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Abstract: The finite element model SHYFEM was used to study the hydrodynamics and variability of
water level, salinity, temperature, and water residence time (WRT) in the Oualidia lagoon located on
the Moroccan Atlantic coast. The lagoon hosts a RAMSAR convention-protected area and also offers
a set of valuable ecosystem services providing the source of income for the local population. To assess
the effects of submarine groundwater discharge (SGD) inputs in the study area, four simulations were
set up using different SGD inputs estimates in addition to tidal forcing, bathymetry, meteorological
data including solar radiation, rain, and wind, in addition to boundary conditions in the Atlantic
such as salinity, water level, and water temperature. The model was calibrated and validated using
hydrodynamic measurements of previous studies in 2012 and 2013. The final results from the model
are in good agreement with measured data. The simulation with SGD input ~0.05 m3 s−1 produced
salinity values closest to the observed ones. Calculated spatial distribution of WRT, temperature, and
salinity reduced to coordinates in two PCA axes is consistent with lagoon zones developed earlier
using the benthic macroinvertebrate distribution. The calculated spatial distribution of WRT allowed
us to evaluate the placement of oyster aquaculture farms and small-scale fisheries in relation to water
quality issues existing in the lagoon.

Keywords: finite element modeling; SHYFEM; hydrodynamics; SGD inputs; physical parameters;
coastal ecosystem; shallow coastal lagoon; oualidia lagoon; ecosystem services

1. Introduction

Coastal lagoons are considered as the most important life and human wellbeing
provider areas in both terrestrial and water body parts. They are the most highly productive
coastal features as their ecosystem offers a decently valuable natural benefit, ecologically,
culturally, and socioeconomically [1]. The lagoon of Oualidia is a shallow saltwater estuary,
maintained by fresh SGD inflow [2–4]. It can be described as an important system that
offers a trove of natural wealth despite its relatively small size of 7 km long and 1 km
wide. The lagoon is highly exploited by human activities such as tourism, fisheries, and
aquaculture, mainly oyster farming that can reach 250 tons of production per year. The
lagoon has been one of the most important oyster farming areas since 1950, and for this
reason, it has been called the “traditional oyster capital” in Morocco [5–7].

To support the sustainable and effective use of these natural resources, it is necessary to
assess the present hydraulic circulation patterns and also classify the lagoon into different
hydraulic circulation zones. The model would also be critical for assessing the future
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changes expected due to climatic changes in both the terrestrial parts of the Moroccan
Atlantic coast and the Atlantic Ocean.

In the case of coastal lagoons, numerical models have been utilized to offer a better
understanding of the underlying physical patterns dictating the consequences induced
by altering their key properties, including their isolation degree. For example, numerical
models have been frequently applied to represent the water exchange between the lagoons
and open sea or other coastal bodies, given its relevance for numerous biogeochemical and
ecological processes [8].

Numerical modeling using finite element approaches in hydrodynamics is considered
as a flexible way to represent complicated bathymetry because of the scalable triangulated
net, especially suitable for shallow areas as coastal lagoons but not excluding deeper
areas [9].

Previously studied in a different site [10], the findings of field measurements as well
as their reaction using a 3D numerical model of the lagoon were given. Their study makes
use of reconstructed bathymetry, water volume, tides, water residence time, salinity, and
freshwater inputs.

Over the last decade, SGD-seawater interactions, in addition to riverine inputs, have
gotten a lot of interest while studying the coastal zone process. The SGD in the lagoons in
arid areas where precipitation is low is always important to both the distribution of physical
and chemical characteristics as temperature, salinity, oxygen, and nutrient concentrations
as they constitute a substantial part of freshwater inputs. As SGD has been demonstrated
to provide considerable quantities of nutrients to lagoons and coastal water bodies [11–13];
the amount of groundwater draining into lagoons might range from small contributions to
major ones [14,15].

Multiple variables impact coastal underground groundwater flow dynamics and SGD,
which vary on temporal and geographical scales, resulting in a complex subsurface flow
system [13]. WRT is also an essential characteristic that is frequently difficult to quantify.
In fact, many of the physical and ecological processes in coastal lagoons and estuaries
are controlled by the WRT, which includes the biochemical cycles and other important
ecosystem functions [16,17].

Such efforts in numerical modeling are intended to serve as a foundation for additional
in-depth studies on hydrodynamics and hydraulic characteristics of the investigated water
body [10]. Moreover, hydraulic circulation is critical for the majority of physical and
biogeochemical activities in coastal and lagoon ecosystems [18]. Additionally, mathematical
models are very useful to evaluate not only hydrodynamics, but also ice dynamics and its
forcing on the coast of the study site as in [19].

The paper describes the steps toward the application of the SHYFEM model in
the Oualidia lagoon to describe the physical forcing important for the ecosystem func-
tion and services, taking into consideration the SGD and their possible effects on the
hydraulic circulation.

2. Materials and Methods
2.1. Study Area

Oualidia is a western Moroccan lagoon connected to the Atlantic through two inlets.
The major pass is 150 m wide and 2 m deep. The lagoon has been designated to be
of international importance; it has been under the international wetland’s convention
RAMSAR since 2005 [5,20]. The lagoon has an elongated shape composed of channels
(Figure 1) where the main channel is in the NE-SW direction and can reach 5 m depth
during flood tides with a 2 m average [3,4,21]. The climate in Oualidia is dry to half-dry.
Generally, in the summer season, the atmospheric temperature is around ~36 ◦C, while in
the winter season, it is around ~15 ◦C [22]. Authors have mentioned that hydrologically
the lagoon depends significantly on the tidal regime [3,4,23].
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Figure 1. Grid of the study area ‘Oualidia’ lagoon and its location.

The water temperature of the lagoon is between 16 and 25 ◦C, going from downstream
to the inner part in spring, considering the downstream as the entrance, knowing that the
inlets are located in that part of the lagoon. Water temperature decreases according to
the 1. 18 ◦C · km−1 gradients. Salinity varies from 22.5 and 35.9 mg · L−1 in the summer
season with an average of 33 mg · L−1 [24]. The lagoon has a significant increase in organic
production, which favors aquaculture improvement due to the nutrient input during high
tides; also it varies according to the season and the location [5]. In the spring/summer
period, a maximum of NOx concentrations can reach 18.3 µmol · L−1 in the inner part of
the lagoon, while the minimum can be 0.02 µmol · L−1 in downstream with an average of
5.52 µmol · L−1. The maximum and minimum concentrations of orthophosphate in the
water of the lagoon are respectively 89.4 µmol · L−1 in the middle and 0.1 µmol · L−1 in the
downstream [24].

Oualidia lagoon supports human welfare for the local inhabitants, which were ~18,616
in 2014. There are seven aquaculture farms in total in the lagoon, which produce yearly
~250 tons of oysters. The small-scale fishery and coastal resources collection are also
considered as highly important activities practiced by locals seasonally. In addition to
recreational fishing, fishermen use artisanal boats and go sailing seven times a week for
5–8 h per trip; they are active almost all along the year [25].

2.2. Data

Data used for this numerical investigation are (1) an orthophoto of a 40 × 40 cm
spatial resolution (Figure 2), (2) a detailed topo bathymetric survey inside the lagoon was
carried out by echo-sounding, and bathymetric data of the boundary area in the ocean part
was downloaded from the general bathymetric chart of the ocean’s platform GEBCO. In
addition, (3) meteorological forcings, which are mainly the heat fluxes, rain, and wind,
they were obtained as NETCDF files by the European Centre for Medium-Range Weather
Forecasts (ECMWF, http://www.ecmwf.int (accessed on 19 April 2019)).

The boundary conditions data used for the simulations are salinity, water levels, and
temperature. These were downloaded according to the period of simulations from the
reanalysis of the IBI model product in the Copernicus project. http://marine.copernicus.
eu/services-portfolio/access-to-products/ (accessed on 5 January 2022).

For the model’s performance validation by harmonic analysis, phase and amplitude
measurements of tidal water levels were gathered at five stations (Figure 2) throughout

http://www.ecmwf.int
http://marine.copernicus.eu/services-portfolio/access-to-products/
http://marine.copernicus.eu/services-portfolio/access-to-products/
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the lagoon channel beginning at the entrance; their geographical distributions are given
in (Table 1). The tide gauge, current meter, and CTD diver tools were used to make the
measurements in 2012; data source (DPDPM/MET, 2012). (Table 1) shows the precise
coordinates of each station, the predicted water depth at the time of measurement, and the
instruments and their sensor height.

Data for validation of salinity were extracted from 42 stations sampled in the previous
study [26]. The salinity in this previous work was recorded for the month of March 2013.
Therefore, it was used for comparison to the model’s results for the same period, taking
into consideration the SGD discharges. The choice of nodes that represents the estimated
locations of SGD sources was based on the study of [2], where the discharge of SGD in the
lagoon was identified. (Figure 2).
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Figure 2. Orthophoto, 42 sampling stations [26], transects distribution (A, B, C), SGD locations [2]
and tide gauges positions (1–5).

Table 1. Stations spatial distribution, depth, and measurements instruments for harmonic analysis
(Source DPDPM/MET, 2012).

Stations Position X Position Y Depth Tool/Instrument Sensor Height

1 495,466 3,622,202 −5.05 m Tide gauge 0.27 m

2 496,883 3,622,553 −2.17 m
Current meter 0.22 m

CTD 0.11 m

3 498,873 3,624,787 −2.20 m

Tide gauge 0.24 m

Current meter 0.14 m

CTD 0.11 m

4 500,324 3,625,534 −2.06 m Current meter 0.14 m

5 501,683 3,626,651 −0.89 m
Tide gauge 0.24 m

CTD 0.08 m
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2.3. Model

In this study, we have applied SHYFEM (System of Hydrodynamic Finite Element
Modules; https://github.com/SHYFEM-model/shyfem (accessed on 14 December 2021)),
a hydrodynamic model for shallow water environments utilizing the finite element ap-
proach that is highly convenient for complicated areas geometry, and very suitable for a
spatial resolution use and a semi-implicit algorithm for time integration (Figure 3) [27]. An
open-source code that has been developed at ISMAR-CNR (Institute of Marine Science—
National Research Council, www.ismar.cnr.it/shyfem (accessed on 17 November 2021)) [9].
SHYFEM is a 3-D hydrostatic model that solves the primitive equations integrated vertically
over each z layer and horizontally over an unstructured triangular finite element mesh [17].
The SHYFEM model was successfully used for shallow water environments in several
works since 1973, it also was applied to model tides and even to deeper zones using 3D
modeling [28,29].

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 6 of 21 
 

 

finally, the outer oceanic part is represented with lower resolution (less triangular ele-
ments). Then, the interpolation of the existing bathymetry onto the grid is carried out. The 
channel depth is around 5 m as a maximum value, the sand and dunes are quite shallow 
from 0 to 1 m, and in the boundary, the depth along the coastline increases from 5 to 9 m 
and over 10 m further in the ocean. The lagoon boundary is the Atlantic coastline; it is 
highly affected by the ocean tides.   

The model simulation has been carried out for the time period from 1st January 2010 
until the end of December 2014; however, as the calibration data were available only for 
the spring of 2013.   

Four simulations were run in this study using different estimated SGD inputs in each, 
0 (no SGD input), 0.2, 0.1, and 0.05. The main objective was to see which is in best agree-
ment with the observed salinity in 42 stations (Figure 2), referring to the study carried out 
by [26]. 

 
Figure 3. Framework/Methodology. 

3. Results 
3.1. Calibration and Validation 
3.1.1. Harmonic Analysis 

Harmonic analysis is essentially the process of computing the amplitudes and phases 
of a limited number of sinusoidal functions with known frequencies. The harmonic ap-
proach of tidal analysis demonstrates that the astronomical forcing for tides may be ex-
pressed as a linear combination of sinusoidal components with different amplitude, 
phase, and temporal frequency. The oceanic reaction to this force may be described simi-
larly, with each sinusoid denoted by the term tidal component. While the component fre-
quencies are identical to those of the tidal potential, the constituents’ amplitudes and 
phases may vary significantly owing to the uneven coastline limits and bathymetry of the 
earth’s seas. All tidal frequencies are linear combinations of frequencies referred to as har-
monics [36]. For each of the five stations from (Table 1), a comparison of the predicted and 

Figure 3. Framework/Methodology.

Also, in terms of hydrodynamics and water exchange, the model has been applied
and gave satisfying results on several lagoons, and more details can be found in a compar-
ative article that accumulates numerical hydrodynamic modeling in ten Mediterranean
lagoons [17]. Several applications to lagoons are shown, and recently [30], this model has
been applied on the Lagoon of Nador (Morocco) to assess the changes of the hydrodynam-
ics after the inlet modification. The time integration of the equations uses a semi-implicit
scheme and a staggered grid to conserve the water mass, with water levels and other scalar
variables calculated at the vertices, while velocities are calculated at the centers of the
elements using a step shape function.

The 3D advection–dispersion processes of scalars are solved with a second-order
explicit total variance diminishing (TVD) scheme [31]. It uses the GOTM turbulence closure
scheme for the description of vertical turbulence [30], and the horizontal turbulence is
handled with the Smagorinsky approach [32]. In the case of salinity, the difference between
evaporation and rainfall through the water surface is considered. Water temperature is

https://github.com/SHYFEM-model/shyfem
www.ismar.cnr.it/shyfem
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computed through the heat flux between the atmosphere and the sea by the balance of the
energy radiation with latent and sensible heat fluxes [33].

The advection–diffusion module applied to a passive tracer, allowing the calculation
of the WRT [34], which can be considered a general descriptor of the lagoon dynamics that
takes into account both hydrodynamics and mixing (advection and dispersion). According
to the definition of [35], the WRT is calculated, in each node of the numerical grid, as the
time needed to lower the concentration of the passive tracer from 1 to 1/e. At the beginning
of the simulations, the tracer concentration is set to one inside the lagoon and zero outside.
Then, the tracer propagates and can leave and re-enter the lagoon, while it is removed only
when it crosses the open boundary. In this investigation, the SHYFEM model required
firstly building a numerical grid of the study area (Figure 1). The mesh was built using
GMESH software, then converted to the model format. Our grid is made of 6157 nodes and
11,631 triangular elements that vary in form and size depending on the areas of high or low
interest along our study area. The elements that compose the grid represent and reproduce
the topography of the investigated area. A higher number of triangular elements, which
automatically represent the higher resolution, are mainly located in inlets that connect
the lagoon with the Atlantic Ocean and the channels. These surfaces were chosen to be
represented with higher resolution due to their importance in this study case for better
modeled results. A medium resolution is applied on sand and salt marshes, and finally, the
outer oceanic part is represented with lower resolution (less triangular elements). Then,
the interpolation of the existing bathymetry onto the grid is carried out. The channel depth
is around 5 m as a maximum value, the sand and dunes are quite shallow from 0 to 1 m,
and in the boundary, the depth along the coastline increases from 5 to 9 m and over 10 m
further in the ocean. The lagoon boundary is the Atlantic coastline; it is highly affected by
the ocean tides.

The model simulation has been carried out for the time period from 1st January 2010
until the end of December 2014; however, as the calibration data were available only for the
spring of 2013.

Four simulations were run in this study using different estimated SGD inputs in each,
0 (no SGD input), 0.2, 0.1, and 0.05. The main objective was to see which is in best agreement
with the observed salinity in 42 stations (Figure 2), referring to the study carried out by [26].

3. Results
3.1. Calibration and Validation
3.1.1. Harmonic Analysis

Harmonic analysis is essentially the process of computing the amplitudes and phases
of a limited number of sinusoidal functions with known frequencies. The harmonic ap-
proach of tidal analysis demonstrates that the astronomical forcing for tides may be ex-
pressed as a linear combination of sinusoidal components with different amplitude, phase,
and temporal frequency. The oceanic reaction to this force may be described similarly, with
each sinusoid denoted by the term tidal component. While the component frequencies are
identical to those of the tidal potential, the constituents’ amplitudes and phases may vary
significantly owing to the uneven coastline limits and bathymetry of the earth’s seas. All
tidal frequencies are linear combinations of frequencies referred to as harmonics [36]. For
each of the five stations from (Table 1), a comparison of the predicted and observed findings
was performed; (Table A1) and graphs below in (Figure 4) provide more information.

Station 1: This station is located approximatively near the inlet of the lagoon. The mod-
eled phase and amplitude were compared to the previously measured ones for 19 waves
(Table A1). The comparison outcome is well presented in the histograms in (Figure 4a,b).
Regarding the phase for this station, values of measured and modeled results are in dis-
agreement in certain waves like (NO1, MU2, L2, MK3, SN4, M6, 2MS6) (Figure 4a), while
the modeled and measured amplitude results are perfectly in agreement in all the 19 waves
(Figure 4b).
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Station 2: This station is positioned in front of the lagoon’s entrance from the opposite
side of the S1. For 19 waves, the simulated phase and amplitude were compared to
previously recorded ones, the same way for the previous station and the upcoming ones.
For this station, the second column of (Table A1). The phase results comparison of modeled
and measured in this station are in agreement in most of the waves except for almost
the same waves that have a disagreement in the S1, mainly (NO1, L2, SN4, M6, 2MS6)
(Figure 4c). While the amplitude values from the model and the measurements coincide
precisely in all 19 waves, identical as S1 (Figure 4d).

Station 3: The S3 is located in the middle of the lagoon on the channel side next to the
coastline. Results of compared modeled and observed phase and amplitude are shown in
the third column of (Table A1). In the phase, mainly the result’s comparison is accurate
for most of the components, except for a few waves (NO1, L2, SN4, M6, 2MS6) out of 19
(Figure 4e). While the model and observations agree exactly on the amplitude values for all
19 waves, the same way as for S1 and S2 (Figure 4f).

Station 4: This station is located at the beginning of the inner part of the lagoon coming
from the middle part. It is on the channel part that is closer to the terrestrial side. The
fourth column of (Table A1) shows the values for the phase and amplitude of the model
results and observations. In comparison with the previous stations (1, 2, and 3), the phase
in this station has fewer components in disagreement between model and observations
(NO1, SN4, MS4) out of 19 waves (Figure 4g). Meanwhile, the amplitudes of the modeled
waves are as accurate as in the previous stations, except for one wave (M2) out of the 19
given waves (Figure 4h).

Station 5: The fifth and last station is located approximately in the very inner part of
the lagoon, considering the inlets as the beginning. The last column of (Table A1) represents
the outcome of phase and amplitude modeled and observed values. In this station, the
modeled phase seems to be in agreement with the observations for all 19 waves (Figure 4i).
Same as for the amplitude except for one wave (M2) with a difference estimated as ~0.2 m
(Figure 4j).

Regarding the tidal modeling, stations 1–3 (Figure 2) show a very good correlation
between measured and modeled results. Discrepancies show up mainly in very low
amplitude tidal. However, stations 4 and 5 are more difficult to model, probably due to
the large shallow areas and salt marshes. Here, bathymetry probably plays a crucial role;
therefore, newer data is needed.

3.1.2. Validation of SGD Estimation

Results of the average modeled salinity for March 2013, in the three transects of the
lagoon A, B, and C, of the four simulations of different estimated SGD inputs 0, 0.05, 0.1,
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and 0.2 m3 s−1 are compared to the observed results and presented below (Table 2). The
Root Mean Square Error (RMSE) was calculated for each estimated SGD input. The best
RMSE value (1.26) was found when the SGD was 0.05 m3 s−1. This was the most accurate
estimation and is in good agreement with the observed values along with the 42 stations
(Figure 5B).

Table 2. Modeled salinity with different estimated SGD inputs and observed in the three transects of
the lagoon and root mean square error RMSE for each.

Transects SGD 0 SGD 0.05 SGD 0.1 SGD 0.2 Observation

A 33.66 29.97 27.74 24.23 31.77
B 34.83 33.22 32.12 30.24 32.53
C 35.56 35.20 34.95 34.44 36.21

RMSE 1.76 1.26 1.90 3.87 -
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3.2. Physical Parameters Reproduction
3.2.1. Modeled Salinity

Results shown in (Table A2) correspond to the period of time from 1 March 2013 until
1 April 2013, and the last column of the table presents the observed salinity referring to the
study in [26] for the same period.

The average salinity presented in (Figure 6a) corresponds to the spring season starting
from February until June 2013, taking into consideration the fresh SGD inputs 0.05 m3 s−1,
where the highest modeled salinity is between 35.85 psu and 36.14 psu in the boundary area
and in the downstream and slightly in the middle part of the lagoon. The lowest modeled
value spotted in the inner and slightly in the middle area is 29.15 psu.
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Salinity’s overall results are quite good, and the difference in (Figure 5B) is mainly due
to the fact that the exact points of groundwater introduction are not known.

3.2.2. Modeled Water Temperature

The average temperature in (Figure 6b) was modeled for the spring season between
February and June 2013. The highest temperature is between 18 to 19 ◦C, in the inner and
the middle parts of the lagoon, while the downstream water temperature is ~17 ◦C.

As for the annual modeled average temperature for the whole year of 2012, the
relatively high-water temperature is in the inner area of the lagoon between 21 and 21.5 ◦C,
while the lower temperature located in the downstream and boundary surface where the
inlets is around 19 ◦C.

3.2.3. Modeled WRT

WRT is defined as the time it takes for every given particle of water to exit a water
body throughout its outflow to the sea [34]. The water flushing in the lagoon shown in
(Figure 6c) was also modeled for the spring season from February to June 2013. In the
downstream of the lagoon near the inlets, the WRT varies from one to three days and a half,
in the middle part of the lagoon approximately from five to ten days, while the longest
modeled WRT is between ~15 and a half and ~18 days located in the very end of the lagoon
in the inner part.
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The modeled annual average WRT for the year 2012 showed that the shortest period
the water flushing can take inside the lagoon is ~1 to 3 days in the downstream area, while
the longest period of time can reach up to ~22 days, while the middle part flushing period
varies from ~7 to 12 days. The maximum amount of time of water residency for the year
2012 was modeled during the month of March with ~25 days and a half in the inner part,
and the minimum was modeled during the month of December with ~21 h to 2 days and a
half in the downstream part and ~15 to 19 days in the inner part.

4. Discussion
4.1. Effect of SGD on Salinity

There are two main sources of water input to the Oualidia lagoon-exchange of the
oceanic water from the Atlantic Ocean and SGD flows from a karstic aquifer system. In a
recent study from the Oualidia lagoon [2], the salinity gradients and radium concentrations
were discussed as a result of SGD mixing and exchange in the lagoon and underground
estuary. It was also mentioned that SGD flow rates to the lagoon vary in time depending
on climatic, oceanic, and hydrological forcing.

Modeling the spatial salinity distribution in the Oualidia lagoon without considering
the SGD inputs produced the salinity gradient opposite to the in-situ observations’ highest
values in the inner part of the lagoon. In this case, the Oualidia lagoon would have shown
the typical features of a hyper-saline lagoon. However, this is not the case. Data shows
clearly that salinity decreases from the inlet to the inner parts of the lagoon. With no river
flowing into the lagoon, the only explanation is an SGD input that is not accounted for. As
is stated in the previous study [6], the Oualidia lagoon is maintained by fresh groundwater
inflow, and as a result, salinity decreases going upstream to the lagoon.

With the introduction of freshwater discharge from underwater wells of 0.05 m3 s−1,
the salinity gradient in the lagoon was reversed with the highest modeled salinity of
35.51 psu near the lagoon entrance and the lowest modeled salinity of 29.49 psu in the
inner part of the lagoon. The lowest modeled salinity without considering SGD inputs was
around 33.45 psu. Therefore, fresh SGD discharge, despite its relatively small input, is most
definitely influencing the salinity in the lagoon.

Even if the salinity values on the transect are not exactly reproducing the measure-
ments, the average level of salinity is well reproduced. The bias between measured and
modeled salinity at individual points could be explained by the fact that only approximate
locations of the SGD were available following estimates from the previous study [2]. It is
anticipated that with a better knowledge of the discharge locations, spatial prediction of
the salinity will be closer to the measured values. So far, our modeled results are the only
spatial estimates of the SGD-induced salinity gradients.

Our results are consistent with similar findings in other coastal lagoons in arid or
semi-arid areas. In Australia, the SGD discharge into a coastal lagoon off the coast of Perth
is responsible for lower surface salinity closer to the coast [37]. In the Celestún lagoon in
the Gulf of Mexico, there is a constant salinity gradient ranging from 14 to 19‰ in the inner
zone to 36 to 41‰ in the coastal area [38]. Even in areas with more abundant precipitation,
SGD could alternate the salinity gradients. In a modeling investigation in Ringkøbing Fjord
in Western Jutland, Denmark, the appearance of a very abrupt change in salinity is found
to be due to the vertical exaggeration of the aquifer’s surface area. Near the beach, SGD
discharges into the sea from a terrestrial source, but SGD from deeper sections has mingled
with seawater. At the contact, the salinity distribution exhibits an abrupt transition from
freshwater to saltwater, forming the distinctive saltwater wedge [39].

4.2. Seasonality Effect on Groudwater Input

Seasonal patterns in precipitation and evaporation are the main factors responsible
for the variation in SGD flow over the annual cycle [40]. We expect the seasonal climate
changes to contribute to the variation in SGD inputs to the Oualidia lagoon as well. With
average yearly precipitation of 372.0 mm, most of it occurs during the period between
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September and April, while it could be as low as 0.5 mm in August during the summer.
The investigated period (March to July) could be characterized as less than average to dry,
and, subsequently, the SGD inputs should be of a lower magnitude than one during the
winter period. As we used the constant forcing of the SGD flow to the lagoon and calibrated
according to the salinity observed in March (~35 mm/month, roughly the average monthly
precipitation for the Oualidia lagoon area), we could expect our salinity distribution results
to be representative for the lagoon as average annual values.

However, we could also expect much higher salinities during summer, when not
only SGD inputs reduce, but also effective evaporation increases. Such variations are also
common in other lagoons. In the Celestún lagoon (Gulf of Mexico), the SGD intake was
not consistent since it was affected by rainfall and tide cycles [38]. In the Marina lagoon
in Egypt, radon levels, which are an indicator of the SGD inputs, were found to be much
greater in spring than in summer, indicating either increased input rates or decreased
mixing/atmospheric losses during the rainy season [41].

4.3. Nutrients Provided by SGD Discharge and WRT

Submarine SGD discharge is recognized as an important source not only of freshwater,
but also of nutrients to some coastal environments. When collating the modeled monthly
WRT values with chemical characteristics of the water column obtained in the previous
study [24], there was a strong positive correlation between nitrogen forms (ammonia and
nitrates) and temperature, while the correlation with salinity was found to be strongly
negative (Figure 7). The elevated concentrations of ammonia in the water of the lagoon
in late summer are not directly related to the lagoon flushing, in contrast to the nitrates,
which are obviously are of terrestrial (SGD) or lagoon (aquaculture) origin. This is also
supported by much lower concentrations of nitrogen compounds in the coastal Atlantic
Ocean [24]. As the lagoon has no significant freshwater input sources, the exchange between
the lagoon and the Atlantic is the main factor affecting the flushing rate. Therefore, we do
not expect the WRT to be influenced by SGD input. Meanwhile, the flushing itself affects
the concentrations of nutrients and oxygen, temperature, and salinity, and, subsequently,
the water quality, creating a gradient along the lagoon [23,24]. Similar gradients were also
observed for the phytoplankton [23].
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Unfortunately, to our knowledge, there are no data on the nutrient concentrations in
SGD inputs to the Oualidia lagoon. However, in general, the quantities of nitrogen and
phosphorus (N and P) in SGD are very variable and rely on a variety of factors, including
the type of soil and aquifer, permeability, recharge rate, and temperature [42]. SGD inputs
in the Marmion lagoon, Australia, the primary source of nitrates and silicates were SGD
discharges providing sufficient nitrate to replenish the dissolved nitrate in the lagoon water
mass about every eight days. The rate of nitrate-nitrogen supply by SGD inputs exceeds
the amount necessary for lagoon macrophyte growth rates [37].

4.4. Physico-Chemical and Biological Gradients in the Lagoon

Calculated spatial distribution of WRT, temperature, and salinity reduced to coordi-
nates in two PCA axes is consistent with lagoon zones developed earlier [26] using the
benthic macroinvertebrate distribution (Table 3; Figure 8), showing clear gradients in these
three parameters in the transition from the outer marine to the inner estuarine parts of
the lagoon.

Table 3. Eigenvalues, the proportion of total variability, as well as correlations between the original
variables and the first three principal components (PCs).

Variable PC1 PC2

Salinity 0.990 −0.122
WRT −0.986 0.156

Temperature −0.958 −0.286
Eigenvalue 2.869 0.121

Variance contribution (%) 95.64 4.04
Cumulative variance contribution rate (%) 95.6 99.7
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4.5. WRT Relevance to the Oyster Farming in Oualidia

Oyster farming as the main aquaculture activity in the lagoon of Oualidia. It is also
one of the main reasons why the lagoon has a touristic reputation. There are ten existing
aquaculture farms in Oualidia (Table 4). Their annual production is estimated to be around
~254 t/year. The farm (1) is located where the minimum WRT was modeled for the year
2012, while the farm (10) is located in the inner part of the lagoon (Figure 9a) (Table 4).

Table 4. Aquaculture activity distribution of farms oyster locations, production and the MIN, max
and average WRT in their concession locations.

Oyster Farms Purifications
Station Minimum WRT Maximum WRT Average WRT

Bennaser (1)
√

2.912901 2.92307 2.917986

Rhouane (2)
√

2.968186 2.974259 2.971223

Ostrea (3)
√

3.107552 7.579004 4.321887

Alaoui (4)
√

3.36252 3.613524 3.48225

Wifak (5) × 3.67748 3.778902 3.733497

Kinan (6) × 3.876138 4.746943 4.289131

Saidi (7)
√

2.72293 6.702939 4.987685

Princesse (8)
√

2.999807 7.076069 5.203157

Kinan junior (9) × 3.788272 4.099238 3.889388

Cooperative
feminine (10) × 7.027832 8.41517 7.760968
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Figure 9. (a) Modeled average WRT in days in Oualidia lagoon for the year 2012 and spatial
distribution of aquaculture activity; (b) Spatial distribution of zones of collection of invertebrates’
activity and modeled average WRT in Oualidia lagoon for the year 2012.

It has been shown that sites impacted by fresh SGD offer favorable circumstances for
mussel and oyster development. Similarly, improved growth rate and a number of fish
have been demonstrated in relation to fresh SGD locations, with implications for small-scale
fishing [43].

The placement of the aquaculture facilities must regard both WRT and, subsequently,
dissolved inorganic nitrogen concentrations in the lagoon. The official designation of the
two aquaculture zones (with or without the requirement to let oysters be kept in some
kind of purification facility before being delivered to the supplier) (Figure 9b) generally
correlate well with the WRT map, but still more detailed spatial designation schemes might
be needed to address the gradients of flushing and water quality existing in the lagoon.

5. Conclusions

The application of the SHYFEM model to the Oualidia lagoon has revealed the impor-
tance of groundwater inputs, which are critical to the distribution of the salinity between
the inner and outer parts of the lagoon.

The spatial distribution of WRT, however, depends mostly exclusively on tidal flushing.
However, the lack of data on nutrient content in SGD, the positive correlation between
nitrate concentrations and WRT, and the negative relationship between salinity and nitrates
point toward possible inputs of inorganic nitrogen from groundwater sources into the
lagoon. This factor must be considered when planning aquaculture activities in the lagoon,
and full nutrient balance should be calculated.

The model-calculated gradients of physical parameters correspond well to the benthic
zonation in the lagoon developed in previous studies. It allows using future projections of
climatic changes based on the variation of physical forcing variables as a proxy to biological
changes in the future.
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Appendix A

Table A1. Modeled and observed comparison for phase and amplitude in station 1, 2, 3, 4, and 5.

Station 1 Station 2 Station 3 Station 4 Station 5
Phase Amp Phase Amp Phase Amp Phase Amp Phase Amp

Measured Modeled Measured Modeled Measured Modeled Measured Modeled Measured Modeled Measured Modeled Measured Modeled Measured Modeled Measured Modeled Measured Modeled
Q1 245 255.63 0.02 0.0216 268 272.95 0.02 0.0169 281 276.32 0.02 0.0163 278 271.70 0.01 0.0118 313 293.69 0.01 0.0116
O1 302 306.77 0.06 0.0615 323 330.58 0.06 0.059 333 337.12 0.06 0.059 333 351.74 0.06 0.0487 347 352.65 0.03 0.0332

NO1 196 45.71 0 0.0062 55 16.11 0.01 0.0035 Ns 31.71 Ns 0.0033 47 194.33 0.01 0.0038 150 143.06 0.01 0.0008
P1 51 45.04 0.03 0.0211 74 66.65 0.02 0.0203 95 72.56 0.02 0.02 110 66.60 0.02 0.0099 87 59.44 0.03 0.0099
K1 44 50.77 0.09 0.0696 67 72.19 0.06 0.065 88 78.41 0.06 0.0647 103 91.58 0.07 0.0487 79 95.07 0.08 0.0333

MU2 26 329.96 0.04 0.0006 179 191.09 0.03 0.0558 166 188.59 0.05 0.0636 208 216.68 0.01 0.0113 112 75.87 0.09 0.0641
N2 29 35.43 0.2 0.2099 66 58.14 0.15 0.1449 78 69.83 0.15 0.1467 74 81.06 0.25 0.0895 110 100.69 0.48 0.2081
M2 49 51.72 0.96 0.9745 87 69.22 0.8 0.7925 77 77.72 0.79 0.7917 73 94.81 0.76 0.4364 250 267.24 0.02 0.0163
L2 135 209.73 0.01 0.0003 357 38.93 0.04 0.025 3 35.37 0.04 0.0295 49 53.94 0.01 0.0067 144 123.14 0.16 0.0999
S2 62 76.83 0.32 0.3437 94 100.06 0.27 0.2319 109 112.79 0.26 0.2326 107 124.65 0.23 0.1397 166 128.59 0.04 0.0318
K2 85 72.24 0.09 0.0967 117 100.69 0.07 0.0694 131 113.74 0.07 0.0709 123 127.78 0.05 0.0459 166 168.81 0.02 0.0215

MK3 288 73.11 0 0.0002 56 42.07 0.01 0.0172 54 48.07 0.01 0.0139 47 123.85 0.01 0.0184 180 154.64 0.05 0.0446
MN4 92 74.10 0.01 0.0005 52 43.17 0.04 0.0529 66 58.58 0.03 0.0424 62 115.93 0.03 0.0453 179 181.63 0.13 0.1014
M4 149 149.05 0.01 0.0153 68 58.84 0.08 0.1165 76 75.16 0.08 0.0903 73 136.50 0.08 0.1226 339 344.47 0.01 0.0172
SN4 210 354.62 0 0.0001 115 291.94 0.02 0.02 127 311.49 0.01 0.0211 208 333.70 0.02 0.0166 211 200.68 0.1 0.0719
MS4 231 145.90 0.01 0.0009 94 87.13 0.08 0.0893 106 104.56 0.06 0.0746 105 158.51 0.06 0.0769 201 206.71 0.01 0.0126
S4 283 262.16 0 0.0004 141 136.21 0.02 0.0161 148 152.82 0.02 0.0159 190 182.94 0.01 0.0134 224 245.31 0.03 0.0471
M6 40 198.15 0 0.0001 ns 39.56 Ns 0.0107 Ns 57.58 Ns 0.0097 177 175.37 0.06 0.0418 254 267.60 0.04 0.0492

2MS6 111 220.90 0 0.0002 334 57.91 0.02 0.0134 353 88.26 0.01 0.0117 203 207.01 0.03 0.0415 313 293.69 0.01 0.0116
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Table A2. Modeled salinity (PSU) in 42 stations for each estimated SGD input scenario.

Transects Stations SGD 0 SGD 0.05 SGD 0.1 SGD 0.2 Observation

Transect A

S1 33.52 29.59 27.27 23.69 30.17
S2 33.51 29.57 27.25 23.68 30.36
S3 33.45 29.49 27.19 23.63 30.08
S4 33.63 29.82 27.55 24.05 32.56
S5 33.62 29.84 27.59 24.10 30.33
S6 33.52 29.66 27.36 23.85 32.12
S7 33.49 29.57 27.26 23.70 34.15
S8 33.70 30.07 27.82 24.24 31.61
S9 33.69 30.12 27.91 24.40 32.81
S10 33.68 30.12 27.91 24.45 30.78
S11 33.91 30.54 28.41 24.98 32.81
S12 33.85 30.40 28.21 24.73 32.31
S13 33.83 30.42 28.27 24.83 32.24
S14 33.81 30.43 28.31 24.90 32.43

Transect B

S15 34.55 32.47 31.05 28.74 31.61
S16 34.43 32.03 30.44 27.71 31.67
S17 34.60 32.70 31.40 29.06 31.86
S18 34.73 32.99 31.79 29.80 31.16
S19 34.52 32.28 30.79 28.38 31.23
S20 34.75 33.13 32.01 30.08 32.81
S21 34.67 32.74 31.44 29.28 32.75
S22 35.09 34.02 33.26 31.83 35.04
S23 35.25 33.35 33.68 32.48 33.01
S24 35.00 33.66 32.73 31.20 33.13
S25 34.87 33.30 32.24 30.46 32.12
S26 35.30 34.49 33.91 32.70 32.88
S27 35.02 33.73 32.85 31.35 33.58

Transect C

S28 35.74 35.67 35.63 35.53 33.26
S29 35.74 35.67 35.63 35.53 33.70
S30 35.69 35.53 35.42 35.40 34.02
S31 35.29 34.47 33.91 32.92 34.28
S32 35.45 34.91 34.53 33.86 39.30
S33 35.45 34.89 34.51 33.85 39.49
S34 35.45 34.90 34.52 33.81 39.43
S35 35.51 35.05 34.73 34.16 33.77
S36 35.53 35.10 34.80 34.22 33.20
S37 35.59 35.27 35.04 34.40 32.75
S38 35.55 35.15 34.88 34.37 32.88
S39 35.58 35.24 35.01 34.36 39.05
S40 35.57 35.22 34.97 34.53 39.36
S41 35.56 35.20 34.94 34.49 39.17
S42 35.68 35.51 35.39 35.11 39.49
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