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Abstract 

We conducted, for the first time, a study of the long-term evolution of an inner mouth bar in a microtidal environment that complements 

field observations with detailed numerical modelling of the same morphodynamics. Images collected by a video-monitoring station, 

from 2016 to 2019, were processed to study the evolution of a persistent inner mouth bar formed inside the highly engineered Misa 

River estuary (Senigallia, Italy) after years of reduced precipitation and discharges. We developed a semi-automatic procedure to detect 

the emerged area of this deposit. We seek to quantify the relationship between the long-term evolution of the bar and the forcing from 

the river, waves and tides. The observed high peaks in river discharge caused a strong downriver bar migration (i.e. almost twice the 

river width). Conversely, the observed sea storms produced an upriver bar migration smaller than one river width. A much slower and 

weaker (less than half the river width) upriver migration was also observed during periods of large area accretion and due to mild wave 

climate. Moreover, results showed that the sea water level variation did not directly impact the morphodynamics of the estuary, 

affecting the emerged portion of the bar only. Numerical simulations, run with Delft3D, were used to complete the information coming 

from field observations. After some checks on the proper use of the solver for the scenarios and environments of interest, some 

parametric simulations were run to highlight the role of the different forcing on the bed evolution. Simulations showed, as expected, 

erosion of the riverbed and significant downriver migrations (four river widths) during peaks of river discharge comparable to the 1-

year return period discharges. Numerical results also showed upriver sediment transport when the wave forcing was dominant, with 

10-years return period waves inducing an upriver bar migration in the order of one river width. Then, one real-life event was simulated 

to inspect the interaction of the various forcing and to compare their effects with the observations. Our analysis provides new insight 

into the complex morphodynamics in a microtidal estuary when weak river discharge is opposed by sea waves driving upriver sediment 

transport. A more thorough understanding of the morphodynamics is needed for future forecasting of the formation and evolution of 

sediment deposits inside estuarine channels that can inhibit both navigation and the flux of sediment from the river to the estuary. 
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1. Introduction 1 

 2 

The river mouth is a complex area characterized by the interaction between the forces of the sea (wave and tidal) and the discharge of 3 

the river. The morphodynamics of this environment is often characterized by the formation of sand bars and shoals as a result of the 4 

relative role of the different factors that influence the sediment transport. Previous studies largely focus on the formation of a typical 5 

mouth bar (sediments deposited by flow expansion, out of the mouth at a distance of about twice the river width, e.g. Fagherazzi et al., 6 

2015), the evolution of river bars (not influenced by waves and tides, e.g. Blondeaux and Seminara, 1985; Colombini et al., 1987), and 7 

the evolution of tidally controlled systems (e.g. Hayes, 1980, Dalrymple and Choi, 2007). However, the scenario of an inner mouth bar 8 

in a microtidal environment subject to strong wave action has not been extensively studied. 9 

From a mechanical point of view, downriver sediment transport in wave-dominated, microtidal estuaries may lead to various deposition 10 

scenarios (Wright, 1976). The flow slow down due to the sudden expansion of the cross-section of water debouching in the sea (e.g., 11 

Mikhailov, 1966) and of the relative strength of the downriver flows (weak or sustained rainfalls) to upriver flows (e.g. sea waves and 12 

tidal currents, see Chawla & Kirby, 2002) both drive gradients in sediment transport rates leading to deposition. Additional controlling 13 

mechanisms are bed friction and buoyancy, the latter still largely unexplored (Fagherazzi et al., 2015). However, the evolution of wave-14 

dominated river mouths has been documented recently (Anthony, 2015; Brocchini, 2020). 15 

Typical scenarios evolve over an annual cycle characterized by 1) the expulsion of sediment out of the river mouth because of the 16 

intense rain-driven river water jet, typically in winter, and 2) sediment accumulation, usually in summer, because of the weak river 17 

flows and continuous action of upriver flows due to waves and modulating tides (Brocchini et al., 2017). The dynamics of the downriver 18 

sediment transport are largely controlled by the stability of the river water jet (Canestrelli et al., 2014); in frictionally dominated flows 19 

characterized by a large stability number, the flow rapidly spreads, causing a fast decrease in centreline velocity, thus forming a 20 

prominent mouth bar and short and rapidly diverging levees. On the contrary, pronounced levees and elongated channels are formed 21 

for low stability numbers. Also, it has been shown that lateral advection and diffusion of suspended sediment are directly proportional 22 

to jet potential vorticity; large sediment potential vorticity fosters levee deposition (channel elongation in the sea), while small potential 23 

vorticity encourages mouth bar deposition (Falcini et al., 2014). Hence, the most typical morphological scenarios are characterized by 24 

either an inner river bar, or an outer river bar (typically at a distance of twice the mouth width), or a more spread deposition pattern out 25 

of the river mouth, at times giving a shoal type bathymetry (e.g. Olabarrieta et al., 2014). 26 

Motivated by some recent detailed video monitoring observations of the riverbed morphology at the Misa River (Senigallia, Italy), we 27 

have focused on the mechanisms that characterize the evolution of a persistent inner river mouth bar displayed in Figure 1. The bar 28 

emerged above the mean water level in 2016 and spanned much of the river mouth cross section. The bar is largely constituted by 29 

coarse sediments (very coarse sand and gravel) lying over a layer of much finer muddy sediments (silt and clays). 30 
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Traditional “in-situ” topographic and bathymetric survey techniques provide detailed measurements of the area surrounding the river 1 

bar; while these techniques may be executed readily during dry periods, they are inhibited by the adverse conditions present during 2 

flood events. In the last decades, the use of remote sensing was largely developed as an alternative to “in-situ” surveys. A detailed 3 

review of the use of remote sensing in various studies in the nearshore area was given by Holman and Haller (2013a). Many sensors 4 

and platforms are available, but fixed optical cameras and X-band radar still represent the most frequently used and best developed. 5 

Also, satellite images have become a powerful instrument following the wide availability of high-quality commercial imagery. An 6 

important role is played by the resolution of the phenomenon in time and space. Use of satellite images permits synoptic analyses over 7 

wide areas and long-time scales. For example, coastal morphodynamics are reconstructed in the estuary area of the Red river system, 8 

Vietnam, over the period of 1975 to 2009, using satellite images (Thi Lan et al., 2013). On the ground, images obtained from fixed 9 

optical cameras or X-band radar may provide optimal data for high resolution analyses in time and space. Takewaka (2016) showed 10 

the morphological changes of a river sand bar during a flood event with X-band marine radar data collected continuously for 72 hours. 11 

Pianca et al. (2014) analysed the evolution of the bedforms of an ebb delta over 23 days using snapshots and post processed images 12 

collected by six fixed video cameras. Moreover, the high-resolution video cameras combined with well-known techniques for image 13 

analysis (Holman and Stanley, 2007; Holman et al, 2013b; Perugini et al., 2019) permit the study of both emerged and submerged 14 

morphology. Finally, a Particle Tracking Velocimetry (PTV) technique can be applied to the videos to study the hydrodynamics of the 15 

river mouth. 16 

Optical images collected from July 2015 to December 2019 at the Misa River demonstrate the potential of the fixed cameras in both 17 

short and medium-term analyses. Optical imagery collected by a dedicated video monitoring station during daylight hours is used to 18 

describe the evolution of the river sand bar, that can vary both rapidly and slowly in space and time. The characteristics of the studied 19 

area, of the monitoring station and all other observations are described in Section 2, including the technique used for post-processing 20 

the videos and extracting the river bar evolution. Section 2 also describes the numerical simulation used to analyse the observed 21 

morphodynamics. The results of both field observations and numerical simulation are summarized in Section 3. Discussion and 22 

conclusions are given in Section 4 and Section 5, respectively. 23 

2. Methods 24 

2.1. Regional setting and instrumentation  25 

The study area is around the Misa River (MR hereinafter) estuary, within the town of Senigallia, located in the Italian Middle Adriatic 26 

coast. The watershed of the MR is 383 km2, with a discharge of about 400 m3/s for a return period of 100 years. The MR estuary is 27 

Fig.  1. Images of the bar formed inside the mouth of the Misa River. 
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classified as a salt-wedge estuary, characterized by freshwater flowing out to the sea in the upper layer of the water column and a 1 

seawater intrusion occurring in the lower layer (Valle-Levinson, 2010). Moreover, the MR estuary is subject to micro-tidal oscillations 2 

(mean tidal range less than 0.6 m) with the river forcing typically dominating both the actions of waves and tide. 3 

Like other rivers originating in the Apennine Mountains, the MR is also characterized by large sediment transport rates despite its 4 

moderate discharge. The abundance of sediment load is due to the characteristics of the sedimentary rocks that constitute the Apennine 5 

Mountains, which are brittle and heavily fractured, thus easily erodible. This leads to the formation of mouth bars in the MR, as in all 6 

Adriatic rivers, even with very different geometrical configurations and structural constraints. Sediment supply consists of limestone, 7 

shale, and sandstone. Moreover, the deposition of volcanic ash, transported from the southeast by winds during the Plinian and other 8 

volcanic eruptions (e.g. Rolandi et al., 2008), has added an abundant quantity of montmorillonite clays to this mix of minerals. Sediment 9 

cores, collected by Favali et al. (1995) in the alluvial layers underlying the town of Senigallia, displayed layers of muddy sediments, 10 

interspersed with gravel, all of which overlie the bedrock of fractured and faulted mud-, silt- and sandstone. Consequently, the MR is 11 

a suitable location to study the evolution of the morphodynamics caused by the effects of river discharge and nearshore hydrodynamics. 12 

Moreover, the final reach of the MR is comparable to a field-scale laboratory flume (e.g. Brocchini et al., 2017; Melito et al., 2020) 13 

since it flows within a fixed engineered channel of approximate width of 25-30 m. The beach to the north of the MR estuary is 14 

engineered with breakwaters, while the beach to the south is a natural open coast. 15 

 16 

The Sena Gallica Speculator (SGS) video-monitoring station is located at the north pier of the Senigallia harbour. SGS contains four 17 

cameras located on the top of a tower about 25 m above mean sea level. Three cameras face South, toward the 500 m long unprotected 18 

beach between the harbour jetty and the Rotonda pier; the fourth camera faces northward, toward the estuary of the MR (Figure 2a). 19 

For each recording hour, the data collected from each camera consist of a ten-minute video (collected at 2 Hz) and a snapshot. The 20 

acquisition occurs during daylight hours, from 5:00 AM to 5:00 PM UTC, for a total of thirteen videos and thirteen snapshots a day, 21 

for each camera (Perugini et al., 2018; Perugini, 2019). 22 

The hourly videos and snapshots recorded from the SGS station are post-processed to create a range of remotely sensed products. One 23 

of the products of the post-processing is an orthorectified, time exposure, stabilized plan-view image for each recording hour. First, the 24 

videos of each hour and each camera are used to create a 10-minute time-exposure image (Timex) by averaging the intensity values of 25 

each pixel over the 10-minute sampling period. Image stabilization is utilized for each hour and each camera. The geometric 26 

transformation between the analysed Timex and the Timex image of the day when the camera geometry has been calculated (target 27 

Timex) is estimated and applied to the analysed image. Then the oblique and stabilized Timex images are geo-rectified using a 28 

photogrammetric method (based on Hartley and Zisserman, 2003), which allows for the transformation from image (2D) to world (3D) 29 

coordinates by fixing one of the real coordinates, generally the z-coordinate equal to the measured tidal level. In this case, since the 30 

MR estuary is microtidal, the z-coordinate is assumed to be equal to zero. For each hour, the four ortho-rectified Timex images are 31 

merged to obtain the plan view image. All the post-processing operations have generated a continuously updated database since July 32 

2015. The plan-view images, from 2016 to 2019, were processed to detect a bar formed in the final reach of the MR. For each day, a 33 
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set of thirteen plan-view images, with size 3667×2401 pixels, were available. The database also provides the world coordinates of the 1 

pixels of each image in WGS84. To observe the effect of different forcing on the evolution and migration of the bar, several additional 2 

observations were included in this study.  3 

 4 

Wave climate data were collected by an offshore ADCP, (http://www.morse.univpm.it), located within the Meda station (CNR-5 

IRBIM), which is about 1.5 nautical miles north of Senigallia and 1.5 nautical miles offshore. The ADCP recordings of wave height 6 

and direction started on 8 August 2018. For previous periods, the wave climate was derived from the Mediterranean Sea Waves 7 

Hindcast of the Copernicus Programme; the CMEMS multi-year wave hindcast started from February 2006 and was composed of 8 

hourly wave parameters at 1/24° horizontal resolution, covering the Mediterranean Sea and extending up to -18.125W into the Atlantic 9 

Ocean. It is produced by the Mediterranean Sea Waves forecasting system, a wave model based on WAM Cycle 4.5.4, which has been 10 

developed as a nested sequence of two computational grids (coarse and fine) to ensure that swell propagating from the North Atlantic 11 

towards the strait of Gibraltar is correctly entering the Mediterranean Sea (CMEMS, Copernicus). The resolution of the whole set of 12 

data is one datum per hour.  13 

The river water level was collected by a hydrometer, located at “Ponte Garibaldi”, every 30 minutes. The gauge was installed in 2016 14 

by the Civil Protection of the Marche Region at a distance of about 1.5 km from the MR mouth. Since the local datum of the river 15 

gauge is on the riverbed, its data can be taken to be the water column elevation at that specific location. 16 

Data of river discharge were harder to obtain. Rating curves of “Bettolelle”, a Civil Protection hydrometer located about 10 km from 17 

the MR estuary, were used to compute the river discharge whenever possible. For example, curves were available for the periods 23 18 

March 2015 - 5 March 2018 and 15 – 31 December 2019. The dataset provided one datum every 30 minutes. In order to extend the 19 

dataset for use by the simulation, discharge data were added from 6 March 2018 to 16 December 2019 using the curve valid until 5 20 

March 2018.  21 

 22 

Fig.  2. a) Position of the SGS Station in the Senigallia harbour and the cameras field of view (total field of view 200°, resolution between 0.05 m 

and 50 m). C1, C2, C3 and C4 are the camera names. b) RGB cropped and rotated image, with its reference system in meters and the cameras field 

of view.   c) Grayscale image, with the result of the detection of the bar superimposed (cyan) and the cameras field of view.  

 

http://www.morse.univpm.it/
http://rmm.an.ismar.cnr.it/index.php/meda-senigallia
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The sea water level was derived from the ISPRA Tide Station installed inside the Ancona Harbour, about 25 km away from Senigallia. 1 

Another set of data starting in July 2018 was available from a tide gauge (http://www.morse.univpm.it) located within a protected area 2 

close to the entrance of Senigallia harbour. Since the relative changes in observed elevations between the two recorded signals were in 3 

good and continuous agreement, it was decided to use the sea water level of the Ancona gauge. The Ancona harbour tide gauge records 4 

water level data at a frequency of 0.1 Hz and its elevation datum is the mean sea level. 5 

The water level recordings from the Ancona gauge were analysed, using the Delft3D TIDE module, to separate the astronomical 6 

contribution from the meteorologically-induced fraction of the observation. 7 

  8 

2.2. Video observations 9 

 10 

The plan-view images were processed to detect the bar and automatically measure its emerged area (hereinafter simply “area”) and 11 

centre of mass. The reference frame in use is displayed in Figure 2b, and it was obtained by cropping the orthorectified plan-view 12 

image and rotating it around the origin by 24.8°. The resulting reference frame has the y-axis is in the long-river direction, positive 13 

upriver, and the x-axis in the cross-river direction, positive rightward (or eastward). Figure 2b also shows that, for a small reach of the 14 

river, not the whole cross section is framed by the cameras, because of their installation height and tilt. Considering that the bar was 15 

almost always adjacent to the west bank of the river, a portion of it was not visible when its position fell above 82 m, relative to the y-16 

axis of the reference system shown in Figure 2b. 17 

We need to emphasize that a zero value for the area of the bar does not imply that the bar was not emerged. In fact, there were situations 18 

when the area of the bar was set equal to zero (e.g., when the meteorological lighting conditions were insufficient to identify the bar, 19 

when the position of the bar fell out of the field of view, or when the SGS station was inoperable. The first step of the procedure 20 

consisted of cropping and converting the images to grayscale to focus on the river mouth. Only images that showed the presence of the 21 

bar were analysed further. A mask was applied to the cropped image, 801×501 pixels, to exclude all areas except for the final reach of 22 

the MR. In the next step a Region Of Interest (ROI) was defined, i.e. a window inside the image where the detection of the bar was 23 

performed. The ROI had to be changed and adapted for each analysed day. Then the gradient of the image was performed, using the 24 

Sobel gradient operator, which computes the gradient of a pixel as a weighted sum of pixels in its 3-by-3 neighbourhood. The weights 25 

for gradients in the vertical direction are 26 

 27 

[
1 2 1
0 0 0

−1 −2 −1
] .                                                                                                                                                                                       (1) 28 

 29 

For the horizontal direction, the weights are transposed. The resulting gradient image was converted into binary format that either (1) 30 

produced a suitable image for the final identification of the bar or (2) produced a totally black image. In the first case, the bar was 31 

detected and overlaid on the grayscale image to allow the user to check the result (Figure 2c). In the second case, contrast enhancement 32 

was performed on the original image and the gradient of the image operation was repeated. In most cases, the failure to make a suitable 33 

binary image resulted from insufficient image contrast, which prevented the gradient operation from identifying the bar. The contrast 34 

http://www.morse.univpm.it/
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was improved using Contrast Limited Adaptive Histogram Equalization (CLAHE). Adaptive Histogram Equalization (AHE) differs 1 

from ordinary histogram equalization methods because it computes several histograms, each corresponding to a distinct section (or 2 

tile) of the image. Consequently, local contrast is improved by enhancing the definitions of edges in each region of the image. However, 3 

AHE tends to amplify the noise in relatively homogeneous regions of the image, therefore CLAHE was used to limit such amplification, 4 

by clipping the histogram at a predefined value (Zuiderveld, 1994). The CLAHE algorithm was used whenever the first attempt to 5 

identify the bar failed. So, the detection of the bar could be executed with two different sequences of image-processing operations, and 6 

the best result could be accepted. If both methods failed to recognize the bar, the user could discard both results and draw the bar shape 7 

manually. Once the bar boundaries were identified, the area of the bar and its centre of mass were computed by counting the number 8 

of pixels in the detected region. Figure 3 reports the flow-chart of the algorithm, which is available online (https://github.com/Coastal-9 

Imaging-Research-Network/River-Bar-Toolbox).  10 

The conversion between pixel and meters was done comparing the image and the world coordinates (WGS84-UTM) of the plan-view 11 

images. The resulting scale factor was 0.2999 m/pixel.  12 

During a single day, the observed area of the bar would change due to tidal variations. Since we were not interested in the hourly effect 13 

of the tide, we extracted a single datum per day. In order to obtain representative values of the area and centre of mass of the bar for 14 

each day, a mean of the daily data was computed. For each day, data from 5:00 AM to 5:00 PM were averaged with an arithmetic 15 

mean.  16 

 17 

Fig.  3. Flow-chart of the algorithm. 

https://github.com/Coastal-Imaging-Research-Network/River-Bar-Toolbox
https://github.com/Coastal-Imaging-Research-Network/River-Bar-Toolbox
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2.3. Numerical modelling 1 

A two-dimensional (2D), depth-averaged, model was set-up using the Delft3D software suite (Deltares, 2014; Deltares, 2019) to 2 

simulate an observed event and to analyse the effect of different forcing through parametric simulations. Three regular grids were 3 

created. The largest grid covered the coastal area in front of the Senigallia Harbour. It had a resolution of 33.3 m and extended about 7 4 

km in the alongshore direction and 2.5 km in the offshore direction. The grid was rotated by 47.6° with respect to the North, to follow 5 

the coast orientation. The intermediate-size grid was created from the largest one by cutting some cells at the offshore and lateral 6 

boundaries. It extended about 6 km in the alongshore direction and 2.4 km in the cross-shore direction. The finest grid covered the final 7 

stretch and the mouth of the MR and expanded about 1 km in alongshore direction and 1.5 km in the offshore direction. It had a variable 8 

resolution ranging from around 8.3 m in the offshore region to around 3.0 m along the river. The reference system was Monte Mario / 9 

Italy Zona2 (Figure 4a). 10 

In the offshore region, the bathymetry was created by interpolating the values from the EMODnet bathymetry, available online, at the 11 

grid nodes. The bathymetry for the nearshore was built out of a multibeam echosounder survey performed in September-October 2018. 12 

It covered the final reach of the MR and the coast both north and south of the harbour. It showed the presence of a submerged deposit, 13 

some 60 cm under the water surface. In fact, reduced river discharges, occurring over the last 3-4 years, have led to the stable presence 14 

of a sediment deposit (the bar) within the river mouth, continuously evolving. The riverbed was described using two layers of sediments, 15 

the upper one, with variable thickness, used to model the shape of the deposit, while the lower one with constant thickness. The 16 

sediments have been characterized using the results of two monitoring campaigns, one of April 2019, interesting the final stretch of the 17 

MR, and one of February 2018, representative of the beach to the south of the MR (DHI report, 2020). The results of these campaigns 18 

show that the riverbed is mainly composed of silts and clays, with a progressive amount of sand moving toward the mouth, where also 19 

gravel is present. Considering this, the bed was composed of both cohesive sediment and sand. The sand was characterized by a median 20 

diameter of 180 μm, while for the cohesive sediment we used a critical shear stress for erosion of 0.3 N/m2, a critical shear stress for 21 

deposition of 0.4 N/m2, a settling velocity of 0.1 mm/s and an erosion parameter of 10-4 kg/m2/s (e.g., van der Wegen, 2010; Witting et 22 

al., 2010). The percentages of cohesive sediment and sand were varied, respectively, by progressively increasing the sand fraction 23 

downstream of the most upriver section (in the following “river section”), located 600 m upriver from the mouth, where the bed was 24 

composed of cohesive sediment only, to the sea, where the bed was composed only of sand. This was valid for both the upper and 25 

lower layers. In addition, in correspondence of the bar, the upper layer had a 5% increase of gravel (median diameter = 6000 μm), with 26 

an equivalent reduction of sand. This composition well-represented also the mixture of sediments found in the samples collected in the 27 

final 620 m of the MR during the EsCoSed project, showing highly heterogeneous sediments, with a mix of gravel, mud and sand 28 

(Brocchini et al., 2017).  29 

Delft3D-FLOW (Deltares, 2014) was online coupled with Delft3D-WAVE (Deltares, 2019). The boundary conditions were chosen to 30 

reproduce as closely as possible the field forcing conditions. In particular, the WAVE module was forced using recorded timeseries of 31 

wave parameters. The input data were applied at the seaward boundary of the largest grid. Then, we nested the smallest grid in the 32 

largest grid to obtain a proper propagation of the waves near the harbour and the estuary, thanks to the finer resolution of the smallest 33 
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grid. The FLOW module was run on the intermediate-size and in the finest grid through the Domain Decomposition approach. It was 1 

forced using river discharge, water level boundary conditions, and the results of the WAVE module. The discharge timeseries was used 2 

for the river boundary. The amplitude and phase of the Ancona tidal components were specified at the seaward boundary while a zero-3 

water level gradient (Neumann) was set at the cross-shore boundaries. A reflection coefficient was imposed at the offshore boundary 4 

to obtain weakly reflective conditions (Figure 4b).  5 

Simulations were run to separately observe the effect of the river flow (R) and of the waves (W) on the bar. In the R cases, artificial 6 

flood hydrographs, which reproduce the shape of typical MR flood hydrographs with peak discharges comparable to the 1-year return 7 

period discharges, were built and used as input in the river section of the domain. The wave process was turned off to observe the river 8 

current action only. On the contrary, for the W cases, the river discharge was set to a very low constant value, 5 m3/s, and two artificial 9 

storms were created, following the shape of typical NNE and E storms with peak storm significant heights comparable to the 10-years 10 

return period heights, to observe the effects of the waves only. Moreover, these simulations were run with and without adding the 11 

astronomical tide at the offshore boundary, to understand whether the role of the tide is important for the bar evolution. 12 

In addition, a numerical simulation aimed at observing the combination of all the forcing was also run. The inputs were observed 13 

timeseries of river discharge and waves and the astronomical tide. The simulated period was 18 March 2018-1 April 2018. 14 

2.3.1 An assessment of the proper use of Delft3D 15 

Model validation was performed by comparing the modelled results with available measured data. First, the proper astronomical 16 

components were chosen through a sensitivity analysis. Use as input of the astronomical components of the Ancona tide well reproduces 17 

the astronomical sea level variation at the Misa River Mouth, where the modelled data were compared with the data recorded by the 18 

tide gauge of the MORSE project (described in section 2.1). Comparison of the modelled wave climate and timeseries recorded by the 19 

offshore MORSE ADCP (described in section 2.1) reveals that the WAVE module correctly propagates the waves from the deep waters 20 

to the shore.  The results of such validations are reported in Figure 5. 21 

Fig. 4. a) Overview of the three numerical simulation grids and location of the boundary for the WAVE simulation. b) Location of 

the boundaries and boundary conditions for the FLOW simulation. 
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One further validation of the model performances was done by comparing the modelled velocity with the velocity measured during the 1 

EsCoSed project, carried out in 2014, at QR2 and QR3 (see Brocchini et al., 2017). The WAVE module was forced using Copernicus 2 

CMEMS timeseries of wave climate, while the FLOW module was forced using the astronomical components of the Ancona tide at 3 

the offshore boundary, zero-gradient Neumann water level conditions at the cross-shore boundaries and a discharge timeseries at the 4 

“river section”. We first computed the discharge timeseries from the river water level data measured at “Bettolelle” using the available 5 

rating curve. Then, since the Bettolelle station is 10 km upriver of the “river section” of our interest, where the discharge timeseries is 6 

imposed, we used the HEC-RAS package to obtain the discharge timeseries at such section. Furthermore, we associated an error to the 7 

discharge timeseries due to the uncertainty in the rating curves. Such error was obtained by comparing the discharges computed through 8 

the rating curve with the available measured discharges provided by the Civil Protection. We found a mean error of 26.83% and we 9 

calculated two discharge timeseries, namely “inf” and “sup”, by, respectively, subtracting and adding the error to the original discharge 10 

timeseries. We run three simulations: with 1) the original timeseries, 2) the “inf” timeseries and 3) the “sup” timeseries to obtain the 11 

associated velocity timeseries. The velocity timeseries obtained using the original discharge timeseries (vmod) at QR2 and QR3 is shown 12 

in Figure 6 (blue line). The band of velocity obtained with both the “inf” and “sup” timeseries (blue band in Figure 6) was taken as the 13 

area where the measured velocities had to fall to satisfy the validation. 14 

While the velocity provided by the simulations (vmod) is averaged over the total water depth, that made available by the EsCoSed dataset 15 

was averaged from the riverbed to 1.3 m above the riverbed. Thus, we could not directly compare the modelled velocity with the 16 

measured one, but some extra elaborations were needed. First, we projected the measured velocities in the river current direction 17 

(vobs,1.3, red line in Figure 6); then, we used such data and the surface velocities measured by the EsCoSed drifters (see Brocchini et al., 18 

2017) to extrapolate some vertical velocity profiles at QR2 and QR3. We could extrapolate three and two profiles for QR2 and QR3, 19 

Fig.  5. Top panel: comparison between the modelled (red) and observed (blue) astronomic tide for November-December 2018. Second, third and 
fourth panels: comparison between modelled (red) and observed (blue) wave significative height, peak period and peak direction for November-

December 2018.  
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respectively. It was not possible to extrapolate profiles when the surface velocity was not available. Then, we computed the mean 1 

velocity over the total water depth for each profile (vobs,drift, red diamonds in Figure 6) and the difference between such value and vobs,1.3. 2 

Finally, we averaged the differences, obtaining 0.13 m/s and 0.11 m/s for QR2 and QR3, respectively. We added such values to vobs,1.3 3 

to obtain a datum (vobs, red dashed line in Figure 6) more suitable for the comparison with the modelled depth-averaged velocity. The 4 

result of the validation is represented in Figure 6.  5 

 6 

3. Results 7 

3.1. Field observations 8 

We here provide a very short summary of all field observations, which are clustered in the following as function of four main processes. 9 

The evolution of the area and centre of mass of the emerged bar, detected by the images, was correlated with the river and nearshore 10 

forcing acting on the estuary. We analysed the images available from 2016 to 2019; however, except for several days in April 2016, 11 

the bar was not regularly emerged until 2017. Therefore, the data until 2017 have not been discussed here. For each year, a global view 12 

of the timeseries of significant wave height, Hs, and direction, river discharge, river and sea water levels, astronomic tide, area of the 13 

bar, and x and y coordinates of the bar centre of mass, is reported (Figures 8, 9, 10). In the first panel of such graphs, waves coming 14 

from NNE and from E, are highlighted in blue and red, respectively. They represent the most frequent waves approaching the coast of 15 

Senigallia (see Figure 7). Moreover, waves from NNE are those directed perpendicularly to the estuary. The bottom panels of Figures 16 

8, 9 and 10 refer to the rotated reference system (Figure 2b), where an increase of the x and y coordinates gives a displacement of the 17 

bar centre of mass toward the east riverbank and upriver, respectively. Moreover, some typical behaviours were highlighted: rapid 18 

downriver migrations due to river discharge were denoted by green arrows (labelled D1-D4), rapid upriver migrations due to waves by 19 

orange arrows (labelled W1-W4) and slow upriver migrations due to waves and in the absence of river discharge by dashed red boxes 20 

Fig.  6. Validation of the model performances. 
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(labelled P1-P5). Periods of time when observations from the SGS station were unavailable are highlighted in yellow in Figures 8, 9 1 

and 10. To improve readability, graphs were divided into two parts, i.e. January-June and July-December. 2 

The bar mainly formed along the final 180 m stretch of the river, on the west bank, due to the mechanisms that govern downriver and 3 

upriver sediment transport. In fact, the interested stretch of the river is located along the inner bank of a mild river bend, where the 4 

downriver sediment transport, forced by the river discharge, finds a depositional area due to centrifugal actions. Moreover, waves force 5 

a local net alongshore sediment transport directed, in the mean, toward the NW, bringing some extra sediment in the bar area. Thus, in 6 

the final stretch of the river, some convergence occurs of river and sea driven sediment fluxes. This, added to the already rising riverbed 7 

level due to reduced precipitation and absence of flood discharge (see Figure 16), leads to the formation and emergence of the observed 8 

bar. 9 

The correlation of the observed data with the estuarine forcing shows that the main factors driving the evolution of the bar are the river 10 

discharge and the waves. The sea water level plays also a role in determining the emerged portion of the bar. Moreover, in 2019, a 11 

more complex system of bars appeared that allowed us to inspect the effects of the various forcing factors. These and related dynamics 12 

are illustrated in the following sub sections. 13 

Fig. 7. Wave roses. 
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 1 

Fig.  8. Time series of wave height and direction (°N) (top panel), river discharge (second panel), river and sea water levels (third panel), area of the bar (fourth panel), 

and bar centre of mass (fifth panel) are shown for 2017 from (a) January-June and (b) July-December. In the top panel, wave directions within 5°N and 35°N represent 
waves perpendicular to the channel. Periods of time when observations from the SGS station were unavailable are highlighted in yellow. Dashed red boxes bound the 

periods reported in Figure 12. Green arrows identify the events D1, D2 and D3; orange arrows identify the events W1, W2 and W3. 
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 1 

 2 

 3 

 4 

 5 

Fig.  9. Time series of wave height and direction (top panel), river discharge (second panel), river and sea water levels (third panel), area of the bar (fourth panel), and 
bar centre of mass (fifth panel) are shown for 2018 from (a) January-June and (b) July-December. In the top panel, wave directions within 5°N and 35°N represent waves 

perpendicular to the channel. Periods of time when observations from the SGS station were unavailable are highlighted in yellow. Dashed red boxes bound the period 

reported in Figure 12. The green arrow identifies the event named D4; the orange arrow identifies the event named W4.  
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The river discharge forcing 1 

Observations suggest that the action of the river played a fundamental role in the downriver migration of the bar. In fact, Figure 8a 2 

shows four significant peaks in the discharge and river water level time series, after which the bar resurfaced downriver from where it 3 

was detected previously. These events took place on 18 January, 6 February, 25 February and 7 March 2017, hereinafter named D1, 4 

D2 and D3, the third and fourth peaks being treated as a single event (D3) because the bar did not resurface between the peaks. These 5 

events also highlighted the role of other two factors that contributed to determine the extent of the displacement of the bar: the 6 

simultaneous action of the waves and the position of the bar along the channel before the occurrence of the river discharge. The first 7 

and the second events were characterized by a similar discharge and downriver bar position along the channel, respectively 20.9 m3/s 8 

Fig.  10. Time series of wave height and direction (top panel), river discharge (second panel), river and sea water levels (third panel), area of the bar (fourth panel), and 

bar centre of mass (fifth panel) are shown for 2019 from (a) January-June and (b) July-December. In the top panel, wave directions within 5°N and 35°N represent waves 
perpendicular to the channel. Periods of time when observations from the SGS station were unavailable are highlighted in yellow. Dashed red box bounds the time period 

reported in Figure 12 (P5).  
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and 78.7 m for D1 and 36.7 m3/s and 81.4 m for D2. However, the displacement of the bar was smaller for the first event than for the 1 

second one (∆𝐷1=20 m < ∆𝐷2=43.4 m, where ∆𝐷𝑖= 𝑦𝑖,𝑒𝑛𝑑 − 𝑦𝑖,𝑠𝑡𝑎𝑟𝑡 with i=1,2,3). This was due to the waves acting simultaneously 2 

with the river discharge, which were higher during the first event (Hs reaching 3.6 m) than during the second event (Hs = 2.1 m). 3 

Comparing the second and third events, they were characterized by similar wave heights (2.1 m). Since D3 was characterized by a 4 

maximum river discharge that was more than twice the discharge of D2, one could had expected a larger bar displacement for D3. 5 

However, this did not occur (∆𝐷2=43.4 m ≅ ∆𝐷3=42.7 m) because of the bar position, which was 81.5 m for D2 and 46.6 m for D3. 6 

Thus, the bar of the second event was located about 35 m more upriver than the bar of the third event, this exposing it more intensely 7 

to the action of the river. And, on the contrary, the bar of the third event was more intensively exposed to the action of the waves. 8 

The role of both the simultaneous wave action and the bar location is confirmed by the event of 21 March 2018 (Figure 9a), where a 9 

discharge of 72.3 m3/s, i.e. similar to that of the third event, produced a 29 m downriver migration of the bar, initially located at 36.8 10 

m along the y-axis of the channel. The concurrent wave action (Hs=2.6 m) and position of the bar, located quite downriver, reduced 11 

the effect of the river discharge on the bar displacement. 12 

Figure 11 shows the final stretch of the river, with the jetties coloured in grey and the dashed black line indicating the area not visible 13 

by the cameras. The reference system of this graph is the same as Figure 2b. The four panels illustrate the position and shape of the 14 

emerged part of the bar before (blue) and after (red) the occurrence of the river discharge for events D1, D2, D3 and D4. They clearly 15 

show that the bar reappeared downriver after the discharge peaks, the displacement also highlighted by black arrows.  16 

The wave forcing 17 

The action of the waves, as opposed to that of the river current, caused a gradual upriver migration of the bar during the periods when 18 

the river discharge was very low. In particular, the y-coordinate of the bar centre of mass showed a gradual increase within periods P1, 19 

P2, P3, P4 and P5 (Figures 8a, 9a and 10b), this meaning that the bar slowly migrated upriver. This is also clearly visible in Figure 12, 20 

where the final stretch of the river is represented like in Figure 11, but with the positions of the bar centre of mass during P1, P2, P3, 21 

P4 and P5 reported with different colours as function of the day they occurred. Upriver migrations are highlighted by black arrows. 22 

Moreover, waves caused impulsive displacements of the bar that determined a “staircase behaviour” of the y-coordinate of the centre 23 

of mass together with a decrease of the bar area. This occurred, for example, on 25 January, 27 March and 2 April 2017 (Figure 8a) 24 

Fig.  11. Positions and shapes of the bar before and after the discharge peaks occurred in events D1, D2, D3 and D4. Black arrows indicate the downriver migrations of the 

bar. 
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and on 31 March 2018 (Figure 9a), hereinafter named W1, W2, W3 and W4. The first three cases were characterized by significant 1 

wave heights of about 1 m, but different wave directions. While the waves of W1 and W2 were directed perpendicularly to the estuary 2 

(5°N≤dir<35°N), the W3 waves came more from the east (75°N≤dir<105°N). The displacements were all of order 10 m and took 3 

place in one day. However, little differences between the cases could be found, since ∆𝑊1> ∆𝑊2> ∆𝑊3 (∆𝑊𝑖= 𝑦𝑖,𝑒𝑛𝑑 − 𝑦𝑖,𝑠𝑡𝑎𝑟𝑡 with 4 

i=1,2,3,4). Starting from W1 and W2, they were characterized by bar areas and downriver bar locations of about 150 m2 and 58.8 m 5 

and 190 m2 and 33.4 m, respectively. Despite the bar of event W2 was located more downriver, i.e. was more exposed to the wave 6 

action, its area was larger than that of W1 and, consequently, its displacement was smaller. Thus, the influence of the bar area was 7 

more effective than that of the bar location. In cases with same bar areas, like W2 and W3, both the position of the bar and the direction 8 

of the incoming waves played a role. In fact, the W2 bar moved farther because of both the waves coming perpendicularly to the estuary 9 

and its position, about 16 m downriver with respect to the bar of W3. Differently from the events dominated by the river action, the 10 

cases dominated by waves seem to be less sensitive to these factors, being the difference of the displacements fairly small (∆𝑊1 −11 

∆𝑊3= 3 m) with respect to that caused by the river discharge (∆𝐷2 − ∆𝐷1= 23.4 m). The displacement of W4 was larger (∆𝑊4=26.1 12 

m), but it took 3 days to evolve. The wave forcing was mild (Hs,max=0.84 m) and came from the east (75°N≤dir<105°N), but it was 13 

Fig. 12. Positions of the bar centre of mass, within the periods highlighted in Figures 8a, 9a and 10b, coloured depending on the day 

they occurred (see colorbar). Black arrows indicate the upriver migration of the bar within each period. 
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enough to cause some bar upriver migration. This was probably due to the very small area of the bar (about 20 m2) and its closeness to 1 

the mouth (26 m). 2 

A system of two bars 3 

On 31 December 2018, a second sediment mound started emerging at about 55 m (downriver of the previously emerged bar). The 4 

second bar is represented by empty diamonds in the last two panels of Figure 9b. Continuing into the first part of 2019, two emerged 5 

deposits were visible with one located in the area framed by cameras C1 and C2 and the other located in the area framed by cameras 6 

C3 and C4 (see Figure 2b and Figure 13). The two emerged deposits were part of the same large underwater shoal that emerged with 7 

a complex shape; however, the area of the river between these two deposits was not visible because of the limited field of view of the 8 

cameras. We decided not to extrapolate the hidden area, but to leave the two bars separated. Therefore, Figure 10a shows two different 9 

timeseries for the area and the centre of mass of the bar where full circles represent the main bar and empty diamonds represent the 10 

second emerged deposit. 11 

Although this configuration made the analysis more complicated, some of the abovementioned mechanisms for the evolution of the 12 

bar could be recognized. The effect of the waves could be seen in the event occurred on 23 February 2019, characterized by significant 13 

wave height of about 3.2 m coming from NNE. Before the storm, the area of the most downriver bar (red diamonds in the fourth panel 14 

of Figure 10a) had reached values of 534 m2, also due to a maintenance operation carried out on 19 February 2019 to flatten the bar. 15 

The waves, directed perpendicularly to the estuary, submerged the bar, already lowered by the maintenance operation, and caused an 16 

abrupt decrease of the bar area. In addition, the storm mobilized sediments and remodelled the bar, which reappeared with an irregular 17 

shape in the following days. Such irregular shape caused the oscillation of the centre of mass, thus in this case it was not possible to 18 

observe the upriver displacement of the bar due to the wave action. A decrease in the bar area occurred also for the most upriver bar 19 

(red circles in Figure 10a), whose centre of mass remained stable. Being the most upriver bar located very upstream, at about y=160 20 

m, and sheltered by the most downstream bar, the waves affected only its area, lowering it because of an increase of the local water 21 

level. Similar reductions of the area or submersions of the most upriver bar verified on 7-8 March, 18-19 March, 26 March and 4 April 22 

2019, even under milder waves (1.2 < Hs < 2.8) coming mainly form NNE and E. Being the area of the most downriver bar greatly 23 

reduced after the event of 23 February, its sheltering of the most upriver bar decreased, allowing also the milder waves to affect the 24 

Fig. 13. Positions of 
the bars centre of 

mass within the 

period of coexistence 
of two bars, coloured 

depending on the day 

they occurred (see 
colorbar). Empty 

diamonds and full 

circles represent the 
most downriver and 

the most upriver bar, 

respectively.  
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emerged area of the upriver bar.  The centre of mass of the upriver bar did not show significant migrations because the bar was located 1 

too upstream to be moved by the storms. 2 

There were no discharges during the period of coexistence of the two bars, so the effect of the river current on this complex system 3 

could not be observed. However, two significant river discharges occurred on 13 and 29 May 2019, when only the most upriver bar 4 

was emerged, which caused the transport of the sediment toward the sea and, consequently, the bar reappeared about 150 m downriver 5 

in July (Figure 10b). Despite the fact that the discharge of 13 May 2019 was associated with a storm event (Hs of about 3 m), here the 6 

waves could not play a fundamental role because the bar was located very upriver in May 2019 (y = 169 m). After 13 May, the wave 7 

climate was very mild and characterized by highly variable directions, this reducing the effect of the waves and allowing the 8 

predominance of the river flow on the behaviour of the bar. 9 

Water level induced modulation 10 

The overall increase or decrease of the sea water level affected the emerged area of the bar, lowering or increasing it, respectively. For 11 

example, in November 2019 (Figure 10b), the sea water level was permanently above the mean water level, this probably contributing 12 

to the reduction of the bar emerged area from 500 m2 to 26 m2. In contrast, during February 2019 (Figure 10a), the sea water level 13 

decreased from about 0.2 m to about -0.5 m and the emerged area of the bar significantly increased from 41 m2 to 534 m2. 14 

 15 

3.2. Numerical simulations 16 

Parametric simulations 17 

The results of the parametric simulations, run to highlight the role of the various forcing, are illustrated in Figure 14, which reports the 18 

section along the left riverbank extracted from the bathymetry using the reference system of Figure 2b. The top panel shows the 19 

evolution of the riverbed for the simulations with input peak discharge equal to Q=50m3/s and Q=100m3/s, with and without tide. The 20 

chosen discharge values are comparable to the 1-year return period discharge. The river discharges eroded the riverbed both in the 21 

upper channel and bar location, while deposition occurred just out of the river mouth. The highest discharge eroded about 9 cm along 22 

the river (6 more cm than the lowest discharge) and a maximum of 37 cm on the bar (27 more cm than the lowest discharge), this 23 

suggesting an erosion directly proportional to the discharge intensity. In particular, doubling the discharge led to an erosion about four 24 

times larger. The comparison with the simulations run without tide shows that the tide did not considerably influence the behaviour of 25 

the bar, but only caused some differences on the final bed level. Along the considered section, on average, the differences between the 26 

final bed level with and without tide were of 4.2 mm and 1.6 cm for the simulations with 50 m3/s and 100 m3/s, respectively.The 27 

numerical results reinforced the observations. Although we could not directly compare such results with the discharge events D1-D4 28 

because of the different bathymetries and durations - the real-life cases being characterized by an emerged bar over around five days 29 

while the modelled one characterized by a large submerged deposit over a period of two days - we still recognized the same behaviour. 30 

In fact, the D1-D4 observed events showed the submersion of the bar due to the river discharge, this suggesting bar erosion, also 31 

predicted by the simulations. The computed downriver bar migration, made dimensionless through the river width, was in the order of 32 
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4 river widths, while due to the differences of the observed scenario, the field displacements (∆𝐷1,  ∆𝐷2,  ∆𝐷3,  ∆𝐷4) were all smaller 1 

than 2 river widths.  2 

The bottom panel of Figure 14 shows the riverbed evolution for the simulations run with both NNE and E waves, with and without 3 

tide. Such waves were estimated in relation to the 10-years return period local waves (Hs of the order of 4 m) also observed during the 4 

period of our interest. The waves brought sediments inside the river mouth, causing the crest of the most seaward bar to grow and move 5 

upriver. In particular, waves coming form NNE caused a crest accretion of about 70 cm and a displacement of about one river width, 6 

while waves coming from E caused a crest accretion of about 65 cm and a displacement smaller than one river width. Moreover, waves 7 

from NNE produced a 20 cm deposition and a displacement smaller than one river width also of the portion of the bar located about 8 

120 m upriver from the river mouth, while the E waves only caused its accretion of 13 cm (negligible migration). This confirming that 9 

the northeasterly waves, entering perpendicularly to the estuary, had a stronger effect on the bar than the easterly waves. In fact, they 10 

could modify the bar not only at the river mouth, but also in its upriver part. Both waves did not affect the inner slope of the bar and 11 

the upriver evolution. Again, the tide did not influence the behaviour of the bar. The above analyses reveals that the 10-years return 12 

period NNE waves induce: 1) a much smaller evolution of the most upriver bar than the 1-year return period discharge; 2) sligthly 13 

larger vertical excursions and much smaller migrations of the most seaward bar than the 1-year return period discharge. This clarifying 14 

the dominance of the sediment expulsion out of the river mouth by the river discharge than the upriver transport by the waves. 15 

 16 

 17 

 18 

Fig. 14. Results of the parametric simulations. The top panel shows the evolution of the bed for the river discharge only simulations: the black solid 
line represents the initial bed level; the green and red lines represent the final bed level for the simulations with Q=50 m3/s and Q=100 m3/s, respectively; 

the solid and dotted lines refer to the case with and without tide, respectively. The bottom panel shows the evolution of the bed for the wave only 

simulations: the black solid line represents the initial bed level; the magenta and blue lines represent the final bed level for the simulations with NNE 
waves and E waves, respectively; the solid and dotted lines refer to the case with and without tide, respectively. The reported section is along the left 

riverbank, so the x-axis corresponds to the y-axis of Figure 2b that origins from the river mouth and is positive upriver. The bed level (z) is zero at the 

water surface and negative downward.  



21 
 

Real-life simulation 1 

The event highlighted by the red box in Figure 9a was reproduced with Delft3D to critically compare the results of the numerical 2 

simulations with the observed data. The event was characterized by a complex combination of forcing, which first led to a downriver 3 

bar migration, then followed by an upriver migration. On 21-23 March 2018, a storm occurred, with two wave height peaks of about 4 

2.6 m and 2.8 m, respectively, on 21 and 23 March 2018. On 21 March a peak in river water level also occurred. The river discharge 5 

was computed by using the rating curve of “Bettolelle”, validated until 5 March 2018, and by transporting it to the river section of the 6 

model using HEC-RAS. The imposed discharge reached about 72 m3/s. The observed data showed: (1) the presence of an emerged bar 7 

along the west riverbank (y-coordinate about 37 m) on 17 March 2018, before the storm and discharge; (2) the submersion of the bar 8 

during the storm due to the increase of the water level; (3) the emergence of the bar on 25 March (y-coordinate about 8 m), after the 9 

storm and discharge events, highlighting a downriver migration of around 29 m; (4) the upriver migration of the bar with the y 10 

coordinate increasing from about 8 m to about 45 m (1 April), while the x coordinate remained around 91 m, suggesting that the bar 11 

remained anchored to the west riverbank. Based on the observations, we expected to see both the effect of the river flow and the waves. 12 

In particular, since the peaks in discharge and wave height occurred on the same day and were followed by a second wave height peak 13 

two days later, we expected that the river would not have caused a significant downriver sediment transport (as we saw, for example, 14 

in 2017). However, we would still await for some riverbed erosion due to the river discharge. On the other hand, we expected to see 15 

upriver sediment transport, due to storm waves, since the field observations showed an upriver migration of the bar. Figure 15 shows 16 

the forcing of the event in the first two panels and the evolution of the observed x and y-coordinates of the bar centre of mass in the 17 

third panel. The fourth and fifth panels show the evolution of the modelled bed level along the longitudinal section adjacent to the west 18 

riverbank, where the bar is located. The arrows in the fourth and fifth panels highlight the effect of the discharge and of the waves, 19 

respectively. The black curve in the fourth panel represents the initial bed level (18 March 2018), characterized by two main crests. 20 

Fig.  15. Simulation of the real-life event: the top panel reports the wave significative height and direction; the second panel reports the river discharge, the sea water 

level and the astronomical tide; the third panel reports the observed x and y-coordinates of the bar centre of mass; the fourth and fifth panel shows the riverbed evolution 
along the longitudinal section adjacent to the left riverbank. The section was reported to the local reference system (Fig. 2b). The bed level represents the distance from 

the mean water level to the riverbed, negative downward. The evolution of the riverbed was divided into two panels to better highlight the effects of the river discharge 

and of the waves.  
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The cyan line identifies the bed level after both the peaks in discharge and wave height; an accumulation (about 35 cm) of sediment 1 

occurred at the location of the most seaward crest, while the other crest, more directly exposed to the river flow, was eroded (max 31 2 

cm, indicated by the black arrow). Moreover, the riverbed upstream of the bar was also slightly eroded (about 8 cm). As expected, 3 

some significant erosion of the bar occurred as due to the river discharge. Then, the storm occurred on 23 March 2018 pushed the 4 

sediments inside the river mouth and caused an increase in height of the outer crest. The orange and magenta lines describe the evolution 5 

of the bed until the end of the second wave height peak. They clearly show the accretion and upriver translation of the crests (indicated 6 

by the black arrows). The simulations confirmed that waves were responsible for some upriver sediment transport and migration of the 7 

deposit. The most evident displacement and accumulation occurred for the most seaward bar crest, that translated some 24.4 m upstream 8 

and increased in height by about 36 cm. After the storm, there was a very slight modification of the most seaward crest due to the 9 

easterly waves of 31 March 2018.  10 

 11 

4. Discussion 12 

The results of the analysis on the migration of the bar formed inside the MR estuary show the complexity of the interaction between 13 

the different forcing that govern the morphodynamics of the environment. Overall, the bar emerges inside the river mouth (inner bar) 14 

and it is almost always adjacent to the west riverbank. The location where the bar forms suggests a decrease of the river flow velocity 15 

inside the final reach of the MR and some contribution of the wave-driven flux. Moreover, bathymetric surveys showed a growing 16 

elevation of the riverbed in the final reach, as visible in Figure 16, likely due to the reduced amount of precipitation and river discharge 17 

occurring over the last years. In the past, the morphodynamics of the MR mouth was characterized by a typical cyclic behaviour with 18 

sediment deposition under weak river flow (summer conditions) and sediment erosion toward the sea under an intense river water jet 19 

(winter conditions), as highlighted during the field experiments performed in 2013 and 2014 (Brocchini et al, 2017).  However, over 20 

the last few years the deposition inside the river highly exceeded the erosion, leading to the emersion of a more stable deposit since 21 

2017. Figure 16 shows the bed level variation from 2013 to 2020 and highlights the increase of the riverbed level mostly in the area 22 

where the bar forms. The second panel of Figure 16 displays a situation similar to Figure 8d of Brocchini et al. (2017), which describes 23 

the wintertime condition between September 2013 and February 2014. The highest deposition occurred in the final reach of the river 24 

and beyond the channel, to the north, while erosion occurred just beyond the south pier. However, considering that from April 2018 25 

through October 2018 (when the bathymetric survey was performed) no discharge events occurred, we did not observe significant 26 

erosions in the upriver stretch of the channel, as was observed by Brocchini et al. (2017). The third panel of Figure 16 represents the 27 

bed variation between September-October 2018 and March 2020. During that period, the absence of precipitations and river discharges 28 

caused an accumulation of sediment within the whole channel and mostly in the location where the bar emerged. Moreover, just outside 29 

the river mouth the pattern reversed, with erosion and deposition occurring to the north and seaward of the south pier, respectively. A 30 
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similar situation occurred in summertime conditions, as shown in Figure 8c of Brocchini et al. (2017). Usually, the large shoal present 1 

in the final reach of the river emerged in a single location generating a single bar, but sometimes it emerged in different areas generating 2 

complex morphological shapes, as happened in February or September 2019. 3 

Our observations (Figure 8a, Figure 11) show that the bar migrated downriver when the estuary dynamics were dominated by the action 4 

of the river discharge. The relationship between river forcing and downriver migration was exemplified in the first part of 2017, when 5 

four increasing peaks in river water level and discharge caused downriver migrations of the bar. Although the wave climate, in the 6 

same days, was not weak, with significant wave heights larger than 3 m for the first two events, the action of the river prevailed and 7 

caused a downriver migration of the bar. For example, the event that caused the maximum downriver migration of the bar occurred on 8 

6 February 2017, producing a change of the y-coordinate of the bar centre of mass from about 81.4 m on 5 February to about 38 m on 9 

11 February. The longitudinal displacement of the centre of mass was of about 1.74 river widths. Downriver migrations were also 10 

observed when the bar was submerged (February-March 2018, May 2019) as due to a few isolated river discharge events. These river 11 

discharges caused a clear seaward sediment transport. In fact, after such events, the bar emerged again farther downstream from where 12 

it had disappeared. For example, the bar disappeared on 12 May 2019 at y=169 m and reappeared on 12 July 2019 at y=21 m, about 13 

148 m downriver. The seaward sediment transport and consequent downriver migration of the bar always and only correlated with 14 

river discharge peaks, the upriver flow acceleration mobilizing the sediments and leading to erosion of the bar top and upstream face, 15 

the lee-side flow deceleration leading to sediment deposition (Edmonds and Slingerland, 2007). The parametric simulations forced 16 

using two different river discharges of 50 m3/s and 100 m3/s, comparable in size to the 1-year return period discharges, showed that the 17 

whole riverbed was eroded, with maximum erosion occurring at the most upriver bar crest (top panel of Figure 14), and downriver 18 

migration in the order of four river widths. Moreover, they showed sediment accumulation just downstream of such bar crest, suggesting 19 

the occurrence of downriver sediment transport due to the river forcing. These simulations also demonstrated that the amount of erosion 20 

and consequent deposition is directly proportional to the river discharge, although in a nonlinear fashion. This bar behaviour is also 21 

Fig.  16. Variation of the riverbed from 2013 to 2020. 
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reproduced by the simulation of the real-life event (fourth panel of Figure15), although it was characterized by almost concomitant 1 

river discharge and sea storm. The water river jet eroded the most upriver bar crest (black arrow in the fourth panel of Figure 15) while 2 

an accretion has been observed in the seaward area, likely also impacted by the simultaneous wave action. The results of the numerical 3 

simulations confirmed that the effect of the river forcing is maximum on the portion of the bar located most upriver and almost null on 4 

the most downriver crest, which was not eroded either in the parametric or in the real-life simulations. Moreover, in the latter case, the 5 

simultaneous action of the waves did not significantly reduce the effect of the river discharge on the most upriver bar crest because it 6 

was located about 110 m upstream from the river mouth. For that case, the erosion of the bar crest was similar to that of the parametric 7 

simulation with Q=100 m3/s, although the discharge was lower. This suggests that the waves did not greatly oppose the action of the 8 

river. 9 

When the river action was weak, the estuary dynamics was dominated by the sea action. The concurrent effect of storm surge and high 10 

tide triggered a quick upriver migration of the bar as observed during the event of March 2018 (red box in Figure 9a). The storm was 11 

associated with increasing sea and river water levels, up to 0.6 m and 2 m, respectively. These overall conditions are similar to those 12 

reported by Melito et al. (2020) for an event that occurred in January 2014. Melito et al. (2020) largely focused on the upriver 13 

propagation of infragravity (IG) waves and demonstrated that: (i) moving upriver of the mouth IG waves gained a more relevant role 14 

over swell and wind waves and the IG band experienced the largest increment in flux energy density into the river; (ii) the tide has an 15 

important role in controlling the upriver propagation of IG waves, enhancing such modes during flood and high tide, mainly because 16 

of an increase of water levels into the estuary. In particular, during the January 2014 event IG waves travelled upriver at estimated 17 

velocities between 3.6 m/s and 5.5 m/s during an intense storm and propagated up to 600 m into the river channel, i.e. slightly upriver 18 

of the location where the bar of interest was located. In view of the above, we argue the event that occurred in March 2018 caused the 19 

upriver migration of the bar and that IG waves contributed to the overall dynamics of the bar. In the last 6 days of March 2018, the y-20 

coordinate of the bar centre of mass moved from about 8 m to about 39 m, thus the bar experienced a migration of more than 30 m 21 

upriver or 1.2 river widths. The real-life numerical simulation confirmed the primary role of waves on sediment deposition just inside 22 

the river mouth and the upriver migration of the bar crests (black arrows in the second panel of Figure 15). It showed an upriver 23 

migration of the most downriver bar crest of about 1 river width, i.e. slightly less than the observed one. Moreover, the real-life 24 

simulation also confirmed that small storms, like that occurred on 31 March 2018, characterized by wave significative height of less 25 

than 0.8 m and coming from the E, were able to slowly and slightly model the shape of the bar. The effect of waves coming from 26 

different directions was inspected through parametric simulations (bottom panel of Figure 14) confirming that 10-years return period 27 

NNE waves, approaching the coast perpendicularly to the estuary, had the largest effect on the upriver migration of the bar, causing a 28 

displacement of the most seaward bar crest of one river width. Easterly waves produced instead an upriver displacement of such bar 29 

crest smaller than one river width. Moreover, NNE waves modified also the most upriver bar crest, inducing an upriver migration 30 

smaller than one river width. Differently from the discharge-only cases, wave-only cases showed no variation of the riverbed level 31 

upstream of the bar, suggesting that the waves enter the estuary, break on the bar producing upriver sediment transport and then lose 32 

most of their energy, no longer being able to modify the riverbed farther upstream. In addition to the action of storm waves, which 33 

caused fairly rapid upriver displacements of the bar, a slow upriver migration of the bar also occurred under a mild wave climate, as 34 
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was observed in March-April 2017 or April 2018. While pushing sediment upriver, the waves modify the configuration of the bar 1 

(Mikhailov, 1966) and give rise to complex morphodynamic shapes as observed from the images in August and September 2019. 2 

Figure 9b shows the bar emerging in December 2018 about 77 m farther upriver than where it had disappeared in June 2018, after a 3 

period characterized by moderate wave climate (maximum wave height about 2 m) and absence of river discharge.  4 

Both field observations and numerical simulations did not highlight a direct impact of the tide on the dynamics of the bar, but the size 5 

and the shape of the emerged part of the bar are strongly linked to the cyclic tide variation. This was confirmed by the hourly variations 6 

of the emerged portion of the bar that have not been discussed here because we were interested in longer time scales and therefore, we 7 

took a mean datum per day. However, if we consider the total sea water level variation, its effect can be seen in several cases. For 8 

example, measurements and visual observations of the images show that in the interval 2018 – 2019 the bar was always present in the 9 

estuary, but it was sometimes submerged by the high sea water level (e.g. from July 2018 to December 2018). Moreover, the sea water 10 

level variation effect was particularly evident in February 2019 when the area of the most downstream bar experienced its highest 11 

increase, about 12 times. The growth was most likely attributed to the decrease of the sea water level from about 0.2 m to about -0.5 12 

m. On the contrary, in November 2019, both river and sea water levels increased, leading to a sharp decrease of the bar area of about 13 

19 times. Since the study environment was characterized by small tidal variation, we argue that the main factors that govern the 14 

dynamics of the MR bar are the river discharge, wave forcing, and their interaction. The extent of bar migration and the place where 15 

the bar forms are strongly dependent on the intensity of the river current-wave interaction. For example, if two bars were located at 16 

approximately the same distance from the mouth and they were hit by similar river discharges, the bar that would experience the highest 17 

downriver displacement would be that subject to the minor simultaneous wave action. Moreover, when the bar is located farther 18 

upstream, it is more influenced by the action of the river flow. On the contrary, when the bar is located more seaward, the river flow 19 

has less impact than the waves on its migration. In the period when there were two distinct mounds (spring 2019), the most downriver 20 

one was more subjected to the wave action than the most upstream one, which appeared to be sheltered by the downriver bar. However, 21 

it was not possible to observe that the most upriver bar protected the most downriver one from the river action, because no significant 22 

discharge occurred when there were two distinct bars visible. In fact, the discharges of May 2019 happened when the bars had formed 23 

a single deposit. 24 

5. Conclusions 25 

We conducted a novel analysis of the dynamical evolution of a river, inner mouth bar within a microtidal estuary. Images collected by 26 

fixed cameras were used to describe the evolution of the bar and image processing operations were performed to detect the bar location 27 

and extrapolate its geometric characteristics (i.e. area and centre of mass). The collected information was then correlated with the 28 

available data of the main forcing involved in the morphodynamics of the estuary to understand their role in the evolution and migration 29 

of the bar. The upriver migration of the bar can be explained by both the action of waves and the growth of the bar followed by the 30 

shift of the centre of mass. Conversely, peaks in river water level and discharge lead to the submersion of the bar and to its downriver 31 

migration. Parametric simulations confirmed that the downriver displacements of the bar, due to 1-year return period river discharges, 32 

are in the order of four river widths, while upriver migrations due to 10-years return period waves are in the order of one river width, 33 
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with waves approaching the estuary perpendicularly causing the highest bed level change. The simulation of the real-life event was 1 

performed to reproduce one of the more complex time periods (March 2018), which was characterized by a downriver bar migration 2 

followed by an upriver one. Simulation results confirmed the role of the river discharge on the erosion of the bar and consequent 3 

downriver deposition and that of the waves on the upriver migration of the crests of the deposit. The effect of the tide on the hourly 4 

change of the area of the bar has not been discussed in the present study, since it obviously leads to a reduction or increase of the visible 5 

area during high or low tide, respectively. The tide was also found to affect the emerged area of the bar on the time scale of this study 6 

(3 years). An overall increase or decrease of the tidal level produced a reduction (November 2019) or a rise (February 2019) of the 7 

visible area of the bar. Moreover, the results of the numerical simulation confirmed that the tide, known to positively modulate the 8 

upriver propagation of IG waves, has a marginal influence on the morphodynamics of the MR estuary.  9 

 10 

In summary, both observations and numerical simulation, suggest that bar formation and evolution is controlled by the sediment made 11 

available by the river flow and the main forcing of river discharge, wave intensity and tide modulation. Strong river discharges naturally 12 

transport sediments out to sea, which results in downriver sediment transport and migration of the bar. Sea waves (tide-modulated IG 13 

waves included) are responsible for the upriver sediment transport and migration of the bar. All collected evidence suggests that even 14 

moderate river discharges (comparable to the 1-year return period conditions) force a downriver bar migration stronger than the upriver 15 

migration induced by intense storm waves (comparable to the 10-years return period). When the typical yearly cycle of summertime 16 

deposition (low river discharges) and wintertime erosion of sediments out of the river mouth is interrupted by long periods of droughts, 17 

an inner bar is generated and may persist for years. Recent droughts have led to the emergence of the bar observed for over 3 years 18 

starting in 2017 and highlights the pivotal role of precipitation and river discharge.  19 

 20 

The video monitoring station allows the analysis at both short (hours) and long (years) time scales. It provides high-resolution images 21 

and videos that can be post-processed to study both the emerged and submerged morphology, along with the hydrodynamics of the 22 

MR estuary. Additionally, the coupling of video data with numerical modelling may be used to address fundamental questions at the 23 

MR estuary such as: What is the minimum river discharge needed to flatten the bar and transport river bar sediments out to sea? Can 24 

numerical simulations be used to correctly reproduce the role of tide-modulated IG waves on the mouth sediment transport? 25 

 26 
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