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Abstract

:

Coastal inundation has recently started to require significant attention worldwide. The increasing frequency and intensity of extreme events (sea storms, tsunami waves) are highly stressing coastal environments by endangering a large number of residential areas, ecosystems, and tourist facilities, and also leading to potential environmental risks. Predicting such events and the generated coastal flooding is thus of paramount importance and can be accomplished by exploiting the potential of different tools. An example is the combination of remote sensors, like marine radars, with numerical models. Specifically, while instruments like X-band radars are able to precisely reconstruct both wave field and bathymetry up to some kilometers off the coast, wave-resolving Boussinesq-type models can reproduce the wave propagation in the nearshore area and the consequent coastal flooding. Hence, starting from baseline simulations of wave propagation and the conversion of water elevation results into radar images, the present work illustrates the reconstruction of coastal data (wave field and seabed depth) using a specifically suited data processing method, named the “Local Method”, and the use of such coastal data to run numerical simulations of coastal inundation in different scenarios. Such scenarios were built using two different European beaches, i.e., Senigallia (Italy) and Oostende (Belgium), and three different directional spreading values to evaluate the performances in cases of either long- or short-crested waves. Both baseline and inundation simulations were run using the FUNWAVE-TVD solver. The overall validation of the methodology, in terms of maximum inundation, shows its good performance, especially in cases of short-crested wind waves. Furthermore, the application on Oostende Beach demonstrates that the present methodology might work using only open-access tools, providing an easy investigation of coastal inundation and potential low-cost integration into early warning systems.
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1. Introduction


Coastal inundation is one of the most relevant threats to communities all over the world. Although usually triggered by extreme events, the flooding of coastal areas is related to a series of diverse forcing actions, not only severe water waves like those occurring during sea storms or induced by tropical cyclones, but also storm surges, tidal oscillations, and additional contributions associated with low-frequency waves (e.g., infragravity waves) [1]. Furthermore, global warming is very likely to lead to increased frequency and intensity of extreme events, and is already inducing a non-negligible rise in sea level [2]. Although the objectives of the Paris Agreement, focused on global climate mitigation policy, will be achieved in the near and far future, many of the world’s coasts could potentially experience extreme events of unprecedented intensity [3].



The above actions have the potential to combine with each other, giving rise to a phenomenon known as “compound flooding”, which leads to an impact on the coastal region, and potentially on the nearby urban environment, that is larger than the sum of the impacts induced by single events [4]. More relevant effects can occur in estuarine coastal areas, where additional combination with river-induced forcings (e.g., flood peaks) is possible.



The flooding of coastal areas may ultimately lead to dramatic effects on the population, infrastructures, and structures [5,6], with potential drawbacks also related to seawater intrusion at both superficial (estuarine areas) and groundwater (coastal aquifers) levels [7].



Field observations are of paramount importance for safeguarding the coastal areas that are more prone to inundation phenomena. To this aim, remote sensors, like cameras or marine radars, are a common solution. These systems represent a valid alternative to the in situ systems (e.g., wave rider buoy) since they permit observing a site under test in a non-invasive way and can also be used during severe weather and sea conditions [8]. However, these remote sensors require a bit of practice, but the technology selected to conduct the experiment and the algorithms for the analysis of the collected data are nowadays robust and mature enough to guarantee a reliable characterization of the local coastal area in terms of bathymetry, shoreline motion, location of submerged bars, etc. [9,10,11,12,13].



On the other hand, the use of suitable remote instrumentation is not always possible, due to either economic issues (installation and maintenance of the equipment might be costly) or topographic/geographic difficulties (lack of a suitable area to reach a sufficient height over the sea level), among others. In such contexts, a low-cost solution is the novel short-range K-band marine radar, which is able to reconstruct the sea surface current and estimate the direction of the dominant waves in very nearshore areas [14].



In addition to the observations carried out using remote sensors, a straightforward method is required to evaluate the coastal inundation. Specifically, an approach based on the modeling chain allows one to exploit the skills of both numerical models and field observations. This synergic approach saves a significant amount of time and money. Recent examples related to coastal regions refer to the use of data gathered in open databases (e.g., Copernicus) or collected by remote sensors (e.g., X-band radar), which are then used as boundary or initial conditions for a numerical model, which operates over a relatively small domain (order of some km2) and aims to propagate the waves within a reduced nearshore region [15,16,17]. Simplified depth-averaged models, like those based on Boussinesq-type equations or Nonlinear Shallow Water Equations, can be employed with the final purpose of obtaining reliable information on potential inundation, at a reduced computational cost [18,19,20,21].



Hence, the use of X-band marine radars combined with the nearshore modeling of wave propagation results in a low-cost approach for the analysis of future coastal inundation, as the radar allows one to reconstruct both offshore bathymetry and estimate the characteristic sea state parameters (between some hundred meters and 3 km from the coast), while a shallow water model provides the wave propagation and the consequent shoreline motion, exploiting the offshore radar-derived data and available or reconstructed nearshore bathymetries [22,23].



The approach could potentially be integrated into early warning systems. As an example, if numerous simulations are run using a parametric approach (e.g., varying the spectral wave characteristics), an alert matrix could be built and a “safe area” could be identified, which is related to the coastal inundation that can be derived from the wave characteristics recorded offshore by the installed X-band radar. In particular, waves propagating at a distance of ~5–6 km from the coast can be detected by the radar, then transformed into wave height and related coastal inundation in near real time. If this corresponds to a warning condition, an instantaneous message will be instantaneously sent to the population via a mobile application or SMS, thus allowing beachgoers to find a safe place to take refuge.



The present work describes the potential of the synergic use of X-band radar and shallow-water modeling in the prediction of coastal inundation. Different wave characteristics are tested (significant height, peak period, main direction, spreading), and two different configurations are exploited. One is related to the Senigallia coast (Marche Region, Italy), where bathymetric data are available thanks to recent bathymetric campaigns. The other configuration is Oostende (Belgium), chosen with the aim to test open-access databases and show the reliability of the presented approach in a very low-cost framework.




2. Materials and Methods


The present work describes a methodology, sketched in Figure 1, that can be successfully applied in a real-world environment. It is worth stressing that this study is based on numerical tests, where the wave field is simulated through baseline numerical simulations, hereafter referred to as large-scale tests. The initial step (STEP 1) involves the incoming wave field as a specific data sequence, which consists of temporal 2D spatial radar images generated using an ad hoc radar data simulator. Afterward, a specific algorithm is used to reconstruct the bathymetry and the sea wave characteristics from the radar data sequence up to about 3–5 m depth (STEP 2). Such information is then used to produce boundary and initial conditions for the inundation modeling (STEP 3). The final phase consists of smaller-scale numerical modeling (small-scale tests) with bathymetry and wave input from the previous step, with the final purpose of evaluating the inundated coastal area (STEP 4). The final output is validated here using both baseline (large-scale) simulations and inundation (small-scale) simulations, to ensure the suitability of the proposed approach.



2.1. The Methodology


The above-described methodology, based on a modeling-chain approach, has already been proposed in several works (e.g., [17,24,25,26]). Specifically, the use of an X-band algorithm combined with the numerical modeling of coastal inundation has been recently described [23], demonstrating the applicability of the methodology to the case of long-crested waves with negligible spreading traveling within a known environment. To complement the analysis conducted in [23], the present work will illustrate (a) the potential application of the present approach to the case of wave spectra characterized by non-zero spreading and (b) the applicability of the methodology to unknown environments through the use of open-access datasets, i.e., only exploiting freely available data.



Recalling the aim of the study, the wave radar system serves as an external sensor to provide information about the wave characteristics of the observed scenario. This study is a proof of concept, and the real scenario is simulated by using the wave field modeled by specifically designed baseline simulations. This numerical modeling was conducted through the use of FUNWAVE-TVD 1, a nearshore phase-resolving Boussinesq-type model, which exploits the Total Variation Diminishing approach [27]. It is suitable for the description of shallow-to-intermediate water flows and is applied here for the baseline/large-scale simulations (Figure 1). Similar to other wave-resolving numerical solvers, FUNWAVE-TVD can model coastal inundation based on physical processes described by its governing equations. Specifically, when the waves propagate in the surf zone, a portion of their energy is dissipated as a consequence of both breaking and seabed friction, while a portion is converted into potential energy and leads to the wave runup onto the swash zone of the beach [28,29].



At this stage, the synthetic X-band radar images are obtained by implementing a simulator, extensively described in [30,31], which takes into account the modulation phenomena (shadowing and tilt modulation) affecting the radar echoes, which depend on the generated sea model and radar antenna geometry (STEP 1). The shadowing effect may be viewed as a geometrical phenomenon and is represented as if the radar antenna is not receiving any signal from the areas of the sea surface that are in shadow. Instead, the tilt modulation is influenced by the local power received by the radar antenna on the slope of the observed surface. As a result, the received radar signal undergoes modulation, which relies on the angle formed between the radar illumination ray (i.e., the local line of sight) and the normal vector to the wave surface.



Accordingly, the radar image is not a direct representation of the wave elevation profile, but rather a distorted version of it. Therefore, in order to obtain information about the sea state parameters as well as the bathymetry field, the radar data sequence is elaborated by means of a dedicated algorithm, named the “Local Method”, commonly adopted in coastal areas (STEP 2) [22,23,32]. This method is based on the inversion of the dispersion relation used in shallow water:


  ω = k   g h   +  k ¯  ×  U ¯   



(1)




where  ω  is the angular frequency,    k ¯  =    k x  ,  k y      is the wave vector with amplitude   k =   k ¯   =    k x    2  +  k y    2     ,   h   is the seabed depth, and    U ¯  =    U x  ,  U y      is the sea surface current vector [23]. Furthermore, the used approach involves a spatial partitioning of the radar images into partially overlapping sub-areas, since the hypothesis of the spatial homogeneity is not satisfied in the scenarios under investigation [32,33,34]. Specifically, this task is treated as a linear inverse problem and it is based on the knowledge of the fundamental laws which rule the dynamics of the sea gravity waves, whose dispersive behavior obeys the linear dispersion relationship [23].



Therefore, the main steps of the inversion procedure applied to each sub-area are summarized below:




	
Three-Dimensional Fast Fourier Transform (FFT) 2 is employed to convert a sub-area of a radar image sequence from space–time to wavenumber–frequency coordinates;



	
Estimation of the bathymetry value from the radar spectrum;



	
A band-pass filter is applied to account for the dispersion relation describing the gravity of sea waves;



	
Modulation Transfer Function (MTF) is applied to the radar spectrum, as it allows compensating for the spectral distortion introduced by the modulation effects and passing from the radar spectrum to the sea spectrum [23,35].








The reader can refer to [22,23] for more details about the inversion procedure employed. Then, from the reconstruction of bathymetry and wave characteristics, initial and boundary conditions were extracted (STEP 3) for the inundation/small-scale modeling (STEP 4), which was again performed using the FUNWAVE-TVD solver.



Finally, it is worth noting that the scope of baseline simulations is twofold. On the one hand, the elevation results are used to produce real-world radar images. On the other hand, the shoreline motion results are used to validate the overall methodology.




2.2. The Investigated Sites


Two different geographical sites were selected for the present study (Figure 2), each of them tested with different wave conditions. The first location is the southern coast of Senigallia, a tourist town located along the eastern Italian coast and characterized by the Misa River, a small watercourse flowing within the historical town and debouching into the Adriatic Sea. The choice was motivated by the bathymetric data made available by the municipality of Senigallia; the existence of a monitoring system continuously providing several hydrodynamic parameters, like offshore wave characteristics; and the dataset collected during a field campaign conducted in January 2014 at the estuary of the Misa River [1,36,37].



The second location is Oostende, a coastal city located in the province of West Flanders in the Flemish Region of Belgium, typified by a sandy coastline and overlooking the North Sea. Compared to Senigallia, Oostende is characterized by a completely different environment in terms of wave climate, tidal forcing, and data availability. The data used for the numerical simulations were extracted from open-access services: Copernicus Marine Service (CMEMS) 3 for wave characteristics and the European Marine Observation and Data Network (EMODnet) 4 for bathymetries.




2.3. Tested Conditions


To better understand the performance of the methodology at the chosen locations, one wave condition was used at each location for the baseline/large-scale simulations, i.e., a single triplet (hoff, Hs, Tp), where hoff is the offshore depth in still-water conditions, Hs is the significant wave height, and Tp is the peak period of a JONSWAP spectrum, defined as an input spectral condition in FUNWAVE-TVD [27]. In addition, three different directional spreading parameters  σ  were used at each location (e.g., see [38]). All tested conditions were characterized by a main wave direction perpendicular to the shore. Table 1 summarizes all the main input characteristics at the offshore boundary used for the baseline simulations.



Using the numerical results found from the baseline simulations, the “Local Method” was applied to reconstruct both wave climate and bathymetry from the original boundary depth up to h > 3 m. Reconstruction at shallower depths was discarded due to the unsuitability of radar-driven methods in correspondence with significantly shallow depths (i.e., h < 3 m). Consequently, the reconstructed wave parameters were used for the small-scale inundation modeling (see Section 2.1), with wave generation at depths of about h = 5 m for Senigallia and h = 3.5 m for Oostende.





3. Results


3.1. Baseline (Large-Scale) Modeling


The different configurations described in Table 1 were tested as baseline conditions and employed in large-scale simulations. The purpose of this modeling was twofold: (a) to obtain a first baseline estimate of coastal inundation from a large-scale approach, and (b) to extract a bundle of 200 snapshots of the propagating wave field at an interval of 1 s, to be later provided as input for the reconstruction method (see Section 3.2). Examples of wave fields modeled over the Senigallia bathymetry in the baseline simulations, for two different wave spreading parameters, are provided in Figure 3.




3.2. Local Method Reconstruction


This section presents the results obtained from the elaboration of the radar data sequence by means of the “Local Method” (see Section 2.1). The numerical baseline data were used for the reconstruction of both bathymetry and wave characteristics. Specifically, each considered dataset consists of 200 individual (synthetic) snapshots of wave surface, simulating the same number of radar images, with a time interval   Δ t = 1   s (see Section 3.1) and a pixel size of 2 m in the Cartesian grid. It is worth noting that the radar images were simulated by considering the antenna located at    x 0  = 0   m and    y 0  = 0   m, with an elevation    H  r a d a r   = 20   m.



Figure 4 shows an example of a synthetic sea-wave image obtained by means of FUNWAVE-TVD (left panel) and the amplitude of the corresponding radar image (right panel) at the same time instant (t = 100 s) for the Oostende case with a directional spreading   σ = 30  .



In order to estimate the local sea-state parameters and bathymetry, the “Local Method” was applied to each radar data sequence. In particular, a sub-area size equal to (250 × 250) m2 was adopted for all considered radar sequences.



Firstly, the local procedure provided the bathymetry reconstructions, shown here using a pixel spacing of 10 m for all the considered wave types. The reliability of the bathymetric reconstruction using the above-mentioned strategy has been widely demonstrated [22,33]; thus, the statistical analysis obtained from the comparison with the ground truth is reported in Table 2 for all wave types, in terms of root mean square error (RMSE) and correlation coefficient square (R2).



To estimate the wave characteristics from the radar data, compensation of the modulation effect introduced by the radar imaging was required. Specifically, after the application of the band-pass filter, the MTF was applied to the filtered radar spectrum to obtain the desired sea wave spectrum in each sub-area. For more details, the reader can refer to [21].



The reconstructed bathymetry and the spatial map of the reconstructed significant wave height for the Oostende case with a directional spreading   σ = 30   are reported in Figure 5 and Figure 6, respectively. Results of comparable accuracy were obtained with the other tested configurations. The mean values of some wave parameters (significant height Hs, peak period Tp, peak length Lp, main direction  θ ) at different bathymetric lines, referring to all the considered spreading values, are reported in Table 3.




3.3. Setup of Inundation (Small-Scale) Simulations and Comparison with Large-Scale Modeling


The data reconstructed using the “Local Method” (Table 3) were used for the initialization of FUNWAVE-TVD for small-scale inundation modeling.



The boundary conditions for the small-scale simulations were generated starting from the wave characteristics Hs, Tp, and  θ  reconstructed at h = 5 m and 3.5 m for Senigallia and Oostende, respectively, and were applied as JONSWAP spectral waves at the same depths. The bathymetries used to simulate the small-scale inundation were the same as for the large-scale baseline simulations, with an increased spatial resolution of     Δ x , Δ y   =   (1 m, 1 m). A video of wave propagation in a small-scale simulation for Senigallia with directional wave spreading   σ = 10   is provided is the Supplementary Materials.



The envelope of the shoreline oscillations obtained during the coastal inundation modeling (at a small scale) was then compared to the envelope obtained from the baseline simulations (at a large scale). Figure 7 compares the small-scale and large-scale envelopes for the two investigated sites as a function of the wave spreading. In other words, each colored line represents the maximum runup locations reached during each simulation. A quantitative comparison of small-scale and large-scale inundation coordinates is also given in Figure 8, along with some error statistics. It can be observed that the small-scale modeling (input depth of 3.5 to 5 m) yields slightly smaller inundation levels than the corresponding large-scale modeling at all wave spreading levels. The largest differences are observed with a directionally narrow wave state (  σ = 2  ), with discrepancies as large as 20–25 m for Senigallia (yellow lines in Figure 7a) and 10–15 m for Oostende (yellow lines in Figure 7b). On the other hand, waves with a larger spreading (  σ = 30  ) yield much more comparable inundations.



The goodness-of-fit between large- and small-scale inundations can be also inferred from Figure 8. Although with some biases, like in Senigallia, for which inter-scale differences are the highest, small- and large-scale simulated inundations are always in good correspondence, as indicated by consistently high values of the coefficient of correlation p (0.94 to 1). This suggests that FUNWAVE-TVD, in the context of the approach presented here, can be applied to recreate wave dynamics at different scales quite reasonably, although not in absolute value. A better performance at Oostende is also highlighted by a smaller RMSE, which does not exceed 8 m.





4. Discussion and Conclusions


The present work illustrates the application of field observations and numerical modeling for the investigation of wave-driven flooding in coastal areas. The illustrated methodology, already tested in previous studies running a Nonlinear Shallow Water Equations solver over a simplified bathymetry and using zero-spreading/long-crested waves [22,23], was tested running a Boussinesq-type, open-source solver over two different bathymetries and using non-zero-spreading/short crested waves. This allowed us to inspect the performance of the method in modeling more realistic scenarios.



The application of the methodology to such new scenarios showed that fairly good results were achieved when comparing the maximum flooding obtained through baseline (large-scale) simulations to the maximum flooding obtained through inundation (small-scale) simulations. In particular, in the case of short-crested wind waves, i.e., characterized by relatively high spreading (  σ = 30  ), the comparison is extremely good, while long-crested waves (especially with small spreading   σ = 2  ) provide worse comparisons, with the inundation simulations underestimating the wave runup and the flooded beach.



Such discrepancies may be due to the different momentum and radiation stress that characterize long-crested and short-crested waves. Specifically, the larger the wave spreading (i.e., the shorter is the wave crest), the smaller the radiation stress evaluated along the main wave propagation direction in deep waters [39]. This means that long-crested waves (  σ = 2   in our case) are characterized by higher radiation stress, which means that the waves are characterized by significant momentum in the large-scale simulations, which is not taken into account in the small-scale simulations, with the boundary condition being simply assigned in terms of water surface elevation. Such an issue is more evident where the boundary depth is larger, i.e., in the case of Senigallia, where h = 5 m.



On the other hand, the use of an open-access approach, in terms of the numerical solver (FUNWAVE-TVD), wave field data (Copernicus Marine Service), and bathymetry data (EMODnet), ensures a suitable application of the methodology to all the analyzed configurations, with good values of all statistical parameters used to evaluate the goodness of the maximum inundation prediction, i.e., RMSE not exceeding 8 m and a determination coefficient larger than 0.84.



A suitable application should be thus based on (i) a preliminary and thorough calibration of the used tools (radar-driven reconstructions and numerical model); (ii) a precautionary application of the boundary conditions, adopting zero- or almost-zero-spreading (independently of the actual length of the wave crests), in order to obtain larger/precautionary inundation values; (iii) an offshore boundary of the numerical domain located at a relatively small depth, to avoid inaccuracies in the model predictions due to the neglect of the wave momentum.



In conclusion, the present methodology could be applied to coastal communities with the aim of properly predicting the maximum inundation induced by wind and swell waves, either when data are available from the local authorities (as in the case of Senigallia) or when data are missing but can be retrieved for free through reliable web services (as in the case of Oostende). Furthermore, this methodology, especially in view of the scenarios analyzed in the present work, might be potentially implemented into warning systems aimed at alerting coastal communities about potential coastal flooding (e.g., [26]).



Further analyses are required, however, to better inspect the role of more complex environments, characterized by, e.g., nearby estuaries or particular morphologies like embayments or gulfs.



As for future developments, the potential of the short-range K-band radar, presented for the first time in [14], may be exploited to detect and study the nonlinear wave–wave interactions generated in the coastal zone, where both free and bound waves with different characteristics (length and period) persist [1,40].
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Figure 1. Sketch of the applied methodology. 
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Figure 2. (a) Location of the two coastal sites (adapted from Google Earth). (b,c) Bathymetries for the two sites. Contours at 0.5 m intervals are traced with thin black lines. The 0 m contour is given with a thick black line. A different vertical scale is used. 
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Figure 3. Numerical propagation of short waves over the Senigallia bathymetry (lower color map) in the baseline (large-scale) FUNWAVE simulations, for different wave spreading parameters: σ = 10 (middle color map) and σ = 30 (upper color map). 
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Figure 4. Synthetic sea-wave image obtained using FUNWAVE-TVD (left) and simulated radar image (right) for the Oostende case with a directional spreading   σ = 30  . 
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Figure 5. Comparison between (left) ground-truth and (right) reconstructed bathymetry for Oostende case, with spreading   σ = 30  . 
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Figure 6. Comparison between (left) ground-truth and (right) reconstructed spatial map of significant wave height for Oostende case, with spreading   σ = 30  . 
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Figure 7. Large-scale (thick lines) and small-scale (dotted lines) inundations modeled at (a) Senigallia and (b) Oostende for different wave spreading parameters (  σ = 2  : yellow;   σ = 10  : red;   σ = 30  : blue). Each colored line represents the maximum runup locations reached during each simulation. 
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Figure 8. Comparison of cross-shore coordinates of small-scale vs. large-scale inundation for (a–c) Senigallia and (d–f) Oostende, as a function of the wave spreading parameter. Classical error statistics (correlation coefficient p, RMSE, and coefficient of determination R2) are given for each case. 
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Table 1. Main wave characteristics at the offshore boundary.
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	Location
	hoff

(m)
	Hs

(m)
	Tp

(s)
	  σ  

(deg)





	Senigallia
	10
	1.8
	13
	2, 10, 30



	Oostende
	5
	1.7
	5.8
	2, 10, 30
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Table 2. Statistics analysis of the bathymetric reconstruction.
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Senigallia

	
Oostende




	
  σ  

(deg)

	
R2

(m)

	
RMSE

(m)

	
R2

(m)

	
RMSE

(m)






	
2

	
0.97

	
1.01

	
0.94

	
0.28




	
10

	
0.97

	
0.86

	
0.94

	
0.34




	
30

	
0.98

	
0.77

	
0.95

	
0.36
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Table 3. Mean wave parameters (significant height Hs, peak period Tp, peak length Lp, main direction  θ ) at different isobaths as a function of spreading. The wave conditions reconstructed at a depth h = 5 m for Senigallia and h = 3.5 m for Oostende (table lines with grey background) are used to initialize the small-scale simulations.
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Senigallia




	
Wave Parameters

	
     H s    m      

	
     L p      m      

	
    θ     °  N       

	
     T p    s      






	
   σ      d e g      

	
2

	
10

	
30

	
2

	
10

	
30

	
2

	
10

	
30

	
2

	
10

	
30




	
Depth h

(m)

	
3

	
0.45

	
0.46

	
0.44

	
62

	
62.5

	
62

	
0

	
0

	
0

	
12

	
12

	
10.5




	
4

	
0.67

	
0.67

	
0.63

	
62

	
62.5

	
62

	
0

	
0

	
0

	
12

	
11

	
10.5




	
5

	
0.75

	
0.79

	
0.72

	
65

	
74.7

	
73

	
0

	
0

	
0

	
11.5

	
10

	
10.5




	
6

	
0.77

	
0.75

	
0.70

	
83

	
83

	
83

	
0

	
0

	
0

	
10.5

	
11

	
10.5




	
7

	
0.85

	
0.77

	
0.75

	
83

	
83

	
83

	
0

	
0

	
0

	
11

	
11.5

	
10.5




	
8

	
0.8

	
0.75

	
0.70

	
83

	
83

	
83

	
0

	
0

	
0

	
11

	
11

	
10.5




	
Oostende




	
Wave Parameters

	
    H s    m     

	
    L p      m     

	
   θ     °  N      

	
    T p    s     




	
 σ  (deg)

	
2

	
10

	
30

	
2

	
10

	
30

	
2

	
10

	
30

	
2

	
10

	
30




	
Depth h

(m)

	
3

	
0.22

	
0.22

	
0.20

	
36

	
35.6

	
34.6

	
0

	
0

	
0

	
6.7

	
6.3

	
6.27




	
3.5

	
0.35

	
0.35

	
0.35

	
36

	
35.6

	
35

	
0

	
0

	
0

	
6.4

	
6.25

	
6.13




	
4

	
0.48

	
0.50

	
0.47

	
36

	
35.6

	
35.7

	
0

	
0

	
0

	
6.2

	
6.1

	
5.8

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Senigallia

o (3)

500

)

Tongshore (m)

20

100

0
1750

w0 850 1900
cross-shore (m)

1950

Oostende
00

(b)

%0
80
0

600 [0

S0l 4
a0
00
20

100

o
50

1000 1050

cross-shore (m)






media/file4.png
(a) North Sea

3 OOSTENDE

elevation (m)

_ AUSTRIA
FRANCE

cross-shore coord. (m)

oy
XTI 4 oorg. , 0 o 200 400 600 800 1000
WIT%ER}:’;AN TR S R

e

-

7 | SENIGALLIA
ITALY 5 ‘ (c)

o

%enigallia

elevation (m)

50 100
cross-shore coord. (m)
GO0 km






nav.xhtml


  jmse-11-01504


  
    		
      jmse-11-01504
    


  




  





media/file16.png
, Senigallia . Qostende
(@) o =2 " (d) o =2
s 1900 It o7 ‘rpﬁ P=0.98 /
Py RMSE =10 m 5-! 1050 | RMSE =8m *
= 18801 2053 7 e R?=0.84
? e
=(; 1860 | * 1000 |
E ,,.;H‘..
® 1840 .7 -
1820 “—i———— 950 -
1920 — 1100 :
(b) 0 =10 (e) c =10
€ 19007 P =094 '!; . 050 P =0.99
e RMSE=12m . “Sq.s " RMSE =4 m
% 1880 [ r2_ 34 -1/; R%=0.97
; 1860 o —
© 1000 |
& ,u.h
®1840
1820 “—— 950 -
1920 — 1100 -
(c) 0 =30 (f) 0 =30
£ 1900 P =0.97 " - 050 P=1
g RMSE =5m et " RMSE =3 m
% 1880 | g2_gg i R?=0.99
7))
5 1860/ 1000 |
- .
? 1840 iz
1820 “—— 950 L

1000 1050
large-scale (m)

1820 1840 1860 1880 1900 1920 950
large-scale (m)

1100





media/file2.png
STEP 1
Wave field as a radar data sequence

STEP 2

“Local method” approach to estimate
bathymetry and wave characteristics

STEP 3
Reconstruction of boundary and initial
conditions for inundation modeling

STEP 4
Modeling of wave propagation and coastal inundation






media/file5.jpg
o~

-2

elevation (m)
& & A

200 400 600

8oo 1000 1200 1400 1600 1800
cross-shore (m)





media/file3.jpg
&

o






media/file1.jpg
sTEP1
Wave field as a radar data sequence

STEP2
‘Local method” approach to estimat
bathymetryand

ave characteristics

sTEP3
Reconstruction of boundary and initial
conditions for inundation modeling.

STEP4.
Modeling of wave propagation and





media/file7.jpg
[R—

Tomphore dstanca fm]





media/file10.png
o
o
™~
o
o
o
o~

]
o
o
<

i

o - o - ©

o -, o o

@© © < ~N

[w] @d5ue)3sip 240Yys-Ss0ud
o
o
<
o
o
~N
o
o
o
N

'
o
O
<

]

o o - o o

o -, o o

© © < ~N

[w] 92ue3sIp 210YS-SS0UD

long-shore distance [m]

long-shore distance [m]





media/file12.png
[w] ybray anem jesyiubis
© <

[e2) o~ o
o o ) o o
o
L ﬁ o
o
<
] o
- O
™~
™
<r n
™
- O
o
L O
o
o
L O
Y
L) -u
o o o o o
o o o o
e0] o < o~
[w] @due)3sip 240ys-Ss04d
o
- O
<
o
O
o~
U o™
To) N
™
- O
o
10
o
o
L O
— X |

o o o o
o o o
(o < o

[W] 22uUe3sSIp 10YS-SS0UD

long-shore distance [m]

long-shore distance [m]





media/file9.jpg
) 22ueisp 21005 55013

(w) 93uersip ai0us-ssos

5 200

Jong-shore distance (m)

long-shore distance (]





media/file0.png





media/file14.png
)

longshore (m

Senigallia

600 | (a)

500 |

AN
o
(@)
T
)

300 |

200 |

100 |

0
1750

1800 1850 1900
cross-shore (m)

1950

Qostende
900'( )
800 |
700 -
600 | 0
500 F| 1.1
400 [l | ,
300 |

1 -3
200 +
-4
100-|I|
-5
0
950

1000 1050
cross-shore (m)

large,
large,
large,
small,
small,
small,

Initial shoreline

o=2
oc=10
o =30
o=2
oc=10
o =30

1100






media/file8.png
apnydwe pazijewlonN

0 200 400

-200

-400

-0.6

400

200

"
-=.. t‘.‘o- \
\
.’-:. "

M ...\:: !

-.. ..:.. o
"
g g
-o-..-.. ../.
-\\.... m
' ..::... 2
-.s L L y !
M-. T
LTI, 7 =
.: " n...
AL
o o o o
o o o o
(o] (o] <t ™

[w] 22ue3SIP 240YS-SS0ID

shore distance [m]

long

]

m

(

shore distance

long





media/file11.jpg
200

(w2oversp aious 5o

00

200

200

400

(W] 92usip asous-ss0i>

long-shore distance [m)

long-shore distance (m]





media/file6.png
elevation (m)

K
0 500 400 600 800 1000 1200 1400 1600 1800
cross-shore (M)





media/file15.jpg
small-scale (m) small-scale (m)

small-scale (m)

- Senigallia

. Oostende

@o=2
1900
Rast e 1050
as0| BESEE 0
1860
1000
1840
1820 950 &
1920 1100
(b)o=10 (e)o=10
190015 ol Bz
Rt 12m s -4m
1680 @eoa "0
1860 -
1840
16201 950 "
1920 1100
(©0=30
1900
st 1050
fuse 5
1080 | FySE =S
1860 2
1000
1840
1620 050
1620 1840 1860 1880 1900 1920 ~ 950 1000 1050 1100
large-scale (m) large-scale (m)





