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A B S T R A C T

Novel observations of bar features and migration patterns at three Italian sandy beaches in Senigallia (central
Adriatic Sea) and Terracina (central Tyrrhenian Sea) are presented. While two of these beaches are unprotected,
one is artificially embayed through the presence of a concrete jetty. Bar locations and motions are analysed with
video imagery data sets from coastal monitoring stations. Wave climate from the Copernicus oceanographic
model is used to correlate hydrodynamics and beach morphology. Clear net offshore migration (NOM) patterns
are identified at all beaches, although exhibiting different response scales. At the low-slope beach of Senigallia
(mean surf zone slope of 0.009) bars are more sensitive to seasonal changes in wave climate, with offshore
shifts in winter and inactivity in summer. Mean annual migration rates of up to 0.26 m/day and 0.09 m/day
are observed for outer and inner bars, respectively. No significant response to single storms is observed, except
during a single NNE storm. No distinct erosive or accretive trend for the shoreline is evidenced. At the steep
beach of Terracina (mean surf zone slope of 0.018), conversely, bars are strongly responsive to single storm
events, with displacements of up to 25–50 m across a single storm. The mean inter-annual migration rate is
0.08 m/day for the single/outer bar, whereas a slight onshore trend (-0.02 m/day) for the newborn inner
bar is established. The presence of an artificial jetty at the Misa river mouth in Senigallia, finally, leaves the
bar system, typically oscillating around an equilibrium position, susceptible to larger seasonal oscillations and
strong offshore migration due to two ESE storm events. Numerical simulations of nearshore circulation for
two storms from different directions predict the birth of longshore currents, higher ratios of significant wave
height to water depth, and stronger bottom orbital velocities over bars in case of the ESE storm, suggesting a
greater tendency for offshore-directed sediment transport.
1. Introduction

Sandy beaches in wave-dominated coasts frequently feature sand
bars (Wijnberg and Kroon, 2002). Generated in various shapes and
sizes, they are the product of converging patterns of sediment transport
induced by complex hydrodynamic processes in the surf zone (Roelvink
and Stive, 1989). Bars serve as preferential points of wave energy dissi-
pation through breaking (Lippmann and Holman, 1989), and are thus
a primary form of beach protection and have strong implications on
both short- and long-term coast stability, beach erosion and shoreline
changes (Phillips et al., 2017; Angnuureng et al., 2017).

The location of sandbars changes over time in response to the
variability of the offshore wave climate. It is consolidated that, in the
short term, bars tend to migrate offshore under breaking waves and
very energetic wave conditions (Gallagher et al., 1998; Ruessink and
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Terwindt, 2000). Seaward migration has been linked to the develop-
ment of strong mid-water, offshore-directed currents (undertow) driven
by wave breaking over bar crests. Such currents carry sediment towards
the sea and move the bar offshore (Gallagher et al., 1998). Onshore bar
motion, on the other hand, is often observed under non-breaking waves
and fairly intense wave climate (Sunamura and Takeda, 1984; Hoefel
and Elgar, 2003), although onshore migration under storm conditions
have been evidenced in some studies (Aagaard et al., 1998; Houser
and Greenwood, 2007). Mechanisms of onshore bar migration are still
debated. It is argued that a significant role in this phenomenon is played
by (landward) asymmetries in fluid acceleration and velocity under the
steep wave front of shoaling waves, promoting sediment entrainment
and a shoreward transport (Hoefel and Elgar, 2003; Fernández-Mora
et al., 2015).
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Fig. 1. (a) Map of Italy and locations of Senigallia and Terracina. (b) Location of the video-monitored beach of Terracina. (c) Locations of the video-monitored beaches of Senigallia
Estuary and Senigallia. The bottom panels show examples of timex pictures used for the identification of bar crest locations at (d) Senigallia, (e) Terracina, and (f) Senigallia Estuary.
Since the seminal contribution of Wright and Short (1984), a grow-
ing body of literature has been devoted to understand the dynamics
of bar systems and their connection to wave action, either by using
bathymetric surveys (e.g., see Ruessink and Kroon, 1994; Wijnberg and
Terwindt, 1995; Sénéchal et al., 2009), or analytical and numerical
models (e.g., see Plant et al., 1999; Masselink, 2004; Walstra et al.,
2016). Recent years have seen a boost in the employment of remote
sensing techniques to overview large portions of coasts and track bar
positions and motions through time-exposure imagery (e.g., see Lipp-
mann and Holman, 1990; van Enckevort and Ruessink, 2003; Ruessink
et al., 2009).

Some conceptual models have been proposed to describe the mor-
phology and behaviour of sandbars (Brocchini, 2019). In the widely
recognized Net Offshore Migration (NOM) model, a sand bar undergoes
a three-stage cycle often spanning years to decades. The bar is firstly
generated close to the shore (Roelvink and Stive, 1989); then it mi-
grates offshore in response to intense wave conditions (Gallagher et al.,
1998); finally, it degenerates and eventually disappears in the outer
nearshore (Wijnberg, 1997). Alternatively, the Net Onshore Migration
(NOnM) model suggests that sandbars are generated near the break-
point and migrate towards the shore as a result of dominant onshore
sediment transport due to wave skewness during storms (Aagaard et al.,
2004). Finally, in opposition to the NOM and NOnM models, the Oscil-
lation around a Point of Equilibrium (OPE) model applies whenever a
bar oscillates around a long-term equilibrium position regardless of the
incoming wave energy (Certain and Barusseau, 2005).

NOM cycles at time scales of years to decades have been observed
on microtidal-to-mesotidal coasts in the Netherlands (Ruessink and
Kroon, 1994; Wijnberg and Terwindt, 1995), USA (Birkemeier, 1985;
Lippmann et al., 1993), New Zealand (Shand and Bailey, 1999), Aus-
tralia (Ruessink et al., 2009) and Japan (Kuriyama, 2002). On the other
hand, occurrences of systematic NOnM cycles across decades have been
reported along the Danish coast of Skallingen (Aagaard et al., 2004).

Notwithstanding the importance of submerged bars in the protec-
tion of coastal environments, only a few studies have been performed so
far on Mediterranean barred beaches, often characterized by low tidal
ranges. NOM cycles with different migration rates and characteristics
have been observed across several study sites in the Gulf of Lions,
France (Aleman et al., 2013), suggesting that the development of NOM
patterns may be dependent on environmental parameters like shore
slope, sediment budget and coastal structures. In Séte, France (Certain
and Barusseau, 2005), on the other hand, a dominant OPE behaviour is
documented at both seasonal and multiannual scale for the inner bar,
although a significant storm event caused a strong offshore migration of
the outer bar and subsequently triggered a NOM cycle with a time scale
2

of a few years. Armaroli and Ciavola (2011) studied the unprotected
portion of Lido di Dante beach (Italy) and conversely observed very
limited cross-shore motions of the bars, with no sign of NOM behaviour.

This paper presents a novel set of observations of bar morphology
and patterns along three microtidal Italian coasts: (i) the coastal zone
close to the mouth of the Misa River (Senigallia, central Adriatic Sea),
where the bar system is adjacent to a concrete river jetty; (ii) the
touristic coastline a few kilometres south of such estuary, where the
sand bar system evolves unbounded by surrounding artefacts; (iii) the
coast of Terracina (central Tyrrhenian Sea). Migration patterns are
discussed in conjunction with the dominant wave climate, obtained
from the Mediterranean Sea Waves wave model by the E.U. Copernicus
Marine Service. This study contributes in expanding the knowledge of
video-sensed bar displacement features in microtidal beaches, which we
believe are under-represented in the scientific literature as of today.

A brief description of the investigated beaches and the employed
technology and methods is given in Section 2. A detailed description of
bar migration features for the three field sites is given in Section 3. The
results are discussed in Section 4 and concluding remarks are provided
in Section 5.

2. Materials and methods

2.1. Field sites

The coast of Senigallia, along the Adriatic Sea in central Italy (
Fig. 1a and c), is located in a microtidal environment, with semidi-
urnal tide, a tidal range rarely exceeding 0.6 m and negligible tidal
currents. The coastline has a NW–SE orientation and faces approx-
imately 40◦ from the north. The submerged beach is characterized
by fine-to-medium sands with a median grain size (𝑑50) of 0.125–
0.25 mm (Postacchini et al., 2017), a beach face slope of 0.025–0.035, a
mean surf zone slope of 0.009, and a lower beach slope of 0.001–0.005.
This sandy beach usually features an array of three–four shore-parallel,
shallow bars within 400 m from the shoreline, in water depths be-
tween 0 and 3 m (Fig. 2). A study of medium-term coastal dynamics
in the area has shown that differences in storm directionality and
intensity induce year-specific net seaward as well as landward bar
migration (Postacchini et al., 2017). Two portions of the coastline, with
different characteristics in terms of coastal boundaries, are investigated
in this work: (i) the 500 m-long stretch of beach adjacent to the
engineered Misa river mouth, delimited by the river jetty to the north
and the pier of the Rotonda a Mare to the south (Senigallia Estuary here-
inafter; Fig. 1c and f), and (ii) the unprotected touristic beach around
2 km south of the Misa river estuary, where no man-made coastal
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Fig. 2. Representative vertical profiles for the beaches of Senigallia (May 2013; red
line), Terracina (2014; blue line) and Senigallia Estuary (May 2013; black line). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

structures interfere with the beach morphology (Senigallia hereinafter;
Fig. 1c and d). Both beaches present very similar characteristics in
regard to mean bottom slopes, locations and shapes of underwater bars
(see red and black profiles in Fig. 2).

The Terracina beach (Terracina hereinafter) is located along the
Tyrrhenian side of central Italy (Fig. 1a–b) and is representative of a 15
km-long embayment with an approximate W–E orientation, delimited
by the Circeo headland to the western end. The coastline faces approx-
imately 170◦ from the north. The tidal regime in the area is microtidal
and semidiurnal, with a tide excursion lower than 0.4 m (Evangelista
et al., 2004). The beach face features a steep slope of 0.04–0.06 and the
mean surf zone slope is 0.018, while the lower beach has a mean slope
of 0.02. This coast usually presents a single or double bar configuration
with rather steep bars (blue profile in Fig. 2). Native beach sediments
consisted of fine-to-medium sands (𝑑50 = 0.3 mm), but later shifted to
mixed-beach sediments after a beach face nourishment with a mean
infill of 270 m3/m was performed in 2007. Parlagreco et al. (2011)
discussed the beach response to the nourishment and observed an
initial reorganization of sediment into a single-bar morphology which
later evolved into a double-bar system. The inner bar often features
slight crescentic patterns in mild climate (Fig. 1e) and is occasionally
straightened by the action of storm waves (Parlagreco et al., 2011).

All beaches are considered as intermediate-to-dissipative according
to the classification system by Wright and Short (1984).

2.2. Wave data and storms statistics

A 13-year wave hindcast from the Mediterranean Sea Waves oceano-
graphic model by the E.U. Copernicus Marine Service (CMEMS) (Korres
et al., 2019) has been used to gather information on wave climate, to
make up for the lack of wave buoys for in-situ observations. Spectral
wave heights and mean periods are reasonably well estimated by the
model (with a typical difference of 0.23 m for the significant wave
height and 0.69 s for the mean wave period in the whole Mediterranean
Sea; the reader is referred to the quality information document of
the hindcast model for further details Zacharioudaki et al., 2019), so
we could assume modelled outputs as reliable data for the following
analysis. Although we recognize that recent studies have brought into
question the capability of global hindcast models to correctly predict
accurate values for mean wave direction, especially for strongly oblique
waves (de Swart et al., 2020), we deemed reasonable to adopt hind-
cast outputs also for wave direction, since the wave directionality as
modelled by the Copernicus model is highly consistent with the typical
observed wave climate experienced by all the investigated beaches.

Hourly-averaged values of significant wave height 𝐻s, peak period
𝑇p, and main wave direction 𝜃 have been collected at the closest model
nodes to the investigated beaches (at a water depth of around 10.5 m
3

for Senigallia and Senigallia Estuary, and around 13.5 m for Terracina), to
limit data spreading in wave directionality. In view of their proximity,
only 2 km apart, it has also been assumed that the Adriatic sites of
Senigallia and Senigallia Estuary are subjected to the same wave regime,
thus the same wave climate data set has been used for both locations
for the rest of our study.

Wave climate statistics and directional roses for both locations are
shown in Fig. 3. The wave climate along the Adriatic sites of Senigallia
and Senigallia Estuary is dominated by sea and swell waves with an
annual average significant wave height 𝐻s of 0.44 m and peak period
𝑇p of 4.1 s. The largest waves (𝐻s > 0.75 m) are generated during
Bora storms and approach from NNE, even though energetic Scirocco-
driven waves from eastern directions are frequently observed (Fig. 3a).
Terracina, on the Tyrrhenian side, is mainly subjected to regular swell
waves with an annual average 𝐻s of 0.38 m and 𝑇p of 5.1 s. The coast
is typically exposed to waves with high obliquity, with about half of the
total wave records approaching from SSW over the period 2015–2018,
although a fraction of relevant waves with 𝐻s > 1 m comes also from
SE (Fig. 3b). The slightly shorter average period and higher average
wave heights for Senigallia are due to shorter fetch distances available
in the Adriatic sea, which lead to limited swell intensity in favour of
steep wind-generated waves, especially from northern quadrants. Wave
climates at both locations show a marked seasonal variability, with
monthly averaged 𝐻s of 0.2–0.4 m during summer and up to 0.7 m
in winter (Fig. 3c).

Hourly wave climate records have been processed to identify sig-
nificant storm events. Although 𝐻s exceedance values of 5%–10% are
commonly used thresholds for the definition of storm events (Splinter
et al., 2014), an even stricter exceedance threshold of 3% of the whole
𝐻s available data set (2006–2018) has been used here to single out
storms with higher impact potential. A proper storm event has been
then defined whenever the hourly value of 𝐻s exceeded the assumed
threshold for more than 12 consecutive hours. Following Boccotti
(2000), a storm event has been regarded as independent if separated
from the previous and following ones by a continuous interval of more
than 12 h. Two storms have been merged to form a single storm event
whenever they were separated by less than 12 h.

Once a set of classified storms has been defined, the wave energy
flux of each storm (per unit of wave-crest length) 𝐹 has been computed
as (Tucker and Pitt, 2001):

𝐹 = 𝐸 𝑐g =
𝜌𝑔2

64𝜋
𝐻2

s 𝑇p, (1)

where 𝐸 = 𝜌𝑔𝐻2
s

16 is wave energy for random waves, 𝑐g =
𝑔𝑇p
4𝜋 is

the group celerity in the assumptions of deep water and linear wave
theory, 𝜌 is water density (set at a standard value of 1026 kg/m3) and
𝑔 is the acceleration due to gravity. The cross-shore and alongshore
components of the energy flux (per unit length of beach), 𝐹x and 𝐹y,
are calculated as:

𝐹x = 𝐹 cos2 𝜃m, (2)

𝐹y = 𝐹 sin 𝜃m cos 𝜃m, (3)

where 𝜃m is the wave direction with respect to the shore normal. For
each classified storm, the total energy flux has been computed as the
sum of energy fluxes of each storm hour. Additionally, weekly values of
cumulated wave energy have been evaluated by summing hourly values
of 𝐸 across each week.

2.3. Video-monitoring analysis and products

Daily average locations for shorelines and bar crests have been
extracted from video imagery collected by monitoring stations nearby
the investigated areas.

The Senigallia Estuary beach is monitored by the Sena Gallica Spec-
ulator (SGS) station, deployed at the Senigallia harbour within the
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Fig. 3. Directional wave roses for (a) Senigallia and Senigallia Estuary, and (b) Terracina, showing the directional distribution of 𝐻s across the period 2015–2018. (c) Monthly mean
statistics of 𝐻s and 𝑇p over the period 2015–2018.
EStuarine COhesive SEDiments (EsCoSed) project framework (Broc-
chini et al., 2017). The station is composed of four cameras located on
the top of a tower, 25 m above the mean sea level, and oriented to en-
compass both the estuary of the Misa River and the 500 m-long stretch
of unprotected beach adjacent to the southern jetty, with an overall
field-of-view angle of around 200◦ (Fig. 1f). The nearshore regions
of Senigallia and Terracina are monitored by video systems deployed
and maintained by the Italian Institute for Environmental Protection
and Research (ISPRA)1 in the context of the COastal Protection and
resiliEnce MApping in Protected areas (CoPEMaP) project (Parlagreco
et al., 2019). The monitoring stations are located more than 20 m above
the mean sea level and less than 150 m from the shoreline, collecting
images of the nearshore zone (800 m and 500 m in the along-shore and
cross-shore direction, respectively; Fig. 1d–e) at 2 Hz for ten minutes
in each daylight hour through a double digital video-camera.

The collected images have been hourly averaged, orthorectified
and stabilized to obtain time exposure (timex) images. Transient fea-
tures, like individual waves, are removed from timex images, whereas
white regions appear at locations of preferential wave breaking; such
regions are used as proxies for the location of bar crests and shore-
lines (Lippmann and Holman, 1990; Holman et al., 1993). Fig. 1d–f
shows examples of identified bar lines and shorelines, appearing as
regions of high pixel intensity, for the three study sites. The Barline
Intensity Mapper (BLIM) semi-automatic algorithm has been used to
identify shoreline and bar locations (van Enckevort and Ruessink,
2003). To the purpose of bar/shoreline identification, the analysed
portions of each rectified image have been fixed at a distance from the
stations where pixel footprints were not higher than 5 m and 20 m in
the cross-shore and alongshore direction, respectively.

Mild climates often hinder bar detection due to lack of wave break-
ing. On the other hand, very high waves and a low-sloping or flat
bathymetry often lead to wave breaking over a wider cross-shore
region, thus making the identification of a single, reliable bar crest
location unclear. To comply with these restrictions, a single timex
image per day has been selected with the best environmental conditions
to clearly identify bar locations with low uncertainty. Although it is
well-known that differences in water level due to tidal excursion may
cause artificial shifts of the breaker line (e.g., see van Enckevort and
Ruessink, 2001), the effect of tide on bar crest identification has not
been considered in this work, due to the low tidal ranges typical
of the investigated beaches. Furthermore, images in which sand bar
locations could not be identified due to poor image quality, system
malfunctioning or mild waves have been discarded. In conclusion, a
total of 786, 454 and 1176 images have been processed to identify
morphological features in Senigallia, Senigallia Estuary, and Terracina,
respectively.

The detected position of each sand bar and shoreline has been
finally averaged in the alongshore direction to obtain a single mean
cross-shore position per day, given with respect to local reference

1 http://videomonitoraggio.isprambiente.it.
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systems. Senigallia and Terracina bars present a good alongshore uni-
formity, with limited or absent crescentic shapes (Fig. 1d and e); this
setting makes the definition of a single alongshore-averaged cross-shore
bar position suitable. In Senigallia Estuary (Fig. 1f) bar lines tend to
follow the curvature of the embayed beach, making the evaluation of
the mean position of the whole bar somewhat inaccurate. In order to
avoid such inaccuracy, the average position of only the central 200 m
of each bar line has been evaluated.

Multi-annual, seasonal and weekly components of migration pat-
terns for bars and shorelines have been extracted from bar position
time series, with a method similar to that adopted by van Enckevort
and Ruessink (2003). The time series of cross-shore feature position
has been first filtered with a Savitzky–Golay filter with a window
half-length of one year (365 days) in order to obtain its inter-annual
component. The residual (i.e., the difference between the original time
series and the inter-annual component) has been filtered again with
a window half-length of three months (90 days) to get the seasonal
trend of the data. The ultimate residual is finally filtered with a
window half-length of one week (7 days) to obtain weekly trends. Inter-
annual migration rates have been calculated as time derivatives of the
inter-annual component. Similarly, seasonal migration rates have been
evaluated as time derivatives of the sum of inter-annual and seasonal
components, and calculated separately for summer and winter seasons.

2.4. Numerical modelling and potential for sediment motion at Senigallia
Estuary

The presence of rigid coastal structures at Senigallia Estuary (Sec-
tion 3.3) is likely to have an impact on the hydrodynamic features
and, accordingly, on the morphology of the area. In view of this, a
characterization of nearshore circulation in the region close to the river
pier has been made by use of the numerical solver FUNWAVE (Shi et al.,
2012) in an attempt to shed some light on the processes leading to bar
migration in the embayed beach of Senigallia Estuary.

FUNWAVE is a widely used non-linear, phase-resolving wave model
based on the Boussinesq equations, best suited to describe propagation
of long waves over intermediate-to-shallow water. Its applicability to
swash and inner surf zones has been recently improved as processes
typically occurring in very shallow waters (wave breaking, bore propa-
gation, wave runup) are modelled by locally switching to a Non-linear
Shallow Water (NSWE) solver upon exceedance of a certain Froude
number threshold.

A proper modelling of circulation patterns through numerical
solvers requires an adequate description of the bathymetry in the region
of interest. Unfortunately, recent extensive bathymetric data are not
available for the area, thus the exact morphology in place in the
period when bar crest observations have been taken (from July 2015 to
March 2019) could not be modelled and tested. Numerical simulations,
still representative of the typical dynamics of the area, have been
nonetheless made with the most recent DTM data set available for the
region (2013). The DTM presents two well-formed (middle and outer)
bars, at about 2 m and 1 m depth, respectively (red dots in Fig. 4). The
middle bar extends well near the estuary jetty in a curved fashion. Hints

http://videomonitoraggio.isprambiente.it


Coastal Engineering 161 (2020) 103768L. Melito et al.
Fig. 4. Numerical domain used in the simulations. Bathymetry contours are shown in
dotted grey lines. The shoreline is shown by the thick contour at 𝑧 = 0 m. The estuary
jetty is labelled, as well as the DTM bars (also highlighted by red dots).

of a less apparent inner formation can still be detected at about 0.5–1 m
depth. The hydrodynamics modelled on such bathymetry, therefore,
can be taken as representative of circulation features occurring in the
presence of underwater bars.

The DTM has been converted into a rectangular grid with regular
spacing (𝛿𝑥 = 𝛿𝑦 = 2.5 m) covering the nearshore region of Senigallia
Estuary up until about 6 m depth. The emerged regions 1.5 m above the
water level and the rigid structures (estuary jetties, harbour facilities;
white areas in Fig. 4) have been made impermeable and reflective,
while the lateral boundaries (the top and bottom sides of the domain in
Fig. 4) have been set as transparent, to avoid undesired wave reflections
at the borders of the domain. The longshore and cross-shore extensions
of the effective grid are 1.5 km and 1.2 km, respectively.

Two numerical simulations have been conceived to inspect differ-
ences in the hydrodynamics generated by storms events approaching
from the two main wave attack directions in Senigallia Estuary : ESE
for Scirocco storms, and NNE for Bora storms. JONSWAP spectra have
been used as wave inputs at a water depth of about 6 m. To simulate
the impact of a typical ESE storm, storm-averaged and peak wave
parameters from the February 28–29, 2016 storm event (𝐻s,mean =
2.26 m, 𝑇p = 9.3 s and 𝜃mean = −15◦ with respect to the offshore
boundary) have been given as input. For the simulation of a NNE storm,
parameters from the March 22–24, 2016 storm (𝐻s,mean = 2.28 m, 𝑇p
= 7.6 s and 𝜃mean = 12◦ with respect to the offshore boundary) have
been chosen as input. The simulations were run for 6 model hours.

Representative 30-minute-averaged fields of depth-averaged veloc-
ity 𝑈 and significant wave height 𝐻s at the last simulated hour have
been extracted from numerical outputs. Additionally, the wave-induced
root-mean-square bottom orbital velocity 𝑈rms has been evaluated from
the field of 𝐻s according to the empirical formulation by (Soulsby and
Smallman, 1986):

𝑈rms =
𝐻s
𝑇n

0.25
(1 + 𝐴 𝑡2)3

, (4)

𝐴 =
[

6500 + (0.56 + 15.54 𝑡)6
]1∕6 , (5)

where 𝑡 = 𝑇n∕𝑇z. 𝑇n = (𝑑∕𝑔)1∕2 is a natural scale for wave periods
and 𝑇 is the average zero-crossing period, which can be estimated
5

z

Table 1
Mean inter-annual and seasonal migration rates for the morphological features in
Senigallia shown in Fig. 7. Positive (negative) values indicate offshore (onshore)
migration.

Feature Mean interannual Seasonal (summer) Seasonal (winter)
m/day m/day m/day

b1 (inner) 0.09 −0.15 0.2 – 0.25
b2 (middle) 0.19 0 – 0.1 0.4 – 0.45
b3 (outer) 0.26 0.05 – 0.15 0.3 – 1
b5 (inner) 0.06 −0.1 – 0 0 – 0.25
Shoreline −0.008 – –

from the peak period 𝑇p for a JONSWAP spectrum as 𝑇z = 𝑇p∕1.281.
In order to evaluate the potential for sediment mobilization, 𝑈rms has
been compared with the critical bottom velocity for sediment motion
𝑈cr, evaluated after (Soulsby, 1997; Komar and Miller, 1973):

𝑈cr =
[

0.118 𝑔
(

𝜌𝑠
𝜌

− 1
)]2∕3

𝑑1∕350 𝑇 1∕3
p . (6)

3. Results

Bar migration patterns and their relationships with wave climate are
discussed in this section. To better explain similarities and contrasts
in coastal dynamics for the three investigated beaches, observations
for the two beaches that are not influenced by man-made structures,
Senigallia and Terracina, are presented first. Afterwards, the dynamics
at the beach of Senigallia Estuary, bounded by the river jetty and the
Rotonda pier, are discussed.

3.1. Senigallia

Fig. 5 shows morphological and wave data for the beach of Senigallia
between December 2016 and January 2019.

The submerged beach is characterized by 3 to 4 bars presenting
an inter-annual trend of offshore migration (Fig. 5d). Bar migration
appears to be more related to seasonal changes in wave climate, with
enhanced offshore migration in winter climate (September to March)
and bar inactivity or very mild onshore migration during summer
months. This is confirmed by the outermost bars (b2 and b3; red and
grey dots in Fig. 5d) exhibiting a total offshore migration of as much
as 50 m and 100 m respectively across 2017.

Storm-event response is strikingly absent. The most significant
change in bar setting is nonetheless driven by a major, long-lasting
NNE (Bora) storm event in February 2018, that triggers a large offshore
migration of outer bar b5 (approximately 40 m across five days) and
minor displacement of 10–15 m for inner bars b1 and b2.

The winter season 2017–2018 is characterized by the gradual gen-
eration and detachment of a new inner bar b5 that matches the gradual
offshore migration and decay of the outermost bar b3. Although some
manifestation of the new bar feature could be traced back to the
beginning of the winter season, in the form of sub-parallel formations
occasionally welding to the shoreline (see Fig. 6a–b for examples of
sub-parallel bar fragments in November 2017), visual inspection of the
timex allowed us to assess the first proper evidence of the new sand
formation after the 54-hour storm event in October 2017. For several
weeks after this storm, the newborn bar was visible in timex images as
an additional breaking region very close to the shoreline during high
tide, and occasionally emerged in low tide because of its shallow depth.
The shoreline gradually migrating offshore across the winter season
2017–2018 is, as a matter of fact, the new inner bar (identified as the
most landward breaking region) slowly detaching from the upper beach
face to form a proper subtidal feature (Fig. 6c).

In the following year (2018) the new bar system followed the same
behaviour of the previous year, with a relative stability in summer and
increased offshore migration in winter. The shoreline appears to be
stable and no erosive or accretive trends are identified.
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Fig. 5. Wave climate and bar configuration in Senigallia (December 2016–January 2019). (a) Modelled offshore significant wave height (solid line) and storm threshold (dashed
line). (b) Cumulated weekly wave energy. (c) Characterization of classified storms. Stems length represents the energy flux. Numbers represent storm duration (in hours). Marker
colours indicate the peak storm wave direction (◦N). (d) Cross-shore, alongshore-averaged bar and shoreline position. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Fig. 6. Detachment and definition of inner bar b5 (orange lines) in Senigallia in November 10–20, 2017. (a) (b) The sub-parallel bar appears as a breaking region and occasionally
welds to the shoreline. (c) The bar becomes parallel to the shore after the November 13–15, 2017 storm.
The extracted trends are presented in Fig. 7 for each identified
morphological feature. Fig. 7 confirms the presence of well-defined,
offshore-directed yearly trends (with mean inter-annual migration rates
of as much as 0.26 m/day for the outer bar b3 and 0.06–0.09 m/day
for inner bars b1 and b5; Table 1) superimposed with strong seasonal
signals (onshore-directed or stable in summer months and offshore-
directed in winter months) for all features. The mean shoreline position
presents inter-annual stability in spite of the bar generation process oc-
curring in winter 2017–2018, suggesting that the new bar development
happened at no expenses on the total sediment budget of the beach.

3.2. Terracina

Fig. 8 displays morphologic and wave data for the beach of Terracina
in the period October 2015–December 2018. The double-barred system
shows global seaward displacement in winter climate and general
stability or mild onshore migration in summer. Unlike in Senigallia
(Section 3.1), though, frequent bar displacements in the order of 25–
50 m are also observed in response to single storm events, causing an
overall seaward migration across a single season.

A 50 m net offshore migration of bar b1 is observed in the winter
season 2016–2017 as the consequence of a series of mildly energetic
6

but short-lived storms, with each event exceeding the 𝐻s threshold for
around one day only. In the following summer season the bar recovered
by slightly moving onshore with very mild wave climate.

A strong offshore migration happened again at the end of 2017,
when a group of southern storms triggered a net 50 m offshore mi-
gration of bar b1, along with the generation of a new inner bar b3
and a shoreline retreat of 10 m (Fig. 8d). The new 2-bar configuration
is effective in protecting the coast against the intense stormy state
that follows (February–April 2018), with both bars moving back and
forth around their new equilibrium points, whereas the shoreline shows
general stability across the investigated period, apart from the mild
retreat coupled with bar generation in December 2017.

An analysis of inter-annual and seasonal trends for morphological
features in Terracina (Fig. 9) confirms a global offshore trend for bar
b1, with a mean multi-yearly migration rate of 0.08 m/day, and a
strong seasonal response with offshore migration mean rates up to 0.6
m/day during winter (Table 2). The new inner bar b3, visible for only
a year in the observational period, shows a mild onshore trend after
its emergence and no significant seasonal response. The shoreline is
observed to mildly advance in 2017 in conjunction with the general
seaward displacement of bar b1, only to retreat the following year when
the double bar configuration was established (Fig. 9).
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Fig. 7. Annual, seasonal and weekly trends of bar and shoreline migration in Senigallia. For each feature (bars and shoreline) the three panels show, from top to bottom: (i) the
along-shore averaged cross-shore position (blue dots) and the annual trend (orange line); (ii) the seasonal trends with respect to the annual trend (positive values mean seaward
positions and negative values mean landward positions with respect to the annual trend, respectively); (iii) the weekly displacements. Note that a segment of the shoreline location
time series corresponding to the generation of the newborn bar b5 has been removed prior to the trends assessment.

Fig. 8. Wave climate and bar configuration in Terracina (October 2015–December 2018). (a) Modelled offshore significant wave height (solid line) and storm threshold (dashed
line). (b) Cumulated weekly wave energy. (c) Characterization of classified storms. Stems length represents the energy flux. Numbers represent storm duration (in hours). Marker
colours indicate the peak storm wave direction (◦N). (d) Cross-shore, alongshore-averaged bar and shoreline position.
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Fig. 9. Annual, seasonal and weekly trends of bar and shoreline migration in Terracina. For each feature (bars and shoreline) the three panels show, from top to bottom: (i) the
along-shore averaged cross-shore position (blue dots) and the annual trend (orange line); (ii) the seasonal trends with respect to the annual trend (positive values mean seaward
positions and negative values mean landward positions with respect to the annual trend); (iii) the weekly displacements.
Fig. 10. Wave climate and bar configuration in Senigallia Estuary (July 2015–March 2019). (a) Modelled offshore significant wave height (solid line) and storm threshold (dashed
line). (b) Cumulated weekly wave energy. (c) Characterization of classified storms. Stems length represents the energy flux. Numbers represent storm duration (in hours). Marker
colours indicate the peak storm wave direction (◦N). The two storms used for the comparison in Fig. 11 are highlighted with light blue labels. (d) Cross-shore, alongshore-averaged
bar position. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 2
Mean inter-annual and seasonal migration rates for the morphological features in
Terracina shown in Fig. 9. Positive (negative) values indicate offshore (onshore)
migration.

Feature Mean interannual Seasonal (summer) Seasonal (winter)
m/day m/day m/day

b1 (inner–outer) 0.08 −0.1 – 0 0.1 – 0.6
b3 (inner) −0.02 −0.06 – 0 −0.05 – 0.05
Shoreline −0.002 – –

3.3. Senigallia Estuary

The concrete jetty at the Misa river mouth (Fig. 1c and f) offers
a partial shelter from Bora storms (NNE) and generates large lee side
vortices when interacting with particularly intense wave from northern
directions, but leaves the coast exposed to Scirocco storms (ESE). The
jetty is also likely to interact with and reflect littoral currents and waves
8

coming from southern quadrants. This configuration can be exploited
to explore to what extent bar migration processes are influenced by the
presence of nearby structures in this coastal environment.

Wave climate and bar parameters for Senigallia Estuary (July 2015–
March 2019) are illustrated in Fig. 10. The submerged beach is here
characterized by three sandbars (Fig. 10d). As observed for Senigallia
(Section 3.1), the coast near the river jetty shows a poor reactivity
to single storm events and its morphological response is rather linked
to global wave regime, with sometimes sensible onshore migration in
summer climate and seaward motion under winter waves.

Notable exceptions to this pattern are two short-lived SSE storms
occurred in February 2016 (18 h) and October 2018 (15 h; stems with
red markers in Fig. 10c). Both storms managed to strongly move the
alongshore-averaged bar position seaward by as much as 50 m for outer
bars and 30–40 m for inner bars. The almost-instantaneous migrations
of the outer bars left the inner bars and coastline exposed to the action
of sustained wave climate in the following months. As a result, the inner
bar b1 gradually moved offshore at a rate of around 1.2 m/day in March
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Fig. 11. Remotely sensed sandbar and shoreline positions at Senigallia Estuary before
and after (a) the February 28–29, 2016 storm (ESE), and (b) the March 22–24, 2016
storm (NNE). Dashed and solid lines mark bars position before and after the storm
event, respectively. Bars locations are superimposed to timex images captured by the
SGS station at the beginning of each storm. Blue lines represent bars; black lines
represent the shoreline. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

2016, and a new inner bar (b4) emerged in November 2018 (Fig. 10d).
Storms from northern quadrants are not able to significantly modify the
cross-shore bar position, although some local changes on a time scale
of days can be observed (e.g., see the movements of bars b1, b2, and b3
in response to the 81-hour storm in January 2017, Fig. 10c). The surf
zone width is narrower than in Senigallia and bars tend to be seldomly
visible in timex images even at about 150 m from the shoreline (see
bar b3 in February–March 2018; Fig. 10d).

Fig. 11a shows bar location before (dashed lines) and after (solid
lines) the 18-hour SSE storm event in February 2016. Bar crest locations
before and after a typical NNE storm of comparable intensity (March
22–24, 2016) are also shown for comparison in Fig. 11b. Both storms
are evidenced with light blue labels in Fig. 10. The 𝑥– and 𝑦–axes in
Fig. 11 represent, respectively, the alongshore and cross-shore distance
with respect to a local reference frame with the origin of the 𝑥–axis
located near the Rotonda (right side of the panels) and negative 𝑥–
coordinates directed towards the estuary jetty (left side of the panels).
Fig. 11a reveals that the bars experienced a strong offshore migration
that is more pronounced for the portion closest to the jetty. The outer
bar exhibits as much as 80–100 m of offshore displacement following
the storm event. Overall, the migration pattern can be seen as a net
rotation around a centre located near the Rotonda pier.

Inter-annual and seasonal trends in Fig. 12 feature strong seasonal
response for all bars except for the newborn bar b4 and the shoreline,
while the inter-annual migration is less pronounced than in Senigallia.
This is reflected by the smaller mean inter-annual and generally larger
summer migration rates (in absolute value; Table 3) with respect
to those at Senigallia. Absolute values of winter migration rates are
instead comparable between the two sites. The shoreline is generally
unresponsive to seasonal regimes, but presents a retreat of some 10 m
after the winter season 2017–2018. Unfortunately, due to the lack of
video observations between October 2017 and January 2018 (see the
9

Table 3
Mean inter-annual and seasonal migration rates for the morphological features in
Senigallia Estuary shown in Fig. 12. Positive (negative) values indicate offshore
(onshore) migration. Rates for bar b4 were not computed, since the limited data
available hindered the evaluation of meaningful interannual or seasonal migration
rates.

Feature Mean interannual Seasonal (summer) Seasonal (winter)
m/day m/day m/day

b1 (inner) 0.05 −0.2 – 0 0 – 0.4
b2 (middle–outer) 0.07 −0.25 – 0.15 −0.2 – 0.5
b3 (outer) 0.06 −0.2 – 0 −0.4 – 0.45
Shoreline −0.006 – −0.05 – 0

gap in Fig. 10d) it is unclear whether such retreat is caused by single
storm action (e.g., by the energetic 54-hour storm in October 2017;
10d) or by globally intense winter climate.

3.4. Effect of wave height and directionality on bar migration patterns

Fig. 13 presents scatter plots of bar displacement rates at the three
sites, as a function of wave height and direction at classified storm
peaks. Bar displacement rates are computed by dividing the estimated
bar displacement across a single storm event (evaluated on the sum
of inter-annual, seasonal, and residual components of the time series of
cross-shore feature location; see also Section 2.3) by the storm duration
in days. The size of each marker is proportional to the storm-level
migration rate experienced by the specific bar when exposed to that
storm. Each marker, therefore, expresses the impact that a storm exerts
over a specific feature of the coastline, considering its maximum wave
height and directionality.

Fig. 13a shows that the highest storm-level responses for bars in
Senigallia are given by the outer bar b3 in response to storms with
relatively low peak incidence (± 10◦ with respect to shore normal), but
no sign of sensitivity to waves from a particular direction. In Senigallia
Estuary (Fig. 13b) the presence of the river jetty leaves the coast
susceptible to Scirocco storms and the greatest migration rates occur
with highly oblique storms (+30◦–+40◦) and moderate wave energy
𝐻s < 3 m. It is noted that the same storm event generates different
responses in terms of sheer bar displacement rates, and the sandbar(s)
that is (are) influenced the most by the storm can also be different at the
two Adriatic sites. As an example, see the storm event with peak wave
incidence +33◦ and 𝐻s = 2.55 m, ensuing a moderate migration rate
mainly on the inner bar b1 in Senigallia (Fig. 13a), while causing high
migration rates at both the inner and middle bars b1 and b2 in Senigallia
Estuary (Fig. 13b). In Terracina (Fig. 13c) there is a larger number of
high migration rate events than for the Adriatic sites, and they are
generally seaward-directed (mostly black markers). In particular, the
highest rates are exhibited by bar b1 in response to storms with peak
incidence between +10◦ and +35◦ , and peak wave height between 1.5
and 3 m. Inner bar b3, sheltered by the outer bar b1, presents much
less variation in comparison.

3.5. Inter-site comparison of storm-induced bar displacements

Fig. 14 displays scatter plots where the energy fluxes of classified
storms is plotted against the displacements of each sandbar for the
three investigated beaches, to inspect possible relations between storm
intensity and morphology. For the sake of inter-site comparison, energy
fluxes 𝐹 and bar displacements 𝛥𝑥𝑏 are made dimensionless as follows:

𝐹 = 𝐹
𝛽0
√

𝑔𝑑0
𝜌𝑔2𝑑30

, (7)

𝛥𝑥̃𝑏 = 𝛥𝑥𝑏
𝛽0 , (8)

𝑑0
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Fig. 12. Annual, seasonal and weekly trends of bar and shoreline migration in Senigallia Estuary. For each feature (bars and shoreline) the three panels show, from top to bottom:
(i) the along-shore averaged cross-shore position (blue dots) and the annual trend (orange line); (ii) the seasonal trends with respect to the annual trend (positive values mean
seaward positions and negative values mean landward positions with respect to the annual trend, respectively); (iii) the weekly displacements.
where 𝑑0 is the water depth at the points where the wave climate
data are obtained (𝑑0 = 10.5 m for Senigallia and Senigallia Estuary ;
𝑑0 = 13.5 m for Terracina) and 𝛽0 is the representative seabed slope
at the same points (𝛽0 = 0.005 for Senigallia and Senigallia Estuary ;
𝛽0 = 0.02 for Terracina). The scaling has been performed in order to
make the comparison independent from site-specific quantities, such
as the bottom slope and the water depth at the point of wave data
extraction, so that the relevant features of bar displacement could be
compared across all beaches. Cross-shore and longshore components of
energy fluxes are obtained as per Eqs. (2) and (3), with 𝜃m evaluated
at storm peak. Only bar displacements larger than ± 5 m are shown.
For sandbars data for which a correlation could be inferred, the best
fit line is also plotted. The fit lines have been forced to start from the
origin.

Both the unbounded beaches of Senigallia (Fig. 14a) and Terracina
(Fig. 14c) have a general positive correlation between total storm
intensity and bar displacements, due to the beaches presenting mainly
offshore-directed migration events across single storms. However, the
magnitudes of bar displacements are notably different between the two
sites. For storms with the same intensity (𝐹 = 0–1), bar motions at
Terracina are often twice or more intense than those at Senigallia, this
difference being thus ascribed to morphological differences between the
two beaches. On the other hand, at the bounded beach of Senigallia
Estuary no such correlation is observed, due to occurrences of both
onshore- and offshore-directed motions that are apparently unrelated
to general storm intensity (Fig. 14b). Only for bar b2 a slightly positive
relation could be found (dashed line in Fig. 14b). However, correlations
are to be taken as qualitative, since the coefficients of determination
𝑟2 are consistently low (𝑟2 = 0.05–0.5), due to the large data scatter
preventing a meaningful quantitative correlation. The same qualitative
correlations (or lack thereof) are retrieved when only the cross-shore
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flux component is considered (𝐹x; Fig. 14d–f), implying that cross-shore
processes are the most dominant in defining bar dynamics at the study
beaches.

Interestingly, when the longshore component of storm energy flux
is considered (𝐹y; Fig. 14g–i), mild positive correlations arise for Seni-
gallia Estuary (Fig. 14h). This is related to an occurrence of mainly
positive (offshore) displacements in storms with a positive peak angle
of incidence (south-eastern storms; red markers), whereas near-zero
or negative (stable or onshore) displacements are observed for storms
with negative angle of incidence (northern storms; blue markers). The
remarkable similarity in the cross-shore bathymetry between Senigallia
and Senigallia Estuary (Fig. 2) and the general alongshore uniformity
of sandbars suggest that the increased correlation to longshore fluxes
is due to the presence of the morphological constraint imposed by the
jetty, rather than by differences in the seabed morphology. No relevant
relations to longshore fluxes are indeed observed at the other two
(unbounded) locations (Fig. 14g and i).

4. Discussion

The analysis of bar dynamics proposed in this study has shown
various levels of cross-shore mobility for sandbars at all the inves-
tigated beaches across the study years, even though in response to
remarkably different wave climates and at different time scales. In these
microtidal settings, breaking patterns are not critically modulated by
tide; therefore, the wave action can be regarded as the main driver of
morphological changes.

Seaward bar motions at the Adriatic sites of Senigallia and Senigallia
Estuary appear to be mainly controlled by seasonal oscillations, with
relative stability or slight onshore motion with mild summer waves
and regular offshore motion during winter (Figs. 5 and 10). Storm-level
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Fig. 13. Scatter plots of bar migration events during classified storm, as a function of
the offshore wave climate (𝐻s) and wave incidence at storm peaks, in (a) Senigallia,
(b) Senigallia Estuary, and (c) Terracina. The dimension of each marker is proportional
to the displacement rate observed by the specific bar. Black markers represent
offshore migration; red markers represent onshore migration. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

response here is generally weak. On the other hand, bars in Terracina,
while still showing different responses in relation to wave seasonality,
are more sensible to single storm events and their net seaward displace-
ment should be seen as the product of storm sequencing rather than the
overall intensification of wave climate in winter months (Fig. 8).

At a storm-level scale, the overall bar dynamics appears not to
be dominantly controlled by the offshore wave height. Generally, the
storms with the highest peak 𝐻s are not those which generate the
largest bar displacements (Fig. 13). Bar motions are rather more re-
latable to energy-based parameters like the wave energy flux, and
particularly its cross-shore component (top and middle rows in Fig. 14),
suggesting that wave power normal to the shoreline is the main forc-
ing of morphology changes at the investigated beaches. Although bar
dynamics do not show significant correlation with the offshore 𝐻s,
the relative wave height over the submerged bars is of importance
in defining the local, event-scale behaviour of the bar system (see
Section 4.2).

4.1. NOM patterns and dependence on morphological factors

As a result of generalized offshore trends, all the studied sites show
the establishment of at least one well-defined NOM cycle (Ruessink and
Kroon, 1994) with a more or less gradual migration of bars outside
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of the bar zone, their decay, and subsequent generation of new inner
bars triggered by energetic storm events or clusters. The recurrence of
such cycle, consistent with observations of NOM patterns along other
microtidal Mediterranean coasts (Guillén and Palanques, 1993; Aleman
et al., 2013) as well as along multi-barred beaches in mesotidal environ-
ments (Ruessink and Kroon, 1994; Wijnberg and Terwindt, 1995; Shand
and Bailey, 1999), further reinforces the idea that, although single bars
may indeed tend towards an equilibrium point dependent on local wave
climate, the overall bar system may never reach a stable equilibrium in
the long term (Plant et al., 2001; Swart, 1974; Atkinson, 2018).

The overall similarity in wave conditions (offshore average wave
parameters and seasonality) and geological properties (mean sand size)
suggests that the observed differences in NOM characteristics across
Adriatic and Tyrrhenian sites are reasonably more related to differences
in seabed morphology and geometry of the bar system, and conse-
quently to the way wave-generated forcings are distributed across and
interact with the beach profile. The mildly sloping beach of Senigallia
presents a uniform, inter-annual offshore trend superimposed with
increased offshore rates during winter months (Parlagreco et al., 2019).
This pattern closely resembles that of bars along the coast of Egmond,
The Netherlands (Pape et al., 2010), with which shares similar mean
surf zone slopes (around 0.01). Conversely, the quick response times
to storm events and following recovers in mild climate observed in
Terracina are similar to those experienced by bars at the Gold Coast,
Australia (Pape et al., 2010) (mean surf zone slope of about 0.015–
0.02). Similarities between locations can also be described by means of
the Iribarren number:

Ir = 𝛽
√

𝐻∕𝐿0
, (9)

where 𝐿0 =
𝑔𝑇 2

2𝜋 is the deep water wave length. Assuming yearly mean
wave climate data for Senigallia and Egmond yields closely comparable
Iribarren numbers. The same thing happens adopting yearly maximum
wave data for Terracina and the Gold Coast (Table 4).

Other morphological factors, like the bars size and the surf zone
width, are supposed to have a role on the time scale at which NOM
events occur (Ruessink et al., 2009; Tătui et al., 2016). Coastal systems
with large bars and wider breaking zones may experience inter-annual
systematic NOM behaviour, whereas limited-size bars may exhibit NOM
patterns at time scales of single storm events or clusters, or seasonally.
A wider breaking zone in Senigallia (around 300 m, from the outermost
to the innermost bars; Fig. 2) suggests a gradual energy dissipation
across the surf zone. This may hinder the development of strong
undertow processes, especially over the inner bars, and thus limit the
storm-scale response of those bars in favour of seasonal–interannual
trends. On the other hand, in Terracina a steeper lower shoreface and
a reduced number of bars (Fig. 2) may lead to focussing of wave
dissipation over the narrow bars and development of strong undertow,
which may ultimately explain the sharp response of submerged bars
to storm events. In both cases, surf zone processes, such as offshore
migration in response to strong breaking and mild onshore motion
due to surf bores, appear to be dominant (although with different
magnitudes) as suggested by Price and Ruessink (2008) for barred
microtidal beaches.

Also the seaward limit of the active bar region, where the sand
bars ultimately decay, appears to be here controlled by morphological-
related parameters, more than by wave forcing. The most offshore
evidences of bars are detected as far as 250–300 m from the shoreline
in Senigallia (Fig. 5), but only at around 130 m in Terracina (Fig. 8),
in spite of the globally similar wave climate typical of the Mediter-
ranean sea. Di Leonardo and Ruggiero (2015), discussing an extensive
bathymetric data set for the mesotidal US Pacific Northwest, observed
a similar result, with steeper parts of the coast presenting bars closer
to the shoreline than mildly sloping parts. The strong reduction of
the hydrodynamic forcing over bars, due to the sandy features grad-
ually moving towards higher depths and decreasing their interaction
with waves, is indeed suggested as one of the most important bar-
depleting conditions (Wijnberg, 1997); this finding is further reinforced
by experimental evidence (see, e.g., Atkinson, 2018).
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Fig. 14. Scatter plots of bar displacements against (a, b, c) total, (d, e, f) cross-shore components, and (g, h, i) longshore components of storm energy fluxes, for Senigallia (left
column), Senigallia Estuary (middle column), and Terracina (right column). Marker colours represents storm peak wave incidence. Positive (red) and negative (blue) incidence angles
represent clockwise and anti-clockwise direction with respect to shore normal, respectively. Positive and negative displacements indicate offshore and onshore motions, respectively.
Positive cross-shore energy fluxes are directed onshore. Positive longshore fluxes are directed leftward. Best fitting lines are plotted in the top and middle rows of panels. Note
the different scale for longshore energy fluxes in panels (g, h, i). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
Table 4
Estimated values of the Iribarren number for the beaches of Senigallia and Terracina and comparison with
values for the beaches of Egmond and Gold Coast.

Site Reference 𝐻m, 𝐻max 𝑇m, 𝑇max 𝛽 Ir

Senigallia 0.44a 4.1a 0.009 0.07
Egmond Price and Ruessink (2008) and Pape et al. (2010) 1.2a 4.5a 0.01 0.06
Terracina 4.6b 12b 0.018 0.126
Gold Coast Turner et al. (2004) and Pape et al. (2010) 5.0b 14b 0.017 0.13

aMean values.
bMaximum values.
4.2. Effect of adjacent structures and wave directionality at a bounded
beach: Senigallia Estuary

Although the environmental and geographical conditions are the
same between the two beaches on the Adriatic side, the presence of
a concrete jetty delimiting the northern border of the Senigallia Estuary
beach (Fig. 1c and f and Fig. 10) has been shown to alter the bar dy-
namics when compared to the unbounded beach of Senigallia. A mostly
seasonal response and the overall absence of sharp bar motions due to
storm events make the typical behaviour of the bar system of Senigallia
Estuary somehow similar to that of Senigallia, with bars at Senigallia
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Estuary experiencing seasonally-modulated oscillations reminiscent of
an OPE-like behaviour (Certain and Barusseau, 2005). However, the
reactivity of bars to storms from southern quadrants is enhanced to the
point of generating strong bar migration and also an episodic NOM,
i.e. related to a single, extreme storm event (Ruessink et al., 2009), as
those observed at the beach of Terracina. Also the seasonality of bar
migration appears to be slightly enhanced by the presence of the jetty,
as the onshore migration trends with mild waves are more apparent
than in Senigallia (Fig. 10) and summer mean migration rates are higher
and mostly shoreward (Table 3).
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Fig. 15. (a, d) Fields of 30-minute averaged, depth-averaged velocity 𝑈 , (b, e) difference between root-mean-square bottom orbital velocity due to waves and critical value for
sediment motion 𝑈rms − 𝑈cr, and (c, f) ratio of significant wave height to water depth 𝐻s∕𝑑 for the simulated ESE storm (top row) and NNE storm (bottom row), after 6 h of
simulated time. Bar crests in the DTM are evidenced with black dots. Black arrows show the direction of wave attack.
The altered bar dynamics at Senigallia Estuary is also reflected by
the displacement of bar lines during a typical ESE storm (Fig. 11a),
which can be seen as a bar rotation often studied in the context of
embayed beaches (van de Lageweg et al., 2013; Blossier et al., 2016).
Bar rotation is linked to two possible mechanisms: a pivotal rotation
mechanism associated with longitudinal variations of wave energy due
to wave shadowing and sheltering, and a migration-driven mechanism
determined by differential bar migration rates in the alongshore direc-
tion (Blossier et al., 2016). At Senigallia Estuary the migration-driven
mechanism seems dominant, as the Rotonda pier (at the right ends of
the panels in Fig. 11) offers little to no sheltering from ESE storms due
to its limited length and high permeability. On the other hand, the bar
rotation can be clearly seen as a differential bar migration, which is
larger for the portions closer to the river jetty (Fig. 11a). This behaviour
is likely induced by alongshore differences in the magnitude of cross-
shore processes due to the presence of the jetty, as also hypothesized
by van de Lageweg et al. (2013).

Numerical explorations of the hydrodynamics at Senigallia Estuary
with the use of FUNWAVE show that differences arise in circulation
patterns and sediment stirring velocities between characteristic storms
from the two main directions. 30-minute-averaged fields of depth-
averaged velocity 𝑈 (Fig. 15a and d) reveal that the representative ESE
storm is characterized by the development of a sustained southward-
directed longshore current over the bar, part of a major anti-clockwise
circulation cell that joins a strong alongshore current further offshore
(Fig. 15a). The NNE storm, on the other hand, induces smaller frag-
mented coherent structures. The model still predicts a longshore flow,
13
this time towards the river jetty (Fig. 15d). Potential for sediment
motion, evaluated by means of the difference between 𝑈rms and 𝑈cr, is
predicted to occur above the bar for both storms (Fig. 15b and e), but
the magnitude of such difference is greater for the ESE storm over all
the nearshore region, thus suggesting a greater influence of ESE storms
on potential wave-related sediment transport.

The occurrence of seaward or shoreward bar migration can be also
linked to the relative wave height over bars. Ruessink and Terwindt
(2000) suggested that values of 𝐻s∕𝑑 larger than 0.6 may lead to a
dominance of offshore sediment transport and thus seaward migration,
whereas values smaller that 0.3 to a tendency for onshore migration.
The ratio 𝐻s∕𝑑 is also connected to the development of the undertow
current in the formulation of Abreu et al. (2012), as well as to the
potential for erosion/accretion around underwater structures in Postac-
chini et al. (2016). Estimates of relative wave height for both storms
(Fig. 15c and f) indeed predict average values of 𝐻s∕𝑑 up to about
0.5–0.55 across the middle bar for the ESE storm (Fig. 15c), while the
values are smaller (up to about 0.35–0.4) for the NNE storm (Fig. 15f).
This suggests a relevance of offshore-directed sediment processes at the
top of bars for storms from southern quadrants.

4.3. Future perspectives

In the view of discussing common traits and similarities across a
number of beaches in a compact way, only the alongshore-averaged
bar position has been considered as a morphological indicator in this
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work. Nonetheless, a more comprehensive discussion of sandbar fea-
tures would greatly benefit from considering also alongshore bar non-
uniformities, i.e. crescentic bar structures (Bowen and Inman, 1971),
which are not uncommon features along Mediterranean coasts, espe-
cially with low-to-moderate wave climate (Parlagreco et al., 2011;
Armaroli et al., 2007; Armaroli and Ciavola, 2011). Moreover, some
studies highlighted the key role of beach morphology antecedent to
storms or storm sequences in defining beach dynamics during extreme
events (Morales-Márquez et al., 2018). Due to the lack of extensive
bathymetric survey data in both time and space for the investigated
beaches, these aspects have not been considered in this study, but they
might be tackled in future research.

5. Conclusions

We have presented novel video-based observations of submerged
bars at three microtidal environments typical of Italian coasts, and
attempted a correlation of bar dynamics to the wave climate and
the presence of rigid coastal structures. This study adds to the still
scarce literature devoted to the characterization of bar dynamics in the
Mediterranean sea and in microtidal contexts in general.

We have given first evidence, to the best of the authors’ knowledge,
that the NOM model for bar migration, firstly defined and frequently
observed in macrotidal and highly energetic beaches, applies also to
bar systems in the Adriatic sea. Net offshore migration of bars towards
higher depths (about 300 m from the shoreline) and generation of
a new inner bar have been observed in the unbounded beach of
Senigallia, in spite of the generally modest wave energy. Bar motions
here are mainly dominated by seasonal modulations of wave climate.
No significant response to single storms or sensitivity to storm energy
or wave direction has been assessed. NOM-like patterns also occurred at
the unbounded beach of Terracina, but unlike at Senigallia, bars exhibit
a strong response to single storms and storm sequences, with event-
related displacements reaching up to 50 m. Due to the orientation of
the coast, the highest migration rates have been observed in response to
storms with a high incidence angle, although not those with the highest
significant wave height.

Our study suggests that the mean beach slope and global bar mor-
phology are key controlling factors in determining the overall fea-
tures of bar migration, with lower slopes promoting more uniform,
multi-annual migration trends, and steeper slopes and bars favouring
storm-event response thanks to shoaling and more pronounced wave
breaking.

A concrete jetty near the beach of Senigallia Estuary allowed us
o inspect the effects of artificial boundaries at a slightly embayed
each subjected to the same wave climate of Senigallia. Bars here
xhibited a singular combination of OPE-like oscillations modulated
y seasonal wave climate, superimposed with occasional, strong NOM
vents triggered by ESE storms and intensified by the presence of the
etty. Numerical simulations suggest that storms from ESE may generate
ustained longshore currents and circulation patterns over bars, which
n conjunction with more intense bottom orbital velocities and higher
elative wave heights promote a stronger offshore-directed sediment
ransport, and subsequently bar seaward migration in comparison with
NE storms.
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