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Abstract

:

The prism of the Lignano tidal inlet was approximately constant over the last forty years, although the section width has halved. This has led to questions concerning the factors that most influence the tidal prism, and on the applicability of the well-known A–P relationship. A conceptual scheme of the sea–channel–lagoon system has been used to perform a sensitivity analysis of different parameters that characterize both the basin and the inlet cross-section. A 2D hydrodynamic model has been applied to evaluate the prism and compare it to the one derived by a static method, which is the basis of the analytical derivation of the A–P linkage. Three regimes have been found in the prism variability as a function of the basin extension: a linear static regime between prism and basin area; an asymptotic regime in which the prism depends only on the basin bottom friction; and an intermediate one. In addition, the roles of the inlet and channel sizes on the prism value have been investigated. The results, compared to the empirical relationships between the prism and the inlet cross-section, show that a variation in the cross-sectional area does not always corresponds to a change in tidal prism.
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1. Introduction


Coastal lagoons are highly dynamic and complex transitional environments that form after a sheltered basin is flooded by the sea and one or more openings (i.e., tidal inlets) allow a continuous water exchange with the sea during each tidal cycle [1]. Flood and ebb currents alternately originate from the gradient of the surface elevation between the sea and the inner lagoon, thereby governing all the hydrodynamic behavior. Furthermore, tidal inlets are fundamental in the morphodynamic processes of the nearby coast and of the lagoon itself. In fact, they act as both sources and sinks of the sediments which are suspended from the bottom by the wave motion, which is locally generated inside the basin or outside in the open sea [2,3,4,5,6,7,8,9,10]. Sediments are then transported by currents that transfer the material into the network of tidal channels or along the shore in the surf zone. The competing effects of waves and tides that attempt to close and widen the inlet, respectively [11,12], shape the morphology of the channel entering the lagoon. In this sense, the net exchange of sediments between the tidal basin and the sea largely affects the cross-sectional form of the tidal inlet, which adapts to dominant hydrodynamic and sediment transport conditions in the medium–long term (i.e., on the timescale of years or decades) [13].



Barrier coasts and tidal inlets are also important for their ecological, economic and touristic roles, as they are intensely used by human activities linked to different productive systems [14]. In many cases, tidal channels connect the open sea with harbor sites located behind the back-barrier, increasing the socio-economical value of these natural connections. For this reason, they are often required to be wide and deep and morphologically stable enough to allow navigation [15]; this condition sometimes involves the building of marine structures to protect the port and stabilize the inlet cross-section. The inlet shape can in turn directly affect the hydrodynamic field in the enclosed basin in terms of current velocities and tidal level amplitudes, and therefore sediment transport.



This is the case for the Lignano tidal inlet, one of the six inlets of the Marano and Grado lagoon, in the northern Adriatic Sea in Italy, which has undergone important morphological changes over the last four decades [4,16]. The construction of the protective pier of Marina Punta Faro located on the internal side of the Lignano inlet resulted in a narrowing of the inlet itself. A sand deposit on the outer side of the pier has progressively increased over time, leading to a reduction of the inlet width of about 55% compared to the initial stable morphology. Petti et al. [16] explored this trend in depth by means of an integrated approach based on morphodynamic modeling, and the results and the historical reconstruction of the shifting of the coastline confirm that the current cross-section is reaching a new stable condition. In particular, it has been shown that the tidal prism referring to the current configuration is very similar to the one estimated before the natural shape of the Lignano inlet was altered. This means that the water volume currently exchanged through the inlet with the open sea during a half characteristic tidal cycle is approximately the same as the previous one in the ante-operam configuration, despite the important morphological changes that have occurred.



Ebb and flood discharges in the inlet channel strongly influence the tidal prism [17], thereby playing an important role from both environmental and ecological points of view [18]. The tidal prism has a significant effect on the morphodynamic processes that involve the tidal basin portion behind the back-barrier and the ebb tidal delta on the sea side [19]. In natural conditions, the size of the inlet cross-section tends towards an equilibrium shape determined by the balance between the transporting ebb tidal capacity of the entrance flow and the longshore transport [11,13]. O’Brien [20,21] and Jarrett [22] first investigated the relationship between the gorge cross-sectional area and a characteristic gorge flow parameter from both empirical and analytical points of view. The result was the well-known equation A–P, which provides the minimum cross-sectional area A of the tidal inlet that is morphologically stable for the assigned tidal prism P [12,13,23,24,25,26,27,28,29,30,31,32,33].



The validity of this law has been emphasized by much empirical evidence gathered from a large number of tidal inlets, both with and without jetties, located along the North American and European coasts. Fontolan et al. [34] studied the sediment storage at tidal inlets in northern Adriatic lagoons, and they proposed a relationship of the O’Brien type, using data only from the inlets of the Venice lagoon and the Marano and Grado lagoon. However, in the case of the Lignano tidal inlet, both the cross-section of the ante-operam configuration and the current one respectively, can be considered morphologically stable, even if they are associated with the same prism, and their areas differ by about 20–30% [16]. This condition seems to disagree with the above relationship, which suggests a single stable area value given the tidal prism.



Marchi [35] proposed a theoretical treatment providing a comprehensive framework in which the previous experimental and analytical models can be rationally set; in light of this, the A–P equation can be referred to as O’Brien–Jarrett–Marchi’s law [19]. This power law has been derived by means of an idealized representation of the sea–channel–lagoon system and a static propagation scheme that assumes an instantaneous, uniform value of the free surface elevation anywhere within the lagoon. In particular, only localized and distributed energy losses along the tidal inlet channel have been represented, thereby excluding the effects of the flow propagation within the basin. In this sense, the equation takes into account hydrodynamic factors that strictly concern the channel, such as the width, the critical friction velocity for sediment erosion and the flow resistance inside it. On the contrary, parameters regarding the inner tidal basin, among them the size of the basin and the flow resistance due to bottom friction dissipations over tidal flats, are not considered. In a recent study, Reef et al. [36] tried to better explain how tidal inlets can be affected by variations in the lagoon basin geometry, by specifically investigating the role of the internal bottom friction and the ratio between the cross-shore width of the lagoon and the tidal wavelength.



The present paper is a first attempt to further investigate the relationship between the tidal prism and the inlet cross-section while taking into account the physical factors concerning both the tidal inlet and the lagoon basin. In particular, some questions are posed: whether and how this relationship may have changed in the case of the Lignano tidal inlet and when a cross-sectional variation can induce a modification in the prism value. The study was performed by means of an idealized geometry which was inspired by the real cases of inlet and lagoon sizes of the northern Adriatic Sea. A two-dimensional (2D) hydrodynamic model, based on the classic shallow water equations was applied in order to perform a sensitivity analysis by varying different parameters and evaluating their effects on the tidal prism value. The results obtained with the simplified model were then compared to those derived both from a one-dimensional (1D) static model and a 2D complete numerical application based on a computational mesh representing a real domain.



The arrangement of the paper is as follows: Section 2 has a brief description of the O’Brien–Jarrett–Marchi law; Section 3 describes the numerical setup; Section 4 shows the results obtained, followed by the discussion of the comparisons and the main considerations on the issues raised above.




2. On the Tidal Prism—Cross-Section Relation


Tidal prism is defined as the total volume of water which flows through the inlet between low water level and the following high water level, i.e., during flood. In the absence of any significant fresh water flow into the tidal basin, an equal volume of water is exchanged during ebb [17]. As a first approximation, tidal prism can be estimated as indicated in Equation (1) [32,35,37]:


   P   =    2  a t   S b  ,  



(1)







at being the tidal amplitude at the inner side of the tidal channel and Sb the basin surface area, which coincides with the overall lagoon in the case of a single tidal inlet or with the sub-basin afferent to the outlet of the channel network in a multiple inlet system [37]. This equation neglects propagation effects, as if the propagation of the tide inside the basin could be assumed as almost instantaneous. This means that instant by instant, the surface elevation is the same in all points of the lagoon basin Sb, regardless of its extension.



Marchi [35] introduced a reduction coefficient to the right-hand side of Equation (1) to account for the differences between the water levels due to the delay of tide in the internal points compared to those at the inlet, while the effects of the bottom friction dissipation have been neglected. The author referred to an idealized scheme of a semicircular bay with radius r0 connected to the sea with a straight rectangular inlet channel [19]; based on this simplified geometry, the reduction coefficient φ was derived by integrating the variation of the surface elevation as a function of the distance between the internal points and the lagoon inlet, thereby finding the final expression given by Equation (2):


  φ =  (    2  c l 2     ω 2   r 0 2     )   [  cos  (    ω  r 0     c l     )  +  (    ω  r 0     c l     )  sin  (    ω  r 0     c l     )  − 1  ]  ,  



(2)




where ω is the single wave frequency of the tide assumed as a sinusoidal oscillation [28,38], and cl is the relative propagation velocity inside the lagoon.



The reduction coefficient can be considered a scale parameter that allows one to solve a complex problem by means of a simple static model; it only takes into account the effects of the propagation within the inlet channel and that assumes a uniform value of tidal level throughout the basin. In this sense, a 1D approach can be used instead of a more complex 2D model capable of reproducing hydrodynamic processes in the horizontal plane. The value of the coefficient is less than one and it tends to be one when the basin size is small compared to the tidal wavelength. Many authors have chosen Equation (1) to estimate the tidal prism, even if the limits of its applicability have not been well quantified [32,35,37,39,40].



Therefore, the tidal prism can deviate from this approximate value for several reasons, often related to the propagation effects that become more evident in the larger basins that show strong deformation of the tidal wave [41]. Moreover, man-made interventions can cause variations in the tidal prism, for example dredging the tidal channels which are essential to navigation, infilling or embanking salt-marshes or stabilizing the inlets with jetties [19]. These changes induce hydrodynamic adjustments to the flow and sediment transport over different time scales, determining morphologically important effects also in the medium-long term [42].



The relationship between the tidal prism and the minimum cross-sectional area A of a stable tidal inlet has been long recognized expressed as the dimensionally non-homogeneous Equation (3):


  A = k  P α  ,  



(3)




where the coefficient k and the exponent α are empirically determined by plotting different values of the area A versus the spring tidal prism P of both natural and stabilized inlets [12,13,20,21,22,33,34,37,43]. In particular, α is a scaling factor belonging to the relatively limited range 0.85–1.10; however, even a small variation in its value can lead to very different areas of the stable cross-section for an assigned tidal prism. By reviewing the main theoretical approaches, Stive et al. [44] found that the exponent should be greater than 1, but the empirical findings do not clearly support this. The discrepancy can be attributed to the implicit errors that can be made in the procedures adopted for estimating the geometry of the section, and above all, the tidal prism. On the contrary, the coefficient k can vary even by a few orders of magnitude, depending on the hydrodynamic and sedimentologic conditions of the specific site, and on the possible presence of jetties [19,32,41].



Equation (3) couples hydrodynamic and morphodynamic processes, since it can be theoretically derived by combining the momentum equation and a dynamic equilibrium condition between the erosive capacity of the current in the tidal inlet and the bed resistance. This equilibrium is reached when the maximum current velocity leads to a bottom shear stress at most equal to the threshold value for incipient sediment motion. Krishnamurthy [27] assumed a logarithmic profile of the current velocity on the vertical plane, a rectangular cross-section and a sinusoidal tidal forcing. Under a similar hypothesis, Marchi [35] applied the 1D momentum balance equation to the inlet channel, assuming that the maximum instantaneous difference between tidal levels at the beginning and the end of the channel corresponds to the maximum velocity current. Kraus [45] considered a balance between the transporting capability of the tidal flow at the inlet and the longshore sediment transport tending to infill the channel. Hughes [32] computed the discharge flowing through the inlet applying the mass balance to the entire tidal basin. All these analytical approaches confirm the power law of Equation (3) and show common features regarding the dependence of the coefficient k on some hydrodynamic parameters. In particular, it can be expressed as a function of the tidal period, the width of the inlet channel, the flow conductance and the maximum bottom shear stress within the inlet.



Table 1 shows some numerical values of the parameters α and k determined for the A–P Equation (3), which are considered in the present paper for comparisons with the results obtained in the Lignano tidal inlet case study. Additionally, the analytical expressions derived for the coefficient k in the theoretical approaches of Marchi [35] and Hughes [32] are reported, B being the inlet width, T the tidal period, ks the channel Gauckler–Strickler parameter, τc the bottom critical shear stress for the erosion of the sediments, ρ the water density, ρs the mass sediment density, ds the median grain-size diameter and g the gravity acceleration.



Equation (3) suggests that the tidal prism should not change if the tidal inlet is in a stable condition—that is, if its cross-section area does not substantially change over time. The morphological evolution of the Lignano inlet has highlighted that the tidal prism remained the same even though the cross-section deeply changed. In this regard, the present study aims to investigate how it is possible to have different values of areas corresponding to stable conditions for the same prism and what the conditions are under which an inlet section variation can lead to a variation of the prism.




3. Study Site and Numerical Setup


Lignano tidal inlet is the westernmost of the six inlets that divide a series of barrier islands separating the Marano and Grado lagoon from the Adriatic Sea, in the northern part of Italy, as depicted in Figure 1. This lagoon is very similar to the nearby Venice lagoon in both sedimentological and hydrodynamical terms. All three of the Venice lagoon inlets are characterized by the presence of two jetties, and their role in the morphological evolution of the lagoon itself has been examined in depth [15,41,46,47,48].



Similarly, the flattening trend of the Marano and Grado lagoon and the silting of its tidal channels have been the focus of recent morphodynamic studies [49,50], along with the progressive narrowing tendency undergone by the Lignano inlet after the construction of the Marina Punta Faro port, as depicted in Figure 2 [5,16]. The bathymetric features of the cross-section of Lignano tidal inlet are known from the surveys carried out by Dorigo [51] in the ante-operam configuration and from more recent datasets used to define the current bed elevations as in Petti et al. [16]. As shown in the graph in Figure 2b, the inlet section area has decreased by approximately 30% over the past four decades due to the sand deposit that has formed on the outside of the harbor protective pier.



An idealized model of the sea–channel–lagoon system has been realized; it is similar to what other authors have proposed [15,35,36]. This scheme can be a useful tool to investigate whether and how the A–P relationship for the Lignano inlet has been changed and to analyze the parameters that most affect the tidal prism value. The domain, depicted in Figure 3, consists of two rectangles, representing the lagoon basin and the open sea respectively, connected to each other by a trapezoidal straight channel. In particular, the geometric and morphological characteristics of the Lignano sub-basin [49] have been taken as a reference for a basic configuration in a first set of simulations.



The open sea rectangle has a bed slope (ios) of 1/100, a typical value of the nearshore of the North Adriatic Sea, until a depth of 40 m is reached, and then it remains constant. The inlet connecting the two rectangles is 250 m long (Lin), 300 m wide on the top (Bch) and 7 m being the channel depth (hch), the latter obtained as an average value from the real longitudinal profile of the Lignano channel. In the simplified scheme, this single main channel enters in the lagoon basin for about 2.4 km without ramifications, and it has an overall length Lch of about 4 km. The lagoon extension is 50 km2, with a longitudinal width Wb of 10 km, a transversal length Lb of 5 km, and a uniform depth hb of 1.2 m, which is the average depth of the Lignano sub-basin.



The domain has been discretized with about 100,000 regular cells with sides ranging from 10 to 200 m, where the smaller elements have been used to represent the inlet and the tidal channel, in order to ensure a high resolution of the hydrodynamic field where it has the greatest variability.



As a first step, the simulations have been performed taking into account only the tide as external forcing, hence without considering the effects of wind waves and sediment transport. Both a 1D and a 2DH (two-dimensional horizontal) hydrodynamic models have been applied. The former is based on mass and momentum balances referring to the inlet channel as proposed by Marchi [35] and reported by D’Alpaos et al. [19]. The equations have been discretized with finite difference technique.



The 2DH model solves the classic shallow water equations and it has been successfully applied to study the water levels and current velocities inside the lagoon basin and in the surf-zone of the north-eastern Adriatic coast [16,50,53]. The numerical integration is carried out by means of a well-balanced first order accurate finite volume method, based on Harten–Lax–van Leer–Contact (HLLC) Riemann solver and on a variable reconstruction that satisfies the C-property. Turbulent fluxes are evaluated by means of a Smagorinsky approach and a finite difference scheme. Time integration follows a first order accurate Strang splitting method. More details and references are given in Petti et al. [50]. The model requires that the computational domain is structured, i.e., subdivided into regular or quadrangular cells.



Tidal level oscillations have been represented by a single harmonic component, with a period of 12 h and an amplitude equal to ± 0.40 m. This value corresponds to the average astronomical tidal range in the northern Adriatic Sea, as reported by Dorigo [52] and confirmed by a zero-crossing analysis of tide gauges measurements carried out in the Marano and Grado lagoon [50].



Considering that in the Adriatic Sea the tide moves counter-clockwise, the same tidal oscillation has been assigned to the east and west sides of the sea rectangle, which correspond to the yellow lines in Figure 3a, but with a time shift of about 20 min, as deduced from preliminary simulations. A wall boundary condition has been applied to all land sides of the mesh, i.e., the white lines, and to the southern seaside. Following Marchi’s theoretical approach [35], a uniform Gauckler–Strickler coefficient of 40 m1/3s−1 has been assumed to represent the bottom roughness both in the tidal channel (Ksch) and in the basin (Ksb).



Several simulations have been performed starting from this basic configuration, named test 0, and modifying different parameters regarding both the tidal channel and the lagoon basin. A first series of tests was conducted according to six different configurations of the tidal basin, which have been drawn keeping the longitudinal dimension Wb fixed at 10 km and varying the transversal length Lb from a minimum of 2.5 km to a maximum of 20 km.



The list of related tests is reported in Table 2. In this way, six lagoon areas Sb have been obtained, in order to examine the relationship between the tidal prism and the basin surface, and to clarify the range of values for which Equation (1) can be applied for an assigned tidal inlet. Subsequently, a second set of tests was carried out while changing both basin and inlet channel parameters, according to the list in Table 3.



In particular, the following parameters have been modified: the Gauckler–Strickler coefficient and the depths of both the basin and the channel; the width and the depth of the inlet and then the corresponding cross-sectional area; the length of the channel entering in the lagoon basin Lch_b. In some cases, the latter parameter has been assumed to be equal to the entire transverse length of the basin Lb, in order to understand its influence in the flow propagation within the basin. The configurations of the two basins Sb50 and Sb100 can be representative of the tidal inlets of Lignano and Malamocco respectively, the latter belonging to the Venice lagoon (see Figure 1b). For these two basins, several combinations of parameters have been adopted in order to check their weight on the prism value and to have a relative comparison.



Finally, in a third simulation phase the computational domain defined by Petti et al. [16] in the previous morphodynamic study on the Lignano inlet, has been used with the aim of estimating the prism in the real case and comparing it with the values obtained by means of the simplified model. For this reason, two configurations have been treated as shown in Figure 4: the former relates to the condition immediately after the construction of the pier, with a larger tidal inlet, whose cross-section is reported in Figure 2b, and the bathymetries obtained from the hydrographic map edited in 1964 by the Magistrato alle Acque of Venice [51]; the latter has the bathymetries of the current state.



The domain has been discretized with approximately 200,000 quadrangular irregular elements with sides ranging from 0.8 m to 375 m, and it covers an area that includes a portion of the Marano and Grado lagoon and of the northern Adriatic Sea. The smallest elements have been used to guarantee a more detailed representation of the Lignano inlet area.



In both cases the same sinusoidal tide has been applied for a total time simulation of 48 h likewise to the previous tests. The tidal prism values have been computed considering the second tidal oscillation, from 24 h to 48 h, during which the hydrodynamic stability has been achieved in the whole domain.




4. Results


For each of the simulations described above, the tidal prism has been calculated integrating the discharge through the regular cross-section of the inlet, over the period of the sinusoidal oscillation. These values have been then compared to those obtained by applying Equation (1) and those computed by means of the 1D static scheme proposed by Marchi [35], which assumes an effectively horizontal free surface in the basin and energy losses distributed only along the channel. In the latter case, the reduction coefficient introduced by Marchi [35] has been considered: in particular, this coefficient has been defined both according to Equation (2) and assuming a rectangular rather than semicircular basin shape.



Finally, a new dynamic reduction coefficient has been introduced, given by the ratio between the tidal prism obtained with the 2D model and that obtained with the 1D static scheme. In the following, the results for the three different groups of tests are reported: the first one considers the variation in the basin transversal length while keeping the geometry of the inlet fixed; the second one identifies different combinations of hydrodynamic parameters concerning both the channel and the basin; the last one presents the simulations performed on the real domain of the Lignano sub-basin.



4.1. Variation of the Basin Length


The set of simulations defined in Table 2 has been carried out by means of the 2D model applied to the basic configuration 0, with the purpose of analyzing the change of the tidal prism while keeping the inlet’s cross-section size fixed and only varying the transversal length of the lagoon basin. The results are depicted in Figure 5a, where the tidal prism values are plotted as a function of the lagoon basin extension.



In particular, three curves are shown in the graph, which compares the prism values derived from the 2D model to those computed by means of the 1D approach and as a first approximation through the Equation (1). As can be observed, there are important differences between the respective values as the basin area increases. The Equation (1) and the 1D model return almost coincident values in the first part of the curves, until the size of the basin becomes important and the effects of the flow propagation cannot be neglected. In fact, even if in a simplified way, the 1D model takes into account the propagation mechanisms through the reduction coefficient, which limits the growth of the prism for greater basin extensions. Figure 5b confirms this trend, showing that this coefficient is less than one and it slightly decreases as the transverse length of the basin, and therefore the distance from the inlet, increases.



Instead, the dynamic reduction coefficient, i.e., the blue curve, calculated with the 2D model, is much lower than the previous one. This affects the corresponding curve in Figure 5a which gives values of the prism that are decidedly lower than the other two and it seems to stabilize on an asymptotic prism value, defined by an almost horizontal trend. This means that the tidal prism cannot grow indefinitely as the area of the basin increases, but it seems to reach a threshold value due to the level differences inside the basin during the propagation.




4.2. Figures, Tables and Schemes


The level differences that occur within the lagoon and that are more evident for increasing sizes of the basin, depend on the hydrodynamic characteristics of both the tidal inlet, as the A–P relationship highlights, and the lagoon. In this sense, a sensitivity analysis has been carried out varying some parameters concerning the geometry of both the inlet channel and the basin, and also the bottom friction. For the latter case, in each configuration of Table 2 the Gauckler–Strickler coefficient has been changed uniformly throughout the domain, choosing from a range of values comparable to those proposed for both the Venice lagoon [15] and the Marano and Grado lagoon [50].



The corresponding tests are numbers 1, 2 and 3 respectively and their results have been depicted in Figure 6, which shows the dependence of the tidal prism not only on the basin surface but also on the bottom friction.



The trend of the curves in the various cases is very similar to the one already seen in Figure 5a for test 0, but it is evident that the asymptotic value to which the prism tends, progressively reduces as the conductivity decreases—that is, as the resistance increases. This means that the bottom resistances can play a significant role for the entity of the prism for an assigned value of the basin area, and that as they increase, the difference with the value obtained through the approximate Equation (1) or the 1D model becomes considerable.



In this regard, three different regimes can be distinguished, each corresponding to different parts of the aforementioned curves: the static regime, which coincides with the first rectilinear part, and is characterized by a linear growth of the prism with the lagoon area, as happens in the 1D model; the asymptotic regime for which the prism has reached an upper limit value and it remains almost constant even with greater basin surface values; finally, an intermediate dynamic regime between the two previous ones.



The linear trend is confirmed for small basins, for which the hypothesis of a uniform surface elevation within the lagoon holds, while this is no longer true for the intermediate regime. All the sub-basins of the Marano and Grado lagoon and of the Venice lagoon belong by extension to this intermediate zone [15,34], even if it is necessary to remember that these curves were determined for a precise and fixed geometry of the tidal inlet.



With the aim of verifying which parameters greatly affect the prism in this regime, various configurations have been created, in particular for the two basins with area equal to 50 km2 and 100 km2 respectively. The summary of all the performed tests is reported in Table 4, which specifies the values of the prism obtained with the 2D model and the absolute percentage variation compared to the values derived in the basic configuration or test 0.



In tests 4, 5 and 6 a further aspect concerning the bed resistances has been investigated, in particular the relative importance of the bottom friction inside the channel and the friction inside the basin, on tidal or subtidal flats. These tests, compared to the preceding tests 1, 2 and 3 consider different values of the Gauckler–Strickler coefficient for the channel and for the lagoon, since generally the tidal flats can be characterized by vegetation or bedforms [50]. The results and the comparison are depicted in Figure 7.



The reduction of the prism due to bottom friction dissipations is greater when the Gauckler–Strickler coefficient is lower both in the channel and in the basin, with a variation from the initial value up to 30% as shown in Table 4. On the other hand, when the conductivity is reduced only within the basin, then the reduction of the prism is more limited and it reaches a percentage of 5–10%. This underlines the importance, from a hydrodynamic point of view, of the channel that enters the basin as it strongly conveys the flow and therefore the water volume exchanged with the sea.



However, the role played by the channel in allowing propagation within the basin seems to weakly depend on its length. In tests 7, 8 and 9 the length of the internal channel has been set as equal to the entire transverse length of the basin, in order to verify whether the prism increases despite the greater resistances on the flats. Comparing the results in these configurations with the analogous ones having the length Lch_b equal to 2.4 km, i.e., tests 0, 5 and 6 respectively, the increase of the prism is on average equal to 3% for the basin of 50 km2 while it is close to 9% for that of 100 km2.



The role of the main channel in the tidal flow propagation had already emerged from the previous analyses that led several authors to search for a relationship between the prism and the tidal inlet cross-section characteristics, neglecting what happens inside the basin. In light of this, other configurations have been realized in which the geometric dimensions of the tidal inlet and the channel have been varied to better understand the effects on the prism. In tests 10–14, the inlet depth or width, and consequently the cross-sectional area, have been changed.



Figure 8a presents these results, showing that the width of the channel greatly affects the prism, which tends to increase monotonically up to a maximum value which corresponds to the limit threshold for the assigned basin surface, provided by the 1D model.



In this case and for the width values assumed, the percentage variations of the prism compared to the basic configuration are decidedly high, around 26–28% for Sb50 and 53–82% for Sb100. The depth of the channel also affects the prism, although to a lesser extent than the width, especially for the Sb100 basin. The percentage variations however reach the absolute maximum values in the two configurations of about 26% and 38% respectively.



The depth of the basin also affects the prism value and this has been verified with the last two tests 15 and 16. In this sense, a flattening of the basin is assumed such that its depth is equal to the channel depth; in the first case, i.e., test 15, the width of the inlet is the same as the basic configuration and the prism increases slightly both in the Sb50 and the Sb100 domain; on the contrary, the increase is considerable if the inlet is greatly enlarged as hypothesized in test 16. In the latter case the final values are close to those computed by the 1D model, i.e., approximately 41 × 106 m3 and 82 × 106 m3 for the two configurations respectively.




4.3. Comparison with the Real Domain of the Lignano Sub-Basin


Finally, it remains to explain why in the case of the Lignano tidal inlet, the progressive reduction of the cross-section width did not lead to a substantial variation of the prism [16]. This seems to disagree with the results of Figure 8a, which shows instead that by approximately halving the average section width, as occurred in the narrowing trend of the Lignano inlet, the prism decreases by 26% in the Sb50 configuration. In this regard, simulations have been performed on the computational domain of the real basin of Lignano, both in the current configuration and the one immediately after the construction of the pier, as described in Section 3. In order to compare the values obtained on the real mesh with those on the simplified domain, the area of the inlet section and the channel depth have been made as close as possible to the two real configurations, maintaining both the trapezoidal section and the straight channel. Furthermore, an equivalent value of ks has been calculated, weighted on the areas with different bed roughness defined on the real domain as in the previous studies of Petti et al. [16,50]. The equivalent Gauckler–Strickler coefficient is approximately 33 m1/3s−1, and it has been assigned uniformly on the schematic basin. The results are reported in Table 5, together with the absolute percentage variation of the prism compared to the year 1980.



The comparison confirms that the variation of the prism between the two configurations, both on the schematic and real domain, is small and on average equal to 5.8%. To understand how this relates to the results previously determined and described in Section 4.2, a further graph has been plotted based on the performed tests. Figure 9 shows the main results obtained in the tests of Table 3 and Table 4 as a function of the inlet cross-sectional area, both for the Sb50 and Sb100 configuration. For homogeneity, the cases computed with uniform Ks equal to 40 m1/3s−1 have been considered.



The determined curves, dark blue for the Sb50 and light blue for the Sb100 respectively, are characterized by an initial linear trend and then they tend to an asymptotic value, more evident for the Sb50 case, probably close to the value provided by the 1D model, as discussed above. The three red crosses, taken on the dark blue curve, correspond to the prism values that would occur for three cross-sectional areas of the Lignano inlet, as happened in three different years: in 1960, with the natural configuration before the port was built; in 1980 immediately after its construction and finally in 2020 with the sand deposit behind the pier and the current narrowing of the inlet. Both the 1960 and 2020 configurations can be considered close to an equilibrium condition, as suggested by Petti et al. [16]. In particular, the position of the three red crosses on the curve actually indicates that the prism differs slightly between the relative configurations, this part of the curve being almost horizontal. The current condition, seems to be a limit value, such that a further narrowing would lead to a more important reduction of the prism.



Furthermore, this point is located on the intersection of the curve with the A–P relationships obtained by O’Brien [20,21] and Jarrett [22], with the parameters specified in Table 1. This would also confirm that the current cross-section of the Lignano inlet is in equilibrium for the given tidal prism, also from an experimental point of view. The relationship derived by Fontolan et al. [34] provides an equilibrium value for the inlet section close to the one of 1980. In fact, the coefficients k and α of Equation (3) are relative to the inlet morphological condition similar to the 2006 one plotted in Figure 2a, in which the deposit has not yet affected the entire area close to the pier but only a small portion, making this configuration similar to the 1980 one, immediately after the construction of the port.





5. Discussion


The water exchange between the sea and the lagoon has been analyzed in this study by means of a conceptual scheme, which considers two basins connected by a straight channel. This simplified representation of the sea–channel–lagoon system has been used by other authors both to determine an analytical relationship between the prism and the inlet characteristics [35], and to perform numerical simulations with low computational costs [15,36]. In the present study, a sensitivity analysis has been conducted on this scheme in order to understand which geometric and hydrodynamic parameters affect the value of the tidal prism, i.e., the volume that crosses the inlet during a tidal cycle. In fact, analysis and experimental testing carried out on the Lignano tidal inlet have shown that, despite a considerable reduction in the width of the section, the prism has remained substantially unchanged [16]. This result does not seem to agree with the A–P relationship (3), which links the equilibrium section to the tidal prism, since both the two conditions, ante-operam and current one, can be considered morphologically stable [16].



Several tests have been carried out to understand the relative role of the basin sizes, of the inlet cross-sectional area, but above all of the resistances distributed within the basin, here represented by the bottom friction dissipations. The tidal prism has been calculated both as an integral of the flow rates over time by means of the 2D hydrodynamic model, and with the static model, the latter in its simplified form given by Equation (1) or through the Marchi 1D approach [35]. The static model is inspired by the principle of communicating vessels for which the surface elevation is uniform inside each tank. In the case of the sea–channel–lagoon system, the level oscillations in the sea basin are transferred as level variations in the lagoon basin. If the time of the flow propagation is not taken into account and the surface elevation is assumed uniform everywhere, then the tidal prism can effectively be expressed as the product of the tidal excursion and the basin surface. Marchi [35] introduced the resistance along the channel and the reduction coefficient which considers level differences inside the lagoon due to the distance from the inlet.



The simulations of test 0 for different lagoon sizes show that the 2D model provides very different results compared to the 1D model as the basin area increases. When keeping the geometry of the inlet fixed, the two methods give comparable prism values for small lagoon dimensions, for which the hypothesis of uniformity of levels can really be considered satisfied. A similar result was pointed out by Reef et al. [36] who recognized a linear regime in the link between the prism and the lagoon transverse length for narrow basins compared to the tidal wavelength. The dimensions of the basins that have been reproduced in the tests of this study are all such as to meet this condition, however the linear trend is confirmed only in a limited part of the curves depicted in Figure 6, defined as static regime. In this first asymptotic condition the prism depends only on the surface of the basin and is also affected, to a very limited extent, by the bed roughness in the channel which determines the energy losses along it. On the other hand, it is independent from the inlet geometry, since by widening or deepening the cross-section the prism does not substantially change.



There is a second asymptotic regime for which the prism does not grow indefinitely as the size of the lagoon increases, but it reaches a limit value that varies according to the bed roughness of the basin. This outcome is very important, as it highlights the decisive role played by energy losses inside the basin, which cannot be neglected in the prism evaluation, since the flow propagation depends on the consequent level differences within the lagoon. Bottom friction had not yet been considered among the parameters influencing the prism, with the exception of Reef et al. [36], who demonstrated that strong roughness can completely dissipate the tidal wave in wide basins.



The central part of the curves in Figure 6, which connects the two limit regimes, defines a transition zone in which the value of the prism depends, for a given inlet cross-section, on both parameters: the width of the basin and its roughness. The second part of the work therefore concentrated on the study of the configurations that belong to this intermediate regime, in particular the two basin extensions of 50 km2 and 100 km2 respectively. In particular, the analysis of the results reveals that the asymptotic tendency of the prism to approach the value provided by the 1D model also occurs when the geometry of the cross-section is modified, keeping the basin dimensions constant. Specifically, it can be seen that, by enlarging the inlet section, the prism can grow considerably. In fact, if the width is assumed as equal to the basin longitudinal length, then the contemporaneity of the levels inside the lagoon would be more easily reached and for this reason the prism tends to the value determined by means of the static approach.



Similarly, this happens even if the basin deepens, because the energy losses due to friction dissipations are a function of the current velocities, which decrease for lower water depth and if the discharge is approximately the same. This effect is however bound to the width of the cross-section, as if the shrinking of the inlet still has a greater weight on the amount of water that can be exchanged with the sea. In this sense, the fundamental role played by the main channel in the propagation of the tidal wave inside the basin is confirmed, with consequences from both a hydrodynamic and an environmental point of view. This also emerges when different Gauckler–Strickler coefficients are assigned to the basin and the channel respectively, resulting in the variations on the prism being more relevant when the roughness of the channel also changes. In any case, the tests carried out confirm the need to also consider what belongs to the basin in the calculation of the prism, both in geometric and dissipative terms.



The link between the tidal prism and the inlet cross-sectional area is undoubtedly dominant, and this is nothing new compared to the well-known A–P relationship. The novelty of the results derived from this study lies in the asymptotic trend of this link, as shown by the graph of Figure 9, for which there can be infinite values of the inlet area that could be morphologically stable for the same prism. This explains why the tidal prism of the Lignano sub-basin has not changed in the last forty years while the inlet has halved. A prism variation of the order of only 5% between the 1980 configuration and the present one has been determined by applying the 2D model to the real computational domains. These tests are in agreement with those performed on the simplified scheme which is therefore validated in its representativeness of the sea- channel-lagoon system.



The A–P empirical relationships proposed by O’Brien [20,21], Jarrett [22] and Fontolan et al. [34] have been superimposed on the curve determined for the Sb50 configuration. The first two intersect exactly at the current section of the inlet, i.e., the 2020 red cross, suggesting that this is the minimum area of equilibrium and further confirming the results from the previous study by Petti et al. [16]. However, there is an important new aspect: if the narrowing trend continues, even due to artificial interventions on the inlet, the prism would be reduced, affecting the hydrodynamic and environmental balance of the entire lagoon in this manner.



In light of this, the present study can be considered a first step to understanding the fundamental aspects of the link between the prism and the different geometric and hydrodynamic factors of the inlet and the lagoon basin. Furthermore, the evidence that emerged can be the basis for subsequent reasoning on the management and maintenance interventions of the hydraulic functionality of the tidal inlets.




6. Conclusions


The focus of the paper was to analyze the relationships between the tidal prism and the geometric and hydrodynamic factors that characterize both the inlet and the lagoon basin. The study has been carried out by means of an idealized scheme with a simplified geometry, with characteristics typical of the northern Adriatic Sea lagoons. The factors considered in the analysis were the following: lagoon basin extension; size of the tidal inlet; depth and length of the tidal channel; and the bottom roughness inside both the channel and the lagoon basin. A 2D hydrodynamic model has been applied to evaluate the tidal prism, which has been compared to that derived by a static model. Three different regimes of prism behavior as a function of both basin extension and bottom friction have been identified, for an assigned inlet geometry. The basin configurations belonging to the intermediate dynamic regime have been analyzed, confirming the central role covered by the tidal channel characteristics that allows the propagation of the flow within the basin. The A–P relationship can provide a very different equilibrium inlet area according to the variability of its empirical parameters, but this study has shown that the prism tends toward an asymptotic value as the inlet area increases. In this sense, there is no single equilibrium condition for the inlet section, but in some cases a variation in the inlet cross-sectional area can induce significant prism modification. This is the case for the Lignano inlet, in which a narrowing trend occurring in the last forty years did not change the prism, suggesting the achievement of a new morphologically stable condition. However, the current situation could be a lower limit, in the sense that a further section narrowing could lead to a reduction in the prism value, which could then greatly affect the entire lagoon environment.
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Figure 1. Marano and Grado Lagoon and Venice Lagoon shown (a) in the European context and (b) in North East Italy, where the schematic basins of the Lignano and Malamocco inlets are also highlighted. 
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Figure 2. Historical reconstruction of the narrowing tendency of the cross-section of the Lignano inlet (a) from 1961 to 2020, and (b) the comparison between the profiles available in 1961 from Dorigo [52] (yellow continuous line), the one in the 1980s after the construction of the pier (purple dashed line) and that in the current configuration (light blue continuous line). 
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Figure 3. Idealized model of (a) the sea–channel–lagoon system and (b) the longitudinal and cross-sections of the entire domain (A-A’) and of the channel (B-B’), in which the main geometric features are reported. 
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Figure 4. Details of the computational domains near the Lignano inlet showing the depth in (a) the condition immediately after the construction of the pier and (b) in the current state, in which the sand deposit that has formed over the years is also indicated. 
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Figure 5. Curves showing (a) the tidal prism values obtained by varying the surface extension of the lagoon basin, derived from Equation (1) (gray dashed line), the 1D model (black continuous line) and the 2D model (blue continuous line); and (b) the trend of the reduction coefficient calculated with a 1D model considering a semicircular (black continuous line) or rectangular basin (grey continuous line), and the one calculated with the 2D model (blue continuous line). 
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Figure 6. The curves show the trend of the tidal prism from the 2D model with variations in the extent of the lagoon basin and for different values of the Gauckler–Strickler coefficient of the entire domain. The three different regimes are also highlighted, showing the different behaviors of the relationship between prism and basin extension. 
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Figure 7. 2D tidal prism for lagoon basins equal to 50 km2 (dark blue) and 100 km2 (light blue) with (a) a uniform value of the Gauckler–Strickler coefficient in the entire domain, or (b) with different coefficients for the channel and the basin. 
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Figure 8. Trend of tidal prism from the 2D model for lagoon basins of 50 km2 (dark blue) and 100 km2 (light blue) with (a) variation of the average inlet width and (b) of the channel depth hch. 
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Figure 9. Tidal prism trend from 2D model for 50 km2 (dark blue) and 100 km2 (light blue) lagoon basin extensions, as a function of the inlet cross-section area. The three red crosses correspond to the values of the prism for the Lignano inlet in three different years. The grey curves are the A–P relationships specified in the legend and the parameters reported in Table 1. 
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Table 1. Empirical and analytical expressions for the A–P relationship in metric units.
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	Authors
	Notes
	Exponent α
	Coefficient k





	O’Brien [20,21]
	natural inlets
	1.00
	0.656 × 10−4



	Jarrett [22]
	all inlets
	0.95
	1.58 × 10−4



	Marchi [35]
	-
	0.857
	      [  π  g  ×    B   1 6         τ c  / ρ   × T ×  k s     ]     6 7      



	Hughes [32]
	-
	0.889
	   0.87    [     B   1 8        g  (   ρ s  / ρ − 1  )    × T ×  d s  3 / 8      ]     8 9      



	Fontolan [34]
	northern Adriatic Sea
	0.7439
	68.0 × 10−4
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Table 2. List of tests performed with the parameters of the basic configuration, named test 0, and with varying basin sizes. Symbols refer to Figure 3.
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Test Name

	
Ksb

	
Ksch

	
hb

	
hch

	
Bch

	
A

	
Lch_b

	
Wb

	
Lb




	

	
m1/3s−1

	
m1/3s−1

	
m

	
m

	
m

	
m2

	
Km

	
km

	
km






	
test 0_25

	
40

	
40

	
1.2

	
7

	
250

	
1750

	
2.4

	
10

	
2.5




	
test 0_50

	
40

	
40

	
1.2

	
7

	
250

	
1750

	
2.4

	
10

	
5.0




	
test 0_75

	
40

	
40

	
1.2

	
7

	
250

	
1750

	
2.4

	
10

	
7.5




	
test 0_100

	
40

	
40

	
1.2

	
7

	
250

	
1750

	
2.4

	
10

	
10




	
test 0_150

	
40

	
40

	
1.2

	
7

	
250

	
1750

	
2.4

	
10

	
15




	
test 0_200

	
40

	
40

	
1.2

	
7

	
250

	
1750

	
2.4

	
10

	
20
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Table 3. List of tests performed with different combinations of both basin and channel parameters. Symbols refer to Figure 3.
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Test

	
Ksb

	
Ksch

	
hb

	
hch

	
Bch

	
A

	
Lch_b

	
Sb25

	
Sb50

	
Sb100

	
Sb200




	
Name

	
m1/3s−1

	
m1/3s−1

	
m

	
m

	
m

	
m2

	
km

	
10 × 2.5 km2

	
10 × 5 km2

	
10 × 10 km2

	
10 × 20 km2






	
test 1

	
35

	
35

	
1.2

	
7

	
300

	
1750

	
2.4

	
test 1_25

	
test 1_50

	
test 1_100

	
test 1_200




	
test 2

	
30

	
30

	
1.2

	
7

	
300

	
1750

	
2.4

	
test 2_25

	
test 2_50

	
test 2_100

	
test 2_200




	
test 3

	
25

	
25

	
1.2

	
7

	
300

	
1750

	
2.4

	
test 3_25

	
test 3_50

	
test 3_100

	
test 3_200




	
test 4

	
35

	
40

	
1.2

	
7

	
300

	
1750

	
2.4

	
-

	
test 4_50

	
test 4_100

	
-




	
test 5

	
30

	
40

	
1.2

	
7

	
300

	
1750

	
2.4

	
-

	
test 5_50

	
test 5_100

	
-




	
test 6

	
25

	
40

	
1.2

	
7

	
300

	
1750

	
2.4

	
-

	
test 6_50

	
test 6_100

	
-




	
test 7

	
40

	
40

	
1.2

	
7

	
300

	
1750

	
= Lb

	
-

	
test 7_50

	
test 7_100

	
-




	
test 8

	
30

	
40

	
1.2

	
7

	
300

	
1750

	
= Lb

	
-

	
test 8_50

	
test 8_100

	
-




	
test 9

	
25

	
40

	
1.2

	
7

	
300

	
1750

	
= Lb

	
-

	
test 9_50

	
test 9_100

	
-




	
test 10

	
40

	
40

	
1.2

	
5

	
300

	
1250

	
2.4

	
-

	
test 10_50

	
test 10_100

	
-




	
test 11

	
40

	
40

	
1.2

	
9

	
300

	
2250

	
2.4

	
-

	
test 11_50

	
test 11_100

	
-




	
test 12

	
40

	
40

	
1.2

	
11

	
300

	
2750

	
2.4

	
-

	
test 12_50

	
test 12_100

	
-




	
test 13

	
40

	
40

	
1.2

	
7

	
600

	
3850

	
2.4

	
test 13_25

	
test 13_50

	
test 13_100

	
-




	
test 14

	
40

	
40

	
1.2

	
7

	
1000

	
6650

	
2.4

	
-

	
test 14_50

	
test 14_100

	
test 14_200




	
test 15

	
40

	
40

	
7

	
7

	
300

	
1750

	
2.4

	
-

	
test 15_50

	
test 15_100

	
test 15_200




	
test 16

	
40

	
40

	
7

	
7

	
1000

	
6650

	
2.4

	
-

	
test 16_50

	
test 16_100

	
test 16_200
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Table 4. Tidal prism values obtained with the 2D model for the different tests (referring to Table 3) and the absolute percentage variation of the prism compared to test 0 (whose simulation parameters are given in Table 2).






Table 4. Tidal prism values obtained with the 2D model for the different tests (referring to Table 3) and the absolute percentage variation of the prism compared to test 0 (whose simulation parameters are given in Table 2).





	
Test

	
Sb25

	
Sb50

	
Sb100

	
Sb200




	
Name

	
P

	
|ΔP|/Ptest0

	
P

	
|ΔP|/Ptest0

	
P

	
|ΔP|/Ptest0

	
P

	
|ΔP|/Ptest0




	

	
m3 × 106

	
%

	
m3 × 106

	
%

	
m3 × 106

	
%

	
m3 × 106

	
%






	
test 0

	
20.70

	

	
32.79

	

	
36.23

	

	
34.30

	




	
test 1

	
20.08

	
3.0

	
30.92

	
5.7

	
33.00

	
8.9

	
30.84

	
10.1




	
test 2

	
19.64

	
5.1

	
27.99

	
14.8

	
29.17

	
19.5

	
27.23

	
20.6




	
test 3

	
18.47

	
10.7

	
25.10

	
23.5

	
24.94

	
31.2

	
23.34

	
32.0




	
test 4

	
-

	
-

	
32.55

	
0.8

	
35.29

	
2.6

	
-

	
-




	
test 5

	
-

	
-

	
32.06

	
2.2

	
34.31

	
5.3

	
-

	
-




	
test 6

	
-

	
-

	
30.54

	
6.9

	
31.98

	
11.7

	
-

	
-




	
test 7

	
-

	
-

	
33.58

	
2.4

	
38.31

	
5.7

	
-

	
-




	
test 8

	
-

	
-

	
33.12

	
1.0

	
37.09

	
2.4

	
-

	
-




	
test 9

	
-

	
-

	
31.51

	
3.9

	
35.98

	
0.7

	
-

	
-




	
test 10

	
-

	
-

	
24.04

	
26.7

	
25.28

	
30.2

	
-

	
-




	
test 11

	
-

	
-

	
37.75

	
15.1

	
43.15

	
19.1

	
-

	
-




	
test 12

	
-

	
-

	
40.44

	
23.3

	
50.23

	
38.7

	
-

	
-




	
test 13

	
20.89

	
0.9

	
41.39

	
26.2

	
55.44

	
53.0

	
-

	
-




	
test 14

	
-

	
-

	
41.98

	
28.0

	
65.94

	
82.0

	
61.40

	
79.0




	
test 15

	
-

	
-

	
35.28

	
7.6

	
36.36

	
0.4

	
41.57

	
21.2




	
test 16

	
-

	
-

	
42.32

	
29.1

	
86.31

	
138.2

	
139.99

	
308.2
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Table 5. Tidal prism values obtained with the 2D model used on the schematic basin and the real Lignano sub-basin with the configurations related to the two reported years and the absolute percentage variation of the prism compared to 1980.






Table 5. Tidal prism values obtained with the 2D model used on the schematic basin and the real Lignano sub-basin with the configurations related to the two reported years and the absolute percentage variation of the prism compared to 1980.





	
Year

	
A

	
Schematic Basin

	
Real Basin




	

	
(m2)

	
P (m3 × 106)

	
|ΔP|/P1980 (%)

	
P (m3 × 106)

	
|ΔP|/P1980 (%)






	
1980

	
3300

	
36.4

	

	
33.4

	




	
2020

	
2750

	
33.9

	
6.9

	
35.0

	
4.7
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