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Abstract

:

Port silting is a common and natural process which often causes serious inconveniences for safe navigation and requires expensive dredging operations to keep the port operative. Sediment deposition is closely related to the exchange water between the basin and the surrounding environment; one way to limit deposits is by reducing the flow entering the port. However, this may be in contrast with the need for adequate sediment quality, which in turn is closely related to an appropriate water current. This seems to be particularly important in lagoon environments, where sediments are often polluted, making its disposal more complicated and costly. The present paper investigates the situation of the port of Marano Lagunare (Italy) by means of a bidimensional morphological-hydrodynamic and spectral coupled model. To reduce the sediment input into the port, the closure of a secondary port entrance is usually suggested. However, this work demonstrates that a complete dredging of the secondary port inlet allows for an increase in water circulation or efficiency renewal, which ensures a better oxygenation at the bottom of the canals.
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1. Introduction


Since ancient times, ports have served as a safe shelter for boats for all civilizations, to protect them from waves, storm surges or river currents depending on their specific location. For this reason, defense works are built to reduce the speed of the current and the wave motion inside the ports themselves as much as possible. This guarantees the safety of boats and crews, but also promotes the deposition of sediments which enter the port carried by the current, however small it is. Once deposited, the sediments are barely re-suspended in the water column, and therefore they usually remain trapped in the port, which gradually silts up, with consequent difficulties for navigation [1].



Conscious of this contradictory situation, engineers and scientists have always tried to solve or at least mitigate the problem [2]. The first step should be a thorough understanding of the local hydrodynamics responsible for the water exchange between the basin and the surrounding environment, and, as a consequence, for the entry of sediments into the harbor [3]. Local currents strongly depend on the nature and form of the port itself [4]. Ports located along the banks of a river usually suffer greatly from the effect of the river flow [5], which separates at the upstream edge of the port entrance, forming a turbulent mixing layer, and hence generating an exchange flow entering the port basin through a horizontal diffusive process [1,3,6,7]. If this is the main entry mechanism for sediments into fluvial ports far from the sea, when the distance from the river mouth is reduced other factors grow in importance, such as the advective processes of tidal filling and emptying [6]. Moreover, an active role can also be played by density currents, which can arise from gradients in water density due to the rise of the salt wedge or in water temperature due to the release of fresh or warm water in the port or even in suspended sediment concentrations [6,8]. These mechanisms often coexist and are superimposed on each other [9,10]. Extensive experimental and numerical studies have been conducted, mainly in relation to the ports of northern Europe (e.g., [10,11,12,13]).



Lagoons are semi-enclosed transitional environments which are naturally sheltered from storm surges due to their conformation, and therefore they often represent privileged positions for the construction of ports [14]. Their internal hydrodynamics is mainly due to the tides, which penetrate through the tidal inlets and spread through the channel network, which consists of a complex system of bifurcating channels with decreasing water velocities and canal sizes when moving away from the mouths, landwards.



It is generally recognized that coarse sediments deposit earlier, having a larger fall velocity [15]; this means that the tidal current entering the lagoon loses its intensity and is unable to transport the sandy sediments for a long time. In fact, these sediments generally settle within a short distance of the mouth [16]. Thus, inside lagoons, where current speed and water depth are relatively low, wind waves become crucial for sediment transport despite their relatively short period [17,18]. In fact, waves locally generated on the shallow tidal flats [19] interact with tidal currents, originating bottom shear stresses able to pick up even the finest sediments [20]; these are then conveyed along the canals, and therefore can penetrate the lagoon ports.



This causes behaviors in harbor siltation to be very different depending on the port location. For example, in most fluvial and sea ports sediments are mostly located near the entrance of the basin, where the coarsest sediment fraction deposits as soon as the current decreases, while usually only the finest sediments can reach the furthest part of the basin, resulting in a non-uniformly distributed sedimentation [7,21,22,23]. Conversely, when the sediments entering the port are only fine-grained, as occurs in semi-enclosed basins like lakes or coastal lagoons, they can remain in suspension for a longer period thanks to a much lighter fall velocity, and they spread all over the harbor before they deposit as the speed of the current decreases, for instance, during slack tides, resulting in a more uniform spatial distribution.



In both cases, once in the harbor, it is very difficult for the sediment to escape, and it settles on the bottom [1]. Considering this, the best way to reduce siltation should be the reduction of exchange water and hence of sediment input. Great strides have been made in the understanding of the expected behavior of hydro- and sediment dynamics which have made it possible to identify some measures capable of hindering the deposit in some cases [24]. A typical example of these technologies are current deflection walls, which gently move the flow away from the inlet, and thus reduce the intensity of the turbulent mixing layer and the consequent exchange flow entering the port [25]. Furthermore, non-structural actions can be undertaken, such as agitation dredging methods, which help limit the deposition by keeping the sediment in suspension and facilitating its exit from the basin through water jets or mechanical devices [24]. Other interventions are aimed at confining silting to well-defined areas, which simplifies the dredging operations; for instance, sediment traps are very common where the inflowing current is slowed down, inducing local sediment deposition [26]. Moreover, the question about the optimal number of entrances to the port is also still highly debated. In fact, if some authors suggest having more openings to ensure a minimum speed of the current inside the port [3], others recommend reducing the mouths of ports to limit the water exchange with the environment and hence the sediment input [27,28].



Nonetheless, in the literature there is a general agreement that no engineering intervention can completely prevent periodical maintenance dredging in ports to guarantee a safe navigation; consequently, a project for dredging operations is always necessary and should also include a detailed study of the methods and location of the disposal of any excess sediments. In recent years, environmental legislation relating to the repositioning of the dredged sediments has gradually become stricter, restricting traditional practices. In lagoons, in particular, the disposal of dredged sediments along navigable channels is often no longer allowed. Common techniques to overcome this issue consist in disposing of dredging materials outside the lagoon system, either at sea or creating bordered islands, inducing the progressive deepening of the lagoon with an increase in the area of subtidal flats, a diminution in the area of the saltmarshes and a general simplification of the initial natural patterns [29,30]. The idea that is usually suggested to reverse this trend is to keep the dredged sediments within the lagoon itself, restoring the eroded salt marshes, for example [31,32]. However, in this case it is necessary to guarantee the sediment quality, which should respect the legal limits in terms of the chemical and ecotoxicological compatibility between the sediments to be relocated and the areas of their destination [33,34,35,36]. Lagoons, as semi-enclosed basins, are usually potentially polluted environments, and thus this is not an analysis with a foregone conclusion. When these requirements are not fulfilled, sediments must be treated, with a significant increase in operation costs: on-site actions can be undertaken to improve the quality of the sediments [37], otherwise the sediments should be disposed of in landfills. Moreover, lagoons often suffer from low oxygenation, that can be tackled through the maintenance of a minimum velocity of water inside the port.



Therefore, if, on the one hand, it is desirable to contain and reduce the volume of sediments that are deposited in the port, on the other hand it becomes increasingly important to try to preserve their quality, in order to facilitate the inevitable dredging and disposal operations. In light of this, one option might be to open up more entrances to the ports.



With this in mind, in the present work, a morphodynamic analysis has been conducted on the port of Marano Lagunare, a small town overlooking the Marano and Grado lagoon, which is situated at the northern end of the Adriatic Sea, Italy (Figure 1). The study was conducted by means of a bidimensional numerical model, considering tidal currents, wind waves and their mutual interaction, which regulates the complex hydrodynamic flow and contributes to the re-suspension and transportation of fine sediments inside the port. In particular, an attempt to intensify the circulation within the port is proposed, to improve oxygenation, without excessively increasing the deposit. Therefore, the idea is to make the port work like a channel network, to ensure a sufficient recirculation. To this aim, the closure of a secondary entrance, which is a typical solution for fluvial and maritime ports, has been considered and compared to the opposite solution, which is the complete opening of the secondary entrance. This highlights the different behavior of the lagoon port, which can be considered as a channel system. Moreover, an accurate wind analysis has been carried out to give a comparative evaluation of any drawbacks due to increased sediment deposition. Petti and co-workers [19,38] showed that fetch loses importance in the generation process of wind waves within a lagoon context, where the shallow water depths considerably limit the wave growth, thus becoming essential for a correct wave description. In this sense, water depth and wind intensity play a major role. The usual approaches consist in using a constant wind speed, which can be considered significant from a morphological point of view [39,40], or simulating a particular event [41,42]. However, in order to describe the morphological evolution over an annual scale, in the present work the significant conditions for an average year have been considered, in terms of both frequency and event duration.



In Section 2 the study site is presented, and in Section 3 the bidimensional numerical model employed to analyze the hydro- and sediment dynamics is briefly described. The simulation setup is illustrated in Section 4, where the available data have been analyzed. An accurate preliminary analysis of environmental data that induce sediment transport and deposition is carried out, which is essential for a better understanding of the physical phenomena underlying the problem. Finally, in Section 5 the reference configuration and some engineering solutions are considered and carefully assessed.




2. Study Site


The Marano and Grado Lagoon is located at the northern end of the Adriatic Sea, Italy, between the river mouths of the Tagliamento and Isonzo rivers, and it stretches for roughly 30 km East–West and 5 km in the North–South direction (Figure 1).



The lagoon is connected to the sea by six tidal inlets through which the tide enters the main channels and spreads all over the basin, guaranteeing the water exchange and determining the dominant currents. Maximum currents inside the lagoon are encountered at the tidal inlets, with maximum velocities ranging between 0.8 and 1.2 m/s depending on the inlet, and mean velocities ranging between 0.5 and 0.7 m/s [44]. Conversely, on the tidal flats, the flow velocity rarely exceeds 0.25 m/s [20]. Marano Lagunare (usually simply referred to as Marano) is a small historical town, first built as a fishing community and already established during the ancient Roman period. It is located at the northernmost edge of the lagoon, far from the tidal inlets, and it probably evolved precisely because it represented a safe harbor and a shelter for navigation as well as a commercial site between the sea and the hinterland. Nowadays, the economy of Marano is still mainly based on fishing and tourism, both activities strictly related to navigation and to the presence in the town of both fishing and recreational ports.



From a historical point of view, the port system of Marano has undergone a profound transformation over the last 40 years, related to the permanent siltation process, which requires periodic maintenance works. As shown in Figure 2, in front of the village in 1977 there was only an accumulation of deposits, probably deriving from the traditional ancient dredging of the Marano and Taglio channels. In 1988 an accumulation of deposits became an urbanized area called Dossat island, and in 1994 it appears in its current outline, including the new recreational port. Moreover, a new deposit area is clearly recognizable in front of Dossat island, which includes the islands that mark the Marano channel. In this way, a new canal that connects the Marano canal to the Taglio canal was formed, which is usually referred to as the connection channel.



In 2000, this new deposit area was chosen as a confined island, where sediments deriving from dredging operations were disposed of, allowing for maintenance works inside the lagoon. Aerial pictures show how it has been filled over the years, with polluted sediments too, which were not allowed to be disposed of elsewhere, arising from lagoon channels. In 2012 the new artificial island reached its maximum retaining capacity, and in the following years it was covered by wild and uncultivated vegetation (Figure 2).



Recently, the silting of port canals has raised questions related to the chemical-physical and above all the ecotoxicological compatibility of the dredged matters with the new disposal areas. This issue was particularly evident during the maintenance works planned for 2019 [45,46,47,48].



In fact, the last complete dredging of the port system was carried out in 2015, reaching a minimum water depth of 2.5 m almost all over the port, as depicted in Figure 3a. In 2019, navigation safety required new dredging works, and hence a new survey was executed. This revealed a general increase in bottom height all over the basin (Figure 3b). The difference between these consecutive surveys gives a deposition over 4 years (Figure 4), which is about 48,850 m3 inside the black polygon of Figure 3a, indicating a mean siltation rate of about 9 cm/year. Even though the largest deposition of about 150 cm is located at the widening between Marano and the connection channels, significant deposits are also detected all over the port. This indicates that sediments are carried into the innermost part of the port, before they deposit, suggesting the presence of very fine sediments. This is consistent with the results of the granulometric analysis performed in 2019 over several points inside the port, both on the Marano canal and on the Taglio canal, which highlight a considerable uniformity of sediment size, with a substantial absence of sand (0.26%), a clear preponderance of silts (70.50%) and a consistent percentage of clay (29.24%). The mean diameter can be evaluated as 18 μm.



However, at the same time, environmental analyses highlighted significant ecotoxicological problems spread across the entire port system, which prevented any operations to be carried out [45,46,47,48].



In order to improve the sediment management inside the harbor, an in-depth study of sediment dynamics has been conducted for a better understanding of the main physical processes behind it and to provide engineering solutions to mitigate the problems related to port silting.




3. Numerical Model


A true designation of sediment dynamics inside the harbor starts from a correct estimate of sediment input and hydrodynamic currents. For this reason, a wider domain than the port should be studied, with a numerical model able to properly describe the complex non-linear interaction between tidal currents and wind waves, and their effects on sediment transport. In the present work, this has been achieved by coupling a morphological-hydrodynamic model and a fully spectral wind–wave model.



The former is a bidimensional (2DH) finite volume shallow water in-house model, based on hydrodynamic equations, advection–diffusion equations of granular and cohesive suspended sediment concentration and a continuity equation of sediments at the bottom, as described in [38,49]. These equations allow the temporal bed evolution to be estimated by also taking into account the forcings due to the radiation stress tensor and the contribution of the wave motion to the bottom shear stresses τb, which is evaluated according to Soulsby [50] as a nonlinear combination of the amount due to the current and the wave motion. Radiation stress terms and wave motion characteristics are calculated by SWAN [51] (https://swanmodel.sourceforge.io/ accessed on 2 July 2020), an open-source third-generation model which integrates the wave action balance equation including all source terms, and hence also using the actual water level, currents and bottom height, as computed by the morphological-hydrodynamic model. The interaction between the two models is managed by a main program that runs them alternately until the simulation ends, exchanging input and output data on a common grid.



Unlike Petti et al. [38], granular sediments have been neglected in the present work, due to evidence that emerged from the surveys, thus allowing for a significant reduction in the complexity of the computational model.



The description of the sediment exchange processes between the water column and the bottom, which can be summarized through erosion and deposition, is recognized as one of the most challenging tasks in the study of fine sediment dynamics. In particular, most of the authors in the literature adopt the same structure of equations to evaluate the mass erosion EM and the deposition DM rates, i.e., Partheniades’s [52] and Krone’s [53] universally used erosion and deposition formula, respectively:


   E M  = max  (  0 ,  M P     (     τ b  −  τ e     τ e     )     n P     )  ;  D M  = max  (  0 ,  ρ s   w s   (  1 −    τ b     τ d     )   c 0   )   



(1)




with MP and nP being two coefficients, hereafter assumed as 0.001 kg/(m2s) and 1, respectively [54]. ρs is the grain density, ws the settling velocity here evaluated as in [54], and c0 the near-bed concentration of suspended sediments, here set equal to the depth averaged sediment concentration, as a simple and often adopted choice [55].



τe and τd represent the critical bed shear stress for erosion and deposition, and there is still quite a heated debate on their evaluation. Even if a few formulas have been proposed to evaluate the critical bed shear stress for erosion (e.g., [56,57]) and deposition (e.g., [53,58]), most of the authors recognize that these parameters cannot be estimated a priori, because they are site-specific and can vary significantly between sites or even within the same reach. Therefore, there is still no reliable relationship based on sediment or environmental properties which can hold in general and for different situations. Thus, they must either be measured or calibrated (e.g., [59,60,61,62,63]).



Petti et al. [38] identified the critical bed shear stress for erosion, applying a morphological similarity with the critical values experimentally determined by Amos and co-workers within the Venice lagoon [64]. These values have been validated in [38] by means of the correspondence with the sediment deposition which occurs over an average year in a number of navigable channels. Since it is the same lagoon and it is subject to a similar annual analysis, the same values have also been adopted for the present simulation. In particular, 0.7 Pa has been adopted as the critical erosion threshold for navigable channels and permanently submerged mudflats, 1.3 Pa for intertidal flats occupied by seagrass, and 1.8 Pa for emerged sites or wet only by high tide. As regards the critical bed shear stress for deposition, an important line of research has been developed in the literature, which aims to experimentally deduce this value on the basis of laboratory analyses, often conducted on annular flumes (e.g., [65,66]). On the other hand, given the great variability in the results that can vary by even two orders of magnitude, and the difficulty in achieving field and laboratory measurements, τd often becomes a calibration parameter [67]. The value assumed in the present work is the result of a calibration process, where τd has been progressively adjusted to replicate the measured bed change between 2015 and 2019. The final selected value was 0.3 Pa, which is consistent with laboratory data by Stone et al. [66] and with the rough estimate of about half the value of τe [54], which was set to 0.7 Pa in all navigable channels.




4. Simulation Setup


The choice of the computational domain is a key point in order to give a proper representation of the sediment input in the port. Even if the Marano harbor is relatively small, a larger area should be considered to give a consistent representation of the forcings that induce sediment movement. Petti et al. [38] showed that sediments in the lagoon are stirred up by the wave motion on the tidal flats and then driven by the tidal current along the channels. Moreover, preliminary studies showed that the water circulation inside the port is due to small differences in the water level and phase shifts at the entrances of the Marano and Taglio canals. Thus, the lagoon’s hydrodynamics should be represented in the best possible way. Petti et al. [68] suggest imposing tidal oscillations on a sufficiently large domain directly into the Adriatic Sea, to appropriately describe the hydrodynamic evolution of the tides on the tidal inlets, and hence within the lagoon. Additionally, initial tests showed that the hydrodynamics of the western part of the lagoon, where Marano is located, is mainly influenced by the Lignano, Sant’Andrea and Porto Buso tidal inlets, allowing for the reduction of the computational domain and disregarding the eastern part of the lagoon, with the aim of limiting the computational effort. With this in mind, the study should include a large part of, but not the entire lagoon, the most influent tidal inlets and a portion of the Adriatic Sea, as shown in Figure 5. Sediments delivered by nearby rivers have been neglected, because most of them are resurgence waters, with very low sediment transport [38]. The resulting mesh consists of about 216,000 quadrangular elements, with a size length ranging between 0.8 and 550 m. A detail of the port is depicted in Figure 5.



Manning roughness coefficients and the bottom height for the lagoon and the sea have been assigned as in Petti et al. [69], where the bottom height refers to the surveys conducted in 2009–2011 [43]. With reference to Manning roughness coefficients, the port channels were considered as lagoon channels, and the emerged artificial island in front of Marano was treated as dry land. The bottom height of the channels surrounding Marano was deduced from the post-dredging survey of 2015 (Figure 3a). The boundary conditions were assigned as in Petti et al. [68], imposing a tidal oscillation on the East and West sea boundaries and setting a reflective condition on all other boundaries. In this way, the influence of small rivers that flow into the lagoon was not taken into consideration, as they only influence the currents locally.



In addition to the validation process already conducted and presented in Petti et al. [38], the hydrodynamic model has been further verified by simulating a registered tidal oscillation and comparing the simulated and measured water surface levels at Marano’s and Lignano’s tidal gauges. The results are depicted in Figure 6, and they show a good agreement between numerical and observed data.



The hydrodynamics and sediment processes in the lagoon are induced by tidal currents and wind waves, which represent the main input of the numerical model. With this in mind, an accurate analysis of tides and winds was carried out, to identify the events responsible for port silting within an average year. In particular, the zero-crossing analysis conducted on the tidal oscillation recorded by the Grado tide gauge from 1991 to 2014 showed a mean amplitude of tidal wave height equal to ±0.40 m [69]. For this reason, the tidal oscillation has been represented through a sine curve, having a period of 12 h and an amplitude equal to ±0.40 m [69].



Petti et al. [38] have shown that the main morphodynamic changes within the lagoon are due to wind speeds exceeding 6 m/s only. Thus, in the present work, wind events recorded between 1998 and 2004 at the Grado anemometer were identified as having an initial/final wind velocity of 2.5 m/s and an average wind velocity over the entire duration higher than 6 m/s. These events have average directions belonging to the Bora and Sirocco sectors, identified in the following by the 75° N and 165° N directions, respectively. Generally speaking, Bora events appear as more regular and continuous, while Sirocco events seem to have a more variable direction, but only with slightly higher intensities. The selected events have been grouped according to their duration, as shown in Table 1, underlining the average number of events occurring every year, their mean duration and their average maximum and root-mean square velocities.



As the wind forcing representative of an average year, a single event was chosen for each wind direction and class duration, which has an intensity equal to its root-mean square velocity and the cumulative duration of all the events in the class. Moreover, in the simulations, a morphological factor equal to 10 was used, which allows for changes in the bottom height to be amplified, in order to reduce computational times [70].



In order to gain a better understanding of the phenomena underlying the sediment dynamics in the port and assuming a principle of effect superimposition, it was decided to simulate the Bora and Sirocco events separately. Thus, Figure 7 summarizes the tidal oscillation and wind forcing which were adopted to simulate the morphodynamic effects of an average year, splitting the Bora and Sirocco simulations.



As the initial conditions, the current and water levels were assumed exactly as they resulted from a simulation of a few tidal oscillations with no wind forcings.



In order to verify the morphodynamic approach under the new tidal and wind forcings, the model has been further validated, following the same approach used by Petti et al. [38]. Thus, the sediment volumes which have been deposited in some navigable channels at the end of the simulated average year have been computed and compared with the mean annual volumes dredged by the Regional Authorities. The results are summarized in Table 2, where the comparison for the Marano, Cialisia, Coron and Pantani channels (see Figure 1) is shown. The correspondence between numerical values and dredged volumes is satisfactory, with a very small error, in particular, on the Marano channel, which is the most influent one for the purpose of the present study. This also corroborates the new approach used to describe the wind forcing, considering the duration of most intense events instead of their frequencies.




5. Results and Discussion


5.1. Reference Configuration


For a thorough understanding of the sediments and hydrodynamics inside the harbor, the numerical model was first applied to the mesh with the same bottom height, as it was just after the dredging operations of 2015 (Figure 3a), and this has been considered hereafter as the reference configuration. In particular, three simulations have been conducted, the first being characterized by tide only, with no wind, the second by tide and Bora wind (Figure 7a) and the third by tide and Sirocco wind (Figure 7b).



The hydrodynamic behavior is similar in all three simulations, i.e., during the flood, the flow enters in through the Marano channel and exits through the Taglio channel, then vice versa in the ebb. The highest velocities are reached during the rising tidal phase, and precisely with the Bora wind (Figure 8).



In all cases, velocities are very low in the area where the Marano channel crosses the connection channel, especially along the quay, and this condition causes the silting of suspended matter entering the port. This is also confirmed by the surveys, which show the largest deposition exactly in this area (Figure 4). The general evolution of the flow in the port is summarized in the hydrographs of Figure 9, where it can be observed that the discharge through the Marano channel (Section S1) is the largest in all simulations, while the flow through the Taglio channel (Section S6) is smaller and in the opposite phase. Moreover, a comparison between the Bora and Sirocco simulations (Figure 9a,b) highlights the different behavior of the Marano and Taglio channels under different wind conditions. In fact, the flow entering the S1 section is larger during the Bora simulation than during the Sirocco simulation. On the contrary, the flow entering the S6 channel is slightly higher during the Sirocco event than during the Bora event.



In terms of sediment transport, the simulation with only the tide does not make any contribution, further confirming the importance of wind-generated wave motion in the processes behind any sediment movement in a lagoon system. In both the Bora and Sirocco simulations, the maximum sediment concentrations enter the port through the Marano channel during the flood tide (Figure 10), and this is consistent with the fact that the maximum discharges are encountered here (Section S1 in Figure 9). However, lower but not insignificant sediment concentrations enter the port through the Taglio channel during the ebb tide, in particular for Sirocco events (Figure 11). The different penetration of the sediment concentration inside the port depending on the wind direction highlights the importance of the wind drag effect, which induces a setup in the lagoon that can strongly impact the current hydrodynamics. In this sense, the circulation system inside a lagoon port seems to be sensitive to both tides and winds. Thus, winds play a fundamental role not only in re-suspending sediments over tidal flats, and causing different suspended sediment concentrations at the Marano and Taglio port inlets, but also in influencing the currents in the port channels. This is an important feature that must be considered in order to study a lagoon port.



As a consequence, the average annual deposition in the port appears to be much more influenced by Bora events (Figure 12a), with a large silting of all channels, the only exception being the Taglio channel. On the other hand, Sirocco events are responsible for the siltation of the Taglio channel and make only a relatively small contribution to the sediment deposition in the Marano channel (Figure 12b). The sum of deposits of the Bora and Sirocco simulations gives only a distributed siltation inside the whole port as a result.




5.2. Closure of the Secondary Entrance


Often, a larger sediment input inside the ports is observed where two entrances work at the same time, inducing a current between the two mouths which carries the suspended material up to areas which are also relatively distant from the inlets. This is typically the case of river ports [1], but similar situations can also be encountered in coastal areas [28]. In these cases, a possible solution is often the closure of one mouth, with a consequent decrease in sediments entering the port and a consequent limitation of dredging [27].



However, the incoming material is entrained in the water column by the action of wave motion on the tidal flats, and then it is dragged by the current into the port, regardless of the existence of the secondary inlet. Thus, the closure of one port inlet could result in only a small drop in dredging.



Moreover, the decrease of discharge due to the entrance closure would lead to a lower oxygenation of the sediments deposited on the bottom. In the case of fine sediments with a significant amount of organic matter, this could prove counterproductive, because it could cause a deterioration in sediment quality, making disposal difficult during unavoidable periodical dredging maintenance works.



With this in mind, an attempt was made to close the secondary entrance to the harbor, i.e., the Taglio channel, to better analyze the effects on port hydrodynamics. To this end, a dike was modeled in correspondence with Section S6 of Figure 5. A hydrodynamic simulation with tidal oscillation and no wind action was carried out, and a comparison with the reference configuration is shown in Figure 13 and Table 3 in terms of the discharge in the canals.



The results indicate that the flow would drastically decrease in all sections in the case of a complete closure of the Taglio channel, with a reduction ranging between 30% in Section S2 in the Marano channel and 80% in Section S4 in the innermost part of the Taglio channel. If, on the one hand, it is true that the exchange water is reduced, on the other it is also true that it has not completely vanished, as in the Marano channel a significant discharge is still present, and therefore a sediment input will always exist.



These results, together with the circulation pattern that emerged from the simulation on the reference configuration (Figure 8), suggest that the port can be considered as a hydraulic network, as schematized in Figure 14. The general circulation appears to be dominated by the water level and the current at the port entrances (Sections S1 and S6), which in turn are determined by the lagoon dynamics. The flow inside the port moves clockwise during the flood tide, when the flux entering the Lignano tidal inlet travels along the main lagoon channels, reaching Section S1 more quickly on the Marano channel, compared to Section S6 on the Taglio channel, which is quite distant from the deep channels. On the other hand, during the ebb tide, the flux finds a preferential way toward the sea in the Marano channel, determining a counterclockwise circulation inside the port.



When this working principle is hindered, the water flow decreases, reaching the values shown in Table 3 in the extreme case of a complete closure of the Taglio channel. This underlines the key role of the second port entrance in this situation, and therefore it is very important to preserve and even improve its efficiency, not so much to avoid silting as to guarantee a better oxygenation of bed sediments and hence to facilitate decisional processes regarding the finding of a suitable disposal area.




5.3. Dredging of the Taglio Channel


In light of previous considerations, the computational mesh has been further modified, supposing a complete dredging of the Taglio channel, thus assigning to the Taglio channel the same bottom height of −2.5 m of the dredged port, as depicted in Figure 15. On this configuration, three further simulations were conducted, the first being a simple tidal simulation and the other two a superimposition of the tide and the Bora and Sirocco winds respectively, as previously described. The results in terms of water discharge are illustrated in Figure 16, and in Table 4 the flow variations are calculated with regard to the corresponding simulation on the reference configuration.



The results indicate a general improvement in the hydrodynamic efficiency of the whole port network, with a flow intensification in all considered cross sections, and a mean increase of discharge in the innermost channel of 7.8%, 10.4% and 11% (Sections S3, S4 and S5, respectively).



The rise in exchange water with the lagoon environment clearly implicates a higher sediment input in the port, with incremented siltation. This is confirmed by the volumes of deposition data displayed in Table 5, where the contribution of Bora and Sirocco events are simply added to give the total sediment amount. With regard to the reference configuration, the simulations with a dredged Taglio channel suggest a deposited sediment volume that is higher by 11.8%. However, in the face of a relatively small increase in the volumes to be periodically dredged, the improvement in the sediment quality ensures much easier and cheaper dredging works.





6. Conclusions


The siltation problem of a lagoon port has been considered, starting from a historical reconstruction of the harbor development, which turned out to be closely related to the need for periodic dredging works. Nowadays, the port of Marano Lagunare is experiencing a generalized silting problem, which is worsened by pollution issues. In fact, as often happens in semi-enclosed environments like lagoons, the sediments inside the port are polluted and, in particular, they suffer from anoxia. This causes dredging works to be more complicated and expensive, because it becomes more difficult to find compatible disposal locations for the dredged sediments, according to environmental legislation. In the worst case, the sediments should be treated as polluted waste, with a strong increase in economic costs.



For a better understanding of the sediment dynamic inside the port, in the present work an attempt has been made to simulate the annual morphological changes that occur within the harbor, using a process-based hydrodynamic and morphological model. To this end, a numerical model, consisting in the coupling of a bidimensional morphological-hydrodynamic model with a spectral model, was applied to a large part of the lagoon, focusing on the port. Moreover, an in-depth analysis of anemometric data was conducted to identify wind events, which can be considered as representative of an average year. All conducted simulations reveal very low discharges inside the port, for every wind condition. The resulting poor recirculation justifies the low oxygenation of the sediments, and hence their degradation.



Often, the reduction of the sediment input in the port is suggested as the best way to reduce port siltation, and this can be achieved by limiting the water exchange with the surrounding environment, for example by closing any secondary inlets. However, in the case of the port of Marano, simulations show that this would result in a drastic decrease in discharge values inside the port canals and, consequently, in a further worsening of the water and sediment quality. Thus, even if some advantages can be achieved with a certain decrease in the sediment volumes to be dredged, the sediment quality would deteriorate, making its disposal more complicated. In light of this and also given the relatively low silting rate of the port, the best choice appears to be an increase in the efficiency of the secondary entrance, and its maintenance as a dredged inlet, to ensure more easily manageable deposits. In fact, the numerical simulations of the average year indicate that an adequate water depth of the Taglio channel could considerably improve the water circulation everywhere within the port, with a relatively moderate increment in silted volumes.



This result suggests that in lagoon harbors, contrarily to what happens in fluvial or maritime ports, it is advantageous to avoid the closure of secondary entrances in order to maintain a sufficiently high flow velocity. This would not avoid port siltation, as sediments will inevitably deposit during slack tides, but it would contribute to maintaining a better water and sediment quality.



Moreover, the results clearly show that the tide does not bring any contribution to the sediment deposition inside the port in the absence of wind forcings. This fact enhances the importance of considering wind action when facing a silting problem in a lagoon port, wind generated wave motion being the main factor responsible for re-suspending sediments, which are then conveyed inside the port by the currents.



Furthermore, the analysis of the penetration of the sediment concentration inside the port during Bora and Sirocco events shows that wind direction can strongly influence the current circulation in the port channels, at the same instant in the tidal cycle. This is another point that makes lagoon ports different from fluvial or maritime ports, the circulation system being sensitive to both tides and wind, and this must be considered in order to give a proper interpretation of circulation systems.
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Figure 1. (a) The Marano and Grado lagoon in the northern Adriatic Sea, Italy: bathymetry data arising from the survey by Triches et al. [43] superimposed onto World Imagery satellite imagery (QGIS); (b) a detail of the regional cartography from 2003 of the Marano Lagunare area (http://www.regione.fvg.it/rafvg/cms/RAFVG/ accessed on 1 September 2021); the red rectangle delimits the area depicted in Figure 2. 
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Figure 2. Historical evolution of the port of Marano Lagunare from 1977 to 2012 (red rectangle in Figure 1b). The 1977 image is the regional cartography from 1977 (http://www.regione.fvg.it/rafvg/cms/RAFVG/ accessed on 1 September 2021); 1988–2012 images originate from the Italian National Geoportal of the Environment Ministry (http://www.pcn.minambiente.it/mattm/ accessed on 18 August 2021). 
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Figure 3. Consecutive surveys in the port: bottom height superimposed onto regional cartography from 2003. (a) Bottom height after the dredging works in 2015; the black line indicates the area where a minimum water depth of 2.5 m is guaranteed; (b) Bottom height in 2019. 






Figure 3. Consecutive surveys in the port: bottom height superimposed onto regional cartography from 2003. (a) Bottom height after the dredging works in 2015; the black line indicates the area where a minimum water depth of 2.5 m is guaranteed; (b) Bottom height in 2019.



[image: Water 13 03074 g003]







[image: Water 13 03074 g004 550] 





Figure 4. Sediment deposition occurring between 2015 and 2019 superimposed onto regional cartography from 2003. 
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Figure 5. Morphodynamic computational mesh: mesh boundaries and a detail of the grid of the port of Marano, with the indication of the cross sections used in the following. 
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Figure 6. Comparison of measured (dashed lines) and computed (solid lines) water levels at the stations of Marano (red) and Lignano (black) in the period from 18 to 21 September 2014. Root-mean square errors over the entire simulation are evaluated as 0.018 m for Lignano data and 0.033 m for Marano data. 
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Figure 7. Wind and tidal forcings: (a) Bora events superimposed to tidal oscillations; (b) Sirocco events superimposed to tidal oscillations. 
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Figure 8. Simulation of Bora and tidal oscillations. Contour and vectors of the maximum current: (a) during flood tide; (b) during ebb tide. 
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Figure 9. Water flow through selected cross sections indicated in Figure 5: (a) Hydrographs resulting from the Bora simulation; (b) Hydrographs resulting from the Sirocco simulation. 
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Figure 10. Contour of the maximum suspended sediment concentration during the flood tide: (a) Bora simulation; (b) Sirocco simulation. 
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Figure 11. Contour of the maximum suspended sediment concentration during the ebb tide: (a) Bora simulation; (b) Sirocco simulation. 
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Figure 12. Sediment deposition at the end of the simulated average year: (a) Bora contribution; (b) Sirocco contribution. 
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Figure 13. Water flow through selected cross sections resulting from tidal simulation with no wind forcings: (a) Reference configuration; (b) Closure of the Taglio channel. 
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Figure 14. Sketch of the functioning of the Marano port as a hydraulic network during: (a) flood tide; (b) ebb tide. 






Figure 14. Sketch of the functioning of the Marano port as a hydraulic network during: (a) flood tide; (b) ebb tide.



[image: Water 13 03074 g014]







[image: Water 13 03074 g015 550] 





Figure 15. Bottom height of the new configuration, supposing a dredged Taglio channel. 
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Figure 16. Simulations with a dredged Taglio channel. Water flow through selected cross sections: (a) Hydrographs resulting from the tidal simulation with no wind forcing; (b) Hydrographs resulting from the Bora simulation; (c) Hydrographs resulting from the Sirocco simulation. 
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Table 1. Summary of selected events recorded at the Grado anemometer, grouped according to direction and event duration. For each class, the average annual number of events and their duration are specified, together with the average annual value of maximum and root-mean square (RMS) event velocities.






Table 1. Summary of selected events recorded at the Grado anemometer, grouped according to direction and event duration. For each class, the average annual number of events and their duration are specified, together with the average annual value of maximum and root-mean square (RMS) event velocities.





	

	
Duration Classes

	
Events Number

	
Duration

(h)

	
Max Velocity

(m/s)

	
RMS Velocity

(m/s)






	
Bora

	
0–48 h

	
5.9

	
26.2

	
11.2

	
6.9




	
48–96 h

	
2.9

	
64.7

	
11.0

	
6.7




	
>96 h

	
1.1

	
169.0

	
13.7

	
7.6




	
Sirocco

	
0–48 h

	
14.2

	
21.9

	
12.1

	
7.6




	
48–96 h

	
0.9

	
61.5

	
13.2

	
7.9
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Table 2. Comparison of the simulated deposited volumes of sediments with the average annual dredged volumes.






Table 2. Comparison of the simulated deposited volumes of sediments with the average annual dredged volumes.





	Channel
	Average Annual Dredged Volumes

(m3)
	Simulated Deposited Volumes

(m3)





	Marano
	11,050
	10,920



	Cialisia
	8600
	10,180



	Coron
	21,750
	18,850



	Pantani
	9800
	10,140
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Table 3. Maximum discharge Q through selected cross sections resulting from the tidal simulation with no wind forcings, in the reference configuration and in the case of a complete closure of the Taglio channel.






Table 3. Maximum discharge Q through selected cross sections resulting from the tidal simulation with no wind forcings, in the reference configuration and in the case of a complete closure of the Taglio channel.





	

	
Q (m3/s)




	

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6






	
Reference

configuration

	
18.03

	
10.49

	
5.91

	
4.62

	
5.82

	
4.93




	
Closure of Taglio channel

	
11.27

	
7.01

	
2.22

	
0.78

	
2.29

	
0.00
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Table 4. Simulations with a dredged Taglio channel. Flow variations with regard to the corresponding simulation on the reference configuration.






Table 4. Simulations with a dredged Taglio channel. Flow variations with regard to the corresponding simulation on the reference configuration.





	

	
ΔQ/Q (%)




	

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6






	
Tide only

	
+5.9

	
+3.2

	
+7.1

	
+9.3

	
+10.7

	
+8.9




	
Bora

	
+8.8

	
+6.8

	
+10.9

	
+14.1

	
+15.0

	
+9.3




	
Sirocco

	
+4.0

	
+3.0

	
+5.5

	
+7.8

	
+7.3

	
+18.1
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Table 5. Volumes of sediment deposits in the Marano port at the end of the simulated average year.






Table 5. Volumes of sediment deposits in the Marano port at the end of the simulated average year.





	

	
Sediment Volume (m3)




	

	
Bora

Simulation

	
Sirocco

Simulation

	
Total Deposit






	
Reference Configuration

	
13,112

	
2769

	
15,881




	
Dredged Taglio Channel Configuration

	
14,676

	
3085

	
17,761
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