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Abstract

The large amount of sand provided by coastal erosion in the river mouth and the combination
between high-speed currents induced by Mistral wind and severe wave-storm events might have
been the favourable conditions in the Ebro delta for the formation of structures that can be
considered the initial stages of shoreface-connected sand ridges development.

This type of dynamic submerged structures are elongated sand bed forms oriented at an angle
with respect to the shoreline and separated an approximately constant alongshore distant. They
evolve during storms when high waves and intense storm-driven currents erode and transport
sediment by exerting shear stresses at the sandy seabed. The convergence or divergence of
sediment transport produces bed level changes, which in turn feedback into the current field,
causing the formation and the active behaviour of the sand ridges through time. During fair
weather conditions, the ridges would be inactive, because bottom shear stresses do not exceed
the critical stress for erosion of sand.

The formation time, the velocity migration, the angle with respect to the shoreline and
other properties of these sand ridges are investigated for the case of the Ebro delta with two
adapted codes called Morfo25 (Calvete et al., 2001) and Morfo62 (Ribas et al., 2012), based on
linear stability analysis, and designed to describe inner shelf and surf zone morphodynamics,
respectively. The hydrodynamic and geomorphological conditions of the Delta are applied on
both models and the modelled results are analyzed and compared with the obtained data in the
Ebro delta.

The model results agree reasonable well with the field data, and allow us to confirm that
the sand ridges observed at the Ebro Delta are indeed shoreface-connected sand ridges. It is
proved that these patterns formation requires of strong NW wind and E-SE storm events at the
same time. The results of both models, although give slight differences for the wavelengths, the
migration velocity and the lengths of the ridges, are very similar, which suggest that including
a detailed description of waves does not change the main characteristics of these shoreface-
connected sand ridges.
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1 Introduction

1.1 Alongshore-rhythmic morphodynamic patterns

Sandy coasts are highly dynamic and the field data collected in the surf zone and on the
continental shelf often reveal the presence of undulations in the sandy bed and the shoreline.
This indicates that they are an integral part of the coastal system. Many of these structures,
such as crescentic and transverse bars or beach cusps, show a remarkable spatial periodicity
along the shore and an active behavior. Understanding the dynamics of these structures,
nicknamed as alongshore-rhythmic patterns, is important to increase our general knowledge
about coastal processes and thereby, our capacity to predict the short and long-term evolution
of the coastal system (Ribas et al., 2015).

Rhythmic morphodynamics patterns are the result of waves and currents that erode and
transport sediment by exerting shear stresses at the sandy seabed. Sediment transport,
which is still hard to predict and poorly understood due to the complexity of the processes
involved, takes place both in suspension and in contact with the bed (Soulsby, 1997). The
convergence or divergence of sediment transport produces seabed level changes, accretion
and erosion processes, which in turn feedback into the wave and current fields.

The relevance of theses alongshore rhythmic patterns for coastal engineering is being
increasingly recognized for two reasons. First, studying their dynamics allows understanding
the effective sediment transport in areas of the coastal zone where there is still a significant
lack of knowledge on such important process. Second, these alongshore rhythmic morpho-
dynamic patterns have a direct impact on the shoreline by creating areas of erosion and
deposition (MacMahan et al., 2006).

Crescentic or transverse bars, beach cusps and shoreface sand ridges are some of the
observed and studied alongshore-rhythmic coastal morphodynamic patterns. Each type of
structure has a different spatial scale and occurs in different areas of the coastal zone. Its
formation, migration, the long-term evolution and other properties are different but, remark-
ably, they can all be explained by a similar physical mechanism.

1.2 Shoreface-connected sand ridges

Shoreface sand ridges consist of several large sandbars (1 - 25 km long) located in the
inner shelf which extend with an oblique orientation related to the dominant wind-driven
alongshore current. The seaward ends of the crests are shifted up-current with respect to
their attachments to the shoreface, making an angle of 10◦ - 50◦. Generally, they are observed
on depths of 5 - 80 m in seas with a sandy bottom. Heights of the ridges are in the range 1
- 12 m, and they migrate in the direction of the storm-driven currents with velocities of 1 -
10 m yr-1.

These kind of sand ridges have been found and studied along the Atlantic shelf of North
America (Duane et al., 1972; Stahl et al., 1974), on the Brazilian shelf (Figueiredo Jr et al.,
1982), the Argentinean shelf (Parker et al., 1982), the Canadian shelf (Amos et al., 1996),
the Belgian and Dutch coast (van de Meene and van Rijn, 2000), the German shelf (Antia,
1996), the Danish shelf (Antia, 1996) and the West Florida shelf (Edwards et al., 2003).

When the sand ridges are located from the foot of the shoreface to the inner part of
the continental shelves, they are defined as shoreface-connected (or attached) sand ridges
(SFCRs); otherwise they are defined as shoreface-detached sand ridges (SFDRs) (Guerrero
et al., 2017). It also becomes relevant to distinguish between micro-tidal shelves, such as
that of the Ebro Delta, and meso-tidal shelves. On meso-tidal shelves bottom stresses are
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often sufficiently strong, even during fair weather conditions, to erode and transport sedi-
ment. Usually this results in a variety of large-scale bed forms, including tidal banks and
shoreface-connected sand ridges. However, on micro-tidal shelves sediment transport mainly
occurs during storms and usually the only large-scale bed forms observed are these shoreface-
connected sand ridges (Calvete et al., 2001).McBride and Moslow (1991) argue that ebb-tidal
deltas provide the initial sand for the development of many sand ridges.

Stormy weather, which occurs during a certain time fraction, is characterized by large
wave orbital velocity amplitudes compared with the mean depth-averaged current. The
combined action of wave stirring and net current causes a significant suspended-load sediment
transport (Swift et al., 1978; Twichell et al., 2003) on the inner shelf, whereas during fair
weather there is hardly any sediment transport.

Fig. 1. (a) Large scale map of Long Island. (b) Bathymetric map of the Long Island continental shelf. Active
shoreface-connected sand ridges located can be appreciated. Source: Nnafie et al. (2015)

Many hypotheses on the origin of shoreface-connected sand ridges have been proposed.
The most realistic defends that they are alongshore-rhythmic morphodynamic patterns, so
they emerge and are reworking due to the inherent dynamic interaction between the water
motion and the sandy bed. The formation of these structures occurs due to two effects
that complement each other. During storms, the sediment is stirred by the waves and a
storm-driven current flows along the coast. The sediment load will decrease in the offshore
direction, because waves (and the wave orbital velocity) will be less efficient in stirring sand
from the bottom. When the storm-driven current encounters an up-current-oriented ridge,
conservation of mass will force the flow component perpendicular to the ridge to increase,
causing an offshore deflection of the current over the ridges. Likewise, the current will
have an onshore component in the troughs. The result is a meandering storm-driven flow.
The offshore (onshore) directed flow runs form regions with more (less) sediment load to
regions with less (more) sediment load, so deposition (erosion) occurs on the crests (troughs),
allowing the formation of ridges in the seabed.

The location of this structures is mostly at the inner shelf, characterized by a transverse
bottom slope substantially smaller than that in the surf zone but much larger than that on
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the outer shelf. Nevertheless, the shoreface-connected sand ridges in shallow waters are at
the transition from shoreface to inner shelf.

The genetic mechanisms and timing required for the development and evolution of shoreface-
connected sand ridges are currently not well constrained because of the long time-scales usu-
ally considered (hundreds or thousands of years). New available and more detailed data from
Guerrero et al. (2018) let us to get more information about the main features of the sand
ridges and its evolution in the Ebro delta and important information about the conditions
to provide to both models. The observed and studied properties provided by the new data,
showed these shoreface-connected sand ridges have a time formation of decades, smaller than
what was considered so far, and velocity migrations around 10 m yr-1.

1.3 Previous modelling of inner-shelf patterns

The first model for shoreface-connected sand ridges was proposed by Trowbridge (1995),
and consisted of the depth-averaged shallow water equations, ignoring Coriolis and bottom
friction terms and defining the sediment transport due to bed load linearly related to the
mean flow. He also neglected the effect of spatially non-uniform wave stirring as well as
the downslope effect on the transport direction. Nevertheless, the model described the
growth and down-current migration of up-current oriented ridges having similar shape as
the observed ridges in the field. However he did not predict a preferred spacing between
ridge crests and the ratio of the timescales related to the growth and migration of the bed
forms was not well modelled. This model was extended by Falqués et al. (1998) to include
Coriolis terms, bottom shear-stresses and sediment transport due to bottom slopes, crucial to
obtain the preferred mode, whose spacing was of the same order of that of field observations.

Calvete et al. (2001) argued that the suspended load transport and spatial variations in
stirring of sediment by the waves, were essential to obtain the correct timescales of growth
and migration. The results of their model, called Morfo25, which accounts for the processes
mentioned above, compare favourably well with field data. It is a morphodynamic model
developed and analyzed to gain fundamental understanding of the basic physical mecha-
nisms responsible for the characteristics of the observed shoreface-connected sand ridges. It
describes this kind of rhythmic bed forms on shelves and it actually describes an orientation,
spacing and shape that agree well with the field observations, particularly for the case of
Long Island, Maryland, Florida and Argentina shoreface-connected sand ridges.

A drawback for the model is that it uses a strongly simplified description of waves when
calculating the stirring of sediment. The parametrization is such that the amplitude of the
wave orbital motion decreases with increasing water depths, thus also the stirring of sediment
by the waves. In fact, wave properties only depends on the undisturbed reference depth and
other wave effects such as refraction, shoaling and dissipation due to the presence of the bed
forms are ignored. Vis-Star et al. (2007) extended the model by adding a wave module based
on physical principles and linear wave theory, rather than parametrizations, and a critical
shear-stress for erosion between waves and bed forms. The main features of the modeled
sand ridges agree well with field observations from different shelves.

1.4 Modelling of nearshore morphodynamics

Nearshore morphodynamic models include a more detailed description of wave propaga-
tion compared with continental shelf models. This, together with the fact that sand ridges in
the Ebro Delta are smaller and located in shallower waters, motivates the use of a nearshore
numerical model to describe them.
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A second program called Morfo62 is thereby used. It is a morphodynamic model de-
veloped to explain the characteristics of transverse and crescentic sand bars observed in the
inner surf zone of open beaches (Figure 2). These bars have crests separated by approxi-
mately constant alongshore distances typically attached to the shoreline, and that extend
into the seaward direction approximately perpendicular to the coastline or with an oblique
orientation if an alongshore current is present (down/up-current transverse bars) (Ribas
et al., 2015).

Fig. 2. Examples of observed transverse bars with different orientation: (a) shore-normal large-scale finger
bars at Anna Maria Island, USA (source: Google Earth), (b) down current oriented finger bars at El Puntal,
Santander, Spain. (Images from Google Earth).

Morfo62 comes from a previous model called Morfo60 (Calvete et al., 2005) that was
used to study the formation of rip currents and channels on a straight single-barred coast.
They both includes a description of shoaling and surf zone hydrodynamics, including wave
refraction on depth and currents and dissipation by breaking. Model results show a good
correspondence with observations.

For both models used, it is assumed that the state of the system is a superposition of
an initially alongshore uniform steady state and small amplitude perturbations, periodic in
time and in the alongshore coordinate, that evolve from the equilibrium state. The equilib-
rium state, or basic state, represents the mean dynamic balance in the absence of rhythmic
features. The dynamics after some integration time is assumed to be dominated by the mode
with largest growth rate (most preferred mode) and the corresponding alongshore wavenum-
ber, migration velocity, length and orientation with respect the shoreline is computed.

1.5 Aim and structure

The main aim of this study is to confirm whether these patterns observed in the Ebro
Delta are shoreface-connected sand ridges like those observed in other continental shelves,
by comparing the modeled results and the available characteristics of these sand ridges. A
secondary objective is to adapt Morfo62 code to capture the morphodynamics of the inner
shelf and compare both modelled results.
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To reach this aim, both models, Morfo25 and Morfo62, will be applied to the conditions
of the Ebro Delta. Furthermore, the original code of Morfo62 is here slightly changed by
adding the Coriolis parameter, that does not appear due to the small size of the scale and
shallowness in the studies of the sand bars in the nearshore zone. The terms related with
roller energy will not be taken into account and a transport formula used for inner shelves
is also introduced.

The document is organized as follows. In section 2 the physical properties and the
hydrodynamic and geomorphological conditions of the prodelta, as well as the properties
of the sand ridges are explained from Guerrero et al. (2018). The values of the depth, the
length of the inner shelf, the size of the sand, the wave height, the currents, the origin and
the strength of the wind and others will be considered and applied for both models. In
section 3 and 4 both models are described and explained. Both models are adapted for
the conditions discussed in section 2 and their results are presented. A sensitivity analysis
of some parameters are also discussed for each model. For both cases, the model results
are discussed and compared with the field data (section 5). A list of conclusions is finally
provided (section 6).

2 Study site and data

2.1 Study site

The Ebro is one of the most important rivers on the Iberian Peninsula (Figure 3). Its
source is in Cantabria (province of the north of the peninsula) and is heading towards
the southeast until discharging in a delta on the Mediterranean Sea close to Amposta, in
the province of Tarragona (Catalunya). The Ebro Delta is the third largest delta of the
Mediterranean Sea with an emerged area of 325 km2 and a submerged delta (prodelta) that
covers an area of 2300 km2 of the continental shelf and extends alongshelf up to 110 km
southwards from the present river mouth.

Deltas are geomorphologic features resulting from the interaction between river and ma-
rine dynamics. The former essentially supply sediment to the coastal system whereas the
latter basically mobilize and transport the sediment moulding the riverine deposits. In Ebro
delta’s case, the river supplies are small compared to the marine transport capacity, so the
corresponding coastal dynamic factors are able to rework the riverine supplies and also part
of the sediment forming the deltaic fringe. Under this scenario, the deltaic coast is sub-
ject to reshaping and erosion processes (Jiménez et al., 1997; Guillén and Palanques, 1997).
However there is sand availability, essential for sand ridge development.

Recent measurements of the bathymetries (Guerrero et al., 2018) show the existence of
sand ridges or crests arranged obliquely to the shoreline from 5 to 15 m isobaths (Figure 4).
The bedform morphologies, the oblique arrangement with respect to the shoreline, the angle
between the strongest current and the crestlines, and the sediment grain size match well with
those of shoreface-connected sand ridges and, particularly, with the initial stages of sand
ridge development on storm-dominated continental shelves. Sediment availability, shoreline
retreat, relatively strong near-bottom currents induced by winds, seafloor irregularities and
relative sea-level rise on the Ebro delta turn out to provide a suitable environment for sand
ridge development.
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Fig. 3. (a) Ebro delta location in Europe. (b) More detailed Ebro delta location with some bathymetric con-
tours, where the continental shelf can be appreciated. The yellow mark correspond to the buoy of Tarragona.
(Images from http://www.emodnet-bathymetry.eu)

2.2 Hydrodynamic conditions

The Ebro Delta is located in a micro-tidal, wave-dominated coast with a maximum astro-
nomical tidal rage of 0.25 m. As the tidal currents are negligible with very weak intensities
and only detectable in absence of waves and winds, the Mediterranean Sea is frequently con-
sidered as a tideless sea. In this environment, the sediment transport mainly occurs during
stormy weather, when high waves and strong currents contribution allow to resuspend and
transport significant amounts of sediment (Wiberg, 2000; Swift et al., 1978; Twichell et al.,
2003).

For the formation and dynamic behavior of the sand ridges it is essential to distinguish
between two effects: the current generated by the wind shear stresses and the wave-storm
events.

The orography around the lower Ebro River, that can be appreciated in Figure 3, with a
coastal mountain range breached by the river valley, leads to funneling of the strong, dry and
usually cold winds from the NW into a limited band, forming a wind jet. When high wind
speeds occurred, the wind direction clearly funnel towards the SE (Mistral winds), which is
the characteristic wind direction in the area. .

An instrumented benthic tripod was deployed off Cape Tortosa by Guerrero et al. (2018)
over the sand ridge approximately 13 m water depth during six months. The tripod was
equipped with a current meter, which recorded time series data of current intensities and
direction every 30 minutes. The maximum near-currents were between 0.4 and 0.6 m s-1,
flowing towards the SSE, when wind events came from the NW, suggesting that the strong
wind induces the formation of a strong current in the same direction.

Furthermore, offshore winds can also flow with high-intensities creating waves. The most
intense, swell-dominated storms come from the eastern sectors, although NW wave-storm
events can also occur. These storms have an average duration of <24 h, and typically occur
>10 times per year, concentrating in the periods of October-December and March-April.
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Fig. 4. Aerial photograph and multibeam bathymetry where the sand ridges can be appreciated. Source:
Guerrero et al. (2018)

The characteristics of the waves generated during storms are available to us from Guerrero
et al. (personal communication). A time series of wave height, period and direction at
different water depths in front of the delta is used. The data is filtered by the wave height:
below the height of one meter is considered fair weather, so it will not be taken into account.
The height, the period of the waves and the direction of the waves are analyzed for the 7,
13 and 27 meters depth. Their period and their mean height are about 8.74 s and 1.45
m respectively in shallow water and smaller, about 8.27 s and 1.39 m, offshore. This is a
normal behaviour due to wave shoaling. The mean wave direction is of 95◦ with respect to
the North.

It is important to know the time fraction for which the strong northeast winds and wave-
storm events conditions occur. This is calculated with data for a whole year, from a buoy
offshore Tarragona, located approximately 50 km to the east of the Ebro Delta at 688 m
water depth (see Figure 3). The conditions consist of hourly wave height, wave direction,
wind direction and wind speed. The wind direction and speed is measured 3 m above the
sea surface. All data is filtered by a wave height higher than 1 meter, direction, from North
to South (clockwise sense), in order to consider all the cases where waves have an onshore
direction. Similar data filtration is done regarding wind. The wind speed is taken greater
than 5 m s-1, so that it is large enough to exert the stress to induce the current. The selected
wind is from West to East (clockwise sense) in order to have a wind component from the
North. The obtained time fraction where these specific conditions are fulfilled is µ ∼ 0.06.

The Earth’s rotation also implies the consideration of the Coriolis force, an inertial force
that acts on water mass that are in motion modifying its direction. It has been proven to
be important for large-scales sand banks dynamics (Zimmerman, 1981; Huthnance, 1982).
The Coriolis parameter, which has a dependence of the latitude, has a value of ∼ 10−4 for a
latitude of 40◦. A summary of the hydrodynamic conditions is given in Table 1.
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Fig. 5. Daily-average data of the wave height, the wave direction, the wind velocity and the wind direction
from the buoy of Tarragona. Filtered data verify: Hrms > 1 m, 0◦ < θwaves < 180◦, Vwind > 5 m s−1 and
270◦ < θwind < 90◦.

Table 1: Properties of the Ebro Delta’s hydrodynamic conditions from the available data.

Direction of wind North-West (Mistral)

Current velocity (13 m depth) 5 m s-1

Storm time fraction µ ∼ 0.06

Wave-storm height (27 m depth) 1.39 m

Wave-storm period (27 m depth) 8.5 s

Wave-storm direction East

Coriolis parameter value ∼ 10−4

2.3 Geomorphological conditions

The sand ridge field was characterized by Guerrero et al. (2018) using three sets of
co-located multibeam bathymetric data acquired in 2004, 2013 and 2015, high-resolution
seismic profiles and aerial photographs. The continuous measures have allowed the study
of their behavior over time and their migration, a kind of data that is usually lacking in
shoreface-connected sand ridges studies.

The sand ridge field occupies an area of 6.5 km2 between the 5 and 15 m isobaths. The
field is composed of seven straight rectiliniar major ridges lying over the shoreface of the
Ebro Delta, which often display bifurcations (Figure 6). The orientation of the crests with
respect the shoreline varies from 18◦ to 50◦ because of the circular shape of the shoreline.
Considering a rectilinear shoreline (from North to South), the observable angle of these
patterns with respect to the shore-normal can be considered 45◦. The ridges are about 2
km long over the mapped area, but they could be up to 1 km longer considering that they
probably extend into shallower, nonmapped regions.
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Fig. 6. Multibeam bathymetry where the sand ridges are appreciated. Two oblique lines mark the specific
location of two NW-SE profiles shown in Fig. 7. Source: Guerrero et al. (2018)

Sediment analysis showed that the sediment size over these bars is more or less uniform
and composed by fine sands, with grain size slightly decreasing towards deeper areas of the
lobe (125 to 250 µm). In the granulometry, this size corresponds to standard sand.

Two areas where ridges display a slightly different morphology are distinguished: the
deeper north-northeastern sector, where the ridges are steeper and the crests are narrower,
and the shallower south-southwestern sector, where they are smoother and have wider crests.
A large amount of rounded hole-like features are also found along the troughs of the sand
ridges, mostly in the north-northeastern sector.

The morphometric analysis using the highest resolution bathymetry Figure 6 indicates
that the ridges are 0.5 - 2.5 m high with a mean height of 1.36 m. The highest sand ridges
are located in the central and SE sectors of the field and the height decreases progressively
towards deeper and shallower areas. The wavelengths range from 100 to almost 400 m
(median of 250 m). These characteristics are observable in Figure 7. As occurs in the heights,
the wavelengths also displays spatial differences, with larger values in the S-SE sector and in
shallower areas, and smaller values in the N-NW sector and in deeper areas (where the crests
tend to be arranged progressively closer). Sand ridges are mostly symmetric, though positive
and negative asymmetries (lee side facing SE and NW, respectively) are also observed.

Sand ridge migration rates were determined by comparison of the ridge crest region using
the bathymetries in 2004 and 2015 overlap. Overall, the migration seems consistently towards
the SE over the entire field. The migration ranges from 40 to 180 m and the migration values
displayed a normal distribution, with a mean of 116 m, which nearly coincides with half of
the sand ridge wavelength. The migration is therefore about 10 m yr-1. A summary of the
shoreface-connected sand ridges in the Ebro Delta, is given in Table 2.
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Fig. 7. Representation of two underwater profiles in the Ebro Delta from Fig. 6 ((a)-top, (b)-bottom).

All in all, the requirements for shoreface-connected sand ridges development are avail-
ability of sufficient sand, the presence of waves and currents capable of resuspending and
transporting sand. These conditions are fulfilled in the Ebro Delta sand ridges field. First,
the sand ridges were formed in an erosive context after the abandonment of the Cape Tor-
tosa river mouth, and the bed form development was favoured by the availability of large
amounts of eroded sand from the coast erosion and the river. Second, the measured waves
and currents are capable of mobilizing the sandy sediment and favour the scenario for sand
ridge generation and their evolution (Urgeles et al., 2011). So, taking into account the char-
acteristics of the Ebro Delta bed forms, they could be reasonably considered as a modern
example of the initial stages of sand ridge development on Mediterranean continental shelves.

Table 2: Properties of the Ebro delta’s SFCR from the available data.

Time formation ∼ decades

Migration velocity ∼ 10 m yr-1

Length ∼ 2 km

Depth 5 to 15 m

Wavelength (median) 250 m

Orientation 45◦

Height of bars 0.5 to 2.5 m

3 Morfo25

The Morfo25 is a morphodynamic model developed to gain fundamental understanding
of the physical mechanisms responsible for the characteristics of shoreface-connected sand
ridges in storm conditions. The fluid is described by the full two-dimensional shallow water
equations, which include the bottom friction and Coriolis terms. The sediment flux consists
of both a suspended-load part and a bed-load part and accounts for the effects of depth-
dependent stirring by waves and the preferred downslope movement of the sediment.

It is necessary to remark that all the governing equations and state variables are assumed
to be representative for only storm conditions and that the wave motion is not explicitly
modelled in Morfo25, but only used in a parametric way to determine the bed shear stress
and the sediment flux.

A detailed description of the model is done in the next sections. Firstly, the formulation
of the equations and the basic state are presented. The subsequent section includes the non-
dimensionalization of the equations. The first model results correspond to the parameter
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values defined for the case of Long Island in Calvete et al. (2001), together with the data of
the Ebro Delta. An analysis of these results lead to our default case which better compares
with the Ebro Delta’s sand ridges. Further sensitivity analysis of other parameters is then
carried out.

3.1 Model formulation

In the model, the inner shelf is schematized as a sloping seabed, bounded by a straight
vertical wall which represents the shoreward end of the continental shelf. Further offshore, a
horizontal flat bottom represents the outer shelf. An orthogonal coordinate system is taken
with the x-, y- and z-axes pointing in the cross-shore, longshore and vertical directions, re-
spectively. Comparing with the Ebro Delta geographycal location, y points into the northern
direction and x into the eastern direction. The still water level is represented by z = 0.

Fig. 8. Sketch of the geometry and the coordinate system applied on both models. For explanation of the
symbols see the text.

The fluid motions are considered to be governed by the depth- and wave-averaged shallow
water equations, which corresponds to the momentum and mass conservation equations:

∂vi
∂t

+ vj
∂vi
∂xj
− f εijvj = −g ∂zs

∂xi
+
τsi − τbi
ρD

, i, j = 1, 2 (3.1)

∂D

∂t
+

∂

∂xi
(Dvi) = 0, i = 1, 2. (3.2)

The sub-index correspond to vectorial components and repeated use of an index within
a term means a summation over all values of this index. Here v = (v1, v2) is the current
velocity, f is the Coriolis parameter, εij is the two dimensional levi-civita tensor, ρ = 1025
kg m-3 is the sea water density and τsi and τbi represents the free surface and bottom stress
terms respectively. The free surface, the bottom and the total height of water column are
given by zs, zb = −H(x)+h and D = zs−zb respectively. Here H(x) is the mean bathymetry
of the inner shelf and h the bottom elevation with respect the mean profile.

The bottom evolution follows from the sediment conservation equation:

(1− p)∂zb
∂t

+
∂qi
∂xi

= 0, i = 1, 2, (3.3)

where qi denotes the volumetric sediment flux per unit width, excluding the pores, and p is
the porosity (p ∼ 0.4).

The boundary conditions are that at x = 0 (the transition from shoreface to inner shelf)
and for x→∞ the cross-shore flow component vanishes and the bottom elevation is fixed to
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its reference value. These conditions are motivated by the fact that the ridges are trapped
at the inner shelf and that exchanges processes between inner shelf and shoreface can be
neglected.

In order to close the model to describe reality, the bed shear stress during storm is
described by the linear friction law

τbi = ρr∗vi, i = 1, 2, (3.4)

where the friction coefficient r∗ is proportional to the amplitude uw of the wave orbital
velocity.

In this model is assumed that uw, and thereby r∗, is a function of the mean undisturbed
water depth H which only depends on the cross-shore coordinate x. The wave orbital velocity
amplitude and the friction coefficient unchanged by disturbances are:

uw = ûw0

(
H

Ĥ0

)−m/2

, r∗ = r̂∗0

(
H

Ĥ0

)−m/2

. (3.5)

It is a result derived from a simple shoaling model, in which it is assumed that the waves
are linear and symmetrical. The values of Ĥ0, ûw0, r̂∗0 correspond to the water depth, the
wave orbital velocity amplitude and the friction coefficient at x = 0. The coefficient m is a
parameter which defines the decrease of the wave orbital velocity amplitude and the friction
coefficient for deeper water. In the case of Ebro delta Ĥ0 = 5 m, m = 1.54, and the value
used for r̂∗0 is a characteristic value from Long Island described in Calvete et al. (2001):
r̂∗0 ∼ 1.0× 10−3 m s-1. The value of the reference wave orbital velocity amplitude is defined
by linear wave theory: ûw0 ∼ 0.92 m s-1.

On the other hand, the wind shear stress model is obtained from the quadratic relation
with average velocity across a vertical profile for a particular depth,

τs = ρcdwu
2
water (3.6)

where cDw ∼ 0.01 − 0.001 is the water drag coefficient, uwater ∼ 0.35 m s-1 is the average
velocity. A value of τs ∼ 0.25 N m-2 is chosen to have the most appropriate current speed
value for a depth of 13 meters. Notice that the τw is constant in the domain. In Morfo25
the wind is defined only for the cross-shore direction (y) which is approximately equivalent
to assume the North wind direction in the Ebro Delta.

With regard to the volumetric sediment flux per unit width qi, the considered field
observations by Green et al. (1995) indicate that during storms a large amount of sediment
is transported as suspended load (qsi), but also the bed-load part (qbi) contributes to the
total flux. Hence, we write

qi = qsi + qbi, i = 1, 2. (3.7)

Both sediment volumetric fluxes consists of two parts. There is a term related with the
current velocity and another that accounts for the tendency of the sand to move downslope.

For stormy weather conditions the wave-averaged bed-load flux of Bailard (1981) becomes

qbi = νb

[
u2wvi − λbu3w

∂h

∂xi

]
, i = 1, 2. (3.8)

Here νb is a coefficient (which depends on the sediment properties) and λb is the Couloumb
friction coefficient related to the angle of repose of the sediment. Values for the medium to
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fine sand, like Long Island, are νb ∼ 4× 10−5 s2 m-1 and λb ∼ 0.4.
To describe the suspended-load flux, a modification of Bailard (1981) is used:

qsi = viϕ− λsu5w
∂h

∂xi
, i = 1, 2. (3.9)

Here ϕ is the depth integrated relative volume concentration (i.e. the volume of sediment
per surface area) and λs ∼ 1.23× 10−3 is a coefficient.

To compute the first term of the flux equation it is used that the concentration is described
by

∂ϕ

∂t
+
∂viϕ

∂xi
= ws(ca − cb), i = 1, 2, (3.10)

with ws the settling velocity of the sediment grains, ca the reference volume concentration
and cb is the actual volume concentration near the bed. Diffusive effects have been neglected
in the equation because they are very small with respect to the others contributions. The
corresponding boundary condition is that the concentration vanishes far from the coast.

The reference volume concentration and the near-bed concentration are modelled as

ca = ĉa (uw)3 , cb =
ϕ

δD
, (3.11)

where ĉa is the reference coefficient. For medium sand ws ∼ 0.05 m s-1 and ĉa ∼ 10−3 s3 m-3.
The parameter δ is the ratio of the characteristic thickness of the suspended-load sediment
layer and the actual water depth. It is further assumed that this parameter is a constant
and from Calvete et al. (2001) its value is δ ∼ 0.15.

At the shoreface boundary (x = 0), the cross-shore advective sediment transport flux
component vanishes. Consequently there is no net sediment supply from the shoreface and
all sediment is sourced by local resuspension.

Substitution of the expressions (3.8) and (3.9) in equation (3.3) results in the final bottom
equation

(1− p)∂h
∂t

=
∂

∂xj

[
viϕ− λsu5w

∂h

∂xi

]
+

∂

∂xj

[
u2wvi − λbu3w

∂h

∂xi

]
, j = 1, 2. (3.12)

It is assumed that the mean bathymetry H is time-independent, so only the bottom elevation
with respect to the mean profile is considered.

3.2 Basic state, scaling and stability analysis

3.2.1 Basic state

The model is defined by a reference model bottom profile in the inner shelf characterized
by a nearly constant slope β∗, and the outer shelf’s is considered smaller (Figure 8).

H(x) =

{
Ĥ0 + β∗x, 0 ≤ x ≤ L
Hs, x > L

(3.13)

Here Ĥ0 is the water depth at the transition from shoreface to inner shelf, L is the width of
the inner shelf and Hs the water depth on the outer shelf. In this study, they are considered
as Ĥ0 = 5 m, L = 2.5× 103 m and Hs = 15 m.
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It is also considered the possibility of a mean longshore current with a cross-shore gradi-
ent, V0(x), which is driven by the mean alongshore wind stress τsy and the mean longshore
gradient in the free surface elevation, s∗, both assumed to be uniform. The corresponding
volume concentration of sediment per surface area is C0(x).

The supposition of a steady reference current implies a basic state of the form

v0 = (0, V0(x)), zs0 = s∗y + ξ(x), ϕ0 = C0(x), zb0 = −H(x), (3.14)

where H(x) is given in (3.13). The momenum equations and concentration equations are

fV0 = g
dξ

dx
, 0 = −gs∗ +

(τsy − τby)

ρD∗
, C0 = δD∗ĉa (uw)3 . (3.15)

However the total depth, D∗ = H(x) + s∗y + ξ(x), introduces a dependence on the
alongshore coordinate in the equations. A consistent system is obtained by the using the
fact that the deformation of the mean free surface is much smaller than the depth below
still water level, i.e. |sy + ξ(x)|� |H(x)|. This allows us to approximate D∗ by H in this
equation so that they y-dependence becomes negligible.

In that case, the basic state alongshore velocity profile and corresponding concentration
are

V0 =
τsy/ρ− gs∗H

r∗
, C0 = δHĉa (uw)3 . (3.16)

Furthermore, (∂h/∂t) = 0, because there are no spatial divergences in the (alongshore di-
rected) sediment transport. The formulation of the model excludes the diffusive fluxes of
the basic state by formulating the bedslope effects only for the bottom perturbation. It is
implicit assumed that the basic inner shelf equilibrium profile is due to the balance between
downslope gravitational transport and onshore wave transport (wave asymmetry, Stokes
drift, etc.). Consequently it defines a morphodynamic equilibrium situation.

The current profile in equation (3.16) is the result of a balance between forces related to
the longshore pressure gradient, wind stress and bottom friction. The sign of the velocity
is determined by the direction of the wind stress and that of the pressure of gradient. This
yields an estimate of the longshore velocity scale: U ≡ |V0(x = 0)|≈ 0.26 m s-1.

Finally it is considered the characteristic magnitudes of the bed-load and suspended-load
concentration sediment fluxes and of the depth-integrated concentration. Taking U as a
typical scale for the mean current, it follows from that a scale for the volumetric bed-load
flux per unit width is Qb = νbû

2
w0U ≈ 8.85 × 10−6 m2 s-1. Similarly, equation, determines

the scale of the suspended-load volumetric flux per unit width, which becomes Qs = UĈ0,
where Ĉ0 is the scale for the depth-integrated concentration. The latter follows the equation
and becomes Ĉ0 = δH0ĉaû

3
w0 ≈ 5.90× 10−4 m. This yields Qs ≈ 1.53× 10−4 m2 s-1.

3.2.2 Non-dimensional equations

Characteristic magnitudes L, U , Ĥ0 and ûw0 for the horizontal length, the longshore
current, the depth and the wave-orbital velocity amplitude at the transition x = 0 from
inner shelf to shoreface are introduced to make dimensionless the equations of motion. The
characteristic scales of Qs, Qb and Ĉ0 for the suspended-load flux, bed-load flux and the
depth integrated concentration are also used. Then, three timescales are defined, which
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correspond to hydrodynamic and morphodynamic timescales:

Th =
L

U
, Tms =

(1− p)Ĥ0L

Qs
, Tmb =

(1− p)Ĥ0L

Qb
.

The variables are made dimensionless as follows:

t = Tmst̃, (x, y) = L(x̃, ỹ), zs =
U2

g
z̃s, zb = Ĥ0z̃b,

vi = Uṽi, uw = ûw0ũw,
τsi
ρ

=
Ĥ0

L
U2τ̃si, ϕ = Ĉ0ϕ̃

The non-dimensional momentum (3.1), mass conservation (3.2), concentration (3.10) and
bottom evolution (3.12) equations are (hereafter tildes are dropped):

ε
∂vi
∂t

+ vj
∂vi
∂xj
− f εijvj = −g ∂zs

∂xi
+
τsi − τbi
ρD

, i, j = 1, 2 (3.17)

ε
∂D

∂t
+

∂

∂xi
(Dvi) = 0, i = 1, 2, (3.18)

γ

(
ε
∂ϕ

∂t
+

∂

∂xi
(viϕ)

)
= u3w −

ϕ

D
, i = 1, 2 (3.19)

∂h

∂t
+
∂qsi
∂xi

+ δb
∂qbi
∂xi

= 0 i = 1, 2. (3.20)

Here

D = F 2zs +H − h, τbi = ruwvi,

qsi = viϕ− λ̂su5w
∂h

∂xi
, qbi = u2wvi − λ̂bu3w

∂h

∂xi
,

and the model parameters are

ε =
Th
Tms

, F 2 =
U2

gĤ0

, f̂ =
fL

U
, r =

r̂∗0L

UH0
,

γ =
δĤ0U

Lws
, δb =

Qb

Qs
, λ̂s =

Ĥ0

L

û5w0

Qs
λs, λ̂b =

Ĥ0

L

ûw0

U
λb.

The small values of the parameters ε and δb indicate that the hydrodynamic timescale is
much smaller than the morphodynamic ones. This allows the adoption of the quasi-steady
hypothesis, that is, the fluid instantaneously adjusts to the bathymetric changes. This
permits the time derivatives to be dropped (ε ≈ 0) in the hydrodynamic and concentration
equations. The small value of the Froude number F allows terms to F 2 to be neglected in
the furthcoming analyisis. This rigid-lid approximation is consistent with the choice of the
basic state, which only exists for low Froude numbers.

The dimensionless reference bathymetry and current profile become

H(x) =

{
1 + βx, 0 ≤ x ≤ 1

1 + β, x > 1
, V0(x) =

{
±(1 + aβx)Hm/2 0 ≤ x ≤ 1

±(1 + aβx)Hm/2, x > 1
(3.21)
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and the dimensionless free surface elevation of the basic state is

zs0 ≡ ζ = sy + ξ, C0 = H1−3m/2, (3.22)

where

β =
L

Ĥ0

β∗, a =
g|s∗|Ĥ0

r̂∗0U
, s =

gs∗L

U2
(3.23)

The sign of the flow is determined by the direction of the applied wind and alongshore
pressure gradient forces. When the pressure force and wind stress drive a current in the
same direction, as is usually the case, it follows form the definition of velocity scale U that
a can be vary between 0 (no pressure gradient) and 1 (wind stress negligible).

3.2.3 Stability analysis

The formation of rhythmic bed forms are investigated by studying the dynamics of small
perturbations evolving the basic state defined in equation (3.14). Hence, we substitute

v = (0, V0) + (u(x, y, t), v(x, y, t)), zs = ζ + η(x, y, t),

ϕ = C0 + c(x, y, t), zb = −H + h(x, y, t),

in equations (3.17)-(3.19), where all basic state variables are now to be considered dimen-
sionless. After linearization and using the properties of the basic sate, it appears that the
equations for the perturbations allow alongshore travelling and growing wave solutions with
an as yet unknown cross-shore structure. Thus the form of the perturbations considered are:

(u, v, η, c, h) = <{(ū(x), v̄(x), η̄(x), c̄(x), η̄(h))eiky+ωt}. (3.24)

Here k is the wavenumber and ω a complex frequency. The real part, <(ω), denotes the
growth rate of the perturbation (for continuous storms) and −=(ω) the frequency. Instability
occurs if <(ω) is positive: then the mode grows exponentially in time. As a result the
linearized equations for the perturbations in Equations (3.17)-(3.19), reduce to

ikV + r
H1+m/2 −f̂ d

dx
0

dV
dx

+ f̂ ikV + r
H1+m/2 ik 0

dH
dx

+H d
dx

ikH 0 0
γ(dC

dx
+ C d

dx
) γikC 0 γikV + 1

H



u
v
η
c

 =


0
s
h
ikV
− C

H2

h (3.25)

and Equation (3.20) becomes

ωh =− d

dx
(uC − λ̂sH−5m/2dh

dx
)− ik(vC + V c)− λ̂sH−5m/2k2h

− δb
d

dx
(H−mu− λ̂bH−3m/2dh

dx
)− δb(ikH−mv + λ̂bH

−3m/2k2h).

(3.26)

The model solve the Equation (3.25) for u, v, η and c for a given perturbation h (flow over
topography problem). Physically this means finding the response of the flow to a given
perturbation of the sea bed. These results is substituted into the bottom evolution equation
(3.26). Together with the boundary conditions, it is defined an eigenvalue problem of the
form:

ωh = Bh, (3.27)
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where ω is the eigenvalue, h(x) the eigenfunction and B is a linear operator which is obtained
by straightforward computations. The solutions are obtained numerically by the application
of spectral methods.

For each k, different complex eigenvalues ω exist, which characterize the different growing
modes and the complex eigenfunctions. The e-folding growth rate of the emerging ridges is
given by σ = <(ω), so that Ω > 0 implies growth. From our basic state, the dynamics after
some time is assumed to be dominated by the mode with largest growth rate, σmax, and the
corresponding alongshore wavenumber. This fastest growing solution is the one that can be
thereby compared with the observed sand ridges.

3.3 Model results

In this section the results obtained of the morphodynamic eigenvalue problem described
by Equations (3.25)-(3.26) are presented. The Ebro Delta conditions are considered and the
values of the relevant default parameters are:

β = 2, f̂ = 9.62× 10−1, r = 1.92, s = 7.27× 10−2,

m = 1.54, δ = 0.15, γ = 1.56× 10−3, δb = 1.16× 10−2.

The parameters that describe the magnitudes not measured in the Ebro Delta are set as
in the Long Island case (Calvete et al., 2001).

λ̂s = 1.08× 10−3, λ̂b = 2.84× 10−3.
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Fig. 9. Non-dimensional growth rate and migration speed as a function of the wavenumber for the first three
modes.
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Figure 9 shows the dimensionless growth rate σ = <(ω) and the migration speed Vmi =
−=(ω)/k of the first three modes as a function of the non-dimensional wavenumber k. As can
be seen all growth rate curves attain a maximum value for a specific k. The non-dimensional
maximum growth rate is σmax = 0.79 and is found for k = 12.2, thereby considered the most
preferred mode. The non-dimensional migration velocity for this mode and for this value
of k is Vmi∗ = −0.0315, so in the southern direction. The value of the the corresponding
dimensional wavelength, e-folding time and velocity migration taking into account the storm
time fraction are:

λ =
2π

k
L = 1290 m

τ =
1

σmax

Tms

µ
= 32.78 yr

Vmi = µVmi∗
L

Tms
= 3.05 m yr−1

Notice that models define the value of the wavelength in the alongshore direction, whilst
the observed wavelength of 250 m in the Ebro Delta is measured in the direction perpendic-
ular to the ridges (Figure 6). The shoreface-connected sand ridges in the Ebro Delta have a
wavelength in the alongshore direction of ∼ 354 m.

As can be seen, we obtain a correct value of the e-folding time, of the order of decades,
but a much longer wavelength (approximately three times greater) and a smaller migration
speed (three times lower) than the available data (Table 2).

As explained before, the default chosen values of λs and λb, related to the angle of repose
of the suspended load part and bed load part, are those that were used for the Long Island
case in Calvete et al. (2001). The lack of knowledge of these values in the Ebro Delta
application allows us to study the sensitivity of the results to both of them, in order to try
to better reproduce the wavelength and the migration speed.
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λs (top) and λb (down). All other parameters have their default values.
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As can be seen in Figure 10, the effect of λs is much greater than λb. The decrease in the
value of λb, leads to a non-relevant decrease in these properties, especially for the wavelength
and the e-folding time. The value of λb does not change the value of the velocity for any
studied value. On the other hand the decrease in λs yields to smaller values of wavelength,
e-folding time and migration speed. For the smallest value of λs studied (10 times lower), the
most preferred wavelength is 734 m, which is a value closer to the observed one. The value
for the e-folding time in that case is 23.4 yr and the velocity migration hardly decreases to
-3.95 m yr-1, both in the correct order of magnitude.

The best case is that with largest similarity between the modeled results and the field
data. The chosen value of λs is the smallest case exposed above (λs = 1.23 × 10−5) and,
in order to maintain the same ratio between both values, λb is also taken one order of
magnitude lower than the default case (λb = 4 × 10−2). This leads to a re-definition of the
non-dimensional values of λ̂s and λ̂b, one order of magnitude smaller: λ̂s = 1.08× 10−4 and
λ̂b = 2.84× 10−4.
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Fig. 11. Non-dimensional growth rate and migration speed as a function of the wavenumber for the first
three modes.

Having changed the value of λ̂b and λ̂s, the curves obtained for the dimensionless growth
rate σ = <(ω) and migration speed Vmi = −=(ω)/k of the first three modes as a function of
the non-dimensional wavenumber k are shown in Figure 11. The non-dimensional maximum
growth rate is σmax = 1.29 and is found for k = 29.8. The non-dimensional migration velocity
for this mode and for this k is Vmi∗ = −0.0451. In that case, the value of the properties of
wavelength, the e-folding time and migration velocity are:

λ = 527 m, τ = 20.03 yr, Vmi = −4.37 m yr−1

The model predicts a wavelength 1.5 times greater than the observed one, but smaller
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than the default case, and a greater value of the migration velocity. The formation time
also is reduced, but it can still be considered a correct value. With these characteristics, the
modeled results are in better agreement with the field data on the Ebro Delta shelf.

The change made with respect to the default case in Calvete et al. (2001) is positive
because the values of e-folding time and wavelength are much smaller than those of the Long
Island case and are closer to the observed values in Ebro Delta.
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Fig. 12. Contour plot of the maximum growing mode. Shoals and pools are indicated by continuous and
dashed lines respectively. The y-axis represents the shoreface and the x > 0 domain is the inner shelf.

The shape of the modeled ridges is shown in Figure 12 for the most preferred mode
and for the wave number which corresponds to the maximum growth rate. Clearly, the
orientation of the dominant bed forms is such that they are upcurrent rotated: the seaward
ends of the crests are shifted upstream with respect to their shoreface attachments. This
agree well with the observed orientation of the sand ridges on any inner shelf and in Ebro
Delta’s case. Furthermore, not just the orientation, but also the specific angle of 45◦ of the
bed forms with respect to the shore-normal agrees with the observed data. On the other
hand, the length of the modeled crests is about 800 m, which is smaller than the real value
of about ∼ 2000 m.

An investigation of the dependence of model results on different parameter values is
subsequently done. First, the parameters related with the topography and the hydrodynamic
conditions are studied (Figure 13).

The effect of the bed slope (β) is investigated by changing the domain length of the
inner-shelf. The wavelength and the e-folding time increase monotonically with increasing
inner-shelf length (decreasing the bed slope). The migration velocity is not affected by this
parameter, since it remains constant for all values studied. The angle of the ridges and their
length show no change when varying the inner shelf length either.

The effect of the wave orbital velocity amplitude and the current velocity at the transi-
tion from shoreface to inner shelf presents some more interesting changes. The wavelength

20



presents a somehow linear growth increasing the wave orbital velocity amplitude, whilst the
e-folding time and migration velocity evolve to infinite and zero respectively for uw0 → 0.
The angle with respect to the shore-normal decreases from 55◦ for a wave velocity amplitude
of 0.3 m to 42◦ for 1.5 m, and the other hand, the length increases from 488 m for the first
case to 968 for the last.

The wavelength of the ridges shows a different behavior when changing the current veloc-
ity. The increase in current speed leads to a somehow exponential decay of the wavelength.
It is also observable that the e-folding time and migration velocity evolve to infinite and
zero respectively for U → 0. The angle with respect the shoreline is not affected by this
parameter. The length of the ridges decreases from 1000 m for U = 0.11 m s-1 to 600 m for
U = 0.61 m s-1.

It is remarkable that the presence of both a certain wave orbital velocity amplitude and a
certain current velocity are necessary for the formation and migration of the ridges. Further-
more, the wavelength and the length of the ridges are also determined by the contribution
of both.
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Finally the influence of the thickness of the suspended-load sediment layer and the scale
of the suspended-load volumetric flux per unit width is also explored (Figure 14). When
increasing δ, the wavelength decreases exponentially up to the value of 480 m. The angle
with respect the shore-normal decreases from a value of 53◦ for the case of δ = 0.05 to 38◦

for δ = 0.50. The length of the ridges also decreases from 1113 m to 558 m for the smaller
and greater value of δ, respectively.

Increasing Qs, the wavelength decreases up to 260 m. The angle and the length decreases
from 53◦ and 1030 m for the case of half of the default value, to 36◦ and 457 m for the case
of a value of Qs five times greater than the default one.

The presence of a suspended-load part in the sediment transport becomes indisputable
for the formation and migration of shoreface-connected sand ridges, as was argued by Calvete
et al. (2001), because for δ and Qs → 0, the model gives unrealistic values of the formation
time (too large) and the velocity migration (too small).

To summarize, the model indicates that the necessary and essential conditions for the
formation of shoreface-connected sand ridges with the characteristics of those at the Ebro
Delta, are the presence of a significant current and wave orbital velocity, which generates an
important amount of sediment that is transported as suspended-load.
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Fig. 14. Sensitivity of the wavelength (left), e-folding growth time (middle) and migration speed (right) of
the preferred mode as a function of δ (top) and Qs (bottom). Other parameters have their default values.
The default value is marked with a cross.

4 Morfo62

The Morfo62 is a more complex morphodynamic model developed and analyzed to
explain the characteristics of transverse sandbars observed in the inner surf zone of open
beaches. The original model describes the feedback between waves, rollers, depth-averaged
currents and bed evolution, so that self-organized processes can develop. The model needs
to be adapted to describe larger length scales, so that, the Coriolis effect due to Earth’s
rotation has to be added to the code. The sediment flux used is the same as the one defined
in Morfo25. Also, the basic state will be as similar as possible as the one described in the
former model.
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4.1 Model formulation

It is also as in the first case considered the fluid is described by the water mass conser-
vation equation (Equation (3.2)) and a more completed water momentum balance equation:

∂vi
∂t

+ vj
∂vi
∂xj
− f εijvj = −g ∂zs

∂xi
− 1

ρD

∂

∂xj
(Sw

ij − St
ij) +

τsi − τbi
ρD

, i, j = 1, 2, (4.1)

where the variables D, vi, f, εi,j , τbi, τsi, xi, and ρ are the same as defined in Morfo25 and
Sw
ij and St

ij are radiation stresses due to wave propagation and turbulent Reynolds stresses
respectively which are not considered in Morfo25. The original model also has the radiation
stresses due to roller propagation, but in this application they will not be taken into account.

The bed shear stress is defined in an analogous way to that of the first model:

τbi = ρ

(
2

π

)
cDuwvi, i = 1, 2, (4.2)

where cD is a drag coefficient related with the shear stress. The value of this coefficient can
be obtained from Equations (3.4)-(3.5) from Morfo25 :

cD =
r̂∗0π

2ûw0
(4.3)

which leads to a value of cD ≈ 0.017.
The wind shear stress in this case is not constant and it is defined as:

τsi = ρacDw|vw|vwi
1− tanh(D −Dkwo)

2
, i = 1, 2, (4.4)

where ρa ∼ 1.25kgm−3 is the air density , cDw is a constant wind drag coefficient, which
depends on the height above the sea level where wind speed is measured, vwi are the com-
ponents of the winds speed at a certain height above sea level and Dkwo is the water depth
where the offshore wind forcing decay to zero in order to verify the boundary condition of
V (∞) = 0 This boundary condition is not fulfilled in our study, because the seabed is de-
scribed as in the first model (see Equation (3.13) and Figure 12), and it has been observed
that this condition is not necessary because the structures are only formed in the first half
part of the slope.

In Morfo62 an important difference exits: the presence of waves, which are only included
in the Morfo25 in a parametric way. The wave features are defined by:

∂E

∂t
+

∂

∂xj
((vj + cgj)E) + Sw

jk

∂vk
∂xj

= −Dw, j, k = 1, 2, (4.5)

σ + vjKj = ωa, j = 1, 2, (4.6)

∂Ki

∂xj
+
∂Kj

∂xi
= 0, i, j = 1, 2, (4.7)

which defines the wave energy balance, the wave frequency shift and the wave number ir-
rotationality. The cgj correspond to the components of the group velocity, E is the wave
energy, Dw is the wave energy dissipation rate due to wave breaking, ωa is the absolute wave
frequency (in a frame at rest), σ is the intrinsic wave frequency (in a frame moving with the
current) and K = (K1,K2) is the wavenumber.
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The model use the standard linear wave theory to describe the parameters related to the
wave features explained above.

cgi =
cKi

2K

(
1 +

2KD

sinh(2KD)

)
, i = 1, 2, (4.8)

ci =
cKi

K
, i = 1, 2, (4.9)

c =

√
g

K
tanhKD, (4.10)

σ2 = gK tanhKD, (4.11)

K = ∇Φ, (4.12)

where Φ is the wave phase.
Furthermore the wave radiation stresses Sw

ij , the wave energy dissipation rate Dw, defined
in Church and Thornton (1993) which included a term that inhibits wave energy dissipation
in deep water and the wave energy (E) are defined as

Sw
ij = E

(
cg
c

KiKj

K2
+

(
cg
c
− 1

2

)
δij

)
, i, j = 1, 2, (4.13)

St
ij = ρνtD

(
∂vi
∂xj

+
∂vj
∂xi

)
, i, j = 1, 2, (4.14)

Dw =
3B3ρgσH3

rms

32
√
πD

1−

(
1 +

(
Hrms

γbD

)2
)−2.5

(1 + tanh

(
8

(
Hrms

γbD
− 1

)))
, (4.15)

E =
1

8
ρgH2

rms, (4.16)

where δij is the Kronecker delta, Hrms is the root mean square height of the waves, B3 is
a parameter which describes the type of breaking (B3 ∼ 2.0), γb is an expected saturation
value of Hrms/D (γb ∼ 0.4− 0.8), and νt is the turbulent diffusivity defined as:

νt = νt0 +M

(
Dw

ρ

)1/3

D, (4.17)

where M is a parameter that characterizes the turbulence and νt0 = 10−4 m2 s-1 is a constant
diffusivity.

Conservation of sediment mass yields the bottom evolution equation (Equation (3.3)).
The Bailard (1981) sediment transport is also used. This expression has been extended to
model the effect of a two-dimensional flow and the preferred downslope transport of the sand
with the form,

qi = G

(
vi − Γ

∂h

∂xi

)
, i = 1, 2. (4.18)

The function G describes the depth-integrated volumetric sediment concentration. Γ is called
the bedslope coefficient and h(x, y, t) stands for the perturbation of the sea bottom, accounts
for the tendency of the system to smooth out such bottom perturbations if they do not cause
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Fig. 15. Definition of the angle of wave incidence θ. It is measure with respect to the shore-normal. Clockwise
(anticlockwise) deviation with respect to the shore-normal means positive (negative) θ. Source: Vis-Star et al.
(2007)

positive feedback into the flow. In the formula, G reads as:

G = ϕ+ νbu
2
w, (4.19)

where ϕ is the depth integrated relative volume concentration (see Equations (3.10) and
(3.11)), and the bedslope coefficient Γ in equation is:

Γ =
λsu

5
w + νbλbu

3
w

ϕ+ νbu2w
(4.20)

where all the values are the same as in Morfo25. The values of λs and λb used also
correspond to the best case proposed in the first model.

4.2 Basic state and stability analysis

4.2.1 Basic state

The stability analysis begins by defining a steady and alongshore uniform reference state
(i.e., without alongshore rhythmic topography). The seabed is schematized as a constant
sloping bottom as the first model (Figure 8).

The equilibrium and alongshore uniform conditions (∂/∂t = 0 and ∂/∂y = 0, respec-
tively) to obtain the basic state components of the variables are applied.

The momentum equations from Equation (4.1) in basic state are given by:

0 = −gdξ0
dx
− 1

ρD

d(Sw
xx)

dx
+ fV0 (4.21)

0 = −gs∗ −
1

ρD

d(Sw
xy − St

xy)

dx
−
τby − τwy

ρD
(4.22)

The energy wave balance equation, the wave frequency shift and the wave number irro-
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tationality from Equations (4.5) - (4.7) for basic state are described by:

d(cgxE0)

dx
+ Sw

xy

dV0
dx

= −Dw (4.23)

σ + V0K02 = ωa (4.24)

dK02

dx
= 0 (4.25)

In the wave frequency shift is assumed that ωa is constant. The wave number irrotationality
equation implies the Snell law, K0(sinθo) = constant.

The bed evolution equation is not solve in the basic state. It is assumed a sensible
equilibrium profile, because the time scales involved in the cross-shore transport are quite
shorter than the time scales for formation of alongshore inhomogeneities it is solved.

The basic state is compared for both models after adding the Coriolis parameter, in order
to contrast the models results and use the same basis of equilibrium state. Morfo25 basic
state is computed by analitic equations, and Morfo62 compute the differential equations. A
change have been taken into account in ĉa value of Morfo62 to have a more similar behavior
to Morfo25. In this second case, the chosen value is ĉa ≈ 9× 10−4 s3 m-3. The value of the
depth-integrated volumetric concentration the bedslope coefficient are also shown for both
models (Figure 16).

The modeled basic state is characterized also by the presence of a longshore current, an
elevation of the free surface level and a distribution of the sediment as the first model.

Coriolis parameter
A furhter analysis of the addition of the role of the Coriolis parameter is detailed. The

original code of Morfo62 does not include this parameter because it was meant to describe
the sandbars in the surf zone, but it is necessary to consider for larger and deeper domains. In
the basic state the water x-momentum balance (Equation (4.21)), the Coriolis force appears
due to the presence of the longshore current V0(x). The effect of this parameter is evaluated
with the setup (setdown) of the free-surface level zs in the basic state. The setup (setdown)
is an over elevation (under elevation) of the free surface level in the coastal zone forced by the
cross-shore transfer of momentum after waves break or by wind-induced cross-shore forces.
The Coriolis effect produce a force perpendicular to the velocity, which is compensated by a
setup or setdown of the free-surface level.

When the Coriolis force has an onshore direction (positive Coriolis parameter) a com-
pensation force appear and the free-surface level will experience a setup on the shore. On
the other hand, if the force is going off-shore (negative Coriolis parameter), the free-surface
level will suffer a setdown on the shore (Figure 17).

4.2.2 Stability analysis

As in the first model, a small perturbation is assumed to be periodic in time and in the
alongshore coordinate is added to the basic state for all the variables,

(u, v, η, e, h, φ) = Re{(ū(x), v̄(x), η̄(x), ē(x), η̄(h), φ̄(h))eiky+ωt}
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such that

zs = zs0 + η(x, y, t), zb = zb0 + h(x, y, t), Φ = Φ0 + φ(x, y, t),

v = (0, V0(x)) + (u(x, y, t), v(x, y, t)), E = E0(x) + e(x, y, t),

and for the wavenumber

K = K0 + k, k = (k1, k2) = ∇φ(x, y, t)

The effect of these perturbations also induce perturbations of the values of wave kine-
matics (σ, ci, cgi, S

w
ij , D

w and uw), turbulence mixing(νt and St
ij), shear stresses (cD and τsi)

and sediment transport (G). In the default case, the sediment transport only is considered
the perturbations due to the total depth, d, but not the ones from the wave orbital velocity.

By inserting all these expressions in the governing equations and linearizing with respect
to the perturbations, we arrive at an eigenproblem. The quasi-steady hypothesis is assumed,
which implies that hydrodynamical instabilities are excluded by disregarding time derivatives
of hydrodynamical quantities. This implies that the flow field responds instantaneously (on
the morphodynamical timescale) to the bed evolution.

4.3 Model results

All the model parameters take the same values as in the Morfo25 application (Section
3.2 and 3.3). It is also considered the new values of λs and λb described in Section 3.3. The
only new parameters are those related with wave processes and turbulence. Regarding the
latter the standard value M=1 is used. The wave conditions are obtained from field data
(Section 2.2):

Hoffshore = 1.39 m, Toffshore = 8.5 s, θwaves = +5◦

The results are obtained and analyzed as in the first model: for each k, different complex
eigenvalues ω exist and the complex eigenfunctions, which characterize the different growing
modes (Figure 18).

The fastest growing solution is the one that can be compared with the observed sand
ridges. The model results are assumed to be representative only for storm conditions, so it
is necessary to consider the time fraction µ for the migration velocity and the e-folding time
to obtain the final results. Its alongshore wavelength, the growth time and the migration
speed of the corresponding preferred mode are given by:

λ =
2π

k
= 748 m

τ =
1

µ σmax
= 28.85 yr

Vmi = µ
−=(ω)

k
= −3.84 m yr-1

The obtained results are in a good agreement with the expected values. Despite this,
there is a small difference between the considered best case result obtained with the Morfo25,
especially for the wavelength and the migration velocity. The e-folding time and wavelength
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Fig. 18. Growth rate and migration speed as a function of the wavenumber for the first three modes.

has increased a value of ∼
√

2 with respect to the best case in the first model, however the
e-folding time is practically not affected, since it continues being of the order of decades.
The alongshore wavelength results approximately 2 times larger than the median of the data
field and the migration speed is more than 2 times lower than the observed one, so this result
is slightly worse than the one selected as the best case in Morfo25.

The shape of the modeled ridges is shown in Figure 19 for the most preferred mode and
for the wavenumber k ∼ 8.4 × 10−3 m-1 which corresponds to the maximum growth rate.
The orientation of the dominant bed forms is also upcurrent. The properties of the modeled
ridges are identical to the modeled ridges from Morfo25. The angle that form the bed forms
with respect to the shoreline is about 51◦, which agrees with the field data. The length of the
sand bars is also smaller than that on the field data. The modeled result show that ridges
are about ∼ 925 m which is still quite far from the length of ∼ 2000 m observed.

A further analysis of the sensitivity of the shoreface-connected sand ridges on the wave
parameters is done with Morfo62. The effect changing the offshore angles of wave incidence
is different regarding the preferred wavelength, e-folding growth time or migration speed
(Figure 20). It is observed that for wave incidence |θ|> 60◦ the wavelength and migration
velocity module decrease, whilst e-folding time increases strongly. The behavior of the time
formation due to the wave incidence is contrary at the one discussed in Vis-Star et al. (2007).

The orientation angle of the sand ridges increases when the wave incidence moves away
from the shore-normal. On the other hand, the length of the sand ridges decreases with this
parameter. The ridges angle with respect the shore-normal and the length of these ridges
are 55◦ and ∼ 600 m for the cases of wave incidence of θ = 70◦ and θ =-70◦.

The ratio of the wave height and period is maintained with respect to the default case,
because these two wave parameters are correlated. The higher the waves (higher period),
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the stronger their shoaling towards the coast, which results in a stronger increase of the wave
orbital velocities. Performing the linear stability analysis for different offshore wave heights
(and periods) reveals that the system exhibits one growing mode in all cases. The alongshore
spacing between two successive crests decrease for smaller values of the wave height. The e-
folding growth time increases rapidly with decreasing offshore wave height and the migration
velocity module decreases (Figure 20). The presence of the waves, thereby, has an essential
role on the formation and migration of the sand ridges, as was already seen above in the
effect of the wave orbital velocity amplitude in Morfo25.

The ridge orientation with respect to the shore-normal and the length of the sand ridges
evolves from 56◦ and ∼ 429 m for a value of Hrms = 0.90 m (T = 5.5 s) to 50◦ and ∼ 1370
m for a value of Hrms = 1.64 m (T = 10 s). The presence of high waves (long period) tilts
more the ridges and lengthens them, as also occurred for large uw0 in Morfo25.

The sensitivity to varying the surface shear stresses due to wind, τsy, which creates
the current velocity, is also studied. As in Morfo25, the presence of current velocity turns
indisputable for the formation of sand ridges. The behaviour of the wavelength, the time
formation and the migration velocity is the same as the one studied in the former model.
The wavelength and the time formation increase exponentially when τsy is decreasing. The
migration velocity module has a linear decrease for smaller presence of wind. This confirms
that the velocity current is essential for the formation and dynamic behaviour of the ridges.

The orientation with respect the shore-normal and the length of the sand ridges evolves
from 58◦ and ∼ 1840 m for a value of τsy/ρ = 1.0 × 10−4 m2 s-2 to 48◦ and ∼ 580 m for a
value of τsy/ρ = 6.0 × 10−4 m2 s-2. The presence of high-speed current tilts less the ridges
and shortens them. This effect is appreciated also in the sensitivity analysis with respect to
U in Morfo25.

The direction of the wind is assumed to be in the alongshore direction, negative y−axis, in
both models. This is equivalent to describe a wind that comes from the North. Morfo62 also
allows to consider the bed-shear stress in the cross-shore direction. However, the presence of
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τsx does not change the characteristics of the fastest growing mode. Taking into account the
results when adding τsx (cross-shore wind), the assumption made for both models of only
considering the τsy can be considered accurate.

When Coriolis effect is neglected (f = 0), the results are slightly different. The wave-
length is about 849 m, the e-folding time formation is 25.31 yr and the migration velocity is
-4.55 m yr-1. The angle with respect the shore-normal and the length increases if Coriolis is
not present, being 54◦ and ∼ 1000 m, respectively.

The Doppler’s effect in this water depth turns out to be negligible (Equation (4.6)). A
case where it is considered showed that the ridge shape is the same as the best case in
Morfo62, the e-folding time is 29 yr and the migration velocity is -3.81 m yr-1.

The linear bed shear stress used so far in both models is accurate for the weak current
limit. The model Morfo62 has been also applied using different shear stresses formulas. The
quadratic friction, used to describe the strong current limit, is defined as:

τbi = ρcDvvi, i = 1, 2. (4.26)
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Applying this bed shear stress the value of the wavelength, the e-folding time and migration
velocity are:

λ = 837.76 m, τ = 42.94 yr, Vmi = −2.25 m yr-1

and the orientation and the length of the patterns computed are 52◦ and 1120 m, respectively.
Another definition of the shear bed stress, according to Feddersen et al. (2000); Ruessink

et al. (2001), is expressed as:

τbi = ρcD
uw√

2

(
α2 + 2

v2

u2w

)1/2

vi, i = 1, 2. (4.27)

where α = 1.16. These formulation can be used for all ranges of v and uw but it is most
accurate when |v|/uw > 1. In this case, the solutions of most preferred mode are:

λ = 997.33 m, τ = 40.56 yr, Vmi = −3.00 m yr-1

the angle with respect he shore-normal of the bottom mode with the largest growth rate is
about 55◦ and the length of the ridges is ∼ 1028 m. The wavelength and length obtained
with this more accurate τb formulas do not reproduce better the observations.

A case where the viscosity forces between the current velocities is 100 times lower that
the one used in the default case in Morfo62 is also studied (M=0.01). The value of the
wavelength, the e-folding time and migration velocity are:

λ = 785.40 m, τ = 28.80 yr, Vmi = −3.27 m yr-1,

In this case the orientation angle is 54◦ and the length of the computed structures are ∼ 987
m. The presence of viscosity is not necessary to define good results, because the value of all
these properties are similar to the best case described in Morfo62.

5 Discussion

The obtained results from both models agree reasonably well with the characteristics of
the sand bed forms observed in the Ebro Delta. Thereby, the model results confirm that
those observed bed forms are likely to be shoreface-connected sand ridges as hypothesized by
Guerrero et al. (2018), even though their length and time scales differ from those observed in
other shelves. The results of Morfo62 agree reasonably well with those of Morfo25. Thereby
the formed code, despite being originally developed for the nearshore environment, can be
adapted to describe the continental shelf topography and processes.

5.1 Data-model comparison

The information about the hydrodynamic and geomorphological conditions in the Ebro
Delta has been used to define the basic state or reference profile and some of the model
parameters values related with the waves, the wind or the sand. The reference bottom
profile is defined from the area where the sand ridges in the Ebro Delta are found. The outer
depth limit of the modelled area could be considered deeper, but there is no bathymetry
measurements for deeper water. For this, an offshore detailed bathymetry would be necessary
to describe a deeper bottom profile. The reference bathymetry in the case of Morfo62 is
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created from interpolation of different input points. It has been selected to reproduce the
same bottom profile as in the Morfo25 model.

The value of τsy = 2.5 N m-2 used in both models is selected in order to obtain a
current velocity between 0.4 and 0.6 m s-1, as measured in the tripod during the six months.
Moreover, the filtered data of the buoy of Tarragona is used to define the value of the storm
time fraction (µ), uses as a threshold a value of 5 m s-1. Applying the mean velocity of the
filtered data (8.37 m s-1) to

τsy = ρacDav
2
wind, (5.1)

where cDa ∼ 0.002 is a drag air coefficient, results a value of τsy = 1.72× 10−2 N m-2, which
corresponds to a value 1.5 times smaller than the one used. Nevertheless, notice that the
value of cDa is defined for wind speeds measured at 10 m height, and the obtained data is
from 3 m height.

The chosen threshold value of wind velocity has an important effect on the computation
of the storm time fraction, as well as the range of the wind origin. A better data filtering
would lead us to smaller value of µ. This change would affect to the values of the e-folding
time and migration velocity of both models, reaching greater values of τ and smaller values
of Vmi.

For considering also stormy conditions, the considered data from the buoy of Tarragona
is also filtered by the wave height and the wave direction. The threshold value of the wave
height is reasonable, but the range of wave direction is wide. Decreasing this range and/or
increasing the threshold value for the filtering of information of wave height, would lead to
a smaller value of µ too.

The propagation of waves in Morfo62 is computed by linear wave theory, and the wave
height increases as the depth decreases due to shoaling effects. The input values of the
model correspond to the wave height at 27 m, but the offshore depth applied in both models
is smaller, of 15 m. Using the value of Hoffshore =1.39 m from the available data from
Guerreto et al. (Personal Communication), the wave propagation defined in the basic state of
the model adjust pretty well with the wave height at 13 m depth and it slightly underpredicts
it away at 7 m depth (Figure 22).

The total sediment transport plays an important role in the models describing the stirring
by the waves and the current. The volumetric sediment flux described in both models
contains some unknown parameters for the Ebro Delta, both for the suspended-load part
and the bed-load part. In order to obtain better results a study of λs and λb has been made,
without getting too far from the original value. The values of νb or ws are keeped as Calvete
et al. (2001) for Long Island.
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Fig. 22. Representation of the wave height as a function of the alongshore distance in the basic state of
Morfo62. The circle points represents the values of the wave height filtered data from Queral et al. (personal
communication).
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5.2 Inter-model comparison

A first comparison between both models must be done for the basic state. Morfo25
solves analytically the Equations (3.2), (3.1) and (3.10), while Morfo62 solve, in addition
to the description of waves, the same differential equations, including wave radiation and
turbulent Reynolds stresses (Equations (3.17)). This last model has been conditioned to
have the maximum similarity with the first one, so that, the linear stability analysis can be
considered from the same basis.

Although the basic state of the models are imposed to be equal the linear stability analysis
results are slightly different. Morfo62 includes the wave radiation and turbulent Reynolds
stresses and a linear description of waves. It also consider the perturbation in the wave
orbital velocity, which were not included in Morfo25. All these terms might affect the linear
stability analysis and change the properties of the sand ridges.

Comparing the results of the two models, it can be concluded that the succinct description
of the wave orbital velocity from Morfo25 is accurate enough to describe the dynamics of
shoreface-connected sand ridges. At least, the difference between the results of the two
models is too small for the offshore wave direction considered, practically shore-normal.

A first attempt to introduce a better wave propagation description in Morfo25 was done
by Vis-Star et al. (2007). Her model introduced the waves physical principles based on linear
wave theory and also considered the perturbation in the wave orbital velocity. The sensitivity
to wave height and to wave period in that study has en equal behaviour to those obtained in
this one. For the angle of wave incidence, the wavelength and the migration time also vary
in the same way, but the time formation is completely opposite. This fact, must be due to
the considered perturbations of the wave orbital velocity in the sediment transport.

5.3 Model limitations

The results obtained from both models have the same features as the shoreface-connected
sand ridges. The models are designed in such a way that they contain the physical processes
that are known to be essential for the formation and dynamic behaviour of the sand ridges.
It is important to discuss the robustness of the models and their defined mechanisms.

Firstly, the vertical structure of the current is neglected. The three-dimensional flow
structure leads to an offshore directed sediment transport during storms, which probably will
affect the emerging structures. Secondly, nonlinear terms in the equations for the pertur-
bation have been ignored. This is a reasonable assumption because the shoreface-connected
sand ridges in the Ebro Delta are of small amplitude and, probably, in the initial stages
of formation. Thirdly, the transport of sediment during fair weather conditions is ignored
in the models, since the equations are defined for stormy weather conditions. It would be
preferable to specify a storm climatology and run the model partly in the severe weather
mode and partly in the fair weather mode.

A final aspect that deserves discussion is that we only consider the perturbation of the
sediment concentration (Equation (4.19)) related with the perturbations in the water depth
d. When introducing also the perturbations related with the other variables (e, φ) spurious
solutions are obtained, as occurred in previous studies (Vis-Star et al., 2007; Ribas et al.,
2012). This result suggest that the presently available sediment transport formulations are
not yet sufficiently accurate to correctly describe their variations. The sediment transport
defined in Bailard (1981) is the one used in both models. In both the bedload and suspended
load, the transport rate vectors are found to be composed of a velocity-induced component
directed parallel to the instantaneous velocity vector and a gravity-induced component di-
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rected downslope. The sediment transport model uses vertically integrated equations. As a
consequence, no details of the vertical distribution of suspended sediment flux are resolved,
and sediment transports are assumed to respond to the near bottom water velocity in an
instantaneous, quasi-steady manner. Many of the details of the sediment transport processes
are hidden by the use of vertically integrated equations. This is justified by the resulting
mathematical simplicity and by the lack of adequate data to validate more sophisticated
sediment transport models. However, all available sediment transport formulas have large
uncertainties ans this is a serious limitation of morphodynamic modelling.

Notwithstanding all the model limitations discussed in the previous section it therefore
seems that present models has contain the fundamental processes underlying the formation
and maintenance of the ridges.

5.4 Future research

The new data from Guerrero et al. (2018) present measurements of the characteristics of
the sand ridges (alongshore spacing, orientation or migration rate) but a limited information
about the large-scale bathymetry, the reference bottom profile where these structures have
developed. Measuring a bathymetry for deeper waters might become essential to know the
real size of the inner shelf and to define the initial profile for both models.

Additionally, obtaining estimations of wind and wave conditions and coastal currents
during storms is a challenge. Despite the computation of the time fraction from the infor-
mation of the buoy of Tarragona leads us to know an accurate value of µ, it can only be
interpreted as a reference, as well as the time formation and the migration velocity modeled.
Wind and wave field measurements during longer periods could specify more the values to
take into account. Furthermore, a distribution of current meters could be deployed along
the coastal profile, in order to obtain a better description for the current generated by the
wind for different depths.

A better description of the sediment transport formulation and sediment concentration
distribution is essential. Ideally, such sediment transport formula should apply to the entire
coastal profile.

Necessary future modelling research should focus on testing the effect of heretofore ne-
glected processes and developing better numerical techniques. For example, a challenging
issue would be to perform a nonlinear finite-amplitude analysis, which would lead to a pre-
diction of the amplitude of the ridges. Furthermore, the cross-shore sediment transport
processes have so far been assumed to play a passive role. To study this issue, (quasi)
three-dimensional models should be developed because including a description of the ver-
tical structure of the flow and the intrawave oscillatory motion (Putrevu and Svendsen,
1999) is mandatory to successfully describe cross-shore sediment transport processes. Also
shoreface-connected sand ridges could be affected by the net exchange of sediment between
the inner shelf and the nearshore zone.

6 Conclusions

In this study, two morphodynamic models have been applied to the conditions of the
Ebro Delta to analyze the sand ridges recently observed there. Both models analyze the
stability of a very similar basic state, which is uniform in the direction parallel to the coast
and describe a steady mean alongshore flow, driven by wind, over a reference topography.
The stability properties of this morphodynamic equilibrium with respect to small bottom
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perturbations, which are rhythmic in the alongshore direction, have been investigated. The
most important differences between Morfo25 and Morfo62 is that in the second one the
behavior of waves is described by equations which are derived from physical principles, rather
than by parametrizations, and that interactions between waves and bed forms are accounted
for.

Shoreface-connected sand ridges have been modelled and the obtained morphological
characteristics, the alongshore distance, the time formation, the migration velocity, the ori-
entation and the length, are similar to those of the Ebro Delta, thereby, confirming that the
ridges observed are indeed shoreface-connected sand ridges.

Furthermore, from the results and sensitivity analysis, the presence of the suspended-
load, as well as the current velocity and the wave-events are essential. The suspended-load
enters in suspension due to the wave stirring, so both processes are linked. The sensitivity
results of the current velocity and the wave height (or the wave orbital velocity amplitude)
suggest that both strong NW wind and wave-storm events are both necessary phenomena.

Improving the description of wave processes does not have a significant effect on shoreface-
connected sand ridges characteristics at the Ebro Delta. In particular the role of the wave-
induced currents is negligible compared to the dominant wind-induced current. The most
important effect of the imposed wave description is that different wave directions can be
considered. However, the latter does not play any role in the Ebro Delta because waves are
shore-normal. Coriolis force, Doppler effect, bed shear stress formulation and turbulence
play a minor role.
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Boldú– and special thanks to Ignasi Piqué and Adrián Grande for all their support and
laughs during this four years of degree and to Ariadna Sanglas who gave me the maximum
support, encouragement and affection from the very first day.

36



References

Amos, C. L., Li, M., and Choung, K.-S. (1996). Storm-generated, hummocky stratification
on the outer-scotian shelf. Geo-Marine Letters, 16(2):85–94.

Antia, E. E. (1996). Shoreface-connected ridges in german and us mid-atlantic bights: simi-
larities and contrasts. Journal of Coastal research, pages 141–146.

Bailard, J. A. (1981). An energetics total load sediment transport model for a plane sloping
beach. Journal of Geophysical Research: Oceans, 86(C11):10938–10954.

Calvete, D., Dodd, N., Falqués, A., and Van Leeuwen, S. (2005). Morphological development
of rip channel systems: Normal and near-normal wave incidence. Journal of Geophysical
Research: Oceans, 110(C10).

Calvete, D., Falqués, A., De Swart, H., and Walgreen, M. (2001). Modelling the formation
of shoreface-connected sand ridges on storm-dominated inner shelves. Journal of Fluid
Mechanics, 441:169–193.

Church, J. C. and Thornton, E. B. (1993). Effects of breaking wave induced turbulence
within a longshore current model. Coastal engineering, 20(1-2):1–28.

Duane, D., Field, M., Miesberger, E., Swift, D., and Williams, S. (1972). Linear shoals on
the atlantic con tinental shelf, florida to long island. Shelf Sedi ment Transport: Process
and Pattern.” DJP Swift, et al (Eds.), Dowden, Hutchinson and Ross, Inc., Strouds burg,
Pa, 447.

Edwards, J., Harrison, S., Locker, S., Hine, A., and Twichell, D. (2003). Stratigraphic
framework of sediment-starved sand ridges on a mixed siliciclastic/carbonate inner shelf;
west-central florida. Marine Geology, 200(1-4):195–217.

Falqués, A., Calvete, D., De Swart, H., and Dodd, N. (1998). Morphodynamics of shoreface-
connected ridges. Coastal Engineering Proceedings, 1(26).

Feddersen, F., Guza, R., Elgar, S., and Herbers, T. (2000). Velocity moments in alongshore
bottom stress parameterizations. Journal of Geophysical Research: Oceans, 105(C4):8673–
8686.

Figueiredo Jr, A. G., Sanders, J. E., and Swift, D. J. (1982). Storm-graded layers on inner
continental shelves: examples from southern brazil and the atlantic coast of the central
united states. Sedimentary Geology, 31(3-4):171–190.

Green, M., Vincent, C. E., McCave, I., Dickson, R., Rees, J., and Pearsons, N. (1995).
Storm sediment transport: observations from the british north sea shelf. Continental Shelf
Research, 15(8):889–912.

Guerrero, Q., Guillén, J., Durán, R., and Urgeles, R. (2017). Contemporary subaqueous
dune field development over an abandoned river mouth (ebro delta). In Atlas of Bedforms
in the Western Mediterranean, pages 89–93. Springer.

Guerrero, Q., Guillén, J., Durán, R., and Urgeles, R. (2018). Contemporary genesis of sand
ridges in a tideless erosional shoreface. Marine Geology, 395:219–233.

37



Guillén, J. and Palanques, A. (1997). A historical perspective of the morphological evolution
in the lower ebro river. Environmental Geology, 30(3-4):174–180.

Huthnance, J. M. (1982). On one mechanism forming linear sand banks. Estuarine, Coastal
and Shelf Science, 14(1):79–99.
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