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Tell her to find me an acre of land
Between the salt water and the sea strand

— Scarborough Fair






DECLARATION

I hereby declare that this submission is my own work and that, to the best
of my knowledge and belief, it contains no material previously published or
written by another person or material which has to a substantial extent been
accepted for the award of any other degree or diploma at any university or
other institute of higher learning, except where due acknowledgement has

been made in the text.

Padova, January 2022

Davide Tognin







ACKNOWLEDGEMENTS

I'would like to express my sincere gratitude to my advisors Professor Luca
Carniello and Professor Andrea D’Alpaos, who have guided and advised
me with remarkable insight, extraordinary knowledge and constant pa-
tience. Their guidance and continued support, along with their contagious
enthusiasm and motivation, helped me all the time and in the writing of
this thesis, and made this PhD experience worthy, intellectually stimulating
and exciting.

I would also like to extend my deepest gratitude to Professor Massimil-
iano Ghinassi, for having introduced me to the principles of sedimentology
and offered a different and complementary point of view to tackle sediment
transport processes. Thanks for sharing his extensive knowledge and always
being willing to discuss scientific problems with me.

This work would not have been possible without the support and as-
sistance of the amazing technical staff of the University of Padova. Special
thanks to Dr. Cristina Breggion and Andrea Sambo of the Department of
Biology for their help during fieldwork and for having driven me safely
through the most remote parts of the Venice Lagoon. I owe much also to
Dr. Daria Pasqual, Dr. Marco Favero, Dr. Carlotta Betto, Dr. Silvia Catto
and Dr. Lisa Santello of the Department of Geosciences: without their tech-
nical expertise and assistance, the measurements and laboratory analyses
contained in this dissertation would not have been possible. Thanks also
for the understanding and flexibility when I invaded their laboratory with
hundreds of samples and for making the sample processing an engaging,
riveting, sometimes explosive, but always safe, experience.

I would like to sincerely thank all my co-authors. In particular, I had

the pleasure of working with Dr. Alvise Finotello. Besides having shared

vil



viit

with him one of the luckiest sampling campaigns ever and discussed many
promising ideas, his invaluable advice and meaningful suggestions were
fundamental in conceiving, writing and improving the last chapter of this
work. I would also like to thank Dr. Mattia Pivato, with whom I have had
the privilege to share unique fieldwork days, attempts to run increasingly
longer numerical simulations and funny convivial moments.

My sincere thanks also go to Professor Iris Moller, who provided me
an incredible opportunity to join her team at the Trinity College Dublin as
visiting student.

I would like to thank all my PhD colleagues. Particular mention must go
to Dr. Alice Puppin and Dr. Elena Bellizia. Besides having spent long days
with me in the laboratory and provided fruitful insights on multivariate
analysis of grain size distribution, they contributed to making this PhD
experience worthy and above all funny day by day. Many thanks also to
Dr. Nicola Durighetto and Dr. Leonardo Costa, with whom I have had the
pleasure to enjoy this PhD experience.

Most importantly, I am grateful for my family’s unconditional and un-
equivocal support and encouragement, provided not only throughout the
duration of this PhD journey.

Davide



ABSTRACT

Coastal wetlands in shallow tidal systems are among the most valu-
able environments on Earth, as they provide a diverse range of ecosystem
services. Nevertheless, their survival is questioned by increasing rates of
sea-level rise and reduced fluvial sediment delivery to the coasts. Moreover,
anthropogenic pressures are becoming increasingly significant, as densely
populated coastal urban areas are adopting protection infrastructures to
reduce flooding, such as storm-surge barriers, whose potential effects on the
evolution of the surrounding coastal wetlands are still poorly investigated.
Therefore, a better understanding of the effects of natural and anthropogenic
processes affecting the morphological evolution of coastal wetlands is crucial
to develop management strategies aiming at preserving and restoring these
delicate environments and the precious ecosystem services they provide.

With this aim, in the present work we start considering sediment erosion
and transport dynamics on tidal flats and test the possibility to develop
a synthetic theoretical framework to realistically describe erosional and
depositional processes in the long-term time scale. Beyond determining
the evolution of tidal flats, sediment reworking is also a major mechanism
controlling salt-marsh sedimentation, offsetting the negative effects of sea-
level rise. This is particularly true in sediment starved systems. Hence,
using field measurements from the Venice Lagoon (Italy), a representative
case of sediment starved back-barrier system, we investigate the effects
of continually varying influences of natural processes on temporal and
spatial sedimentation patterns on salt marshes. Finally, combining field data
and numerical modelling of the first-ever closures during Fall 2020 of the
storm-surge barriers designed to protect Venice, we evaluate the impacts

of anthropogenic flood regulation on salt-marsh sedimentation and on the
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morphological evolution of the tidal basin as a whole.

The main results from this work highlight that: i) bottom shear stress and
suspended sediment concentration dynamics can be modelled as marked
Poisson processes, thus bearing important consequences for realistic, stati-
stically-based analyses of the long-term biomorphodynamic evolution of
tidal landscapes; ii) the high temporal variability in sediment reworking due
to the combined action of tides, waves and storm surges affects salt-marsh
sedimentation, with intense storm surges accounting for the large majority
of sediment accumulation on salt marshes, despite their brief duration; iii)
the combination of these varying hydrodynamic forcing factors also affect
spatial sedimentation patterns, which thus cannot be interpreted solely as
an essentially tide-driven process and sign the marsh topographic profile;
iv) flood regulation, by modifying hydrodynamic and sediment transport
processes during storm surges, which are largely responsible for sediment
delivery in the upper intertidal frame, significantly reduces sedimentation
on salt marshes thus affecting their resilience to sea-level rise; v) at the
basin scale, even though storm-surge barrier operations can temporarily
reduce the net sediment loss from the system, flood-regulation promotes
a less-diverse geomorphological structure, rather than contributing to the

preservation of tidal landforms.



SOMMARIO

Le zone umide costiere sono tra gli ambienti pit1 preziosi sulla Terra,
poiché forniscono diversi servizi ecosistemici. Ciononostante, il loro futuro e
messo in forte dubbio dall’aumento dei tassi di innalzamento del livello del
mare e dal ridotto apporto di sedimenti alle zone costiere. Inoltre, gli inter-
venti antropici stanno diventando sempre pili pervasivi, dato che molte aree
urbane densamente popolate per ridurre il rischio di allagamenti costieri
stanno adottando infrastrutture, come ad esempio barriere di protezione,
i cui effetti sull’evoluzione degli ambienti a marea circostanti sono pero
ancora poco noti. E pertanto di fondamentale importanza capire gli effetti
dei processi naturali e antropici che influenzano 1’evoluzione morfologica
degli ambienti a marea, al fine di poter sviluppare strategie di gestione volte
alla conservazione e al rispristino di questi delicati ambienti e dei preziosi
servizi ecosistemici che forniscono.

Al fine di raggiungere questo obiettivo, il presente lavoro inizia con-
siderando le dinamiche erosive e di trasporto di sedimenti sui bassifondali
e verifica la possibilita di sviluppare un inquadramento teorico sintetico per
descrivere in maniera realistica i processi erosivi e deposizionali sul lungo
periodo. La risospensione dei sedimenti dai bassifondali, oltre a determinare
I’evoluzione morfologica degli stessi, € anche uno dei principali meccanismi
di approvigionamento per la sedimentazione sulle barene, che consente loro
di compensare gli effetti negativi dell'innalzamento del livello del mare,
soprattutto in contesti caratterizzati da scarso apporto di sedimenti. Av-
valendosi di misure di campo condotte nella laguna di Venezia, utilizzata
come caso studio rappresentativo dei sistemi con scarso apporto di sedi-
menti, sono stati studiati gli effetti della continua evoluzione dei procesi

naturali sui pattern temporali e spaziali di sedimentazione sulle barene.
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Infine, combinando dati di campo e modellazione numerica delle prime
chiusure in assoluto delle barriere progettate per difesa di Venezia dalle
acque alte avvenute nell’autunno 2020, sono stati valutati gli impatti che
la regolazione antropica dei livelli per mezzo di barriere di protezione ha
sulla sedimentazione sulle barene e sull’evoluzione morfologica del bacino
a marea nel suo insieme.

I principali risultati di questo lavoro evidenziano che: i) lo sforzo al
fondo e la concentrazione di sedimenti in sospensione possono essere de-
scritti come processi di Poisson marcati, con importanti conseguenze per
condurre un’analisi realistica dell’evoluzione biomorfodinamica a lungo
termine degli ambienti a marea; ii) 1’alta variabilita temporale della rielab-
orazione dei sedimenti a causa dell’azione combinata della marea, delle
onde da vento e degli eventi di acqua alta influisce sulla sedimentazione
sulle barene, alla quale gli eventi meteomarini pit1 intensi contribuiscono
in maniera sostanziale, nonostante la loro breve durata; iii) la variabilita
di queste forzanti idrodinamiche e la loro combinazione hanno effetti ril-
evanti anche sulla dinamica spaziale della sedimentazione e marcano in
maniera indelebile il profilo topografico delle barene; iv) la regolazione
antropica dei livelli di marea finalizzata a mitigare il sempre pitt alto rischio
di allagamento costiero, modificando i processi idrodinamici e di trasporto
solido durante gli eventi meteomarini piti intensi, che sono responsabili in
larga parte dell’accumulo di sedimenti nella porzione superiore della fas-
cia intertidale, riduce in modo significativo la sedimentazione sulle barene
compromettendone la capacita di adattamento all’incremento del livello
del mare; v) a scala di bacino, anche se I’attivazione delle barriere di pro-
tezione dagli allagamenti costieri puo ridurre temporaneamente la perdita
di sedimenti dal sistema, essa si dimostra favorire un appiattiamento gener-
alizzato della morfologia degli ambienti a marea, piuttosto che contribuire

al mantenimento della loro struttura morfologica.
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INTRODUCTION

1.1 COASTAL WETLANDS IN SHALLOW TIDAL SYSTEMS

Coastal wetlands constitute the peculiar landscape of low-energy shal-
low transitional systems, generally sheltered from wave action and domi-
nated by tides, such as deltaic, estuarine and lagoonal settings (Woodroffe,
2002; Masselink et al., 2014). In these environments, sediment deposits, com-
posed predominantly of cohesive sediments, are shaped and reshaped by
the complex interaction among different hydrodynamic forcing factors and
are importantly affected by biotic components (A. D’Alpaos et al., 2007). The
mutual co-adjustment of form and processes, known as morphodynamic
feedback (Wright and Thom, 1977), leads to the self-organization of shallow
tidal systems in distinctive landforms, namely channels, tidal flats and salt
marshes (Figure 1.1, 1.2 and 1.3).

Tidal channels (Figure 1.1) are the preferential pathway by which the
system is regularly flooded and drained and, thus, provide a pivotal control
on fluxes of water, sediment, nutrients and biota (Coco et al., 2013). Unlike
rivers, where flow is unidirectional and runoff-dependent, tidal channels
are shaped by a bi-directional flow, primarily driven by the stage of the tide.
Tidal currents are responsible for the erosion processes, which carve the in-
tertidal landscape and generate incised channel cross sections (A. D’Alpaos
et al., 2005; Finotello et al., 2018, 2020a). Although the intertidal morphology,
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Figure 1.1: Tidal channel, northern Venice Lagoon, Italy. Photo: Davide Tognin

excluding the deep channel network, is relatively flat, a bimodal distribution
of elevations can be observed in shallow tidal basins, differentiating tidal
flats and salt marshes, as intermediate conditions are rare (Fagherazzi et al.,
2006; Defina et al., 2007).

The peak of the distribution with elevation below mean sea level repre-
sents tidal flats. Tidal flats are low-gradient surfaces, that can be permanently
submerged or temporarily exposed during low tide, depending on their
relative elevation and local tidal range (Figure 1.2). They may experience
periodic processes of erosion and deposition determined by the coupled
action of tidal currents and wind waves and by sediment availability. When
erosion is predominant, the overall elevation profile is concave upwards,
whereas a convex profile occurs where there is a net depositional trend
(Dyer, 1998). Though tidal flats are generally composed of a mixture of sand
and mud (silt and clay), sediment has a sufficiently high mud content to
exhibit cohesive properties and usually shows an important organic com-
ponent. Tidal flats can be unvegetated or colonized by benthic vegetation,
hosting faunal species that have developed various adaptation strategies to
cope with drastic and cyclical changes in environmental conditions.

The upper intertidal zone, representing the second peak in the elevation

distribution of shallow tidal systems, often supports halophytic vegetation.
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Figure 1.2: Tidal flat during low tide in front of the Burano island, Venice Lagoon, Italy.
Photo: Davide Tognin

Different annual and perennial species, adapted to the stresses of inundation
and salinity, encroach the muddy substrate in temperate climates, giving rise
to salt marshes (Figure 1.3 and 1.4; Chapman, 1974). In tropical climates, salt
marshes are outcompeted by mangrove forests, thriving within the upper

intertidal fringe.

Figure 1.3: Salt marsh at North Bull Island, Dublin, Ireland. Photo: Davide Tognin
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Figure 1.4: Global distribution of salt marshes (Mcowen et al., 2017).

In temperate salt marshes, frequency and duration of flooding, whose
combination is indicated as hydroperiod (French and Spencer, 1993) and
depends on the relative elevation to the local mean sea level, primarily con-
trol vegetation type and distribution pattern, which is usually referred to as
zonation (Bertness and Ellison, 1987; Adam, 1990). Hence, marshes are often
classified into low marsh and high marsh on the basis of these parameters.
The low marsh is downward bounded by the seaward margin of vegetation,
whereas the landward upper limit of high marsh is commonly marked by
a sharp elevation change with the hinterland or by artificial structures on
developed coasts. The low marsh is subject to frequent inundation and
salinity around seawater. Pioneer annual species, such as Salicornia spp. and
Spartina spp., can withstand these harsh physical conditions and colonize
the lower portion of salt marshes. Contrarily, greater oxygenation and less
frequent flooding tend to characterize the high marsh, which usually ex-
hibits more variable patterns in the composition of flora. The high marsh
can contain diverse competing floral species, such as Aster tripolium, Atriplex
portulacoides, Juncus spp., Limonium spp., Plantago maritima, Puccinellia spp.,
Sarcocornia spp., and Suaeda maritima.

Owing to the crucial control exerted by elevation, even subtle microto-
pographical differences can affect vegetation colonization. Slightly lower
elevations and unfavourable drainage conditions can lead to water ponding

on the marsh surface, thus making vegetation colonisation impossible and
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Figure 1.5: Salt pan on the marsh surface, Conche salt marsh, Venice Lagoon, Italy. Photo:

Davide Tognin

leading to the formation and maintenance of salt pans (Figure 1.5; Pethick,
1974).

1.2 ECOSYSTEM SERVICES

Coastal wetlands are of high environmental and societal importance, as
they deliver vital ecosystem services (Costanza et al., 1997; Barbier et al.,
2011). Firstly, salt marshes play a valuable function in the flood risk reduc-
tion of the coastal hinterland, dissipating wave energy and ameliorating
the impact of storm surges (Moller et al., 1999, 2014). In particular, along
estuaries and open coasts, salt marshes are considered effective nature-based
solutions able to mitigate the effects of storm-driven flooding and to gen-
erate important damage savings (Temmerman et al., 2013; Spalding et al.,
2014; Fairchild et al., 2021). Compared to engineered flood defences that
fulfil only a coastal stabilizing function, coastal wetlands provide multiple
ecosystem services, therefore allowing a much higher ‘return on investment’
than the construction of engineered defences alone (Moller et al., 2021).

Secondly, coastal wetlands act as natural filters that purify water, medi-

ating pollutants fluxes and nutrient cycling (Mitsch and Gosselink, 2015).
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Moreover, shallow intertidal areas are hot spots for biodiversity, provid-
ing peculiar habitats and performing a nursery role for a wide range of
faunal species. Besides boosting the production of economically and ecolog-
ically important fishery species, such as shrimps, oysters, clams, and fishes
(MacKenzie and Dionne, 2008), shallow tidal environments are a sanctuary
for resident and migratory bird species, both overwintering and breeding.

One further key function of vegetated coastal environments is their role
as carbon sinks. These ecosystems sequester carbon over decades within
living biomass aboveground (leaves, stems) and belowground (roots), and
within non-living biomass (litter). But carbon storage over centennial to
millennial time scales in salt marshes is essentially linked to their ability
to continuously bury carbon within the sediment as they accrete vertically
(Chmura et al., 2003; Duarte et al., 2005; Mcleod et al., 2011). Carbon buried
by deposited sediment is not limited to autochthonous sources but also
comprises suspended allochthonous material, both terrestrial and marine,
carried by currents and trapped by the marsh during flooding. Moreover,
the low oxygen concentration in the sediments promotes a slow decay of
organic carbon and the release of methane into the atmosphere is limited
due to saline conditions.

Thanks to their efficiency in trapping carbon, the contribution of salt
marshes per unit area to long-term carbon sequestration is much greater
than that of terrestrial forests. Long-term rates of carbon accumulation in
salt-marsh sediments range between 18 and 1713 gCm 2 yr~—! (Mcleod et
al., 2011). By contrast, temperate, tropical, and boreal forests accumulate car-
bon at rates between 0.7 and 13.1 gCm 2 yr~! (Schlesinger and Bernhardt,
2020). Thus, although salt-marsh global area is one to two orders of magni-
tude smaller, total carbon burial rates in salt marshes (5-87 Tg C yr_l) are
comparable to those of terrestrial forest types (53.0 Tg Cyr~ ! for temperate,
78.5 TgCyr * for tropical, and 49.3 Tg Cyr ™! for boreal forests). Despite the
small aboveground biomass and their limited areal coverage, salt marshes
have hence the potential to contribute substantially to long-term carbon

sequestration and to mitigate atmospheric carbon dioxide concentration.



1.3. HYDRO- AND MORPHODYNAMIC PROCESSES 7

1.3 HYDRO- AND MORPHODYNAMIC PROCESSES

The morphodynamics of shallow tidal environments is influenced by the
complex interaction between hydrodynamic, sedimentological and biotic
factors over a wide range of temporal and spatial scales. Among hydrody-
namic factors, both tides and waves play a major control in erosion, transport
and deposition processes of both cohesive and non-cohesive particles (Wang,
2012). The tide generates currents that preferentially propagate along the
channel network (Hughes, 2012), typically transporting non-cohesive sedi-
ment as bedload and finer cohesive fraction as suspended load during the
rising (flood) and falling (ebb) phases, with deposition occurring mostly
during slack phases. As the tide overspills on the adjoining intertidal flats
and salt marshes, it is strongly affected by shallower water and friction
effects (Friedrichs and Madsen, 1992), so that its velocity and, hence, its
transport capacity can diminish considerably, naturally promoting sediment
accumulation in these zones.

Tide-induced water-level fluctuations also modulate wave action. While
the tide floods tidal-flat areas, wind waves can propagate and generate
bottom shear stresses capable of resuspending sediments (Anderson, 1972;
Le Hir et al., 2000; Green and Coco, 2014). Because waves generated inside
estuarine and lagoonal basins by winds have a typically short period, wave-
orbital motions are likely not to be able to penetrate down to the bed of
deep channels, where tidal currents tend to be predominant (A. D’ Alpaos
et al., 2013). By contrast, wind waves represent a key driver for sediment
resuspension and transport on shallow tidal flats (Fagherazzi and Wiberg,
2009; Carniello et al., 2011; Green and Coco, 2014).

When the tidal level is high enough, wind waves can further propagate
from tidal flats onto salt marshes. Once on the salt-marsh surface, waves
energy is rapidly dissipated due to drag forces caused by the presence of
dense vegetation canopy (Moller et al., 1996, 1999). Flow velocity reduction
due to vegetation not only prevents salt-marsh surface erosion but also
favours particle settling (Temmerman et al., 2003). However, wave-energy
dissipation localized at the sharp transition between tidal flats and salt
marshes enhances marsh margin lateral erosion (Feagin et al., 2009; Marani
et al., 2011; Leonardi et al., 2016; Tommasini et al., 2019; Finotello et al.,
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2020b).

Owing to the continually varying influences of hydrodynamic drivers
and sediment transport processes, coastal wetlands are exceptionally dy-
namic ecosystems, continuously changing due to erosion and sedimentation.
Sedimentary processes may be dominated by either (or both) tides and
waves depending on the specific location within the system as well as on
the time scale of interest. For example, wind-wave resuspension on tidal
flats results in important short-term bed-level variations that usually turn
out in a tendency for erosion, but can be partially compensated in the longer
time scale with deposition during periods dominated by the action of tidal
currents (Wells et al., 1990; Lee et al., 2004; Friedrichs, 2011; Hu et al., 2017).

As far as these variations trigger negative feedback, coastal systems can
cope with morphological changes, by adjusting to, or oscillating around, an
equilibrium configuration (Zhou et al., 2017). But, when positive feedback
intervenes and a threshold that marks different states is exceeded, coastal
systems can experience fatal shifts (Marani et al., 2010). Thresholds can be
particularly subtle in coastal wetlands, as these ecosystems are grounded on
a delicate balance between hydrodynamic and sedimentary processes.

Salt marshes are a striking example of this fragile equilibrium. In the case
of salt marshes, the threshold for their survival coincides with the physical
threshold of a specific elevation range, because vegetation that characterizes
these landforms is adapted to a determined relative elevation and, hence,
hydroperiod. If marshes lose elevation with respect to mean sea level, in-
creasing inundation frequency and duration challenge the persistence of
halophytes, eventually paving the way to the transition to tidal flats. From
this point of view, the maintenance of salt-marsh elevation with respect
to sea level by sediment accumulation and subsequent vertical accretion
appears to be integral to the long-term survival of these landforms and the
ecosystem they support (Reed, 1995; J. R. L. Allen, 2000).

The salt-marsh surface acts as a topographic limit and only periodic
flooding allows for mineral sediment to be deposited on the marsh (Fig-
ure 1.6; French and Stoddart, 1992). Sediment accumulation is generally
regarded to be inversely proportional to hydroperiod. Thus, high marsh
generally has a shorter hydroperiod and lower opportunity for accumu-

lating sediment than does low marsh. Therefore, as a salt marsh accretes
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Figure 1.6: Marsh flooded during high tide, San Felice salt marsh, Venice Lagoon, Italy.
Photo: Davide Tognin

and increases its elevation, the hydroperiod decreases with a subsequent
decrease in the rate of sediment accumulation (Figure 1.7; Pethick, 1981).
This simplified conceptual model is the starting point of many elabora-
tions and refinements carried out in the following years, taking into account
the effects of spatial and temporal variability of the process as well as the
influence of the biotic component, on the basis of both empirical evidence

and modelling studies.

Sediment
accumulation .-
rate \f’

.

Hydroperiod/
salt-marsh elevation ,

Hydroperiod/salt-marsh elevation
Sediment accumulation rate

Time

Figure 1.7: Simplified conceptual model of the relationship between hydroperiod, which
generally correlates with salt-marsh elevation, and the rate of sediment accumu-
lation. (Adapted from Rogers and Woodroffe, 2015)
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SPATIAL VARIABILITY Besides the influence of elevation, salt-marsh sedi-
mentation exhibits a strong relationship with the distance from the source
of sediment at different spatial scales. At subcatchment scale, the tidal
creek system dissecting the salt-marsh platform is generally regarded as
the key driver of sediment redistribution and, hence, highly influences the
spatial sedimentation pattern. As water flow overspills on the marsh and
is dampened by the resistance offered by the vegetation canopy (Nepf,
1999), its transport capacity declines with increasing distance from the creek,
favouring settling. Consequently, sedimentation generally shows a marked
decrease away from the creek (Reed et al., 1999; Temmerman et al., 2003).
Although broadly replicating this process, the spatial sedimentation
pattern at larger scales proves to be more variable (French et al., 1995). In
many marshes, sedimentation typically follows an inverse relationship with
the distance from the sediment source, showing a maximum at the seaward
edge and a decrease landward (Carling, 1982; Oenema and DeLaune, 1988;
Reed, 1988; Temmerman et al., 2005a). However, this spatial sedimentation
distribution may considerably change and, in particular, marshes often dis-
play a wave-influenced sedimentation pattern in the most exposed portions.
Especially in the zone extending for some distance back from the seaward
marsh edge, a large proportion of water exchange may take place directly
via the marsh boundary (French and Stoddart, 1992; Davidson-Arnott et al.,
2002; Schuerch et al., 2019) and sedimentation is mainly influenced by waves
(Duvall et al., 2019). The sedimentation pattern appears to be rather complex
and space-dependent, so that a simplified model based solely on elevation

may not completely portray the spatial variability.

TEMPORAL VARIABILITY The relative influence of tides and waves in affect-
ing sediment transport onto salt marshes also varies in time. The periodic,
low-magnitude tidal flooding is deemed to be the regular condition influ-
encing marsh sedimentation. However, during episodic, high-magnitude
events, such as storm surges, enhanced water levels can result in the deep
flooding of the marshes and, usually, their exposure to more intense wave ac-
tivity. Therefore, storm surges have long been recognized as events that can
cause significant changes in the marsh morphology, despite their episodic

nature (Cahoon, 2006; Leonardi et al., 2018), but a comprehensive quantifi-
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cation of their effect is still lacking.

Single surge events were found to be especially important in delivering
sediment and supporting salt-marsh vertical accretion (Stumpf, 1983; Ca-
hoon et al., 1995; Goodbred and Hine, 1995; Reed, 1995). Hence, salt marshes
may be largely dependent on sediment inputs derived from storm-surge
activities. This becomes particularly true for marshes that are very high
in the tidal frame, making accretion increasingly dependent on infrequent
high-deposition events as marsh platforms gain elevation (Goodwin and
Mudd, 2019).

Thus, the morphological evolution of salt marshes need to be considered
as affected by both “normal conditions” or “non-events” and “events”,
which are characterized by higher energy conditions, and sedimentation can

be regarded as the cumulative product of numerous non-events and events.

BlOoTIC cOMPONENT Geomorphological processes on salt marshes are
intimately connected with biological activity. Halophytes have long been
recognized to exert a strong control on their substrate elevation, by affect-
ing both above and below ground dynamics. Above ground, plant shoots
protect sediment against erosion and influence mineral sediment deposition
by slowing water velocities and by directly trapping inorganic sediment
(Fagherazzi et al., 2012). Moreover, salt-marsh vegetation favours the accu-
mulation of allochthonous plant litter during flooding. Below ground, plant
roots affect soil resistance (Brooks et al., 2021; Chirol et al., 2021) and their
growth and decay directly add organic matter to the soil profile, raising
elevation by sub-surface expansion. Plant-litter accumulated on the surface
and below-ground productivity, together with their subsequent decomposi-
tion, make a significant contribution to soil volume and relative elevation
change (Morris et al., 2002, 2016; Roner et al., 2016).

Biota in tidal environments is not just passively adapting to morpho-
logical features prescribed by sediment transport, but rather play an active
role as ecosystem engineers (Jones et al., 1994). Vegetation indeed tends
to actively stabilize their relative elevation and seaward extent through
feedback that varies with the depth and duration of flooding. So that veg-
etation acts as a "Secret Gardener", fundamentally constructing the tidal
landscape (A. D’Alpaos et al., 2012; Da Lio et al., 2013; Marani et al., 2013).
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All these fascinating interactions between plants and geomorphology allow
salt marshes to actively adjust their position within the intertidal frame in

ways that enhance ecosystem persistence (Kirwan and Megonigal, 2013).

1.4 CONSERVATION OF COASTAL WETLANDS

Thanks to the mutual adjustment among different ecomorphodynamic
processes, coastal wetlands are deemed to be highly resilient ecosystems.
However, persistent trends or sudden changes in the external constraints
can challenge their resilience. In particular, salt marshes rely on their relative
elevation with respect to mean sea level to preserve their morphological
identity. Consequently, rising sea levels and reduced sediment availability
cast doubt on their future survival (Kirwan and Megonigal, 2013; Schuerch
et al., 2018).

It is important to recognise that human influence can modify rates of
these natural changes, thus further exacerbating their negative effects. Both
relative sea-level rise and changes in sediment availability can be considered
indirect impacts of anthropogenic activities, that together with direct human

actions, play a critical role in the long-term management of coastal wetlands.

1.4.1 Indirect human impacts

seA-LEVEL RISE Climate-enhanced sea-level rise is a major consequence
of global warming (Nicholls et al., 2007), and there has been considerable
discussion as to how temperate coastal wetlands will respond in the future
(Reed, 1995; A. D’Alpaos et al., 2011; Kirwan and Megonigal, 2013; FitzGer-
ald and Hughes, 2019). A key determinant of salt-marsh vulnerability is
whether its relative elevation can keep pace with rising sea levels. A change
in relative sea level produces an alteration in the ecological state of salt mar-
shes, and the different plant associations within the salt-marsh continuum
are expected to migrate in response to different hydrologic conditions, as

far as they can cope with increasing hydroperiods.

SEDIMENT SCARCITY Fluvial catchments have long been altered by hu-
mans with often inadvertent, but far-reaching consequences on sediment

transport at the basin scale. Soil erosion enhanced by deforestation and
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land-use change can increase sediment loads in rivers and, hence, sediment
delivery to the coasts. As an example, salt marshes in Plum Island Estuary
(Massachusetts, United States) expanded rapidly during the 18" and 19th
centuries due to increased rates of sediment delivery following deforestation
associated with European settlement (Kirwan et al., 2011). On the contrary,
the increasing freshwater requirements for human consumption and irri-
gation resulted in the widespread construction of dams, dikes, and canals.
Sediments transported by rivers accumulate within reservoirs, reducing the
amount of sediment reaching the coastal zone (Syvitski et al., 2005). The
negative impacts of sediment input reduction are clearly visible in sinking
riverine deltas (Blum and Roberts, 2009; Syvitski et al., 2009) and increased

coastal erosion.

1.4.2 Direct human impacts

Direct human impacts on coastal wetlands aimed at both exploiting
natural resources and controlling processes to stabilize coastal morphology.
Salt marshes have been used for livestock grazing since the Neolithic (Meier,
2004), but large-scale wetland reclamation and diking has been mostly
undertaken for agricultural purposes (Williams, 1990). Many areas that were
originally reclaimed for agriculture were then transformed into urban and
industrial areas. Coastal cities such as Amsterdam, Rotterdam, Boston, San
Francisco, Tokyo and Venice expanded on former coastal wetlands (Pinder
and Witherick, 1990). Engineering works, such as historical land reclamation
and shoreline hard defences, are thus often present in urbanized coasts
and estuaries, constituting an additional anthropogenic forcing providing
further constraints on the morphological evolution of coastal wetlands.

Moreover, the high density of human population in coastal regions (Va-
liela, 2009) and the increasing flooding risk associated with rising sea levels
call for further protective interventions. Nature-based solutions and manage-
ment realignment of the coast, where feasible, can be seen as an opportunity
for coastal wetland conservation and restoration (Temmerman et al., 2013;
Fairchild et al., 2021). However, due to specific coastal settings and man-
agement strategies, especially on highly urbanized coasts, hard engineered
defences are often preferred. As an example, storm-surge barriers to reduce

flooding risk associated with enhanced water levels are increasingly more
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common worldwide (Figure 1.8; Mooyaart and Jonkman, 2017). However,
the potential effects of coastal flooding protection infrastructures on the
resilience of coastal environments are still largely unknown (Gedan et al.,
2009; Rodriguez et al., 2017; Sandi et al., 2018; Silvestri et al., 2018).

Figure 1.8: Examples of storm-surge barriers. a, Inner Harbor Navigation Canal (IHNC)
Lake Borgne Surge Barrier designed to protect New Orleans, Louisiana, US.
Photo: engineering-channel.com. b, Barrier of the Mo.S.E. system at the Chioggia

inlet, Venice Lagoon, Italy. Photo: mosevenezia.eu
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1.5 GOALS OF THE STUDY

Towards the goal of improving the current understanding of erosional
and depositional processes controlling the morphological evolution of coast-
al wetlands, the present work investigates the spatial and temporal dynam-
ics of natural and anthropogenic drivers in shallow tidal environments. A
multidisciplinary approach has been used, combining numerical modelling,
statistical analyses, field observations and laboratory techniques.

In this framework, focuses and research questions of the present study

can be listed as follows:

i. Sediment dynamics on tidal flats control key ecological and geomorphic
processes that ultimately contribute to the long-term evolution of coastal
and estuarine landscapes. Sediment erosion and transport on tidal flats

are mainly driven by wind waves, modulated by periodic tidal currents.

However, wind-wave forcing is often neglected in the long-term mod-

elling of tidal-flat evolution.

Can the stochastic effects of high-energy, wave-driven events on sedi-
ment erosion and transport be considered in a synthetic, but reliable,
modelling framework for the long-term evolution of shallow tidal envi-

ronments?

ii. Vertical accretion through sediment accumulation is necessary for salt
marshes to keep pace with sea-level rise. Tidal flooding is generally

considered the main mechanism controlling sediment accumulation.

But, storm-surge events may also importantly affect sediment delivery

and support vertical accretion of salt marshes.

Which is the relative contribution of storm-dominated and fair-weather

periods to salt-marsh sedimentation?

iii. Tidal exchange via the creek system has been traditionally considered
the preferential mechanism for sediment supply and redistribution on

salt marshes.

However, sediment exchange may also take place directly across the
marsh edge from the tidal flat, driven by the coupled action of flooding

and waves.
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iv.

1. INTRODUCTION

How do tides and wind waves affect spatial sedimentation patterns on

salt marshes?

To protect coastal urban areas from increasing flooding risk associated
with storm surges and rising sea levels, the adoption of storm-surge

barriers is increasingly more common worldwide.

But, their effects on the morphological evolution of shallow tidal basins

are still largely unknown.

How do storm-surge barriers affect sediment transport at the basin
scale? In particular, how is salt-marsh sedimentation affected by flood

regulation?
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1.6 THESIS OUTLINE

This introductory chapter is followed by five main chapters.

Chapter 2 deals with the statistical characterization of erosion events on
tidal flats aiming at testing the possibility to develop a synthetic theoretical
framework to realistically describe erosional dynamics in the long-term
time scale. Erosion dynamics and how they are affected by morphological
changes are analysed in the study case of the Venice Lagoon, for which six
historical configurations in the last four centuries are available.

Chapter 3 further develops this framework, investigating the dynamics
of suspended sediment transport.

Chapter 4 focuses on the spatial pattern of salt-marsh sedimentation,
evaluating the relative contribution of tide and waves to sediment supply
and redistribution on salt marshes. Analyses are supported by both topo-
graphic data and field measurements of sedimentation carried out in the
salt marshes of the Venice Lagoon between October 2018 and October 2021.

Chapter 5 considers the temporal variability of the sedimentation process
on salt marshes. First, sedimentation measurements are used to understand
the relative contribution of storm surges to sedimentation. Then, the effects
of storm-surge barriers on salt-marsh resilience are evaluated and discussed
by combining numerical modeling, and empirical evidence from field data.

Chapter 6 expands the analysis of the effects of storm-surge barriers at
the basin scale using a numerical modelling approach. These analyses focus
on the first-ever activations of the storm-surge barrier designed to protect
Venice during Fall 2020.

A summary of the main results obtained in this thesis is finally traced in
Chapter 7.






2

EROSION DYNAMICS IN SHALLOW TIDAL
SYSTEMS

This chapter is a manuscript ready to be submitted for publication and
focuses on the statistical characterization of erosion dynamics. Sediment
erosion plays a crucial role in the morphodynamic evolution of shallow
tidal systems and is mainly driven by the bottom shear stress induced by
wind waves. As wind waves have a stochastic nature, a statistical approach
is necessary to properly account for their effects on morphology. Here we
apply this approach to bottom shear stress time series computed with a
numerical model considering six historical configurations of the Venice
Lagoon along the last four centuries. Forcing different configurations with
the same water-level and wind conditions allows us to understand the effects
of morphological changes on erosional dynamics. The results are used to
test the possibility to describe erosion dynamics as a Poisson process in a
synthetic modeling framework able to reproduce the long-term evolution of

shallow tidal environments.
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2.1 ABSTRACT

Wave-induced bottom shear stress is one of the leading processes
that control sediment erosion dynamics in shallow tidal environments.
Wave-generated erosion, in fact, is responsible for sediment resus-
pension on tidal flats and, jointly with tidal current, for sediment
export to the open sea. Improving our knowledge on the characteris-
tics of wave-induced erosion events is a key point to address issues of
tidal-landscape long-term evolution, particularly through the use of
effective, simplified theoretical frameworks. Here we adopted a fully-
coupled bi-dimensional model to describe the spatial and temporal
evolution of bottom shear stresses generated by both tidal currents
and wind waves on six historical configuration of the Venice Lagoon.
The one-year-long time series of the computed total bottom shear
stresses were analysed on the basis of the peak over threshold theory,
determining the statistical characteristics of events that exceed a given
threshold. Our analysis suggests that erosion events can be modeled
as a marked Poisson process in the intertidal zone for all of the con-
sidered historical configurations of the Venice Lagoon, being there
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interarrival times, durations and intensities of the over-threshold
exceedances exponentially distributed random variables. In addi-
tion, we find that intensity and duration of over-threshold events
are temporally correlated, while almost no correlation exists between
interarrival times and both durations and intensities. The resulting
statistical characterization of erosion events is a tool of paramount
importance to predict future scenarios for the Venice Lagoon, in par-
ticular, and to discuss implications for long-term morphodynamic
modeling of tidal environments, in general. The estimate of the ero-
sion work through the synthetic characterization of over-threshold
events is consistent with field observations and provides interesting
insights on the morphological evolution experienced by the Venice
Lagoon along the past centuries and suggests a slow down of the
ongoing erosion trend in the last few decades.

2.2 INTRODUCTION

Wind waves and bottom shear stresses play a cardinal role in the
eco-morphological equilibrium of shallow tidal landscapes, strongly
influencing sediment erosion and resuspension dynamics (e.g., Car-
niello et al., 2005; Fagherazzi and Wiberg, 2009). The equilibrium
elevation of subtidal platforms and tidal flats in shallow tidal envi-
ronments is mainly driven by sediment deposition, wave-induced
erosion and by the rate of relative sea level rise (RSLR) (e.g., J. R. L.
Allen and Dulffy, 1998; Fagherazzi et al., 2006; Marani et al., 2010; A.
D’Alpaos et al., 2012; Green and Coco, 2014; Hu et al., 2017; Belliard
et al., 2019). Moreover, together with tidal currents, wind-wave ero-
sion and resuspension regulate sediment exchanges with the sea and
salt marshes. In fact, the action of wind waves is usually recognized
as one of the main causes for the retreat of salt-marsh margins (Moller
et al., 1999; Schwimmer, 2001; Mariotti and Fagherazzi, 2010; Marani
etal., 2011; Bendoni et al., 2016; Leonardi et al., 2016; Tommasini et al.,
2019; Finotello et al., 2020b). The temporal and spatial evolution of
wave-induced bottom shear stresses (BSSs) has an important impact
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on sediment dynamics in the intertidal zone (Carniello et al., 2005;
Fagherazzi and Wiberg, 2009; Mariotti et al., 2010a), ultimately influ-
encing the morphological and biological processes responsible for the
evolution of tidal systems (Masselink et al., 2014). For instance, large
wave-induced BSSs can disrupt the polymeric biofilm built up by
microphytobenthos (MPB), a microalgae typically colonizing the bed
sediment in shallow tidal environments (Amos et al., 2004; Mariotti
and Fagherazzi, 2012), and therefore promote erosion of tidal-flat
surfaces. The related increase in suspended sediment concentration
can trigger negative feedback by promoting the decrease of light
availability in the water column and thus limiting the sea grass and
MPB proliferation (Lawson et al., 2007; Carr et al., 2010; Chen et al,,
2017; Pivato et al., 2019). Furthermore, influencing the equilibrium
elevation of tidal flats, wind-wave induced erosion affects the tidal
prism and, as a consequence, the related morphological features of
tidal networks, such as channel cross-sectional area (e.g., A. D’Alpaos
et al., 2009, 2010) and drainage density (Marani et al., 2003; Stefanon
et al., 2012).

As an example, the Venice Lagoon (Figure 2.1) has experienced
strong erosion processes in the last centuries, which progressively
deepened the lagoonal bottoms, promoted the export of fine cohe-
sive sediments through the inlets toward the sea after storms, and
led to the loss of extensive salt-marsh areas (Carniello et al., 2009;
L. D’Alpaos, 2010a,b; Tommasini et al., 2019). The hydrodynamic and
wind-wave fields in shallow tidal basins can be provided by several
numerical models (e.g., Umgiesser et al., 2004; Carniello et al., 2011),
as well as their impact on the morphodynamic evolution of tidal land-
scapes (e.g., Marani et al., 2010; A. D"Alpaos et al., 2012; Mariotti and
Fagherazzi, 2013). However, modeling the morphodynamic evolution
over time scales of centuries using fully-fledged models is a difficult
task due to the numerical burdens involved and, therefore, simplified
approaches are more and more frequently adopted (Murray, 2007).
Towards the goal of developing a synthetic theoretical framework
to represent wind-wave induced erosion events and accounting for
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Figure 2.1: Morphological features and wind conditions characterizing the Venice Lagoon.

a, Spatial distribution of the morphological features characterizing the the Venice

Lagoon. The locations of the anemometric (Chioggia) and oceanographic (CNR

Oceanographic Platform) stations are also shown, together with the locations of
the three stations at the inlets (SL, SM and SC) and two stations (S1 and S2) for
which we provide detailed statistical characterization of over threshold events.
b, Wind rose for the data recorded at the Chioggia station in 2005. Dashed line
shows the wind rose for the period 2000-2020.

their influence on the long-term morphodynamic evolution of tidal

systems, we applied a two dimensional finite element model for re-

producing and analysing the combined effect of wind-waves and

tidal currents in generating the bed shear stresses in several historical

configurations of the Venice Lagoon. More precisely, in the present
study, we used the fully coupled Wind Wave-Tidal Model (WWTM)
(Carniello et al., 2005; L. D’ Alpaos and Defina, 2007; Carniello et al.,
2011) to investigate the hydrodynamic behaviour of the following
six configurations of the Venice Lagoon: 1611, 1810, 1901, 1932, 1970,
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and 2012. For each configuration, we run a one-year-long simulation
considering representative tidal and meteorological boundary con-
ditions. The resulting spatial and temporal dynamics of BSSs for the
six configurations have been analysed on the basis of the peak over
threshold (POT) theory once a critical shear stress for bed sediment
erosion was chosen. We performed the analysis following the same
framework adopted by A. D’Alpaos et al. (2013) and Carniello et al.
(2016) for analysing, in the present configuration of the Venice Lagoon,
the wave-induced BSSs and the suspended sediment concentrations,
respectively.

The main goal of the present analysis is to find whether, in line
with previous results, wave-induced erosion events can be modeled
as marked Poisson processes also in the historical configurations of
the Venice Lagoon. The relevance of this result lies in the possibility
of describing those erosion processes as a Poisson process, which
represents a promising framework for long-term studies. Indeed, the
analytical characterization of the long-term behaviour of geophys-
ical processes is becoming increasingly popular in hydrology and
geomorphology (e.g., Rodriguez-Iturbe et al., 1987; D’Odorico and
Fagherazzi, 2003; Botter et al., 2007; Park et al., 2014), although the
applications to tidal landscapes are still quite rare (A. D’Alpaos et al.,
2013; Carniello et al., 2016). Our analysis provide a temporally and
spatially explicit characterization of wind-induced erosion events for
the Venice Lagoon starting from the beginning of the seventeenth
century, thus allowing us to investigate and understand the main
features of the erosive trends the lagoon has been experiencing and
to provide predictions on future scenarios.

2.3 MATERIALS AND METHODS

We considered six different configurations of the Venice Lagoon
(Figure 2.2), covering a time span of four centuries, in order to assess
the evolution through time of the feedback mechanisms between mor-
phology and wave-induced erosion. The oldest three configurations



2.3. MATERIALS AND METHODS 25

a-1611 b-1810
c-1901 d- 1932
e-1970 f-2012
N Bathymetry (m above MSL)
/T [
—— -5.0 -2.5 0.0

Figure 2.2: Historical bathymetries of the Venice Lagoon. Bathymetries of the six different
configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970
(e), and 2012 (f).

(1611, 1810, and 1901) were reconstructed by using historical maps,
while the more recent ones make use of the topographic surveys
carried out by the Venice Water Authority (Magistrato alle Acque di
Venezia) in 1932, 1970, and 2003. The updated description of the more
recent morphological modifications, mainly occurred at the three in-
lets in the context of the Mo.S.E. project for the safeguard of the city
of Venice by high tides (almost completed in 2012), was included in
the 2003 configuration, so that we refer to this configuration as the
2012 configuration.

We refer the reader to Tommasini et al. (2019) for a detailed de-
scription of the methodology adopted to reconstruct the historical
configurations and for information on the bathymetric data of the
Venice Lagoon. The computational grids reproducing all the six con-
figurations of the Lagoon have been presented and used in previous
studies, namely: the 1611 by Tommasini et al. (2017); the 1810 by L.
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D’Alpaos and Martini (2005) and L. D’ Alpaos (2010b); the 1901, 1932,
1970 and 2012 by Carniello et al. (2009) and L. D’Alpaos (2010b).

During the last four centuries, the morphology of Venice Lagoon
deeply changed in particular due to anthropogenic modifications. To
prevent the Lagoon from silting up, the main rivers (Brenta, Piave,
and Sile) were gradually diverted directly into the sea from the be-
ginning of the fifteenth century. Meanwhile, during the last century,
jetties were built at the inlets and navigation channels were excavated
to connect the inner harbour with the sea (L. D" Alpaos, 2010b; Sarretta
et al., 2010). The jetties deeply changed the hydrodynamics at the
inlets and established a net export of sediment toward the sea, espe-
cially after storm events (Carniello et al., 2012). Globally speaking,
these modifications enhanced erosion processes and triggered a net
export of sediment toward the sea, resulting in a generalized deep-
ening of tidal flats and subtidal platforms as well as the reduction
of salt-marsh area. Indeed, in the last century, the average tidal-flat
bottom elevation lowered from -0.51 m above mean sea level (a.m.s.l.)
to -1.49 m a.m.s.l., while the salt-marsh area progressively shrank
from 164.36 km? to 42.99 km? (Tommasini et al., 2019).

2.3.1  Numerical Model and Simulations

To compute the hydrodynamic and the wind-wave fields in the
six selected configurations of the Venice Lagoon, we used the two-
dimensional (2-D) fully coupled WWTM (Carniello et al., 2005, 2011).
The numerical model, coupling a hydrodynamic module and a wind-
wave module, describes the hydrodynamic flow field together with
the generation and propagation of wind waves using the same com-
putational grid.

The hydrodynamic module uses a semi-implicit staggered finite
element method based on Galerkin’s approach to solve the 2-D shal-
low water equations suitably rewritten in order to deal with partially
wet and morphologically irregular domains (Defina, 2000; Martini
et al., 2004; L. D’Alpaos and Defina, 2007). The bottom shear stress
induced by currents, T, is evaluated using the Strickler equation
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considering the case of a turbulent flow over a rough wall. The hydro-
dynamic module thus provides the water levels that are used by the
wind-wave module to assess the wave group celerity and the bottom
influence on wind-wave propagation.

For the wind-wave module (Carniello et al., 2005, 2011), the wave
action conservation equation is parameterized using the zero-order
moment of the wave action spectrum in the frequency domain (Hol-
thuijsen et al., 1989). An empirical correlation function relating the
peak wave period to the local wind speed and water depth determines
the spatial and temporal distribution of the wave period (Young and
Verhagen, 1996; Breugem and Holthuijsen, 2007; Carniello et al., 2011).
The wind-wave module computes the bottom shear stress induced
by wind waves, T, as a function of the maximum horizontal orbital
velocity at the bottom, which is related to the significant wave height
through the linear theory.

The total bottom shear stress, T, resulting from the combined
effect of tidal currents and wind waves, is enhanced beyond the
sum of the two contributions, because of the non-linear interaction
between the wave and the current boundary layer. In the WWTM
this is accounted for by using the empirical formulation suggested by
Soulsby (1995, 1997):

T
Twe = Tte + Tww [1 +1.2 (#)] (2.1)

Even if BSSs induced by the tidal currents are smaller than those
produced by wind waves, they are of fundamental importance in
modulating the temporal evolution of the total BSSs and can increase
the peak BSS values by up to 30% (Mariotti et al., 2010a; A. D’Alpaos
et al., 2013).

The WWTM has been widely tested against field observations not
only in the Venice Lagoon (e.g., Carniello et al., 2005; L. D’ Alpaos
and Defina, 2007; Carniello et al., 2011) but also in other shallow
microtidal environments worldwide, for example in the back-barrier
lagoons of the Virginia Coast Reserve (Mariotti et al., 2010a) and the
Cédiz Bay (Zarzuelo et al., 2018, 2019).
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We applied the numerical model to the six computational domains
representing the Venice Lagoon and a portion of the Adriatic Sea in
front of it in order to perform one-year-long simulations. The bound-
ary conditions of the model are the hourly tidal levels measured at the
Consiglio Nazionale delle Ricerche (CNR) Oceanographic Platform,
located in the Adriatic Sea offshore of the lagoon, and wind veloci-
ties and directions recorded at the Chioggia anemometric station, for
which a quite long data set was available (Figure 2.1a). We forced the
model with the time series recorded in 2005, being the probability
distribution of wind speeds in 2005 the closest to the mean annual
probability distribution in the period 2000-2020 and therefore a rep-
resentative year for the wind characteristics in the Venice Lagoon
(Figure 2.1b). By considering the same wind and tidal forcing for each
historical configuration of the Venice Lagoon, we isolate the effects
on the wind-wave fields and on the hydrodynamics owing to the
changes in the lagoon morphology.

2.3.2 Peak Over Threshold Analysis

The morphodynamic evolution of tidal environments is controlled
by the complex interaction between hydrodynamic, biologic and
geomorphologic processes, which include both deterministic and
stochastic components. As an example, it was shown that sediment
transport dynamics in the Venice Lagoon is mostly linked to some
limited and severe events induced by wind-waves (Carniello et al.,
2011), whose dynamics are markedly stochastic in the present config-
uration (A. D’Alpaos et al., 2013; Venier et al., 2014; Carniello et al.,
2016). In this work, at any location within each considered configura-
tion of the Venice Lagoon, we used the peak over threshold theory
(POT) (Balkema and Haan, 1974) to analyse the temporal and spatial
evolution of the total BSS, 7,,.. The threshold value of the BSS, 1., was
set equal to 0.4 Pa (Amos et al., 2004). The POT method allowed us to
identify:

i. the interarrival time of over-threshold events, defined as the time
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between two consecutive upcrossings of the threshold;

ii. the duration of over-threshold events, that is the time elapsed
between any upcrossing and the subsequent downcrossing of the
threshold;

iii. its intensity, calculated as the largest exceedance of the threshold
in the time elapsed between an upcrossing and the following
downcrossing.

Once defined the probability density functions and the corresponding
moments of these variables, a statistical analysis was performed for
each location in all the considered configurations of the Venice La-
goon, in order to provide an accurate description of the BSS evolution
through the last four centuries. This will allow us to take into account
particular morphological trends over long-term time scales.

We performed the non-parametric Kolmogorov-Smirnov (KS)
goodness of fit test to verify the hypothesis that the interarrival time
of over-threshold events is an exponentially distributed random vari-
able. The interarrival probability distribution plays an important role
because, if interarrival times between subsequent exceedances of the
threshold 7. are independent and exponentially distributed random
variables, the mechanics of erosion events can be mathematically de-
scribed as a 1-D marked Poisson process, characterized by a vector of
random marks (intensity and duration of each over-threshold event)
associated to a sequence of random events along the time axis. The
memorylessness is one of the most interesting mathematical features
of Poisson processes since it allows to set the probability of observing
a certain number of events in a pre-established time interval depen-
dent only on its duration, regardless of its position along the time
series. Therefore, the description of overthreshold BSS events as a
Poisson process will allow one to immediately identify the probabili-
ties of observing a certain number of resuspension events in a year or
during a season, because all the sources of stochasticity in the physical
drivers are described by a single parameter (i.e. the mean frequency
of the process). Hence, it would be possible to set up a synthetic
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theoretical framework to model the wave-induced events through
the use of Monte-Carlo realizations, bearing important consequences
for the long-term evolution of tidal landscapes.

2.4 RESULTS AND DISCUSSION

We analysed the time series of computed total BSSs, 1., on the
basis of a POT method, in order to provide a statistical characteriza-
tion of wave-induced erosion events. For all the six configurations
we set the critical shear stress, 7., equal to 0.4 Pa (Amos et al., 2004;
A. D’Alpaos et al., 2013) thus neglecting important effects related
to modifications in bed composition. In order to eliminate spurius
upcrossing and downcrossing of the prescribed threshold, the time
series of BSSs were previously processed by applying a moving av-
erage filter. This low-pass filtering with a time window of 6 hours
removes short-term fluctuation, preserving the modulation given
by the semidiurnal tidal oscillation. Thanks to this procedure, over-
threshold events satisfy the independence assumption required by
the statistical analysis applied. Repeating this analysis for all the loca-
tion within the computational domains, we characterized the spatial
variability of mean interarrival times (Figure 2.3), peak excesses (Fig-
ure 2.4) and duration of over-threshold events (Figure 2.5) in the six
selected configurations of the Venice Lagoon.

Wind-wave generation is determined by energy transfer from
the wind to the water surface and, thus, clearly depends on wind
characteristics, namely wind intensity and duration, as well as on
fetch length and water depth (Fagherazzi and Wiberg, 2009). As a
consequence, the morphological distribution of channels, tidal flats,
and, more importantly, salt marshes and islands strongly influences
the response of a shallow tidal basin to wind forcing and the result-
ing distribution of BSSs (Fagherazzi et al., 2006; Defina et al., 2007).
Large portions in the ancient configurations were occupied by salt-
marsh areas, interrupting again and again the fetch and thus reducing
exceedances of the critical threshold. As a result, in the four more
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Figure 2.3: Mean interarrival time of overthreshold erosion events. Spatial distribution of
mean interarrival times of over threshold exceedances, at sites where bed shear
stress can be modeled as a marked Poisson process, as confirmed by the KS test
(« = 0.05) for the six different configurations of the Venice Lagoon: 1611 (a), 1810
(b), 1901 (c), 1932 (d), 1970 (e), and 2012 (f).

ancient configurations the characteristics of erosion events globally
display a more complex spatial pattern, which conversely tends to be
more uniform in the more recent configurations, due to the reduction
of salt-marsh areas and to the deepening of tidal flats.

For each configuration, mean interarrival time, peak excess and
duration of over-threshold events are shown at any location within
the Venice Lagoon where the KS test, performed in order to verify
that these variables are exponentially distributed, is satisfied at sig-
nificance level & = 0.05. Figure 2.6 shows the spatial distribution of
the results of the KS test. In particular, we distinguished:

i. the dark blue area, where the KS test is not verified for the interar-
rival time, i.e. wave-induced erosion events can not be described
as a Poisson process;
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Figure 2.4: Mean intensity of overthreshold erosion events. Spatial distribution of mean
intensity of peak excesses of over threshold exceedances, at sites where bed shear
stress can be modeled as a marked Poisson process, as confirmed by the KS test
(« = 0.05) for the six different configurations of the Venice Lagoon: 1611 (a), 1810
(b), 1901 (c), 1932 (d), 1970 (e), and 2012 (f).

ii. the red area, where the KS test is verified for all the three sto-
chastic variables we considered, namely interarrival times, inten-
sity, and duration, i.e. wave-induced erosion events are indeed
a marked Poisson process where also intensity and duration are
exponentially distributed random variables;

iii. the yellow area, where the KS test is verified for the interarrival
time but not for the intensity and/or duration, i.e. wave-induced
erosion events are a marked Poisson process but at least one be-
tween intensity and duration is not an exponentially distributed
random variable.

In all the selected configurations, salt marshes and tidal channel
networks mostly represent the portion of the lagoon where wave-
induced erosion events cannot be modeled as a Poisson process (dark
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Figure 2.5: Mean durations of overthreshold erosion events. Spatial distribution of mean
durations of over threshold exceedances, at sites where bed shear stress can be
modeled as a marked Poisson process, as confirmed by the KS test (« = 0.05) for
the six different configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c),
1932 (d), 1970 (e), and 2012 (f).

blue area in Figure 2.6). Over salt-marsh platforms almost no ex-
ceedances of the prescribed threshold, 7., tend to occur (Figure 2.9)
because of the low water depth that prevent the formation of signifi-
cant waves (e.g., Moller et al., 1999). May we add that colonization of
the salt-marsh surface by halophytic vegetation almost completely
prevent any vertical erosion (Christiansen et al., 2000; Temmerman
et al., 2005a). On the contrary, exceedances of the threshold are de-
tected along the channel network and at the three inlets (Figure 2.9),
but these are mostly associated with shear stresses produced by tidal
currents, especially after the construction of the jetties at the inlets.
Consequently, at these points the KS test is not satisfied and erosion
events cannot be modeled as a Poisson process because of the strictly
deterministic nature of tide-induced shear stress.

As an example, Figure 2.16 shows the time series and the prob-
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Figure 2.6: Kolmogorov-Smirnov test for overthreshold erosion events. Spatial distribu-
tion of Kolmogorov-Smirnov (KS) test at significance level (« = 0.05) for the six
different configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932
(d), 1970 (e), and 2012 (f). In the maps we can distinguish areas where the KS
test is: not verified (dark blue); verified for all the considered stochastic variables
(interarrival time, intensity over the threshold and duration) (red); verified for

the interarrival time and not for intensity and/or duration (yellow).

ability distribution at the SM station in the Malamocco inlet (see
Figure 2.1a for the location). In the 1611 and 1810 simulations, owing
to the configuration of the inlet, the BSS was very small such that
almost no exceedances of the threshold occured. After the construc-
tion of the jetties at the Malamocco inlet in 1872, erosion mechanics
abruptly changed: BSS considerably increased but it was driven by
tidal forcing and, thus, interarrival times were not exponentially
distributed, since the erosion threshold was exceeded once per day
because of tidal fluxes (Figure 2.16¢,d). The BSS analysis at the SL
station in the Lido inlet, where the construction of the jetties ended in
1892, provides analogous results (Figure 2.15), meanwhile at the SC
station in the Chioggia inlet BSS still does not systematically exceed
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the threshold also in the 1901 configuration, since the construction of
the jetties at the Chioggia inlet took place in between 1930 and 1934
(L. D’Alpaos, 2010a) (Figure 2.17).

The KS test is verified over subtidal platforms and tidal flats,
where current-induced BSSs are typically below the critical value,
but wave-induced BSSs mainly contribute to the total BSS. Locations
where interarrival time, duration and intensity follow an exponential
distribution (see red areas in Figure 2.6) remain the vast majority
of the tidal basin in all the configurations. As a result, a synthetic
framework that model erosion as a Poisson process is deemed to be
suitable for wide tidal-flat areas.

Almost in all configurations, large interarrival times (Figure 2.3)
are essentially found in sheltered areas, where only particularly in-
tense events are able to generate BSSs large enough to exceed 7.. A
clear example is provided by the area protected by marsh platforms
and by the mainland in the northeastern and in the western portion
of the lagoon, sheltered from the north-easterly Bora wind, which
is the main morphologically significant wind in the Venice Lagoon
(Figure 2.1b). This pattern becomes even more evident in the configu-
rations of 1611, 1810, and 1901 where larger portions of the lagoon
were occupied by salt marshes and present interarrival times greater
than 30 days. Large interarrival times can also be observed close to
the three inlets where the water depth is such that only during in-
tense events the bottom can be affected by wave oscillations and the
total BSSs can exceed the threshold. Globally speaking, in the four
oldest configurations we found relatively short (about 5 days) inter-
arrival times spread all around the lagoon basin, while the present
conﬁguration, characterized by a more constant and larger water
depth (in some areas greater than 1.5 m), displays longer interarrival
times, e.g. between 10 and 15 days for the tidal flats located in the
central-southern portion of the lagoon (Figure 2.3). This is mainly
due to the relationship existing between T, and water depth that,
for a prescribed wind velocity, decreases as the water depth increases
(Defina et al., 2007). Indeed, in the historical configurations large
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areas occupied by tidal flats are characterized by lower water depth
(< 0.5 m), as a result 1,y is higher also for weak wind speeds, thus
increasing the number of exceedances of the threshold.

As an example, Figure 2.7a shows the probability distributions
of the interarrival times for the S1 station (location shown in Fig-
ure 2.1a), named "Palude Maggiore", which maintained the same
morphological features through the last four centuries. In this point,
as in most areas of the lagoon, the mean interarrival time At between
two subsequent over-threshold events increases through time. On
the contrary, the watershed divide area between the Chioggia and
the Malamocco inlets, named "Fondo dei Sette Morti" (see point S2 in
Figure 2.1a), shows a reverse trend: the interarrival times decreases
from the past to the present (i.e. wave-induced erosion events are
more frequent). Although the almost constant, relatively deep bottom
elevation that this area maintained through centuries (Carniello et al.,
2009; L. D’Alpaos, 2010b) prevent the exceedance of the threshold 7,
during less intense erosion events, the generalized deepening expe-
rienced by the surrounding portion of the lagoon in the most recent
configurations allows more frequent and less intense events reaching
this area and, therefore, a decrease of the interarrival times.

The over-threshold peak intensities generally strongly increased
during the last four centuries (Figure 2.4 and 2.10b). For all the se-
lected configurations, intensities are lower in the more pristine north-
ern part of the lagoon, which is sheltered from the dominant Bora
wind by the mainland and by preserved salt-marsh areas, interrupt-
ing the fetch. Meanwhile the central and southern portions of the
lagoon are characterized by much larger intensity values, which more
rapidly increased along the last few decades. In particular, in the cen-
tral part of the lagoon the mean intensities increased from around 0.13
Pa to 0.25 Pa over the threshold, due to the flattening and deepening
of this area. A quite similar situation characterizes also the southern
part of the Venice Lagoon, between the Malamocco and Chioggia
inlets.

For all the configurations, the durations of over threshold events



2.4. RESULTS AND DISCUSSION 37

o

Q

D

(@)}

©

=

(]

kel

=

$r

oo

7 —

c 1/,

]

=]

S

7]

100 40 60 80
t [days] d [hours]

0 100 200 0 02 04 06 0 20 40 60 80

Station S2 - Fondo dei Sette Morti

t [days] e [Pa] d [hours]
—_— 1611 — 1810 — 1901 — 1932 1970 2012

Figure 2.7: Overthreshold erosion events at stations S1 and S2. Statistical characterizations
of over threshold events at two stations S1 "Palude Maggiore" and S2 "Fondo dei
Sette Morti" (see Figure 2.1a for locations) in the six configurations of the Venice
Lagoon. Probability distributions of (a-b) interarrival times, ¢; (c-d) intensities
of peak excesses of over threshold exceedances, ¢; and (e-f) durations of over
threshold event, d. A; mean interarrival time, A, mean peak excess intensity, and

A4 mean duration.

(Figure 2.5 and 2.10c), likewise intensities, present much lower values
in the areas sheltered by salt marshes (i.e. the northern lagoon and the
western portion of the southern lagoon) than in the fetch-unlimited
central-southern portion of the lagoon. In the latter area, in fact, over-
threshold events last more than 15 hours, compared to a duration
of about 5 hours in the salt-marsh areas. The increase over time of
peak intensities and durations of erosion events are clearly shown
also by the probability distributions computed for points S1 and S2
(Figure 2.7).

The larger over threshold peak intensities, as well as the longer
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durations characterizing the central-southern portion of the lagoon
and increasing from the past to the present, are in agreement with
recent observations highlighting a critical erosive trend for the tidal
flats and subtidal platforms in this area (e.g., Day et al., 1999; Carniello
et al., 2009; Molinaroli et al., 2009; L. D’ Alpaos, 2010b; Defendi et al.,
2010; Sarretta et al., 2010).

Figures 2.11, 2.12 and 2.13 show the temporal cross-correlation be-
tween the three random variables, computed for each location and for
all the six configurations. In particular the temporal cross-correlation
between intensity of peak excesses and duration of over threshold
exceedances display values very close to 1 for all the lagoon mor-
phologies, thus suggesting a pseudo-deterministic link between peak
intensities and the corresponding durations (Figure 2.11 and 2.14a).
On the other hand, almost no correlation exists between durations
and interarrival times (Figure 2.12 and 2.14b), as well as between in-
tensities and interarrival times (Figure 2.13 and 2.14c). These results,
in line with the temporal cross-correlation obtained for the statis-
tical analysis of suspended sediment concentration for the present
lagoon by Carniello et al. (2016), suggest that resuspension events can
be modeled as a 3-D Poisson process in which the marks (duration
and intensity) are mutually dependent but independent from the
interarrival time between two subsequent over-threshold events.

In order to provide a more quantitative estimation of the spatial
heterogeneity of interarrival times, duration and intensities of the
critical BSS exceedances, we computed the erosion work (geomor-
phic work sensu Wolman and J. P. Miller, 1960, see also Mariotti and
Fagherazzi, 2013). The erosion work [E;]| experienced by a single
point during the time interval (f; — t;) can be computed as:

e (T —Tc

where e is the value of the erosion coefficient which depends on
the sediment properties and p, = ps(1 — n) is the sediment bulk
density, being n the porosity. We set e equal to 5- 107> kg m 2 s,

as suggested for sand-mud mixtures (van Ledden et al., 2004; Le Hir
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et al., 2007) and in agreement with Carniello et al. (2012), ps = 2650
kgm™3and n = 0.4.

Using the mean values of the stochastic variables we computed
for characterizing erosion events (i.e. interarrival time, intensity and
duration), once verified they can be modeled as a Poisson precess, we
can simplify Eq. 2.2 as follows:

[Es] = ‘ (Twc — TC) (t2 —t1) (2.3)

Pb T

where we assume (f; — #1) to be the mean duration of over-threshold

events and (T, — 7¢) their mean intensity. In order to estimate the
erosion work for one year, E;,, we multiplied the result obtained with
the Eq. 2.3 for the number of events computed as 365 (days per year)
divided by the mean interarrival time in each point within the lagoon.

Figure 2.8 provides the spatial distribution of the annual erosion
work, Ey, for the six configurations of the Venice Lagoon. We com-
puted the erosion work also according to Eq. 2.2, in order to compare
differences between the complete formulation based on the computed
BSS time records and the synthetic approach exploiting the possibility
of describing resuspension events as marked Poisson precesses (Fig-
ure 2.18). The erosion work computed following the two approaches
is quite similar, as shown by the map of the relative error (Figure 2.19)
and by the computed values of the spatially averaged relative error
that varies between 10% and 14% considering all the analysed config-
urations of the lagoon (Table 2.1). Such an agreement between the two
estimation of the erosion work support the validity of the provided
statistical characterization of resuspension events.

The erosion work is almost constant between 1611 and 1932, it
reaches its maximum in the 1970 and then it decreases in the present
configuration (Figure 2.8). The ancient configurations (i.e. 1611, 1810,
1901 and 1932) display a more complex spatial pattern of the com-
puted erosion work because of the wider presence of salt marshes
and islands distributed throughout the basin and because of the shal-
lower and more irregular bathymetry characterizing the tidal flats.
This morphology is such that the fetch is continuously interrupted
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Figure 2.8: Erosion work. Spatial distribution of erosion work for the six different configu-
rations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e), and
2012 (f). Black identifies sites where the bottom shear stress cannot be modeled
as a marked Poisson process (i.e. the KS test is not verified for the interarrival

time).

and wind-waves are prevented from fully developing while generat-
ing and propagating over areas whose bathymetry is continuously
varying. This indeed prevent a more uniform erosion of the lagoonal
bottom. Interestingly, even if the present configuration of the lagoon
displays larger mean intensities and longer mean durations than in
1970 (see Figure 2.4 and Figure 2.5), the combination with generally
longer mean interarrival times (Figure 2.3) affects the erosion work.
In fact, the erosion work is maximum in the 1970 configuration when
it reaches a peak of more than 4.0 cm/year. This promoted an in-
tense and uniform erosion of the lagoon, thus leading to the present
morphology and bathymetry characterized by less complex erosion
pattern and a roughly constant erosion rate of the tidal flats in the
central southern lagoon of about 2.5 cm/year. Our results are in good
agreement with previous studies (e.g., Carniello et al., 2009; Moli-
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Table 2.1: Spatially averaged relative error between erosion work computed with Eq. 2.2
and 2.3

Configuration 7, [-]

1611 0.140
1810 0.108
1901 0.135
1932 0.131
1970 0.133
2012 0.112

naroli et al., 2009) that identified two different evolutionary trend
in the northern lagoon and in the central-souther part, the northern
lagoon displaying, on average, much lower erosion rate.

2.5 CONCLUSIONS

Our results provide a statistical characterization of sediment ero-
sion in shallow tidal environments, aimed at testing the possibility to
describe erosion dynamics as a Poisson process in a synthetic model-
ing framework able to reproduce the long-term evolution of shallow
tidal environments. The approach is applied to the specific case of
the Venice Lagoon, for which six configurations along the last four
centuries are available.

In the present study, we applied the extensively calibrated and
tested Wind Wave-Tidal Model to the six historical configurations of
the Venice Lagoon, in order to perform a spatially-explicit analysis
of the BSS time series under the same wind and water level forc-
ing. We analysed the computed BSS temporal evolution following
the Peak Over Threshold theory. We verified whether wind-wave
erosion events could be modeled as a marked Poisson processes, by
performing the non-parametric Kolmogorov-Smirnov goodness of
fit test to confirm the hypothesis that the interarrival time of over
threshold BSS events together with their durations and intensities are
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exponentially distributed random variables.

Statistical analyses of the wave-driven erosion processes suggest
that interarrival times between two consecutive over threshold events,
their durations and intensities can be described as exponentially dis-
tributed random variables over wide areas in all the selected configu-
rations of the Venice Lagoon. As a consequence, the wave-induced
erosion can be represented by a marked Poisson process through
centuries.

Furthermore, we observed that durations and intensities of over-
threshold BSS exceedances are highly correlated, while almost no
correlation exists between duration and interarrival time, as well
as between intensity and interarrival time. These observations indi-
cate that a 3-D Poisson process, in which the marks (duration and
intensity of the over-threshold events) are mutually dependent but
independent from the interarrival time, is a suitable description of
the wave-induced erosion processes.

Moreover, we showed that along the last four centuries the inter-
arrival times of erosion events generally increased throughout the
lagoon, as well as their intensities and durations, thus leading to less
frequent but more intense wave-induced erosion events.

These modifications in the bottom shear stress field are generated
by, but at the same time they are also responsible for, the morphologi-
cal modifications of the Venice Lagoon, in particular the generalized
deepening of tidal flats and reduction of salt marsh area. Only in
the "Fondo dei Sette Morti", located close to the watershed divide
between the Malamocco and the Chioggia inlets, interarrival times
decreases along the last four centuries. Such an opposite trend is asso-
ciated to the relatively deep and constant bottom elevation character-
izing this area combined with the generalized deepening experienced
by the surrounding areas that allows more frequent events reaching
the "Fondo dei Sette Morti".

The erosion work, computed as combination of interarrival times,
durations and intensities, remained almost constant and character-
ized by an irregular spatial pattern until the beginning of the twenti-
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eth century, when it rapidly increased reaching a peak in 1970. In the
last few decades, the erosion work decreased, presenting a more uni-
form pattern suggesting that the quite intense erosive trend the Venice
Lagoon has been experiencing since the beginning of the last century
is, at present, slowing down as a consequence of the generalized
deepening and flattening of the lagoonal bed. Owing to the choice of
forcing the domain with the same conditions, these changes in the
erosive trend are, in fact, only due to morphological modification
experienced by the tidal basin.

The present findings represent an additional step towards the set
up of a synthetic, statistically-based framework which can be used
to model the long-term morphodynamic evolution of tidal systems
through the use of Monte Carlo realizations.
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Figure 2.9: Number of upcrossings of the erosion threshold. Spatial distribution of the
number of upcrossings of the threshold for erosion 7. = 0.4 Pa, for the six
different configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932
(d), 1970 (e), and 2012 (f).
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1611 45.27 4+ 76.56 16.29
1810 34.30 £ 61.99 15.69
1901 48.35 £ 80.10 15.14
1932 26.09 +40.21 13.17
1970  20.35 £ 32.07 10.07
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Year e [Pa]
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Figure 2.10: Spatial probability density function of interarrival time, intensity and du-

ration of BSS overthreshold events. Probability density function (left), mean

(mean =+ standard deviation) and median value (right) of interarrival times ¢

(a), intensity e (b) and duration d (c) of BSS overthreshold events.
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Figure 2.11: Cross-correlation between intensity and duration of overthreshold BSS
events. Spatial distribution of temporal cross-correlation between intensity
of peak-excesses and duration of over threshold exceedances for the six dif-
ferent configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932
(d), 1970 (e), and 2012 (f). Black identifies sites where the bottom shear stress
cannot be modeled as a marked Poisson process (i.e. the KS test is not verified

for the interarrival time) .



2.6. SUPPORTING INFORMATION 47

a-1611 b - 1810
c-1901 d-1932
e-1970 f-2012

N Cross-correlation
Duration - Interarrival (-)

@ — " Il Kolmogorov-Smimov test not verified 1

-1 -0.5 0 0.5 1

Figure 2.12: Cross-correlation between duration and interarrival times of overthreshold
BSS events. Spatial distribution of temporal cross-correlation between dura-
tion and interarrival times of over threshold exceedances for the six different
configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970
(e), and 2012 (f). Black identifies sites where the bottom shear stress cannot be
modeled as a marked Poisson process (i.e. the KS test is not verified for the

interarrival time).
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Figure 2.13: Cross-correlation between intensity and interarrival times of overthreshold
BSS events. Spatial distribution of temporal cross-correlation between intensity
of peak-excesses and interarrival times of over threshold exceedances for the
six different configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c),
1932 (d), 1970 (e), and 2012 (f). Black identifies sites where the bottom shear
stress cannot be modeled as a marked Poisson process (i.e. the KS test is not

verified for the interarrival time) .
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Figure 2.14: Spatial probability density function of cross-correlation between interarrival
time, intensity and duration of BSS overthreshold events. Probability density
function (left) and mean value (mean + standard deviation, right) of cross-
correlation between intesity and duration p(e — d) (a), interarrival time and

duration p(t — d) (b) and interarrival time and intensity p( — e) (c).
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Figure 2.15: Overthreshold BSS events at the Lido inlet. Statistical analysis at SL station in
the Lido inlet: time series of the computed BSS (a-f); probability distributions
of the interarrival times (circles) and exponential distributions (dashed lines)
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Figure 2.16: Overthreshold BSS events at the Malamocco inlet. Statistical analysis at SM
station in the Malamocco inlet: time series of the computed BSS (a-f); probability
distributions of the interarrival times (circles) and exponential distributions
(dashed lines) (g-1).
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Figure 2.17: Overthreshold BSS events at the Chioggia inlet. Statistical analysis at SC
station in the Chioggia inlet: time series of the computed BSS (a-f); probability
distributions of the interarrival times (circles) and exponential distributions
(dashed lines) (g-1).
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Figure 2.18: Erosion work computed as integral of overthreshold BSS events. Spatial
distribution of erosion work computed with Eq. 2.2 for the six different config-
urations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e), and
2012 (f). Black identifies sites where the bottom shear stress cannot be modeled
as a marked Poisson process (i.e. the KS test is not verified for the interarrival

time).



54 2. EROSION DYNAMICS IN SHALLOW TIDAL SYSTEMS

a-1611 b - 1810
¢ -1901 d-1932
e-1970 f£-2012

N
Relative error Erosion work (%)

@ 1" I Kolmogorov-Smimov test not verified L. ]

0 25 50 75 100

Figure 2.19: Relative error of synthetic erosion work. Spatial distribution of the relative
error between the erosion work calculated with the integral formulation (Eq. 2.2)
and synthetic (2.3) for the six different configurations of the Venice Lagoon:
1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e), and 2012 (f). Black identifies sites
where the bottom shear stress cannot be modeled as a marked Poisson process

(i.e. the KS test is not verified for the interarrival time).



SEDIMENT TRANSPORT DYNAMICS IN
SHALLOW TIDAL SYSTEMS

This chapter is a manuscript ready to be submitted for publication
and focuses on the statistical characterization of sediment transport
dynamics in shallow tidal systems. Suspended sediment dynamics
influence numerous ecological and geomorphic processes that affect
the morphological evolution of tidal environments. Transport of sedi-
ment in suspension is intimately related to resuspension dynamics,
thus here we adopted the same approach used in Chapter 2 to analyse
suspended sediment concentration time series in the same historical
configurations of the Venice Lagoon. Despite the cause-effect rela-
tionship between erosion and suspended sediment transport, their
dynamics are not identical because of the role of advection and disper-
sion processes affecting local sediment transport processes. Therefore,
the results of this chapter are complementary to the analysis of ero-
sion dynamics discussed in Chapter 2 and together complete the
synthetic modeling framework aimed at describing the morphody-
namic evolution of tidal systems on the long-term time scale.

55
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3-1  ABSTRACT

Understanding suspended sediment dynamics is of fundamental
importance to comprehend the long-term evolution of tidal envi-
ronments. A complete spatial and temporal coverage of suspended
sediment dynamics required to statistically characterize resuspen-
sion events are hardly available through observations alone, not even
combining point measurements and satellite images, but it can be
retrieved by calibrated and tested numerical models. Here we used a
fully-coupled bi-dimensional numerical model to compute the spa-
tial and temporal evolution of suspended sediment concentration
induced by both wind waves and tidal currents on six historical
configurations of the Venice Lagoon in the last four centuries. We
analyzed computed one-year-long time series of suspended sediment
concentration on the basis of the peak over threshold theory to obtain
a statistically-based characterization of intense suspended sediment
concentration (5SC) events. Our results suggest that SSC can be mod-
eled as a marked Poisson process in the intertidal flats and subtidal
platforms for all the considered historical configurations of the Venice
Lagoon, since interarrival times of over-threshold events are exponen-
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tially distributed. A poor correlation exists between interarrival times
and both durations and intensities of over-threshold events, while
intensity and duration are strongly correlated. Moreover, we find that
statistical characteristics describing local erosion and over-threshold
SSC events are highly related, although not identical because of the
non-local dynamics of suspended sediment transport related to ad-
vection and dispersion processes. Thanks to this statistical characteri-
zation of SSC events, it is possible to generate synthetic, but realistic,
time series of suspended sediment concentration for the long-term

modeling of tidal environments.

3.2 INTRODUCTION

Suspended sediment dynamics in shallow tidal systems play a sig-
nificant role as they influence geomorphic and ecological processes,
that ultimately determine the long-term morphodynamic evolution
of coastal, estuarine and lagoonal landscapes (Woodroffe, 2002; Mas-
selink et al., 2014). Physical processes that drive sediment resuspen-
sion and transport in tidal environments are influenced by different
hydrodynamic and sedimentological factors over a wide range of
spatial and temporal scales.

Both tide and waves represent key drivers controlling sediment
entrainment and transport in shallow tidal environments (Wang,
2012). The tide rise and fall generate currents that propagate along
the preferential pathways provided by the channel network (Hughes,
2012) but, as the tide overspills on the adjoining intertidal flats, it is
strongly affected by shallower water and friction effects (Friedrichs
and Madsen, 1992), so that its velocity and, hence, its resuspension
capacity can diminish considerably. On the other hand, wind waves
with a typically short period can generate wave-orbital motions capa-
ble of resuspending intertidal-flat sediments (Anderson, 1972; Dyer
et al., 2000; Carniello et al., 2005; Green, 2011). Therefore, stochastic
wave-forced resuspension can increase locally, mainly under storm
conditions, and can be particularly significant compared to the peri-



58 3. SEDIMENT TRANSPORT DYNAMICS IN SHALLOW TIDAL SYSTEMS

odic resuspension by tidal currents (Sanford, 1994; Green et al., 1997;
Ralston and Stacey, 2007). Wave-driven resuspension and erosion
together with tide- and wave-driven sediment transport give rise
to mechanisms leading to basin-wide sediment movement, which
strongly shape the morphodynamic evolution of shallow tidal sys-
tems (e.g., Nichols and Boon, 1994; Green and Coco, 2007; Carniello
et al., 2011; Green and Coco, 2014). The repeated cycles of erosion,
resuspension and deposition, that sediments may undergo, winnow
fine particles from coarser ones and, thus, modify sediment distribu-
tion and textural properties of intertidal flats and subtidal platforms,
influencing physical and biological processes (Dyer, 1989), light cli-
mate (Moore and Wetzel, 2000) and ecosystem productivity (Lawson
et al., 2007; Carr et al., 2010, 2016; McSweeney et al., 2017).
Moreover, resuspension dynamics are mutually linked to numer-
ous biological and ecological processes (A. D’Alpaos et al., 2007;
Kirwan and Murray, 2007; Temmerman et al., 2007; A. D’Alpaos et
al., 2011; Marani et al., 2013). Benthic vegetation and algae play a
key role in increasing sediment stability of subtidal platforms (e.g.,
Nepf, 1999; Venier et al., 2014; Tambroni et al., 2016). In fact, the in-
teraction of flexible vegetation and bedforms can reduce the effective
bed shear stress and, consequently, sediment mobility. Similarly, the
action of halophytic vegetation over salt marshes has a significant
impact on landscape development, enhancing accretion, both by di-
rectly trapping inorganic sediment and by producing organic matter
(Da Lio et al., 2013; Marani et al., 2013; A. D’Alpaos and Marani,
2016). However, some studies have also suggested that, although
vegetation anchors sediment through rooting and by slowing water
flows, erosion and scour of the proximal sediments can also be en-
hanced (Temmerman et al., 2007; Tinoco and Coco, 2016). Microalgae,
although small, may also heavily impact sediment erodability. In-
deed, extracellular polymeric secretions (EPS) of microphytobenthos
can increase grain adhesion and consequently erosion threshold of
the sedimentary substrate (Le Hir et al., 2007; Parsons et al., 2016;
Chen et al., 2019). As a result, sediment resuspension decreases in
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the presence of EPS, which affects light availability and, in turn, mi-
croalgae proliferation, thus triggering positive feedback (Pivato et al.,
2019). Benthic fauna can further modify the bed sediment by chang-
ing its geotechnical properties and erosion resistance (Widdows and
Brinsley, 2002; Vu et al., 2017).

Owing to the complexity of the underlying processes and the in-
terplay between physical and biological drivers, sediment dynamics
in shallow tidal systems are rather entangled. Therefore, observation-
based approaches have been widely adopted to investigate the sus-
pended sediment concentration (hereafter SSC), using either in situ
point measurements (e.g., Wren et al., 2000; Gartner, 2004; Brand et al.,
2020) or remote sensing and satellite image analysis (Ruhl et al., 2001;
R. L. Miller and McKee, 2004; Volpe et al., 2011). However, both these
techniques have some drawbacks. In situ measurements can provide
an accurate description of the temporal dynamics of SSC, but lacks in-
formation on its spatial heterogeneity. Moreover, acoustic and optical
sensors installed in point turbidity stations require periodic cleaning
to prevent failure due to biofouling. Whereas, satellite-based data
can supply instantaneous information on SSC spatial variability, but
are barely informative on its temporal dynamics. Indeed, SSC events
can hardly be fully captured by satellites with fixed and often long
revisit periods. Furthermore, intense SSC typically occurs during se-
vere storms, frequently characterized by clouds, which make satellite
data useless. As a matter of fact, reliable long-term SSC time-series at
basin scale, required for the statistical analysis performed herein, are
seldom available.

In order to overcome these shortcomings and to exploit measure-
ments of in situ point observations and satellite images, these data
can be combined to calibrate and test numerical models (Ouillon
et al., 2004; Carniello et al., 2014; Maciel et al., 2021), thereby, using
them as physically-based "interpolators" to compute temporal and
spatial SSC dynamics. However, computing SSC dynamics over time
scales of centuries in order to model the morphodynamic evolution of
tidal environments through fully-fledged numerical models is rather
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difficult owing to the computational burden involved. Therefore,
modeling the long-term evolution of tidal systems requires simplified
approaches (Murray, 2007).

Pointing to the development of a synthetic theoretical framework
to represent intense SSC events and to account for their landscape-
forming action on tidal basin morphology, we applied a two-dimen-
sional finite element model to simulate the interaction among wind-
waves, tidal current and sediment transport in several historical con-
figurations of the Venice Lagoon. In particular, we used a previously-
tested Wind Wave-Tidal Model (WWTM) (Carniello et al., 2005, 2011)
coupled with a sediment transport model (Carniello et al., 2012) to
investigate hydrodynamics and suspended sediment dynamics in
the following six historical configurations of the Venice Lagoon: 1611,
1810, 1901, 1932, 1970, and 2012. For each of them, we run a one-year-
long simulation forced with representative tidal and meteorological
boundary conditions. The computed SSC time-series have been ana-
lyzed on the basis of the peak over threshold (POT) theory, following
the approach introduced by A. D’Alpaos et al. (2013) and expanding
the analysis performed by Carniello et al. (2016) to study the statistics
of SSC in the present configuration of the Venice Lagoon.

This chapter aims to expand this analysis to other historical con-
figurations of the Venice Lagoon in order to unravel the effects on
sediment transport of the morphological and anthropogenic modifi-
cations experienced by the lagoon in the last four centuries and to test
whether SSC dynamics can be modeled as a marked Poisson process
also when accounting for the morphological evolution of the lagoon.
The latter represents an interesting goal, being the use of stochastic
frameworks particularly promising for long-term studies, as pointed
out by their increasing popularity in hydrology and geomorphol-
ogy to describe long-term behaviour of geophysical processes (e.g.,
Rodriguez-Iturbe et al., 1987; D’Odorico and Fagherazzi, 2003; Botter
et al., 2013; Park et al., 2014; Bertassello et al., 2018). Nonetheless,
applications to tidal systems are still quite uncommon (A. D’Alpaos
et al., 2013; Carniello et al., 2016). Our analysis provides a spatial
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and temporal characterization of resuspension events for the Venice
Lagoon from the beginning of the seventeenth century to present, in
order to show how morphological modification affected sediment
transport and to set a framework to forecast future scenarios.

3.3 MATERIAL AND METHODS

To study the influence of the morphological changes on suspended
sediment dynamics, we considered six different historical config-
urations of the Venice lagoon, ranging from the beginning of the
seventeenth century to today (Figure 3.1). The three ancient most
configurations (i.e. 1611, 1810, and 1901) were remodeled relying on
historical maps, whereas the topographic surveys carried out by the
Venice Water Authority (Magistrato alle Acque di Venezia) in 1932,
1970, and 2003 were used for the more recent ones. Due to some
morphological modifications at the three inlets associated with the
Mo.S.E. project for the safeguard of the city of Venice from flooding
(almost completed in 2012), the 2003 configuration was updated, so
we will refer to this configuration as the 2012 configuration. For a de-
tailed description of the methodology applied for the reconstruction
of the historical configurations of the Venice Lagoon and additional
information on the more recent bathymetric data, we refer the reader
to Tommasini et al. (2019).

The morphology of the Venice Lagoon, which faces the Adriatic
Sea along the northeastern coast of Italy, deeply changed through the
last four centuries, especially owing to anthropogenic modifications.
From the beginning of the fifteenth century, the main rivers (Brenta,
Piave, and Sile) were gradually diverted in order to flow directly
into the sea and prevent the lagoon from silting up. Later, during
the last century, the inlets were provided with jetties and deep nav-
igation channels were excavated to connect the inner harbour with
the sea (L. D’Alpaos, 2010a; Sarretta et al., 2010). The jetties deeply
changed the hydrodynamics at the inlets establishing an asymmetric
hydrodynamic behaviour responsible for a net export of sediment
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Figure 3.1: Historical bathymetries of the Venice Lagoon. Bathymetries of the six different
configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970
(e), and 2012 (f).

toward the sea especially during severe storm events, able to resus-
pend large amounts of sediments (Carniello et al., 2012). In general,
these modifications heavily influenced sediment transport triggering
strong erosion processes that were further aggravated by sea-level
rise. The net sediment loss clearly emerges from the morphological
modifications of the Venice Lagoon, in particular, the generalized
deepening of tidal flats and subtidal platforms as well as the reduc-
tion of salt-marsh area (Carniello et al., 2009). Indeed, in the last
century, the average tidal-flat bottom elevation lowered from -0.51 m
to -1.49 m above mean sea level (a.m.s.l.), while the salt-marsh area
progressively shrank from 164.36 km? to 42.99 km? (Tommasini et al.,
2019).
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3.3.1  Numerical Model and Simulations

The flow field and sediment transport in the six configurations of
the Venice Lagoon are computed by using a numerical model, consist-
ing of three modules. The coupling of the hydrodynamic module with
the wind-wave module (WWTM) describes the hydrodynamic flow
field together with the generation and propagation of wind waves
(Carniello et al., 2005, 2011), and the sediment transport and the bed
evolution module (STABEM) evaluates the effect on the morphology
(Carniello et al., 2012). All modules share the same computational
grid.

The hydrodynamic module solves the 2-D shallow water equa-
tions using a semi-implicit staggered finite element method based on
Galerkin’s approach (Defina, 2000; Martini et al., 2004; L. D’ Alpaos
and Defina, 2007). The equations are suitably rewritten in order to
deal with flooding and drying processes in morphologically irregu-
lar domains. The Strickler equation is used to evaluate the bottom
shear stress induced by currents, 7. , considering the case of turbulent
flow over a rough wall. Further, the hydrodynamic module provides
the flow field characteristic requested by the wind-wave module to
simulate the generation and propagation of wind waves.

The wind-wave module (Carniello et al., 2011) solves the wave
action conservation equation parametrized using the zero-order mo-
ment of the wave action spectrum in the frequency domain (Holthu-
ijsen et al., 1989). The peak wave period is related to the local wind
speed and water depth, and this empirical correlation function is used
to determine the spatial and temporal distribution of the wave period
(Young and Verhagen, 1996; Breugem and Holthuijsen, 2007; Carni-
ello et al., 2011). The bottom shear stress induced by wind waves, Ty,
is computed as a function of the maximum horizontal orbital velocity
at the bottom, which is related to the significant wave height through
the linear theory. Owing to the non-linear interaction between the
wave and current boundary layers, the maximum bottom shear stress,
Twe, is enhanced beyond the linear addition of the wave-alone and
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current-alone stresses: in the WWTM this is considered adopting the
empirical formulation suggested by Soulsby (1995, 1997).

The sediment transport and bed evolution module (STABEM) is
based on the solution of the advection-diffusion equation and Exner’s
equation (Carniello et al., 2012). This module uses two size classes
of sediments to describe the bed composition (i.e. non-cohesive sand
and cohesive mud), in order to consider the simultaneous presence
of cohesive and non-cohesive sediment typically characterizing tidal
lagoons (van Ledden et al., 2004). The local mud content, which varies
both in space and time, marks off the transition between the cohesive
and non-cohesive behaviour of a mixture, and, consequently, deter-
mines the critical value for bottom shear stress, based on the critical
values assumed for pure sand and pure mud. However, this task is
tough and site-specific, and, moreover, field data are often limited
compared to the spatial variability of bed composition. To address
this issue, field surveys in the Venice Lagoon have been used to iden-
tify an empirical relationship between the local bed composition and
both the local bottom elevation and the distance from the inlets. We
refer to Carniello et al. (2012) for further details.

Another peculiarity of the sediment transport module is the sto-
chastic approach chosen to model the near-threshold conditions for
sediment entrainment. Indeed, in shallow tidal basins, resuspension
events are periodically driven by bottom shear stresses that slightly
exceed the erosion threshold. The bottom shear stress, as well as the
critical shear stress, is very unsteady owing to the non-uniform flow
velocity, wave characteristics and small-scale bottom topography.
Hence, following the stochastic approach suggested by Grass (1970),
both the total bottom shear stress, T,,c, and the critical shear stress for
erosion, T, are treated as random variables (t;,., and T/, respectively)
with lognormal distributions, and their expected values are those
calculated by WWTM and STABEM. Consequently, the erosion rate
depends on the probability that T, exceeds .

This numerical model was used to perform one-year-long simu-
lations within the six different computational grids representing the
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historical configuration of the Venice Lagoon and the portion of the
Adriatic Sea in front of it. Hourly tidal level gauged at the Consiglio
Nazionale delle Ricerche (CNR) Oceanographic Platform, located
in the Adriatic Sea offshore of the lagoon, and wind velocities and
directions recorded at the Chioggia anemometric station are imposed
as boundary conditions (Figure 2.1a).

All configurations are forced with the time records of tidal level
and wind velocity and directions measured during the whole year
2005, as this year was selected as a representative year, being the
probability distribution of wind speed at the Chioggia Station in 2005
the closest to the mean annual probability distribution in the period
2000-2020 (Figure 2.1b). Forcing all the historical configurations of
the Venice Lagoon with the same wind and tidal conditions enables
us to pinpoint the effects of the morphological modifications on the
wind-wave field, hydrodynamics and sediment dynamics.

3.3.2 Peak Over Threshold Analysis

Sediment transport dynamics in tidal environments are the results
of the complex interplay between hydrodynamic, biologic, and geo-
morphologic processes. This interplay between different factors can
be fully framed only by taking into account both its deterministic and
stochastic components. As an example, Carniello et al. (2011) argued
that morphological dynamics in the Venice Lagoon is mostly linked
to a few severe resuspension events induced by wind waves, whose
dynamics are markedly stochastic in the present configurations (A.
D’Alpaos et al., 2013; Venier et al., 2014; Carniello et al., 2016). In
the present work, we used the peak over threshold theory (POT)
(Balkema and Haan, 1974) to analyze temporal and spatial dynamics
of the total SSC at any location within each configuration of the Venice
lagoon. First, a minimum-intensity threshold, Cy, is chosen to identify
the set of events from the modeled SSC record, then a statistical anal-
ysis of interarrival times, durations and intensities of the exceedances
of the threshold is carried out. The interarrival time is defined as
the time between two consecutive upcrossings of the threshold, the
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duration of the events is the time elapsed between any upcrossing
and the subsequent downcrossing of the threshold, and, finally, the
intensity is calculated as the largest exceedance of the threshold in the
time-lapse between an upcrossing and the subsequent downcrossing.
These three variables are characterized by means of their probability
density functions and the corresponding moments for any location
in all the considered configurations of the Venice Lagoon, in order
to provide a complete description of the SSC pattern. The nature
of the stochastic processes can be determined by the analysis of the
interarrival times distribution. Indeed, resuspension events can be
mathematically modeled as a marked Poisson process if the inter-
arrival times between subsequent exceedances of the threshold, Co,
are independent and exponentially distributed random variables. In
order to assess that over-treshold SSC events can be modeled as a Pois-
son process, we performed the Kolmogorov-Smirnov (KS) goodness
of fit test on interarrival times distribution. In our case, the sequence
of random events that define a 1-D Poisson process along the time
axis is associated with a vector of random marks that defines the
duration and intensity of each over-threshold event. Memorylessness
is one of the most interesting features of Poisson processes because it
states that the number of events observed in disjoint subperiods is an
independent, Poisson-distributed random variable. According to the
extreme value theory, a Poisson process emerges from a stochastic
signal whenever enough high censoring threshold is chosen (Cramér
and Leadbetter, 1967). However, as this present analysis is designed
to remove only the weak resuspension events induced by periodic
tidal currents, the critical threshold is well below the maximum ob-
served values. As a consequence, the aim of the proposed analysis
is to characterize the bulk effect of morphologically meaningful SSC
events, rather than to describe the extreme events.

Notwithstanding the increasing popularity of Poisson processes
for the analytical modeling of the long-term evolution of geophysical
processes controlled by stochastic drivers in hydrological and geo-
morphological sciences (e.g., Rodriguez-Iturbe et al., 1987; D’Odorico
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and Fagherazzi, 2003; Botter et al., 2013; Park et al., 2014; Bertassello
et al., 2018), only in the last few years this approach has been adopted
for tidal systems (A. D’Alpaos et al., 2013; Carniello et al., 2016) and
the applications portray an encouraging framework.

3.4 RESULTS AND DISCUSSION

The statistical characterization of suspended sediment dynamics
is provided through the analysis of the one-year-long time series of
the computed SSC on the basis of the POT method. The choice of
the threshold value, Cy, that identifies significant over-threshold SSC
events, has to consider two contrary requirements. On the one hand,
stochastic sediment concentration generated by storm-induced wind
waves can be distinguished from tide-modulated daily concentra-
tion only if Cy is large enough. On the other hand, too high values
of Cp can lead to a non-informative analysis, being several events
neglected. In the following, we used a constant threshold, Cy, equal
to 40mg1~}, as suggested by Carniello et al. (2016), performing a
sensitivity analysis for the statistical analysis of SSC events in the
present configuration of the Venice Lagoon. As a first step, the SSC
time series provided by the numerical simulations were low-pass
filtered by applying a moving average procedure with a time win-
dow of 6 hours, in order to preserve the tide-induced modulation of
the signal but, at the same time, removing artificial upcrossing and
downcrossing of the threshold, generated by short-term fluctuations.
We replicate the analysis for all the points within the computational
domain of each configuration and obtain the spatial distribution of
the mean interarrival times (Figure 3.2), mean intensities of peak ex-
cesses (Figure 3.3), and mean durations (Figure 3.4) of over-threshold
resuspension events.

SSC dynamics at any location are affected by local entrainment
and advection/dispersion processes from and toward the surround-
ing areas. Furthermore, the local resuspension is highly influenced
by the combined effect of tidal currents and wind waves, thus de-
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Figure 3.2: Mean interarrival time of overthreshold SSC events. Spatial distribution of
mean interarrival times of over threshold exceedances, at sites where SSC events
can be modeled as a marked Poisson process, as confirmed by the KS test
(« = 0.05) for the six different configurations of the Venice Lagoon: 1611 (a), 1810
(b), 1901 (c), 1932 (d), 1970 (e), and 2012 (f).

pending on current velocity, water depth, fetch, wind intensity and
duration (Fagherazzi and Wiberg, 2009; Carniello et al., 2016). As a
consequence, the mean values of the random variables characterizing
resuspension events present highly heterogeneous spatial patterns in
the more ancient configurations due to their morphological complex-
ity.

Another important issue to consider when studying SSC dynamics
in shallow tidal environments is the presence of benthic and halo-
phytic vegetation, which both shelters the bed against the hydrody-
namic action and increases the local critical shear stress for erosion
because of the presence of roots. While the presence of halophytic
vegetation over salt marshes is almost ubiquitous, reconstructing the
presence of benthic vegetation on the tidal flats is much more diffi-
cult even for the present configuration of the lagoon and practically
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Figure 3.3: Mean intensity of overthreshold SSC events. Spatial distribution of mean
intensity of peak excesses of over threshold exceedances, at sites where SSC
events can be modeled as a marked Poisson process, as confirmed by the KS test
(« = 0.05) for the six different configurations of the Venice Lagoon: 1611 (a), 1810
(b), 1901 (c), 1932 (d), 1970 (e), and 2012 (f).

impossible for the ancient configurations (Goodwin et al., 2021). For
the above reasons and for the sake of homogeneity, the simulations
of the present study neglect the presence of benthic vegetation on the
tidal flat and assume all salt-marsh platform to be completely vege-
tated in each configuration of the lagoon, thus neglecting sediment
resuspension over them (Christiansen et al., 2000; Temmerman et al.,
2005a).

The spatial distribution of mean interarrival times, peak excesses
and durations are shown at any location within each of the six his-
torical configurations where SSC events can be modeled as a Poisson
process (i.e., the KS test is verified for interarrival times at significance
level & = 0.05). The results of the KS test, performed for each element
of the domains, are shown in Figure 3.5. In particular, we can identify
three different situations:
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Figure 3.4: Mean durations of overthreshold SSC events. Spatial distribution of mean du-
rations of over threshold exceedances, at sites where SSC events can be modeled
as a marked Poisson process, as confirmed by the KS test (x = 0.05) for the six
different configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932
(d), 1970 (e), and 2012 (f).

i. SSC events cannot be described as a Poisson process, i.e. the KS
test is not satisfied for interarrival times, in the dark blue areas;

ii. SSC events are indeed a marked Poisson process, because interar-
rival times, peak excesses and durations satisfy the KS test, and,
thus, are exponentially distributed random variables, in the red
areas;

iii. SSC events still are a marked Poisson process but at least one
between intensity and duration does not satisfy the KS test, i.e.
although interarrival times follow an exponential distribution, at
least one between intensity and duration does not, in the yellow
areas.

Similarly to the results for erosion events (BSS) presented in Chap-
ter 2, the area of the lagoon where over-thresholds SSC events cannot
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Figure 3.5: Kolmogorov-Smirnov test for overthreshold SSC events. Spatial distribution
of Kolmogorov-Smirnov (KS) test at significance level (x = 0.05) for the six
different configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932
(d), 1970 (e), and 2012 (f). In the maps we can distinguish areas where the KS
test is: not verified (dark blue); verified for all the considered stochastic variables
(interarrival time, intensity over the threshold and duration) (red); verified for

the interarrival time and not for intensity and/or duration (yellow).

be modeled as Poisson processes are mostly represented by salt mar-
shes and tidal channels in all configurations (see dark blue areas in
Figure 3.5). On salt-marsh areas, both BSS and SSC thresholds (7¢ and
Cp respectively) are seldom exceeded (Figure 2.9 and 3.7), because
the reduced water depth over the marsh prevents the propagation of
large wind waves and the presence of halophytic vegetation limits
sediment advection by promoting deposition and stabilizes the bot-
tom preventing erosion (e.g., Moller et al., 1999; Carniello et al., 2005;
Temmerman et al., 2005a). Within the main tidal channels and at the
three inlets, as happens for BSS, SSC dynamics are not Poissonian, but
the reason why interarrival times of erosion and resuspension events

are not exponentially distributed are slightly different. In the main
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channel network and at the inlets, SSC exceeds the threshold value,
Co, very few times or it does not exceed the threshold at all, due to
vertical dispersion mechanisms that decrease the local concentration
of sediment in suspension in deeper areas (Figure 3.7). Conversely,
BSS typically exceeds the threshold 7, twice or four time a day mainly
because of the tide action (Figure 2.15,2.16 and 2.17), which cannot be
modeled as a stochastic process (Figure 2.9), as confirmed by the KS
test on interarrival times of over-threshold BSS events.

However, SSC events can be modeled as a Poisson process over
wide areas of the six configurations of the Venice Lagoon, in particular
over tidal flats and subtidal platforms (see red and yellow areas in
Figure 3.5). As a consequence, SSC dynamics can be effectively mod-
eled by using a synthetic framework based on Poisson processes over
widespread portions of the different morphological configurations
experienced by the Venice Lagoon in the last four centuries.

Large interarrival times (i.e., larger than 30 days, Figure 3.2) are
observed on tidal flats close to the main channel network because
dilution processes within higher water depth, enhanced by the higher
velocities in these sites, reduce sediment concentration, and hence
only severe, but infrequent, events can lead to an exceedance of the
threshold. Sheltered areas are also characterized by large interarrival
times as represented by the northern portion of the lagoon, which is
protected by the mainland from the north-easterly Bora wind, which
is the most intense and morphologically significant wind in the Venice
Lagoon (Figure 2.1b), and where the presence of extensive salt-marsh
areas continuously interrupt the propagation of wind waves. In this
case, the reduced number of upcrossing events, and, consequently, for
large interarrival times is due to the protective action of salt marshes
and islands in reducing wind-wave resuspension action. SSC events
over the marsh platform slightly changed through centuries. In the
three oldest configurations (i.e., 1611, 1810 and 1901) mainly because
of the wide extent of salt marshes, resuspension events over salt
marshes do not even reach the threshold, as shown by the number
of upcrossing (Figure 3.7). In the more recent ones, where salt-marsh
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extent importanly decreases, marshes start experiencing some over-
threshold SSC events because of advection of sediment from the
adjacent areas, but the lower number of upcrossing let the mean
interarrival time assume large values.

Over wide tidal flat areas, where the threshold is exceeded in all
the considered configurations, the mean interarrival time generally
slightly increases through centuries (Figure 3.8a). This trend is more
evident in the central and southern parts of the lagoon, where, be-
cause of the deepening experienced in the last century, the number
of events able to resuspend sediments from the bottom decreased,
hence increasing the mean interarrival time of significant SSC events.
In fact, over the central-southern shallow tidal flats of the four ancient
most configurations, interarrival times present relatively low values
(about 10 days), meanwhile they generally become longer (between
20 and 25 days) on the same areas in the more recent configurations.
On the contrary, in the well-preserved, northern portion of the la-
goon, where the fetch is continuously interrupted by islands, spits,
and salt marshes also in the more recent configurations, the mean
interarrival times barely changed through centuries. As an example,
Figure 3.6a shows the mean interarrival times experienced by the
"Palude Maggiore" tidal flat (station S1 in Figure 2.1a). Interestingly,
the subtidal flat at the watershed divide between the Chioggia and
Malamocco inlets, known as “Fondo dei Sette Morti” (station S2 in
Figure 2.1a), display decreasing interarrival times through centuries
(Figure 3.6d). In the more ancient configurations, thanks to its rela-
tively lower depth and its position sheltered by shallower tidal flats,
"Fondo dei Sette Morti" experienced over-threshold events only dur-
ing severe events. In the more recent configurations, over-threshold
events become more frequent due to the deepening of the surround-
ing tidal flats, thus allowing larger waves to propagate in this area
and enhancing resuspension.

The intensity of over-threshold events abruptly increases between
1932 and 1970 (Figure 3.3 and 3.8b). Indeed, SSC exceedance intensity
maintains low mean values, generally below 60mgl~", in all the
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Figure 3.6: Overthreshold SSC events at stations S1 and S2. Statistical characterizations of
over threshold events at two stations S1 "Palude Maggiore" and S2 "Fondo dei
Sette Morti" (see Figure 2.1a for locations) in the six configurations of the Venice
Lagoon. Probability distributions of (a-b) interarrival times, ¢; (c-d) intensities
of peak excesses of over threshold exceedances, e; and (e-f) durations of over
threshold event, d. A; mean interarrival time, A, mean peak excess intensity, and

A4 mean duration.

configurations until 1932, thereafter it doubles on wide tidal flat areas,
especially in the central-southern lagoon and northwest of the city of
Venice, where the action of wind waves can be stronger. The punctual
analysis confirms that intensity increase is much more important in
the central lagoon (station S2, Figure 3.6e) rather than in the northern
part (station S1, Figure 3.6b).

Overall, over-threshold event durations slightly increase through
centuries (Figure 3.4 and 3.8c). However, two different trends can be
distinguished in different portions of the lagoon, likewise interarrival
times and intensities. The duration increase in the pristine, northern
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portion of the basin is much lower than in the central and southern
lagoon due to the heavier morphological modifications these areas
experienced (Figure 3.6¢ and f).

The temporal cross-correlation between interarrival times, dura-
tions and intensities computed for each point within the six configura-
tions of the Venice Lagoon confirms the results obtained for the 2012
configuration (Figure 3.9,3.10 and 3.11). Duration of over threshold
exceedances and intensity of peak excesses are highly correlated in
all the six considered configurations, suggesting that longer events
are linked to more intense ones (Figure 3.9 and 3.12a). Contrarily,
durations and interarrival times, as well as intensities and interarrival
times display almost no correlation (Figure 3.10, 3.11 and 3.12b,c).
These relations between interarrival time, intensity and duration back
up the idea that, as for BSS dynamics (Chapter 2), over-threshold
SSC events can be modeled as a 3-D Poisson process in which the
marks (intensity and duration of over threshold events) are mutually
dependent but independent on interarrival times.

As a result of the cause-effect relationship between the BSS (cause)
and SSC (effect), their spatial and temporal dynamics show a high
cross-correlation between interarrival times (Figure 3.13), intensity
(Figure 3.14) and duration (Figure 3.15) of BSS and SSC over-threshold
events. Remebering the absence of correlation between interarrival
times and both intensities and durations for both BSS and SSC events,
we can conclude that, when generating synthetic time series, interar-
rival times of BSS and SSC events are mutually dependent but not
related to their intensity and duration. Intensities and durations of
SSC are instead strongly correlated with the corresponding properties
of BSS events.

Despite showing high similarity and correlation, erosion and re-
suspension events are not identical. The BSS ultimately depends on
the local hydrodynamics (tidal currents and wind waves). On the con-
trary, the SSC is not only a function of the local entrainment but also
of the suspended sediment flux from and towards the surrounding
areas. As a result of the advection/dispersion processes, the spatial
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pattern of SSC is smoother than that of BSS.

The statistical characterization of overthreshold SSC events using
their mean interarrival times, intensity and duration can be useful to
estimate the total amount of reworked sediments. Although different
portions of the lagoon experience different trends in these parameters
depending on specific morphological modifications, a spatial average
over the whole area where overthreshold SSC events can be described
as Poisson processes shows that globally mean interarrival times and
duration remain almost constant and equal to about 30 days and 13
hours, respectively (Figure 3.8a and c). By contrast, intensity of the
peak excess abruptly changes between 1932 and 1970. Between 1611
and 1932 the mean intensity maintains a value lower than 45mg17"!,
but increases to 64mg1~! in 1970 and further to 73mg1~! in 2012
(Figure 3.8b).

This increase in the intensity of overthreshold SSC events, together
with the generalized deepening of the tidal flat area, generates an
increase in the amount of reworked sediments. This means that on
average every month, for 13 hours, the amount of sediment mobilized
within the basin increases from about 2 - 10° kg in the three most an-
cient configurations to more than 6.8 - 10° kg in the 2012 configuration
(Table 3.1). Besides directly boosting the amount of sediment available
for export toward the open sea given the ebb-dominated character
of the Venice Lagoon (Ferrarin et al., 2015; Finotello et al., 2019), the
increase of suspended sediment also affects numerous biological and
ecological processes that in turns influence the morphological evolu-
tion of the tidal system (Venier et al., 2014; Pivato et al., 2019).

Modeling the morphodynamic evolution of tidal landscapes over
long timescales (decades or centuries) necessarily requires the use
of simplified approaches. However, the classical assumption of long-
term evolution models is that the sediment supply is constant or
monotonically related to mean water depth. The results presented
in this chapter, together with those obtained in Chapter 2 on erosion
events, demonstrate that the time series of both BSS and SSC can
be described as marked Poisson processes with exponentially dis-
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Table 3.1: Sediment reworking in the historical configurations of the Venice Lagoon. area
(kmz): area of the lagoon where KS is verified; & (m): mean water depth of the area;
Vw (106 m3): mean volume of water, obtained as product of area and water depth;
e (mg 1_1): mean intensity of overthreshold SSC events; S, (106 kg): sediment
mobilized, assuming a triangular-shaped temporal evolution of overthreshold

SSC events, with peak excess e.

Year area h Vi e Smob

(kmz) (m) (106 m3) (mg 1_1) (100 kg)
1611 226.882 0.59 134.403 44.20 1.980
1810 294.649 0.43 127.022 40.84 1.729
1901 307.951 0.47 143.985 42.66 2.047
1932 350.166 0.54 188.661 43.49 2.734
1970 283.196 0.77 217.863 64.16 4.659
2012 270.022 1.04 279.969 73.21 6.832

tributed interarrival times, intensities, and durations, thereby setting
a framework for the synthetic generation of statistically significant
external forcing factors (shear stress at the bottom and suspended
sediment available in the water column) that should improve the
reliability of long-term biomorphodynamic models with a limited
increase in the number of parameters.

3.5 CONCLUSIONS

SSC dynamics in shallow tidal environments are usually investi-
gated by means of field measurements or remote sensing analysis.
However, due to the limited spatial and temporal resolution of mea-
surements and satellite images respectively, long-term SSC dynamics
at basin scale are seldom available. Numerical models, once properly
calibrated and tested, can provide reliable long SSC time series which
can be used to statistically characterize the spatial and temporal vari-
ability of intense SSC events.

In the present study, we applied a custom-built, extensively tested,
2-D finite-element numerical model to reproduce SSC dynamics at
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basin scale in six historical configurations of the Venice Lagoon, cover-
ing a time span of four centuries. The computed SSC time series were
analysed on the basis of the Peak Over Threshold theory. Statistical
analyses suggest that over-threshold SSC events can be modelled as a
marked Poisson process over wide areas of all the selected configura-
tions of the Venice Lagoon.

Due to the morphological evolution experienced by the lagoon in
the last four centuries, mean interarrival time, intensity and duration
of over-threshold events generally increase through centuries, gener-
ating less frequent, but stronger and longer, resuspension events.

Furthermore, almost no correlation exists between durations and
interarrival times of over-threshold exceedances and between inten-
sities and interarrival times, whereas the intensity of peak excesses
and duration are highly correlated. This confirms that resuspension
events can be modeled as a 3-D marked Poisson process with marks
(intensity and duration) mutually dependent but independent on
the interarrival times in all the historical configurations of the Venice
Lagoon. Moreover, a comparison with the analysis of over-threshold
BSS events shows that interarrival times, intensities and durations of
both BSS and SSC events are mutually related.

These findings provide the basis to develop a theoretical frame-
work for generating synthetic, but statistically realistic, forcings to
be used in the long-term morphodynamic modeling of shallow tidal

environments.
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Figure 3.7: Number of upcrossings of the SSC threshold. Spatial distribution of the number
of upcrossing of the threshold for suspended sediment concentration Cy = 40
mg 171, for the six different configurations of the Venice Lagoon: 1611 (a), 1810
(b), 1901 (c), 1932 (d), 1970 (e), and 2012 (f).
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Year t [day]

(mean £ std) (median)
1611 27.49 + 36.45 14.96
1810 29.35 + 36.32 16.47
1901 32.47 +40.30 17.93
1932 33.59 + 41.09 18.31
1970 27.87 + 32.87 16.47
2012  29.24 + 32.25 17.95
Year e[mg 171]

(mean £ std) (median)
1611 44.20 + 19.00 44.99
1810 40.84 +£19.17 41.05
1901 42.66 + 21.80 41.96
1932 43.49 + 23.36 4295
1970 64.16 + 33.86 65.02
2012 73.21 4+ 38.85 74.68
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Figure 3.8: Spatial probability density function of interarrival time, intensity and du-

ration of SSC overthreshold events. Probability density function (left), mean

(mean =+ standard deviation) and median value (right) of interarrival times ¢ (a),

intensity e (b) and duration d (c) of SSC overthreshold events.
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Figure 3.9: Cross-correlation between intensity and duration overthreshold SSC events.
Spatial distribution of temporal cross-correlation between intensity of peak-
excesses and duration of over threshold exceedances for the six different con-
figurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e),
and 2012 (f). Black identifies sites where overthreshold SSC events cannot be
modeled as a marked Poisson process (i.e. the KS test is not verified for the

interarrival time).
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Figure 3.10: Cross-correlation between duration and interarrival times overthreshold SSC
events. Spatial distribution of temporal cross-correlation between duration and
interarrival times of over threshold exceedances for the six different config-
urations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e),
and 2012 (f). Black identifies sites where overthreshold SSC events cannot be
modeled as a marked Poisson process (i.e. the KS test is not verified for the

interarrival time).
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Figure 3.11: Cross-correlation between intensity and interarrival times of overthreshold
SSC events. Spatial distribution of temporal cross-correlation between intensity
of peak-excesses and interarrival times of over threshold exceedances for the
six different configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c),
1932 (d), 1970 (e), and 2012 (f). Black identifies sites where overthreshold SSC
events cannot be modeled as a marked Poisson process (i.e. the KS test is not

verified for the interarrival time).
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Figure 3.12: Spatial probability density function of cross-correlation between interarrival
time, intensity and duration of SSC overthreshold events. Probability density
function (left) and mean value (mean + standard deviation, right) of cross-
correlation between intesity and duration p(e — d) (a), interarrival time and

duration p(t — d) (b) and interarrival time and intensity p(t — e) (c).
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Figure 3.13: Cross-correlation between interarrival times of overthreshold BSS and SSC
events. Spatial distribution of the cross-correlation between interarrival times
of overthreshold BSS and SSC exceedances for the six different configurations
of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e), and 2012
(f). Black identifies sites where overthreshold BSS and SSC events cannot be
modeled as a marked Poisson process (i.e. the KS test is not verified for the

interarrival time).
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Figure 3.14: Cross-correlation between intensities of overthreshold BSS and SSC events.
Spatial distribution of the cross-correlation between intesities of over threshold
exceedances BSS and SSC for the six different configurations of the Venice
Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e), and 2012 (f). Black
identifies sites where overthreshold BSS and SSC events cannot be modeled
as a marked Poisson process (i.e. the KS test is not verified for the interarrival

time).
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Figure 3.15: Cross-correlation between durations of overthreshold BSS and SSC events.
Spatial distribution of the cross-correlation between durations of over threshold
exceedances BSS and SSC for the six different configurations of the Venice
Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e), and 2012 (f). Black
identifies sites where overthreshold BSS and SSC events cannot be modeled
as a marked Poisson process (i.e. the KS test is not verified for the interarrival

time).






SPATIAL PATTERNS OF STORM-DRIVEN
SEDIMENTATION ON SALT MARSHES

This chapter is a manuscript ready to be submitted for publication
and its primary goal is to understand how spatial sedimentation pat-
terns on salt marshes are affected by tide and wind waves. Inorganic
sediment redistributed during flooding supports marsh vertical accre-
tion and, especially in sediment-starved systems, is mainly driven by
resuspension events on tidal flats, whose dynamics are markedly sto-
chastic as shown in Chapter 2 and 3. The non-linearity of suspended
sediment available for deposition over the marsh surface and the
relative importance of tidal flooding and wind waves during storm
surges and fair-weather conditions can importantly affect the spatial
pattern of salt-marsh sedimentation. Here we use sedimentation mea-
surements from different salt marshes of the Venice Lagoon to analyse
the relative importance of these different hydrodynamic processes
in affecting the spatial pattern of sedimentation. Moreover, by com-
paring topographic profiles of salt marshes in different tidal systems
worldwide, we show that marsh topography reveals the signature of
the different physical processes driving their vertical accretion.
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MARSH TOPOGRAPHY REVEALS THE SIGNATURE OF STORM-
DRIVEN SEDIMENTATION
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4.1 ABSTRACT

Salt marshes are precious tidal landforms threatened by drown-
ing due to increasing sea levels. Sediment settling during repeated
tflooding contributes to vertical accretion, offsetting relative eleva-
tion loss. Tidal flooding is commonly depicted as the main sediment
supplier to marsh platforms. However, storm surges and waves may
deeply impact tidal flow conditions and sediment reworking, thus
raising questions on the relative contribution of these processes to
salt-marsh sediment supply. Here we show, through a 3-year-long
measurement record, that storm surges substantially sustain marsh
sediment budget and critically influence deposition patterns. Surge-
enhanced water levels promote wind-wave driven sediment fluxes
directly across the tidal flat-marsh transition, altering tidal sedimen-
tation patterns and, thus, affecting marsh topographic elevation and
morphology. By comparing sedimentation patterns and topographic
profiles, we show that the signature of tides, wind waves and storm
surges can be read in marsh topography, which we suggest therefore
as an easily detectable indicator of the physical processes driving
marsh vertical evolution. Our results challenge the conventional view
of salt-marsh sedimentation as an essentially tide-driven process and
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provide further insight into the relative importance of different sedi-
mentary processes, which is key to understanding the future of salt
marshes and indicating preservation and restoration strategies.

4.2 INTRODUCTION

Salt marshes rim low-lying, sheltered coastlines in extratropical
climate, occupying the transition zone between land and sea. This
border situation makes them simultaneously one of the most pro-
ductive and precarious ecosystems on Earth (Kirwan and Megonigal,
2013; Schuerch et al., 2018). Thus, the alarming loss of marshes under
increasing natural and human-induced pressures threatens numer-
ous benefits they provide, extending to carbon sequestration, water
quality enhancement, biodiversity conservation, wildlife habitat pro-
vision, and shoreline protection (Chmura et al., 2003; Barbier et al.,
2011; Kirwan and Mudd, 2012; Méller et al., 2014). Understanding sed-
imentation processes that counteract salt-marsh drowning is therefore
crucial to the preservation and restoration of these precious habitats
and the ecosystem services they provide.

As the marsh elevation acts as a topographic threshold (French
and Stoddart, 1992), only flooding allows for mineral sediment to be
deposited on the marsh. While tides control marsh inundation, wind-
waves control suspended sediment availability for sedimentation,
episodically reworking sediment on tidal flats by increasing bottom
shear stress (Fagherazzi and Wiberg, 2009; Carniello et al., 2011; A.
D’Alpaos et al., 2013; Green and Coco, 2014; Carniello et al., 2016).
The mutual combination of tidal oscillation and wind waves is deeply
affected by meteorological conditions, especially during storm surges,
when enhanced water levels are typically associated with strong
winds.

Tidal exchange via the channel and creek system has been tradi-
tionally considered the preferential mechanism (herein tide-driven)
for sediment supply and redistribution on salt marshes (Reed et al.,
1999; Friedrichs and Perry, 2001; Kirwan et al., 2010; Hughes, 2012).
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However, in salt marshes with a limited tidal exchange, prolonged
high water levels associated with storm surges can sustain sediment
accumulation, substantially affecting the marsh sediment budget
(Stumpf, 1983; Reed, 1989; Goodbred and Hine, 1995 and Chapter 5).
Beyond changing sedimentation rate and timing, storm surges may
also affect spatial depositional patterns, owing to the different sedi-
ment transport mechanisms involved. Enhanced storm-driven water
levels activate usually inaccessible flow paths, so that wind waves,
can propagate on the marshland via the tidal flat-marsh interface
(Moller et al., 2014). Following these occasional flow paths, sediment
exchange may also take place directly across the marsh edge from
the tidal flat (French and Stoddart, 1992; Davidson-Arnott et al., 2002;
Duvall et al., 2019; Schuerch et al., 2019), driven by the coupled action
of storm-induced flooding and waves (herein wave-driven).

Here we evaluate the relative importance of tide- and wave-driven
processes and their combination during storm surges and fair-weather
periods by analyzing short-term sedimentation data and topographic
profiles of salt marshes in the Venice Lagoon, Italy (Figure 4.1a and
Supporting Information), and we furthermore highlight their signa-
ture in the topography of other salt-marsh environments worldwide.

Due to the negligible marine and fluvial sediment input, the mor-
phological evolution of the Venice Lagoon, as in many other coastal
settings (Syvitski et al., 2005), is mainly controlled by the reworking
of sediment resuspended and transported by tidal currents and wind
waves (Figure 4.1a and Material and Methods). To assess the rela-
tive contribution of tide- and wave-driven processes to salt-marsh
sedimentation, we measured sediment accumulation at four sites
(SE, SE, CO and PA, Fig 4.1b-e). These sites include both marshes
facing channels, where tide contribution is expected to be preem-
inent, and marshes facing tidal flats, potentially more exposed to
wind-wave action. Sedimentation data were collected continuously
over a 3-year-long period from October 2018 to October 2021 with a
monthly frequency or immediately after severe storm-surge events
(see Material and Methods).
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While demonstrating that salt-marsh sediment accumulation is
essentially a storm-driven process, we show how local tide or wave
dominance can profoundly impact spatial sedimentary dynamics.
Assuming the existence of a relationship between form and physical
process, the signature of different land-shaping processes can be
read in marsh topographic profiles. Therefore, marsh topography
provides an easily detectable and broadly applicable indicator of
the mechanisms that control sediment supply and redistribution,
which is a crucial piece of information for protection and restoration

management policies.

4.3 RESULT AND DISCUSSION

Sediment accumulation measurements carried out in the Venice
Lagoon (Figure 4.1a and 4.2) reveal that the contribution of fair-
weather and storm-dominated periods to marsh accretion varies de-
pending on marsh topography and location. Overall, storm-driven
deposition accounts for 70% on average of the total sediment accumu-
lation (Figure 4.1f-q), despite the brief duration of storm-dominated
periods (Supporting Information, Table 4.1), highlighting the strong
temporal variability of the depositional processes. Among the differ-
ent sites, slightly lower, but still substantial, contributions of storm-
surge conditions are observed also in more sheltered areas, such as
the site SF4, facing a very shallow, small tidal flat (Figure 4.1i), and
the site PA, where salt marshes are less exposed to dominant winds
(especially PA1 and PA3, Figure 4.10 and q) and high-water levels are
attenuated due to the location in the innermost portion of the lagoon.

Although sedimentation is generally controlled by storm-surge
events, its spatial patterns differ on salt marshes facing channels or
tidal flats. Along channel-facing transects (i.e., SF1, SF2, and SF3),
sedimentation shows a rapidly decreasing trend with the distance
from the marsh margin (Figure 4.4a) with storm-dominated periods
providing between 73 and 90% of the total observed sedimentation
and mostly boosting accumulation on the margin (Figure 4.1f-h). Con-
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Figure 4.1: Sedimentation in the salt marshes of the Venice Lagoon, Italy. a, Location of
the study areas within the Venice Lagoon. Inset shows the wind statistics for
the period 2000-2019. Position of the transects within each study area: SF (b),
SE (c), CO (d), and PA (e). Orange squares indicate channel-facing transects;
white squares indicate transects facing tidal flats. Storm-dominated (purple) and
fair-weather (blue) relative contribution to sedimentation for each transect: SF1
(f), SF2 (g), SF3 (h), SF4 (i), SE1 (j), SE2 (k), CO1 (1), CO2 (m), CO3 (n), PA1
(o), PA2 (p), and PA3 (q). Pie-chart dimension represents the mean sediment
accumulation rate per unit area (in gm~2) per day) for the period October
2018-October 2021, numbers show the percentage of sedimentation related to
storm-dominated periods.
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versely, the spatial sedimentation pattern in marshes facing tidal flats
(i.e., SF4. SE, CO, and PA) generally shows maximum sedimentation
at inner marsh locations (Figure 4.4b), also in this case primarily due
to storm-surge contribution which range between 54 and 93% of the
total observed sedimentation (Figure 4.1i-q).

Enhanced sedimentation in preferential zones yields higher ele-
vations, thus sediment deposition patterns signs marsh topographic
profile (Figure 4.4a-b). Channel-facing marshes display the classical
levee profile, which is the signature of sedimentation that rapidly
diminishes away from the channel (Figure 4.4a, 4.2 and Support-
ing Information). By contrast, marshes facing tidal flats show more
gently sloping profiles, with no marked levees at the margin owing
to the more extensive sedimentation pattern (Figure 4.4b, 4.2 and
Supporting Information).

Different depositional patterns and, hence, morphologies docu-
mented on channel- and tidal flat-facing marshes arise from the dif-
ferent combinations of tide and wave-driven depositional processes.
Along channels, high tide overspills and propagates on the adjacent
marshes, where the halophytic vegetation dissipates flow energy and
favors a rapid sediment settling (Leonard and Luther, 1995; Nepf,
1999). Even during storm surges and with strong winds, waves can
hardly be directly generated across marsh-bordered channels due to
the limited fetch. Therefore, sediment transport on channel-facing
marshes is always primarily controlled by tidal exchange rather than
by wind waves. Thus, sedimentation peaks at the marsh margin and
declines toward the inner marsh, creating a levee-shaped profile.

Contrarily, on tidal flats, velocities generated by tidal currents
alone under fair-weather conditions are often insufficient to resus-
pend and transport sediment. Larger bottom shear stresses able to
rework tidal flat sediment are generated by wind waves (Carniello
etal., 2011; A. D’Alpaos et al., 2013) and typically are associated with
storm conditions, sustaining also higher water level. Enhanced wa-
ter levels during storm surges allow for resuspended sediment to
be directly delivered across the marsh edge by wind waves (Duvall
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Figure 4.4: Comparison between sedimentation and topographic profiles. Sedimentation
(in gm*Z, on the left axis) related to fair-weather conditions (blue) and storm-
dominated periods (purple), for transects facing channels (a) and facing tidal flats
(b). Box plots show median and quartiles, swarm plots show single values. y-axis
is in logarithmic scale. The relative elevation (elevation divided by the mean
profile elevation, on the right axes) is indicated by the black lines; gray shaded
areas show the interval between minimum and maximum values. Organic matter
content as percentage in weight for fair-weather conditions (blue) and storm
dominated periods (purple), for transect facing channels (c) and facing tidal flats
(g m_z). Measurement station position along transects (i.e., 2.5, 7.5, and 27.5 m)
is indicated by vertical lines.

et al., 2019; Lacy et al., 2020), causing an inland displacement of the
maximum accumulation zone rather than close to the margin (Fig-
ure 4.4b). The sedimentation processes affected by the more dynamic
action of wind waves result in gently sloped topographic profiles not
displaying a marked levee.

Besides inorganic sediments, plant productivity contributes to the
sedimentary fabric through the accumulation of refractory organic
particles from the aboveground biomass, in addition to root and rhi-
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zome tissue (Morris et al., 2016). Due to its low density, aboveground
litter can be easily mobilized also by the everyday tidal flow and
can accumulate during the ebb phase in the lowest portions of the
marsh drained by the inner creek system. As a result, organic matter
content is low at the margin and gradually increases toward the in-
ner portion of the marsh both for marshes facing channels and tidal
flats interface (Figure 4.4c-d, 4.3 and Supporting Information). Storm-
related deposits have a relatively greater inorganic content due to
higher resuspension of clastic sediment from tidal flats (A. D’Alpaos
et al., 2013; Carniello et al., 2016) and therefore it contributes to a
greater long-term accretion owing to the lower decomposition and
compressibility (Morris et al., 2016). As a result of the notably greater
sedimentation and lower organic matter content, the marsh topo-
graphic profiles closely resemble the spatial sedimentation patterns
of storm-dominated periods both on marshes facing channels and
tidal flats.

The dichotomy between levee-shaped and gently-sloped marsh
margins is a recurrent feature across different tidal ranges worldwide,
so that we suggest marsh topography to represent an easily detectable,
but simultaneously broadly applicable, indicator of land-forming
processes that drive salt-marsh morphological evolution. To prove the
consistency of this indicator, we considered both channel and tidal-flat
facing marsh profiles in five coastal transitional systems with different
tidal ranges (Figure 4.5). The Virginia Coastal Reserve (Figure 4.6),
located on the Atlantic coast of the Delmarva Peninsula, USA, is a
microtidal system, with a spring tidal range of 1.2 m (Mariotti et al.,
2010b). San Pablo Bay (Figure 4.7) is located in the northern part of
San Francisco Bay, on the Pacific coast of the USA, where the spring
tidal range is about 2.5 m (Lacy et al., 2020). In the open-coast marshes
fringing the Dengie Peninsula (Figure 4.8) and the Wash (Figure 4.9)
(UK), the spring tidal range is 4.8 m and 6.5 m, respectively (Evans
et al., 2019; Schuerch et al., 2019). Finally, marshes in the Cobequid
Bay (Figure 4.10) are located at the head of the Bay of Fundy, on the
Atlantic coast of Canada, where the spring tidal range can exceed 12
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m (Davidson-Arnott et al., 2002).

Consistently with the topographic profiles detected in the Venice
lagoon, in all the above tidal systems, regardless of the tidal range,
marshes along channel borders show a cliff margin with a levee,
which is diagnostic of the sediment flux controlled by the gradual
tidal flooding. Contrarily, a higher dissipative margin characterized
by a more extensive, gently-sloped ramp (Evans et al., 2019) character-
izes marshes facing tidal flats, where wave-driven transport becomes
more important. As the tidal range increases, the levee at the marsh-
channel interface becomes less pronounced (Figure 4.5a-e), because
higher tidal excursions generate stronger currents that can propagate
inland with higher velocities, thus distributing sediment along longer
paths rather than close to the marsh margin. Similarly, the gently-
sloped profiles characterizing microtidal marsh margins facing tidal
flats display a decreasing slope gradient as the tidal range increases
(Figure 4.5f-j). During normal spring high tide, because the water
depth over the marsh in macrotidal system is notably higher than
in microtidal ones, vegetation-induced attenuation offered becomes
less effective (Davidson-Arnott et al., 2002), allowing the sediment
flux to propagate further landward and contribute to more extensive
sedimentation than in microtidal systems.

In conclusion, the high temporal and spatial sedimentation vari-
ability suggests that the common depiction of sedimentation on salt
marshes as a processes mainly driven by tidal flooding and concen-
trated close to the marsh margin is somewhat incomplete because it
neglects the relative contribution of storm-driven sediment supply.
Marsh topography provides undeniable evidence of the relative im-
portance of these different land-forming processes that control the
spatial sedimentation pattern over salt marshes.
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4.4 MATERIAL AND METHODS

4.4.1  Geomorphological setting

The Venice Lagoon, Italy, formed over the last 7500 years and is the
largest Mediterranean brackish semi-enclosed basin extending over
an area of about 550 km? (Figure 4.1a). Owing to the tidal exchange
with the Adriatic Sea through the three inlets (Lido, Malamocco and
Chioggia), the Lagoon has a semidiurnal microtidal regime, with a
spring tidal range of about 1 m (A. D’Alpaos et al., 2013). The Venice
Lagoon is also highly influenced by meteorological forcings, such as
severe storm surges (up to 2 m) driven by the southeasterly Sirocco
wind blowing along the Adriatic Sea and relatively large wind waves
(> 1 m) and wind setup generated by the northeasterly Bora wind
within the Lagoon, due to its NE-SW elongated shape (Carniello et al.,
2011). Wind waves enhance sediment resuspension and, thus, the
erosion of tidal flats, whose deepening, in turn, favours larger waves
and higher bottom shear stresses (A. D’Alpaos et al., 2013; Carniello et
al.,, 2016), triggering positive feedback. The artificial diversion of the
major rivers between the 15" and 17 centuries stopped any fluvial
sediment input from the inland watershed and the construction of
jetties at the three inlets between 1872 and 1934 hindered almost any
marine source of sediment, worsening the lagoon sediment-starved
condition (Carniello et al., 2012).

To measure spatial dynamics of sediment accumulation on salt
marshes, we selected 12 margin-perpendicular transects each made
up of three aligned measurement stations at increasing distance from
the marsh edge (i.e., 2.5, 7.5 and 27.5 m) and grouped in four study
sites: San Felice (SF, 4 transects, 12 stations, Figure 4.1b), Sant’Erasmo
(SE, 2 transects, 6 stations, Figure 4.1c), and Pagliaga (PA, 3 transects,
9 stations, Figure 4.1e) in the northern Lagoon, and Conche (CO, 3
transects, 9 stations, Figure 4.1d) in the southern Lagoon. In the SF salt
marsh, we deployed three transects (SF1, SF2 and SF3, Figure 4.1f-h)
on the southern edge, bordered by one of the main channels cutting
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through the northern lagoon, and one (SF4, Figure 4.1i) facing the
relatively small tidal flat on the northeastern edge. The SE marsh
is close to the Sant’Erasmo island, and both transects (SE1 and SE2,
Figure 4.1j-k) northeasterly faces a shallow tidal flat. The PA (Fig-
ure 4.10-q) salt marsh sits between two tidal flats, thus PA1 and PA2
face the northeastern one and PA3 the southern one. The CO salt
marsh rims the mainland and northeasterly faces toward the wide
subtidal flat that occupies the central-southern Venice Lagoon so that
all transects (CO1, CO2 and CO3, Figure 4.11-n) are exposed to wind
waves generated by the northeasterly Bora wind.

Measurement stations were surveyed with a total station Wild
T2002 with a precision of £0.01 m. The elevation was referred to the
Italian Geographic Military Institute (IGM) reference datum.

4.4.2 Storm-dominated period classification

Using water level and wind conditions measured close to each
study area by the monitoring network of the Italian Institute for
Environmental Protection and Research (ISPRA), we classify the cli-
matology of each observation period. After computing Mean Higher
High Water (MHHW) as the arithmetic mean of the higher high water
level over a specific 19-year cycle, we define periods for which the
measured water level is above MHHW for more than the average
over 19 years as “storm-dominated”. We implicitly account for the
different effects contributing to surges (i.e., wind and barometric pres-
sure) by using measured water levels. More details can be found in
Methods section of Chapter 5.

4.4.3 Sediment sampling and analysis

Two circular sediment traps (diameter 0.18 m) in each station were
deployed to sample sediment accumulation on salt marshes with a
monthly frequency or immediately after severe storm-surge events,
consistently with sediment trap temporal resolution (i.e., from weekly
to monthly sampling frequency) (Temmerman et al., 2003; Nolte et al.,
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2013). From October 2018 to October 2021 we collected and analyzed
n = 2628 samples.

Sediment accumulation was determined by rinsing samples with
deionized water and oven-drying them at 40°C for 48 hours or till
no change in weight occurs. Organic matter content was estimated
as the difference in weight after Loss-on-Ignition (LOI) treatment,

combusting 2 g of crumbled sediment in a muffle furnace at 375°C
for 16 hours (Ball, 1964; Roner et al., 2016).

4.4-4 Topographic profiles

The five salt-marsh systems of the Virginia Coastal Reserve (US),
San Pablo Bay (US), Dengie Peninsula (UK), the Wash (UK), and the
Bay of Fundy (CA) are selected to cover different tidal ranges world-
wide, where LiDAR surveys with a resolution of 1 m are available. In
each study area, 10 locations facing channels and 10 locations facing
tidal flats were selected. At each location of both marsh types, a first
profile perpendicular to the marsh margin, identified as the transition
between vegetated and unvegetated area, was chosen and it was then
replicated with 10 parallel, equally-spaced profiles. The average eleva-
tion profile was then obtained as the mean of the 10 parallel profiles,
to avoid being influences by local heterogeneities. To highlight the
shape of the profile, its relative elevation was calculated by making
the marsh topographic profile dimensionless with its mean elevation.
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4.5 SUPPORTING INFORMATION

Virginia Coastal
Reserve (USA) ®
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Figure 4.6: Virginia Coastal Reserve, USA. Position of the selected channel-facing (orange)
and tidal-flat facing (orange) transects in the Virginia Coastal Reserve marshes.
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San Pablo
® Bay (USA)

San Francisco

Figure 4.7: San Pablo Bay, USA. Position of the selected channel-facing (orange) and tidal-
flat facing (orange) transects in the San Pablo Bay marshes.
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Dengie Peninsula
(UK) @

Figure 4.8: Dengie Peninsula, UK. Position of the selected channel-facing (orange) and
tidal-flat facing (orange) transects in the Dengie Peninsula marshes.
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The Wash®
(UK)

Figure 4.9: The Wash, USA. Position of the selected channel-facing (orange) and tidal-flat
facing (orange) transects in the Wash marshes.
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Bay of Fundy
(CA) @

Figure 4.10: Bay of Fundy, USA. Position of the selected channel-facing (orange) and tidal-
flat facing (orange) transects in the Bay of Fundy marshes.
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EFFECTS OF STORM-SURGE BARRIERS ON
SALT-MARSH ACCRETION

This chapter is a manuscript published in Nature Geoscience (Tognin
et al., 2021) and further analyses the intrinsic variability of the sedi-
mentation processes and its implications on the future of salt marshes
within artificially flood-regulated shallow tidal embayments. Firstly,
we focus on the temporal variations of salt-marsh sedimentation
analysing measurements carried out in the Venice Lagoon to unravel
the relative contribution of storm surges and fair-weather periods
to salt-marsh sediment accumulation. We further assess the impacts
of storm-surge barriers on salt-marsh sedimentation and, hence, on
their resilience to increasing rates of sea-level rise.

111
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MARSH RESILIENCE TO SEA-LEVEL RISE REDUCED BY
STORM SURGE BARRIERS IN THE VENICE LAGOON
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5.1 ABSTRACT

Salt marshes are important coastal habitats and provide ecosystem
services to surrounding communities. They are, however, threatened
by accelerating sea-level rise and sediment deprivation due to human
activity within upstream catchments, which result in their drowning
and a reduction in their extent. Rising seas are also leading to an
expansion of coastal flooding protection infrastructures, which might
also represent another serious if poorly understood threat to salt
marshes due to effects on the resuspension and accumulation of
sediment during storms. Here, we use observations from the Venice
Lagoon (Italy), a back-barrier system with no fluvial sediment input
recently protected by storm-surge barriers, to show that most of the
salt-marsh sedimentation - more than 70% in this case - occurs due to
sediment reworking during storm surges. We also prove that the large,
yet episodic, storm-driven sediment supply is seriously reduced by
operations of storm-surge barriers, revealing a critical competition
between the objectives of coastal flooding protection and natural
ecosystems preservation. Without complementary interventions and
management policies that reduce barrier activations, the survival of

coastal wetlands is even more uncertain.
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5.2 INTRODUCTION

Coastal wetlands represent some of the most valuable and vulner-
able ecosystems globally. They mitigate coastal flooding by buffering
storm surges, mediate nutrient and pollutant fluxes, uptake atmo-
spheric carbon, and constitute a sanctuary for endangered species
(Costanza et al., 1997; Chmura et al., 2003; Barbier et al., 2011; Kirwan
and Mudd, 2012; Moller et al., 2014). Increasing rates of sea-level
rise, together with reduced fluvial sediment delivery to the coasts
(Syvitski et al., 2005) and increasing anthropogenic pressures, are
questioning the very survival of coastal wetlands at the global scale
(Marani et al., 2010; A. D’Alpaos et al., 2011; Kirwan and Megonigal,
2013; Schuerch et al., 2018; FitzGerald and Hughes, 2019), worsening
drowning (Reed, 1995; Morris et al., 2002; Carniello et al., 2009) and
lateral erosion mechanisms (Marani et al., 2011; Mariotti and Fagher-
azzi, 2013; Mariotti and Carr, 2014; Tommasini et al., 2019; Finotello
et al., 2020b). Although these processes are mediated by feedbacks
between geomorphology and organic production (Morris et al., 2002;
Marani et al., 2007; Fagherazzi et al., 2012; Kirwan and Megonigal,
2013; Marani et al., 2013), the key component to both vertical and
lateral accretion/erosion dynamics is minerogenic sediment supply
from upland, interior, and oceanic sources, driven by wind waves
and tidal currents and distributed during wetland flooding (Mariotti
and Fagherazzi, 2013; Carniello et al., 2014; Green and Coco, 2014).

Hence, by increasing wave resuspension and promoting flooding
by sediment-laden waters, storm surges may represent an impor-
tant geomorphic driver of salt-marsh evolution. Although they were
found to contribute only marginally to marsh lateral erosion in the
long term (Leonardi et al., 2018), it is still unclear whether storm
surges play a major role in vertical accretionary dynamics of salt mar-
shes in extratropical areas (Reed, 1995; Castagno et al., 2018; Goodwin
and Mudd, 2019), unaffected by the influence of tropical cyclones
mobilizing large amounts of sediment (Cahoon et al., 1995; Tweel and
Turner, 2014; Du et al., 2019).
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Far less understood are the potential effects of coastal flooding
protection infrastructures on the resilience of coastal environments
(Gedan et al., 2009; Temmerman et al., 2013; Rodriguez et al., 2017;
Sandi et al., 2018; Silvestri et al., 2018). The large share of the global
population living near the coast and the presence of some of the
largest and socio-economically important cities in many estuaries and
deltas are making the adoption of storm-surge barriers increasingly
more common (Mooyaart and Jonkman, 2017). Important examples
include barriers that have already been completed, such as those in
the river Scheldt Estuary (The Netherlands), St. Petersburg (Russia),
the river Thames (UK), New Orleans (USA), and Venice (Italy), and
others that are being proposed or planned, such as those in Shanghai
(China) and Galveston Bay (USA). The operation of movable gates
under storm-surge conditions, particularly in view of increased sea
level in the medium and long term, could lower sediment supply to
coastal wetlands, by reducing wetland flooding duration and water
depth. An important question, that still awaits a quantitative answer,
is whether such a reduction will significantly affect the resilience of
coastal wetlands and whether the safeguarding of coastal cities world-
wide is in contrast with the preservation of the natural environments
around them.

Here, through observations and modelling in the Venice Lagoon
(Italy), but with wide implications for similar coastal systems world-
wide, we find that storm surges are essential suppliers of sediment to
the marshes and, consequently, storm-surge barrier operations seri-
ously affect sediment accumulation on the marsh platforms. Hence,
the reduction of water levels associated with flood barriers is likely
to be a leading morphodynamic factor in many coastal transitional
areas in the present century. Our results point to a fundamental diver-
gence of the conservation needs of the built and the natural coastal
environments, which compete for the same “short blanket”, and high-
light that “engineered” wetland environments are more fragile than
previously thought.



5.3. RESULTS 115

5.3 RESULTS

5.3.1  Sedimentation dynamics in the Venice Lagoon

The Venice Lagoon is a shallow tidal basin characterized by negli-
gible riverine and marine sediment inputs. Therefore, its morpholog-
ical evolution is primarily driven by the redistribution of sediment
resuspended from within the lagoon (Figure 5.1a-c and Methods).
In October 2020 the storm-surge barriers known as Mo.S.E. system
(Eprim, 2005) (the Italian acronym for Experimental Electromechanical
Module), designed to stop increasingly frequent city flooding by tem-
porarily closing the lagoon inlets, became operational. By reducing
water levels within the lagoon, the operation of the flood barriers is
likely to affect the redistribution of reworked sediment which cru-
cially contributes to marsh accretion.

We measured sediment accumulation at three different salt-marsh
sites with monthly frequency or immediately after significant storm-
surge events for a total of n = 1446 samples from October 2018 to
January 2021, thus including both non-regulated conditions and 15
closures of the flood barriers that occurred between October 2020 and
January 2021. Site-averaged sediment accumulation varies between
0 and 5500 g m~2 and the maximum observed sedimentation rate is
155gm~2d ! (Figure 5.1d-f). The variability in sedimentation rate,
extending for more than two orders of magnitude, signals the impor-
tance of pulsing events, such as intense storm surges, in conveying
sediment over salt marshes. Under fair-weather conditions, sedimen-
tation rates barely reach 20 gm~2d~! and are largely constituted by
halophytes’ organic production, representing up to 40% in weight of
the sediment deposited in summer and early autumn (Morris et al.,
2002; Kirwan and Megonigal, 2013; Marani et al., 2013; Morris et al.,
2016) (Figure 5.2). During storm surges, on the contrary, the organic
contribution to overall soil accumulation decreases to around 10%
(Figure 5.2). This characteristic behaviour confirms that, especially in
microtidal coastal wetlands, everyday tidal inundation hardly pro-
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vides sediment necessary for marsh survival and only storm surges
can mobilize sand and silt from the adjacent tidal flats and deliver
them onto the salt-marsh surface (Stumpf, 1983; Cahoon et al., 1995;
Reed, 1995). The signature of such severe storm surges appears in the
sedimentary record as sub-millimetric sandy laminae interbedded
within muddy deposits, generated by the settling around periodic
high-water slack and supported by organic production (Roner et al.,
2017). Sediment accumulation measured from October 2020 to Jan-
uary 2021, under flood-regulated conditions, is much lower than that
observed in the corresponding months of the previous two years
(Figure 5.1d-f).

Based on deposition measurements in non-regulated conditions
and concurrent water-level and meteorological observations (see
Methods), we find that storm-driven contribution accounts for more
than 70% of the yearly total sediment accumulation on the marsh sur-
face (Figure 5.3a), even though just 25% of the observational period
is storm-dominated (Figure 5.3b and 5.9). Hence, sediment accumu-
lation on salt marshes is supplied by intense, episodic storm surges,
rather than the mild, rhythmic tidal flooding, also in extratropical
areas, where extreme meteorological phenomena such as tropical
cyclones are absent.

5.3.2 Relationship with geomorphological drivers

Sediment deposition is often related to the duration, intensity or
frequency of marsh inundation (French and Spencer, 1993; J. R. L.
Allen, 1995; Morris et al., 2002). To outline this dependence, we ex-
plore here a relationship between sedimentation rate and Mean Inun-
dation Depth (MID), which is the mean water depth over the marsh
during the observation period. This relationship is conceptually jus-
tified, representing MID a natural proxy for sediment contained in
the water column during wetland flooding (Methods). We find the
sedimentation rate to increase exponentially with MID, similar to
previous findings in macrotidal systems (Temmerman et al., 2003)
(Figure 5.4a).
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Figure 5.3: Storm-related sedimentation. a,b, Percentage of sedimentation (a) and per-
centage of time (b) related to storm-dominated periods and to fair-weather
conditions. Categories refer to the study areas (SF, SE and CO) and their mean;
subscripts indicate the beginning of the grouping period: O18, from October
2018 to October 2019, O19 from October 2019 to October 2020.

The empirical exponential model captures deposition dependence
on MID both under storm and fair-weather conditions, as an expo-
nential regression on storm data only does not significantly differ
from the global one (Figure 5.4b). Data scatter around the exponen-
tial model is somewhat more relevant for fair-weather observations,
especially for summer, when organic sediment accounts for a greater
proportion of accumulation, which is thus less tightly related to MID
(Figure 5.2). However, the contribution to the global accumulation
of largely organic material associated with fair-weather conditions
is generally much smaller (up to two orders of magnitude smaller)
than that occurring during storm-dominated periods so that the effect
of this uncertainty under fair-weather conditions is deemed negli-
gible. Moreover, the empirical model calibrated with data collected
under non-regulated conditions well represents also sedimentation



120 5. EFFECTS OF STORM-SURGE BARRIERS ON SALT-MARSH ACCRETION

a SR: Sedimentation rate; MID: Mean inundation depth c
SR = (1.95+0.56) e(14-98+1.16) MID SF
102 \ e e 10? C)
R2=0.71, MAE = 8.63 g m?2 d"!, p << 0.001 °® [Cel)
[}
100t © S
e o0°
® o SR = (3.39:+ 1.59) g(12:87+2.10) MID
o R2=0.69, MAE = 9.73 g m2 d-!, p << 0.001
-2
00 005 01 015 02 025 03
=10'E ° o d
5 ) < SE
= o < 102
° ] &Q °
©
d Q 2
5 °© % 102 £ o0
it o = S
s ° °o o > s SR = (0.09::0.05) ¢(?5.95+212)MID
2., o o 3 10! g R2 = 0.96, MAE = 3.79 g m2 d!, p << 0.001
» 10°F 2 B 402
© 2 8100 005 01 015 02 025 03
S -
O c L \
S (@) e
2 100 , co
E SR = (2.98+1.87) e(13:35+2.54) MID 10 °
o
2 R2 = 0.58, MAE = 19.46 g m2 d"!, p << 0.001 @) @
Q®0
107 o
4 @ storm-dominated 10 © 14.3042.56) MID
107F | O fair weather 0 o1 02 03 SR = (3.40+1.53) e(14:30+2.56)
@ flood-barrier closure Mean inundation depth (m) R2 = 0.64, MAE = 7.68 g m2 d, p << 0.001
1 1 1 10-2

1 1
0.15 0.25

Mean inundation depth (m)

1
0.05 0.1 0.2 0 005 01 015 02

Mean inundation depth (m)
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tial relationship between sedimentation rate (SR) and MID for Venice Lagoon.
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bootstrap technique (Methods), showing 95% CI (shaded areas), R?, mean abso-
lute error (MAE) and p-value. Yellow circles represent data from flood-regulated
periods. All y axes are on a logarithmic scale.

rates measured when the inlets are closed (yellow dots in Figure 5.4),
confirming that the model can be applied to both non-regulated and
flood-regulated scenarios. Finally, marsh-specific models are also fit-
ted to gauge the influence of spatially variable factors and to better
reproduce local sediment transport processes (Figure 5.4c-e). Overall,
local exponential models show modest deviations from the global
one (Methods).

The exponential nature of the relationship between sedimentation
rate and MID highlights the non-linear effect of intense pulsing events,
due to the simultaneous increase in both water levels and suspended
sediment concentrations associated with storm-surge conditions (A.

025 03
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D’Alpaos et al., 2013; Carniello et al., 2016). In turn, the non-linearly
large contribution of storm-driven accumulation, in spite of the brief
duration of storm-dominated vs. non-storm conditions, points to their
crucial contribution to marsh ability to withstand increased rates of
sea-level rise and the potentially significant effects of its reduction
associated with the operation of storm-surge barriers.

5.3-3 The effect of storm-surge barrier operation

The operation of storm-surge barriers, by design, aims to reduce
water levels in a tidal basin below a prescribed safety threshold,
thereby affecting the wetland flooding (i.e., MID value) and, hence,
sediment accumulation on marshes (Figure 5.5a and b).

Here we quantify the effects of operating the storm-surge barrier
system built to protect the city of Venice on the ability of marshes
to keep up with a rising sea level. The Mo.S.E. system is designed
to close the three inlets connecting the Venice Lagoon to the Adri-
atic Sea when the level of the latter is expected to exceed about 80
cm above the current mean sea level (the official activation level
is 110 cm above the traditional datum of Punta della Salute, now
approximately 30 cm below mean sea level) to prevent widespread
flooding of the city (Eprim, 2005). We first compute water levels in
the lagoon together with the corresponding MID as they would have
been modified by Mo.S.E. operations during the observational period
using a numerical hydrodynamic model (Carniello et al., 2011; Mel
et al., 2019) (Methods and Supporting Information). We then apply
the site-specific exponential relationships (Figure 5.4c-e) to calculate
the modified sediment accumulation and vertical accretion rate at our
study sites (Figure 5.6, 5.10 and 5.11). In the flood-regulated scenario,
high water levels are capped by the closing of the Mo.S.E. system
only for about 70 hours/year (namely 40 hours between October 2018
and October 2019, and 100 hours between October 2019 and Octo-
ber 2020): surprisingly, such a temporally limited reduction in water
levels suffices to reduce the yearly sediment accumulation by more
than 25% on average (Figure 5.6b and 5.12). This occurs because MID,
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Figure 5.5: Changes of the physical processes driving sedimentation in the flood-
regulated scenario. a,b, Sediment dynamics in a non-regulated (a) and flood-

regulated (b) system.

and hence sediment delivery to the marshes, is much reduced by
the barrier operations. The monitored salt marshes accreted at a rate
of 3.7 mm/year on average (SF at 5.1 mm/year, SE at 2.1 mm/year,
and CO at 3.9 mm/year) and the drop in sediment supply due to
barrier closures translates, independently on the study area, into a
1.1 mm/year reduction (Figure 5.6a), which is about 45% of the rela-
tive sea-level rise rate experienced by the Venice Lagoon in the 20t
century (2.5 mm/year) (Carbognin et al., 2004). Comparable absolute
reduction of sedimentation among study areas suggests that flood
regulation will have a more severe impact on marshes with lower
sediment supply (Supporting Information).

We conclude that storm-surge barriers can heavily hinder sedi-
ment accumulation on coastal wetlands, thus increasing the fragility
of their already precarious equilibrium and exacerbating the adverse
effects of sea-level rise on their survival. While the analysis is per-
formed on the specific Venice case, the outcomes have far-reaching
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Figure 5.6: Accretion and sediment accumulation on the salt marshes in the flood-
regulated scenario. a,b,, Change in accretion (a) and sediment accumulation
(b) between the non-regulated (teal bars) and regulated scenario (yellow bars).
Categories refer to the study areas (SF, SE and CO) or their mean. Subscripts in-
dicate the beginning of the grouping period: O18, from October 2018 to October
2019, 019, from October 2019 to October 2020. Percentages indicate the relative

change in the flood-regulated scenario with respect to the non-regulated one.

implications. In many coastal environments, with a small to negli-
gible sediment supply from inland watersheds (Syvitski et al., 2005;
Kirwan et al., 2011), marsh inorganic sediment deposition is largely
controlled by settling of sediment resuspended from within the sys-
tems, especially by storm surges (Reed, 1995; FitzGerald and Hughes,
2019; Goodwin and Mudd, 2019) (Figure 5.5a). Hence, the reduction
of water levels, associated with conventional engineering solutions
planned to protect many coastal cities worldwide (Mooyaart and
Jonkman, 2017), will change hydrodynamics and sediment transport
in the nearby transitional areas. In particular, flood regulation will
affect the upper intertidal zone, where only few surge events cause
flooding and supply the sediment needed for marshes to offset in-
creasing sea levels (Figure 5.5b).

The objectives of the conservation of the natural environment are
thus in contrast with those of the protection of the built environment,
revealing that the blanket is indeed short. The quantification of the
negative environmental effects of storm-surge barriers offers the cue
and the tools to reconcile these competing needs. This contrast can be
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for example mitigated by

i. coordinating complementary, diffuse measures and optimal op-
eration strategies that enable barriers to be closed at higher ac-
tivation thresholds (an activation threshold 20 cm higher limits
the reduction in sedimentation to 10%, Figure 5.13);

ii. diversifying protection interventions for each marsh depending
on the local impact of flood regulation on sedimentation;

iii. naturally or artificially increasing the sediment supply to coastal
systems, e.g., in the case of Venice, diverting back the rivers once
flowing into the lagoon.

In lack of coastal protection approaches that are inclusive of en-
vironmental conservation objectives, the reduction of storm-driven
sedimentation associated with the numerous storm-surge barriers
planned and being built around the world will result in an accelerated
and more extended demise of the global coastal wetland area.

5.4 METHODS

5.4.1 Geomorphological setting

The Venice Lagoon, located along the north-eastern coast of Italy
and connected with the Adriatic Sea through three inlets (Lido, Malam-
occo and Chioggia), is the largest lagoon of the Mediterranean basin,
with an area of about 550 km? (Figure 5.1a,b). It is characterized by
a mean water depth, excluding channels, of about 1.5 m and by a
semidiurnal, microtidal regime, with a maximum tidal range of about
1.5 m (Defina et al., 2007; A. D’Alpaos et al., 2013). Due to its loca-
tion, the Venice Lagoon can experience severe storm surges, mainly
driven by the southeasterly Sirocco wind causing an increased water
level at the north end of the Adriatic Sea (Figure 5.1c). Because of its
elongated shape in the NE-SW direction, relatively large wind waves
(> 1 m), as well as a relevant wind setup, can be generated in the
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central-southern basin of the Venice Lagoon by northeasterly Bora
winds (Carniello et al., 2011; Mel et al., 2019) (Figure 5.1c).

Human interventions have been influencing hydrodynamic and
sediment transport processes within the Venice Lagoon for centuries.
All the major rivers flowing into the lagoon were diverted between the
15% and 17t century to prevent channel infilling and preserve naviga-
tion. This triggered a sediment-starved condition, further worsened
by the construction of the jetties at the three inlets between 1872 and
1934, which hindered sediment flux from the sea and promoted sedi-
ment export (Tommasini et al., 2019). Hence, nowadays, the external
fluvial and marine sources of sediment are negligible and hydrody-
namic processes, such as tidal currents, wind waves and storm surges,
mainly rework and redistribute intra-lagoonal sediments, as in many
coastal transitional areas worldwide (Syvitski et al., 2005; Kirwan and
Megonigal, 2013).

We established 27 permanent measurement stations grouped into
three study sites: San Felice (SF, 12 stations), Sant’Erasmo (SE, 6 sta-
tions) and Conche (CO, 9 stations) salt marshes (Figure 5.1b). The SF
salt marsh is close to the Lido inlet, directly facing one of the main
channels dissecting the northern lagoon. The SE salt marsh is still
in the northern lagoon adjacent to a shallow tidal flat and sheltered
from the Lido inlet by the Sant’Erasmo island. The CO salt marsh is
located in the southern lagoon and, thus, it is the most exposed to the
action of the wind waves produced by Bora wind events.

Measurement stations are selected in order to be representative of
the marsh study area and to cover its ecogeomorphic variability, con-
sidering different elevations, distances from the source of sediment,
exposure to the dominant winds, and vegetation patterns. Once in-
stalled, the position of each station was surveyed with a total station
Wild T2002 and its elevation was referred to the Italian Geographic
Military Institute (IGM) reference datum.
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5.4.2 Sediment sampling and analysis

Sediment accumulation is sampled at each station with two cir-
cular plastic sediment traps (diameter 0.18 m) designed to measure
sediment accumulation with weekly to monthly time resolutions
(Temmerman et al., 2003; Thomas and Ridd, 2004; Nolte et al., 2013).
Sediment traps were fixed to the marsh surface using two steel claws.
The sediment in the traps is collected with an approximate monthly
frequency or immediately after a significant storm-surge event. From
October 2018 to January 2021, we collected n = 1446 samples. Mea-
surement stations are also equipped with a kaolinite horizon marker
(diameter 0.20 m) cored yearly to measure vertical accretion rate, as
an independent check (Nolte et al., 2013; Morris et al., 2016).

Once in the laboratory, sediment is rinsed with deionised water,
oven-dried at 40°C for 48 hours or till no change in weight occurs and
weighed to determine sediment accumulation. We estimated organic
matter content with Loss-on-Ignition (LOI) procedure, crumbling 2 g
of sediment in a ceramic mortar and combusting it in a muffle furnace
at 375°C for 16 hours (Ball, 1964; Roner et al., 2016). The difference
in weight between pre- and post-treatment provides organic matter
content, as a percentage in weight.

Dividing sediment accumulation by bulk density, we can calculate
vertical accretion (Morris et al., 2016). Bulk density can be estimated
assuming porosity p = 0.4, mineral and organic sediment density
equal to p; = 2400 kgm > and p, = 1200 kg m >, respectively (Craft
etal., 1993; Roner et al., 2016) and knowing inorganic sediment and or-
ganic matter percentage from LOI analysis. Accretion rates computed
from sediment accumulation agree with kaolinite marker measure-
ments, confirming that the adopted sediment traps offer a reliable
measure of sedimentation (Figure 5.8).

5.4.3 Storm-dominated period classification

Water level and weather conditions at each study site were mea-
sured by three stations of the monitoring network of the Italian In-
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stitute for Environmental Protection and Research (ISPRA) and are
used to classify the tidal forcing and climatology of each observa-
tion period. Storm-surge conditions can qualitatively be detected
considering the positive peaks in the meteorological contribution,
computed subtracting the astronomical tide component from the
measured water level (Figure 5.7a). However, a quantitative crite-
rion is adopted herein. First, Mean Higher High Water (MHHW),
which is defined as the arithmetic mean of the higher high water
heights of the tide observed over a specific 19-year Metonic cycle,
is computed. Storm-dominated periods are defined as observation
periods in which measured water level remains above MHHW for
more time than the average computed over the 19-years climatology
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(Figure 5.7b-c). Using measured water levels, we implicitly account
for the effect of wind and barometric pressure on generating storm
surges.

The relative importance of sediment accumulation associated with
storm surges clearly emerges when it is compared to the yearly total
accumulation and we also considered different one-year-long periods,
to avoid seasonal dependency (O18: October 2018 — October 2019, J19:
January 2019-January 2020 and O19: October 2019 — October 2020,
Figure 5.9).

5.4.4 Sedimentation-tide relationship

We investigated the relationship between sedimentation rate and
water level considering different synthetic features of the tidal forcing,
such as inundation intensity, time, and frequency for each observation
period. We finally selected the Mean Inundation Depth (MID) as the
most significant feature correlating with the sedimentation rate. MID
is equal to the mean water depth that floods each station on the
salt marsh and, implicitly, accounts for inundation intensity changes
during the considered period, inherently related to the combined
effect of astronomical and meteorological contribution. Sampling
campaigns were planned to have hydrodynamic and meteorological
conditions as uniform as possible within the same observation period,
thus making MID representative of the water level time series. MID
is negligibly affected by the different duration of periods when the
latter is consistent with sediment trap temporal resolution, i.e., from
weekly to monthly duration (Thomas and Ridd, 2004; Nolte et al.,
2013).

The sedimentation rate exponentially increases with increasing
MID. The exponential model is validated with a repeated 10-fold
cross-validation scheme, confirming that model validity does not
depend on the test set (see Table 5.1). Parameters are calibrated with
a standard bootstrap resampling technique (see Table 5.2). The inter-
cept of the exponential relationship can be interpreted as the typical
organic matter accumulations when tidal forcing becomes negligible
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(Figure 5.2 and parameter a in Table 5.2).

Even though the considered marshes are differently exposed to
the action of wind waves and tide, marsh-specific exponential mod-
els only slightly differ from one another (Figure 5.4). Wind waves
can directly advect sediment onto marshes facing tidal flats, where
resuspension occurs, or enhance suspended load subsequently re-
distributed by tidal currents also in different areas. However, both
mechanisms result in increasing accumulation only if the marsh is
flooded. Enhanced water levels are typically associated with high
wind velocities, especially during storm surges. Therefore, relating
sedimentation rate to MID, i.e., to measured water levels, and not just
to the astronomical tide, implicitly encompasses the combined effect
of wind-wave resuspension during storm surges and tidal-current
redistribution.

5.4.5 Numerical simulations for the flood-requlated and non-requlated

scenarios

Water levels for regulated and non-regulated scenarios are com-
puted with a two-dimensional, finite-element model able to reproduce
hydrodynamic processes in shallow water estuaries and lagoons (Car-
niello et al., 2011) (Supporting Information). In the flood-regulated
scenario, the barriers at the inlets are raised whenever the maximum
water level exceeds the safety threshold of 80 cm above mean sea
level, to preserve all the lagoonal urban settlements from flooding
(Mel et al., 2019). Whereas the non-regulated scenario is obtained by
simulating the free propagation of the tide within the lagoon, i.e.,
not closing the inlets. Both simulations are run imposing as bound-
ary conditions water levels measured 12 kilometers offshore in the
Adpriatic Sea at the platform of the Italian Research National Council
(CNR) and wind velocities measured within the lagoon (Supporting
Information).
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5.5 SUPPORTING INFORMATION

VERTICAL ACCRETION RATE. The vertical accretion rate in each station
is measured yearly through coring and measuring the layer deposited
over the kaolinite horizon marker. Comparison between measured
and computed accretion rate (Figure 5.8) confirms that the adopted
sediment traps offer a reliable measure of sedimentation.

Computed accretion (mm)

Measured accretion (mm)

Figure 5.8: Measured vs. computed vertical accretion. Scatter plot of yearly vertical ac-
cretion measured with horizon marker and accretion computed with sediment

accumulation data and bulk density

STORM-RELATED SEDIMENTATION. The relative importance of sed-
iment accumulation associated with storm-dominant period and
storm duration is considered for different one-year-long periods, to
avoid seasonal dependency (O18: October 2018 — October 2019, J19:
January 2019-January 2020 and O19: October 2019 — October 2020,
Figure 5.9). It proves that storm surges account for more than 70% of
the yearly sedimentation, although representing just 25% of the pe-
riod duration on average. On the other hand, slight variation among
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October 2020.

different yearly periods confirms that this two-year-long dataset can
explain the main seasonal variations of the processes.

RELATION WITH GEOMORPHOLOGICAL DRIVERS. We report in Table 5.1
the results of the cross-validation analysis performed to test the model
validity. Model parameters are computed with a standard bootstrap
resampling technique (Methods) and results are shown in Table 5.2.



132 5. EFFECTS OF STORM-SURGE BARRIERS ON SALT-MARSH ACCRETION

1000 > %924 ¥90 99CFOCHL €STFOVE (00
10000 > T6c 960 CI'CTFS6'SC SO00F 600 q4S
1000 > 966 890 OL'CFL8TL 99 TFe6L€ dS

1000 > €978 120 9T'T+86FL 990+FS6'1 uoo3er]

onfea-d  JYW I 4 v eare Apnig

-anbruyoay dexsjooq prepuess e £4q payndwod are s1oxmd prepuels (OD
pue gg S) eare Apnjs Yyoea 10y pue uooJe| ajoym ap} 10§ (I - 9)dxa - v = ¥ §) 191aurered [9poJA “dIysuoe[a1 apy — 9Ll UOHRJUIWIPIS 7' 9)qe|

¥8°7¢1 Wil €¥c0¢e 6¥'ecl Ly 01 6L 0O
LETTT 09 18107 99°0¥ ac8 a6'c 1S
18°¢G1 a8el qcaer 86761 97l (426 qS
yael IT91 94°6¢C 89°661 ov'6 148 uooZe]

((Ppew8d) ([ p,wd) ( ppwd ( p,ws) (, _p,wd) (_p,wd)
AFSINY SN AFSIN 1SN AFVIN AVIN eare Apmg

‘A 3d110Sgqns aaeY s10119 UOTIEPITEA PUE

3 1d1rosqns aaey s1011d urel], ‘(FSIAR]) Joaxqg parenbg ueay J00y pue (75)) 1011 parenbg uesy (T N) SI0LIF an[osqy UedA (0D pue 1S
‘IS) eaTe Apnjs yoea 10§ pue uoode| sjoym auj} 1oy (sauwrm 00T pareadar) uonepiea-sso1d ploj-Q1 Y3 JO SI0JedIPUT IOLI ‘S}NSII UOTJEPI[LA-SSOID) :|°G d]qe|



5.5. SUPPORTING INFORMATION 133

THE EFFECT OF STORM-SURGE BARRIER OPERATION. To quantify the
effect of operating the storm-surge barrier system on salt-marsh sedi-
mentation, we computed the water levels under non-regulated and
flood-regulated scenarios from October 2018 to January 2021 using
the two-dimensional, finite-element Wind-Wave-Tidal-Model (WWTM)
(Carniello et al., 2005, 2011), which is based on a hydrodynamic mod-
ule coupled with a wind-wave module.

The hydrodynamic module solves the 2D depth-integrated shal-
low water equations, suitably rewritten in order to reproduce wetting

and drying processes in very shallow and irregular domains (Defina,
2000):

aqx a q%C a qqu aRxx any
W+$(? +5 (7)) - (Gt ay )"

dy  d (axqy\ , 9 [Ty IRy  ORyy
?*5(1/)*@ Y _(ax - 8y)+

Ty Twy (Bh> B
+ 2 iy =—)=0 (5.2
% o g Iy

oh aqxaqy_
Tor T ax gy 0

(5.3)

where t is time, the X,y subscripts represent the directions of a
given variable in a Cartesian reference system, q = (qx,qy) is the
flow rate per unit width, R;; stands for the depth-averaged Reynolds
stresses (i, j denoting either x or y coordinates), 7;; and T,,; are the bot-
tom shear stress produced by tidal currents and wind-waves, respec-
tively, p indicates the fluid density, ¢ is the gravitational acceleration,
Y denotes the water volume per unit area (i.e., the equivalent water
depth), h is the free surface elevation, and 7 is the wet fraction of the
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computational domain which accounts for surface irregularities dur-
ing the wetting and drying processes (Defina, 2000). A semi-implicit
staggered finite element method based on discontinuous Galerkin’s
approach is adopted to solve the governing equations (Detina, 2000).

The closure of the Reynolds stresses, which appear in the mo-
mentum equations along the two horizontal directions, is solved by
introducing a suitable eddy viscosity, evaluated employing Smagorin-
sky’s model (Smagorinsky, 1963). The horizontal components of the
Reynolds stresses then read:

0]

Rxx = 2Vg§ (54)
d 0
Ry =ve (3 +52) 55)

The eddy viscosity v, differs from the standard one as it also
encloses the contribution from the stresses generated by the subgrid
momentum exchange, which is yet difficult to evaluate due to its
dependence on the full three-dimensional morphology of the bottom
surface (Defina, 2000). The hydrodynamic module provides the wind-
wave module with water levels and depth-averaged velocities that
are used for calculating wave group celerity as well as for evaluating
the influence of flow depth on wind-wave propagation.

The wind-wave module (Carniello et al., 2011), based on the same
computational grid of the hydrodynamic model, solves the wave
action conservation equation (Hasselmann et al., 1973). The latter
is simplified by assuming that the direction of wave propagation
instantaneously readjusts to match the wind direction (i.e., neglect-
ing refraction). The wave action conservation equation describes the
evolution of the wave action density (Np ) in the frequency domain
and it reads (Carniello et al., 2011):

IMNo 9 v Nyt 2

/ —
T+ gxchaNo-+ 5ok No = i (5.6)
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where g,
direction respectively, and are used to approximate the propagation
speed of Ny (Holthuijsen et al., 1989; Carniello et al., 2011), while

Sp represents all source terms describing the external phenomena

and ngy represent the wave group celerity in the x and y

contributing to wave energy variations, which can be either positive
(wind energy input) or negative (bottom friction, whitecapping and
depth-induced breaking). Based on the relationship between peak-
wave period and local wind speed and water depth (Young and
Verhagen, 1996), the model is able to compute both the spatial and
temporal distribution of the wave periods.

The WWTM model has been benchmarked against both hydro-
dynamic and wind-wave field data from the Venice Lagoon (Italy)
(Carniello et al., 2005, 2011), Virginia Coast Reserve lagoons (USA)
(Mariotti et al., 2010b), and Cadiz Bay (Spain) (Zarzuelo et al., 2018).

Once computed the water level time-series, MID is obtained, as
for the measured water level, computing the mean of the water depth
over the marsh when flooded. The site-specific exponential models
(Figure 5.4) are then applied to compute sedimentation rate in the
flood regulated and non-regulated scenarios.

In Figure 5.10, we show the measured sediment accumulation
(grey bars) together with the modelled ones in the non-regulated
(teal bars) and flood-regulated scenario (yellow bars) for each period.
Before October 2020 the barrier system was not active and sedimen-
tation modelled in the non-regulated scenario well reproduces the
measurements. In addition, our analyses show that measured deposi-
tion during periods of barrier activation are also well reproduced by
the proposed regression, confirming that the exponential relationship
is not only able to capture sediment accumulation dynamics under
unimpeded conditions, but also their changes due to the closure of
the flood barriers. Accretion can be computed by combining sedi-
ment accumulation and bulk density (see Methods) and its changes
through time in different scenarios are represented in Figure 5.11, to-
gether with the cumulative accretion (continuous lines) and compared
with kaolinite horizon marker measurements (black dots). During
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fair-weather periods, accretion under natural and flood-regulated
conditions closely resemble each other, and sediment supply drop
due to flood regulation during storm-dominated periods is sufficient
to severely reduce the accretion in this scenario.

Sediment accumulation can be summed over yearly periods sep-
arately for the two scenarios to understand sedimentation changes
due to flood-regulation at the annual time scale (Figure 5.6b and Ta-
bles 5.3 and 5.4). On average, flood-regulation would have reduced
sedimentation by more than 25% in the period October 2018-October
2020 (30% and 26% for the first and the second monitored year, re-
spectively).

Interestingly, all sites would have been affected by comparable
absolute reductions (between 1235 and 1514 g m~2), although the total
sedimentation in the non-regulated scenario is rather different among
study areas. The SE salt marsh is characterized by the lowest total
yearly sedimentation (2554 gm_2 and 3183 gm_2 for O18 and 019,
respectively) due to its position far from the main channel network
and facing a relatively sheltered tidal flat. Conversely, both the SF salt
marsh, close to a major channel, and the CO salt marsh, exposed to
the action of wind-waves propagating on a wide subtidal platform,
display on average a sediment accumulation that is more than double
than sediment accumulation in SE (6884 gm 2 in O18 and 7309 g m 2
in 019 for SF; 5741 gm~2 in 018 and 5024 gm~2 in 019 for CO).
Consequently, sedimentation reduction due to flood-regulation will
affect SE more severely than the other sites (-60% for O18 and -39%
for O19 in SE; -21% for O18 and -20% for O19 in SF; -26% for O18
and -28% for O19 in CO - Figure 5.6). Our results suggest that the
relative amount of sedimentation reduction will diversely affect the
different marshes and, hence, their specific capability to keep pace
with sea-level rise.

Data collected in autumn 2020, i.e., October 2020-December 2020
when the barrier system was operational, provide a direct quantifi-
cation of sedimentation reduction due to flood regulation, that can
be compared with the sedimentation of the corresponding period of
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Figure 5.12: Sedimentation changes due to flood-regulation during autumn. Comparison

between measured data (grey bars), modelled data in the non-regulated (teal

bars) and regulated scenario (yellow bars) summed for autumnal months (Oc-
tober, November and December) for each study area: SF (a), SE (b), CO (c) and

their mean (d). In autumn 2020 the flood barriers were used, so measurements

refer to the flood-regulated condition.
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2018 and 2019 (Figure 5.12). Measurements are well-reproduced by
modelled data both in non-regulated (grey and teal bar in autumn
2018 and 2019) and flood-regulated conditions (hatched grey and
yellow bars in autumn 2020).

Table 5.3: Sediment accumulation changes from October 2018 to October 2019 (O18). Sedi-
mentation absolute change (3 column) is computed as the difference between

sedimentation in the regulated (2" column) and non-regulated scenario (15 col-

umn).

Study area Sedimentation Sedimentation Absolute Relative
non-regulated regulated change  change
scenario scenario
(gm™—?) (gm~?) (gm~?) %

SFo1s 6884.53 5411.03 -1473.50  -21%

SEo1s 2554.84 1040.82 -1514.02  -60%

COo1s 5741.76 4240.01 -1501.75  -26%

meanp;sg 5060.38 3563.95 -1496.42  -30%

Table 5.4: Sediment accumulation changes from October 2019 to October 2020 (019). Sedi-
mentation absolute change (3" column) is computed as the difference between

sedimentation in the regulated (2" column) and non-regulated scenario (15 col-

umn).

Study area Sedimentation Sedimentation Absolute Relative
non-regulated regulated change change
scenario scenario
(gm~?) (gm~2) (gm™2) %

SFo19 7309.86 5850.48 -1473.50 -20%

SEo19 3183.73 1948.57 -1514.02  -39%

COo19 5024.30 3632.14 -1501.75 -28%

meangpig 5172.63 3810.40 -1496.42  -26%
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SENSITIVITY ANALYSIS OF DIFFERENT ACTIVATION THRESHOLDS. Mo-
bile flood barriers can be operated at different activation thresholds,
which might be increased by adopting complementary conventional
or ecosystem-based measures (Temmerman et al., 2013). In particular,
for the Venice lagoon, the standard activation threshold is set at 110
cm above the local reference datum of Punta della Salute (ZPS) but
the barriers can be activated also at lower levels to reduce flooding
risk (up to 65 cm above ZPS, as it happened in October 2020). How-
ever, through additional local protection measures, the city might
withstand higher water levels (reasonably up to 130 cm above ZPS).
These changes in the activation thresholds would produce important
differences in terms of marsh flooding and, hence, sedimentation,
especially in the Venice lagoon where salt marshes occupy a relatively
narrow range of elevations due to the microtidal regime (A. D’Alpaos
et al., 2011; Goodwin and Mudd, 2019).

15000~ [ non-regulated
[ T=130cmZPS
M [ T =120 cm ZPS
6% [ T = 110 cm ZPS
-12% I T = 100 cm ZPS
I T= 90cmZPS
-20% T: activation threshold

ZPS: local reference datum

Punta della Salute
100001 9% ]
37% — -10%
-19%

-59%

5000+ 21%

Total sediment accumulation (g m'z)

SF SE mean

Figure 5.13: Sedimentation changes due to flood-regulation during autumnal periods.
Comparison between measured data (grey bars), modelled data in the non-
regulated (teal bars) and regulated scenario (yellow bars) summed for autumnal
months (October, November and December) for each study area: SF (a), SE (b),
CO (c) and their mean (d). In autumn 2020 the flood barriers were used, so

measurements refer to the flood-regulated condition.
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We performed a sensitivity analysis to assess the effect of differ-
ent activation thresholds on sedimentation (Figure 5.13) using the
methodology adopted in the present work. Different scenarios span
from lower (i.e., 90 cm ZPS) to higher (i.e., 130 cm ZPS) activation
thresholds, chosen in the reasonable activation range for the Venice
lagoon. Lower activation thresholds dramatically reduce sediment
accumulation on the marshes, up to 71% on average with the 90 cm
ZPS activation threshold. Conversely, higher activation thresholds
(i.e., 120 and 130 cm ZPS) only slightly affect sedimentation over the
salt marshes.

In conclusion, although flood barriers negatively affect salt-marsh
sedimentation, careful and integrated management can pave the way
to a compromise between natural environment conservation and
urban area protection.



6

EFFECTS OF STORM-SURGE BARRIERS AT
THE BASIN SCALE

This chapter is a manuscript accepted for publication in Science Ad-
vances and assesses the effects of the anthropogenic flood-regulation
on the morphodynamic evolution of shallow tidal embayments by
expanding at the basin scale some considerations introduced in the
second part of Chapter 5. The first operations during Fall 2020 of
the storm-surge barriers designed to avoid the flooding of the city of
Venice give us the chance to compare the numerical modeling results
with the first-ever measurements in a flood-regulated environment.
The analysis carried out by comparing the numerical results obtained
considering the scenario with the activation of the barriers to that
without allows us to highlight the differences in the main hydro-
dynamic and morphodynamic parameters. Results can represent a
useful tool for coastal managers to evaluate operational strategies
of storm-surge barriers that account also for their morphological

implications on the surrounding natural environment.
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6.1 ABSTRACT

Coastal flooding prevention measures, such as storm-surge barri-
ers, are being widely adopted globally due to the accelerating rise in
sea levels. However, their impacts on the morphodynamics of shallow
tidal embayments remain poorly understood. Here we combine field
data and modelling results from the microtidal Venice Lagoon (Italy)
to identify short- and long-term consequences of flood regulation
on lagoonal landforms. Artificial reduction of water levels enhances
wave-induced sediment resuspension from tidal flats, promoting in-
channel deposition, at the expense of salt-marsh vertical accretion. In
Venice, we estimate that the first 15 closures of the recently installed
mobile floodgates operated between October 2020 and January 2021
contributed to a 12% reduction in marsh deposition, simultaneously
promoting a generalized channel infilling. Therefore, suitable coun-
termeasures need to be taken to offset these processes and prevent
significant losses of geomorphic diversity due to repeated floodgate
closures, whose frequency will increase as sea levels rise further.
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6.2 INTRODUCTION

Low-lying coastal areas worldwide are threatened by the adverse
consequences of flooding hazards related to climate change and rising
sea levels (Nicholls et al., 2007; Kulp and Strauss, 2019; Kirezci et al.,
2020; Nicholls et al., 2021). To mitigate flooding risk, many coastal
cities supporting large populations and economies have adopted hard
protection measures in the form of storm-surge barriers (Mooyaart
and Jonkman, 2017; Vousdoukas et al., 2020). Significant examples are
the barriers built to protect the Netherlands, the cities of London and
Hull in the UK, St. Petersburg in Russia, New Orleans in Louisiana,
and Venice in Italy. Surge barriers are also being proposed to protect
Shanghai and New York, as well as Galveston Bay in the US.

Despite the rapidly increasing number of structures to defend
coastal cities, the effects of flood regulation measures on the morpho-
dynamic evolution of the tidal areas surrounding them still need to be
fully understood (Eelkema et al., 2013; Orton et al., 2019). Storm-surge
barriers may deeply affect the chief coastal land-forming processes,
such as tides, surges, and waves (Green and Coco, 2014; Zhou et al.,
2017; Haas et al., 2018), impacting sediment transport and the pos-
sible survival of many important transitional coastal environments
as sea levels keep rising (Rodriguez et al., 2017). This is especially
critical in sediment-supply limited, shallow embayments (Peteet et al.,
2018), where morphodynamics is intimately related to wind-driven
sediment resuspension and transport mechanisms and can be deeply
affected by changes in water levels due to storm-surge barrier opera-
tions.

The Venice Lagoon, Italy, is one of the first examples of a sediment-
starved, shallow back-barrier system protected by storm-surge bar-
riers. The set of barriers, known as the Mo.S.E. system (the Italian
acronym for Experimental Electromechanical Module), spans the three
inlets - Lido, Malamocco, and Chioggia from North to South — that
connect the Venice Lagoon to the Adriatic Sea (Figure 6.1). The mobile
barriers are closed to avoid the flooding of Venice when the water
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Figure 6.1: Geomorphological setting and floodgates. (a) Bathymetry of the Venice lagoon
located in north-eastern Italy (inset). Salt marshes are indicated by the grey
contour. Chioggia inlet (360 m wide, 12 m deep, 18 gates, b), Malamocco inlet
(380 m wide, 14 m deep, 19 gates, c¢) and Lido inlet (d), divided into the San
Nicolo barrier (400 m wide, 12 m deep, 20 gates) and the Treporti barrier (420 m
wide, 6 m deep, 21 gates - still submerged during the test in the satellite image),
during the closure test on 9 October 2020 10:00 UTC (Landsat 8 - NASA). (e)
Wind rose for the period 2000-2019 measured in Chioggia, arrows highlight the
two morphologically significant winds (Bora — NE, Sirocco — SE). (f) The Mo.S.E.
barrier during a closure at the Chioggia inlet (Photo position indicated in panel

b, photo credits https:/ /www.mosevenezia.eu/).
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level is predicted to exceed 1.10 m above the local reference datum of
Punta della Salute (ZPS) (corresponding to 0.79 m above the current
mean sea level) (Mel et al., 2021b). Each barrier is made by a series of
flapgates (78 in total; Figure 6.1), which are hinged along a common
horizontal axis and rest flush with the seabed under normal tidal
levels to allow for the exchange of water and sediment fluxes, as well
as regular ship traffic.

The construction of the Mo.S.E. system began in 2003 and the
mobile floodgates were operated for the first time in October 2020,
holding back high-tide waters outside the lagoon for the first time
in history. Despite the heated public, technical, and scientific debate
that have surrounded the Mo.S.E. since its conception in the 1970s
(Ammerman and McClennen, 2000; Bras et al., 2002), the impacts
that repeated closures of the lagoon inlets might have on the fate of
the characteristic lagoonal landforms —i.e., salt marshes, tidal flats,
and tidal channels (Figure 6.1a) — have not yet received the necessary
attention. These landforms constitute the morphological backbone
on which all the relevant morphodynamic and ecological processes
rely. For instance, tide propagation and water residence time within
the lagoon depend on the morphology of the tidal channel network,
as well as on the relative extent and bed elevation of tidal-flat and
salt-marsh areas (Aubrey and Speer, 1985). Salt marshes are also
effective in limiting wind fetch, thereby reducing both wind-wave
height and wind setup (Mariotti and Fagherazzi, 2013; Moller et al.,
2014; Tommasini et al., 2019), with direct effects on water levels within
the lagoon (L. D’Alpaos, 2010a; Silvestri et al., 2018). In addition, the
morphological structure of the lagoon plays a key role in regulating
the exchange of sediments, nutrients, and pollutants with the open
sea, and provides diverse habitats for many plant and animal species
which are also important for local economies (Costanza et al., 1997;
Chmura et al., 2003; Barbier et al., 2011; Newton et al., 2018).

While there is no doubt that temporarily disconnecting the lagoon
from the sea is key to preventing the flooding of Venice and other
urban areas during severe storm-surge events (Bras et al., 2002), it
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is essential to fully understand the potentially cascading effects that
repeated inlet closures might have on long-term lagoon morphody-
namics. This becomes increasingly critical in view of the rise in the
mean sea level expected over the next century (Oppenheimer et al.,
2019; Kirezci et al., 2020), which will inevitably lead to more frequent
closures (Mel et al., 2021a).

Here we use field data and numerical modelling of barrier acti-
vations from October 2020 to January 2021, focusing in particular
on the first two closures that occurred on 3 and 15 October 2020, to
understand the impacts of flood regulation on sediment transport
within the lagoon and their possible implications for the morpho-
logical evolution of lagoonal landforms. We adopted a custom-built,
extensively tested, 2-D finite-element numerical model able to repro-
duce morphodynamic processes within the Venice lagoon (Carniello
et al., 2011, 2012; Mel et al., 2021b) (see Materials and Methods). To
better understand the effects of Mo.S.E. operations, the results for the
flood-regulated scenario are compared with those for non-regulated
conditions, which would have occurred in the absence of the flood-
gate closures. Results of the simulations are then analysed in terms
of differences in water levels, bottom shear stresses, suspended sedi-
ment concentrations, and salt-marsh flooding. Long-term effects of
floodgate closures on the morphodynamics of the whole lagoon, as
well as potential cascading effects due to the degradation of lagoonal
landforms, are finally discussed together with possible mitigation
solutions.

6.3 RESULTS

6.3.1 Effects on the lagoon hydrodynamics

The Mo.S.E. floodgates were raised to hold water levels within
the lagoon below the safety threshold of 1.10 m above the local da-
tum (ZPS), for both storm-surge events of 3 and 15 October 2020
(Figure 6.2, 6.8 and 6.9). Maximum measured water levels in the la-
goon reached 0.80 &= 0.03 m (mean =+ std. dev.) above ZPS during the
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Figure 6.2: Effect of floodgate closures on the lagoon hydrodynamics. Water level and
wind conditions for the 3 October (a) and 15 October 2020 (b) events. Solid circles
represent water level measurements in three different stations (Punta della Salute
(PS), Laguna Nord — Saline (LN-S) and Chioggia Vigo (ChV)) represented in
the inset, solid and dashed lines represent water levels modelled in closed and
open barrier scenarios, respectively. Wind roses show wind conditions grouped
by 6-hour-long intervals and measured in the Laguna Nord — Saline station.
Grey background indicates the timespan of Mo.S.E. closures. Difference between
maximum modelled water level in the closed and open barrier scenarios, for 3
October (c) and 15 October 2020 (d) events.

storm-surge event of 3 October, characterized by a mild south-easterly
Sirocco breeze (average and maximum wind speeds v,y =8.1 m/s
and vy = 13.7 m/s, respectively; Figure 6.2a and 6.14a) and a re-
duced wind set-up equal to 5;(,“% =0.08 m between the western and
eastern parts of the lagoon (Figure 6.2a,c and 6.14a). In contrast, on 15
October, although the maximum measured water levels in the lagoon
were limited to 0.69 £ 0.17 m above ZPS, the strong north-easterly
Bora wind (v = 14.8 m/s, vyex = 22.8 m/s) blowing along the
main axis of the lagoon generated a pronounced water set-up, with
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an average difference in the maximum observed water levels between
the northern and southern part of the lagoon equal to 5I/+V,wg =0.45m
(Figure 6.2b,d and 6.14b).

Model results, which accurately reproduce observed water levels
(Mean Absolute Error: 0.016 - 0.043 m, Nash-Sutcliffe Efficiency: 0.94 -
0.99; Figure 6.8 and 6.9, Table 6.1), indicate that water-level reduction
with respect to the levels that would have occurred in the absence of
the gate closure was not uniform within the lagoon (Figure 6.2c,d and
6.14). In particular, for the 3 October event, the reduction in maximum
water levels is less pronounced in the northern lagoon (0.36 4= 0.05 m,
-38%), where the interplay between naturally preserved shallow tidal
flats, deeply incised channels, and widespread salt marshes promotes
natural damping of the tidal wave also when the floodgates are open.
On the contrary, a larger water-level reduction, as high as 0.46 4= 0.03
m (-45%), is observed in the central and southern parts of the lagoon,
as well as in the proximity of Venice. This is mainly dictated by the
less significant dissipation of the tidal wave in these portions of the
lagoon (Ferrarin et al., 2015), where marsh areas are less widespread
and tidal flats are deeper (Carniello et al., 2009). In the case of strong
Bora winds, as for the 15 October event, the largest water level re-
duction relative to the non-regulated scenario is again observed in
the central lagoon (0.69 & 0.04 m, 57%). Although the northern and
southern portions show the same value of the absolute reduction
(0.59 £ 0.05 m), the relative impact is different in the two cases. This
absolute reduction represents a relative water level attenuation of
71% in the northern part, where the water level would have been
relatively low even with open inlets, due to the enhanced wind set-
up pushing the water in the south-eastern direction. In contrast, the
relative water level attenuation in the southern basin, where stormwa-
ter levels would have been comparatively higher in the absence of
flood-regulation, is about 46%.
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6.3.2 Effects on tidal-flat and channel morphodynamics

Hydrodynamic changes due to Mo.S.E. operations can appreciably
affect sediment transport in the lower-intertidal and subtidal zones,
by modifying the local bottom shear stress 1;, (Fagherazzi et al., 2006;
Defina et al., 2007) , which is primarily responsible for sediment
resuspension.

On tidal flats, reduced water levels due to the closure of the inlets
increase bottom friction and favour wave breaking. Model simula-
tions of the open and closed scenario show that, as a result of this
process, the maximum significant wave height (H;) was reduced by
8% (mean reduction 0.02 m, max. 0.23 m) on 3 October, and by 20%
(mean reduction 0.10 m, max. 0.45 m) on 15 October (Figure 6.3a,b and
6.15). Importantly, even though wave height is reduced, shallower
water depths imposed by barrier closured determine larger values of
Ty across tidal-flat areas (Fagherazzi et al., 2006). Hence, the overall
result of the reduced water levels during inlet closures is an increase
in the maximum value of T, of about 5% (mean increase 0.02 Pa, max.
0.21 Pa) for the 3 October event and of 20% (mean increase 0.10 Pa,
max. 0.52 Pa) for the 15 October event (Figure 6.3c,d and 6.16). In con-
trast, 1, tends to decrease within the main channels close to the inlets,
where the tidal currents, and hence the associated bed shear stresses,
are largely reduced because of the gate closures (Figure 6.3c,d).

During both closure events, the increase in 7, over tidal flats leads
to a generalized increase in the suspended sediment concentration
(SSC). Measured SSC shows peaks of 120mg1~! during the closures
(Figure 6.10). Modelled SSC, thought not as closely as in the case
of water levels, reasonably matches measurements, reproducing the
magnitude and the modulation induced by tidal levels and wind
waves (Mean Absolute Error: 1.16 — 8.91 mg1~!, Nash-Sutcliffe Effi-
ciency: 0.49 — 0.64; Table 6.2), On 3 October, maximum modelled SSC
was on average 4.5% higher than in the open lagoon scenario (mean
increase 4.4mg1~!, max 20.3mg1"!; Figure 6.3¢). In contrast, much
higher wind speeds and, hence, 7, resulted in an average increase in
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Figure 6.3:
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channels. Difference between maximum modelled significant wave height in
the closed and open barrier scenarios, for 3 October (a) and 15 October 2020 (b)
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and open barrier scenarios, for 3 October (c) and 15 October 2020 (d) events.
Difference between maximum modelled suspended sediment concentration in
the closed and open barrier scenarios, for 3 October (e) and 15 October 2020 (f)
events. All these maps were obtained by subtracting, for each of the parameters
of interest, the maximum values observed in the closed and open barrier sce-
narios over the whole simulation horizon. Salt marshes are highlighted by grey

lines.

the SSC maxima of 21% (mean increase 25.4 mg 171, max 71.6 mg 11

on 15 October, with extensive areas experiencing increments well

above 50 mg 11 (Figure 6.3f and 6.17). Therefore, floodgate closures

can significantly enhance the amount of sediment resuspended from
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the lagoon bed, especially if combined with strong winds that typi-
cally occur during storm-surge events (A. D"Alpaos et al., 2013). This
circumstance might be further exacerbated by the fact that barrier clo-
sures are more likely in the late Fall and Winter when the biomass of
both seagrass and benthic biofilm is reduced due to seasonal dynam-
ics, thus offering relatively little protection against sediment erosion
of the lagoon bottom (Carniello et al., 2014; Chen et al., 2017; Pivato
et al., 2019).

6.3.3 Effects on salt-marsh morphodynamics

Changes in the hydrodynamic circulation and sediment dynamics
due to inlet closures also have important effects on the evolution
of salt marshes, which occupy the upper intertidal frame. First, by
limiting high tides and storm surges, Mo.S.E. operations significantly
reduce both the intensity and duration of salt-marsh flooding (Fig-
ure 6.4, 6.18 and 6.19). On 3 October 2020, the above-marsh water
depth was reduced by 0.42 £ 0.05 m (64%, maximum value 0.52 m;
Figure Figure 6.4a) and the flooding duration was reduced by 1.4
hours (30%) on average, with a maximum reduction of 6.3 hours (Fig-
ure 6.4c). Though salt-marsh areas in the central and southern lagoon
suffered slightly more pronounced reductions, the above changes
were approximately uniform in space during this event. In contrast,
the stronger winds on 15 October pushed large amounts of water
towards the southern end of the lagoon and almost half of the total
salt-marsh area (46.5%) remained dry as a result, especially in the
northern lagoon (Figure 6.4d). Numerical simulations suggest that
all these marshes would have been otherwise flooded in the open
lagoon scenario (Figure 6.18). The closure determined an average
reduction in flooding depth of about 0.63 £ 0.07 m (73%, maximum
0.98 m; Figure 6.4b), while the flooding duration decreased by 2.8
hours (55%) on average (maximum value 7.28 hours; Figure 6.4d).

The reduction in marsh flooding duration and depth caused by
gate closures has important implications, as periodic flooding is the
only mechanism through which the suspended sediment carried by
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Figure 6.4: Effect of floodgate closures on salt-marsh flooding. Difference between max-
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nario, for 3 October (a) and 15 October 2020 (b) events. Difference between
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in the closed and open barrier scenarios over the whole simulation horizon. Salt

marshes are highlighted by grey lines.

high waters can reach the marsh surface and contribute (together with
organic sediment production by vegetation) to salt-marsh vertical
accretion and to their ability to keep up with sea-level rise (Morris
et al., 2002; Marani et al., 2010; A. D’Alpaos et al., 2011; Kirwan and
Megonigal, 2013). While daily tidal inundations can only marginally
contribute to salt-marsh vertical accretion, because of the reduced
flooding duration and low SSC, surge-induced marsh flooding is
typically in phase with peaks of SSC caused by intense wind-wave
resuspension from tidal flats (Carniello et al., 2014), and it is charac-
terized by higher water and longer durations, ultimately contributing
to the deposition of larger sediment volumes (see Chapter 5). Recent
field measurements of marsh sedimentation suggest that, although
limited in time, flooding reduction related to floodgate closures criti-
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cally influences the sustainability of salt marshes (see Chapter 5).

In contrast, floodgate closures only marginally affect marsh lat-
eral erosion. Although the power of wind waves per unit length
of marsh-margin can change due to wave height and water level
modifications, these variations are typically smaller than 5% (abso-
lute values 0.01 + 0.36 W/m for the 3 October; 0.21 + 1.38 W/m for
the 15 October; Figure 6.20). Given the functional linear relationship
between incoming mean wave power and marsh edge retreat rates
(Marani et al., 2011; Leonardi et al., 2016), such changes are not likely
to produce significant modifications in the rates at which marsh mar-
gins within the Venice Lagoon are currently being eroded (Tommasini
et al., 2019; Finotello et al., 2020b).

6.3.4 Sediment budget at the basin scale

The primary effect of water-level reduction caused by inlet clo-
sures is to enhance sediment resuspension. In general, the fate of
suspended sediments can be manifold, as they may settle on tidal
flats, accumulate over salt marshes when these are flooded, deposit
within the channels, or they may be transported through the channel
network and the inlets to the open sea. To quantify each of these
sediment fluxes, we track the temporal evolution of eroded and de-
posited sediment volumes for each of the different morphological
units in each closure event (Figure 6.5a-d). We also quantify sediment
budget changes on a longer time scale, accounting for all the 15 flood-
gate closures that occurred between October 2020 and January 2021
(Figure 6.5e,f).

Sediment export to the open sea is temporarily reduced by the
floodgate closures by 30% (151 m?) on 3 October, and by 51% (1740 m?)
on 15 October. Overall, we estimate that the Mo.S.E. closures have led
to a 23% reduction (6630 m?) in net sediment export (grey lines, Fig-
ure 6.5a,c,e) during the period October 2020 - January 2021. Floodgate
closures only slightly increased erosion of tidal flats by +6% (49 m?)
and +1% (45m?) on 3 and 15 October, respectively (Figure 6.5b,d),
though such erosion levels out at seasonal time scale (Figure 6.5f).
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Figure 6.5: Effect of floodgates closures on the sediment budget. Sediment volume changes
through time for different morphological units (salt marshes, tidal flats, chan-
nels), suspended sediment, and import/export through inlets for the 3 October
event (a), 15 October event (c¢) and the period October 2020-January 2021 (e).
Continuous lines refer to the open barrier scenario, dashed lines to the closed
barrier one. Grey background indicates the timespan of Mo.S.E. closures. Net
sediment volume change at the end of the events, when suspended sediment
volume returns negligible (b, d and f). The time instants t* considered for the
net volume change represented are indicated in panels a, ¢ and e. Percentages
indicated the relative change in the closed barrier scenario with respect to the

open barrier one.

Sediments reworked from tidal flats during closures are partially
advected elsewhere by wind-induced secondary circulation and par-
tially settle within the channel network, reducing channel erosion by
63% (415m3) on 3 October or increasing channel infilling by 105%
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(2399 m?) on 15 October compared to the open-lagoon scenario. On a
seasonal time scale, repeated floodgate closures ultimately promote
channel infilling through the deposition of sediment resuspended
from tidal flats (Figure 6.5f). In contrast, water-level reduction due
to inlet closures contributes to a substantial reduction of sediment
volumes delivered to salt-marsh areas. This reduction equals 20%
(193 m3) for the 3 October event and 27% (737 m3) on 15 October (Fig-
ure 6.5b,d), and occurs due to reduced flooding depths and durations
(Figure 6.4), despite SSC being much higher than in the non-regulated
scenario (Figure 6.3¢e,f). On a seasonal time scale, model estimates
indicate a reduction of the volume deposited on salt-marsh surfaces
of about 12% (2760 m?) due to the 15 floodgate closures in October
2020-January 2021.

To better understand the mechanisms that lead to reduced sed-
imentation on the marshes, the fate of sediment resuspended from
the lagoon bottom is analysed using a visualization technique based
on Lagrangian particle tracking (see Materials and Methods). As an
example, we have followed the paths of resuspended sediments in
two different areas of the lagoon during the barrier operations of
both 3 and 15 October, and compared them with the corresponding
trajectories obtained by keeping the lagoon open to tidal fluxes (Fig-
ure 6.6). In the open lagoon scenario, the amount of resuspended
sediment that reaches the marsh surface and settles therein is rele-
vant, though variable in space depending on the directions of both
tidal currents and wind waves (Figure 6.6). Specifically, on 3 October,
about 20% of the sediment particles resuspended from the analysed
tidal flats would have settled over the adjacent salt marshes in the
open lagoon scenario (purple dots, Figure 6.6a,c), while on 15 October
higher water levels and stronger winds would have further enhanced
sediment settling up to 53%, especially on salt marshes located in the
southern lagoon and exposed directly to the incoming Bora winds
(purple dots, Figure 6.6d). Interestingly, the same wind setup strongly
limits sedimentation over the marshes in the northern lagoon because
of the local reduction in the water level (purple dots, Figure 6.6b).
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Figure 6.6: Effect of floodgate closures on suspended sediment fate. Particle position at the
end of 3 October (a,c) and 15 October (b,d) events for two different salt-marsh
areas, one in the northern lagoon (red diamond) and one in the southern lagoon
(blue diamond). 10,000 particles are released at the source point (diamond)
at the beginning of the closure in both open and closed barrier scenarios. Pie
charts show the percentage of particle that reaches the salt marsh in the scenario
with (darker yellow) and without (darker purple) barrier closure. Water levels
modelled in front of the two marshes (e,f).
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Conversely, when the Mo.S.E. is activated sediments remain confined
within tidal channels and over tidal-flat areas due to reduced water
levels and are not advected over marshes, where particle deposition
is reduced by 30% to 100% compared to the non-regulated scenario
(yellow dots, Figure 6.6). This effect can only be partially mitigated
by local wind set-up. For instance, during the event of 15 October,
water set-up generated by the north-easterly gale allowed for active
sediment delivery to southern lagoon marshes, even though the total
amount of deposited sediment particles was halved compared to the
open-lagoon scenario (Figure 6.6d).

6.4 DISCUSSION

The temporary closure of a shallow tidal basin aimed at prevent-
ing urban flooding can deeply affect its morphodynamics and poses
a major threat to tidal wetland sustainability, particularly under accel-
erating sea-level rise. Repeated floodgate closures promote sediment
reworking on tidal flats and channel infilling, and hinder salt-marsh
vertical accretion. The increased sediment retention caused by flood-
gate closures promotes a less-diverse geomorphological structure,
rather than contributing to the preservation of tidal landforms.

Overall, when floodgates are operated, channels tend to be infilled
by the increased resuspension on tidal flats, reduced sediment de-
livery to marshes, and the additional volume of sediment retained
within the basin. However, the pattern of channel bed evolution
depends on both the temporal scale considered and the local morpho-
dynamic. In channel networks dissecting the inner portions of the
lagoon, sediments can hardly be remobilized by weak tidal currents.
The deposited sediments thus actively contribute to permanent chan-
nel infill and increase dredging costs to maintain the navigability of
waterways. Conversely, within the major channels and closer to the
inlets, sediments are temporarily accumulated during barrier closures
but, on a longer time scale, they can be remobilized by the higher
tidal velocities and eventually will be slowly flushed out to the open
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sea due to the general ebb-dominated character of tidal currents in
the Venice Lagoon (Ferrarin et al., 2015; Finotello et al., 2019). Al-
though it might partially counterbalance the increased in-channel
deposition, the sediment export induced by ebb-currents represents
a net loss for the sediment budget at the basin scale. Therefore, both
permanent channel infill and sediment export by ebb-dominated tidal
currents bear negative implications for the sediment budget and the
maintenance of the lagoon geomorphic diversity.

Moreover, artificially lowered water levels reduce the volume of
suspended sediment advected over salt marshes, thus depriving them
of a critical sediment source. Even though floodgate closures can tem-
porarily increase the volume of sediment available in suspension,
due to enhanced sediment resuspension from tidal flats, the reduced
marsh inundation causes a substantial decrease in the volume of sedi-
ment delivered to salt marshes. This mechanism is confirmed by field
data showing that marsh sedimentation increases exponentially with
inundation depth (Chapter 5), with water levels capped by flood-
gate closures determining much lower sediment accumulation. This
might ultimately lead to extensive marsh drowning, which, together
with the ongoing lateral erosion, will further accelerate the rate at
which salt marshes are lost in the Venice Lagoon during the last four
centuries (Carniello et al., 2009; Tommasini et al., 2019). Additional
salt-marsh losses might have critical implications not only from an
ecosystem perspective (Barbier et al., 2011), because of the loss in
biodiversity and ecosystem services that it would signify, but also for
flood-risk mitigation. Indeed, further loss of salt-marsh surfaces can
potentially trigger positive morphodynamic feedbacks (A. D" Alpaos
et al., 2012), with detrimental cascading effects for the whole lagoon
basin. Decreasing marsh areas favour an inertially-dominated tidal
propagation and increase wind fetch, and thus wave height. Stronger
tidal currents and higher wind waves would further exacerbate the
ongoing erosive processes within the lagoon, paving the way to the
transition from a tidal lagoon to a bay environment (Carniello et al.,
2009). Moreover, less significant dissipation of tides leads to local in-
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creases in the mean high water level (Silvestri et al., 2018), and larger
wind fetches can induce stronger water-level setups, in this way po-
tentially offsetting, at least partially, the benefits of flood protection
measures.

On the one hand, we emphasize that the effect of flood-regulation
on the morphodynamics depends exclusively on the reduced water
level within the lagoon and it is not strictly related to the type of flood-
gates adopted. On the other hand, our analysis suggests that environ-
mental sustainability should have a high priority for designing and
managing storm-surge barriers. Trade-offs between the safeguarding
of urban areas from flooding and the preservation of tidal ecosystem
needs will be essential to ensure adequate resilience against climate
change to shallow tidal embayments where flood barriers operate. In
the specific case of the Venice Lagoon, many complementary solutions
could be exploited by coastal managers to mitigate the detrimental
morphodynamic effects of repeated inlet closures. These solutions,
none of which suffice on their own to compensate for the loss of
geomorphic diversity, include:

i. the artificial raising of sidewalk elevation in the major urban
settlements within the lagoon, aimed to increase the current safety
water level and reduce the frequency with which floodgates have
to be closed;

ii. the reintroduction of fluvial-sediment to compensate for the loss
of inorganic sediment, both over tidal flats and salt marshes;

iii. the extensive building and restoration of salt marshes, especially
adopting nature-based techniques (Temmerman et al., 2013; Tem-
merman and Kirwan, 2015; Baptist et al., 2019; Fairchild et al.,,
2021);

iv. the protection of tidal flats and salt marshes against erosion by
preserving and improving the ecological conditions that pro-
mote the colonization by benthic vegetation, seagrasses, and
halophytes, and through the realization of eco-engineering so-
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lutions to mitigate sediment erosion, such as oyster reefs and
mussel beds (Temmerman et al., 2013; Chowdhury et al., 2019),
able to limit wind fetch, dissipate wave energy, and act as break-
waters for high water levels.

These interventions, together with careful management of the flood-
gate operations and improved weather-forecasting tools, would make
it possible to ensure flood protection of Venice and other inhabited
lagoonal settlements while preserving the lagoon ecosystem as a
whole.

65 MATERIALS AND METHODS

6.5.1  Geomorphological setting

The Venice Lagoon, Italy (Figure 6.1a) is the largest brackish tidal
basin of the Mediterranean Sea, with an area of about 550 km? . It is a
shallow microtidal basin, characterized by a semidiurnal tidal regime
with an average range of 1.0 m and a mean water depth over the tidal
flats of about 1.5 m. It is connected to the Adriatic Sea through 3 inlets:
Lido, Malamocco, and Chioggia from North to South (Figure 6.1b-
d). The main, morphologically significant winds are represented by
the north-easterly Bora wind and the south-easterly Sirocco wind
(Figure 6.1e). Due to the NE-SW elongated shape of the Venice Lagoon,
the Bora wind can generate relatively large waves (1 m), especially in
the southern sector of the lagoon.

Human interventions have been modifying the Venice Lagoon for
centuries (L. D"Alpaos, 2010a). To prevent the lagoon from infilling
with fluvial sediment and, therefore, preserve navigability, the Vene-
tian Republic diverted all large rivers to the sea. This process started
in 1457 and changed the sediment balance of the basin, triggering sed-
iment starvation and a generalized deepening of the lagoon (Carniello
et al., 2009). From the end of the 19" century to the mid of the 20t
century, sediment export toward the sea was further exacerbated by
the construction of the jetties at the inlets (Lido 1882-1892, Malamocco
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1813-1872, Chioggia 1910-1934) (Carniello et al., 2009; L. D’ Alpaos,
2010a; Finotello et al., 2019).

Between 1930 and 1970, intense groundwater exploitation for
industrial purposes enhanced loss of relative elevation, resulting
in an overall relative sea-level rise equal to 25 cm (Carbognin et
al., 2004). Because of subsidence and eustatic sea-level rise, the city
of Venice started experiencing even more frequent flooding during
storm surges. The solution proposed after the catastrophic flooding
event of 4 November 1966 (maximum water level of 1.94 m above the
local Punta della Salute datum) was the Mo.S.E. project (Figure 6.1b-
df).

6.5.2 Hydro-morphodynamic model

We adopted a two-dimensional (2D) model that consists of three
modules, namely the hydrodynamic module coupled with the wind-
wave module (WWTM) (Carniello et al., 2011) and the sediment
transport and bed evolution module (STABEM) (Carniello et al., 2012)
suitable for reproducing sediment dynamics governing the morpho-
dynamic evolution of shallow micro-tidal basins.

The hydrodynamic module solves the 2D depth-integrated shal-
low water equations (SWEs), phase-averaged over a representative
elementary area of irregular topography to deal with very shallow
flows, wetting, and drying (Defina, 2000). Projected on a Cartesian
frame (x,y), the SWEs read:

9
ﬁ(q)a—’Z+v-q:o 6.1)

Tt Ts
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where t is time, 77 is is the free surface elevation over a datum,
q = (qx,qy) is the depth-integrated velocity (i.e., discharge per unit

width), V and V- denote the 2D gradient and divergence operators.
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The term ¢ is the wet fraction of the computational domain that
depends on the water depth and on the local topographic unevenness
(Defina, 2000). In the momentum equation (6.2), D/Dt is the material
(or Lagrangian) time derivative, Y is the water volume per unit area
(i.e., the equivalent water depth), 7; and 7, are the shear stresses
at the bottom (due to tidal currents) and at the free surface (due to
wind drag), respectively, p is the water density, and g is gravity. The
Reynolds stresses are computed using a depth-averaged version of
Smagorinsky’s model (Smagorinsky, 1963). In tensor index notation,

they read:
Re = Ri]' = UEY(L{I"]' + u]-,i) (6.3)
Ve = 2C2A, \/Z(uix (e + tty )2 + 2(11y,)? (6.4)

with 7, j in eq. 6.4 denoting either the x or y coordinates and u =
q/Y. The eddy viscosity, v,, is proportional to the strain rate, with A,
the area of the computational element and Cs = 0.2 the Smagorinsky
coefficient.

In the numerical scheme, the material derivative in eq. 6.2 is ex-
pressed as the finite difference in time and solved with the method
of characteristics. This mixed Eulerian-Lagrangian approach allows
solving the continuity equation (6.1) with a semi-implicit scheme,
which leads to a self-adjoint spatial operator. It is solved on a stag-
gered triangular grid with the finite element method of Galerkin
(Defina, 2003) and the flow rates are obtained by back-substitution.

The wind-wave module (Carniello et al., 2011) solves the wave
action conservation equation (Hasselmann et al., 1973) using the
same computational grid of the hydrodynamic module, that provides
water depths and depth-averaged flow velocities, used to propagate
the wind-wave field. The wave action density (Np) in the frequency
domain evolves according to Carniello et al. (2011):

IMNo 9 v Nyt 2

/ —
T+ gxchaNo-+ 5ok No = i (6.5)
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/ /
where ¢o, and cg,

used to approximate the propagation speed of Ny (Holthuijsen et al.,

are the group celerity components of wave

1989; Carniello et al., 2011). The wind-wave source terms, grouped in
the term Sy, account for positive (wind energy input) and negative
(bottom friction, whitecapping and depth-induced breaking) contri-
butions to wave energy. The model computes the spatial and temporal
distribution of the wave periods based on the relationship between
peak-wave period, local wind speed, and water depth (Young and
Verhagen, 1996). As the lagoon margins are almost vertical and jagged,
refraction is neglected and waves are assumed to propagate in the
wind direction. The horizontal orbital velocity at the bottom, which is
obtained from the significant wave height through the linear wave the-
ory, provide the additional component of the bottom shear stress, 7,
induced by the wind-wave field. The nonlinear interactions between
Ty and the current-induced bottom shear stress (7;) are accounted for
by means of the empirical formulation by Soulsby (Soulsby, 1995),
which increases the value of the total bottom shear stress, 73, beyond
the mere sum of 7; and 7.

Using the same computational grid, the STABEM module (Carni-
ello et al., 2012) solves the advection-diffusion equation for suspended
sediment with a conservative, second-order in space scheme and the
Exner’s equation:

ag;Y + V- (qu) -V (thcl) = L; — D,‘ i = s, m (6.6)
azb
(1—n)=5 = Y (Di - Ei) (6.7)

where C is the depth-averaged sediment concentration, Dy (x,y, t)
is space- and time-dependent two-dimensional diffusivity tensor, as-
sumed equal to the eddy viscosity computed by the hydrodynamic
module (Viero and Defina, 2016), E and D represent the entrain-
ment and deposition of bed sediment, z;, is the bed elevation and n
the bed porosity, assumed equal to 0.4. The subscript i refers to the
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non-cohesive (sand, s) and cohesive (mud, m) sediment classes that
typically characterize the bed of tidal lagoons. The relative content of
mud, which represents the sum of clay and silt, is assumed to vary
both in time and space; it determines the cohesive or non-cohesive
behaviour of the mixture and the critical value of the bottom shear
stress. The threshold value of mud content p;,, = 10% is assumed to
discriminate between non-cohesive and cohesive behavior (van Led-
den et al., 2004). Based on measurements in the Venice Lagoon, the
median diameters D5y adopted in the simulations to describe cohe-
sive and non-cohesive sediments are 20 ym and 200 ym, respectively
(Carniello et al., 2011).
The deposition rate of sand, Ds, is computed as:

DS — wSrOCS (6-8)

where w; is the absolute value of the sand settling velocity and ry is
the ratio of near-bed to depth-averaged concentration which is here
assumed constant and equal to 1.4 (Parker et al., 1987).

The deposition rate of pure cohesive mud, Dy, is given by Krone’s
formula

Dy = wyCpymax{0;1 — 1,/ 74} (6.9)

where wy, is the absolute value of the mud settling velocity, 1, the
bottom shear stress computed by the hydrodynamic module, and
74 the critical shear stress for deposition (7; = 1.0 Pa). The settling
velocities, ws and w,, are computed using the van Rijn formulation
(van Rijn, 1984) for solitary particles in clear and still water, thus not
incorporating flocculation effects which are negligible for particle
diameter larger than 20 ym (Mehta et al., 1989).

The erosion rate strongly depends on the degree of cohesion of
the mixture. For non-cohesive mixtures (p,; < puc), the erosion rate
of sand, E;, is described by the van Rijn formulation (van Rijn, 1984),
whereas the erosion rate of mud, E;;, can be computed through the
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formulation proposed by van Ledden et al. (2004) as follows:

Dsy/Y

Em = 7 Pm__ T
_pm

) T1.5
for pm < Pme (6.10)

For cohesive mixtures (pm > pmc), both sand and mud erosion
rates can be computed using the Partheniades’s formula

Es=(1—pm) MT

f > 6.11
Ew=paMT O PmO e4D

In equations (6.10) and (6.11), D, is the dimensionless grain size
(D, = Dso[(s — 1)g/v?]'/3, being s the sediment specific density and
v the water kinematic viscosity), T is the transport parameter, M,
and M, are the specific entrainment for non-cohesive and cohesive
mixtures respectively (van Ledden et al., 2004)

1-pm

(s —1)gDsg (Mnc 1 ) T=pme
M = , M = N ‘ M 6.12
nc Dgg c Mm 1 _ pmc m ( )

where M, is the specific entrainment for pure mud (M, =5-10"% g
m/s) and « is set equal to 1 - 10~°. The transport parameter is usu-
ally defined as T = max{0; 1, /7. — 1}, describing a sharp transition
between T = 0and T = 1,/ 1. — 1, where T, is the local bottom shear
stress and T, is the critical shear stress for erosion. However, in real
tidal systems, both 1, and 7. are not constant in space, thus we assume
that they are both random variables, following a log-normal distribu-
tion (Carniello et al., 2012). The result of this stochastic approach is a
smooth transition between T =0and T = 7, /7. — 1.

All parameters are within the range of variability of similar de-
position and erosion formulations (Temmerman et al., 2005b; Breda
et al., 2021). In particular, erosion is set equal to zero on salt marshes
because vegetation reduces velocity and dampens waves, protecting
sediment from erosion (Moller et al., 1999; Temmerman et al., 2005b).
The result of erosion and deposition fluxes of sand and mud is a
variation in bed level through time, which is computed according to
eq. (6.7).
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The model has been widely benchmarked against hydrodynamic,
wind-wave, and turbidity field- and satellite-data from the Venice
Lagoon (Italy) (Carniello et al., 2011, 2014), Virginia Coast Reserve la-
goons (USA) (Mariotti et al., 2010b), and Cadiz Bay (Spain) (Zarzuelo
et al., 2018).

The computational domain representing the Venice Lagoon (Fig-
ure 6.7) consists of 51’084 nodes and 96’751 triangular elements. The
model is forced with water levels measured at the three inlets, as well
as with wind directions and velocities measured in three different
zones of the lagoon by the Venice Municipality “Centro Previsioni e
Segnalazioni Maree” (CPSM) monitoring network (Figure 6.7). The 3
October event simulation starts 80 hours before the floodgates clo-
sure and ends 32 hours after barrier opening. The 15 October event
simulation starts 54 hours before the floodgates closure and ends 59
hours after the subsequent opening. Moreover, to evaluate the effects
of the barrier closures on the sediment budget at a seasonal timescale,
we simulated the whole period between 30 September 2020 and 10
January 2021 to cover all the first 15 barrier operations.

Finally, a Lagrangian particle tracking scheme has been set up to
visualize the fate of sediments that are suspended at a given location
and time instant (see Figure 6.6), according to the actual sediment dy-
namics computed by the Eulerian scheme implemented in STABEM.
We release a large number of non-inertial particles at a given location
and move them according to the velocity field computed by the hy-
drodynamic module adding a stochastic component, with the local
eddy viscosity to measure the diffusivity, to simulate a random walk
process (Visser, 1997). To account for deposition, at each time step and
for each cell of the mesh we compute the number of particles within
the cell, n;, and the ratio of deposited to the total suspended material,
Rp = dt-D/(CY), with dt the time step, D and C the total (sand
plus mud) deposition rate and vertically-averaged concentration, re-
spectively. Given that Rp expresses the probability of deposition of
suspended particles in the cell according to STABEM computations,
in the Lagrangian particle tracking scheme 71, = Rp - 1; particles
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are permanently stopped at each time step. To account for the frac-
tional part of 7.y, denoted as fmc(nstop), we generate a random
number r € [0,1] and stop an additional particle if r < frac(nsp).
The number of released particles, N, = 10,000, is large enough to
make the percentages of particles deposited on the marsh (Figure 6.6)
independent of N,.

6.6 SUPPORTING INFORMATION

6.6.1 Reliability of the hydrodynamic model

The comparison between measured and modelled water levels is
displayed in Figure 6.8 for the 3 October closure and in Figure 6.9
for the 15 October closure for 15 different stations within the Venice
Lagoon (location shown in Figure 6.7). The hydrodynamic model ac-
curately reproduces observed water levels, also under flood-regulated
conditions.

Model reliability is quantified by means of standard statistical
parameters, namely the Mean Absolute Error (MAE), Root Mean
Squared Error (RMSE), and Nash-Sutcliffe Efficiency (NSE) (Table 6.1).
MAE ranges between 0.016 and 0.043 m, RMSE is between 0.021 and
0.054 m. NSE is always higher than 0.94, thus the model performance
is classified as “excellent” following the classification proposed by
J. L. Allen et al. (2007).

6.6.2 Reliability of the sediment transport model

The ability of the model to reproduce sediment transport pro-
cesses and the related bed evolution is evaluated by comparing field
measurements and model results in terms of suspended sediment con-
centration (SSC), as well as salt-marsh vertical accretion and tidal-flat
bed elevation changes. Figure 6.10 compares measured and modelled
SSC during the 3 and 15 October closures at three different gauging
stations within the lagoon (location shown in Figure 6.7), and the pa-
rameters to quantify model reliability are listed in Table 6.2. MAE is
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lower than 8.9 mg1~! and RMSE is lower than 15.8 mg1~'. The model
efficiency is classified as “very good” based on NSE larger than 0.52
(J. I. Allen et al., 2007). Therefore, despite not begin as accurate as
simulated water levels, modelled SSC values reasonably match mea-
surements, reproducing the magnitude and the modulation of SSC
induced by the combined action of tidal levels and wind waves.
Salt-marsh accretion measurements are available for 27 sites group-
ed in three marshes (locations shown in the upper panel of Fig-
ure 6.11). Accretion was measured through kaolinite horizon mark-
ers and yearly accretion rates are available for the period 2019-2020
(Tognin et al., 2021). To compare field measurements and model re-
sults, ad hoc numerical simulations were performed using water
levels and wind climate measured during the observation period
as boundary conditions. The comparison between field measure-
ments and model results is performed both at the scale of individual
marshes and for the whole lagoon (Figure 6.11). The mean absolute
error between measured and modelled accretion rates is equal to
0.56 £ 2.80 mm/year. In addition, we performed the non-parametric
Kolgomorov-Smirnov test to quantitatively compare the distribu-
tions of measured and modelled accretion rates and it confirms that
they do not significantly differ (significance level « = 0.01) for each
considered study site as well as for the whole lagoon (Table 6.3).
Although direct measurements of bed elevation change on tidal
flats are not available, estimates of erosion and deposition rates can
be obtained from periodic bathymetric surveys available at the scale
of the entire lagoon. In particular, we computed the mean annual bed
elevation change experienced by tidal flats of the Venice Lagoon by
subtracting the digital elevation model derived from the two most
recent bathymetries available (i.e., 1970 and 2003) and by computing
the mean rate of change. We then compared the results with the an-
nual bed elevation change computed through the numerical model
using water levels and wind climate measured in 2005 and 2020 as
boundary conditions. The year 2005 is selected because probability
distributions of water levels and wind conditions are closest to me-
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dian values for the period 2000-2020, and thus morphological changes
obtained with these forcing factors are deemed to be similar to those
experienced by the lagoon over decadal timescales and captured by
bathymetric surveys. Despite being characterized by water levels and
wind conditions different from the average, numerical simulations
are performed for the year 2020 as well, as it represents the year in
which the Mo.S.E. barrier system became operational.

Modelled and observed bed elevation changes are compared for
20 tidal-flat sites (circular areas with radius equal to 1 km) distributed
all over the Venice Lagoon (locations shown in the upper panel of
Figure 6.12). Boxplots in Figure 6.12 show that bed elevation changes
retrieved from bathymetric data are comparable with those computed
using the numerical model, both for the 2005 and 2020 simulations.
The mean absolute error between measured and modelled bed eleva-
tion changes is equal to 7.9 &+ 18.3 mm/year for the 2005 simulation
and to 7.6 &= 18.1 mm/year for the 2020 simulation. Kolmogorov-
Smirnov tests show that model results of the 2005 simulation do not
significantly differ from bathymetric measurements in any case (sig-
nificance level « = 0.01, Table 6.4). In addition, bed elevation changes
resulting from the 2020 simulation do not significantly differ from
tield data in 16 out of the 20 study sites « = 0.01, Table 6.4). The
statistical comparison between field measurements and model results
in terms of SSC, salt-marsh accretion, and bed elevation changes of
tidal flats shows that erosional and depositional fluxes, together with
the resulting elevation changes of different morphological units, are
reasonably captured by the numerical model.

6.6.3 Statistical characterization of water level and wind conditions asso-

ciated with flooding events

In addition to representing the first-ever closures of the Mo.S.E.
barriers to avoid the flooding of the city of Venice, the operations
of the 3 and 15 October 2020 were characterized by hydrodynamic
and meteorological conditions that are typical to events that lead
to extensive flooding of Venice city and other inhabited settlements
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within the lagoon (Figure 6.13). To demonstrate this, we analyzed
water level and wind data measured from 1983 to 2020 and retain all
data corresponding to water levels exceeding the safety threshold of
110 cm above the local datum of “Punta della Salute”. Water levels
were measured at the “Diga Lido Sud” gauging station, which is
located just outside of the Lido inlet and therefore is not affected
by barrier operations (Figure 6.7). Wind velocities and directions
were retrieved from the “Chioggia Diga Sud” anemometric station,
which is representative of wind conditions across the whole Lagoon
(Carniello et al., 2005).

The 3 October 2020 event is very close to the median of the distri-
bution, because water levels and wind velocities are characterized by
a cumulative exceedance probability of 0.55 and 0.52, respectively. On
the contrary, the 15 October event is characterized by higher water
levels and wind velocities, with values of cumulative exceedance
probability equal to 0.90 and 0.88, respectively.

Based on the above analysis, the two selected events can be con-
sidered representative of both average (3 October) and quite intense
(15 October) tide and wind conditions among those typically leading
to flooding events.
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Figure 6.8: Water level for the 3 October event. Comparison between measured water
level (black dots), modelled water level in the open barrier scenario (light blue),
and modelled water level in the closed barrier scenario (purple). Measurement
station positions are indicated in Figure 6.7.
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Figure 6.9: Water level for the 15 October event. Comparison between measured water
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Figure 6.10: Suspended sediment concentration (SSC). Comparison between measured
SSC (black line), modelled SSC in the open barrier scenario (light blue) and
modelled SSC in the closed barrier scenario (purple). Measurement station
positions are indicated in Figure 6.7. Notably the model accurately predicts not
only the magnitude of the SSC but also its modulation induced by tidal-level

and wind-wave variations.



177

6.6. SUPPORTING INFORMATION

«xx866°0 «xx886°0 1200 8200 £10°0 ¢c00 op0g erddon)y  Gr
xxx166°0 «xx886°0 9200 6200 12070 ¢c00 enD eddon)  p1
xxx£L6°0 +xxG96°0 Sv0°0 0<0°0 8¢00 €700 ogopensd ¢l
#x¢0£6°0 «xx926°0 L¥0°0 €700 v00 ££0°0 OMO O00wWeeN  ¢1
#xx846°0 xxx£L6°0 00 7900 £e0°0 8¢0°0 oBrory ueg 1
#xx066°0 28860 £20°0 ce00 €00 £20°0 amegepung Ol
#xx986°0 28860 1€0°0 0€00 €200 ¥20°0 QIOdIN UeS 6
#xxC66°0 #xx686'0 €200 8200 8100 1200 BIPIOOLISSTIN -+ 8
#xx686°0 29860 £20°0 €00 00 9200 ouemp  /
#xx686°0 %8860 £20°0 6200 0200 1200 elessa, 9
#xxC86°0 +x+086°0 €00 ££0°0 6200 €00 owsselqjues g
xxx0£6°0 +xx6£6°0 0700 9¢00 9¢00 6200 ouelng ¥
xxx676°0 +xx066°0 9700 0<0°0 8¢00 o0 pioN eunde] ¢
«xx8€6°0 «::976°0 400 €400 ¥€0°0 ££0°0 Qqesseln ¢
xxxCV6°0 xxxC96°0 0500 0<0°0 Gqe00 ge00 eloouy feuey |

020T/0T/ST  0202/01/€ 0T0T/0L/ST  020C/0T/€ 0T0C/0L/ST  0Z0T/01/€
SN IS IV eare Apmig

‘() :00d 7°0 > I
(x4) POOS 20 — G0 = TN “(xs) POOS AI9A G0 — G9'0 = FIN *(sxs) FIBI[POXD G9°0 < TSN :(Z00T “T€ 3 US[[V T °[) SMO[[0] Se pauyap aq ued
SALI0331eD 9DURULIOJIS "BJepP PAINSLaW Jlf} JO Ueaw 8y} ST (] pUe ‘91ewmsa [opour Surpuodsariod ayj ST 1/ “ejep paInseaw sy} aIe p a1aym ‘((J

—p)X/(w—p)X — 1 se pauyap (FSN) LOusroyyH HIPING-YSEN pue (FSNY) 10117 parenbg uesjy 100y ‘() 10117 AN[0SAY UL Y3noy)
parewnsa £'9 o3 Ul UMOYS SUOI}R}S JUSWDINSEIW GT a3} Ul pajnduiod [9A3] Iojem 10§ AOUSIOYJO [OPOIA ‘[9AJ] I19)eM U0 ADUSIDYJd [SPOIA :1°9 d1qe]



6. EFFECTS OF STORM-SURGE BARRIERS AT THE BASIN SCALE

178

#CVS0 ++GES0 68€'T1 /861 6€09 86S'T a10133eN opned —¢NL €
«£09°0 «£8G°0 8€T/L LEST 99%°€ 911 oIPITS-ZNL T
«8€9°0 «STS0 6/8°ST 9759 7168 06LF eursng - [NL T

020T/01/S1  020T/01/€ 020T/0L/ST  0CT0C/0L/€ 0T0T/0L/ST  020T/01/€
4SN IS IV eare Apnig

() 100d 70 > TNV (1) POOS TO — 60 = IW
(14) POOS AI9A G'0 — G9'0 = TIN “(sxs) YUR[[PIX2 G9°0 < TSN :(£00T ““Te 30 VSV ' *[) SMO[[O] Se paunep o Ued SoLI039)Ld dDURULIONDJ “Bep
paInseauw a1y} JO UeaW 313 SI (] PUe ‘91ewsa [Ppowr Surpuodsaiiod sy ST i ‘ejep parnseaur ay} are p araym ‘(q — p) X /(w — p)X — 1 se
pauyep ‘(FSN) ASUDIH PIPING-YseN pue (FSWY) 1o11g parenbg uesjy 100 ‘(7Y ) 10117 IN[0SqY UBSJA YSNOIY} PIJewysd /9 2L
UI UMOUS SUOT}E)S JusuraInseaws ¢ ayj ut payndurod Hgg 105 Aousmyje [9poA “(DSS) UOHEIIUIDU0D JUSWIPas papuadsns 10§ A>Ua1dYJa [POIA (29 2)1qe|



6.6. SUPPORTING INFORMATION 179

0 5 10 km . Salt marshes
[ B S
[] Tidal flats
N D Channels
SE
o
o SF
co ®
co SE SF Lagoon
]
' ' L]
= 10 10’ 10’ 10
@®©
(5
>
£
E
L
o
c
S 10° 100 10° 10°
o
Q
Q
<

[ 1Measured [____]Modelled ® Single value

Figure 6.11: Comparison between measured and modelled salt-marsh accretion. Com-
parison between measured (grey) and modelled (blue) accretion rates on salt
marshes. Data refer to years 2019 and 2020. Locations of the marsh study sites
are shown by red dots in the upper panel. All y-axes in the lower panels are on

a logarithmic scale.

Table 6.3: Statistical test on salt-marsh accretion. Results of the Kolmogorov-Smirnov test
performed to test the null hypothesis that measured and modelled salt-marsh
accretion rate (Figure 6.11) are from the same distribution. h = 0 indicates that the
test does not reject the null hypothesis, and h = 1 otherwise. Significance level
a = 0.01.

Study area h p-value

1 CO 0 0.708
2 SE 0 0.065
3 SF 0 0.387
4 Lagoon 0 0.724
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Figure 6.12: Comparison between measured and modelled bed elevation change on tidal
flats. Comparison between bed elevation change obtained from bathymetric
surveys (grey) and modelled using as boundary conditions water levels and
wind climate measured in 2005 (dark green) and 2020 (light green). Locations

of the studied tidal flat areas are shown in the upper panel.
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Table 6.4: Statistical test on tidal-flat bed elevation change. Results of the Kolmogorov-
Smirnov test performed to test the null hypothesis that measured and modelled
tidal-flat bed elevation change (Figure 6.12) are from the same distribution. The
test compares the bed elevation change obtained from bathymetric surveys with
model results obtained using as boundary conditions water level and wind cli-
mate measured in 2005 (3 and 4% columns) and 2020 (5™ and 6 columns). h =
0 indicates that the test does not reject the null hypothesis, and h = 1 otherwise.
Significance level « = 0.01.

Study area  Bathymetry - Mod. 2005 Bathymetry - Mod. 2020

h p-value h p-value

1 TF1 0 0247 0 0.116
2 TF2 0 0218 0 0.709
3 TF3 0 099 0 0.247
4 TF4 0 0018 1 0.002
5 TF5 0 019 0 0.031
6 TF6 0 0247 0 0.247
7 TF7 0 0012 1 0.001
8 TF8 0 0116 0 0.049
9 TF9 0 0018 0 0.116
10 TF10 0 0.060 1 4.22E-06
11 TF11 0 0059 1 1.83E-04
12 TF12 0 0742 1 0.006
13 TF13 0 0956 0 0.462
14 TF14 0 0945 0 0.425
15 TF15 0 0425 1 0.001
16 TF16 0 0387 0 0.031
17 TF17 0 0673 0 0.190
18 TF18 0 0965 0 0.059
19 TF19 0 0425 0 0.014
20 TF20 0 0010 O 0.010
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Figure 6.13: Statistical characterization of tide and wind conditions associated with the
flooding of lagoonal settlements. Scatterplot of water levels and wind condi-
tions associated with flooding events, i.e., water level higher than 1.10 m above
the local datum of “Punta della Salute” (ZPS), based on data recorded from
1983 to 2020. Water levels are measured at the “Lido Diga Sud” gauging station,
whereas wind data are derived from the “Chioggia Diga Sud” anemometric
station. Colors indicate wind direction. Square and diamond highlight the 3
October and 15 October 2020 events, respectively. Probability density estimates
and cumulative probability of water level and wind velocity are shown in the

upper and right panels, respectively.
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Figure 6.14: Maximum water level. Maximum water level in the closed barrier scenario, for
the 3 October (a) and 15 October 2020 (b) operations, and in the open barrier
scenario, for the 3 October (c) and 15 October 2020 (d) events. Boxplots of the
maximum water level within the lagoon, considering both the closed (yellow)
and open (purple) barrier scenario, for the 3 October (e) and 15 October (f)

events.
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Figure 6.15: Maximum significant wave height Hs. Maximum significant wave height
in the closed barrier scenario, for the 3 October (a) and 15 October 2020 (b)
operations, and in the open barrier scenario, for the 3 October (c) and 15
October 2020 (d) events. Boxplots of the maximum water level within the
lagoon, considering both the closed (yellow) and open (purple) barrier scenario,
for the 3 October (e) and 15 October (f) events.
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Figure 6.16: Maximum bottom shear stress 1,. Maximum bottom shear stress in the closed

barrier scenario, for the 3 October (a) and 15 October 2020 (b) operations, and in

the open barrier scenario, for the 3 October (c) and 15 October 2020 (d) events.

Boxplots of the maximum water level within the lagoon, considering both the

closed (yellow) and open (purple) barrier scenario, for the 3 October (e) and 15

October (f) events.
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Figure 6.17: Maximum suspended sediment concentration (SSC). Maximum suspended
sediment concentration in the closed barrier scenario, for the 3 October (a)
and 15 October 2020 (b) operations, and in the open barrier scenario, for the 3
October (c) and 15 October 2020 (d) events. Boxplots of the maximum water
level within the lagoon, considering both the closed (yellow) and open (purple)

barrier scenario, for the 3 October (e) and 15 October (f) events.
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Figure 6.18: Maximum salt-marsh flooding depth. Maximum salt-marsh flooding depth
in the closed barrier scenario, for the 3 October (a) and 15 October 2020 (b)
operations, and in the open barrier scenario, for the 3 October (c) and 15
October 2020 (d) events. Boxplots of the maximum water level within the
lagoon, considering both the closed (yellow) and open (purple) barrier scenario,

for the 3 October (e) and 15 October (f) events.
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Figure 6.19: Maximum salt-marsh flooding duration. Maximum salt-marsh flooding dura-

tion in the closed barrier scenario, for the 3 October (a) and 15 October 2020 (b)
operations, and in the open barrier scenario, for the 3 October (c) and 15 Octo-
ber 2020 (d) events. Boxplots of the maximum water level within the lagoon,
considering both the closed (yellow) and open (purple) barrier scenario, for the
3 October (e) and 15 October (f) events.
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Figure 6.20: Absorbed wave power difference. Difference of the mean wave power ab-

sorbed by salt-mash margins in the central-southern lagoon between the flood-
regulated and non-regulated scenarios, for the 3 October (a) and 15 October
2020 (b) events.






CONCLUSIONS

Using a multidisciplinary approach, that combines numerical
modelling, statistical analyses, field observations, and laboratory
techniques, the present study deals with erosional and depositional
dynamics in shallow tidal systems and how they are affected by
natural and anthropogenic drivers. In particular, sediment erosion
and transport dynamics were statistically characterized by analysing
spatially-explicit time series of bottom shear stresses and suspended
sediment concentrations computed using a calibrated and widely
tested finite-element numerical model. Spatial and temporal sedi-
mentation patterns on salt marshes were investigated considering
short-term sedimentation observations measured in the Venice La-
goon from October 2018 to October 2021. Finally, the impacts on tidal
basins and, in particular, on salt marshes of anthropogenic flood-
regulation were evaluated combining field data and numerical mod-
elling of the first-ever operations of the storm-surge barriers in the
Venice Lagoon during Fall 2020.

The main results stemmed out from this research can be summa-
rized answering the questions posed in Section 1.5 as follows:

i. Can the stochastic effects of high-energy, wave-driven events on sedi-
ment erosion and transport be considered in a synthetic, but reliable,

191
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modelling framework for the long-term evolution of shallow tidal envi-
ronments?

Erosion and sediment transport dynamics can both be modelled
as marked Poisson processes, because interarrival times of over-
threshold events of bottom shear stress and suspended sediment
concentration are exponentially distributed. This confirms the
possibility of set-up a synthetic, statistically-based framework
for the long-term biomorphodynamic evolution of shallow tidal
systems.

In the specific case of the Venice Lagoon, its morphological evolu-
tion, shaped by both natural processes and anthropogenic inter-
ventions in the last four centuries, results generally in an increase
of interarrival times, durations and intensities of over-threshold
events, thus leading to less frequent but longer and more intense
erosion and suspended sediment concentration events (Chap-
ters 2 and 3).

Which is the relative contribution of storm-dominated and fair-weather
periods to salt-marsh sedimentation?

Field observations from the salt marshes of the microtidal Venice
Lagoon show that about 70% of the yearly total sediment accu-
mulation occurs during storm-dominated periods, despite their
short duration. Hence, sediment accumulation on salt marshes
appears to be supplied by intense, episodic storm surges, rather
than by the mild, rhythmic tidal flooding (Chapter 4 and 5).

How do tides and wind waves affect spatial sedimentation patterns on
salt marshes?

Comparing sedimentation measurements and marsh topographic
profiles, we show how tide, wind waves and their mutual combi-
nation during storm surges influences spatial sedimentation pat-
terns on salt marshes. Surge enhanced water levels can promote
wind-wave driven sediment fluxes directly across the mudflat-
marsh transition. These fluxes alter purely tidal sedimentation
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patterns resulting from creek-driven gradual flooding and, thus,
affect marsh topographic elevation and morphology (Chapter 4).
These results challenge the conventional view of salt-marsh sed-
imentation as an essentially tide-driven process and provide
further insight into the relative importance of the different hydro-
dynamic and sediment transport mechanisms that shape marsh
platforms.

How do storm-surge barriers affect sediment transport at the basin
scale? In particular, how is salt-marsh sedimentation affected by flood
requlation?

Flood-regulation using storm-surge barriers tends to promote
channel infilling and hinder salt-marsh sediment accumulation.
Even though barrier closures can temporarily reduce sediment
loss from the system, they promote a less-diverse geomorpho-
logical structure, rather than contributing to the preservation of
tidal landforms (Chapter 6).

Flood regulation will affect particularly the upper intertidal zone,
where only few surge events cause flooding and supply the sedi-
ment needed for marshes to offset increasing sea levels. We prove
that the large yet episodic, storm-driven sediment supply is se-
riously reduced by temporally limited capping of water levels
by storm-surge barrier operations, thus casting doubt on marsh
resilience to sea-level rise (Chapter 5).

The temporary closure of storm-surge barriers to avoid flooding
of urban areas can deeply affect the morphodynamic processes
and poses further pressures on the surrounding tidal environ-
ment. The quantification of the environmental effects of storm-
surge barriers offers the cue and the tools to develop management
strategies that can reconcile the objectives of the protection of
the built environment and those of preservation of natural tidal
ecosystems.
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