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Abstract. The paper presents an application of shoreline

monitoring aimed at understanding the response of a beach to

single storms and at identifying its typical behaviour, in order

to be able to predict shoreline changes and to properly plan

the defence of the shore zone. On the study area, in Jesolo

beach (northern Adriatic Sea, Italy), a video monitoring sta-

tion and an acoustic wave and current profiler were installed

in spring 2013, recording, respectively, images and hydrody-

namic data. The site lacks previous detailed hydrodynamic

and morphodynamic data.

Variations in the shoreline were quantified in combination

with available near-shore wave conditions, making it pos-

sible to analyse the relationship between the shoreline dis-

placement and the wave features. Results denote characteris-

tic patterns of beach response to storm events, and highlight

the importance of improving beach protection in this zone,

notwithstanding the many interventions experimented in the

last decades. A total of 31 independent storm events were

selected during the period October 2013–October 2014, and

for each of them synthetic indexes based on storm duration,

energy and maximum wave height were developed and es-

timated. It was found that the net shoreline displacements

during a storm are well correlated with the total wave energy

associated to the considered storm by an empirical power law

equation. A sub-selection of storms in the presence of an ar-

tificial dune protecting the beach (in the winter season) was

examined in detail, allowing to conclude that the adoption

of this coastal defence strategy in the study area can reduce

shoreline retreat during a storm. This type of intervention can

sometimes contribute to prolonging overall stability not only

in the replenished zone but also in downdrift areas.

The implemented methodology, which confirms to be eco-

nomically attractive if compared to more traditional monitor-

ing systems, proves to be a valuable system to monitor beach

erosive processes and provide detailed indications on how

to better plan beach-maintenance activities. The presented

methodology and the proposed results can therefore be used

as a basis for improving the collaboration between coastal

scientists and managers to solve beach erosion problems, in

locations where data are scattered and sporadic.

1 Introduction

Being shorelines dynamic features that separate the land

from the sea (Bellotti et al., 2003), they are impacted and

continuously reshaped by waves, winds, currents, and hu-

man activities. Since 60 % of the world’s population lives

within 100 km of the sea, monitoring shorelines is a primary

social and economic task (García-Rubio et al., 2015), and

it is very useful to understand the beach response to storm

impacts with the purpose of a smart coastal planning. Fur-

thermore, beach areas are among the most difficult environ-

ments to study because of the large quantity of data that are

necessary to describe nearshore evolution and the incomplete

understanding of the physical processes involved in this phe-

nomenon. In fact, beach morphology is the result of com-

plex, non-linear interplay among waves, currents and tides,

which drive the sediment transport in a wide range of spatial

and temporal scales (Alvarez-Ellacuria et al., 2011; Del Rio

et al., 2013). A good management programme of seaside ar-

eas should address issues such as beach erosion and coastal
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Figure 1. Satellite image of the site. The location of the AWAC and of the video-monitoring station are reported with red bullets, the angles

of view of the two cameras are plotted in black, and the analysed section of beach is highlighted by the red square.

flooding and is of paramount importance for the economy of

littoral cities.

This is indeed the case of the Jesolo seaside resort

(Italy). Located in the NW sector of the Adriatic Sea (see

Fig. 1) and capable of around 1 000 000 tourist arrivals and

5 000 000 bed-nights per year (Azienda di Promozione Tur-

istica della Provincia di Venezia – Ufficio Studi & Statis-

tica – movimento turistico periodo gennaio–dicembre 2014,

www.turismovenezia.it), Jesolo is the outpost of a low-lying

alluvial plain in which eustasy (1.53 mmyr−1, see Carbognin

et al., 2004), subsidence (9.87 mmyr−1, Tosi et al., 2006)

and occasional storm surges exceeding 1.5 m (Zunica, 1990;

Zampato et al., 2006) contribute to a severe flood risk in the

area. Despite the relevant economic importance of the touris-

tic activity within Jesolo area, very few data on the beach

hydrodynamics and morphodynamics are available to coastal

managers for the purpose of planning suitable beach manage-

ment strategies, such as nourishments and sand movements.

Furthermore, since the 1950s, this part of the Adriatic coast

has undergone a number of attempts at a durable shore pro-

tection policy (Zunica, 1990), without coming to a fully sat-

isfactory and conclusive solution.

For these reasons, within the framework of activities fore-

seen by the national flagship program “RITMARE – The Ital-

ian Research for the sea”, this site has been identified as a

strategic test area where integrated multi-disciplinary obser-

vational and numerical modelling efforts are implemented.

The aim of this broad effort is to improve the knowledge

on coastal dynamics and provide new strategies for monitor-

ing and managing the coastal landscape and creating an early

warning system that is essential for mitigating the loss of life

and property from coastal flooding (Doong et al., 2012).

A suitable parameter for describing and monitoring the im-

pact of storms on the shore (besides being a metric for the

achievable income from touristic use) is typically the beach

width and its evolution in time (Jimenez et al., 2007; David-

son et al., 2007; Harley et al., 2007; Archetti and Romag-

noli, 2011; Archetti and Zanuttigh, 2010). Indeed, the impact

of every single storm on the beach may induce short-term

(for example, hours to days) morphodynamic responses that

can significantly change the shoreline position (Jiménez et

al., 2012) and threaten the sheltering function exerted by the

littoral zone on the benefit of the mainland.

In recent years, several techniques for the monitoring of

the shoreline position have been employed by the inter-

national community, some based on the use of kinematic

DGPS, some on the use of images collected by satellites, and

some others on the use of video images. The protocol of im-

ages acquisition was given by the ARGUS system (Holman

and Stanley, 2007), and now the adoption of images collected

by video-cameras or photo-cameras is widely used.

Each methodology has different pros and cons, but exten-

sive risk mitigation and management practice generally re-

quires moderate costs and the technical feasibility of large-

scale implementations. Given these conditions, the most eco-

nomic and widespread (Wijnberg et al., 2005; Turner and

Anderson, 2007; Kroon et al., 2007) is based on the registra-

tion of changes in the shoreline position using time-average

images (timex), collected by a local video-camera station,

where the swash effects are eliminated (Pardo-Pascual et

al., 2014; Alvarez-Ellacuria et al., 2011). Compared to other

indicators proposed as a proxy for the impact of storms,

datum-based shoreline position has some specific advan-

tages: it is possible to visually interpret the evolution in

terms of shifts and rotations (if any), continuous images

can be taken, even during storm peaks (which is only pos-

sible by using a remote sensor), it is a rather unsupervised

and cheap approach, and it basically does not interfere with
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the environment (Alvarez-Ellacuria et al., 2011; Sénéchal et

al., 2009). In contrast, occasional detection of sporadic shore-

lines through traditional methods such as GPS or satellite

imagery can lead to unrealistic evolutionary beach trends

(Kroon et al., 2007; Archetti, 2009). On the other hand, by

relying on a video system it is possible to retrieve sufficient

information to evaluate changes as effects of a storm, and

in response to the impact of the maximum waves. The ma-

jor limitation is related to the spatial coverage of the mea-

surements (generally on the order of a few hundreds metres,

Pardo-Pascual et al., 2014), but this problem can be over-

come by the replicability of the method at an affordable cost.

In fact, at the cost of about 10 GPS surveys on an equivalent

coast stretch of 300 m, it is possible to amortise the installa-

tion of a video station that is able to record more frequently a

larger quantity of data, and during situations that a traditional

GPS survey cannot measure.

In recent years the number of video station typologies for

coastal monitoring has significantly increased, also due to the

ability to obtain high-quality images at a low cost (Archetti

and Zanuttigh, 2010; Vousdoukas et al., 2011), leading to

the development of a methodology for automated mapping

of the shoreline and intertidal beach position from video im-

ages (Uunk et al., 2010; Harley et al., 2007).

Besides morphological metrics, several parameters of in-

terest for the analyses can be extracted from remotely sensed

video images (Aarninkhof and Holman, 1999; Archetti and

Lamberti, 2009), including surface currents (Archetti and

Lamberti, 2007; Chickadel et al., 2003), wave breaking dis-

tributions (Lippmann et al., 1996) and wave run-up (Aagaard

and Holm, 1989).

Through this system, scientists can provide direct support

to coastal managers who want to protect the beach from

erosion and need indications about the best timing and the

best place to perform beach maintenance works. Moreover,

timely indications could also be used as a warning for fore-

casting beach flooding, in order to increase the possibility

of preventing damages (Archetti and Zanuttigh, 2010; Smit

et al., 2007). In the framework of the integrated morphody-

namic and hydrodynamic observation promoted by the RIT-

MARE project, an acoustic system for the continuous mea-

surement of vertical 3-D current profiles and wave spec-

tral parameters approaching the coast and a video monitor-

ing system were installed for a high-frequency survey. This

is flanked by a morpho-bathymetric survey plan allowing a

high-detail description of morphological features and their

variations on a yearly base as well as the validation of the

video monitoring system. This allows us to provide a detailed

analysis of the impact on shoreline evolution of storms asso-

ciated to different sea states and energy. Thus, the present

study aims at exploring the potential of integrated video-

monitoring and hydrodynamic measurement techniques as a

tool for coastal risk management and for the development of

more efficient defence interventions. This strategy is based

on the identification of the relationship between wave condi-

tions, as produced by sub-basin scale dynamics, and beach

morphodynamic processes, supported by the definition of

a synthetic parameter for the characterisation of the storm

severity. Furthermore, this attempts to partially overcome the

lack and sparsity of observational data that surprisingly af-

fects an important tourist site such as Jesolo.

2 Description of the area

Jesolo is the main seaside resort on the northern Adriatic

seashore, and among the most important along the whole Ital-

ian coast, attracting millions of international tourists every

year. It is located in northeastern Italy, close to the northern-

most end of the Venice Lagoon, and its littoral zone, stretch-

ing over 13 km in the SW–NE direction between the mouths

of Sile and Piave rivers, is one of the longest sandy beaches

in Italy. Due to its position, Jesolo beach undergoes the typi-

cal features of northern Adriatic wave climate, with the high-

est waves generated by Bora, a cold and typically dry north-

easterly wind, and Scirocco, a southeasterly warm and hu-

mid wind blowing along the main axis of the basin (Russo

et al., 2012; Benetazzo et al., 2012; Zavatarelli et al., 2003).

The typical dynamics of Bora, blowing in jets from localised

gaps along the eastern coastal mountain ridges, characterise

these events with strong gustiness (up to 50 ms−1) and rapid

growth and decay, whilst the fetch limitation characterise

Bora-generated storms with relatively short and steep waves.

On the other hand, storms generated by Scirocco gener-

ally impact the northern Adriatic coast with fully devel-

oped sea states, longer and more regular waves (Benetazzo

et al., 2013), and are associated to relevant storm surges ca-

pable of partly flooding the historical centre of Venice.

During fall and winter season, Jesolo beach is mostly ex-

posed to intense wind storms capable of mobilising a con-

siderable amount of sediment and occasionally reshaping the

beach. Due to the economic relevance of the large number

of activities taking place on the sea (tourism, fishery, diving,

etc.), Jesolo needs research activities that investigate marine

and coastal dynamics and support an efficient coastal plan-

ning. The development of innovative monitoring approaches

can lead to more efficient coastal management, e.g. pro-

viding strategic indications for periodic beach nourishments

(Carniel et al., 2011), in the wake of the increasing awareness

about coastal vulnerability issues.

Wave climate in the northern Adriatic Sea has been ob-

served since the 1970s by the Institute of Marine Sci-

ence of the Italian National Research Council (CNR-

ISMAR) at the Acqua Alta oceanographic tower (Cavaleri

et al., 1999), located approximately 18 km off the Venetian

coast (45◦18′83′′ N, 12◦30′53′′ E). Besides wave data, a num-

ber of meteo-oceanic parameters are operationally observed,

among which sea surface level, wind velocity and ocean

currents vertical profiles (Benetazzo et al., 2013). Semi-

permanent wave conditions in the northern Adriatic Sea have
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a 0.5 m significant-wave height and about a 3.5 s wave pe-

riod. Generally, the strongest storm conditions, generated by

the Bora wind, consist of wave height up to 3.5 m and pe-

riod of 7 s (Archetti, 2009). In addition to the Acqua Alta

tower, a number of observatories collect tidal observations in

the Adriatic Sea (Fenoglio-Marc et al., 2012), registering in

Trieste and Venice the highest values for the Mediterranean

Sea (respectively, 0.259 and 0.221 m as a M2 semi-diurnal

amplitude and 0.197 and 0.185 m as a K1 diurnal amplitude,

see Cushman-Roisin et al., 2002).

Focusing on the Jesolo coastal zone, our study site cov-

ers approximately 1.5 km2 on a beach stretch located ap-

proximately 3.5 km west of the Piave river mouth. The sur-

veyed area ranges nearly 1 km in the long-shore direction

and 1.5 km in the cross-shore direction, reaching an offshore

depth of 10 m and enclosing the whole active beach (Bonaldo

et al., 2014). For decades, this zone has been one of the most

affected by coastal erosion on the entire water-facing side of

the town. The progressive decrease of solid transport from

the Piave River, the interruption of long-shore drift as an

effect of jetty construction on the river mouth and the de-

struction of the dune belt for building purposes dramatically

reduced sediment supply especially in this zone (Zunica,

1990), leading to insufficient sediment and to the absence, at

present, of a decisive and successful shore-protection strat-

egy. Indeed, hard structures are practically non-existent in

this zone, except for a few groynes present downdrift and

several hundreds metres updrift of the site. Instead, artificial

dunes are generally built at the beginning of the winter sea-

son in the backshore and protected with a geotextile cover,

while beach nourishments are usually carried out in spring.

This solution is similar to the one described in Corbaut et

al. (2009).

3 Data and materials

3.1 Wave, sea level and wind data

Vertical profiles of 3-D velocity components and directional

spectral parameters of waves impacting the study site were

recorded with a Doppler acoustic wave and current profiler

(AWAC, Nortek, Rud, Norway) deployed 800 m offshore on

a 7 m deep bottom, approximately at the limit of the active

beach (45◦30′28′′ N; 12◦41′33′′ E, see Fig. 1). The mooring

structure consisted of an aluminium framework stabilised by

concrete blocks, hosting a removable polyethylene case con-

taining the instrument and its battery canister, with perme-

able bottom for allowing sediment outflow during retrieval

for maintenance and data downloading. Besides the tradi-

tional computation of velocity via analyses of the echo of a

known emitted signal (1 MHz frequency for this device), the

configuration of the four acoustic transducers installed in this

system, together with an embedded pressure gauge, allow the

reconstruction of the spectral parameters from an estimate of

free water level oscillations (acoustic surface tracking) and

orbital velocity statistics. An integrated orientation sensor

records the rotation components of the instrument around

three dimensions, permitting a retrospective control on the

geotechnical stability of the system and on the fulfillment of

the tolerance requirements for an appropriate operation of the

wave measurements.

Current velocities along the water column were measured

every 600 s within 50 cm cells, with a precision of 0.011 and

0.034 ms−1 on the vertical and horizontal directions, respec-

tively. In turn, waves were sampled hourly by collecting 2400

samples at a 2 Hz sampling rate. In this configuration, the the-

oretical duration of the alkaline battery was about 100 days,

but the real bottleneck for system maintenance was given

by severe bio-fouling occurring in the shallow working en-

vironment that required inspections at least every month, es-

pecially in the summer season (Bonaldo et al., 2014).

Wave conditions were measured between March 2013 and

October 2014. The instrument worked properly for most of

the time. Ancillary wind data were collected on the Acqua

Alta platform, approximately 26 km SSW of the research

area but still the closest sea observation point available for

this purpose. An outlook on time series of wave height and

period at Jesolo, together with wind records at Acqua Alta is

provided in Fig. 2.

3.2 Video monitoring station

A video monitoring station, which constituted of two high-

resolution digital camera systems, was specifically set up

for the project. The station was designed to record, without

gaps, the response of the beach encompassed in the study

area to the different meteomarine events, described in de-

tail on the ocean side by the acoustic hydrodynamic mea-

surements illustrated above. The video monitoring station

was installed in July 2013 on the roof of a hotel facing the

test area (45◦31′04′′ N, 12◦41′08′′ E), which was chosen af-

ter a survey of the coastal tract, aiming to maximise the op-

tical performance. It consists of two reflex digital cameras

(10.1 megapixel, optical zoom), each hosted in a single wa-

terproof case, and a management module (computer control

unit of 1.6 MHz, HD 160 GB; network interface controller

Ethernet, modem UMTS/GSM/GPRS) allowing online mon-

itoring and configuration. The control software package is

composed of three modules: the first hosts the system man-

agement, controlling both image acquisition from all video

station devices and image processing and uploading on the

Web server using an FTP protocol; the second handles the re-

mote connection and online servicing (setting changes, etc.),

which allows real-time monitoring of the camera/video cam-

era status and images and permits online system configura-

tion; the third module hosts the Web server, enables down-

loading images and supports relocation to the Web server.

Angle of view of the two cameras is shown in Fig. 1.
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Figure 2. Time series of wave height (Hs), wave period (Tm) and wind direction in the analysed period.

Timex, or time exposure, images are produced by digitally

averaging image intensity over a prescribed time interval of

image acquisition (Fig. 3b) (Holman and Stanley, 2007) in

order to remove random transient sea conditions and variabil-

ity in run-up height. On the other hand, the detection interval

needs to be sufficiently short to be referred to a contempo-

rary water level. Images obtained by following this proce-

dure are the basis for the identification of key topographic

information, because the adopted technique leads to an in-

crease in pixel colour intensity, enabling identification of pe-

culiar beach features, such as sand bars morphology, shore-

line positions, intertidal beach profiles and slopes, and mor-

phological formations in the shoreface (Kroon et al., 2007).

In this experiment, timex images are obtained by averaging

40 of the 15 s (exposure time) images over detection intervals

of approximately 10 min. The same methodology to obtain

timex images was applied with still cameras at Igea Marina

(Archetti and Zanuttigh, 2010), and it was verified that timex

images obtained with the proposed methodology and the tra-

ditional methodology are comparable.

Instead, snapshot images (Fig. 3a) can offer information

on the activities ongoing on the site: for example, it is pos-

sible to see when tractors and trucks are working on beach

nourishments or preparing beach protections. In the pre-

sented study, images taken by Camera 1, NE oriented, were

considered in order to analyse the last 300 m in the northern

subregion of Jesolo beach.

3.3 Bathymetry

On 18 July 2013, and on 30 September 2014, two high-

resolution morpho-bathymetric surveys were carried out

throughout the whole study area, with the multiple purpose

of providing a reference bathymetry for an “initial state” of

Figure 3. Examples of a snapshot image (a) and a timex image (b)

in Jesolo beach.

all the work and for morphodynamic evaluations, showing

inter-annual variations in the beach morphology and identi-

fying couples of ground control points required for georef-

erenced image processing. During the surveys, the shoreline

position was also detected and later used for validating its

identification based on image processing. The subaerial and

intertidal beach was surveyed with a Trimble (Sunnyvale,

California) 5700 real-time kinematics (RTK) GPS system,

collecting 27 transects with an average 50 m spacing. The

sub-tidal beach, from the 1.5 m bathymetric contour line to

the offshore limit of the domain, was surveyed by a Kongs-

berg (Norway) GeoSwath Plus 500 interferometric multi-
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beam, with 500 kHz frequency, 240◦ view angle and hori-

zontal coverage up to 12 times the local water depth. Shal-

lower sub-tidal zones were measured with a Teledyne Odom

(Baton Rouge, Louisiana) Hydrotrac echosounder mounting

a 200 kHz transducer.

During the study period, surface sediment samples were

collected with a van Veen grab sampler at different posi-

tions on the study site. Samples were subsequently dried

and sieved obtaining granulometric curves within the 19–

2000 µm grain size range, allowing to classify the sediment

as a silty sand.

4 Methods and analysis

The analysis, aiming at quantifying the shoreline response as

a function of storms characteristics, consisted in the identi-

fication of relevant storms, selection of images taken before

and after each storm, detection and comparison of shoreline

positions on a stripe of the beach, quantification of mean dis-

placement and finally correlation of the resulting displace-

ment with the most suitable indicator of the storm severity.

Since it allows us to easily correlate the characteristics of a

storm and its effect on the beach, providing useful informa-

tion to protect the area from flooding and damages, the iden-

tification of this indicator is indeed one of the main purposes

of our study.

4.1 Storm identification

Individual storm events over the study period were identified

from the recorded wave heights using the common methodol-

ogy described by Boccotti (2000). The method is based on a

preliminary identification of a wave height threshold, namely

1.5 times the annual average HS (that is 0.58 m for the avail-

able wave data set described in Sect. 3). This order of mag-

nitude for the threshold value was the same used in many

papers concerning the North Adriatic area, for instance, in

Archetti and Romagnoli (2011). In this way, it was possible

to create a 1-year long list of storms occurred. As an exam-

ple of application of this methodology to identify storms, the

seventh recorded storm is illustrated below in detail, as repre-

sentative of all the others. The relative recorded time series is

presented in Fig. 5. This event began on 1 December 2013, at

01:00 LT, when the wave height overcame the defined thresh-

old with a value of 0.91 m, and it lasted until 3 December at

03:00 LT. After this time, the wave height decreased under

the threshold value. The maximum wave height, 1.90 m, oc-

curred on 2 December at 09:00 LT. The total duration of this

storm was 50 h.

This procedure led to the identification of a total of

31 storm events in the period October 2013–October 2014,

summarised in Table 1, as explained in the following section,

not all these events, but only 29, could be analysed because

of malfunctions of video image station.

4.2 Image pre-processing analysis

The first step, after the identification of the relevant storms,

consisted of selecting the most appropriate timex images,

among those that passed the quality control phase, taken dur-

ing calm days before and after the identified storms. In order

to allow the evaluation of shoreline position net of sea level

oscillations, images for every storm were selected in corre-

spondence with the same values of sea surface elevation, re-

trieved a posteriori from the AWAC pressure gauge.

The video camera system did not save images always in

the analysed period: for instance, from 14 to 25 February

2014 (28th storm) there are no images available. The same

happened during the 30th and the 22nd storms, and therefore

these events are not considered in the analysis.

Image distortion was corrected with a MATLAB based

open source Camera Calibration Toolbox (http://www.

vision.caltech.edu/bouguetj/calib_doc/, Zhang, 1999; Tsai,

1987). The processed images were then rectified (i. e. pro-

jected from the image reference system into a user-specified

horizontal plane, in this case the sea surface plan in world

coordinates) by applying the collinearity equations (Weng et

al., 1992; Lenz and Tsai, 1988; Slama, 1980) on seven pairs

of ground control points (GCPs), whose real-world coordi-

nates were surveyed during a dedicated field campaign.

An example of plan view (rectified image) of the surveyed

beach, where the swimming pool next to the installation ho-

tel and the beach umbrella lines are easily recognisable, is

shown in Fig. 6. Coordinates are given in in UTM system

units (m).

4.3 Shoreline detection before and after the storm

Many automatic procedures are available for the identifica-

tion of shoreline position on images. Recently, Garcia-Rubio

et al. (2015) presented a method based on the energy reflected

in the NIR (near infrared) wavelengths, assuming that higher

and lower intensities are related to the inherent physical prop-

erties of sea and land, respectively.

For camera images several methodologies have been de-

veloped (Aarnikhof and Roelvink, 1999). In the current anal-

ysis the shorelines were automatically detected on the rec-

tified image, through an image processing tool specifically

developed in the MATLAB environment. The methodology

was the same applied in Archetti and Zanuttigh, (2010),

based on a sub-pixel extraction of the line between water

and non-water zones (Viet et al., 2014, Carniel et al., 2011;

Vousdoukas et al., 2011; Archetti, 2009). Detected shorelines

were then interpolated at 5 m spatial resolution. An exam-

ple of rectified timex image and shoreline detected is pre-

sented in Fig. 6., whereas the ground-truth data are consti-

tuted by the waterline acquired at the same time of video-

derived shoreline by a team operating a DGPS at RTK (real-

time kinematic) mode during the topographic surveys (see

Sect. 3.3).
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Table 1. List of the storm selected in the period October 2013–October 2014.

Start date Peak date End date Hs Tp Wave Wind Storm M.S.L. 1x Max 1x Wave Storm Storm Distance of

(m) (s) dir. dir. duration (m) (m) during the peak energy power energy the pre-storm

(deg) (deg) (h) (m) H 2
s T index (m2 s) from the

(m2 s) (m2 h) baseline (m)

S1 19/10/13 21/10/13 22/10/13 0.88 4.10 140 22 2 0.30 0.62 4.10 3.18 1.55 5.87 55.89

S2 22/10/13 24/10/13 26/10/13 0.95 3.50 141 130 4 0.04 1.39 3.50 3.16 3.61 10.56 51.96

S3 26/10/13 30/10/13 01/11/13 1.10 3.47 99 45 38 0.14 1.44 3.47 4.20 45.98 86.99 56.68

S4 01/11/13 03/11/13 06/11/13 1.00 4.38 145 23 9 0.53 4.71 4.38 4.38 9.00 30.25 53.34

S5 06/11/13 12/11/13 18/11/13 1.30 4.42 139 45 117 0.37 4.40 4.42 7.47 197.73 399.42 50.68

S6 18/11/13 19/11/13 30/11/13 1.91 4.54 138 45 214 0.28 4.87 4.54 16.56 780.69 521.16 57.58

S7 30/11/13 02/12/13 06/12/13 1.90 3.96 104 45 50 0.24 3.17 3.96 14.30 180.50 320.68 52.68

S8 24/12/13 26/12/13 28/12/13 3.48 4.78 139 45 51 −0.32 6.13 4.78 57.89 617.63 991.34 70.8

S9 28/12/13 30/12/13 31/12/13 0.92 3.69 107 22 3 −0.25 −1.55 3.69 3.12 2.54 8.58 56.51

S10 03/01/14 04/01/14 06/01/14 2.70 3.87 135 160 34 0.21 3.90 3.87 28.21 247.86 305.79 53.21

S11 29/01/14 31/01/14 02/02/14 2.58 5.29 139 160 84 0.14 9.60 5.29 35.21 559.14 1143.5 41.11

S12 07/02/14 08/02/14 10/02/14 2.11 3.05 140 270 46 0.00 3.66 3.05 13.58 204.80 303.07 53.58

S13 10/02/14 10/02/14 12/02/14 2.75 4.42 135 225 21 −0.04 2.65 4.42 33.43 158.81 328.94 51.97

S14 28/02/14 01/03/14 03/03/14 2.34 5.32 140 113 23 −0.14 1.15 5.32 29.13 125.94 261.21 59

S15 21/03/14 23/03/14 26/03/14 2.08 3.24 138 157 43 0.10 6.26 3.24 14.02 186.04 189.55 57.73

S16 31/03/14 04/04/14 06/04/14 1.47 5.50 144 45 22 0.08 4.29 5.50 11.88 47.54 139.26 56.59

S17 09/05/14 11/05/14 15/05/14 1.07 3.47 142 67 6 0.01 1.02 3.47 3.97 6.87 17.6 56.4

S18 15/05/14 18/05/14 22/05/14 1.39 4.10 130 157 47 −0.18 1.28 4.10 7.92 90.81 194.94 63.17

S19 26/08/14 28/08/14 30/08/14 0.91 3.76 115 67 7 0.19 2.00 3.76 3.11 5.80 17.82 51.51

S20 19/09/14 22/09/14 26/09/14 1.59 3.85 100 135 5 0.33 3.45 3.85 9.73 12.64 25.58 58.2

S21 07/10/14 13/10/14 23/10/14 1.78 4.69 152 247 126 0.34 1.70 4.69 14.86 399.22 183.01 50.65

S23 23/10/14 24/10/14 28/10/14 1.14 3.51 104 90 7 0.41 2.20 3.51 4.56 9.10 26.03 50.78

S24 13/04/14 15/04/14 16/04/14 1.34 3.54 92 90 8 0.10 3.07 no images 6.36 14.36 30.47 58.13

S25 26/04/14 27/04/14 28/04/14 1.01 3.09 150 135 5 0.20 1.87 −0.46 3.15 5.10 17.56 53.17

S26 12/08/14 13/08/14 14/08/14 1.42 4.02 160 225 3 0.24 2.86 6.90 8.11 6.05 18.81 56.83

S27 13/01/14 14/01/14 16/01/14 1.58 4.27 145 225 10 0.31 5.20 7.14 10.66 24.96 64.1 59.4

S29 26/03/14 27/03/14 30/03/14 1.17 3.47 107 45 7 0.17 3.13 3.7 4.75 9.58 29.34 57.36

S31 09/03/14 10/03/14 11/03/14 1.21 3.44 100 90 7 −0.29 2.44 4.4 5.04 10.25 27.46 69.48

In the present paper, analyses relevant to the period Oc-

tober 2013–October 2014 focus on storm-induced short-

term changes in the shoreline position. In detail, the proce-

dure to quantify the storm-induced shoreline variation, de-

scribed also in Aarninkhof and Roelvink (1999), Aarninkhof

et al. (2003), and Archetti and Lamberti (2009), is gener-

ally based on three steps. First, timex images collected im-

mediately before and after the storm, at time of compara-

ble sea water level (measured by the AWAC pressure gauge)

are selected. Second, the position of the shoreline is detected

on rectified timex images. Last, the distances between the

two shorelines is calculated. For this reason, and in order to

avoid bias due to wave set up, it was decided to select and

analyse only images taken during good meteorological con-

ditions (calm sea). Dedicated routines allowed to associate

sea-water elevation and shoreline position. Due to the strict

criteria to be fulfilled (comparable sea level, calm sea state

and good visibility) and the limited availability of timex im-

ages (as a compromise between time resolution and storage,

only four timex images per day were available), the selection

of the images was a demanding operation.

Along the beach, over short temporal scales, such as those

typical of a storm, shoreline position changes are not always

homogeneous, but it was possible to observe different be-

haviours and responses to the marine events. Indeed, some

parts of the beach can advance and others can retreat, filter-

ing out changes with the opposite pattern with respect to a

central section and giving rise to apparent temporary rotation

(Fig. 9), even though this is not a pocket beach (Ojeda and

Guillén, 2008) and the magnitude of rotation is not particu-

larly relevant. Often, short-term beach rotation is manifested

as variation of beach volume and width due to the lateral

movement of sand alongshore (Masselink and Short, 1993;

Klein et al., 2002), but otherwise it can appear without any

variation of volume and width. It is also possible that cross-

shore movements due to particular wave conditions that oc-

curred during the previous days result in a net progression of

the whole beach (Fig. 10). Two mechanisms can cause wave-

energy dissipation on a beach impacted by waves: (i) wave-

energy position retrieval by submerged sand bar accretion,

and, more efficiently, (ii) alongshore sediment redistribution

(Alvarez et al., 2011).

In Figs. 8–10, the blue line represents the shoreline before

the storm and the green line the shoreline after the storm. For

almost all of the conditions considered, as for example in the

case of storm S7, we notice a retreat of the beach, enhanc-

ing the described mechanism (Figs. 8, 9). On the contrary,

Fig. 10 shows that storm S9 induced a slight beach enlarge-

ment in response to a quite small wave height, but it is also

possible to see that even a low power storm can modify the

shoreline position, as explained in Sect. 4.1. Figure 11, more-

over, shows the comparison between shorelines before (blue

line) and during the peak (red line) of the analysed storm S7.

More information on the storm conditions and beach be-

haviour is presented in the next section.
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Figure 4. Bathymetry of the study area.

Figure 5. Time series of the 7th storm.

5 Results

5.1 Beach morphology and inter-annual variability

The surveyed bathymetry is presented in Fig. 4, with

bathymetry and later shoreline detection provided in UTM

coordinate system and units in metres. Both RTK GPS sur-

veys indicate that the beach slope in the intertidal zone was

approx. 1 : 15.

A further estimation of the intertidal beach slope was per-

formed also by analysing video images taken during calm

days. The procedure was the same usually adopted to iden-

tify the intertidal beach position, described in Archetti and

Romagnoli (2011), that is generally based on two steps. First,

the position of the shoreline is detected on rectified timex

images and horizontal distances between them are calculated

(1x); and second, the associated vertical elevation (1h) is

estimated from the sea level data (measured by the ADCP

– Acoustic Doppler Current Profile). In this way, the aver-

age intertidal slope was the ratio 1h/1x. We found a mean

slope of 1 : 16, confirming the measurements based on GPS

surveys performed in summer.

Figure 6. Shoreline detection on the rectified timex image during

the 7th storm.

Figure 7. Comparison between video-image-derived and in situ

RTK-GPS shorelines: (a) difference between shorelines detected

from image (the red line) and from bathymetry survey (the blue line)

date 30 September 2014; (b) the cross-shore deviation between the

RTK-GPS shoreline and the image derived shoreline taken at the

survey date. Negative deviation values represent a more landward

video-derived shoreline.

5.2 Shoreline detection accuracy

The accuracy of the image-derived method was calculated

comparing video-detected shorelines with the two GPS

beach surveyed detected at the same time, hereinafter δ (sur-

veys). This deviation was due to the ortho-rectification and

the shoreline-detection processes.

In particular, the validation of the video-detected shoreline

against the surveyed datum collected on 30 September 2014,

Nat. Hazards Earth Syst. Sci., 16, 1107–1122, 2016 www.nat-hazards-earth-syst-sci.net/16/1107/2016/
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Figure 8. Detected shorelines, before and after the 7th storm.

Figure 9. Detected shorelines, before and after the 14th storm, an

example of the rotation of the beach.

showed a good agreement and the stability of the calibration

carried out in July 2013 (Fig. 7). The mean distance, com-

puted for shoreline located in the 300 m closer to the video

station with reference to a set of 60 transects, was 1.59 m

against data from the first survey, and 0.62 m for the second

survey. The results indicated a mean value of 1.45 m as dif-

ference between the two lines, in the first 300 m. The δ in-

creased after the first 300 m, as shown in Fig. 7. This error

value was considered to be acceptable, since it was compara-

ble to the excursion of the swash-zone during calm days and

corresponded to 3–20 cm of vertical range for an average in-

tertidal slope of 1 : 15. The evaluated error was on the same

Figure 10. Detected shorelines, before and after the 9th storm, that

induced a slightly enlarges of the beach.

Figure 11. Detected shorelines, before and during the 7th storm.

order of magnitude, or less, than those obtained using video

system for shoreline detection, as reported in many works

(Archetti and Romagnoli, 2011; Ruiz de Alegria-Arzaburu

and Masselink, 2010; Ruggiero and List, 2009; Holman and

Stanley, 2007; Siegle et al., 2007; Harley et al., 2007; Elko et

al., 2005; Holland et al., 1997).

5.3 Beach evolution

In order to describe how Jesolo beach reacts after significant

storms, and to correlate this short-term beach evolution to the

storm energy, the mean distance 1x (difference in the cross-

shore direction between shoreline position after and before

www.nat-hazards-earth-syst-sci.net/16/1107/2016/ Nat. Hazards Earth Syst. Sci., 16, 1107–1122, 2016
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Figure 12. Relationship between wave height and shoreline displacement.

Figure 13. Relationship between wave energy and shoreline displacement.

the storm) was calculated for each selected event, as indi-

cated in the Table 1. The displacement of the shoreline dur-

ing the storms was estimated for a set of n= 60 transects on

a 300 m long stretch of the beach.

The mean distance 1x between the two shorelines was

defined as

1x =
6i di

n
, (1)

where i were the transects (i = 1− 60) and di the distances

in the cross-shore direction at every transect. Negative 1x

values indicated beach progradation, whilst positive values

were associated with beach retreat.

In the analysed time frame (October 2013–October 2014),

1x values varied commonly between 0.62 and 4.87 m.

Slightly higher positive values (from 5.20 to 9.60 m) were

observed during winter storms, the most intense stormy peri-

ods. Only the 9th storm gave a negative 1x value (−1.55 m,

see Fig. 10), possibly due to the supply of sand mobilised

during the strong previous storm and redistributed along-

shore by this event.

The global evolution of the beach showed how a large

retreat of the shoreline was not generally associated with

the highest waves and the longest storms, but mainly with

the cumulative effect of successive storms (Pardo-Pascual et

al., 2014). In fact, a number of factors may explain the cor-

relation observed between shoreline displacements and the

storm features for each event. As suggested by some authors

(Ruiz de Alegria-Arzaburu and Masselink, 2010; Ojeda and

Guillén, 2008; Ortega-Sànchez et al., 2008; Dail et al., 2000)

the shoreline behaviour may depend on antecedent beach

conditions, and the previous morphological state should be

considered, together with the along-shore gradients in the

factors controlling coastal sediment drift, in order to pro-
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Figure 14. Relationship between total wave energy and shoreline displacement.

Figure 15. Relationship between Ps and shoreline displacement.

vide a detailed morphodynamic characterisation of the pro-

cesses at the scale of a single event. In our case, a complete

morphological description of the beach morphology was not

available for each event; therefore upcoming evaluations will

need to be considered in terms of statistical tendencies, rather

than strictly prognostic of the details of morphodynamic pro-

cesses undergone by the coastal tract in the presence of a

given storm. Nevertheless, it was possible to calculate (and

summarise in Table 1) the distance of each pre-storm shore-

line from a baseline, identified as an interface between beach

and hotel areas on an image collected on 30 August 2014.

This quantity, though not adding any substantial information

in terms of beach erosion, provides a record of shoreline dis-

placements over the annual scale, not showing any strong

seasonal behaviour and therefore suggesting that short-term

dynamics may be dominating with respect to annual pro-

cesses in this system.

5.4 Index related to storm energy

The correlation between beach response and sea conditions

was finally investigated based on a preliminary evaluation of

the outcomes of the measurement system with reference to

specific storms. Four indexes were considered in the analy-

sis to predict, with an empirical relationship, the shoreline

displacement due to a forecasted storm under different con-

ditions.

The four synthetic parameters are listed below:

– the maximum wave height during the storm: Hmax [m];

– the wave energy storm peak E:

E =H 2
max · Tp [m

2 s]; (2)
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– the total energy during the storm, calculated as the inte-

gral of the product of H 2 and wave period TpEtot :

Etot =

t2∫
t1

H 2Tpdt [m2 s2
], (3)

where t1 and t2 were the time of the begin and end of

the storm;

– the storm power index (Dolan and Davies, 1994; Men-

doza et al., 2011), calculated in order to obtain further

insight the potential erosive events Ps:

Ps =H
2
max · d [m

2 h], (4)

where d is the duration of the “storm conditions” in

hours and Hmax is the maximum storm wave height

(Senechal et al., 2015). Ps ranged between 1.5 and

780 m2 h, with an average value of 132 m2 h.

The analyses along all this period allowed for the detection

of a large seasonal variability in the storm duration. 17 storm

events were short-time, lasting less than 24 h and 11 events

were longer storms from about 50 to 200 h. In fact a wide

range of storm cases was present in our database.

In December 2013, the area experienced a particularly

strong storm event (storm 8) associated with a “storm power

index” of 617 m2 h given by a 51 h duration of the storm and

a Hmax about 4 m. Storm 6 presented even larger value for

Ps, up to 780 m2 h, given by the remarkable duration of the

storm (214 h), in spite of a Hmax of 1.9 m.

As summarised in Table 1, for all the storms we reported

maximum Hs and period, duration, direction and wind di-

rection, together with the corresponding 1x, the maximum

displacement occurred during the storm peak and the indexes

E, Etot, Ps and the distance of each pre-storm shoreline from

a baseline.

Scatter plots representing the shoreline displacements as

function of Hmax, E, Etot and Ps are shown, respectively, in

Figs. 12–15, in order to highlight the main relationships be-

tween these indexes and the shoreline displacement. Empty

bullets in the plots indicate the storms occurred when the

beach was protected by an artificial dune, generally in the

winter season. In all the presented figures, the coloured bul-

lets are related to the main wind direction generating the

considered wave conditions in Jesolo beach. This informa-

tion was necessary to understand the different features of the

storms, showing that Bora storms (strong wind coming from

North-East sectors) were generally the most energetic ones,

and capable of inducing larger displacements of the shoreline

based on all indexes. In Figs. 13 and 14, in which1x was re-

lated to the energy of the corresponding storm (respectively

E and Etot), it was possible to identify a main trend, fol-

lowed by most of the events. In particular, we can analyse in

detail some of the results, in order to better understand the

behaviour of Jesolo beach during the study period.

– S8 was the most energetic storm recorded, in term of

wave height; during the storm the beach was protected,

so the displacement was less than the expected one.

– S11 was characterised by a large wave height and a long

storm duration, up to 84 h. The sum of these two factors

gave rise to a large value of storm energy. In fact, this

was one of the few cases where sea water reached the

protective artificial dune.

– S13 and S14 were associated to a very highHmax during

the storm peak, 2.75 and 2.34 m, but they lasted only 21

and 23 h, respectively, and the protection of the beach

avoided a great regression of the shoreline; this was

probably the reason why the corresponding 1x were

small.

During S18, it was possible to see from snapshot images trac-

tors and trucks working for nourishment on the beach. For

this reason, this event cannot be considered in the analysis.

In fact, despite a large maximum wave height 1.4 m and du-

ration, which could be enough to produce a considerable1x,

the resulting storm effect on the beach retreat was modest.

Similar considerations can be drawn also looking the rela-

tionship betweenHmax and1x. Worth noting, S4 and S5 had

a high1x because they had not a protection, even though the

wave height was not very big.

Moreover, it is possible to see that several highest energy

storms, (namely S5, S6, S8, and a part of S11 that is charac-

terised by the maximum duration), were generated by north-

easterly winds (Bora).

Figure 15 provides a further evidence of the importance of

the storm duration in determining the impact on the shore. In

fact, as well as we already said about S8 and S11, also S6

had a high value of Ps, due to its duration, 214 h.

Based on these observations, we can confirm that the ex-

tensive adoption of artificial dunes (Fig. 16) in the study area

was useful also to reduce shoreline retreat during the storm.

This type of interventions can sometimes contribute to ex-

tend overall stability not only in the replenished zone but also

in downdrift areas (Del Rio et al., 2013).

In the endeavour of identifying a suitable parameterisa-

tion for predicting the shoreline retreat 1x in response to a

storm event, we performed a fitting of this quantity against

the four parameters listed above. Due to the strong variabil-

ity observed in the beach response, besides using the full set

of available measurements, the fitting was further tested for a

number of data subsets. These were obtained by classifying

the events by wind direction and beach dune conditions (Bora

vs. Scirocco and protected vs. not protected, summarised in

Table 2) or by overall storm energy (Low and High, with ref-

erence to a threshold of 300 m2 s2, summarised in Table 3).

After some tests (not shown here) it was found that the power

law of the form 1x = aY b , with Y representing a generic

storm characteristic, tendentially provided the best fit of the

data, hence we referred to this case evaluating the fitting co-
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Figure 16. Artificial dunes, during the 9th storm, 30 December 2013, on a timex image and on a rectified image.

Table 2. Power law fit 1x = aY b for storms classified based on wind direction and presence/absence of artificial protections.

Protected Not protected Protected + non protected

ita WaveEn StormPow StormEn Hm WaveEn StormPow StormEn Hm WaveEn StormPow StormEn

B
O

R
A

a 2.26 0.53 1.75 1.29 2.21 1.26 1.32 0.72 2.40 1.45 1.57 1.04

b 1.66 1.04 0.16 0.20 0.85 0.40 0.22 0.30 0.79 0.37 0.19 0.25

R2 0.24 0.43 0.24 0.29 0.71 0.79 0.73 0.83 0.51 0.57 0.54 0.60

RMSE 1.32 1.15 1.33 1.28 1.10 0.93 1.07 0.85 1.18 1.10 1.13 1.06

S
IR

O
C

C
O a 1.42 0.81 2.00 2.00 2.98 4.21 0.05 0.14 1.56 0.85 0.10 0.22

b 1.49 0.52 0.00 0.00 0.63 0.07 0.84 0.60 1.34 0.55 0.71 0.52

R2 0.45 0.33 0.00 0.00 0.01 0.00 0.76 0.56 0.35 0.32 0.63 0.54

RMSE 0.91 1.00 1.00 1.00 4.37 4.39 2.17 2.91 2.59 2.65 1.97 2.18

B
O

R
A

+

S
IR

O
C

C
O a 2.24 1.68 2.17 1.74 2.60 1.72 1.14 0.53 2.25 1.39 1.51 0.84

b 0.46 0.22 0.04 0.09 0.66 0.31 0.26 0.37 0.80 0.36 0.19 0.29

R2 0.05 0.06 0.02 0.06 0.17 0.19 0.35 0.43 0.29 0.31 0.31 0.40

RMSE 1.23 1.22 1.14 1.22 2.22 2.19 1.96 1.84 1.72 1.70 1.70 1.58

Table 3. Power law fit 1x = aY b for storms classified based on high (> 300 m2 s2) vs. low (< 300 m2 s2) total storm energy.

Low energy High energy High + low energy

Hm WaveEn StormPow StormEn Hm WaveEn StormPow StormEn Hm WaveEn StormPow StormEn

B
O

R
A

+

S
IR

O
C

C
O a 2.20 1.71 2.10 1.70 3.38 1.87 0.36 0.06 2.25 1.39 1.51 0.84

b 0.65 0.23 0.08 0.12 0.42 0.30 0.45 0.71 0.80 0.36 0.19 0.29

R2 0.12 0.09 0.05 0.06 0.07 0.17 0.46 0.85 0.29 0.31 0.31 0.40

RMSE 1.50 1.53 1.56 1.55 2.31 2.18 1.76 0.91 1.72 1.70 1.70 1.58

efficients a and b, the the root mean square error and the

coefficient of determination R2.

As a general trend, fitting results highlight that the pres-

ence of an artificial beach protection seems to significantly

hamper the capability of a power law formulation of prop-

erly reproducing shoreline erosion (Table 2). On the other

hand, the behaviour of an unprotected beach can satisfacto-

rily be described by this model, especially in the case of Bora

storms. In particular, the total energy impacting the beach

and the storm power index appear more robust with respect to

the criterion adopted for the classification, giving rise to over-

all better quality of fit compared to maximum wave height

and wave energy at the storm peak. Retaining the informa-

tion about the wave period, these parameters allow a more

complete characterisation of the storm, better capturing the

different behaviour associated to Bora and Scirocco, which

in turn is strongly related to a different development of the

sea state.

The classification criterion based on the generating wind

direction allows us to identify the differences in the beach

response to the storm event (worth noting, fitting coefficients

for Bora and Scirocco are rather different, likely reflecting

the differences in the sea state characteristics). Nevertheless,

the best fit is given based on an energetic criterion, focusing

on the storms characterised by total energy values exceeding

300 m2 s2 (Table 3). Indeed, in the face of best fits yielding

1x = 0.84E0.29
tot (5)

for the whole data set, with R2
= 0.40 and RMSE= 1.58 m,

considering only the most energetic storms (generally the

most harmful for coastal erosion concerns) the empirical re-

lation becomes

1x = 0.05E0.71
tot . (6)
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6 Discussion and conclusions

This paper proposes a method to study the short-term vari-

ability of a microtidal low-energy sandy beach morphology

as a response to the impact of storms, by analysing the re-

sponse of Jesolo beach in the period October 2013–October

2014. An integrated approach was used, merging images ob-

tained from a video monitoring station with the analysis of

the measured directional statistics of the sea climate impact-

ing the shore.

The main goal of this work is to prove that the detection of

the shoreline with a video station is a feasible, low-cost and

efficient way to monitor and study beach processes, without

interfering with the environment. Besides, it is one of the few

(if not the only) instruments that allows us to view coastline

dynamics during the storm. This technology becomes partic-

ularly efficient and versatile when complemented with wave

data recorded by local instrumentations, such as an ADCP

or buoys, and for supporting full process-based models as

COAWST (Warner et al., 2010), MIKE2D, TELEMAC (i.e.

Samaras et al., 2016) or reduced-complexity and data-driven

models (van Maanen et al., 2015), in a longer temporal scale.

Every video station can monitor about 300 m of beach very

frequently, with a cost equivalent to approximately 10 GPS

surveys. Furthermore, shoreline observations automatically

retrieved from video monitoring images are able to add rel-

evant information about the response of beach to storms im-

pact in a better way than using satellite (e.g. Landsat images),

because of the higher frequency and accuracy (Pardo-Pascual

et al., 2014). Among different criteria available to charac-

terise beach erosion and recovery processes, those based on

shoreline position are particularly effective because through

video monitoring it is possible to obtain frequent images cov-

ering a large segment of coast. Besides, this enables the iden-

tification of differences not only produced by a single event,

but also by the cumulative effect of several storms.

Based on the 29 events selected for this study, we could

describe and characterise the response of the beach shoreline

to the different storms striking Jesolo beach. In general, the

large amount of data collected provided a wealthy base for

studying how beach recovery processes take place. We can

also quantify the cumulative response of the beach in one

year, both from shoreline response, comparing first and last

survey, which showed an average beach width reduction of

approximately 6 m. Nevertheless, as explained previously, in

the present application the cumulative result was strongly af-

fected by beach management strategies, based on sporadic

re-nourishment and sand redistribution on the beach. The

short-term shoreline evolution description can be, however,

a good index to outline the beach response at the event scale,

which was not affected by human intervention (as nourish-

ment and sand replacements). Thanks to all these data, it was

possible to evaluate a set of empirical relations (summarised

in Tables 2 and 3) linking shoreline retreat to storm charac-

teristics in different conditions of wind, energy, and human

intervention.The best fitting was obtained forEtot, that can be

therefore considered to be a good indicator of storm severity,

accounting for wave height, period and storm duration.

Overall, results show that a prolonged storm with a small

wave height is potentially capable of more severe erosion

compared to one with a large wave height but short duration,

and in particular, storms impacting the coast with the highest

amount of energy are all generated by north-easterly winds

(Bora).

When artificial protections were active, as during the win-

ter season, measured displacement was limited, so we can

deduce that the specific kind of coastal engineering work im-

plemented was rather effective for this stretch of coast.

The method presented in this study could be used by

coastal scientists to identify factors affecting morphological

and hydrodynamic changes in the shore area and to give bet-

ter information to managers about nourishments or protec-

tion works, as artificial dunes. For this reason, a wide-spread

adoption of video monitoring techniques would allow the

creation of a warning system for forecasting beach flooding

and risk for beach users (Carniel et al., 2011).

The complex interactions among the processes acting on

the littoral landscape enhance the relevance of observational

approaches as a primary support for a broad set of applica-

tions in coastal management, from the prediction and man-

agement of the risk associated to single strong events to the

identification of the emergent behaviours highlighting long-

term evolution of the coastal tract.
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