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Abstract: River mouths are dynamic systems that can respond rapidly to both fluxes in fluvial water
and sediment discharge and marine energy conditions, notably waves. On semi-arid wave-exposed
coasts, the morphosedimentary behaviour of river mouths is particularly sensitive to variations
in water discharge, which can be significantly influenced by climate variations, in addition to
anthropogenic actions such as the construction of dams for water resource needs. In this climatic
setting, an increasingly common consequence of decreasing river water discharge is the more or less
prolonged closure of river mouths. Most studies have addressed river-mouth closure using analytical,
parametric, numerical, or statistical models. The present study uses output from four numerical
models to elucidate the hydrodynamic and sedimentary behaviour of the mouth of the Oum-Errabia
River (catchment size: 35,000 km2), which debouches on the Atlantic coast of Morocco. The historical
evolution of the river mouth and the impact of human interventions, such as the construction of dams,
are discussed. The study also briefly discusses the impact of the recent closure of the river outlet,
in response to particularly low water discharge, on the marine ecosystem and water quality. The
modelling results covering a one-year simulation in this situation of closure indicate a deposition of
427,400 m3 of sediment in front of the mouth of the Oum-Errabia. Ensuring permanent river-mouth
opening and tidal flushing and renewal of this river’s estuarine waters will necessitate costly regular
dredging.

Keywords: river mouth; hydrodynamics; sediment transport; river outlet closure; numerical mod-
elling; river dams

1. Introduction

The hydrodynamics and sedimentary behaviour of river mouths are jointly influenced
by the river flow regime, wave climate, wind stress, tidal conditions, and anthropogenic
actions materialized mainly by the construction of dams and ports [1,2]. In extreme cases
of low flow, river mouths can be closed over more or less long periods of time (months to
years), but episodic opening during high flood flow is also commonly observed (e.g., [3,4]).
A common characteristic at river mouths in semi-arid to arid regions is the propensity for
highly irregular flow regimes that may prompt river-mouth closure, as the relationship
between water discharge and the wave conditions prevailing at the river mouth appears
to be the paramount governing condition on this dynamic situation, although strong
winds and changes in atmospheric pressure may also contribute in a non-negligible way
but essentially in small estuaries (e.g., [5]). The term ‘blind estuary’ has been employed
commonly in the literature to denote such small estuaries where low discharge conditions
are conducive to semi-permanent closure (e.g., [4]). These sequences of opening and
closure have important implications not only in terms of sediment management but also
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from ecological and water-quality points of view (e.g., [6–8]). While these ecological
considerations have attracted significant attention as a result of the importance of closure
and opening on fish ecology in particular, little is known of the dynamics associated with
the rapid changes that lead to closure and re-opening episodes. Even larger river systems
than the commonly semi-permanently closed ‘blind estuaries’ evoked above can be forced
into more or less long episodes of closure where the flow regime has been severely impacted
by droughts or by anthropogenic actions. Recent studies on closure and opening have
generally concerned small tidal inlets [9–12]. Most studies have addressed the closure
of river mouths (and tidal inlets) using analytical solutions based on the equation of
conservation of momentum [13], parametric models [14], numerical models [15,16]), or
statistical models that link the state of the mouth or inlet solely with river flow [17,18].
Recent studies have predominantly focused on assessing pattern changes using high-
resolution repeated multibeam surveys or employing numerical modelling of wave and
current processes in isolation, without fully addressing the intricate numerical interactions
that impact the morphological evolution of river-mouth closures. In our case study, the
adopted numerical approach tracks morphological changes over the course of a year, taking
into account the complex interplay among wave, current, tidal, and sediment transport
processes, notably alongshore, with a one-hour hydrodynamic feedback loop.

The present study focuses on the hydrodynamic and sedimentary behaviour of the
mouth of the Oum-Errabia River on the Atlantic coast of Morocco (Figure 1), which drains
a relatively important catchment of 35,000 km2. Following the construction of several
dams, notably the Al Massira Dam at the end of the 1970s, the downstream flow at the
river mouth dropped drastically, affecting the dynamics, morphology, and sedimentary
behaviour of the mouth of the Oum-Errabia, with implications for ecosystem functioning
and fluvial sediment supply to the adjacent coasts. Notwithstanding the fragmentation of
the river by dams, the water discharge remained sufficiently high, however, to maintain
permanent opening of the mouth. Over the last five years, however, the river mouth
has progressively become clogged with sand, culminating in its closure at the end of the
winter 2023, notwithstanding the fact that flood flows during the winter season commonly
maintain a fairly wide outlet by dispersing sand. These changes are summarized in the
satellite images in Figure 2, which cover nearly two decades.
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using coupled process modelling. To achieve this objective, we conducted a one-year sim-
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which we deduced sand transport pathways, the resultant alongshore sediment dis-
charge, and a sediment budget. The study specifically examines the evolving conditions 
at the mouth of the Oum-Errabia River following the construction of dams, which have 
had a substantial impact on the flow dynamics. By examining this real-world case, we 
intend to elucidate the driving forces behind the recent mouth closure, following a histor-
ical situation of prevalence of an open outlet during the winter season. Our research takes 

Figure 2. Morphological evolution of the Oum-Errabia River mouth from Geo-Eye satellite images
showing progressive narrowing of the outlet from sand-clogging that has culminated in its closure in
2023.

Insight into the effects these changes have caused can be obtained by reconstructing
the coastal sediment transport patterns and changes in the sediment budget at the mouth
using coupled process modelling. To achieve this objective, we conducted a one-year
simulation of waves and currents to document multiple patterns of shoreface change, from
which we deduced sand transport pathways, the resultant alongshore sediment discharge,
and a sediment budget. The study specifically examines the evolving conditions at the
mouth of the Oum-Errabia River following the construction of dams, which have had a
substantial impact on the flow dynamics. By examining this real-world case, we intend to
elucidate the driving forces behind the recent mouth closure, following a historical situation
of prevalence of an open outlet during the winter season. Our research takes a detailed look
at the hydrodynamic and sedimentary responses to dam-induced flow alteration using
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process modelling to decipher the sediment transport patterns and assess changes in the
sediment budget. In this way, we endeavour to provide valuable insight into the causes
and consequences of these transformations, shedding light on their implications for the
estuarine ecosystem and river sediment supply to the coast.

2. The Oum-Errabia River and Its Mouth

The Oum-Errabia, formerly known as the Morbêa, is the second longest river in
Morocco. The river debouches on the coast at the northern end of El Jadida Bay between
the port of El Jadida and Cape Azemmour near the city of Azemmour (Figure 1). The
river drains a catchment of 35,000 km2 and has a length of 550 km and an average water
discharge of 117 m3/s. The Oum-Errabia has its sources in the Jebel Hayane near the
rural settlement of Oum-Errabia at an altitude of 1800 m in the Middle Atlas range in
central Morocco. The climate in this part of Morocco is of the Mediterranean type with
both oceanic and continental influences. At the river catchment, the oceanic influence is
associated with rainy winds from the Atlantic and the annual precipitation decreases, while
the continental influence increases with distance from the sea. The latter influence results
in high summer temperatures especially from June to August with a peak generally in
July (around 41 ◦C in the mountains and 46 ◦C in the foothills) and relatively low winter
temperatures from December to March (under −3 ◦C in the mountains and around 0 ◦C in
the foothills) [19]. The Oum-Errabia’s sediment transport capacity has been estimated at
about 2400 m3/year [20].

The Oum-Errabia catchment has experienced worrisome declines in surface water and
groundwater resources, notably over the last few years. The catchment is now experiencing
a deficit in rainfall for the fourth consecutive year since 2019. All the dams in this river basin,
especially the Al Massira (Figure 1), have recorded low filling rates, averaging only 15%.
The water resources stored in the various dams within the Oum-Errabia hydrographic basin
from early September 2022 to the end of January 2023 reached approximately 372 million m3,
representing an estimated deficit of 62% compared to a normal year. The filling rate in 2023
does not exceed 8.5%, or approximately 420 million m3, whereas it had reached around
10.3% during the same period in 2022, corresponding to approximately 509 million m3 [20].
Future projections indicate that the hydrological dynamics in the upper portion of this
watershed will be marked by a decrease in total flow, attributed to rising temperatures
and declining precipitation [21,22]. Since the emergence of water scarcity at the Al Massira
Dam, a consequence of both overexploitation and insufficient precipitation, there has
been a notable reduction in dam releases. Consequently, the renewal of water within the
Oum-Errabia estuary is primarily governed by tidal influx [20].

The beaches on either side of the river mouth consist of medium sand with a D50 of
about 0.28 mm. These beaches exhibit a remarkably consistent cross-shore arrangement
of morphological units consisting of a relatively straight 100 to 150 m wide foreshore and
beachface bordering a vegetated dune ridge up to 800 m wide with embryonic border
dunes present throughout. The upper shoreface is deficient in sand and characterized by a
rocky substrate extending to a depth of −15 m offshore of the mouth of the Oum-Errabia.
Below −15 m, a loose cover of fine bioclastic sand appears southwest of the Jorf Lasfar
cliff, transitioning into accumulations of coarse terrigenous sand. A comprehensive survey
of the entire coastal zone between the Oum-Errabia River mouth and the beaches located
south of Cape Blanc shows this sand cover to be variably thick.

The prevailing winds in the region mainly originate from the west to southwest, north,
and northeast sectors. Strong winds, ranging from 11 to 16 m/s, are typically experienced
from the west and southwest directions. SIMAR 44 wave data provided by the Port
Authorities of Spain (https://www.puertos.es/en-us/oceanografia/Pages/portus.aspx
(accessed on 25 September 2023) using the WAM model show that over 80% of the swells
originate from the NW and NNW directions. Swells with significant heights ranging from
1 m to 2.5 m and peak periods between 8 s and 11 s dominate, accounting for approximately
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84% of the occurrences. Tides are semi-diurnal and have a mean range of approximately
2–3 m, attaining up to 4.48 m during spring tides [22].

3. Materials and Methods

In order to highlight the hydrodynamic processes and associated sediment dynamics,
we use a combination of four modules of the MIKE 21 FM model (Danish Hydraulic In-
stitute, 2020): a wave module (MIKE 21 SW), a hydrodynamic module (MIKE 21 HD), a
sedimentary transport module (MIKE 21 ST), and a longshore transport module (MIKE
21 Shoreline Morphology). The model calculates waves, flows, sediment transport, and
morphological evolution on an unstructured mesh and in a sequential and fully integrated
manner (Danish Hydraulic Institute, 2022). The MIKE 21 FM model has been used exten-
sively in the literature, providing realistic outputs of coastal morphological change [23–29].

Numerical models of coastal morphology simulate a variety of coastal processes, in-
cluding wave generation and transformation, coastal circulation, and sediment transport.
These models employ the principle of mass conservation to calculate changes in coastal
morphology. To simulate these processes across the model domain, specific input forcings
such as water elevation, discharge, and wave conditions are prescribed at the boundaries.
In recent years, specific input reduction techniques have been developed to efficiently
enable simulations of coastal morphological evolution over timescales ranging from years
to decades [30–33]. These wave reduction techniques can be utilized for morphological
modelling of most wave-dominated coastlines worldwide. However, morphological mod-
elling has its limitations, and wave reduction techniques may not be the most suitable
solution for all cases. For instance, in coastal segments characterized by a mild wave climate
and where morphological changes are primarily driven by episodic major storms or areas
with river mouths, the proposed methods are not readily applicable. In such regions, the
use of a hybrid approach is recommended [34]. The hybrid approach adopted in our case
involves utilizing the chronology-based wave/tide/wind input technique to enhance the
accuracy of the modelling.

3.1. MIKE 21 SW

MIKE 21 SW is a state-of-the-art third generation spectral wind–wave model devel-
oped by the Danish Hydraulic Institute (DHI). The model simulates the growth, decay and
transformation of wind-generated waves and swells in offshore and coastal areas. The fully
spectral model MIKE 21 SW takes into account the following physical phenomena: wave
growth under the action of wind, non-linear wave–wave interactions, dissipation due to
white-capping, dissipation due to bottom friction, dissipation due to depth-induced wave
breaking, refraction and shoaling due to depth variations, wave–current interactions, and
the effect of time-varying water depth [35].

The governing equation in MIKE 21 is the wave action balance formulated in either
Cartesian or spherical co-ordinates. In horizontal Cartesian coordinates, the conservation
for wave action is given by:

∂N
∂t

+∇ · (VN) =
S
σ

where N ((x,y), s, 8, t) is the action density; t, the time, (x,y) the Cartesian co-ordinates;
v(Cx, Cy, Cs, C8), the wave group propagation in four-dimensional phase space; S, the
source term for the energy balance; and V, the four-dimensional differential operator in
((x,y), s, 8) space. The source function term, S, on the right-hand side of the wave action
conservation equation, is given by S = Sin + Snl + Sds + Sbot + Ssurf. Here, Sin represents
the momentum transfer of wind energy to wave generation; Snl, the energy transfer due
to non-linear wave, wave interaction; Sds, the dissipation of wave energy due to white
capping (deep water wave breaking); Sbot, the dissipation due to bottom friction; and Ssurf,
the dissipation of wave energy due to depth-induced breaking.
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3.2. MIKE 21 HD

Hydrodynamic modelling is central in most modelling tasks in the marine area. Apart
from being important in itself, it also forms the basis for a number of other tasks, such as
sediment transport simulations. The hydrodynamic model (MIKE 21 HD) solves the equa-
tions for the conservation of mass and momentum as well as for salinity and temperature
in response to a variety of forcing functions. The MIKE 21 HD module allows to specify a
variety of hydrographic boundary conditions, initial conditions, bed resistance and wind
forcing, etc.

MIKE 21 uses 2-D incompressible Reynolds-averaged Navier Stokes equations by
accounting for the Boussinesq assumptions. The two-dimensional flow is solved by MIKE
21 HD with a double sweep algorithm technique. This means that the hydrodynamic
module combines the mass balance equation and momentum conservation equation [36].
The following equations, the conservation of mass and momentum integrated over the
vertical, describe the flow and water level variations. The local continuity equation is
written as:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= S

And the two horizontal momentum equations for the x- and y-component, respectively,
are:

∂u
∂t +

∂u2

∂x + ∂vu
∂y + ∂wu

∂z = f v− g ∂η
∂x −

1
ρ0

∂Pa
∂x −

g
ρ0

∫ n
z

∂ρ
∂x dz + Fu +

∂
∂z

(
vt

∂u
∂z

)
+ usS

∂v
∂t +

∂v2

∂y + ∂uv
∂x + ∂wv

∂z = − f u− g ∂η
∂y −

1
ρ0

∂Pa
∂y −

g
ρ0

∫ n
z

∂ρ
∂x dz + Fv +

∂
∂z

(
vt

∂v
∂z

)
+ vsS

In the hydrodynamic module, calculation of temperature (T) and salinity (S) transports
follows the general transport diffusion equation as:

∂T
∂t + ∂uT

∂x + ∂vT
∂y + ∂wT

∂z = FT + ∂
∂z

(
Dv

∂T
∂z

)
+ Ĥ + TsS

∂s
∂t +

∂us
∂x + ∂vs

∂y + ∂ws
∂z = Fs +

∂
∂z

(
Dv

∂s
∂z

)
+ ssS

The horizontal diffusion terms are defined as:

(FT , Fs) =

[
∂

∂x

(
Dh

∂

∂x

)
+

∂

∂y

(
Dh

∂

∂y

)]
(T, s)

The equations for two-dimensional flow are obtained by integration over depth: where
x, y, and z are the Cartesian co-ordinates; u, v, and w, the flow velocity components; t, time;
T and s, temperature and salinity, respectively; Dv, the vertical turbulent (eddy) diffusion
coefficient; S, magnitude of discharge due to point sources; Ts and ss, temperature and
salinity of the source; FT and Fs, the horizontal diffusion terms; Dh, the horizontal diffusion
coefficient; and h, depth.

3.3. MIKE 21 ST and Morphological Restitution

MIKE 21 ST is an intra-wave sand transport model. The trajectories followed by
sediments are a direct result of the currents generated by wind, waves, and tides. The
ultimate goal is to quantitatively and qualitatively determine how sand is transported
and deposited in the study area with the integrated wave boundary layer approach. The
adopted method takes into account the hydrodynamic feedback over one year of simulation
with a time step of 3 h. Integration of the sedimentary model enables the implementation
of a morphological model, providing continuous feedback between hydrodynamic and
sedimentological conditions. This method provides a realistic approach to the morpho-
logical evolution of the area. Sediment transport patterns around engineering structures
or near tidal inlets or river outlets are calculated by coupling MIKE 21/3 Sand Transport
with MIKE 21/3 Hydrodynamics and MIKE 21 Spectral Waves. Mike 21 ST is capable of
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calculating transport rates under combined current and waves (breaking or unbroken) at
arbitrary angles.

To ensure better estimates of the total longshore transport and to allow for more
realistic feedback between the intertidal zone and the nearshore area, the hybrid model
of Kaergaard and Fredsoe [37] is adopted. The approach we have adopted is original and
consists combining a spectral wave model, a hydrodynamic model, a sediment transport
model, and a cross-shore integration method of longshore transport to estimate the net
flux of sediment transported for each longshore portion of the beach. The calculation grid
consists of an unstructured mesh with finite volumes, which are obtained by iteratively
propagating the shape of the coastline seaward using a specific technique (see Figure 3).
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Figure 3. Example of an unstructured grid used in the Kaergaard and Fredsoe model (2013a) to
determine the beach area (Ai) associated with each stretch of coastline (Ei). Adapted from Kaergaard
and Fredsoe (2013a).

This feature provides access to the active surface associated with each portion of
the coast, which ensures a good correspondence between the volumes of accumulated or
eroded sediment and the variations in the position of the coastline. The use of a system of
local coordinates following the orientation of the coastline allows the model to correctly
simulate the evolutions of coastlines having a strong curvature and to manage the existence
of multiple plan positions of the coastline. This model has proven capable of reproducing
the development of various coastal features ranging from ripples to sandy spits, e.g., [38,39].

3.4. Model Set-Up

Simulations were conducted using representative wave climates over 1 year, taking
into consideration the influence of tide and wind (Figure 4). Irregular (JONSWAP spectra),
directional waves were applied at the offshore boundary of the MIKE 21 SW model. Default
values were used for the wave breaking coefficients, with a constant gamma value of 0.8.
Lateral boundaries were assumed to be symmetrical, in order to properly represent open-
coast conditions. Radiation stresses, calculated by the wave module, were used to drive the
longshore current in the HD module. Lateral boundary conditions (levels along and fluxes
across shore-normal boundaries of the HD model) were generated using the radiation
stresses calculated by MIKE 21 SW as input. Smagorinsky’s formula with a coefficient
equal to 0.28 was used to compute the velocity-based eddy viscosity [40].
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Figure 4. Annual cycles of wave, tide, and wind. (a) Significant wave heights (m); (b) peak periods
of waves (s); (c) mean wave direction (◦N); (d) water surface elevations due to tides (m); (e) wind
speeds (m/s); (f) mean wind directions (◦N).

The bathymetry in front of the mouth of the Oum-Errabia was condensed from a
survey carried out in Mars 2020. The analysis of seabed changes was conducted from
the bathymetric minutes, the use of which helps limit the error margins in bathymetric
mapping [41]. The bathymetric map consisted of 53,000 points covering an area of 5.3 km2,
with a sounding every 10 m. We condensed the data to extract digital depth models [42]
based on kriging, which as demonstrated by several authors [43–46] is the most appropriate
method for digital depth model construction.

Model bathymetries were created on the basis of the survey carried out in 2020 using
triangulation (Figure 5). Maps of bed roughness were defined based on sediment samples
collected at the field sites (Nikuradse’s roughness for SW and Manning number for HD
module). Sediment samples collected were used for the sediment grain size distribution in
the model. The median grain size (D50) varied between 0.2 and 0.3 mm.
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Figure 5. Hydrodynamic computational mesh and bathymetry of the mouth of the Oum-Errabia
River.

To carry out our wave and current simulations and illustrate wave propagation from
the outer continental shelf (depth 100 m) to the inner shoreface of the study area, we
used the SIMAR 44 data (https://www.puertos.es/en-us/oceanografia/Pages/portus.aspx
(accessed on 25 September 2023)). The simulated swell (see above), wind, and tide cycles
employed in the model are illustrated below. Regarding the wind data, predominant W, N,
and NNE directions are observed, with an average moderate speed of around 6.7 m/s. To
ensure an accurate representation of tide-induced water level fluctuations, a comprehensive
astronomical tidal cycle is incorporated as a boundary condition in the model. This tidal
cycle integrates neap tide, spring tide, and mean tide components.

The modelling system used in this study consists of two domains: the larger one with
a coarser mesh extending offshore of the study area and a finer-mesh domain covering the
river outlet (Figure 5). The calculations are implemented using a flexible mesh for wave
propagation and currents.

4. Results
4.1. Simulation of Wave Propagation

The simulation results of wave propagation demonstrate a deformation of the incom-
ing waves from the NW and NNW, due to refraction. The Figure 6 below provides an
example of the variation in the significant height of the swell. During all swell conditions,
a significant break of the swell is observed at the outlet. Note that the location of this
breaking zone varies with the tidal cycle. It occurs at the lower foreshore during neap
tides and at the upper foreshore during spring tides. For more details, see animation in
the link [https://drive.google.com/file/d/1_T9-wM1EYv4fMaAh5odJlJP80NMBoGKL/
view?usp=sharing] (accessed on 25 September 2023)).

https://www.puertos.es/en-us/oceanografia/Pages/portus.aspx
https://drive.google.com/file/d/1_T9-wM1EYv4fMaAh5odJlJP80NMBoGKL/view?usp=sharing
https://drive.google.com/file/d/1_T9-wM1EYv4fMaAh5odJlJP80NMBoGKL/view?usp=sharing
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Figure 6. Wave characteristics in front of the mouth of the Oum-Errabia: (a) map of significant wave
heights during low tides (time step = 711—matching the date of 29 March 2020, at 9:00 P.M.—low
tide); (b) map of significant wave heights during high tides (time step = 709—matching the date of 29
March 2020, at 3:00 P.M.—high tide); (c) significant wave heights in front of the Oum-Errabia outlet;
(d) mean wave direction in front of the Oum-Errabia outlet.

4.2. Simulation of the Water Surface Elevations

Throughout the simulation period, combining the effects of the tide, swell, and wind,
the maximum water level variation within the river estuary is around 0.5 m; this value is
recorded during spring tides when the tidal water level is above 3.6 m/Zh (Figure 7. The
figures below present a comparison between the water level variations inside the estuary
and those offshore. For more details, see the animation in the link. [https://drive.google.
com/file/d/1vXLaUMLqTIqRVxi90j37wtnVRxvKwE_8/view?usp=sharing].
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Figure 7. Water level variation outside and inside the mouth of the Oum-Errabia: (a) water levels
over one year (blue line: inside the mouth, black: outside); (b) water levels resulting from the
effects of swell/wind during neap tides—time step 701—matching the date of 28 March 2020, at
3:00 PM—high tide; (c) water level resulting from the effects of swell/wind during neap tides—time
step 2723—matching the date of 9 December 2020, at 9:00 PM—high tide. For more details, see the
animation in the link above.

Throughout the year, the volume of water oscillating between the estuary and the
Atlantic Ocean is almost nil. Low levels of water exchange occur when high swell and
strong wind conditions coincide with high tides in March, April, October, November, and
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December (Figure 8). The flow in the course of these exchanges fluctuates between 1 and 9
m3/s, with an average value of 0.036 m3/s.
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noted that despite the low occurrence rate of the latter currents, their speeds are significant 
(Figure 9), ranging in front of the outlet from 0.02 to 0.65 m/s, with an average value of 
0.232 m/s. 

Figure 8. Simulation of river water discharge (m3/s) at the mouth of the Oum-Errabia River. Negative
values indicate discharge direction from the sea towards the estuary during the flood tide, while
positive values indicate discharge flowing from the estuary towards the sea during the ebb tide. This
exchange occurs only during significant high tides, exceeding approximately 4.0 m/ZH.

4.3. Simulation of Currents

The simulation of currents in the breaking zone has allowed for the characterization
of radiation stress and the resolution of the Saint Venant equation. The radiation stress is
defined as the excess momentum flux due to the presence of swell. The computed current
vectors show the predominance of currents parallel to the coast (Figure 9). For more details,
see animation in the link [https://drive.google.com/file/d/1hJqCo-w8lCbUwSKF7rTY9
QAa08i4-5k9/view?usp=sharing].
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speed, oriented SSW-NNE, time step 1059—matching the date of 12 May 2020, at 9:00 PM; (c) current
speed, oriented NNE-SSW, time step 2003—matching the date of 7 September 2020, at 9:00 PM.
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The currents flowing in a south-southwest direction have an occurrence rate of 85%,
the remaining 15% being associated with north-northeast currents. However, it should be
noted that despite the low occurrence rate of the latter currents, their speeds are significant
(Figure 9), ranging in front of the outlet from 0.02 to 0.65 m/s, with an average value of
0.232 m/s.

4.4. Simulation of Sediment Transport

Simulations of sediment transport capacity exhibit an alternation between two drift
directions, one oriented SSW-NNE with swells originating at 280–300 ◦N and the other
NNE-SSW with swells from 330–360 ◦N, and additionally, a convergence of currents for
swells originating at 300–330 ◦N (Figure 10). This two-drift regime promotes sediment
deposition at the mouth of the Oum-Errabia River. See animation in the link: https:
//drive.google.com/file/d/1Pth1oyj6i_EbsYpN_US3UYiUcwO1HfJ2/view.
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Figure 10. Sediment transport capacity in front of the Oum-Errabia outlet: (a) total sediment load
(m3/s per m of shoreline) associated with waves from 330–360 ◦N; (b) total sediment load (m3/s per
m of shoreline) associated with waves from 280–300 ◦N direction; (c) total sediment load (m3/s per
m of shoreline) associated with waves from 300–330 ◦N.

To determine the net sediment transport capacity, two profiles perpendicular to the
coast are used to define the outlet area of the Oum-Errabia (Figure 11).

- Profile 1, situated north of the outlet, exhibits a NNE-SSW dominant direction with a
drift potential that ranges from −0.053 to +0.32 m3/s, whereas profile 2, located south
of the outlet, displays a SSW-NNE dominant direction with a drift varying from −0.17
to 0.11 m3/s (Figure 11a,b).

- The cumulative sediment transport results reveal that the Oum-Errabia outlet is domi-
nated by net drift, oriented NNE-SSW, that results in the deposition of approximately
349,240 m3/year of sediment and an associated net secondary drift, oriented SSW-
NNE, that leads to deposition of around 78,188 m3/year. In total, 427,428 m3/year of
sediment are deposited in front of the Oum-Errabia outlet (Figure 11c,d).

https://drive.google.com/file/d/1Pth1oyj6i_EbsYpN_US3UYiUcwO1HfJ2/view
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Figure 11. Net sediment transport capacity in front of the Oum-Errabia outlet: (a) sediment load in
transit at profile 01 (m3/s); (b) sediment load in transit at profile 02 (m3/s); (c) net sediment load in
transit at profile 01 (m3); (d) net sediment load in transit at profile 01 (m3). The negative sign indicates
SSW-NNE sediment transport and the positive sign, NNE-SSW transport.

Figure 12 depicts the bed-level changes following 365 days of simulation, validating
the previous results that showed the presence of deposition in the form of a bar in front
of the mouth of the Oum-Errabia. For further details, please refer to the animation pro-
vided in the following link: [https://drive.google.com/file/d/1Hk38ADMlFOjiDKBz8
QCkOtVQQcRpmIST/view?usp=sharing].
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Figure 12. Bed-level change following 365 days of simulation: (a) bed level at the beginning of
the simulation; (b) bed level at the end of the simulation—after 365 days. The numerical bed-level
evolution demonstrates the mobility of the sediment mass located at the southwest of the estuary
mouth. Satellite image (c) depicting clear convergence between the overall plan-view closure trends
and bed-level patterns yielded by the numerical simulations.

5. Discussion

Following several decades of anthropogenic modification of its catchment during
which the mouth of the Oum-Errabia River maintained an open outlet, closure now pre-
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vails. This situation is related to the deterioration of the water discharge level of the
river, a situation that in turn reinforces the action of waves on the outlet morphology,
notwithstanding the relatively large size of the Oum-Errabia catchment. This shows the
importance of high discharge in maintaining outlet opening in semi-arid regions. Sediment
accumulation in the vicinity of river mouths is a classic condition associated generally with
localized wave refraction and dissipation effects related to the interaction between fluvial
water and bedload discharge and incident waves, and this generates distinct sediment
cells [47–49]. The local sediment cell system in front of river mouths is generally embedded
in a longshore transport system that can be either quasi-permanently unidirectional such
as at the mouth of the large Senegal river delta [50] or bi-directional with alternations in
the transport direction as a function of wave direction that may change at scales ranging
from days to seasonal or even longer as with ENSO cycles, as in the cases of the Souss
(catchment size: 22,000 km2) and Massa (catchment size: 4900 km2) located further south
on the Moroccan coast [23,51]. The bi-directional longshore transport system that prevails
on this part of the Moroccan coast and evidenced by the modelling results (Figure 10) was
hitherto characterized by sediment bypass, either to the north across the mouth or to the
south, with river flushing assuring outlet stability. A one-year numerical simulation of the
hydrodynamics and sediment transport at the mouth of the Oum-Errabia River shows a
transport convergence in front of the river’s outlet characterized by the accumulation of
a significant volume of sand on the foreshore and inner shoreface. This two-drift regime
promotes sediment deposition at the outlet of the Oum-Errabia. Deposition can be rein-
forced both by morphological feedback as the amount of sediment accumulating increases,
inducing further dissipation of wave energy and longshore currents and weakening of the
fluvial jet due to reduction in river discharge, which diminishes the sediment reworking
capacity of the outflow.

Given the significant water requirements that need to be met upstream in the Oum-
Errabia watershed, the river’s discharge downstream of the Al Massira Dam has been
dwindling over the last ten years. These conditions have been further exacerbated by a
degradation of the climate conditions in the catchment, associated with a notable drop
in rainfall [21] and river discharge and a significant lowering of the storage capacity of
the Al Massira Dam (Figure 13). These conditions progressively weakened the water
and sediment flushing capacity of the river at its mouth, leading to degradation of the
sanitary conditions and ecology of the estuary. As river discharge diminished, the estuary
progressively lost its capacity to ensure flushing and water renewal. The outlet closure that
finally occurred in 2023 now implies that the estuary’s capacity to flush water, sediments
and pollutants is virtually nil, leading to a degradation of estuarine ecological functions.
This deterioration aspect of water quality and its impact on resources, including estuarine,
has been abundantly recognized in Morocco [6,7,52,53]. Water quality in the Oum-Errabia
estuary has been further degraded by the impounding of untreated wastewater discharged
by collectors in the city of Azzemour (Figure 1) and its surroundings, a situation that
is generating serious levels of pollution. The permanent closure of the mouth of the
Oum-Errabia is, no doubt, also having detrimental effects on the marine ecosystem.
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Figure 13. Geo-Eye satellite images showing the drastic decrease in water level at the Al Massira
dam since 2018, and 2023 ground photograph near the mouth of the Oum-Errabia depicting marked
pollution associated with the degradation of water quality related to both the drop in water discharge
and blocking of flushing as a result of mouth closure.
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The current fate of the mouth of the Oum-Errabia River is similar to that of several
other river outlets of small to moderate-sized catchments (up to 50,000 km2) in Morocco
such as the Ksob [54] and the Massa [51], but also in the Mediterranean [51,55].

The Moroccan port authorities have now embarked on conducting parallel studies to
monitor the evolution of the Oum-Errabia River estuary in order to prevent its complete
closure. If left unrectified, the closure of the outlet will inevitably result in eutrophication
of the estuarine waters, causing further pollution. It is estimated that an annual dredging
of 427,428 m3 is necessary to maintain the river mouth open. However, given the longshore
drift capacity along the coast, closure could occur rapidly during winter storms (November
through March), with the rapid accumulation of up to 300,000 m3 of sand. Unless the
river’s water discharge is raised to the levels it had in the 1980s and 1990s, the closure of its
outlet will become recurrent, in spite of dredging. The future appears rather bleak, as we
grapple with the compounding challenges of increasing water demands in the catchment
area and diminishing rainfall associated with climate change [19,21].

6. Conclusions

In this study, we show that the closure of the outlet of the Oum-Errabia River can be
explained as a combined response to processes acting at different timescales. We also show
the need to take into consideration all physical phenomena acting on the outlet environment
in order to better understand its morphological evolution, and combine this with a mod-
elling approach in predicting future trends. The river’s outlet has experienced significant
sedimentation and closure due to both natural and anthropogenic factors. The river flow
has been impaired by dams, and water quality degraded by wastewater discharged without
treatment. By annihilating the water and sediment flushing capacity of the river, outlet
closure and the consequent increase in pollution, in what has now become a ‘blind estuary’,
jeopardize the estuarine and marine ecosystem. Understanding the hydrodynamics and
associated sedimentary behaviour of this system, through both modelling and field-based
observations, is necessary in order to successfully identify the sources of these problems,
manage the impacts of human interventions, and emplace mitigation and rehabilitation
measures.
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