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3École Polytehnique Fédérale de Lausanne EPFL
4Department of Civil, Environmental, and Architectural Engineering, University of Padova

December 7, 2022

Abstract

Wave-induced bottom shear stress is one of the leading processes that control sediment erosion dynamics in shallow tidal

environments, because it is responsible for sediment resuspension and, jointly with tidal currents, for sediment reworking on

tidal flats. Reliable descriptions of erosion events are foundational to effective frameworks relevant to the fate of tidal landscape

evolution.

However, the absence of long-term, measured time series of bottom shear stress (BSS) prevents a direct analysis of erosion

dynamics. Here we adopted a fully-coupled, bi-dimensional numerical model to compute BSS generated by both tidal currents

and wind waves in six historical configurations of the Venice Lagoon in the last four centuries. e one-year-long time series of

the total BSS were analysed based on the peak over threshold theory to statistically characterize events that exceed a given

erosion threshold and investigate the effects of morphological modifications on spatial and temporal erosion patterns. Our

analysis suggests that erosion events can be modeled as a marked Poisson process in the intertidal flats for all the considered

configurations of the Venice Lagoon, because interarrival times, durations and intensities of the over-threshold exceedances are

well described by exponentially distributed random variables.

Moreover, while the intensity and duration of over-threshold events are temporally correlated, almost no correlation exists

between them and interarrival times. The resulting statistical characterization allows for a straightforward computation of

morphological indicators, such as erosion work, and paves the way to a novel synthetic, yet reliable, approach for long-term

morphodynamic modeling of tidal environments.
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Abstract17

Wave-induced bottom shear stress is one of the leading processes that control sediment18

erosion dynamics in shallow tidal environments, because it is responsible for sediment19

resuspension and, jointly with tidal currents, for sediment reworking on tidal flats. Re-20

liable descriptions of erosion events are foundational to effective frameworks relevant to21

the fate of tidal landscape evolution. However, the absence of long-term, measured time22

series of bottom shear stress (BSS) prevents a direct analysis of erosion dynamics. Here23

we adopted a fully-coupled, bi-dimensional numerical model to compute BSS generated24

by both tidal currents and wind waves in six historical configurations of the Venice La-25

goon in the last four centuries. The one-year-long time series of the total BSS were anal-26

ysed based on the peak over threshold theory to statistically characterize events that ex-27

ceed a given erosion threshold and investigate the effects of morphological modifications28

on spatial and temporal erosion patterns. Our analysis suggests that erosion events can29

be modeled as a marked Poisson process in the intertidal flats for all the considered con-30

figurations of the Venice Lagoon, because interarrival times, durations and intensities31

of the over-threshold exceedances are well described by exponentially distributed ran-32

dom variables. Moreover, while the intensity and duration of over-threshold events are33

temporally correlated, almost no correlation exists between them and interarrival times.34

The resulting statistical characterization allows for a straightforward computation of mor-35

phological indicators, such as erosion work, and paves the way to a novel synthetic, yet36

reliable, approach for long-term morphodynamic modeling of tidal environments.37

1 Introduction38

Wind waves are key drivers of the morphological evolution of shallow tidal land-39

scapes (Green & Coco, 2014). The morphology of tidal flats and subtidal platforms is40

mainly controlled by wave-induced erosion and resuspension, together with the rate of41

relative sea level rise and sediment supply (Fagherazzi et al., 2006; A. D’Alpaos et al.,42

2012; Hu et al., 2017; Zhou et al., 2017; Belliard et al., 2019). Moreover, the action of43

wind waves is usually recognized as one of the main causes of the retreat of salt-marsh44

margins (Möller et al., 1999; Schwimmer, 2001; Marani et al., 2011; Bendoni et al., 2016;45

Leonardi et al., 2016; Finotello et al., 2020). Therefore, the temporal and spatial evo-46

lution of wave-induced bottom shear stresses (BSSs) has an important impact on sed-47

iment dynamics in the intertidal zone (Carniello et al., 2005; Fagherazzi & Wiberg, 2009;48
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Mariotti et al., 2010), ultimately influencing the morphological and biological processes49

responsible for the evolution of tidal systems. For instance, local wave-induced BSS can50

influence sediment winnowing and distribution on tidal flats (Zhou et al., 2015; Ghinassi51

et al., 2019). Moreover, large wave-induced BSSs can disrupt the polymeric biofilm built52

up by microphytobenthos (MPB) typically colonizing the bed sediment in shallow tidal53

environments (Amos et al., 2004; Mariotti & Fagherazzi, 2012), and therefore promote54

erosion of tidal-flat surfaces. The related increase in suspended sediment concentration55

(SSC) can trigger negative feedbacks by promoting the decrease of light availability in56

the water column and thus limiting the seagrass and MPB proliferation (Lawson et al.,57

2007; Carr et al., 2010; Chen et al., 2017; Pivato et al., 2019). However, at the same time,58

increased SSC, typically occurring during storm surges, can support sedimentation on59

salt marshes, thus helping them to keep pace with sea level rise (Goodbred & Hine, 1995;60

Tognin et al., 2021). Therefore, understanding BSS dynamics is fundamental to describe61

to morphodynamic evolution of tidal flats and to indicate long-term sustainable man-62

agement strategies for shallow tidal systems (Zhou et al., 2022), which is crucial under63

the increasing pressure of relative sea level rise (Nicholls et al., 2021) and human inter-64

ventions (Tognin et al., 2022).65

The wind-wave and the related BSS fields, as well as their impact on the morpho-66

dynamics of shallow tidal basins, can be provided by several numerical models. However,67

modeling the morphodynamic evolution over time scales of centuries using fully-fledged68

models is a difficult task due to the numerical burdens involved and, therefore, simpli-69

fied approaches are more and more frequently adopted (Murray, 2007). Opting for such70

a simplified approach, long-term models ideally should be tested in tidal systems where71

information on the morphological evolution is available for a sufficiently long time. From72

this point of view, the Venice Lagoon, Italy (Figure 1) represents an almost unique op-73

portunity to test long-term models, because several bathymetric surveys are available74

for the last four centuries (Carniello et al., 2009; Tommasini et al., 2019; Finotello et al.,75

2022).76

Towards the goal of developing a synthetic theoretical framework to represent wind-77

wave induced erosion events and accounting for their influence on the long-term mor-78

phodynamic evolution of tidal systems, we applied a two dimensional finite element model79

for reproducing and analysing the combined effect of wind waves and tidal currents in80

generating BSSs in several historical configurations of the Venice Lagoon. More in de-81
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tail, in the present study, we used the fully coupled Wind Wave-Tidal Model (WWTM)82

(Carniello et al., 2005, 2011) to investigate the hydrodynamic behaviour in six histor-83

ical configurations of the Venice Lagoon, namely 1611, 1810, 1901, 1932, 1970, and 2012.84

For each configuration, we run a one-year-long simulation considering representative tidal85

and meteorological boundary conditions. The resulting spatial and temporal dynamics86

of BSSs for the six selected configurations were analysed on the basis of the peak over87

threshold (POT) theory once a critical shear stress for bed sediment erosion was cho-88

sen.89

The main goal of the present analysis is to find whether, in line with previous re-90

sults (A. D’Alpaos et al., 2013), wave-induced erosion events can be modeled as marked91

Poisson processes also for the historical configurations of the Venice Lagoon. The rel-92

evance of this result lies in the possibility of describing erosion processes as a Poisson93

process, which represents a promising framework for long-term studies. Indeed, the an-94

alytical characterization of the long-term behaviour of geophysical processes is becom-95

ing increasingly popular in hydrology and geomorphology (e.g., Rodriguez-Iturbe et al.,96

1987; D’Odorico & Fagherazzi, 2003; Botter et al., 2007; Park et al., 2014), although the97

applications to tidal landscapes are still quite rare (A. D’Alpaos et al., 2013; Carniello98

et al., 2016). Our analyses provide a temporally and spatially explicit characterization99

of wind-induced erosion events for the Venice Lagoon starting from the beginning of the100

seventeenth century, thus allowing us to investigate and understand the main features101

of the erosive trends the lagoon has been experiencing and to provide predictions on fu-102

ture scenarios.103

2 Materials and Methods104

2.1 Geomorphological setting105

The Venice Lagoon, located in the northern Adriatic Sea and characterized by an106

area of 550 km2, formed over the last 7500 years covering alluvial Late Pleistocene, silty-107

clayey deposits locally known as Caranto (Zecchin et al., 2008). In the present-day mor-108

phology, the lagoon is connected to the sea with three inlets, namely Lido, Malamocco,109

and Chioggia (Figure 1), through which the semidiurnal tide with a maximum tidal os-110

cillation of about 0.75 m that characterizes the northern Adriatic Sea propagates within111

the lagoon (A. D’Alpaos et al., 2013). Meteorological conditions also importantly affect112
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the hydrodynamics of the Venice Lagoon. In particular, storm surges generated by the113

south-easterly Sirocco wind (Figure 1b) often overlap astronomical tides, thus increas-114

ing water levels (Mel et al., 2014). Whereas, the north-easterly Bora wind (Figure 1b)115

is mainly responsible for the generation of wind waves and water level set-up, especially116

in the central and southern portions of the lagoon (Carniello et al., 2009).117
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Figure 1. Morphological features and wind conditions characterizing the Venice

Lagoon. a, Spatial distribution of the morphological features characterizing the the Venice La-

goon. 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 charac-

terization of overthreshold 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.

The morphology of the Lagoon deeply changed through the last four centuries (Fig-118

ure 2), especially owing to anthropogenic modifications (L. D’Alpaos, 2010a). By the end119

–5–



manuscript submitted to Water Resources Research

of the 16th century, all the major rivers flowing into the lagoon were diverted to debouch120

directly into the open sea, thus dramatically decreasing fluvial sediment input. Further-121

more, between the 1900s and 1950s, the exploitation of groundwater for industrial pur-122

poses accelerated the local subsidence rates, with anthropogenically-induced subsidence123

reaching values of about 10 to 14 cm in the area of the city of Venice (Carbognin et al.,124

2004; Zanchettin et al., 2021). In the same period, the total area open to the propaga-125

tion of tides was largely reduced due to extensive land reclamation carried out to accom-126

modate industrial, agricultural, and aquacultural activities, especially along the land-127

ward margin of the lagoon (Figure 2c-e). On the seaward side, massive jetties were built128

between 1839 and 1934 to stabilize the sections of the three inlets and maintain water129

depths requested for increasingly bigger commercial ships (Figure 2c,d). For the same130

reason, navigation channels were excavated in the central part of the lagoon to connect131

the inner harbour with the sea (Figure 2e). These interventions, together with eustatic132

sea-level rise (average value 1.23± 0.13 mm/year between 1872 and 2019; 2.76± 1.75133

mm/year between 1993 and 2019; see Zanchettin et al., 2021), deeply changed the mor-134

phological evolution of the lagoon.135

We considered six different configurations of the Venice Lagoon (Figure 2 and S1),136

covering a time span of four centuries, in order to assess the evolution through time of137

the feedback mechanisms between morphology and wave-induced erosion. The oldest three138

configurations (1611, 1810, and 1901) were reconstructed by using historical maps, while139

the more recent ones make use of the topographic surveys carried out by the Venice Wa-140

ter Authority (Magistrato alle Acque di Venezia) in 1932, 1970, and 2003. The updated141

description of the more recent morphological modifications, mainly occurred at the three142

inlets in the context of the Mo.S.E. project for the safeguard of the city of Venice by high143

tides (almost completed in 2012), was included in the 2003 configuration, so that we re-144

fer to the latter configuration as to the 2012 configuration.145

We refer the reader to Tommasini et al. (2019) for a detailed description of the method-146

ology adopted to reconstruct the historical configurations and for information on the bathy-147

metric data of the Venice Lagoon. The computational grids reproducing all the six con-148

figurations of the Lagoon are shown in Figure S1 and were calibrated in previous stud-149

ies, namely: the 1611 by Tommasini et al. (2017); the 1810 by L. D’Alpaos and Martini150

(2005) and L. D’Alpaos (2010b); the 1901, 1932, 1970 and 2012 by Carniello et al. (2009)151

and Finotello et al. (2022).152
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Figure 2. Historical bathymetries of the Venice Lagoon. Color-coded bathymetries of

the six different configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970

(e), and 2012 (f).

2.2 Numerical Model and Simulations153

To compute the hydrodynamic and the wind-wave fields in the six selected config-154

urations of the Venice Lagoon, we used the two-dimensional (2-D) fully coupled Wind155

Wave Tidal Model (WWTM) (Carniello et al., 2005, 2011). The numerical model, cou-156

pling a hydrodynamic module and a wind-wave module, describes the hydrodynamic flow157

field together with the generation and propagation of wind waves using the same com-158

putational grid.159

The hydrodynamic module uses a semi-implicit staggered finite element method160

based on Galerkin’s approach to solve the 2-D shallow water equations suitably rewrit-161

ten in order to deal with partially wet and morphologically irregular domains (Defina,162

2000; Martini et al., 2004). The bottom shear stress induced by currents, τtc, is evalu-163

ated using the Strickler equation considering the case of a turbulent flow over a rough164

wall. The hydrodynamic module provides the water levels that are used by the wind-165
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wave module to assess the wave group celerity and the bottom influence on wind-wave166

propagation.167

For the wind-wave module (Carniello et al., 2005, 2011), the wave action conser-168

vation equation is parameterized using the zero-order moment of the wave action spec-169

trum in the frequency domain (Holthuijsen et al., 1989). An empirical correlation func-170

tion relating the peak wave period to the local wind speed and water depth determines171

the spatial and temporal distribution of the wave period (Young & Verhagen, 1996; Breugem172

& Holthuijsen, 2007; Carniello et al., 2011). The wind-wave module computes the bot-173

tom shear stress induced by wind waves, τww, as a function of the maximum horizon-174

tal orbital velocity at the bottom, which is related to the significant wave height through175

the linear theory.176

The total bottom shear stress, τwc, resulting from the combined effect of tidal cur-177

rents and wind waves, is enhanced beyond the sum of the two contributions, because of178

the non-linear interaction between the wave and the current boundary layer. In the WWTM179

this is accounted for by using the empirical formulation suggested by Soulsby (1995, 1997):180

τwc = τtc + τww

[
1 + 1.2

(
τww

τww + τtc

)]
(1)181

Even if BSSs induced by the tidal currents are typically smaller than those produced by182

wind waves, they are of fundamental importance in modulating the temporal evolution183

of the total BSSs and can increase the peak BSS values by up to 30% (Mariotti et al.,184

2010; A. D’Alpaos et al., 2013).185

The WWTM has been widely tested against field observations not only in the Venice186

Lagoon (e.g., Carniello et al., 2005, 2011; Tognin et al., 2022) but also in other shallow187

microtidal environments worldwide, for example in the back-barrier lagoons of the Vir-188

ginia Coast Reserve (Mariotti et al., 2010) and the Cádiz Bay (Zarzuelo et al., 2018, 2019).189

We applied the numerical model to the six computational domains representing the190

Venice Lagoon and a portion of the Adriatic Sea in front of it in order to perform one-191

year-long simulations (Figure S1). The boundary conditions of the model are the hourly192

tidal levels measured at the Consiglio Nazionale delle Ricerche (CNR) Oceanographic193

Platform, located in the Adriatic Sea offshore of the lagoon, and wind velocities and di-194

rections recorded at the Chioggia anemometric station, for which a quite long data set195

was available (Figure 1a). We forced the model with the time series recorded in 2005,196
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being the probability distribution of wind speeds in 2005 the closest to the mean annual197

probability distribution in the period 2000-2020 and therefore a representative year for198

the wind characteristics in the Venice Lagoon (Figure 1b). By considering the same wind199

and tidal forcing for each historical configuration of the Venice Lagoon, we isolate the200

effects of the lagoon morphology on the wind-wave fields and on the hydrodynamics.201

2.3 Peak Over Threshold Analysis of BSS202

The morphodynamic evolution of tidal environments is controlled by the complex203

interaction among hydrodynamic, biologic and geomorphologic processes, which include204

both deterministic and stochastic components. As an example, it was shown that sed-205

iment transport dynamics in the Venice Lagoon is mostly linked to some limited and se-206

vere events induced by wind-waves (Carniello et al., 2011), whose dynamics are markedly207

stochastic in the present-day configuration of the lagoon (A. D’Alpaos et al., 2013; Carniello208

et al., 2016). In this work, at any location within each considered configuration of the209

Venice Lagoon, we used the peak over threshold theory (POT) (Balkema & de Haan, 1974)210

to analyse the temporal and spatial evolution of the total BSS, τwc. The threshold value211

of the BSS, τc, was set equal to 0.4 Pa (Amos et al., 2004). The POT method allowed212

us to identify:213

1. the interarrival time of over-threshold events, defined as the time between two con-214

secutive upcrossings of the threshold;215

2. the duration of over-threshold events, that is the time elapsed between any up-216

crossing and the subsequent downcrossing of the threshold;217

3. its intensity, calculated as the largest exceedance of the threshold in the time elapsed218

between an upcrossing and the following downcrossing.219

Once the probability density functions and the corresponding moments of these variables220

were defined, a statistical analysis was performed for each location in all the considered221

configurations of the Venice Lagoon, in order to provide an accurate description of the222

BSS evolution through the last four centuries. This enabled us to highlight the feedback223

between morphology and resuspension events over long-term time scales.224

We performed the non-parametric Kolmogorov-Smirnov (KS) goodness of fit test225

to verify the hypothesis that the interarrival time of over-threshold events is an expo-226
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nentially distributed random variable. The interarrival probability distribution plays an227

important role because, if interarrival times between subsequent exceedances of the thresh-228

old τc are independent and exponentially distributed random variables, the mechanics229

of erosion events can be mathematically described as a 1-D marked Poisson process, char-230

acterized by a vector of random marks (intensity and duration of each over-threshold event)231

associated to a sequence of random events along the time axis. The memorylessness is232

one of the most interesting mathematical features of Poisson processes since it allows one233

to set the probability of observing a certain number of events in a pre-established time234

interval dependent only on its duration, regardless of its position along the time series.235

Therefore, the description of overthreshold BSS events as a Poisson process will allow236

one to immediately identify the probabilities of observing a certain number of resuspen-237

sion events in a year or during a season, because all the sources of stochasticity in the238

physical drivers are described by a single parameter (i.e. the mean frequency of the pro-239

cess). This suggests the possibility of setting up a synthetic theoretical framework to model240

the wave-induced events through the use of Monte-Carlo realizations, bearing important241

consequences for the long-term evolution of tidal landscapes.242

3 Results and Discussion243

We analysed the time series of computed total BSSs, τwc, on the basis of a POT244

method, in order to provide a statistical characterization of wave-induced erosion events.245

For all the six historical configurations of the Venice Lagoon, following the approach and246

the sensitivity analysis suggested by A. D’Alpaos et al. (2013), we set the critical shear247

stress, τc, equal to 0.4 Pa (Amos et al., 2004) thus neglecting possible effects related to248

modifications in the bed composition. In order to eliminate spurius upcrossing and down-249

crossing of the prescribed threshold, the time series of BSSs were previously processed250

by applying a moving average filter. This low-pass filter with a time window of 6 hours251

removes short-term fluctuations, preserving the modulation given by the semidiurnal tidal252

oscillation. Thanks to this procedure, over-threshold events satisfy the independence as-253

sumption required by the statistical analysis applied.254

At any node of the computational grids reproducing the selected configurations of255

the Venice Lagoon, the probability distributions of interarrival time, peak excess and du-256

ration of over-threshold erosion events are compared with an exponential distribution257

performing the KS test with a significance level α = 0.05. Figure 3 shows the results258
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of the KS test spatially distributed over the considered domains. In particular, we dis-259

tinguished:260

1. the dark blue area, where the KS test is not verified for the interarrival time, i.e.261

wave-induced erosion events can not be described as a Poisson process;262

2. the red area, where the KS test is verified for all the three considered stochastic263

variables, namely interarrival times, intensity, and duration, i.e. wave-induced ero-264

sion events are indeed a marked Poisson process where its markers, intensity and265

duration, are exponentially distributed random variables;266

3. the yellow area, where the KS test is verified for the interarrival time but it is not267

verified for the intensity and/or duration, i.e. wave-induced erosion events are a268

marked Poisson process but at least one between intensity and duration is not an269

exponentially distributed random variable.270

The mean interarrival times (Figure 4), mean peak excesses (Figure 5) and mean271

durations of over-threshold erosion events (Figure 6) in the six selected configurations272

of the Venice Lagoon are shown in every location where the KS test is satisfied for in-273

terarrival times (Figure 3), and, thus, erosion events, can be described as a Poisson pro-274

cess.275

Wind-wave generation is determined by energy transfer from the wind to the wa-276

ter surface and, thus, it clearly depends on wind characteristics, namely wind intensity277

and duration, as well as on fetch length and water depth (Fagherazzi et al., 2006; Fagher-278

azzi & Wiberg, 2009). As a consequence, the spatial distribution and morphological char-279

acteristics of channels, tidal flats, and, more importantly, salt marshes and islands strongly280

influence the response of a shallow tidal basin to wind forcing and the resulting distri-281

bution of BSSs (Fagherazzi et al., 2006; Defina et al., 2007). Large portions in the an-282

cient configurations of the lagoon were occupied by salt-marsh areas, continuously in-283

terrupting the fetch and thus reducing the exceedances of the critical threshold. As a284

result, in the four more ancient configurations the characteristics of erosion events glob-285

ally display a more complex spatial pattern, which conversely tends to be more uniform286

in the recent most configurations, due to the reduction in salt-marsh areas, to the increase287

in fetch length, and to the deepening of tidal flats.288
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a - 1611 b - 1810

e - 1970

d - 1932c - 1901

f - 2012

N

0 5 10 km

Kolmogorov-Smirnov test not verified for interarrival time

Kolmogorov-Smirnov test verified for interarrival time, intensity and duration

Kolmogorov-Smirnov test verified for interarrival time and
not verified for intensity and/or duration

Figure 3. Kolmogorov-Smirnov test for overthreshold erosion events. Spatial dis-

tribution of Kolmogorov-Smirnov (KS) test at significance level (α = 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 du-

ration) (red); verified for the interarrival time and not for intensity and/or duration (yellow).

In all the selected configurations, salt marshes and tidal channel networks mostly289

represent the portion of the lagoon where wave-induced erosion events cannot be mod-290

eled as a Poisson process (dark blue area in Figure 3). Over salt-marsh platforms almost291

no exceedances of the prescribed threshold, τc, tend to occur (Figure S2) because of the292

low water depth that prevents the formation of significant waves (e.g., Möller et al., 1999).293

May we add that colonization of the salt-marsh surface by halophytic vegetation almost294

completely prevents any vertical erosion (Christiansen et al., 2000; Temmerman et al.,295

2005). On the contrary, exceedances of the threshold can be detected along the chan-296

nel network and at the three inlets (Figure S2), but these are mostly associated with shear297

stresses produced by tidal currents, especially after the construction of the jetties at the298

inlets. Consequently, at these points the KS test is not satisfied and erosion events can-299
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a - 1611 b - 1810

e - 1970

d - 1932c - 1901

f - 2012

N
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2 3016 239

Interarrival times (days)

Kolmogorov-Smirnov test not verified

Figure 4. 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 (α = 0.05) for the six different

configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e), and 2012

(f).

not be modeled as a Poisson process because of the strictly deterministic nature of tide-300

induced shear stress.301

Figure 7 shows the time series and the probability distribution at the SM station302

in the Malamocco inlet (see Figure 1a for the location). In the 1611 and 1810 simula-303

tions, in the absence of jetties at the inlets, the BSS was very small, so that the num-304

ber of exceedances of the threshold was too low to be representative (Figure 7a,b). Af-305

ter the construction of the jetties at the Malamocco inlet in 1872, erosion mechanics abruptly306

changed: BSS considerably increased but it was driven by tidal forcing and, thus, inter-307

arrival times were not exponentially distributed, since the erosion threshold was exceeded308

on average once per day because of tidal fluxes (Figure 7c-f). The BSS analysis at the309

SL station in the Lido inlet, where the construction of the jetties ended in 1892, provides310

analogous results (Figure S3). Whereas, at the SC station in the Chioggia inlet, BSS still311
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a - 1611 b - 1810

e - 1970

d - 1932c - 1901

f - 2012

N

0 5 10 km

0 0.250.13 0.190.06

Intensity (Pa)

Kolmogorov-Smirnov test not verified

Figure 5. 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 (α = 0.05) for the six different

configurations of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e), and 2012

(f).

does not systematically exceed the threshold also in the 1901 configuration, since the con-312

struction of the jetties at the Chioggia inlet took place in between 1930 and 1934 (L. D’Alpaos,313

2010b) (Figure S4).314

The KS test is verified over subtidal platforms and tidal flats, where current-induced315

BSSs are typically below the critical value, but wave-induced BSSs mainly contribute316

to the total BSS. Locations where interarrival time, duration and intensity follow an ex-317

ponential distribution (see red areas in Figure 3) remain the vast majority of the tidal318

basin in all the configurations. As a result, a synthetic framework that models erosion319

as a Poisson process is deemed to be suitable for wide tidal-flat areas.320

Almost in all configurations, large interarrival times (Figure 4) are essentially found321

in sheltered areas, where only particularly intense events are able to generate BSSs large322
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a - 1611 b - 1810

e - 1970

d - 1932c - 1901

f - 2012

N

0 5 10 km

0 189 13.54.5

Duration (hours)

Kolmogorov-Smirnov test not verified

Figure 6. 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 (α = 0.05) for the six different configura-

tions of the Venice Lagoon: 1611 (a), 1810 (b), 1901 (c), 1932 (d), 1970 (e), and 2012 (f).

enough to exceed τc. A clear example is provided by the area protected by marsh plat-323

forms and by the mainland in the northeastern and in the western portion of the lagoon,324

sheltered from the north-easterly Bora wind, which is the main morphologically signif-325

icant wind in the Venice Lagoon (Figure 1b). This pattern becomes even more evident326

in the configurations of 1611, 1810, and 1901 where portions of the lagoon occupied by327

salt marshes are wider than in the more recent configurations and display interarrival328

times longer than 30 days. Large interarrival times can also be observed close to the three329

inlets where the water depth is such that only during intense events the bottom can be330

affected by wave oscillations and the total BSSs can exceed the threshold. Globally speak-331

ing, in the four oldest configurations we found relatively short (about 5 days) interar-332

rival times spread all around the lagoon, while the present configuration, characterized333

by a more uniform and larger water depth (in some areas deeper than 1.5 m), displays334

longer interarrival times, e.g., between 10 and 15 days for the tidal flats located in the335
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Figure 7. 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 distribu-

tions of the interarrival times (circles) and exponential distributions (dashed lines) (g-l).

central-southern portion of the lagoon (Figure 4 and S5a). This is mainly due to the re-336

lationship existing between τww and water depth that, for a prescribed wind velocity,337

decreases as the water depth increases (Defina et al., 2007). Indeed, in the historical con-338

figurations large areas occupied by tidal flats are characterized by lower water depth (≤339

0.5 m), and, as a result, τww is higher also for weak wind speeds, thus increasing the num-340

ber of exceedances of the threshold.341

Figure 8a shows the probability distributions of the interarrival times for station342

S1, located on a relatively shallow tidal flat in the northern lagoon named “Palude Mag-343
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giore” (see Figure 1a), which maintained the same morphological features through the344

last four centuries. At this point, as in most areas of the lagoon, the mean interarrival345

time λt between two subsequent over-threshold events increases through time. On the346

contrary, the tidal flat in the watershed divide area between the Chioggia and the Malam-347

occo inlets, named “Fondo dei Sette Morti” (see point S2 in Figure 1a), shows a reverse348

trend: the interarrival times decrease in time from 1611 to nowadays (i.e. wave-induced349

erosion events are more frequent, Figure 8d). Although the almost constant, relatively350

deep bottom elevation that characterized this area through centuries (Carniello et al.,351

2009; L. D’Alpaos, 2010b) prevents the exceedance of the threshold τc during less intense352

erosion events, the generalized deepening experienced by the surrounding portion of the353

lagoon in the most recent configurations promotes more frequent and less intense events354

within this area and, therefore, a decrease of the interarrival times.355

The over-threshold peak intensities generally strongly increased during the last four356

centuries (Figure 5 and S5b). For all the selected configurations, intensities are lower in357

the more pristine northern part of the lagoon, which is sheltered from the dominant Bora358

wind by the mainland and by preserved salt-marsh areas, interrupting the fetch. Mean-359

while the central and southern portions of the lagoon are characterized by much larger360

intensity values, which more rapidly increased along the last few decades. In particular,361

in the central part of the lagoon the mean intensities increased from around 0.13 Pa to362

0.25 Pa above the threshold, due to the flattening and deepening of this area. A quite363

similar situation characterizes also the southern part of the Venice Lagoon, between the364

Malamocco and Chioggia inlets.365

For all the configurations investigated, the durations of over threshold events (Fig-366

ure 6 and S5c), likewise intensities, present much lower values in the areas sheltered by367

salt marshes (i.e. the northern lagoon and the western portion of the southern lagoon)368

than in the fetch-unlimited central-southern portion of the lagoon. In the latter area,369

indeed, over-threshold events last more than 15 hours, compared to a duration of about370

5 hours in the more sheltered areas. The increase of peak intensities and durations of371

erosion events over time are also clearly shown by the probability distributions computed372

at points S1 and S2 (Figure 8).373

The larger overthreshold peak intensities, as well as the longer durations charac-374

terizing the central-southern portion of the lagoon and increasing from the past to the375
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Figure 8. Overthreshold erosion events at stations S1 and S2. Statistical characteri-

zations of over threshold events at two stations S1 “Palude Maggiore” and S2 “Fondo dei Sette

Morti” (see Figure 1a for locations) in the six configurations of the Venice Lagoon. Probability

distributions of (a-b) interarrival times, t; (c-d) intensities of peak excesses of over threshold

exceedances, e; and (e-f) durations of over threshold event, d. λt mean interarrival time, λe mean

peak excess intensity, and λd mean duration.

present, are in agreement with recent observations highlighting a critical erosive trend376

for the tidal flats and subtidal platforms in this area (Carniello et al., 2009; Molinaroli377

et al., 2009; L. D’Alpaos, 2010b; Defendi et al., 2010; Sarretta et al., 2010).378

To investigate the relationship among the three random variables, the temporal cross-379

correlation is computed for each location and for all the six configurations (Figures S6,380

S7 and S8). In particular, the temporal cross-correlation between intensity of peak ex-381

cesses and duration of over threshold exceedances display values very close to 1 for all382

the lagoon morphologies, thus suggesting a pseudo-deterministic link between peak in-383
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tensities and the corresponding durations (Figure S6 and S9a). On the contrary, almost384

no correlation exists between durations and interarrival times (Figure S7 and S9b), as385

well as between intensities and interarrival times (Figure S8 and S9c). These results, in386

line with the temporal cross-correlation obtained for the statistical analysis of suspended387

sediment concentration for the present lagoon by Carniello et al. (2016), suggest that re-388

suspension events can be modeled as a 3-D Poisson process in which the marks (dura-389

tion and intensity) are mutually dependent but independent from the interarrival time390

between two subsequent over-threshold events.391

In order to provide a more quantitative estimation of the spatial heterogeneity of392

interarrival times, duration and intensities of the critical BSS exceedances, we computed393

the “erosion work” (geomorphic work sensu Wolman and Miller (1960), see also Mariotti394

and Fagherazzi (2013)), which represents the amount of sediment actually resuspended395

in during a selected time interval. The erosion work [E∗
w] experienced by a single point396

during the time interval (t2 − t1) can be computed as:397

[E∗
w] =

∫ t2

t1

e

ρb

(
τwc − τc

τc

)
dt. (2)398

where e is the value of the erosion coefficient which depends on the sediment properties399

and ρb = ρs(1− n) is the sediment bulk density, being n the porosity. We set e equal400

to 5 · 10−5 kg m−2 s−1, as suggested for sand-mud mixtures (van Ledden et al., 2004;401

Le Hir et al., 2007) and in agreement with Carniello et al. (2012), ρs = 2650 kg m−3
402

and n = 0.4.403

Using the mean values of the stochastic variables considered herein (i.e. interar-404

rival time, intensity and duration), once verified they can be modeled as a Poisson pro-405

cess, we can simplify Eq. 2 as follows:406

[Ew] =
e

ρb

(
τwc − τc

τc

)
(t2 − t1) (3)407

where we assume (t2 − t1) to be the mean duration of over-threshold events and (τwc − τc)408

their mean intensity. In order to estimate the erosion work for one year, Ew, we mul-409

tiplied the result obtained with the Eq. 3 for the number of events, computed as 365 (days410

per year) divided by the mean interarrival time at each point within the lagoon. Instead,411

using the complete formulation in Eq. 2, the erosion work over one year, E∗
w, can be sim-412

ply computed simply by extending the integration period to the entire year.413
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Figure 9 provides the spatial distribution of the annual erosion work, Ew, for the414

six configurations of the Venice Lagoon. We computed the erosion work also according415

to Eq. 2, in order to compare differences between the complete formulation based on the416

computed BSS time records and the synthetic approach exploiting the possibility of de-417

scribing resuspension events as marked Poisson processes (Figure S10). The erosion work418

computed following the two approaches is quite similar, as shown by the map of the rel-419

ative error (Figure S11) and by the computed values of the spatially averaged relative420

error which varies between 10% and 14% considering all the analysed configurations of421

the lagoon (Table 1). Such an agreement between the two estimates of the erosion work422

support the validity of the provided statistical characterization of resuspension events.423

a - 1611 b - 1810

e - 1970

d - 1932c - 1901

f - 2012

N

0 5 10 km

0 42 31

Erosion work (cm/year)

Kolmogorov-Smirnov test not verified

a - 1611 b - 1810

e - 1970

d - 1932c - 1901

f - 2012

N

0 5 10 km
Kolmogorov-Smirnov test not verified

Figure 9. Erosion work. Spatial distribution of erosion work for the six different configura-

tions 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).

Focusing in particular in the central-southern lagoon, the erosion work is almost424

constant between 1611 and 1932, it reaches its maximum in the 1970 and then it decreases425

in the present configuration (Figure 9). The four most ancient configurations (i.e. 1611,426
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1810, 1901 and 1932) display a more complex spatial pattern of the computed erosion427

work because of the wider presence of salt marshes and islands distributed throughout428

the basin and because of the shallower and more irregular bathymetry characterizing the429

tidal flats. This morphology is such that the fetch is continuously interrupted and wind-430

waves are prevented from fully developing while generating and propagating over areas431

whose bathymetry is continuously varying. Interestingly, even if the present configura-432

tion of the lagoon displays larger mean intensities and longer mean durations than in 1970433

(see Figure 5 and Figure 6), the combination with generally longer mean interarrival times434

(Figure 4) affects the erosion work. Indeed, the erosion work is maximum in the 1970435

configuration when it reaches a peak of more than 4.0 cm/year. This promoted an in-436

tense and uniform erosion of the lagoon, thus leading to the present morphology and bathymetry437

characterized by less complex erosion patterns and a roughly constant erosion work on438

the tidal flats in the central southern lagoon of about 2.5 cm/year. Our results quan-439

titatively support previous studies (Carniello et al., 2009; Molinaroli et al., 2009) that440

identified two different evolutionary trends in the northern lagoon and in the central-441

souther part, the northern lagoon displaying, on average, much lower erosion rates.442

Table 1. Spatially averaged relative error between erosion work computed with Eq. 2 and 3

Configuration re [-]

1611 0.140

1810 0.108

1901 0.135

1932 0.131

1970 0.133

2012 0.112

4 Conclusions443

Our results provide a statistical characterization of sediment erosion in shallow tidal444

environments, aimed at testing the possibility to describe erosion dynamics as a Pois-445

son process in a synthetic modeling framework able to reproduce the long-term evolu-446

tion of shallow tidal environments. The approach is applied to the specific case of the447
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Venice Lagoon, for which six morphological configurations along the last four centuries448

are available.449

In the present study, we applied the extensively calibrated and tested Wind Wave-450

Tidal Model to the six historical configurations of the Venice Lagoon, in order to per-451

form a spatially-explicit analysis of the BSS time series under the same wind and wa-452

ter level forcing. We analysed the computed BSS temporal evolution following the Peak453

Over Threshold theory. We verified whether wind-wave erosion events could be modeled454

as a marked Poisson processes by performing the non-parametric Kolmogorov-Smirnov455

goodness of fit test to confirm the hypothesis that the interarrival time of over thresh-456

old BSS events together with their durations and intensities are exponentially distributed457

random variables.458

Statistical analyses of the wave-driven erosion processes suggest that interarrival459

times between two consecutive over threshold events, their durations and intensities can460

be described as exponentially distributed random variables over wide areas in all the se-461

lected configurations of the Venice Lagoon. As a consequence, the wave-induced erosion462

can be represented by a marked Poisson process through centuries.463

Furthermore, we observed that durations and intensities of over-threshold BSS ex-464

ceedances are highly correlated, while almost no correlation exists between duration and465

interarrival time, as well as between intensity and interarrival time. These observations466

indicate that a 3-D Poisson process, in which the marks (duration and intensity of the467

over-threshold events) are mutually dependent but independent from the interarrival time,468

provides a suitable description of the wave-induced erosion processes.469

Moreover, we showed that in the last four centuries the interarrival times of ero-470

sion events generally increased everywhere within the lagoon, as well as their intensities471

and durations, thus leading to less frequent but more intense wave-induced erosion events.472

These modifications in the bottom shear stress field are generated by, but at the473

same time they are also responsible for, the morphological modifications of the Venice474

Lagoon, in particular the generalized deepening of tidal flats and reduction of salt marsh475

area. Only in the “Fondo dei Sette Morti”, located close to the watershed divide between476

the Malamocco and the Chioggia inlets, interarrival times decrease in the last four cen-477

turies. Such an opposite trend is associated to the relatively deep and constant bottom478
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elevation characterizing this area combined with the generalized deepening experienced479

by the surrounding areas that allows more frequent events reaching the “Fondo dei Sette480

Morti”.481

The erosion work, computed as combination of interarrival times, durations and482

intensities, remained almost constant and characterized by an irregular spatial pattern483

until the beginning of the twentieth century, when it rapidly increased reaching a peak484

in 1970. In the last few decades, the erosion work decreased, presenting a more uniform485

pattern and suggesting that the quite intense erosive trend the Venice Lagoon has been486

experiencing since the beginning of the last century is, at present, slowing down as a con-487

sequence of the generalized deepening and flattening of the lagoonal bed. Owing to the488

choice of forcing the domain with the same conditions, these changes in the erosive trend489

are, in fact, only due to morphological modifications experienced by the tidal basin.490

The present findings, together with the statistical characterization of suspended491

sediment dynamics (Tognin et al., Companion paper), represent a step towards the set492

up of a synthetic, statistically-based framework which can be used to model the long-493

term morphodynamic evolution of shallow tidal systems through the use of independent494

Monte Carlo realizations, thus possibly exploring a large set of equally likely lagoonal495

configurations.496
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All data presented in this study and used for the analysis of the bottom shear stress498

are available at499

https://researchdata.cab.unipd.it/id/eprint/728500

(10.25430/researchdata.cab.unipd.it.00000728)501
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