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Abstract Characterizing the dynamics of suspended sediment is crucial when investigating the
long-term evolution of tidal landscapes. Here we apply a widely tested mathematical model which describes
the dynamics of cohesive and noncohesive sediments, driven by the combined effect of tidal currents and
wind waves, using 1 year long time series of observed water levels and wind data from the Venice lagoon.
The spatiotemporal evolution of the computed suspended sediment concentration (SSC) is analyzed on
the basis of the “peak over threshold” theory. Our analysis suggests that events characterized by high

SSC can be modeled as a marked Poisson process over most of the lagoon. The interarrival time between
two consecutive over threshold events, the intensity of peak excesses, and the duration are found to be
exponentially distributed random variables over most of tidal flats. Our study suggests 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 benthic vegetation colonizing the central
southern part of the Venice lagoon is found to exert a crucial role on sediment dynamics: vegetation locally
decreases the frequency of significant resuspension events by affecting spatiotemporal patterns of SSCs
also in adjacent areas. Spatial patterns of the mean interarrival of over threshold SSC events are found to be
less heterogeneous than the corresponding patterns of mean interarrivals of over threshold bottom shear
stress events because of the role of advection/dispersion processes in mixing suspended sediments within
the lagoon. Implications for long-term morphodynamic modeling of tidal environments are discussed.

1. Introduction

Resuspension, transport, and deposition of sediments in coastal areas, estuaries, and lagoons play a critical
role in many environmental issues such as morphodynamic equilibrium [e.g., Fagherazzi et al., 2006; D’Alpaos
etal, 2011; Mariotti and Fagherazzi, 2013; Mariotti and Carr, 2014], dredging management, transport of pollu-
tants [Yang and Wang, 2010], and ecosystem productivity [Lawson et al., 2007; Carr et al., 2010]. Wind waves, in
particular, are one of the chief mechanisms that control sediment resuspension in shallow microtidal environ-
ments [e.g., Carniello et al., 2005; Fagherazzi et al., 2006; Green and Coco, 2007; Callaghan et al., 2010] because
wave-induced erosion combined with sediment transport by tidal currents are, in many cases, the leading
landforming agents of shallow estuaries and lagoons (see Green and Coco [2014] for a review). Recent studies
have further suggested that biological processes must be properly accounted for in the study of sediment
dynamics for attaining reliable predictions of the morphological evolution of tidal environments [Folkard,
2005; Temmerman et al., 2007; D’Alpaos et al., 2007a; Kirwan and Murray, 2007; Moore and Jarvis, 2008; Hendriks
et al., 2010; Mudd et al., 2010; Marani et al., 2010]. For example, the presence of polymeric microphytoben-
thic biofilm can significantly increase the bottom strength [e.g., Amos et al., 2004], while bioturbation effects
linked to crab-halophytic plant interaction may affect the development of tidal creeks [Perillo et al., 2005;
Hughes et al., 2009]. Similarly, the presence of benthic vegetation colonizing subtidal platforms, in relation to
its specific biophysical characteristics (root apparatus, canopy stiffness, and density), can affect local hydro-
dynamic properties and increase stability of the bottom sediments [e.g., Nepf and Vivoni, 2000; Venier et al.,
2012], thereby creating clearer water column and a positive feedback on vegetation growth [e.g., Carr et al.,
2010, 2015]. In addition, halophytic vegetation over salt marshes can actively affect landscape evolution by
tuning soil elevation within preferential ranges of optimal adaptation [Marani et al., 2013; Da Lio et al., 2013;
D’Alpaos and Marani, 2015].
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Given the complexity of the underlying physical processes, observational evidence represents the most pre-
cise and straightforward methodology to address the study of sediment dynamics in tidal environments.
Monitoring of suspended sediment concentration (hereafter SSC) is typically based on either in situ point
measurements [Wren et al., 2000; Gartner, 2004] or satellite image analysis through remote sensing tech-
niques [Ruhl et al., 2001; Volpe et al., 2011]. Satellite-retrieved data provide instantaneous spatially distributed
information on the SSC. However, the temporal dynamics of the process can hardly be monitored for several
reasons: (i) satellites have a fixed and often long revisit period (e.g., several days); (ii) the most influential resus-
pension events typically occur during intense storms, which are unfrequent and rarely last more than 1 day;
and (i) storm events are frequently characterized by the presence of clouds, which undermine the analysis
of satellite images. As a consequence, multiple satellite acquisitions during single-resuspension events are
seldom available, thus preventing the use of this type of data for continuous monitoring of sediment
dynamics. On the contrary, in situ point observations (e.g., acoustic or optical backscatter sensors) provide
precise information on the temporal dynamics of the local SSC but can hardly provide information about the
underlying spatial variability. As a matter of fact, point measurements are usually too sparse compared to the
integral scale that defines the heterogeneity of the physical processes involved in sediment resuspension and
transport, thereby preventing the use of standard interpolation techniques. Moreover, biofouling may com-
promise acoustic and optical sensors installed in point turbidity stations, which require periodic cleaning and
maintenance. Therefore, reliable long-term SSC records, which are necessary for statistical analyses of the type
performed herein, are seldom available.

In order to exploit in situ point observations and satellite images, and overcome their inherent shortcom-
ings, these type of data can be simultaneously incorporated into numerical models [e.g., Ouillon et al., 2004;
Neumeier et al., 2008; Carniello et al., 2014] that allow a proper description of the main processes affecting
sediment resuspension and transport. After a proper calibration and validation, physically based numerical
models can be used to interpolate SCC observations in space and time and thus provide a robust basis for
investigating spatial and temporal patterns of suspended sediments in tidal environments.

To this end, a previously tested and calibrated full-fledged Wind Wave-Tidal Model (WWTM) [Carniello et al.,
2005, 2011] coupled with a Sediment Transport Model [Carniello et al., 2012] has been applied to the Venice
lagoon. The resulting spatial and temporal dynamics of modeled SSC records have been analyzed using the
peak over threshold theory, in a framework similar to that used by D’Alpaos et al. [2013] for the analysis of the
wave-induced bottom shear stresses (BSSs). Our analyses provide a statistically meaningful, spatially explicit
characterization of emerging SSC patterns in the Venice lagoon and allow the identification of the links among
the major physical processes that control sediment dynamics and the related morphodynamic evolution of
shallow tidal basins.

The statistical characterization of resuspension events in space and time bears important implications for
long-term modeling of tidal environments. In fact, modeling tidal-landscape morphodynamic evolution
over timescales of, say, centuries necessarily requires the use of simplified approaches [e.g., Murray, 2007]
owing to the computational burden associated to more refined approaches relying on full-fledged numerical
models. On the other hand, predicting the long-term evolution of tidal environments [e.g., Morris et al., 2002;
Temmerman et al., 2003; Fagherazzi et al., 2006; D’Alpaos et al., 2007a; Kirwan and Murray, 2007; Marani et al.,
2007; Mudd et al., 2009; D'Alpaos et al., 201 1] requires information on sediment supply, which is often assumed
as constant. We speculate that the analysis provided in this paper sets a framework to formulate more realistic
assumptions on the nature of the sediment supply in simplified models for shallow tidal environments and
achieve improved predictions on their long-term morphological evolution.

2. Methods and Data

In the present study we analyze 1 year long records of SSC computed applying a fully coupled Wind Wave-Tidal
Model to the Venice lagoon (Figure 1), a worldly famous tidal environment facing the Adriatic sea along the
northeastern coast of Italy. The lagoon is a %550 km? wide shallow basin connected to the Adriatic Sea by
the three inlets of Lido, Malamocco, and Chioggia and is characterized by an average tidal range of about
1 m, with maximum semidiurnal tidal excursions of +£0.75 m around mean sea level which can suddenly be
increased by meteorological forcing. In the following we briefly describe the numerical model highlighting its
peculiarities, the 1 year long simulation performed to obtain the SSC time series, and the peak over threshold
(POT) method used to analyze the modeled SSC records.
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Figure 1. Color coded bathymetry of the Venice lagoon and computational grid used for the numerical simulations. The
locations of the stations where boundary conditions (Chioggia and CNR-station) are collected and where numerical
results are locally analyzed (VE1 station) are also shown.

2.1. Numerical Model

The numerical model consists of three modules: the hydrodynamic module coupled with the wind-wave
module (WWTM) [Carniello et al., 2005, 2011] and the sediment transport and bed evolution module (STABEM)
[Carniello et al., 2012], which describes the relevant morphodynamic processes.

The hydrodynamic module solves the 2-D shallow water equations suitably modified in order to reproduce
flooding and drying processes in very shallow and irregular domains. The governing equations are solved
using a semiimplicit staggered finite element method based on Galerkin's approach (see Defina [2000],
Martini et al. [2004], and D’Alpaos and Defina [2007] for a detailed description of the equations and of the
numerical scheme). Considering the case of a turbulent flow over a rough wall, the bottom shear stress
induced by tidal currents, 7., is evaluated using the Strickler formula. The hydrodynamic module provides the
wind-wave module with the flow field characteristics necessary to describe the processes affecting wind-wave
generation and propagation.

The wind-wave module [Carniello et al., 2011] is based on the solution of the wave action conservation equation
parameterized using the zero-order moment of the wave action spectrum in the frequency domain. The
spatial and temporal distribution of the wave period is determined through an empirical correlation function
relating the peak wave period to the local wind speed and water depth [Young and Verhagen, 1996; Breugem
and Holthuijsen, 2006; Carniello et al., 2011]. The bottom shear stress induced by wind waves, z,,,,, is computed
in the wind-wave module as a function of the maximum horizontal orbital velocity at the bottom, which is
related to the significant wave height through the linear theory. Because of the nonlinear interaction between
the wave and current boundary layers, the maximum bottom shear stress, z,,, resulting from the combined
effect of tidal currents and wind waves is enhanced beyond the sum of the two contributions, as accounted
forin the WWTM on the basis of the empirical formulation suggested by Soulsby [1997]. It is worthwhile point-
ing out that the WWTM has been widely tested by comparing model results to hydrodynamic and wind-wave
data collected not only in the Venice lagoon [Carniello et al., 2005; D’Alpaos and Defina, 2007; Carniello et al.,
20111 but also in the lagoons of the Virginia Coast Reserve, USA [Mariotti et al., 2010].

The sediment transport and bed evolution module (STABEM) solves the advection diffusion equation and the
Exner’s equation considering the same computational gird of WWTM.
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In order to consider the simultaneous presence of cohesive and noncohesive sediment typically characteriz-
ing tidal lagoons, STABEM uses two size classes of sediments to describe the bed composition: noncohesive
sand and cohesive mud (sum of clay and silt) [Van Ledden et al., 2004]. The transition between noncohesive
and cohesive behavior of the mixture and the critical value for the bottom shear stress are determined as a
function of the updated local mud content (which varies both in space and time) on the basis of the critical
value assumed for pure sand and pure mud. The use of a sediment mixture requires a reliable reconstruction
of the initial configuration of the bed composition, which is a difficult and site-specific task. Available field
data are, in most cases, limited as compared to the spatial variability of bed composition, thus preventing the
use of purely statistical approaches. To overcame this problem, field survey in the Venice lagoon have been
carried out, which allowed the identification of an empirical relationship between the local bed composition
and both the local bottom elevation and the distance from the nearest inlet. This relationship has been used
to reconstruct a reliable initial bed composition (see Figure S1 in the supporting information).

Another peculiar feature of the sediment transport module is the stochastic approach (similar to that sug-
gested by Grass [1970]) adopted to reproduce the near-threshold conditions for sediment entrainment, which
usually characterize shallow tidal basins where resuspension events occur periodically driven by bottom shear
stresses that slightly exceed the erosion threshold. Both the total bottom shear stress (induced by the com-
bined effect of waves and currents) and the critical shear stress for erosion are treated as random variables
(z,,. and 7/, respectively) with lognormal probability distributions. The space- and time-varying values of the
total bottom shear stress, z,,., and of the critical shear stress, 7., computed by STABEM represent the expected
values of the two distributions. Following the stochastic approach, the erosion rate is assumed to depend on
the probability that 7/, exceeds 7/ which is calculated accounting for the randomness of 7, and z,. Figure S2
in the supporting information shows the comparison between the transport parameter, T (which governs
the entrainment flux), computed using the classic deterministic formulation, T=max(0; z,,./t. — 1) [Van Rijn,
1984], and the stochastic approach [Carniello et al., 2012]. In the same figure we show the comparison between
the SSC computed considering both the deterministic formulation for T and the stochastic approach, as well as
the SSC data collected at one station located in the central-southern part of the lagoon during a quite intense
storm event characterized by Bora wind (blowing from NE) which is a typical storm condition for the Venice
lagoon. The plot suggests that the deterministic formulation for T is not able to correctly predict the time evo-
lution of the local turbidity especially for the lower SSC values and at near-threshold conditions. Instead, the
stochastic approach allows for an improved agreement with observed data. Figure S2 in the supporting infor-
mation further shows that during storm events, the SSC can exceed 200 mg/L in the fetch unlimited central
part of the lagoon. For a complete description of STABEM and further comparisons with actual data from the
Venice lagoon the reader is referred to Carniello et al. [2012].

The comparison with SSC retrievals from remote sensing data further enabled us to assess the ability of the
model to properly describe observed spatial patterns of SSC [Carniello et al., 2014]. These studies highlighted,
in particular, the crucial role exerted by the sheltering effect associated to artificial structures and natural
intertidal landforms on SSC patterns and clearly showed the stabilizing effect of benthic vegetation that highly
affects sediment dynamics at the system scale.

2.2. Numerical Simulations

The numerical model presented in section 2.1 was used to perform a 1 year long simulation within a com-
putational grid that reproduces the Venice lagoon and a portion of the Adriatic Sea (see Figure 1). Boundary
conditions and forcing terms are the time records of tidal levels and wind velocity and directions observed
during the whole year 2005 in the Venice lagoon. In particular, we used hourly tidal levels measured at
the Consiglio Nazionale delle Ricerche (CNR) Oceanographic Platform, located in the Adriatic Sea in front of
the Venice lagoon, as well as wind velocities and directions observed at the Chioggia anemometric station
(see Figure S3 in the supporting information), for which a quite long historical record of wind data is
available. The year 2005 was selected as “representative” of the typical behavior of wind fields in the Venice
lagoon [DAlpaos et al., 2013] because the probability distribution of wind velocities during 2005 was shown
to be the closest to the average distribution observed between 2000 and 2008.

As previously mentioned, an issue that needs be considered when modeling the spatial variability of SSC
is the presence of benthic and halophytic vegetation, which both shelters the bed against the action of
current-induced and wave-induced bottom shear stress and increases the local critical shear stress for ero-
sion because of the presence of roots. While the presence of halophytic vegetation over the salt marshes
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Figure 2. Spatial distribution of the main morphological features characterizing the Venice lagoon. The light green
areas represent the maximum extent of the sea grass meadow (phanerogams and macroalgae) derived on the basis of
the monitoring activities carried out by the Venice Water Authority in 2002, 2003, and 2004 [SELC, 2005].

(e.g., Spartina maritima, Limonium narbonense, Salicornia veneta, and Sarcocornia fruticosa) can be easily
detected, mapping the presence of benthic vegetation that colonizes tidal flats and subtidal platforms is more
difficult. In the specific case of the Venice lagoon, only subtidal platforms located in central southern part of
the basin are populated by well-established sea grass meadows characterized by the simultaneous presence
of phanerogams (Zostera marina and Cymodocea nodosa) and macroalgae (Ulva rigida). A proper quantifica-
tion of the stabilizing effect of benthic vegetation at the scale of the entire lagoon is a difficult task. First of all,
different vegetation species affect in different ways both local hydrodynamics and bed strength [e.g., Nepfand
Vivoni, 2000; Lopez and Garcia, 2001; Venier et al., 2012]. Moreover, their spatial distribution may be extremely
variable in response to seasonal variations and vegetation-sediment-water flow interactions [e.g., Curiel et al.,
2004; Carr et al., 2010; Hendriks et al., 2010].

For the above reasons the stabilizing effect of vegetation was modeled in STABEM by setting to zero the
sediment resuspension flux in the areas of the computational domain colonized by vegetation, regardless of
the species involved [Carniello et al., 2014]. In our analyses, salt marshes were all assumed to be colonized by
halophytic vegetation while the extent of the sea grass meadows was assumed equal to the maximum extent
of the vegetation coverage determined on the basis of field surveys carried out by the Venice Water Authority
from 2002 to 2004 [SELC, 2005] (see Figure 2). Needless to say, more accurate parametrization could be devel-
oped that exploit detailed data on the spatiotemporal evolution of vegetation coverage, including, e.g., in
situ observation and information derived from satellite images. In order to highlight the importance of the
biostabilizing effect of benthic vegetation two different simulations were preformed, both neglecting and
accounting for the presence of the sea grass meadows within the lagoon. Such an approach aims at explor-
ing the maximum stabilization potential associated with submerged vegetation and allows one to obtain an
objective assessment of the effect of biostabilizing processes on sediment resuspension in tidal environments.

2.3. Peak Over Threshold Analysis

Sediment transport dynamics in tidal environments are the byproduct of complex hydrodynamic, biologic
and geomorphologic processes that include both deterministic and stochastic components. In particular, it
has been argued that the morphological evolution of the Venice lagoon is mostly related to a limited number
of intense resuspension events induced by wind waves [Carniello et al., 2011], whose dynamics are markedly
stochastic [D’Alpaos et al., 2013; Venier et al., 2014]. Here the spatiotemporal patterns of morphologically mean-
ingful resuspension events in the Venice lagoon are analyzed using the theory of the peak over threshold
(POT) [Balkema and de Haan, 1974]. First, a set of events is identified and selected from the modeled record of
SSCs by means of a minimume-intensity threshold (C,). A statistical analysis of the interarrivals, durations, and
intensities of the exceedances of the selected threshold is then carried out. The interarrival time (T) is defined
as the time elapsed between two consecutive upcrossing of the threshold, while the duration (D) of the events
is the time elapsed between any upcrossing and the subsequent downcrossing of the threshold. Finally, the
intensity (E) is calculated as difference between the maximum value of SSC in the time lapse between the
upcrossing and the downcrossing, and the threshold C,. These variables are described by means of their
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probability density functions and the corresponding moments. The analysis is performed pointwise and
repeated for all the locations of the Venice lagoon so as to provide an accurate description of the spatiotem-
poral patterns of SSC.

While the adopted methodology resembles that used by D’Alpaos et al. [2013] to characterize the patterns
of bottom shear stresses, in this paper the statistical analysis is extended to the dynamics of suspended
sediments, with particular emphasis on the role of morphological and vegetation features.

The distribution of the interarrivals plays a pivotal role in characterizing the nature of stochastic point
processes. In our case, if the interarrival times between subsequent exceedances of C, are independent and
exponentially distributed random variables, SSC dynamics can be mathematically described as a marked
Poisson process, where a vector of random marks (intensity and duration of each over threshold event) is
associated to a sequence of random events that define a 1-D Poisson process along the time axis. Poisson
processes are characterized by mathematical features such as the memoryless property, owing to which the
number of events observed in disjoint subperiods are independent, Poisson-distributed random variables.
The extreme value theory postulates that stochastic signals allow for the general emergence of Poisson
processes whenever the censoring threshold is high enough [Cramer and Leadbetter, 1967]. However, as we
shall note in the following, in the present analysis the threshold is maintained well below the maximum
observed values, as it is designed to remove only the confounding effect of weak resuspension events induced
by tidal currents. Hence, the proposed analysis is likely to apply not only for the description of the extreme
events but also for the characterization of the bulk effect of morphologically meaningful resuspension events.
The theoretical and computational advantages implied by Poisson processes are manifold and include the
ease of computation and the suitability to analytical manipulations. In fact, the Poissonianity of resuspension
events would allow one to retain all the sources of stochasticity in the physical drivers of sediment mobiliza-
tion (e.g., wind, waves, and critical shear stress) into a single parameter (the mean frequency of the process
A) which, in turn, can be used to calculate the average number of resuspension events ({n)) taking place
during any reference period of duration AT as (n) = AAT.Hence, the integrated effect of time-varying forcings
can be easily accounted for via Monte Carlo realizations of sequences of events or through analytical tech-
niques that allow the problem to be cast in probabilistic terms, providing insight on the emergent long-term
behavior of the system.

While the use of Poisson processes for the analytical characterization of the long-term behavior of geophysi-
cal processes driven by stochastic agents is becoming increasingly popular in hydrology and geomorphology
[e.g., Rodriguez-Iturbe et al., 1987; D'Odorico and Fagherazzi, 2003; Botter et al., 2007, 2013; Park et al., 2014],
applications to tidal environments are still relatively rare [D’Alpaos et al., 2013] and represent a promising
framework.

3. Results and Discussion

First, the results of the simulation performed were analyzed by neglecting the stabilizing effect of the sea
grass meadows colonizing the central southern part of the lagoon. The numerical results provide, at each
location within the Venice lagoon, the temporal evolution of the SSC which can be analyzed on the basis of
the POT theory in order to assess whether resuspension events can be represented as a Poisson process. To
test quantitatively the latter assumption, we performed a Kolmogorov-Smirnov (KS) goodness of fit test at
significance level @ = 0.05. Following the approach suggested by D’Alpaos et al. [2013], the time series of
SSCs were preliminarily low-pass filtered through a moving average operation in order to remove short-term
fluctuations leading to spurious upcrossing and downcrossing of the prescribed threshold, which would have
artificially affected the correlation between subsequent over threshold events. A 6 h moving time window
was adopted for the low-pass filtering in order to preserve the signal modulation induced by semidiurnal tidal
oscillations.

A set of preliminary analyses was performed to assess the impact of the choice of the threshold value (C;) that
identifies the morphologically meaningful resuspension events in our analyses. On the one hand, C, must
be large enough to separate stochastic resuspension events driven by storm-induced wind waves from daily
concentration dynamics modulated by tidal currents. On the other hand, C, should not be too high in order
to avoid significant loss of information (as all the events smaller than C, are neglected) and retain the bulk
effect of resuspension processes.
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Il Kolmogorov-Smirnov test not verified for Interarrival Time
Il Kolmogorov-Smirnov test verified for Interarrival Time, Intensity and Duration

[l Kolmogorov-Smirnov test verified for Interarrival Time and not verified for Intensity and/or Duration

Figure 3. Maps providing the spatial distribution of the Kolmogorov-Smirnov (KS) test at significance level a = 0.05 for
different threshold values, Cy, of the SSC: (a) 30 mg/L; (b) 40 mg/L; (c) 50 mg/L; (d) 60 mg/L. In the maps we distinguish
areas where the KS test is: not verified (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 (orange).

Figure 3 shows the spatial distribution of the outcome of the Kolmogorov-Smirnov (KS) test within the Venice
lagoon considering four different C, values in the range 30-60 mg/L. The four maps of Figure 3 show the
areas where the KS test is: (i) not verified for the interarrival time (blue areas)—i.e., resuspension events can-
not be described as a Poisson process; (ii) verified for all the three stochastic variables considered, namely
interarrival times, intensity, and duration (red areas)—i.e., resuspension events are indeed a marked Poisson
process where also intensity and duration are exponentially distributed random variables; and (iii) verified
for the interarrival time but not for intensity and/or duration (orange areas)—i.e., resuspension events are a

VE1 station
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Figure 4. (top) Time series of the computed SSC at the VE1 station (see map for the location) resulting from the
combined effect of tidal currents and wind waves. (bottom row) The probability distributions of interarrival times,
intensities of peak excesses in the SSC over the threshold C, = 40 mg/L (i.e., maximum intensities of the exceedances
during an event, E = (C — Cy)max), and durations of over threshold events. The circles represent the computed
probability distributions, while the solid lines represent the theoretical exponential trend.
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Figure 5. Spatial distributions of (a) mean interarrival times, (b) mean intensities of peak excesses, and (c) mean
durations of over threshold exceedances. Dark blue identifies sites where resuspension events cannot be modeled as a
marked Poisson process (i.e., the KS test is not verified for the interarrival times).

marked Poisson process but at least one between intensity and duration is not an exponentially distributed
random variable. Figure 3 shows that the portions of the lagoon where resuspension events cannot be mod-
eled as a marked Poisson process are mostly represented by salt marshes and tidal channels. In particular,
no exceedances of the threshold C, occur over the salt marshes because the reduced water depth and the
presence of halophytic vegetation limit the wave height and stabilize the bottom [e.g., Carniello et al., 2005;
Moéller et al., 1999]. On the contrary, at the three inlets and within the main tidal channels, exceedances of the
threshold are observed, but these are mostly related to peak excesses promoted by tidal currents, which are
deterministic processes and thus cannot be modeled as random Poisson processes. Interestingly, the extent of
the areas where the KS test is verified is weakly affected by changes in the threshold value. Hence, a constant
threshold C, =40 mg/L was used in the following analysis.

As an example Figure 4 provides the time evolution of the SSC at the VE1 station located in a subtidal platform
(depth of about 1.5 m below MSL) in the central part of the lagoon (see also Figure 1). The three plots in the
lower part of Figure 4 compare the computed (circles) exceedance probability of interarrival times, maximum
intensities, and durations of the over threshold events with the theoretical exponential trends (solid lines).
We first observe that the interarrival time of resuspension events is well described by an exponential distri-
bution as confirmed also by the results of the KS test, which is indeed satisfied at significance level « =0.05.
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Table 1. Spatially Averaged Value of Mean Interarrival Time, 1/1C,r, Mean Intensity,
1/ ¢ e, and Mean Duration, 1/4¢ 42

Spatially Averaged No Benthic Vegetation With Benthic Vegetation
1/ ¢, (days) 29.24 36.17

1/Ace (mg/L) 73.21 66.72

1/2cq (h) 13.96 13.86

Ve, 1.103 1.034

Ve 0.545 0.563

CVeg 0.336 0.345

Pcte —0.467 -0.454

Pcd —0.490 —0.425

Peed 0.831 0.795

aCoefficient of variation of mean interarrival time, CV ;; mean intensity, CV,
and mean duration, CNVC‘d. Spatial cross correlation of mean interarrival time and
mean intensity, jc ., Mmean interarrival time and mean duration, j¢ 4, and mean
intensity and mean duration, jc 4. Results refer to the analysis of SSC signals
(Figure 5) and are provided both neglecting and considering the stabilizing effect
of submerged benthic vegetation.

The parameter A., of the exponential distribution (fitted using the method of moments) is the mean rate
of occurrence of the over threshold events. In the station VE1, this corresponds to a mean interarrival time
1 /Zc,: of about 15.7 days. We further note that the results of the KS test suggest that at the VE1 station, also
the excess, E=(C,,,x—Cy), and the duration of the over threshold events are exponentially distributed random
variables with mean intensity 1/, =98.3 mg/L and mean duration 1/4¢ 4=16.4 h.

The analysis is then extended to the entire lagoon. Figure 5 shows the spatial distributions of the mean inter-
arrival times (Figure 5a), mean intensities of peak excesses (Figure 5b), and mean durations (Figure 5c¢) at any
location within the Venice Lagoon in which resuspension dynamics are Poissonian (i.e., the KS test for the
interarrival times is satisfied at significance level « =0.05).

Itis worthwhile recalling that the SSC at any single location depends on the combination of local entrainment
and advection/dispersion processes from and toward the adjacent areas. Furthermore, the local entrainment,
induced by wind waves and tidal currents, is highly affected by current speed, water depth, wind speed, and
fetch. These instances explain the complex and heterogeneous spatial pattern for SSC dynamics represented
in Figure 5.

Large interarrival times and small intensities and durations characterize sheltered areas located leeward
of spits, marshes, islands, or artificial structures. The presence of natural or artificial barriers is particularly
important when considering resuspension events induced by Bora wind, which is the most intense and
morphologically significant wind in the Venice lagoon blowing from northeast at speeds which easily exceed
20 m/s. This is highlighted by the innermost areas sheltered by marshes and mainland in the northeastern
part of the lagoon, in its western portions and the area located south of the city of Venice (Figure 5). On the
contrary, short interarrival times and large intensities and durations, which imply more intense and frequent
resuspensions, are observed in the central and southern part of the lagoon, as well as in the area located
between the city of Venice and the Marco Polo International airport (Figure 1). Those are indeed the deepest
and almost fetch-unlimited subtidal platforms of the lagoon, where wind-wave erosion is more effective [e.g.,
Fagherazzi et al., 2006; Defina et al., 2007; D’Alpaos et al., 2013] as confirmed by the established erosive trend
that those areas have been experiencing since the beginning of the last century [e.g., Carniello et al., 2009;
Molinaroli et al., 2009; D’Alpaos, 2010]. The spatially averaged values for the mean rate of occurrence of the
over threshold events, mean intensity, and mean duration are listed in Table 1 and are about 29 days, 73 mg/L,
and 14 h, respectively. If we consider that the surface of tidal flats and subtidal platforms in the Venice lagoon
is about 400 km? (i.e., excluding fisheries, channels, and salt marshes) and we assume an average water depth
of 1.0 m, this means that every month, for 14 h, about 9600 tons of sediments are mobilized within the basin.

In order to provide a quantitative estimation of the spatial heterogeneity of SSC patterns, the spatially
averaged coefficients of variation (see supporting information for the mathematical definition) for mean
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Figure 6. Spatial distributions of temporal cross correlations between (a) intensity of peak excesses and duration of over
threshold exceedance, (b) duration and interarrival time, and (c) intensity and interarrival time. Dark blue identifies sites
where resuspension events cannot be modeled as a marked Poisson process (i.e., the KS test is not verified for the
interarrival time).

interarrival times, (_:VC,,, mean intensities, CV,, and mean durations, CV 4, have been computed (Table 1).
Data show that CV,>CV,,>CV(,, suggesting that the highly irregular morphology characterizing the
Venice lagoon mainly affects the spatial distribution of the mean interarrival times of resuspension events.
Meanwhile, the spatial distribution of mean intensities and durations is more homogeneous within the
computational domain.

Figure 6 shows the temporal cross correlation between the three random variables (p, ., Py rgr Preq—S€€
supporting information for the mathematical definition) computed for each point within the lagoon.
The plot indicates that the intensity of peak excesses and duration of over threshold exceedances
(Figure 6a) are highly correlated, owing to the pseudo-deterministic link between peak intensities and the
corresponding recession dynamics. Conversely, almost no correlation exists between durations and inter-
arrival times (Figure 6b), as well as between intensities and interarrival times (Figure 6c), suggesting that
resuspension events can be modeled as a 3-D Poisson process in which the marks (duration and intensity
of events) are mutually dependent but independent on the arrival times. We further computed (see Table 1
and supporting information for the mathematical definition) the spatial cross correlation between mean

CARNIELLO ET AL.

STATISTICAL STUDY ON SEDIMENT DYNAMICS 1058



@AG U Journal of Geophysical Research: Earth Surface 10.1002/2015JF003793

Bottom Shear Stress Suspended Sediment Concentration

Kolmogorov-Smirnov
test not verified

Interarrival
Time
[days]

30.00 2,

22.50

Interarrival
Time
[days]

30.00

22.50

15.00

Intensity
[Pa]
0.25

Intensity

[mg/)
130.00
97.50
65.00

32.50

0.0
Duration

hours]
18.0

Duration
[hours]
25.00

18.75
12.50
6.25
0.0

Kolmogorov-Smirnov test

M not verified

M verified

02 46 810km
[ =

Figure 7. (a, b) Comparison between the spatial distributions of mean interarrival times, (c, d) mean intensities of peak
excesses, and (e, f) mean durations of over threshold exceedances obtained analyzing numerical results in term of
(Figures 7a, 7¢, and 7e) total bottom shear stress and (Figures 7b, 7d, and 7f) suspended sediment concentration.
Figures 7a, 7¢, and 7e are adapted from D’Alpaos et al. [2013].

interarrival times and mean intensities (5. ), mean interarrival times and mean durations (5¢ ), and mean
intensities and mean durations (j¢ .4). Our analysis confirms that mean intensities and durations are charac-
terized by similar spatial patterns (5., = 0.8 ). On the contrary the negative values of j¢ ., and j¢ ., indicate
that where resuspension events are more frequent (i.e.,, shorter interarrival time), intensities of peak excesses
and durations of exceedances are larger.

In Figure 7 we provide a comparison between the statistical properties of SSC and those of bottom shear
stress (BSS). The latter has been calculated accounting for the combined action of currents and waves and
by assuming 7, = 0.4 Pa as threshold value for the POT analysis, as discussed by D’Alpaos et al. [2013]. The
KS test for the exponentiality of interarrivals is verified in wide portions of the lagoon both for BSS and SSC
(Figures 7g and 7h), which means that resuspension events can be modeled as marked Poisson processes both
in terms of cause (BSS producing sediment entrainment) and effect (SSC). It is also interesting to observe that
the spatial distributions of the mean interarrival time (Figures 7a and 7b), mean peak intensity (Figures 7c and
7d), and mean duration (Figures 7e and 7f) are similar but not identical, which confirms that the two quan-
tities are related by a cause (BSS) and effect (SSC) relationship but they are not equivalent. While the BSS is
a function of the local forcings (currents and wind waves) the SSC at any single location depends not only
on the local entrainment (i.e., local BSS) but also on the flux of suspended sediment from and toward the
surrounding areas. The differences in the spatial patterns of the mean interarrival time, mean peak inten-
sity, and mean duration shown in Figure 7 considering BSSs and SSCs confirm the crucial role of advec-
tion/dispersion processes in smoothing the spatial patterns of SSC in the Venice lagoon.

In order to perform a more quantitative comparison between SSC and BSS dynamics, the BSS signal has
been used to calculate the spatially averaged value of the mean interarrival time, mean peak excess, and mean
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duration, as well as their spatial

Table 2 Spatlajlly Averaged Values PfMeanNInterarrlvaITlmes, 1/A; ¢ Mean cross-correlation and the coefficients
Intensities, 1/4, ., and Mean Durations, 1/4, 42 .

’ ’ of variation (see Table 2 and the aux-
Spatially Averaged No Vegetation jliary material for the mathematical
1/, (days) 26.18 definition). The comparison with the
1/4, . (Pa) 0.146 analogous parameters obtained for
1/4, 4 (h) 10.44 the SSC, which are summarized in
év,, 1.479 Table 1 (neglecting the effect of ben-

. ’

a,, 0379 thic vegetation), suggests that the
év e same considerations done for the SSC
. e (')447 also apply to the case of the
P e BSSs. Interestingly, the fact that
Prid —0.445

1/Ac, =1/, confirms that the choice
Pred 0.828 of the thresholds adopted for the POT
2Coefficient of variation of mean interarrival times, CV, ;, mean inten- analyses of SCC and BSS signals are
sities, F_'Vm, ar’nd mean durations, ('fVT’d. ?pat|all Cross corr'elatlon'betvyeen consistent. Moreover C~Vr,t > C~Vc,t,
mean interarrival times and mean intensities, Pr.terMEAN interarrival times . .

o ) e L which testifies a more heterogeneous
and mean durations, j, 14, and mean intensities and mean durations, 5, ¢4- - T )
Results refer to the analysis of BSS signals (Figures 7a, 7c, and 7e). spatial distribution of mean interar-

rival times when considering the BSS

instead of the SSC. This confirms the
key role of advection/dispersion processes in the observed spatial patterns of SCC, resulting in a notable
smoothing of the heterogeneities of local properties like BSS.

Table 3 further provides the average spatial cross correlation between mean interarrival times (Figures 7a and
7b), mean intensities (Figures 7c and 7d), and mean durations (Figures 7e and 7f) computed for both BSSs
and SSCs (see supporting information for the mathematical definition). Results show that the most spatially
correlated among the three random variables are the mean durations while the mean interarrival times are
less correlated.

We finally extended our analysis including in the simulation the biostabilizing effect of benthic vegetation
that colonizes the central southern part of the lagoon. Figure 8 provides the planimetric distribution of the
difference between the mean interarrival times (Figure 8a), mean intensities of peak excesses (Figure 8b), and
mean durations of over threshold exceedances of SCC (Figure 8c) that are computed both neglecting and
considering the stabilizing effect of submerged benthic vegetation. As expected, the presence of vegetation
significantly affects SSC dynamics by increasing the mean interarrival time of over threshold exceedances
(blue colors in Figure 8a). However, the concentration in suspension is exclusively related not only to local
entrainment but also to dispersive and advective fluxes from and toward the surrounding areas. Hence, close
to the edges of the sea grass meadows, the stabilizing effect of vegetation tends to vanish due to the incoming
of suspended sediment conveyed from the neighboring areas. On the other hand, the stabilizing effect tends
to expand from the areas colonized by sea grass meadows to the surrounding regions owing to a sheltering
effect like the one provided by islands or salt marshes. Needless to say, the size of sea grass meadows is a key
issue, as sparse vegetated areas produce limited effects on resuspension and SSC patterns. Compared to the
effect of vegetation on the mean interarrival time of significant resuspension events, the effect of vegetation
on the spatial distribution of mean intensity and duration is more nuanced (Figures 8b and 8c). Overall, the
presence of vegetation reduces both intensity and duration of over threshold events (yellow to red colors
in Figures 8b and 8c). However, some areas (e.g., close to the Malamocco inlet) display an increase in both
the parameters (green to blue colors in Figures 8b and 8c). This can be ascribed to the fact that owing to

the stabilizing effect of vegetation, in
Table 3. Spatially Averaged Spatial Cross Correlation Between Mean such areas only the largest resuspen-
Interarrival Time for BSS and SSC, Mean Intensities for BSS and SSC, and u y 9 usp
Mean Durations for BSS and SSC sion events enable the exceedance

of the threshold when the effect of

Cross-Correlation BSS-SSC No Vegetation . . .

— 9 benthic vegetation is accounted for,
ISR 0412 thereby leading to increased mean
iy Bizen duration and intensity of resuspension
Duration 0.802

events. The analysis of the spatial
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Figure 8. Map reproducing the planimetric distribution of the difference between (a) the mean interarrival times,

(b) mean intensities of peak excesses, and (c) mean durations of over threshold exceedances obtained neglecting and
considering the stabilizing effect of submerged benthic vegetation. Shaded areas bordered by black lines represent the
extent of the sea grass meadows colonizing this portion of the lagoon (see Figure 2).

means (over the entire lagoon) of the statistical parameters computed in Table 1 shows that the most visible
effect of sea grass meadows is to increase the spatially averaged mean interarrival time (from about 29 days
without vegetation to 36 days with vegetation) and to slightly decrease the spatially averaged mean intensity
(from about 73 mg/L to about 67 mg/L). Instead, the values obtained for the other statistics (including the
coefficients of variation and the spatial cross correlations among interarrival time, intensity, and duration) are
poorly affected by the presence of benthic vegetation.

We believe that the above results may help improving our understanding of suspended sediment dynamicsin
tidal environments. In particular, we speculate that our findings may be instrumental in improving our capa-
bility of evaluating the long-term morphodynamic evolution of shallow microtidal environments by properly
accounting for the stochasticity of sediment supply driven by wind-induced resuspension events.

Modeling tidal-landscape morphodynamic evolution over long timescales (decades or centuries) neces-
sarily requires the use of simplified approaches. Long-term evolution models usually assume sediment
supply as constant or monotonically related to mean water depth. Analogously, the time sequence used to
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characterize erosion events is frequently oversimplified or neglected altogether (e.g., when considering vege-
tated salt marshes). Our results, combined with those obtained by D’Alpaos et al. [2013], demonstrate that the
time series of both BSS and SSC can be described as marked Poisson processes with exponentially distributed
interarrival times, intensities, and durations, thereby setting a framework for the synthetic generation of sta-
tistically significant external forcings (shear stress at the bottom and suspended sediment available in the
water column) that should arguably improve the reliability of long-term biomorphodynamic models at the
cost of a limited increase in the number of parameters. Within such a framework, one could also conceive to
deal with ensemble averages of different realizations, which would allow one to obtain quantitative estimates
of the uncertainty and the confidence intervals associated to long-term predictions. On this topic, research is
ongoing.

4, Conclusions

Numerical models can overcome the intrinsic limitations of direct SSC observations (like those provided by
probes or satellite images typically used for monitoring tidal environments). Once calibrated and tested,
numerical models provide reliable, arbitrary long SSC time series which can be analyzed in order to sta-
tistically characterize the spatial and temporal dynamics of resuspension events by accounting in full for
the geomorphological complexity of tidal environments. In the present study a calibrated and tested Wind
Wave-Tidal Model coupled with a sediment transport model were used to perform a simulation reproducing
a representative year for the wind characteristics in the Venice lagoon.

The computed SSC time series was analyzed on the basis of the Peak Over Threshold theory. Statistical analyses
suggest that resuspension events can be modeled as a marked Poisson process over wide areas of the Venice
lagoon both in terms of BSS (as demonstrated by D’Alpaos et al. [2013]) and in terms of SSC.

Our analysis on the SSC records shows that on average every month, the whole lagoon experiences
wind-wave-driven resuspension events lasting about 14 h and characterized by an average peak value of SSC
of about 70 mg/L. Furthermore, we observe that intensity of peak excesses and duration of over threshold
exceedances are highly correlated, while almost no correlation exists between durations and interarrival times
and between intensities and interarrival times. This suggests 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.

The key role of advection/dispersion processes was observed based on the spatial patterns of mean inter-
arrival times of SCC over threshold events that are notably less heterogeneous than the equivalent patterns
obtained considering BSS over threshold events.

The biostabilizing effect of benthic vegetation that colonizes the central southern part of the Venice lagoon
was also discussed based on the analysis of the modeled SSC records. The spatial distribution of the statistics
of over threshold events, in cases when the stabilizing effect of sea grass meadows is selectively accounted
for or neglected, suggests that the presence of wide areas colonized by benthic vegetation induces a local
decrease in the frequency of significant resuspension events that tends to expand also to the surrounding
regions. Sparse meadows have, instead, almost no effect on the SSC patterns because of the nonlocal nature
of SSC dynamics. Compared to the effect of vegetation on the mean interarrival time, the impact on the
other spatiotemporal patterns of SSCs (i.e., mean intensity and duration) is limited. Overall, our results sug-
gest the crucial interaction between physical and biological processes in determining sediment dynamics in
tidal environments and their biomorphological evolution.

The authors believe that the present findings bear significant implications for long-term morphodynamic
models, as they provide a theoretical framework for generating statistically realistic synthetic forcings which
can be used to predict the effect of biomorphodynamic processes on the fate of tidal landforms.
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