used to analyze which polygons are flooded and information about the flooded polygons is
added to a matrix

Figure29 shows the polygons of the cultural heritage (red) overlaying the polygons from
Open Street Maps (green)The cultural heritage polygons do not completely overlap the
OSM polygons but are a bit off. This might be due to the cultunaritage polygons originally
not being in the EPSG:3003 projection.

Figure29- Polygons of cultural heritage (red) overlaying the polygons from Open Street Maps (green)
and the water depth raster

Sincethe polygons are not completely overlapping, some polygons might get duplicated
when clipping is done. It is important that these duplicated layers are deleted when
analyzed in MATLAB.

InTable29, the total amount of buildings being cultural heritage are shown per sabea.
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Table29- Total amount of flooded cultural heritage at water level of 1.87m

2090 990875 0.89m
124 63950 n? 0.66 m
6 2300 n? 1.08 m
201 64375 n? 1.03m

When comparing these numbers to the total amount of buildings per sub area, the
percentage of flooded cultural heritage can be determine&ee Table47 - Percentage of
flooded cultural heritage at water level of 1.87nm Appendix C

To get some insight ithe flooded cultural heritage pertype of buildingghat get flooded
tablesare added per building type ifppendixE.

4.7.2 Damages to cultural heritage

By using the ame method as inSection 4.6, the damages to cultural heritage are
calculated. For this, the flooded cultural heritage is used, as can be foundAppendix E
The resulting damages to cultural heritage for each building type are added\wpendix E
When all these damages are added together, the total direct damatgecultural heritage
due to the November P19 flood is estimated.See Table30.

Since the damages to regular buildings froiBection 4.6 have been used, imust be noted
that the estimation of the damages might be rather inaccurate. This has to do with the fact
that damages to cultural heritage might be different because of possible specialized
restauration work that has to be carried out.

Table30- Total direct damage to cultural heritage at water level of 1.87m

€ 210,901,906 € 14,210,650 € 336,394 € 18,655,003 € 244,103,954

It can be concluded that during the November 2019 flood event, the damage to cultural
heritage was approximately 28% of the total damage.

4.8 Flooded area

In this section the bathtub model approach as elaborated irsection 4.3 will be used to
determine theflooded area as a function of the water level. First, an explanation is given
of how the calculation of the flooded area at a certain water level is made. Then, some
statistics are done for an array of water levels.

4.8.1 Approach

The areasover which the flooded percentage is calculated, are the same sub areas as
defined inFigure19. The percentages of flooded area for each sub aréacalculated as
follows.
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The raster withsurface elevation values as describeh Section 4.3is loaded into MATLAB
as a matrix. Then, two water levels are definethe first being the regular water level (0
meter above Puntadella Salute) the second being the water level athich the percentage
of flooded area iswished A loop is madethat records in a new matrix in what cells of the
raster the surfacelevel elevation is equal to or larger than the water level minus a certain
threshold. Again, as earlier, this threshold @efined at 0.3 m. The cells in this new matrix
will contain a O if the surface level elevation is smaller than the water level minus the
threshold and will contain a 1 if thesurface level elevation is larger than the water level
minus the threshold. Thedop creates such a matrix for both water levels. Timeimber of
occur r en ineah nafrix i®cbunted and the following calculation is made.
0 Qi Q& Opart@P b e ol qd’b p
V] | o~ JUTT
Pt VE QI L (BU

In which:

Percentage= Thepercentage of the areahat is flooded.

OnesHWL = Thenumberofo ¢ c u r r e n o the matrix for thé water level at
which the percentage of the flooded area is desiredepresentingthe number of
dry cells at the high water level.

OnesMWL= Thenumberofo ¢ c u r r e n énehe mairik forahk gegular water
level (Om above Puntadella Salute), representingthe number of dry cells at mean
water level.

With this formula a comparison is made between theumbers of dry cells of both water
levels. The dry area at high water level is compared to the dry area at mean water level.
Making this comparison with the flooded cells would not work, because the island is only
a small fraction of the considered sub areas. Ste at mean water level none of the sub
areas are completely flooded, dividing by zero will not occur.

For the flood event of November 2019, the percentages of flooded area are shown per sub
area inTable31. Since the bathtub model probably overestimates the flooded area a bit
(see section 4.3), these percentages are most likely a bit overestimated as well.

Table31 - Percentage of flooded areas atater level of 1.87m

87.9 % 79.0 % 74.1 % 86.3 %

It is possible to use the created matrices to make plots of théry and floodedareas. In
Figure30 on the next pageon the left, the sub areas are shown for mean water level (0
% flooded) and on the right, the sub areas are shown for a water level of 1.87 m (flooded
percentage asshownin Table31).
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Flooded Areas City Center Islands Om (green = dry, blue = flooded) Flooded Areas City Center Islands 1.87m (green = dry, blue = flooded)
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Flooded Areas Lido Om (green = dry, blue = flooded) Flooded Areas Lido 1.87m (green = dry, blue = flooded)
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Flooded Areas Pellestrina Om (green = dry, blue = flooded) Flooded Areas Pellestrina 1.87m (green = dry, blue = flooded)
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Figure30- From top to bottom on the left: Dry areas at water level of Om (0 % flooded) for respectiy

the city cente, Lido, Pellestrina and the other islands. From top to bottom on the right: Dry areas a
water level of 1.87m for respectively the city centekido, Pellestrina and the other islands
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To clarify which areas are flooded at a water level of 1.87 m, figures can be found in

AppendixG.

4.8.2 Statistics flooded area

When the calculation for the percentage of flooded areas made for a large amount of
water levels, statistics can be used to gain information abouthat impact any water level
has on VeniceThis is done for all sukareas.

The percentage of flooded area is calculated for water levels between 0 and 2 m with an
interval of 0.01 m. A cumulative distribution functiofCDF)s made for each sub area. See
Figure31. From these graphs it is possible to easily read the percentage of the area that
is flooded at any water level. Again, these percentages are probably slightly overestimated,
because of the overestimated flooded area. Please keep in mind that a water levedan

in these plots represents mean water leveD(m above Puntalella Salutg.
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Figure31 - Cumulative distribution functions of the flooded area over the water level for respectivi
the city center, Lido, Pellestrina and the other islands

Also, by taking the derivative of the cumulative distribution functiorg probability density
function (PDF)is madefor each sub area These can be found imppendix H
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49 ClosedMo.S.Ebarrier

According toSection 3.5, in the case of a high water eventhe Mo.S.E.barrier begins
closing before a water level of 1.1 m above Punta della Salute is reached. Although the
barriers start closing at a varying water level according to the severity of the imminent high
water event, the design water level when closed is 1.1 m at maximum. Thereforaghd
Mo.S.E.barrier would have been operational during the November 2019 flood evetite
maximumpossiblewater level would have been 1.In.

The impact and damage due to a water level of 1.1 m is assessed hewhich represents
the state of Venice durig a severe storm during whickhe Mo.S.E barrieris operational.

According toMo.S.E.website still 12% of Venice is flooded at a water level of 1.1 meter.
This finding is compared to the resultinglot seen in Figure 32 (Piano Generale degli
Interventi, 2020).

Figure32 - Flooded areas according to thdo.S.Ewebsite at water level of 1.1n{CVN, 2020)
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In Figure33, the dry areas are showin black just as in Section 4.4.

Figure33- Dry and flooded areasccording to the model at water level of 1.1m

By doing the same calculation as irbection 4.8, the percentage of the areas that are
flooded at a water level of 1.1 m are shown ifable32.

Table32- Percentage of the flooded area at water level of Inl

57.6 % 43.7 % 47.2 % 67.8 %

The same analysis as elaborated iection 4.3 is done for a water level of 1.1 m. The
resulting amount of flooded buildings and roads can be seen rable 33 and Table 34.
More detailed information about the flooded buildings per building type is added in

Appendix |

Table33- Total amount of flooded buildings at water level of 11

1314 519850 nd 0.63m
893 245400 nd 0.69m
126 22325 nt 0.60 m
897 233150 i 0.72m

When comparing these numbers to the total amount of buildings per sub area, the
percentage of flooded buildings can be determined. S8able48 in Appendix C
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Table34 - Total amount of flooded roads at water level of 1.1m

Sub area Amount of flooded Total area of flooded Mean water depth of flooded
roads roads roads

1244 42165 0.74m
197 19035 nt 0.80 m
47 5800 n? 0.67m
319 30845 ni 0.78 m

When comparing these numbers to the total amount of roads per sub area, the percentage
of flooded roads can be determined. Se€able49 in Appendix C

The total amount of flooded cultural heritage when the barrier is closed, is showmnTeble
35.

Table35- Total amount of floodel cultural heritage at water level of 1.1m

Sub area Amount of flooded Total area of flooded Mean water depth of flooded
buildings buildings buildings

448 183550 M 0.59 m
19 4450 nt 0.25m
3 850 nt 0.58 m
81 25700 nf 0.70 m

4.9.1 Damages with closedMo.S.Ebatrrier

By using the exact ame method as inSection 4.6, the damages when théVlo.S.E barrier

is closed are calculated. For this, the flooded buildings and roads as can be found in
Appendix lare used. The resulting damages with the closédo.S.E.barrier can be found

in Appendix Jfor each building type.

When all these damages are added together, the total direct damadee to the November
2019 flood is be estimatedfor when theMo.S.E barrier is closed

Table36- Total direct damage at water level df.1m

City center Lido Pellestrina Other Total

Total direct damage € € € € €
closed barrier 113,872,675 59,927,369 11,589,639 71,805,465 257,195,149

It canbe concluded that the damages are a lot smaller when thdo.S.E barrier is closed
compared to when it is open (approximatel§i613 million less). The damagef (G257
million are however still considerable.

Table37 comparesthe flooded area, flooded buildingand roads and the damages of the
November 2019 flood event with and without an opetenal Mo.S.E barrier.
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Lido City center

Pellestrina

Total

islands

Table37 - Canparison of impact with and withoutMo.S.Ebarrier

Flooded area
Flooded buildings
Flooded roads
Flooded cultural
heritage

Damage

Flooded area
Flooded buildings
Flooded roads
Flooded cultural
heritage

Damage

Flooded area
Flooded buildings
Flooded roads
Flooded cultural
heritage

Damage

Flooded area
Flooded buildings
Flooded roads
Flooded cultural
heritage

Damage

Flooded area
Flooded buildings
Flooded roads
Flooded cultural
heritage

Damage

Impact and Damages

November 2019

flood event
(1.87 m)
87.9%
5,176
4,114
2,090

€ 451,221,711
79.0%

2,287

447

124

€ 132,517,687
74.1%

697

156

6

€ 44,383,874
86.3%

2,192

589

201

€ 241,897,111
81.8%

10,352

5,306

2,421

€ 870,020,384

November 2019 flood event Reduction

with functioning Mo.S.Ebarrier

(1.2 m)
57.6%
1,314
1,244
448

€ 113,872,675
43.7%

893

197

19

€ 59,927,369
47.2%

126

47

3

€ 11,589,639
67.8%

897

319

81

€ ,808,465
54.1%

3,230

1,807

551

€ 257,195,149

30.3%
3,862
2,870
1,642

€ 337,349,036
35.3%

1,394

250

105

€ ,590,318
26.9%

571

109

3

€ 32,794,235
18.5%

1,295

270

120

€ 170,091,646
27.8%
7,122
3,499
1,870

€ G8@54235
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Chapter 5:
The Mo.S.E. Project and its Delay

Luisa Caporalini

5.1 Introduction

Following the disastrous flooding event of 1966, the Ministry of Culture and Environmental
Heritage planned a series of studies and researgrojectsto find the best way to deal with
the problem These projects were designetb address the rise in sea legls as well asthe
frequency and intensities of high waters in Venid®azzolin & Micheletti, 2015) Following
hydrodynamics studies, preliminary projects and evaluations describiedhe General Plan
of Interventions (GPI) pnoosed in 1986 by the Constzio Venezia Nuova (CVN, LiNew
Venice Consortium), the megproject Riequilibrio e Ambiente (REAjt. Rebalance and
Environmen) came to life two years afte(Seminara, 2008) The Mo.S.E. barriers one
part of the project This section describs the design and theoperational criteria of the
Mo.S.E. barrier contextualizing it withinthe legislative parameters ofVenice Lagoon &
well asthe megaprojectto which it belongs.

The following researchguestions, which areaccompaniedby 2 d 3 sub-questions each,
will be explored and answered in the next chapter

RQ1What is theMo.S.E project and in what context can it be identified®
RQ1.1 Whatis the structure and the object of the meg@roject set for the defense of
Venice lagoon?
RQ1.2 What are the Mo.S.E. barrienechanism anddesign criteria
RQ1.3 Once completed, how and when will the Mo.S.E. barrier work?

RQ2Whi ch typical Large I nfrastructure project
process?
RQ2.1 Who oversees the Mo.S.E. project and how is it handled?
RQ2.2 What are the complexity variables that can be associated to the Mo.S.E. project?
RQ2.3What were the most severe delays suffered and which were the causes behind

them?0

RQ3 Should the barrier have been operated during the emergency flooding event of
2019?70
RQ3.1 What were the circumstances of the 2019 Venice flood event in terms of project
completion?
RQ3.2 In relation to the flood event of 2019, what were the reasons behind the decision
of not operating the barrier?

The subquestions are answered throughout the papeand provide context for the answers

of the main researchquestions which are discussed in the conclusion. Most of the
literature used was found within the CVN Mo.S.E. project website and the related journals
that the CVN published annually. More information was collected through a review of many
publications available m main search online systems such as scholar.google.com and
researchgate.com. Legislative articles and Public acts were also consulted in addition to
the literature.A TOB Technical, Organizational and External complexity framework is used
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to assess the project complexity and @ define which is the most influenced project
management area, thatcreatesthe extreme delay on the completion of the project, along
with its overwhelming costs overrunskurthermore, it was given us the opportunity to
interview Dr. Ir. Giovanni Cecconi (former CVN representative) and Dr. Ir. Peter Westentorp
(operation director at Strukton company). Both interviews provided precious information
vital to the development of the present researchnevertheless are not official
representatives from the CVN or other actongsvolved on the design, construction and
operation ofthe Mo.S.E. barrier. Finally, it isvorthy to mention that it was attempted to
contact some of these representative, but due to the tight schedule and current conditions

it was no possible to arrange any other interview.

5.2 The MegaProject REA

The REA project envisagea complex system of intervetions for the protection ofthe
VenicelLagoon andadjacent urban areas.Among the planned operationsmobile works
can be foundat the port mouthsto regulate the lagoon tide(Filippi, et al., 2016) This
section and the orresponding subsectionsaddress the structure of the megaroject for
the defense ofthe Venice Lagoon, answering question RQ1.xhich goes as follows:

RQ1.1What is the structure and the object of the megproject set for the defense of
Venice lagoon?

5.2.1 MegaProject History

The 1966 flooding eveninecessitatedthe implementation of a special defense system. To

address the problem, the Special Law (171/73) waswritten in 1973. Law 171/73
categorizedthe safeguardng of both the City of Venice and the Venit&goonas a matter

of national interest (Commissione VIA, 1998)Thelaw did not address the sea level rise

issue specifically, instead delegatg the inlet management entities to searclior and apply

the most efficient solution (Seminara, 2008) To comply with the aforesaid law, a

commi ttee of magi strates and lomitatohed gwaer nm
established and appointed to monitor of the activities.

In 1975, the Ministry of Public Works (MPWalled an international competitionfor the

design and construction ofa high tide defenses system Five groups of companies took

part in the competition. However, no presented solution completelysatisfied the
requirements set by the primary Special La{azzolin & Micheletti, 2015) The projects

were not accepted mainly for two reasons. Firstly, the designers considered the safeguard

of the environmental and economic heritage of the aresecondaryto the reduction of the

sea levels which were not significant enough for the scope of the proje@econdly, the
projects didnot address the pr ob-+astiagoone!l at ed
considered important by the commissiongfSeminara, 2008)

In 1984 a New Special Law (798/84)or the protection of Venice Lagoowas written and
approved which established a committee of magistrates and local gernment entities
calledo Co mi t >danmmter the activities. Thidaw createdthe position Magistrate of

5 COMITATONE, composed Mnistries of Infrastructure and Transport, Environment and Territorial
Protection, CulturBHeritage and Activities, University Education and Scientific Research, the Chairman of the
Water Authority, the Chairman of the Veneto Regional Authority, the mayors of Venice and Chioggia and
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the Waters (MoW))which issimilar in conceptto the former Dutch Sijkswaterstaatand the
Ministry of Infrastructure and Transport (MITyhose roles were to oversee the protection
of Venice

Eventually, in 1984, a cuttingedge design for the works for the protection of Venice
Lagoon were commissioned to the Consortium Venezia Nuo@V() inaccordancewith
the Law 798/84, on the basis of conventions held periodically with the Magistrate of the
Waters and with regard to the directives stated in the GPI drafted by tBemitatone The
works for the Mo.S.E. projecstarted in 2003. A visial timeline with the main milestones
of the history of the project is described ifigure34.

4 novembre 1966 1973 1978 1982 2002
The Event The intervention The opinion The go-decision The financing
The high tide reached The Special Law 171 The Ministry closes the tedner  The “Progettone” elaborated The interministerial committee
194cm flooding Venice  was established, which  without any winner: none of the by experts and university for the economic planning
and its Lagoon, with categorizes the Venice projects satisfies the professors, is positively grants the MOSE project with
huge damages problem as of “urgent requirements, however the evaluated by the 450 milions euros. This is the
national interest™ ministry buys the projects Superintendent first phase to which many
to re-elaborate them. of the Public Works others will follow
|
L
@ [T e [ e L] e ||
L
]
1975 1981 27 ottobre 1982 2003
The tender The “progettone” The Consortium The start of the works
The Ministry of the Public The first feasibility study The New Venice Consortium The 14th of may, the works
Works launches an for the defences from the (CVN) is established for the begin with a big cerimony. On
international tender to high waters is handled. Eight construction of the MOSE November 2006 the Council of
solve the problem: years later there will be the barrier. At the beginning Ministries (Comitatone), decides
5 company take parts with . new preliminary plan. It is an association of to proceed with its completion.
6 projects Four big italian firms.

Figure34 - Timeline of the approval procedurbehind the MOSE projec$pecificata fonte non valida.

5.2.2 REA megaproject structure

The REA megdrojectis considereda n 0 o0 p e n asghe a¢aeantinuously evolves
to consider agrowingrange of objectives Each objective contributes to the physical and
environmental safeguard of the entire lagoon system throughany gradual, flexible and
reversible interventions.Therefore,the MoW and CVNmeet periodically to monitor the
continuing evdution of the project.

The final total cost of the projectwas neverdetermined since the project evolves so
frequently. The government provides the finances based dhe presentation of new
interventions and objectives specified by the contractorThe need for financing is
established in each convention between the contractor and thadficers of the project.

5.2.3 REA megaproject problem statement and purpose

In the official Mo.S.E. project websitehe CVN describes the probleratatement through
a descriptionleading to thethree main goals of the REAvhich will be analyzed in respect
t o Kus h o0 s(seeTalbles 41i 42 and #3)The description goes as follows:

TreportiCavallino Local Authority and two representativeshaf other local authorities along the lagoon
boundary
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ol n recent centuries, a series of natur al p he

interventions havealtered the lagoon environment. Over time, subsidence and eustatism
have profoundly changed the relationship between land and water and caused a drop in
soil of about 25 centimeters only in the last hundred years. [...] The interventions for the
diversionof the rivers from the lagoon (from the 14th to the 19th century), to counter the
landfill problem, have almost completely eliminated the supply of sand and sediment from
the hinterland. Between the 19th and 20th centuries, the construction of the breakwes

at the port mouths, to ensure the transit of modern ships, also reduced the supply of sand
from the sea. Furthermore, in the last century, the creation of the Porto Marghera
petrochemical center has produced a very serious pollution of the waters ahé seabed,
while the excavation of deep navigation channels has led to significant changes in the
lagoon hydrodynamics. At the end of the 1900s, the lagoon system had to face a
multiplicity of problems, with ancient origins or with recent causes:

1. The risein sea water levels, so Venice, Chioggia and other urban lagoon areas are
increasingly flooded in the autumn and winter months;

2. The erosion of the coasts with the gradual disappearance of the beaches, essential
to protect coastal towns from stornsurges;

3. The degradation of the environment due to the deterioration of the quality of water

and sedi ments and the | oss of ecosystem

Table38- Problem statement 1 analysis

Increased number of flooding events
The lagoon system

Urban lagoon areas

Rise in sea water levels

Autumn and winter months

Table39- Problem statement 2 analysis

Gradual disappearance of the beaches
The lagoon system

On the coasts

Erosion of the coast

Gradually tihough time

Table40- Problem statement 3 analysis

Degradation of the environment, loss of ecosystem habit

The lagoon system

In the lagoon

Deterioration the quality of water
Gradually tihough time

5.2.4 REA megaproject objectives

The objectives of the REA project are established byaw 798/84, which givesthe local
authorities the motivation and meansto act on the protection of the lagoon and its

architectural, urban and environmental recovery. These are summarized as folow
(Special Law 798/&4, Art.3a)

A. The hydrologic and morphologic rebalance of the lagoon,

B. The arrest and the reversal of the degradation process to which the lagoon is
subject and the elimination of the relative causes that provoked it
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C. The mitigation of the tide levels in the lagoon
D. The defense of urban centers through local protection and pention systems,

E. The defense of urban centers through the implementation of mobile barriers at
the lagoon inlets.

5.2.5 The megaproject scopes

In the Mo.S.E. project official websitehe CVNdivides the activities described in the GPI
into three main scopes, pon a subjectof-intervention criteria:

1. Environmental defense
2. Storm surge defense
3. High tide defense

Relating to these objectives, the environmental defense scope (1) targets the objective A
and B through the purification of disused landfills, the purificetn of polluting sites along
with the protection and the reconstruction of lagoon habitats. Lastly, the high tide defense
scope (2) targets objectives D and E through local defenses and the constructiorthaf
Mo.S.E. barrierThe storm surgedefense scope(2) aims to satisfy objective C through the
reinforcement of the shores.Figure 56, located in Appendix K maps the various
interventions specifiedin the GPllocated in the lagoon as well asheir completion status
as of 2019.

5.3 The Mo.S.E. barrier design and mechanism

The most important part of the REA megaoject is the Mo.S.Ebarrier. Toensure the
complete defense otthe Venicelagoonfrom high tides, a complexand integrated systems
of works was conceptualized. This systemcludesfour mobile barriers(see Figure36), at
the three lagoon inlets (Lidp Malamocco and Chioggiafor a total length of 1.6 km
(Paolucci G. M., 2012)The gate arrayshat make up the Mo.S.Eill lie underwaterout of
sightwhen unused.

This section provides a geographical contextualization of the barriers in the lagoon,
followed by a brief explanation of the project history and the choice of the design.
Afterwards, a description of the barrier mechanism will be given and each of the main
elements that make up the barrier are described. Lastly, production and assembly will be
discussed, introducing the vehicles specifically built for the installation and maintenance
of the barrier. This entire chapteraddressesRQ1.2 whichis repeated hee:

RQ1.2What are the Mo.S.E. barrier mechanism and design criteria?
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Figure35- View of the Mo.S.E. barriefPietrobelli, 2020)

5.3.1 The Location

As suggested by thé&rogettone the Mo.S.E. project idocated at the mouths of the port of
Lido, Malamocco and Chioggidt consists of a series of barriers made up of mobile gates
located at the lagoon mouthsThe fourdefenses barriers are builtas follows

- 2 barriers at the Lido lagoon moth, the two barriers are connected to each other
by an intermediate island

- 1 barrier consisting of 19 gates at the mouth of the port of Malamocco,

- 1 barrier of 18 gates at the mouth of the port of Chioggia

The depths and preexisting crosssections of he mouth canals were not altered by the
work. At the mouths of Lido and Chioggia, ports of refuge and small navigation basins allow
the transit of boats for leisure, emergency vehicles and fishing boats everhen the gates

in operation. AtMalamocco,a navigation lock was built to guarantee theéransit of ships
and operation of the port even Wen the gatesare raised The navigation locks located

on the south bank andis about 370 m long and 48 m wide. The lock igorotected byan
external wallthat shelters the areafrom waves(CVN, 2014)Deheyn & Shaffer, 2007)
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Figure36 - From top to bottom: configuration of Lido, Malamocco
and Chioggia inlets
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5.3.2 The Progettone and the history of théo.S.E project

Before the Mo.S.E. systerariteria are analyzed any further, a premise regarding the rough
draft of this complex project has to be pointed out. In 1980, the MoW and the MIT
organized a committee of professors called Sette SagdLit. Seven wise meh The goal
was to draft the hgh tide defense system which would be inserted into the landscape of
the Venetian coasts at each lagoon mouth. The preliminary project was called the
0 Pr o g e titt BigrPeojéc) gnd was delivered one year later, in 1981. The conclusions
of the Progettane, discussed in this paragraph, form the basis upon which the Mo.S.E.
barrier was designed and implemented.

In the conclusions of theProgettone the committee found the three lagoon inlets (Lido,
Malamocco and Chioggia) to be the only locations where attenuation of the almost
periodical tidal waves could have been obtained in the lagoon. The most convenient
solution for the protection of the Venicd&agoon is then investigated and presenteith
respect to the New Spcial Law 798/84.

The Progettone considered many different solutions to face the problem of the rising
waters (Ghetti, et al., 1981) Considering the scope and the requirements set by the
Special Law 798/84, many alternatives were eliminated for reasons disssed further on.
The requiremens set by ths law can be summarized agScotti, 1994).

(A) The defense system should not foresee any reduction in the section of the mouth
canals where they will be located. Any reductiavould indeed result in a
decrease of the natural water exchange flow, hence worsening the water quality
levels and the sediments of the lagoon

(B) The defense system should not foresee intermediate nor emerging structures that
would interfere with the ship traffic.

(C) The visual impact on the landscape should be reduced to the minimum possible,
ensuring that, when the barrier is not in operation, thetsictures would be barely
visible, if not entirely submerged.

(D)1t is necessary to ensure the ship transit through the lagoon mouths, even during
the barrier closure times, of fishing ships, emergency boats and similar activities.

8 SETTE SAGGI COMMETTEE Composed by the experts: Augusto Ghetti, Enrico Marchi, Piero Matildi, Roberto
Passino, Gianantonio Pezzoli, Roberto Frassetto and Jan F. Angema (Professor from TU Deflt)
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1) flat sluice gates 2) butterfly sluice gates 3) concealed sluice gates

4) sector sluice gates 5) retractable sector sluice gates 6) telescope sluice gates

7) gate-boat sluice gate 8) emerging sluice gates 9) drum-like sluice gates

11) inflatable sluice gates 12) floating sluice gates

13) folding sluice gates 14) sluice with straight backward 15) sluice gate with fixed straight
floating fan floating fan

Figure37 - Alternative barriers taken into consideration in the Progettone (Ghetti et al, 1981)

Many alternatives were consideredvith the special law in mind Eachis shown inFigure
37, through which the mechanism of each tygpcan be easily extragolated. The solutions
have not been experimented further than the feasibility study conducted with the
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Progettone. The set of requirements described above allowed the Sette Saggi to narrow
the number ofpossible solutions to onefeasible design Based onthe requirements, the
following progressive elimination of alternatives led to the verdict.

Considering the requirements, designs, 2, 3, 4, 5 and 6in Figure 37have been excluded
because they do not fulfill the requirements (A) (B) (C)hese designswould require
intermediate pillars, structureshat emerge above the surfacegr rails fixed to the bottom.
Pillars are undesired because the section of the barrier would not remain intact and would
not open to the flow of water in two directions, creatingostacles or dangers for boats in
the case of fog or stormStructures that emerge above the surfacevould set limits to the
height of the ships andwould block the view of the sea, which is undesirable due to the
tourism industry Finally, fixed railswould impose maintenance and protection problems
that are not easy to solve irthe opensea.

Type 7, 8,9 and 10 and has been excluded because thegchrequire long and excessively
laborious maneuvers (7pr majorsubmarine foundation works (8,9 and 10)

Types 11, 12, 13 have been excluded because thep not meet onerequirement (D).

Solution 14 has beenexcluded as it operates in gosition that would not mitigate the
effects of the wave motionType 15 also was éminated becauseit requires the presence
of close pillars.

The choice was therefore restricted to tyl6, a straight floating oscillating fap gates
schematically represented irFigure 38 (Ghetti, et al., 1981) This type of barrier will then
become the basis of the current Mo.S.E. barrier

e

Figure38- Type 16, floating straight oscillatinddp gates
(Ghetti et al, 1981)

5.3.3 Mechanism of the barrier

The Mo.S.E.system is made up of arrays ofsluice gates which, under normal tide
conditions, lie completelysubmerged on theseabed of the three harbor inlets, hingetb

the housings caissons. When a high tide is expected, the gates, emptied of waied filled
with compressed air, rise up to emerge, creating a continuous barrier that divides the sea
from the lagoon for as long as necessary. Ports connected to navigation locks allow the
passage of boats when the barriers are raised. When the tide falls, the gates are again
filled with water and return to theiworiginal position
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It is currently established that theébarriers are put into operation for

water levelsgreater than 110 cm as Venice is protecteddy raising  tagoon Sea
banks and pavementglocal defenses) However, thewater level at

which the flap gates are raised can be changed in relation to nev

needs or to different context conditions.

A total of 78 sluice gates will be built for the four arrays, the
specifications of which can be found in the next paragraphs an
illustrated in Figure 40. It will take about 45 hours to close the * x'i"‘ake .
inlets, including the maneuvering times for lifting and subsequen ~ " "
lowering of the sluice gates (respectively 30 and 15 minuteshhis :

system has been sized to support a difference in height betwee ,\!
the sea and the lagoon of 2 mor a tide of 3 m (currently the highest g~ Ny
tide level recorded is 1.94 m); thelap gates are therefore able to

cope with a significant increase in sea leveA schematizationis
given byFigure 39

Flexibility of management allows the Mo.S.E. to cope with hic
waters in different ways: the simultaneous closure of the three
ports, in case of exceptional events; the closure of one mouth at
time; and with partial closings of each moutfas the gates operate § | | Z

independently from each other. The third option would functiot DDD[DDQEEE’
againstmedium+high tides(Fantoni, 2017). Figure39 - Mechanism of

the barrier

5.3.4 Composition of theBarrier

The barrier has a modular structte, meaning that is composed by many different
elements. The first element to analyze are the caissons, upon which the mobile gates are
hinged. A section of the central part of the barrier, displayéd Figure40, describes each
elementwithin the barrierdesign(Ministero dell Infrastrutture e dei Trasporti, 2020)

Constructive details:

gate

hinge

housing

ballast (water)

ballast (concrete)
service tunnels
containment piling

soil consolidation piling

DN D WD

Figure40- Section of the barrier with construction elements (Lo Storto, 2015)
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Caissons

Together with the mobile gates, the caissons are the main elent of the Mo.S.E. system.
They are multicellular concrete structures which, once completed and laid inside a
submergedtrench, willhouse the mobile gates and provide the operating tunnels. There
are two kind of caissonsthe housing caissonand the shoulder caisson. The firstnakes
bcannecis the housimghdaissens ant the
mainland. The shoulder caissonscontain the vertical connections for the plant engineering
and the workers.From a constructive point of view, the housincpissonsare divided into
many internal rooms organized on several levels and have the central part shapex
properly shelterthe sluice gates Each of the housing caissons contains @ 3 flap gates.
Figure 41 shows both the Shoulder caissons (on the left) and housing caissons (on the

upt he obedd6 of

right).

L o

t he

Figure41 - Shoulder caisson on the left (LaPresse), Housing caisson on the right (CVN)

The dimensions of the housing caissons vary according to the length of the sluice gates
that they must contain,which isproportional to the depth of the mouth channelkge Table
44). Unlike the housing caissons,he shoulder caissonsare structures up to 28 meters
high (in Malamocco) and have an area @0 m by 24 m. A total of 35 caissons were

realized(CVN, 2014)

Table41- Caissons specifications (CVN, 2014)

Barrier Number of caissons
North Lido 7 Housing
- 2 Shoulder
SouthLido 7 Housing
- 2 Shoulder
Malamocco 7 Housing
- 2 Shoulder
Chioggia 6 Housing
- 2 Shoulder

The caissons must be resistant enough to provide the solid base of the barrier as they are
equipped with sophisticatedmechanical systems for the movement of the sluice gates.
The technological heart of thgatesis kept inside the long tunnels that cross the caissons
from side to side to form a single tunnetonnecting theshouldersof the flap gates. In the
tunnels, electromechanial systems, communication and control systems are set up to
operate the barriers including electrical systems compressed air conducts data
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width [m]
60,0
23,8
60,0
24,0
60,0
24,0
60,0
24,0

length [m]
36,0
49,0
45,5
60,0
48,3
63,0
46,0
60,8

height [m]
8,7

16,7

11,0

25,0

11,5

28,0

11,5

24,5

weight [tn]
13.000
9.0000
19.500
15.000
22.500
17.400
20.400
13.000
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transmission lines and measuring instruments from safety devices fire systems and
many other componentseeded to properly operatethe sluice gates.

Mobile Gates

The mobile barriers are made up od series of mobileflap gates installed on the bottom
of the lagoon mouths.They are defined as mobile gates since they are designed to raise
above the water from their busing caisson built on the seabedzachflap gate is made up

of a metal boxike structure.Compressed air is pumped in, expelling water and raisitige
mobile gateon two hinges connecting it to the housing caissoblsingthe buoyancy thrust
allows the mobile gates of the barrierso maintain the difference in tide between the
Venice lagoon and theAdriatic Sa while swinging freely and independently due to the
wave motion(CVN, 2014)

Each mdile gate has four fenders and rubber flaps. The fenders are designed to dampen
the impact of the sluice gate on the body at the end of the demolition phase and to support
the sluice gate when it is at rest inside the housing caisson. The rubber fins areaaged
along the edges of the upper planking on the seaside-¢bhaped fin) and lagoon side (P
shaped fin) and are designed to:

- reduce the air gap to limit the deposition of sediment in the compartment under
the sluice gate, when the sluice gate lies agest in the caisson;

- reduce the air gap on the sea when the barrier is raised, limiting the flow of water
generated by the hydrostatic head between the sea and the lagoon;

- allow an operating margin during the removal and installation of the sluice gate,
thanks to their elasticity, so as to avoid damage to the corners of the sluice
structure and to the housing box in the event of maneuver inaccuracies.

They consist of a rubber compound, internally reinforced with vulcanized steel sheets
(CVN, 2014) In total, there are 78 mobile gates plus 8 in reserveconsisting of2 for each
barrier. The specifications for the mobile gates at each lagoon inlet are shown in Tadle

45 below (CVN, 2014).

Table42 - Gates specifications (CVN, 2014)

2l gates + 2 extra 6m 200 m 18,55 m 3,6m 168 tn
20 gates + 2 extra 12 m 20,0 m 26,65 m 40m 282 tn
19 gates + 2extra 14 m 20,0 m 29,50 m 45m 330 tn
18 gates + 2 extra 12 m 20,0 m 27,25 m 50m 289 tn

Hinges

Each sluice gate is fixed to the base by means tfo hinges on either side In total, 156
hinge groups were produced for 78 sluice gate€CVN, 2014) Thehinges of eachflap gate
have two points of attachment to the fixed structure and its mechanical connection must
be removable to allowfor maintenance and/or replacement. Coupling and uncoupling the
hinges are mechanically operated by means of two hydraulic power units (qex each
end of the hinge, where there are hookgBiraghi, 2014)

For each sluice gate the pair of hinges is necessary the following reasons

1. totie the sluice gates to the housing caissons;
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2. to allow movement of the sluice gates (lifting and lowering);

3. to ensure the connection between the sluice gates and the systems for the
operation of the mobile barriers.

Each hinge is made up of three elements joined together: the male attached to the sluice
gate, the female integral with the housing box and the tension@Paolucci G. M., 2012)
shown inFigure42.

a) Female part b) Male part c) Tensioner d) Overall view

Figure42 - Hinges elements and overall view (Palolucci, 2012)

5.3.5 Production, Assembly and Installation

The structures and systems take on different dimensions and shapesproportion tothe
depth of the seabed, the width of the passage and the configuration of the existing works
The dimensions also considethe characteristics of the territory and the surrounding
landscape. Given the different characteristics of the sluice gates in eaalf the sections
(North Lido, South Lido, Malamocco and Chioggia), the construction and supply of the
sluice gates were awarded with three different tende(Scotti, 1994).

Grasshopper

A component known as the
grasshopper is used for the
installation of the sluice gates at
the Malamoccoport mouth. This
vehicle was also used for the
sluice gates of the Treporti canal. = ==
Fagioli has adapted the current.
grasshopper to the dimensions of
the sluice gatesto 29.5 meters
long and 14 meters deep. The
controlled sinking takes place
through the gadual release of
the cables. As it is lowered to the
bottom, the sluice gradually fills
with water. Once it reaches the
level of the bottom, inside the hollow of the body, the sluice gate is connected to the body
by means of the two male hinges, which aiaserted and hooked to the females by means
of the tensioning unit(CVN, 2017)

Figure 47- The "grasshopper" vehle (CVN, 2017)
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JackUp

The JackUp Vehicle, shownn Figure43, is the man machine used for the positioning,
installation and removal for maintenance of the gates which are in the housing caissons
on the bottom of the inlet passages. It is basically a seifting platform, specially designed
for the Mo.S.E., with anodular hul equipped with retractable legs that are lowered during
the maintenance and installation operation and raised during navigation. Two special
cranes are anchored to the hull and connected to a special frame above which the gates
are hooked On its baptismin 2014, its engine failed, and one of the two legs broke when
it entered in contact to the ground. Subsequently, the Jatlp had many other technical
fails related to its sailing ability. This problem not only raised the total cost of the project
by (8 million to fix the machine, but it also let to delays to the general activitig€VN,
2015).

Initially, two of this special vehiclesvere to be built, but due to reallocation of the budget,
only one JacKJp was actually delivered(Cecconi, 2020)

Figure43 ¢ Schematization of the Jaeldp vehicle(CVN, 2015)

5.4 The Mo.S.EBarrier Operation System

The Mb.S.E. barrier which will allow the isolation of the lagoon from the sea in case of

danger, is designed to protect the | agoonos

flooding scenarios.The operational and closure activities of th&10.S.E barrier will be
managed flom the Arsenal, located in the proximity of the historical center of Venice.
Currently it is unclear who will be in charge of the management of the barrier

This chapter will investigate the operation system of the barrier, providing information
about the closure levels, the systems of prediction of high tides and the closure criteria
followed for the management of the barrier. This chapter aims to answer question RQ1.3,
hereby repeated:

RQ1.30nce completed, how and when will the Mo.S.E. barrier work?

5.4.1 Closure Levels andRelative Timeframes

The project indicates a half houabout to complete the entire closure proces@D'Alpaos &
Mel, 2017). In 2013, if was predicted an average number of 4 cases of high tide per year,
for which the operation of the barrier would be needed. The average closing times of the
barrier for each of these kinds of events, is estimated to be around 3 to 5 hours. The
system is designed to upfront up to 3 m height gap between the lagoon and the sea. Ehes
indicators apply both under current condition and under conditions of sea level rise of a
maximum of 60 cm(Cecconi, 2013)
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The safety levels are found to be 110 cm for Lido and Malamocco and 120 cm for Chioggia.
Chioggiais locally defended up to 130 cm as it presents different characteristics compared
to the other two inlets. In case of forecasted high tide that exceeds the safety level of 110
cm, the port must be noticedthree hoursin advance. In such a case,he technicians in
charge of management mustposition themselves in standby opposition within the

c ai s s o n 0awaitingtmerareivalofthe expected event. The system can consider the
arrival of one or more repeated eventsThe forecast error is reducedas the high tide
approaches(Cecconi, 2020) The levels are displayed ikigure44.

Figure44 - Closureand operational criteria(Rosselli, 2008)

Chapter 3 includes information pertaining to the hydrological data of the Venice Lagoon
and Adriatic Sea. Specifically, in Section 3.5, the classification system for determining the
water level at which the Mo.S.E. barrier must begin to rise in order to reach the determined
closure level of 110 cm is described. Research showed that this classification system was
designed around a design storm with a return period of 10 years. Althoughisth
classification system used return period data, the determination of the closure level did
not. Rather, the closure level was determined as a result of a compromise between several
authorities working on the project.

5.4.2 Predicted Effects of Climate Chang®n Mo.S.E. Operation

The research in Section 2 suggests that, even at the closure water level of 110 cm,
significant areas in the historic center of Venice are flooded. In order to defend Venice
completely from every high tide, the Mo.S.E. would have tosg at a level much lower
than 110 cm, but this would result in the barrier system closing very often. If the barrier
closed too often, especially in the autumwinter season, then accessibility to the lucrative
Venice port would be hindered and the econoymwould suffer. Furthermore, the water in
the Venice Lagoon would filter less often into the Adriatic Sea, resulting in more stagnant
water and possible environmental damage as a result of potential accumulation of
pollution. The closure level of 110 cm watherefore determined to maximize the access
to the port, prevent environmental damage and limit the Venice flooding to a maximum of
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