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ABSTRACT

The Sebou river estuary is a coastal zone with an important agricultural area and is
becoming one of the most important industrial zones in Morocco. However, salt water
intrusion affects the economic development of the whole region. Therefore, determination of
the salinity distribution along this estuary is the main interest for water managers. The aim
of this paper is to study the spatial and temporal distribution of salinity in water course.
Field measurements revealed that salinity intrusion depends on the state of the tide and on
the upstream tributary waters from Lalla Aicha Dam. The effects of the combination of
various situations (dam closed-dam open and high tide-low tide) have been studied. A
one-dimensional mathematical model has been used to simulate salinity distribution along
the estuary. The model is based on one-dimensional equations of continuity, momentum,
and salt transport in natural waters. Calculations of the river water level provided by the
model are in good agreement with field measurements. Additionally, salinity simulations
along the Sebou estuary for different hydrodynamic river conditions reproduce the observed
salinity trends and contribute to a better understanding of this natural phenomenon. The
model used permits a rapid assessment of salt water intrusion in the Sebou estuary and can

help to ensure the safety of water supply and to support decision-making interventions.
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1. Introduction

Water resources are necessary for the development
of human societies. This development, mainly in the
industrial and agricultural sectors, increasingly affects
these resources at many levels. Lack of water is

*Corresponding authors.

considered as a limiting factor of socio-economic
development of a country. A major objective is to
establish policies for sustainable management and
governance rules of water resources so as to ensure
their durability [1].

Regarding Morocco, conventional water resources
are very limited and irregular. This is due to the
increase in several activities (e.g. intensive agriculture,
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and various industries) using water and also to the
influence of climate change. This situation urges us to
look for other water resources not yet exploited (e.g.
water available in estuaries).

An estuary is a semi-enclosed coastal body of
water, which has a free connection with the open sea
and within which sea water is gradually diluted with
fresh water derived from land drainage [2,3]. Salt
water intrusion is one of the most important physical
phenomena in estuaries that affects the quality of both
surface and ground water [4].

The Sebou is the largest Moroccan river, draining
approximately 40.000 km?, stretching about 614 km
from its source in the middle Atlas mountains to the
Atlantic Ocean, which represents 6%o of Morocco’s
total land area (Fig. 1). Kenitra harbor, about 17 km
from the ocean, has commercial traffic, while Mehdia
harbor at only 2 km from the mouth is busy with fish-
ing activities.

The flow regime at the level of the Sebou estuary
is marked by considerable seasonal and inter-annual
variations. It is under the influence of the tide regime
and under the control of many dams [5,6]. During low
flow periods, hydrodynamic regime is controlled by
the Lalla Aicha dam situated 62 km upstream. This
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Fig. 1. Study area and measurements sites in the Sebou
river estuary.
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dam has been constructed to preserve water for
agricultural pumping stations and to avoid salty
waters that rise towards these stations. Before the dam
construction, excessive salinity reached up to 85km
upstream [7].

Salinity concentration of the estuary varies between
0.5 and 35%o. The tide regime in the estuary is charac-
terized by a filling at high tide by the bottom of the
river and by a emptying at low tide [8]. The
semi-diurnal tidal range varies from 0.97 to 3.11
meters and tidal influence extends 35km from the
mouth [9]. In addition, the Sebou estuary is consid-
ered as a narrow estuary, so wind has minimum
impact on the flow [10].

The waters in the Sebou river estuary are used by
many industries and for agriculture supply. However,
high water salinity limits the development of these
activities.

Early works on salinity distribution in Sebou river
estuary has started since 1966 [7]. All these works
were based on field measurements and did not exam-
ine salinity evolution influence toward hydrodynamic
and morphological conditions. In a management con-
text, rapid estimation of longitudinal salinity distribu-
tion in an alluvial estuarine is searched by managers.
One-dimensional mathematical models can constitute
the appropriate tools to use because they are easy to
apply, and more adapted to management contexts.
Also, it is methodologically correct to start with the
simplest description of the phenomena under study
and to evaluate the limits of this approximation before
investigating more complications.

In this paper we have studied the spatial and
temporal evolution of longitudinal salinity distribu-
tion in the Sebou river estuary. Field measurements
were realized in a wide range of situations of the
tide and the dam situations. The influence of the
total closure of the dam on the salt concentration has
been evaluated for the first time. The one-dimen-
sional mathematical model HEC-RAS [11] has been
used to simulate salt water intrusion. Firstly,
simulation of the hydrodynamic regime of the river
has been undertaken. Substantial database was used,
consisting of river morphology, friction factors, river
flows, and river water levels. These data were used
to calibrate the hydrodynamic model, which was
later linked to the transport model. The outputs of
the transport model are the salt evolution from
upstream to downstream of the estuary for various
hydrodynamic conditions. The model allows estimat-
ing salinity variation even at zones where we do not
dispose of field data. It also permits to draw
isohaline charts (areas of equal salinity) for different
situations.
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2. Stations and measurement methods

The studied reach (62 km) is situated between the
mouth of Sebou river and Lalla Aicha dam (Fig. 1).
Salinity measurements were made at specific stations
in order to consider their spatial variability (see
Table 1). As some stations correspond to stations used
in other works [7,8,12] we have been able to compare
results obtained from each study. For the salinity mea-
surements, a Water Meter Type 120-LTC Conductivity
Meter attached with 120 m cable was employed. This
instrument is able to measure water temperature and
salinity simultaneously. It is worth to note that the
conductivity and temperature have to be calibrated
before use. Also, Global Positioning System (GPS) was
used to record the locations of every measurement.

3. Results and discussion
3.1. Field measurements

In order to study the temporal variability of the
salinity, 24 h field measurements (06-07 Jun 2014)
were conducted at the S3 station, with 10-min interval.
Fig. 2 shows a sinusoidal salinity evolution, which fol-
lows the tidal cycles. A maximum concentration of
30%o is recorded during high tides and a minimum
concentration of 5%o is recorded during low tides.

The hydrodynamic regime of the Sebou estuary is
influenced by the tidal cycle (at the mouth of the
river) and water flow releases from the Lalla Aicha
dam. The influence of the hydrodynamic regime on
salinity evolution along the estuary was studied by
making salt measurements for various situations of
the tide and the river flow (Fig. 3). Fig. 4 presents
similar measurements made by the ministry of energy
between 2004 and 2012. The two figures show that a
descending salinity gradient (downstream-upstream)
is observed in all the situations, caused by the gradual
salinity intrusion from the sea.

Table 1
Locations of measurement stations

Station Distance at the mouth
Station 1 (Mouth of the river)
Station 2 12 km

Station 3 17 km (Kenitra City)
Station 4 34 km

Station 5 40 km

Station 6 53 km

Station 7 62 km (Lalla Aicha Dam)
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Fig. 2. Salinity evolution at the S3 station: During 24 h
(06-07 June 2014).

Salinity concentration varies between 12 and 35%o
at the mouth of the river and does not exceed 0.8%o0 at
40 km at the downstream part of the river. In addition,
figures also show an increase in salt concentration
during high tide along the reach, highlighting the
effect of the salinity intrusion. Fig. 4 shows the effect
of a total closure of Lalla Aicha dam on salt evolution
along the studied reach. When no fresh water is
spilled downstream the dam, salt concentration rises
to high levels along the river. This phenomenon is
highlighted for the first time and imposes the need to
consider the dam management in excessive salt pro-
gression studies.

All measurements shown above enabled us to
divide the river, according to the salinity categories
(zones) of the Venice System [13] (Table 2), from lim-
netic (salinity 0.5%o) to fully marine waters (30%o).

The limnetic zone is situated between stations 56 and
57 (9 km) where salinity does not exceed 2%o, and is not
influenced by tidal dynamics. The mesohaline/
oligohaline zone is situated between stations S3 and S6
(36 km), where the salinity is between 2 and 12%.. This
zone is considered a transition zone influenced by tidal
dynamics and river flow. The polyhaline/euhaline zone
is situated between stations S1 and S3 (17 km), where the
oceanic influence is permanent, regardless of the river
flow downstream Lalla Aicha dam. The salinity in this
area is between 12 and 34%.. All zones position see Fig 5.

On other hand, we examine the vertical salinity
and temperature measurements of the Sebou river
estuary. A notable stratification is observed, essentially
for stations near the estuary mouth (S1, S2, S3, and
S4). Fig. 6 gives an example of this stratification in the
S3 station where salinity and temperature gradient
between the surface and the bottom of the river, are
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Table 2
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Classification of estuarine divisions (expanded from McLusky, 1993) (salinity is defined according to the Practical Salinity

Scale) [13]

Division Tidal Salinity (%o) Venice system (1958)
River Non-tidal <0.5 Limnetic

Tidal fresh Tidal <0.5 Limnetic

Upper Tidal 0.5-5 Oligohaline
Inner/Middle Tidal 5-18 Mesohaline
Middle/Lower Tidal 18-30 Polyhaline

Mouth Tidal >30 Euhaline

6%0 and 0.5°C, respectively. Sea waters have a high
density and low temperature compared to fresh
waters and tends to dive to the bottom of the river.
This result confirms that the filling and emptying of
the Sebou river estuary is achieved from the bottom as
mentioned above [8].

The salt water intrusion is generally divided into
three types according to the level of stratification
[14,15]: Salt-wedge estuary, well-mixed and partially
mixed estuary. A salt-wedge estuary occurs when the
freshwater discharge in an estuary is large compared to
the tidal flows. In a partially mixed estuary, the river
has a strong surface flow of freshwater and a strong
influx of seawater. Tidal currents force the seawater
upward, where it mixes with the surface water, produc-
ing a seaward flow of surface water. The salinity is
increased by the influx of seawater. In well-mixed estu-
ary, the river flow is low, and tidal currents play a
major role in water circulation. The net result is a sea-
ward flow of water and uniform salinity at all depths.
This classification involves the so-called estuary num-
ber, N., whose values, given by (Eq. (1)) [16] are listed
in Table 3.

Vio. U2
N, = 2220 1

where Vgo is the volume entering the mouth of the
estuary during the rising tide (m>), Qs is the river flow
m3s™h, Uy is the maximum velocity at the river
mouth (m s™), d is the depth at the mouth of the estu-
ary (m), T is the tidal period (s), and g is the accelera-
tion due to gravity (m s 2).

In the case of Sebou estuary, for a river flow of
10 m®>s™', which corresponds to the flow during the
measurement in Fig. 6, the calculated value of the
estuary number is 0.32. According to the classification
above, this value of N, corresponds to a partially
mixed estuary, which is consistent with observations
at the same figure. For a flow of 40 m® s}, the calcu-
lated value of N, is 0.064 corresponding to a salt-
wedge river. Thus, the levels of stratification in the
Sebou river estuary depend strongly on the river flow.

3.2. Mathematical modeling

To model the salinity evolution along the Sebou
estuary, we used a one-dimensional approach which
is appropriate in the case of the river reach having
long distance. The HEC-RAS mathematical model was
used in this study. It was used to simulate the
hydrodynamic regime, sediment transport, and water
quality for many rivers [11]. Salinity distribution is
influenced by the hydrodynamic regime of the Sebou
river estuary, which in turn depends highly on the
river morphology. For this reason, the hydrodynamic
regime was first studied and modeled in the HEC-
RAS. Outputs from the hydrodynamic model (velocity
and water level evolution) were used in the salt trans-
port study.

3.2.1. Hydrodynamic model

In the present study, unsteady, gradually varied
flow simulation model, i.e. HEC-RAS, is based on the
Saint-Venant’s two equations commonly used in river
hydrodynamics, which are defined as follows [11]:

Table 3

Classification of estuaries according to the value of the number of estuary N,

Ne Ne < 0.08 0.08 <Ne <0.5 Ne > 0.5
Classification Salt-wedge estuary Partially-mixed estuary Well-mixed estuary
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where Q is the discharge (m®s™), A is the cross-sec-
tional area (m?), x is the distance along the channel (m),
t is the time (s), g; is the lateral inflow per unit length
(m?s™"), g is the acceleration due to gravity (m s™), I is
the flow depth (m), Sy is the bottom slope (Dimension-
less), and St is the frictional slope (Dimensionless).

The frictional slope is expressed as [6]:

nQ 2
S¢ = {m} “)

where 1 is Manning’s roughness coefficient (m™'/
*s7"), and R is the hydrodynamic radius (m).

The Manning coefficient used in the momentum
equation is evaluated initially by the empirical for-
mula (Eq. (5)) proposed by Cowan and Chow [17,18].

n=(ng +m + ny + nz + ny).ms ®)

where ny is a basic, n is the value for a straight, uni-
form, and smooth channel, n; is the adjustment for the
effect of surface irregularity, n, is the adjustment for
the effect of variation in shape and size of the channel
cross section, 13 is the adjustment for obstruction, n, is
the adjustment for vegetation, and ms is a correction
factor for meandering channels.

The factor ny is evaluated from granulometric mea-
surements that were carried out from upstream to
downstream in the studied reach. The others coeffi-
cients were evaluated from observations of the river in
aerial photos, from the cross-sectional areas and avail-
able photos, and from field visits.

The Egs. (2) and (3) are solved using the well-
known four-point implicit box finite difference
scheme. The general implicit finite difference forms
for a function f are [11]:

The Time derivative:

of Af 06 (Afip1 + Af;)

The Spatial derivatives:
Of A (fisr = i) + 0(Afia + Af)) o

ox  Ax Ax
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Function value:

frf =06 (fi+fi1) +0.6.0.(Af1 + Afy) ®

where 8: weighting factor.

This numerical scheme has been shown to be
completely non-dissipative but marginally stable
when run in a semi-implicit form, which corresponds
to weighting factor (4) of 0.5 for the unsteady solu-
tion. This value represents a half weighting explicit
to the previous time step’s known solution, and a
half weighting implicit to the current time step’s
unknown solution. However, practically speaking,
due to its marginal stability for the semi-implicit for-
mulation, a ¢ weighting factor of 0.6 or more is
necessary, since the scheme is diffusive only at val-
ues of O greater than 0.5. In HEC-RAS, the default
value of 0 is 1. However, the user can specify any
value between 0.6 and 1 [19].

The final resolution of model equations requires
spatial discretization of the study area. The river reach
(62 km) was discretized into 203 grids with a length
varying between 58 and 996 m. Data on cross sectional
(bathymetry) areas from the ANP (National Agency of
Ports) and other sources were used.

The upstream boundary (at the Lalla Aicha dam)
was given values of discharge as a function of time
(Fig. 7). The downstream boundary (at the mouth)
was given values of the water level as a function of
time (Fig. 8).

3.2.1.1. Model calibration and validation. The Hydrody-
namic model has been calibrated and validated. The
calibration parameter is Manning’s roughness in the
river. Initial values of Manning’s roughness vary
along the studied reach, with a mean value of
0.051m /3s™". In the «calibration procedure, the
Manning coefficient was modified to the same degree
along the studied reach because we assumed that the
sources of errors involved in its evaluation are
identical for all the grids.

The calibration and validation are performed using
the water level data at the S3 station. The period cho-
sen for the calibration was from 01 May 2014 to 15
May 2014. Fig. 9 gives the results of the calibration.
This figure shows good correspondence between the
calculated and the observed water level at the S3
station.

In order to confirm the results of the calibration
test, we proceeded with a validation test of the model
for the period from 15 May 2014 to 30 May 2014.
Fig. 10 shows the comparison of observed and
simulated water level at the S3 station.
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In addition, a model performance has been tested
by statistical indicators: the root-mean squared error
(RMSE), the Nash-Sutcliffe modeling efficiency index
(NSC), and the correlation coefficient (R?). The equa-
tions used to determine these indicators are available
in [20-22].

The RMSE indicates a perfect match between
observed and predicted values when it equals 0. The
NSC ranges between —0 and 1. It indicates a perfect
match between observed and predicted values when it
is equal tol. Values between 0 and 1 are generally
viewed as acceptable levels of performance [22].

Table 4 gives the values obtained for each of these
indicators for calibration and validation results.

The RMSE, Nash-Sutcliffe efficiency coefficient
(NSC), and the R? all show that the model has a good
performance in water level prediction.

3.2.1.2. Hydrodynamics results. After the calibration and
the validation, the model outputs are more reliable;
they give more detailed information about the
hydrodynamic regime of the river.

Fig. 11 shows calculated velocity at low tide and
high tide along the studied reach. Great variations of
velocity can be seen due to the changes in the river
geometry. Also, the velocity is strongly influenced by
tidal conditions. Fig. 12 shows simulation of water

Table 4

Statistical indicators of the hydrodynamic model
performance

Statistical indicators RMSE (m) NSC R?
Calibration 0.08 0.92 0.89
Validation 0.10 0.95 0.90

- <% - High tide, June 2008
---%-- High tide, May 2012
--57--- High tide, Octobre 2005
—-¥-— Low tide, Janvier 2006

-- - - Low tide, February 2011

- -0~ - Low tide, December 2004
—O— Low tide, Septembre 2009
—®&— Low tide, April 2010

Salinity (%o)

Distance from river mouth (Km)

Fig. 3. Longitudinal salinity distribution between 2004 and
2012 (Ministry of Energy).
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level at the S6 station during May 2014. Water level is
influenced by tidal conditions and also by upstream
inflows of the river.

3.2.2. Transport model

Water quality modeling is often applied as a sup-
porting tool for water quality management [23].
Modeling salinity evolution was achieved using Water
Quality module included in HEC-RAS software. It is

35

-@--High tide, river flow =0 m’/s March 2014
- <O -High tide, river flow =33m’/s May 2014
—w—Low tide, river flow =33m’/s May 2014

30

=
Q"

\ AN

AN
25 \

AN

20 \ K

= [ \\ 3...
E 15 30
= X \ .
10 \— e
v
\
oL g
5 <o e
| '\\'\ ~<_ ~ 1@,
0 I L J A 2 )
0 10 20 30 40 50 60

Distance from river mouth (Km)

Fig. 4. Longitudinal salinity distribution and freshwater
from the upstream reservoir in 2014.

6:39' 637 6" s E=|35‘ Ii=|$-|' 6‘|33’
Lalla Aicha dam

SToFE
ST

High estuary : Limnetic zone

+f

T

Atlantic Ocean

oFE

&7

Low estuary : Polyhaline/Euhaline zone

13

fredt

1TabE
'
-
7
- %
a5
©
'
14

Fig. 5. Salinity zones in the Sebou river estuary.



S. Haddout et al. | Desalination and Water Treatment 57 (2016) 17075-17086

i °

<L O ---- { ) —10 4 <

- - o~

. ) -

S . f—0"" ]
_ N e S
< = . ~
IS z % . D/ 1 2 o
= i =
22Fs55 —+ £
I L ~ g
= A o -0 4o =
a e ~ £
‘. =

0 |- < ©o

l / ® - @ - @ ---- ® 4o

L /D ~

n

o+ & e

N

0 2 4 6 8 10
Depth(m)

Fig. 6. Measured vertical salinity and temperature at the
S3 station.

based on the one-dimensional transport equation
(advection—dispersion equation) of a conservative
constituent [11]:

d(QC) a[ ac] )

where C is the salinity concentration (%o), A is the
cross-sectional area (m?), Q is the river flow (m>s?),
and D is the longitudinal dispersion coefficient
(m*s™).

Velocity and water level appearing in the transport
equation are calculated in the hydrodynamic module,
which is linked to the water quality model.

The transport equation is solved using the Quickest-
Ultimate numerical explicit scheme [11]. Inputs of the
transport model are initial and boundary salinity

140

120 /\
100

Flow release (Upstream boundary condition)

A

AN

CI VR
< 80
2 A
2 60
: LA
o
20 {
0 5 10 15 20 25 30

Days

Fig. 7. Upstream boundary condition (at Lalla Aicha dam),
May 2014.
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Fig. 11. Velocity profile at low tide and high tide, along
the studied reach reproduced by the model.

concentrations and the dispersion coefficient (parame-
ter D in Eq. (9)). Estimation of the dispersion coefficient
equal to 50.48 m* s~' was calculated using Fischer for-
mula [24].

3.2.2.1. Transport results. Simulated scenarios were
defined considering the two influences on salinity
intrusion which are river flow (releases from the Lalla
Aicha dam) and tidal situation (low or high tide).

S. Haddout et al. | Desalination and Water Treatment 57 (2016) 17075-17086
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Fig. 12. Water level reproduced by the model at the S6
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Figs. 13-18 show the results of these simulations
for three characteristic flows: 0 m®s™ (closed dam),
100 m*>s™!, 1,000 m® s™". This type of figures gives a
isohaline charts (areas of equal salinity) for different
situations (N.B. each legend is relative for each
flow).

Figs. 13 and 14 show that when no flow is released
from the Lalla Aicha (upstream end), the level of salt
in the reach is controlled by the movement of the tide.

Lalla Aicha dam

[Salinity %o

I
0.988

—
4.495
8.004
11.512

15.019
18.527
22.035
25.542
—
29.050
| —)
32.558

Fig. 13. Salinity evolution along the Sebou estuary at Low tide and freshwater from the upstream reservoir 0 m>s™".
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Fig. 14. Salinity evolution along the Sebou estuary at High tide and freshwater from the upstream reservoir 0 m*>s ™.

At high tide, excessive salinity is moved up to S6 increase in the river fresh water flow to 100 m’>s™'
station and varies between 8.18 and 11.78%.. At low forces back the excessive salinity, which does not
tide, excessive salinity reached S5 station (8%0). An exceed S4 station, in low tide and high tide; this is

. alinity %o
Lalla Aicha dam —
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m—
3.635
[
6.284
—
8.932
L
11.580
[ ———]
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EE—
16.876
L
19.523
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Fig. 15. Salinity evolution along the Sebou estuary at Low tide and freshwater from the upstream reservoir 100 m>s™".
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Fig. 16. Salinity evolution along the Sebou estuary at High tide and freshwater from the upstream reservoir 100 m>s™".

shown in Figs. 15 and 16. A river flow of 1,000 m®s™" Hence, although the available data do not allow to
stops the salinity in the vicinity of the river mouth simulate real events, the model outputs calculate salin-
and reduces its concentration, by dilution, to low val- ity evolution that has the same evolutions as those
ues (7 and 12%o) (Figs. 17 and 18). observed in field measurements (Figs. 3 and 4).
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Lalla Aicha dam
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1.722
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2.456

3.191

3.925

—
5.394
6.129

—
7.598

Fig. 17. Salinity evolution along the Sebou estuary at Low tide and freshwater from the upstream reservoir 1,000 m>s™".
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Lalla Aicha

Fig. 18. Salinity evolution along the Sebou estuary at High tide and freshwater from the upstream reservoir 1,000 ms L

Summarizing, it can be seen that tide and river dis-
charge are the two dominant drivers for the Sebou
estuary. The salinity distribution confirmed the same
pattern observed by other authors [7,8,12].

At this stage of the study, the model was used as a
hypothesis verification tool, to analyze the consistency
of measured, data and to understand the functioning
of the estuary ecosystem.

Salinity simulations can be considered credible
because the transport model is based on a hydrody-
namic model which is calibrated and verified using
field data.

Finally, the model used permits a rapid assessment
of salt water intrusion in the Sebou estuary and can
help to ensure the safety of water supply against
excessive salinity. It calculates salinity adequately even
at stations where we do not dispose of field measure-
ments and can be considered as a tool for support
decision-making.

4. Conclusion

The aim of this research is to understand the
mechanisms of salt water intrusion in the Sebou river
estuary and its dependence on hydrodynamic regime
of the river. Field measurements were achieved for
many situations of tidal cycle or river flow and
revealed that tide and river discharge are the two
dominant drivers for salinity distribution. Salinity

1

measurements coupled with other basic data (river
morphology, water stage, and boundary conditions)
were used in a one-dimensional mathematical model.
This model consists of a hydrodynamic module linked
to a salt transport module. The hydrodynamic model
was calibrated and validated, and gives the spatio-
temporal evolution of velocity and depth. Salinity sim-
ulations provide longitudinal salt water distribution
for many river situations, making the model as an
early prediction and management tool. On other hand,
the model outputs can serve as a starting point in
many management projects relating to recreational,
agricultural, commercial activities, and safe water
supply.

Finally, our vertical salinity measurements show
notable stratification essentially near the river mouth.
However, the one-dimensional model used does not
consider vertical salinity stratification in its mathe-
matical formulation. Actual work emphasizes the
study of the influence of this phenomenon on the
predictions of one-dimensional model used.
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