remote sensing @\py

Article
Nearshore Sandbar Classification of Sabaudia (Italy)
with LiDAR Data: The FHyL Approach

Andrea Taramelli 127, Sergio Cappucci 3*, Emiliana Valentini !, Lorenzo Rossi ! and
Iolanda Lisi !

1 Institute for Environmental Protection and Research (ISPRA), via Vitaliano Brancati 48, 00144 Rome, Italy;

andrea.taramelli@isprambiente.it (A.T.); emiliana.valentini@isprambiente.it (E.V.);
lorenzo.rossi@isprambiente.it (L.R.); iolanda.lisi@isprambiente.it (L.L.)
2 Istituto Universitario di Studi Superiori di Pavia (IUSS), Piazza della Vittoria 15, 27100 Pavia, Italy
National Agency for new technologies energy and sustainable development (ENEA), via Anguillarese 301,
00123 Rome, Italy
Correspondence: sergio.cappucci@enea.it; Tel.: +39-063-048-3415

check for
Received: 14 February 2020; Accepted: 18 March 2020; Published: 25 March 2020 updates

Abstract: An application of the FHyL (field spectral libraries, airborne hyperspectral images and
topographic LiDAR) method is presented. It is aimed to map and classify bedforms in submerged
beach systems and has been applied to Sabaudia coast (Tirrenyan Sea, Central Italy). The FHyl method
allows the integration of geomorphological observations into detailed maps by the multisensory data
fusion process from hyperspectral, LIDAR, and in-situ radiometric data. The analysis of the sandy
beach classification provides an identification of the variable bedforms by using LiDAR bathymetric
Digital Surface Model (DSM) and Bathymetric Position Index (BPI) along the coastal stretch. The
nearshore sand bars classification and analysis of the bed form parameters (e.g., depth, slope and
convexity/concavity properties) provide excellent results in very shallow waters zones. Thanks to
well-established LiDAR and spectroscopic techniques developed under the FHyL approach, remote
sensing has the potential to deliver significant quantitative products in coastal areas. The developed
method has become the standard for the systematic definition of the operational coastal airborne
dataset that must be provided by coastal operational services as input to national downstream
services. The methodology is also driving the harmonization procedure of coastal morphological
dataset definition at the national scale and results have been used by the authorities to adopt a novel
beach management technique.
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1. Introduction

Nearshore bar dynamics are the main expression of breaking-wave-induced hydrodynamics and
sediment transport patterns taking place along the coast. Morphological changes with respect to the
equilibrium beach profile features (e.g., number, shape, location and configuration of nearshore bars
and troughs, the distance of outer and inner bar crest from the shoreline, etc.) are an important topic of
coastal research [1,2], as they provide basic information on sedimentary processes under different wave
climate. Therefore, the detection of multiple beach profiles is relevant to a proper coastal management
and it is often required to implement effective beach erosion control also using mathematical models to
simulate deterministic scenarios.

When beach morphology changes, the use of morphodynamic classification of the beach system is
often recommended [3,4]. It should be based on the analysis of coastal processes and beach response
under a wide range of physical parameters. In this regard, the dimensionless sediment fall velocity
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(often referred to as the Dean number) and the wave steepness are commonly considered as key
parameters to predict and define the nature (barred or non-barred) of a cross-shore equilibrium profile
(e.g., [5]). Past researches have proposed several methods to predict the nature of the cross-shore
equilibrium profile and to classify the beach morphodynamic state based on the detection of different
bars systems in the surf zone [1,6]. The most recent and complete classifications take into account the
interaction between the main physical parameters (i.e., wave energy, sediment grain size, seabed slope,
shape of bed forms, etc) that affect the equilibrium of both the cross-shore and alongshore beach profile
(e.g., [7-9D).

However, morphological changes on barred beaches profile are required as they cover a wide
range of spatial and temporal scales. Stive et al. [3] refer to the middle-term time scale (i.e., inter-
annual and inter- decadal variability) in the cases of surf zone bar cycles and of wave climate variations,
while refer to the short-term time scale (i.e., from inter- seasonal to hours variability) to assess periodic
fluctuations ranging from single to seasonal events (e.g., one or few tidal cycles and wave conditions,
high-energy or storm surge events) driven by breaking waves.

Traditional topo-bathymetric in situ measurements (i.e., total station/GPS and echo-sounder)
cannot address this wide range of scales, because of the practical difficulties to detect the nearshore
bedform’s variability which make these survey time consuming and very expensive. Instead, remote
sensing data (e.g., SAR, optical images and LiDAR data) provide accurate topographic and bathymetric
data sets with a spatial resolution large enough to cover a relatively wide area, including the submerged
beach profile, with a uniform temporal resolution alongshore [10-14].

The research development for studying coastal environments, characterized by high spatial and
temporal variability, is very promising as it is based on integrated tools that allow: 1) to analyze the
different morphological components with high quality standards for ensuring a realistic and accurate
order; and 2) to detect (and minimize) undesired changes at early stages.

In this context the airborne LiDAR (light detection and ranging) technology is considered a very
powerful tool for beach monitoring and investigation, since it allows collecting data over a short time
frame, providing a full overview at a larger scale with good spatial and vertical accuracy [15,16]. The
LiDAR technology is a respectable support tool for the morphological characterization in shallow
water (less than 1 m depth; [17-19]). LiDAR system is a scanner that deflects a laser beam across the
flight line and detects its reflection, so that a swath of ground along the flight line is sampled point
wise. The production of a DSM (digital surface model) and DTM (digital terrain model) on a wide
scale range, regardless of the site characteristics, shows that laser altimetry technology is spreading
through the use of LIDAR bathymetric airborne [16-19].

Numerous examples of coastal monitoring studies focused on the integration of field- and remote
sensing- data may be cited [20-26]. Besides morphometric analysis, other approaches, based on the use
of Geomatics techniques, can provide important support for the study of vulnerability status of coastal
systems [27-29]. Multispectral and hyperspectral remote sensing provide data sets that allow to map
the seabed and habitat heterogeneity [30,31], to study the cover of vegetation in wetlands [32,33] and
to map plant species in submerged shallow water areas [34-38].

The research activities we carried out in the last ten years, in a synergic way with coastal end-users,
EO experts and coastal processes experts, allowed the development of the innovative FHyL (field
spectral libraries, airborne hyperspectral images and topographic LIDAR) approach. The FHyL method
supports the collection and analysis of remote sensing operational dataset for coastal applications and
management; in particular, it lets integration of different geomorphological observations into detailed
maps by the multisensory data fusion process from LiDAR and hyperspectral data [31].

The aim of the present work is to provide and make available to the wider public a series of
calibrated and validated data and products, usable as the benchmark for National LiDAR acquisition [39].
In particular, an application of the FHyL approach to the Sabaudia (Tirrenyan Sea, Italy) case study is
herein described. This application has provided a subdivision of the coast into different zones, starting
from the analysis and the classification of the main morphological features detected in the nearshore.
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However, due to the absence of vegetation on the seafloor, hyperspectral data have not been included
in the present research, but have rather been used on other case studies and applications as part of the
FHyL [31]. Despite this, the analysis of nearshore bathymetry allowed to identify the main submerged
beach features affecting the coastal evolution and to characterize their key morphological parameters
(e.g., slope and direction of bed-forms, grain size, and water depth).

This work also provides a series of services for coastal mapping aimed to make available the
products obtained by the processing of remote sensing data for research purposes and thus, to bridge
the gap between scientific community and different technical experts and stakeholders.

2. Study Area

Sabaudia beach is a sandy coastal stretch of about 35 km length located in the Lazio Region
(Tyrrhenian Sea, central Italy) between the Torre Astura and the San Felice Circeo Promontory (Figure 1)
and oriented in a NW-SE direction.
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Figure 1. Sabaudia study area along the Lazio Region (Tyrrhenian Sea, Italy). The figure shows:

Topographic and Bathymetric LIDAR data, MIVIS coverage and cross section profiles (500 m spaced)
used for the analysis.

This coastal area is characterized by the presence of relevant economic and touristic activities and
several environmental sensitive habitats and species (both flora and fauna). The morphological and
ecological features reflect the extreme lively dynamics of emerged and submerged beach, resulting in
macro and micro changes of the equilibrium profile [19,40].

The emerged beach is limited by an almost uninterrupted coastal dune that mainly follows the
shoreline direction [41] (Figure 2). The coastal dunes formation has been related to sandy bar systems
due to the increased sea level rise during the Versilian’s age [42,43]. Shoreline and dune foot are
influenced by the wind regime and, more precisely, periodically undulated in shape under the effect
of both NW and SW winds. Coastal dunes tend to increase in term of proportion and amplitude
moving towards the N-S direction, reaching the highest elevation of about 28 m (including vegetation)
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and width of about 250 m [19,42]. Dune formations are established by root systems of the typical
Mediterranean coastal vegetation providing the dynamic stability and positive feedback between the
vegetation and sediments [40,43,44]. The free morphological exchange between coastal dunes and
submerged sandy bar systems has been prevented by the construction of the coastal road, in the 1950s,
along the longitudinal axis of dune crest. In order to mitigate the induce runoff processes and to
preserve the beach-dune system, the stretch of the road between the Rio Martino mouth and Idrovora
di Lavorazione has been successively removed (in the 1980s).

A - Vegetation cover of foredune B — Un-vegetated foredune

- ——
i

C — Emerged beach

F —Vegetated dune crest
(Circeo in background)

E — Walkway and blowout

Figure 2. Pictures of different parts of the study area. (A) Vegetation cover of foredune; (B) Un-vegetated
foredune; (C) Emerged beach; (D) Blowout; (E) Walkway and blowout; (F) Vegetated dune crest (Circeo
in backfround).

It is a microtidal environment and the influence of tidal currents within the studied area can be
considered negligible as tidal range varies between 0.15 and 0.45 cm (www.mareografico.it). Wave
climate indicates that it is a fetch-limited site with low wave energy. Wave height (Hs), mainly varying
from 0.5 to 1 m, suggests a predominance of waves coming from West direction (www.idromare.it).
The high energy waves (storms conditions) prevalently occur in the central part of the study site,
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where most evident flooding and erosion phenomena (sometimes reaching the foot of the dune and
the coastal road) are highlighted [40].

The submerged beach is characterized by a very mild slope profile with a mean sediment diameter
of about 0.01 mm (maximum value of about 0.035 mm is reached near the rocky coast of the S. Felice
Circeo Promontory). The sand collected within the active beach is characterized by a median diameter
(Dsp) between 0.14 and 0.24 mm [40,44]. The sandy bar system is mainly located within the —5 m depth
from the shoreline, while there are no significant changes in the submerged beach slope up to —10 m
depth. Rhythmic shoreline features appear along with a series of bars and strong nearshore circulation
suggesting the presence and formation of rip-current [40]. The morphology of the submerged beach
was not known before the present study, and here we discuss how it varies from North to South as
the northerly part is suffering from coastal erosion. Net longshore transport is directed from North to
South. It is higher in the northern part (up to 20,000 m%/y in front of Fogliano coastal Lake) and lower
in the southern part (less than 10,000 m3/y in front of Sabaudia coastal Lake) [44].

3. Materials and Methods

3.1. Materials

LiDAR survey for collecting elevation data both in emerged and submerged environment was
conducted on 9th May 2009 during good weather conditions. Dataset (~24 km?; 6 x 10° pts) was used
to interpret features in shallow waters that in the study area were observed for the first time ever
on upper shoreface thanks to data acquisition and elaboration discussed in the present study. The
objective of this study was achieved using the bathymetric LIDAR sensor Hawk eye II dataset [45,46]
provided by the BLOM-CGR®.

The bathymetric LiDAR uses radiations in infrared band (wavelength of 1064 nm), for the free
surface acquisitions, and in the green band (wavelength at 532 nm) for the seabed acquisitions [46].
With 42 strips for the Sabaudia area, the cover extended up to —26 m depth. The depths identified
by bathymetric LIDAR were detected for each pulse from the time differences between the feedback
signal received from the water surface and the return signal received from the seabed [47]. The effects
of surface waves [48] and errors of measurement on the surface [49] were eliminated by using the
methodology suggested by [50]. Bathymetric point density was maintained at about 1 point for m?
and a nominal horizontal and vertical accuracy of £0.5 cm and +0.15 cm, respectively. Technical
characteristics of the LIDAR HawkEye II sensor are reported in Table 1.

Table 1. Main Technical features of bathymetric LIDAR sensor and positioning system.

LiDAR HawkEye II

Bathymetric LIDAR Frequency 64,000 Hz
Altitude From 250 to 500 m
Swath From 100 to 330 m
bathymetric points density From 0.2 to 0.3 pt/m?

Horizontal: £0.5 m

Accuracy of Topographic survey Vertical: +0.15 m

3.2. Field Measurements

An in-situ campaign was also performed before LiDAR acquisition survey, on April 2009, in order
to collect bathymetric data using a single beam acoustic sensor FURUNO’” FCV-600L (200 khz) along
beach profile perpendicular to the shoreline (maximum length 1.5 km). Furthermore, transparency
of coastal water was estimated by Bloom during preliminary investigation and expected to be
approximately around 12 m (pers. Comm; [51-54]). Therefore, direct measurements of transparency
was carried out by using Secchi disk in front of Astura river mouth only, where transparency is lower
compared to the southern part of the coastal stretch (result: 4-5 m).
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Ten transects, perpendicular to the shoreline, were chosen to detect submerged beach profiles from
about 1 m up to 10 m of depth. About 1000 m of survey lines were collected before LiDAR acquisition.
All in situ data acquisition was carried out during low wind, calm sea, and vertical sunlight conditions.

3.3. Methodology

In this paper the modular FHyL approach (Figure 3), is implemented for the analysis of submerged
coastal areas in order to characterize the spatial scale of sand bar distribution [55]. The flowchart of the
adopted methodology is shown in Figure 4.

PREPROCESSING

accuracy assessment with geophysical measurements based on single beam data and point cloud filtering
\r
PROCESSING CHAINS

\

' EMERGED B SUBMERGED
DTM - DSM - ROUGHNESS (rugosity) DSM - Amplitude(backscatter)
Shorel_ine Dune elevation and Seabed elevation
extraction slope
Dune amplitude - beach width Seabed slope, aspect and sedimentary
foot and inner edge extraction structure

Figure 3. Scheme of the processing chain of the FHyL approach. The module 2 represents the FHyL
module to be used for the characterisation of submerged coastal areas (see [51] for more details).

PROCESSING CHAIN PRODUCTS

Point cloud
0.25 pt/m?
Horizontal: £ 0,5 m
Vertical: £0,15m

e L —> RaW data:
Flltermg - Shp file single beam - bathymetry points (fishfinder) and coordinates x,y,z (gps)
(spike removal)

J

Interpolation
(bilinear gapfilling)

y

| DSM (4xa) |

Raster products:
\l/ F—=> | 1. DSM-4x4-0- 19 msl interpolated

Grid Bathymetric Position Index 2. Grid BRI 4x4
Formula BPI (4x4 mesh)
Sandbar CREST
lines
J/ Features:
1. Shoreline (line) from Topographic simultaneous
Transect DSAS numeer) 2. Transect dsas (number)

Position, depth, sinuosity —>| 3. Sandbar crest (line) & attributes (elevation, sinuosity, class. and distance)
along sandbar transects 4. Sandbar transected - check if plant or section

Figure 4. Flowchart of the LiDAR processing chain (left) used in the present work and products (right).
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3.3.1. Parameters Extraction from Bathymetric LIDAR Data

Standard deviation of the LIDAR point cloud was calculated on a 4 x 4 m grid for obtaining an
accurate interpretation and classification of: (1) seafloor morphology, (2) rugosity, and (3) consolidated
and unconsolidated seabed. By the application of morphomertric slope and curvature parameters,
complex sedimentary structure of the sand bars were analyzed. The size, orientation, and asymmetry
of several bedforms observed in shallow water were described to better understand their formation
and evolutionary trend under the effect of longshore currents, incident waves and wind regime.

Then, the analysis of sandy bar distribution along the coastal stretch was enhanced combining
specific indexes and parameters, such as sandy bar order, extent and asymmetry.

3.3.2. DSM Generation: Bathymetry

The final point cloud of LIDAR was processed to obtain the topographic and bathymetric DSMs
on regular grids. In the present paper we use and discuss only bathymetric dataset. The raw strips,
acquired during the overpass, were arranged in parallel and overlap the sides for about 20-30%
(Figure 5a). The final point cloud LiDAR (Figure 4b), due to inhomogeneity in the points’ density of
the surveys [15,49,55-57], were more focused on the edges of the strips.

4585,45

Z(m)

A

Northing (km) Easting (km) Northing (km) Easting (km)

Figure 5. Three-dimensional representation of the different density and spatial distribution obtained
for (a) point cloud and (b) final DSM. The comparison shows the greater dispersion of the LIDAR point
cloud (presence of abnormal measurements or peak) compared to the final 4 X 4 DSM.

By using the “import Hawkeye” conversion wizard, the raw data acquired along the flight line
(.dat extension) were imported in CARIS Hips and Sips [1] and carefully analysed, for data cleaning
(remove spike) and surface processing. Then, according to the density of raw points, a Digital Surface
Model (DSM) was obtained by the use of the CARIS® software, setting the grid resolution to 2 X 2 m
for the topographic DSM and to 4 X 4 m for the bathymetric one.

3.3.3. Bathymetric Position Index (BPI)

The bathymetric position index (BPI), representing the marine version of the Topographic Position
Index (TPI) introduced by [58], has been applied to several sedimentary [59], geomorphological [60]
and seafloor habitat mapping [61] studies. The BPI has been recently used for benthic habitat mapping
studies [62-66].

The index, calculated using the Wilson et al. (2007) formula in each raster cell [67], can help in
the recognition of the shapes on the seabed. The BPI has been calculated in ArcGis® by the Raster
Calculator tool as follows:

BPI = Zgrid — FocalStatistic (Zgrid, NbrCircle (r, MAP), MEAN, DATA)

where Zgrid, NbrCircle (r, MAP), and MEAN are the ArcGis® classes, parameters, and variables, r (set
to 20 m) is the radius in MAP units of the circular neighbourhood, and the MEAN [i1] <> is processed
by the focal-statistic function.
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3.3.4. Bars Extraction and Sinuosity

The FileGeoDataBaseRaster (FGDBR) has been imported in ArcGis® as a floating point and
masked to remove the inland water (lagoon and coastal lake that are behind the dunes). The shoreline
has been extracted from the topographic digital terrain model (DTM; [40]), and the Digital Shoreline
Analysis System (DSAS® of USGS; [2]) software was used to trace perpendicular transect with an offset
of 500 m (following the methods of [40,44]). The “construct points” editing tool was used to create a
dataset of points placed along the transects every 4 m (same spacing of DTM dataset) and then, ArcGis
Spatial Analyst Tool “Extract value to point” was applied to the DSM bathymetric values to determine
the relative depth values on the transect. The Bathymetric Position Index (BPI) map were used to trace
the crest bars every 20 m, as a clipping mask to detect the “upper” areas of the bathymetry by using
the following function:

Con((“Bathymetry_4X4_Masked” ==
(FocalStatistics(“Bathymetry_4X4_Masked” ,NbrCircle(5,“CELL”),"MAXIMUM"))),1, 0)

The function is able to check if a 4 x 4 m cell (of 16 m?) is the higher in a circular neighbourhood of
5 cells (covering a total surface of 400 m?). The crest lines were digitized by using both the information
provided by BPI and higher point.

The morphological characterization of sand dunes was based on the calculation of the crest
sinuosity, considering that the sinuosity is a geometric properties influenced by substrate and
hydrodynamic conditions. More specifically, the crest line sinuosity was extracted from the LiDAR
DSM [68,69] and the extracted pixel values were used to obtain a binary image of the sinuosity line.
Then, the sinuosity network extraction was performed applying the skeletonization algorithm on the
reclassified image. Finally, the degree of the crest sinuosity (S) was quantitatively estimated by using
the following relation:

S=I/L

where [ (in m) is the along-line length calculated for each skeletonized branch, while L (in m) is the
straight-line distance between the starting and ending points of the observed crest line (the two nodes
of each channel network) calculated using Pythagoras’ theorem.

4. Results

Many results were obtained by RS processing described above. Longshore Bar-Trough (LBT),
Rhythmic Bar and Beach (RBB), Transverse Bar and Rip (TBR), Low Tide Terrace (LTT), and the different
barred beaches recognized within the studied area included the Intermediate Barred Beach (IBB) and
the Dissipative Barred Beach (DBB). The analysis discussion of morphological characterization is
exposed proceeding from NW to SE. Results related to bed forms observation are presented after a
brief discussion on the accuracy of the bathymetry measured in the nearshore by using acoustic and
remote sensing techniques. Among the obtained results, the following products are provided and
made available to a wider public:

RaW data:

1.  Shp file single beam — bathymetry points (fishfinder) and coordinates x,y,z (gps)
Raster products:

2. DSM-4 x4 -0 -19 mslinterpolated
3. Grid BPI4 x4

Features:

4. Shoreline (from LiDAR)
5. Transect DSAS
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6. Sandbar crest (line; number 75)
Attributes elevation and sinuosity and classification and distance:

7. Sandbar parameters (excel file)
8.  Transect parameters (excel file)

4.1. Results from LiDAR Survey and Accuracy

The DSM was obtained by creating over a total area of about 24 km? (excluding Circeo Promontory).
Its extension varies from the shoreline down to —13 m of depth (reaching the outstanding value of
—25 m in the southern part close to the Circeo Promontory/Torre Paola). Then, a shading and lighting
relief were applied to highlight the morphology of the DEM area. Finally, for spots of particular
interest, specific maps of slope and exposure were created for a better description of features and
seafloor morphology.

The accuracy of the submerged LiDAR acquisition was evaluated by the comparison between
LiDAR and Single Beam bathymetric data (Figure 6). In particular, traditional assessments accuracy
metrics such as the differences in elevation [21-24] were performed. The same spatial resolution
was obtained from the measurements acquired by the two bathymetric acquisition systems and used
to determine the differences between single-beam and LiDAR acquisitions. The scatter plots of the
difference between the two interpolated DSM are reported in Figure 5. The results show a limited
but constant overestimation of the LIDAR DSM over the single-beam DSM of about —20 cm. This
overestimation slightly increases offshore above 7.5-8 m of depth.

Bathymetric Profiles
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Figure 6. Performance and accuracy of the submerged LiDAR data compared with the single-beam
acquisition (A) (top left). The comparison was carried out through a traditional assessments accuracy
metrics, such as the differences. (B) (middle left) and (C) (bottom left) show, both the spatial resolution
of the different measuring points of the seafloor (determined by differences in the acquisition system
with single-beam and bathymetric LIDAR) and the scatter plot of the difference between the two
interpolated DSM (D; right).
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4.2. Bathymetric Position Index (BPI)

The BPI defines the elevation of locations with reference to the overall landscape. It can be
considered as a second order derivative of the DSM as it gave evidence of morphological features like
depressions, crest lines and flat areas. Thanks to the map generated by BPI, a bars system can be easily
observed (Figure 7).

In the northern part, the presence of the two main crests running parallel to the shoreline can
be observed (Figure 7A). Moving southern, the behaviour of the “double bar” system becomes more
complex in terms of crest line continuity and shapes (Figure 7B). Here, the two crests have higher
sinuosity and the presence of depressions and slope variations indicates the change of the system
morphodynamic. The crestline closer to the shoreline loses its continuity and shows a higher sinuosity,
while the farthest crest, shows a higher distance from the shoreline and appears slightly undulated
(Figure 7C). In the southern part of the study area, a series of small regular cross-shore structures,
perpendicular to the shoreline and confined between the two major ridge/bar system, is also evident
(Figure 7D).

. 1BPi2om

Depressions

) Meters \ DO Meters
0 1,000 2,000 \ 1,000 2,000

Figure 7. Bathymetric Position Index calculated from DSM. Four examples of bedforms are visualized
from North to South: (A) two main crests running parallel to the shoreline; (B) the two crests in
(A) become more complex; (C) the crest closer to the shoreline shows a higher sinuosity, while the
farthest shows a higher distance from the shoreline; (D) series of small regular cross-shore structures,
perpendicular to the shoreline. Note the increasing distance of the bar crests from the shoreline
moving southward.

4.3. Submerged Bed FormsObserved in the Nearshore Zone

A great variety of nearshore bedforms are observed by DSM (Figure 8). They have a shape
rather flat and asymmetrical in section, mainly caused by the breaking-waves action [70]. The most
common morphologies are Longshore Bar and Trough (LBT). By a more accurate analysis of bedforms
distribution, the following typologies have been identified.
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Inner Bar (IB) and Outer Bar (OB) with some evidence of Long Tide Terrace (LTT) in the southern
part are observed in front of the southern part of Fogliano Lake (Figure 8A). In front of Monaci Lake
(Figure 8B) a well-developed and linear LTT, IB and OB system is constantly detected. In front of
Caprolace Lake (Figure 8C), the OB is still present but the LTT and IB system gradually develop into a
Transverse Bar and Rip (TBR) bedform (Figure 8D). A fully developed TBR in the inner part of the
submerged beach and an OB system is revealed; a wide shore parallel trough distinguishes this system
and a shore-parallel bar interrupted from crescentic bars (which suggests the formation of rip currents;
Figure 8E).

Moving southward, near the Circeo Promontory, the transverse bar and rip (TBR; Figure 8F)
and Rhythmic Bar and Beach (RBB) are commonly observed closer to the coast. These forms are
present in a more dynamic beaches were cusp are often observed. In the southern part of the study
area, a regular traverse bar system is also observed (Figure 8G). The two different types of bedform
have been analyzed separately as they develop sub perpendicularly to the shoreline or with a patchy
distribution showing different sinuosity and length offshore the Outer Bar (OB; Figure 8H).

Figure 8. Bed-forms observed, moving in the southward direction. (A) LTT and OB; (B) LTT IB and OB;
(C) example of bifurcation of the OB crest; (D) example of bifurcation of the inner bar; (E) sinusoid
system of TBR; (F) bifurcated system of TBR and (G) regularly detached system of TBR (H) LTT sinusoid
IB and regular OB. Submerged. Despite the different sinuosity two (A,D-G) or three (B-D,H) sand
bars orders are observed along the studied shoreface.

With the obtained dataset some of the main parameters describing the characteristics of the
submerged bars have been displayed. In particular, the characteristics along the first order sand
bar has been analysed as it is the smaller in size, closer to the shoreline and the most sensitive to
hydrodynamic regime. Crest depth, distance from the shoreline, and the length of the sandbar crest
have been highlighted through simple dot diagrams.

The results show that the sector most affected by erosion is the one where the bar system present
shorter crests. Here, sand bars are shorter because their sinuosity increases, and from continuous
long-linear sand bars, they evolve in a wavy crest compared to the northern part of the study area
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(Figure 9A,B). The correlation of distance from the shoreline and depth of the crest of each sand bar
revealed the highest correlation coefficient for the middle features (those between the bars closer and
farther from the emerged beach (Figure 9C). This trend explains the morphological evidence observed
in the area, such as cusps along the shoreline discussed by [40,44].
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Figure 9. Sinuosity, length and distance versus depth of the sandbars system. (A,B) Sand bars from
continuous long-linear sand bars evolve in a wavy crest moving southward; (C) correlation of distance
versus depth of each sand bar’s crest from the shoreline.

The present research, through the implementation of FHyL approach in submerged coastal
environment, allowed to understand the morphology of the submerged beach within the study area.
Sand bars are detached from the shoreline and increase their shape and sinuosity along the coastal
stretch. The resulting bar system highlights the complex dynamic between the peculiar habitats and
the observed morphological features. The littoral drift is from NW to SE, and some of the bars are
close to the shoreline. They can occasionally transfer sand on the emerged beach creating cusped
morphology [40,44]. Along the shoreline, there is an alternation of erosion and accretion phenomena.
The presence of cusp is due to a typical rip-currents circulation, commonly associated with the presence
of an asymmetric (and very undulating) bar system of the submerged beach.

The analysis of LIDAR data allows to observe the morphological evidence of sediment transport
processes and thus to characterize the morphological variability of the beach-dune system. The most
common morphologies of bar systems are Low Tide Terrace (LTT) and Transverse Bar and Rip (TBR) of
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1° order (Inner Bar), 2° order (Intermediate or Outer Bar) and 3° order (Outer Bar; see for example box
B, in Figure 10).
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Figure 10. Examples of different morpho-bathymetric asset of sand bar crest (black lines) within the
study area. From North to south the following bedforms can be observed: (A) IB and OB with some
evidence of LTT in the southern part; (B) well developed and linear LTT, IB and OB system (C) Presence
of the OB and passage from LTT and IB to TBR in the southern part; (D) fully developed TBR in the
inner part of the submerged beach and in some part of the OB.

5. Discussion

The observation of the entire coastal stretch reveals the presence of a system of sandbars almost
parallel to the coastline. This system tends to drift towards greater depths proceeding from N to S,
until to reach, and cross the Rio Martino mouth near of 200 m from the shoreline. From the Lake of
Sabaudia to Torre Paola, the behaviour of the sandbar system is different: the forms extend beyond
200 m and up to about 300 m from the shoreline with a wavy pattern especially evaluable for the outer
bar (Figure 10).

Groynes realized to connect coastal lakes to the sea affect only partially the longshore
transport [40,41,44] and seems to not interrupt the sandbar development. Some erosion and accumulation
trends are evident nearby armed mouths of channels that connect coastal lakes to the sea (e.g., Fogliano,
Monaci Caprolace, Sabaudia; see Figure 1), but the effect on the shoreface is limited to few meters.
According to [44], the presence of the dunes, both natural and influenced by human structures, plays a
key role in the size of shoreface bedforms and of their spatial variability and distribution.

Beyond the type of approach used for classification, it must be considered that bedforms represent
the sediment response to the hydrodynamic forcing by acting to retard the wave energy flux over
the seafloor. So, the main components to consider for a correct interpretation of processes and
bedforms within a study area are the hydrodynamic regime and the nature of the seafloor on which
the waves and currents exert their shear stress. For a more accurate assessment of the coastal system
dominated by bedformes, it is important to consider the characteristics of the substrate, the presence of
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bedrocks and the thickness of the sedimentary layer [71]. Shoreface slope, topo-bathymety, as well as
the nearshore and offshore sand bar positions (length, shape and distance from the shoreline) may
influence incident waves propagation (direction, period, heights) and, consequently, the longshore
currents. Consequently, the littoral drift can be influenced depending from the grain size of particles.
All these factors affect the nature (number, size, type) of shoreface connected bed-forms and their
evolution along the coastal stretch as discussed in literature [72]. A longshore bar system may follow a
rhythmic arrangement lying classes of crescent/ic (or lunate) bar unit [40]. Several authors investigated
how longshore bars represent a pulsating zone of active migration of sediments due to breaking waves
and currents [2,44]. The high energy dissipative features are the Longshore Bar-Ttrough (LBT), then the
Rhythmic Bar-Beach (RBB), the Transverse Bar and Rip (TBR) and finally the Low Tide Terrace (LTT),
also known as ‘ridge and runnel’. In the present study, the TBR revealed an asymmetry suggesting
that their genesis and evolution is influenced both by rip currents and long-shore currents that allowed
us to distinguish stoss and lee side (Figure 11).

Depth (m)

O S 100 150 200 250 300 350 400 450 500 S50 600 650 700 750 600 850 900 950 1000
Distance from start point (m)

Figure 11. Detailed of the Outer bar (OB). A bathymetric profile (1000 m in length), parallel to the
shoreline (black dotted line), demonstrates the asymmetry of the bed forms oriented perpendicular to
the outer bar on the shoreface.

In the study area there is no presence of vegetation on the submerged beach. Some evidence of the
Posidonia oceanica meadow was indicated about 10 km north but it has been subject to abrupt regression
after the construction of the nuclear power station of Borgo Sabotino and the consequent release of
warmer water from the reactor at about 2 km north from the studied area. So, the presence of vegetation
(seagrass or algae) can be considered negligible for the aim of the present study. Nevertheless we cannot
exclude that in some spot of the northern part the vegetation can affect the bedforms development and
their southward migration.

Furthermore, for a more accurate assessment of the sediment response in nearshore barred system
also the hydrodynamic forces acting on the seafloor should be considered.
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5.1. Data Accuracy

The accuracy of raw data was carefully verified, comparing the differences observed between
the bathymetric profiles measured with the LiDAR and the echo-sounder. We have taken into
account that the algorithms of the airborne hydrography, used by Bloom Aereofilms for the final
point cloud generation, calibrates the post-processing data by using a topographic RTK [73,74]. From
literature [50], the specific LIDAR signal returns from different targets without considering the full
waveforms, showing results of beam propagation in water, which expands in a different way after
rebound/backscatter. The effective diameter in deep water is half the depth (number of scattering
lengths), while in shallow water this causes an overestimation of the bathymetry ([24] with errors
estimated up to 50 cm).

An overestimation of the depth could be related to the density of data acquisition, specifically to
the number of points available within a single cell (in our case 4 X 4 m). Based on literature [40], the
area ratio (equal to 1.78 for 3 x 3 m, to 0.64 for 5 X 5 m, and to 0.16 for 10 x 10 m) for the minimum cell
detection provides a value correlated to the final accuracy.

Beside this general trend towards the overestimation of the bathymetric data-set by using LIDAR
technology, we also notice (Figure 6¢) that the accuracy of bathymetric data-set acquired in the surf
zone (between 1 and 2.5 m of depth) by the use of the echo-sounder may be affect by the wave action
in the surf zone [75-78] (where the waves are higher). It is commonly observed phenomena during
bathymetric survey where above crest, reduction of water depth increases the incident waves height,
even during calm conditions. More interesting is the increase of differences between LiDAR and Echo
sounder dataset off shore at more than 7.5 m of depth. This value curiously matches with the closure
depth [1,6,9].

5.2. Data Analysis and Elaboration Techniques

Seafloor characterization is an important issue that has been recently discussed by [75], considering
the possibility of auto classification, as well as cognitive interpretation of digital bathymetric data,
in terms of geomorphological features [74,79,80].

The world of mapping and data visualization is quickly evolving into a three and four
dimensional context, and the utility of LIDAR technology have been proven in a variety of scientific
communities [80,81]. However, the challenge is to expand LiDAR awareness among non-technical
audiences considering the high complexity of coastal areas and others who need information solutions
that LIDAR can support. Within this study, light detection and ranging (LiDAR) shows how both of
them are suitable for mapping coastal shallow waters, beach profiles and concentrations of suspended
particles in coastal waters. Since coastal ecosystems have high spatial complexity and temporal
variability, they should be observed with high spatial, spectral, and temporal resolutions. Combining
these techniques and using time-series of images enables scientists to study the coastal ecosystems and
accurately determine long-term trends and short-term changes [82].

5.3. Use of Remote Sensing Products for Coastal Management

Our dataset and paper highlight challenges and opportunities that recent advances in remote sensing
offer for accurate physical mapping. The dissemination activities that supported the development of
this research are extremely relevant as for the first time ever stakeholders and competent authorities
could see the morphology of sand bar system and better understand where and how to plan beach
erosion intervention in correlation to public needs. Based on the elaborations of the present paper, and
also thanks to the capability to “classify” and map (3D) the submerged sand bar system, stakeholders
and competent Authorities have decided to use the results of the present study to perform coastal
erosion mitigation actions.

An experimental intervention is going to be carried out on May 2020 in the study area. The project
foresees the enlargement of about 2000 m the emerged beach during the tourist season to increase the
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carrying capacity and the receptivity of the coast [83]. About 20,000 m® of sand will be dredged from
the shoreface between the crest and the slope of the inner bar (IB) and spill over the trough between
the crest of the inner bar (IB) and the shoreline (Figure 12).
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Figure 12. A simplified sketch of the dredging area (blue) and nourishment area (red) are reported

along three profiles of the beach-dune system (black line) in front of Fogliano Lake (norther part of the
studied area more exposed to erosion and tourists).

5.4. Cost of Remote Sensing Survey and Contribute of FHyL to National RS Plan

Considering the strong interest that science for environmental policy has recently gained
in the European context we have made an effort to calculate the final costs of this approach:

1. Airborne multisensory acquisition: ~ 1600 €/km?2 (for about 100 km?) 160,000 €

2. Field data analysis: ~ 5000 € (see also Valentini et al., 2020, this SI)
3. Logistic and surveys: ~ 300 €/km? (fieldwork and dissemination)

4. Processing was 1:1 (man month): ~ 1500 €/km? (for about 100 kmz) 150,000 €

5. Post processing 1/3: ~ 530 €/km? (software, workstation, etc ... )

These costs (~345,000 € for about 100 km?) can be considered proportional to the resolution
(Figure 13).

Costs are diminishing across a temporal scale. In this monitoring study, the first in Italy in its
own characteristics (LIDAR and MIVIS), the highest effort has certainly been processing and post
processing [82]. The reason is that procedures for coastal integrated analysis were not implemented
and the ground truth protocol required with new remote sensing technologies was not adequate.
With the present work and the overall results of the research, standards for data and processing tools
have been developed contributing to a reduction of processing and post processing effort (i.e., cost of
RS survey and products). Following contract conducted by the authors demonstrated a rapid and
significant decrease of the cost [84], a reduction of time to obtain higher quality elaborations and higher
resolution maps. The need for periodic beach nourishment involves periodic topo-bathymetric surveys
of the coast. The FHyL methodology can certainly influence the cost-effectiveness of the surveys both
in terms of time and cost reduction through time. The research developed a benchmark under the
framework of different area acquisition for The National LIDAR Map implementation, which requires
multiple datasets that are seamless and nationwide. The National LiDAR Dataset (part of the Italian
Remote Sensing National Plan) has already been demonstrated to provide structures and vegetative
cover as well as topography in a single time frame in coastal and fluvial areas [31,85-87].
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Figure 13. Visual representation of costs in relation to the resolution of obtained results.
6. Conclusions

The Sabaudia coastal area is a highly valued environment where different habitats interact with
morphological features, determining a complex state of dynamic equilibrium. The study of the
coastal morphology through innovative techniques implemented remotely represent a new systematic
approach named FHyL (field spectral libraries, airborne hyperspectral images and topographic LiDAR)
for acquisition and processing of LIDAR data for the quantitative assessment of different morphological
features characterizing the bottom surface. The new approach shows the impressive results of physical
characterization based on the use of the LIDAR remote sensing data. The use of LiDAR offered the
chance to explore vast areas, by providing high quality information related the geometry (morphotypes)
and the dynamics of sand bars.

In particular, the LiDAR parameters obtained in this study allowed to the identification of the
position and the sinuosity of nearshore bars also referring to the shoreline position.

The obtained products give information on the sub-merged morphological parameters and provide
a first attempt to identify their complex variability in time and space. Large scale bedform analysis, that
allows to recognize complex conceptual models of landform and to reveal evidence of evolutionary
processes, is out of the scope of this work as it is still under investigation by the authors. The obtained
results have enabled to produce synthetic maps describing the key morphological parameters (e.g.,
slope and direction of bed-forms, water depth) in the nearhore zone (e.g., sandbar migration and
their effects on shoreline evolution) related to the coastal dynamic. These products have influenced
the local authorities and stakeholders who, for the first time, adopted a beach nourishment strategy
based on the sand transfer along the beach profile. Bedforms represent the sediment response to the
hydrodynamic forcing by acting to retard the wave energy flux over the seafloor. Their periodic survey
and morphological response to dredging operations in very shallow water surely encourages the
periodic acquisition of remote sensing data for supporting marine scientists and stakeholders to better
understand the complex morphological processes affecting the coastal evolution, thus leading to more
effective management of the beach erosion control.
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The methodology for coastal mapping described in the present work also aims to bridge the
existing gaps between the scientific community and users, as well as research products and operators
of the sector.
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