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Abstract: The evaluation and quantification of solids transport in Morocco often uses the Universal
Soil Loss Model (USLE) and the revised version RUSLE, which presents a calibration difficulty. In this
study, we apply the MUSLE model to predict solid transport, for the first time on a large river basin
in the Kingdom, calibrated by two years of solid transport measurements on four main gauging
stations at the entrance of the Sidi Mohamed Ben Abdellah dam. The application of the MUSLE on
the basin demonstrated relatively small differences between the measured values and those expected
for the calibrated version, these differences are, for the non-calibrated version, +5% and +102% for the
years 2016/2017 and 2017/2018 respectively, and between −33% and +34% for the calibrated version.
Besides, the measured and modeled volumes that do not exceed 1.78 × 106 m3/year remain well below
the dam’s siltation rate of 9.49 × 106 m3/year, which means that only 18% of the dam’s sediment
comes from upstream. This seems very low because it is calculated from only two years. The main
hypothesis that we can formulate is that the sediments of the dam most probably comes from the
erosion of its banks.
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1. Introduction

Erosion is a natural phenomenon that reduces the capacity of dam reservoirs around the world.
The natural erosive process is aggravated by anthropogenic activities including pastoral activity [1],
deforestation [2–4], and climate change [5] with the advent of periods of heavy rainfall and increasingly
frequent dry periods. This phenomenon constitutes a major challenge for water resource management
at the scale of the Bouregreg basin [6,7] in northern Morocco.

The Sidi Mohamed Ben Abdellah (SMBA) dam, commissioned in 1974 and raised in 2007, is
intended solely to supply drinking water to the coastal area between Rabat and Casablanca, which
represents nearly eight million inhabitants. It has a relatively low silting rate compared to other dams
in the Kingdom [8].However, it has lost 132 Mm3 since its commissioning of which 58% of this volume
was lost before rising the dam height, with this loss constituting a very significant reduction in its
storage capacity. Given the magnitude of this situation, the modeling of soil losses in the basin aims at
achieving the following objectives:

• analyzing the biophysical environment;
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• describing and evaluating the erosive processes affecting the Bouregreg Basin, and the solid
transport by the main tributaries to the SMBA dam;

• and identifying the priority areas contributing to siltation, in order to better guide spatial
planning actions.

Universal Soil Loss Equation (USLE) was first established in USA to model erosion in small
agricultural catchment [9]. It is based on several parameters linked to climate, soil cover and properties,
topography, and human activities. This equation has been modified and adapted several times.
The MUSLE model includes the use of water flow rates [10]. Despite the difficulties encountered
in calibrating and adapting the Universal Land Loss Model (USLE) to conditions in Morocco [11],
most studies on watershed management in Morocco [12–15] and bordering Mediterranean regions, in
particular in Algeria and Tunisia [15–17], continue to use USLE, and the revised version RUSLE [18–21],
or an event normalized plot soil loss estimated by a modified USLE model—USLE-MM—as in Italy [22],
most often for small basins of much less than 5000 km2. As USLE [23] and RUSLE [24] were developed
for the rough assessment of annual land loss at the scale of small plots, their application to large areas
leads to rather large errors [25,26]. However, their accuracy increases when coupled with hydrological
models [27]. To overcome the difficulties in assessing the accuracy of using a simple erosion equation
like USLE, Alewell et al. [28] recommend to strengthen and extend measurement and monitoring
programs to build up validation data sets.

Thus, Williams [10] developed a modified version of the USLE (MUSLE) that takes into account
the flow load at the outlet by taking into account the biophysical characteristics of the watershed.
This model has already been applied to micro-watersheds [29,30] and gave very reliable results
compared to measurements. Indeed, in the Sidi Sbaa basin in Morocco, the deviation of the results
compared to the MUSLE model was −4% by underestimating the solid inputs [31]. Samaras and
Koutitas et al. [32] use MUSLE with SWAT to simulate the potential impact of land cover change on
sediment yields to the sea in Greece, but with no observed validation data; while other authors like
Fang [33] use the WaTEM/SEDEM model, which includes the RUSLE formula, to estimate erosion,
but always without observations to compare. Only a few studies compare the erosion rates with the
three USLE formulas. In Maghreb, only one study by Djoukbala et al. [34] compared them on the small
basin of 384 km2 in the north of Algeria, with erosion rates quite similar between the three methods,
but they were slightly superior in the case MUSLE. Unfortunately, they could not compare their results
with observation data, which does not allow an assessment of the validity of the erosion rates produced
in regard to real natural processes.

2. Materials and Methods

2.1. Study Area

The Bouregreg Basin, located in central western Morocco, covers a total area of approximately
10,130 km2 at its mouth in the north of the city of Rabat (Figure 1). The main rivers of the basin are the
Bouregreg, the Grou, and the Korifla and its tributary, the Machraa.



Water 2020, 12, 1882 3 of 27

Water 2020, 12, x FOR PEER REVIEW 3 of 26 

 

 
 
 
 

 

 

 

Figure 1. Situation of the Bouregreg Basin on the north Morocco Atlantic coast.
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The climate in the study area is Mediterranean with oceanic influence, with an average annual
rainfall over the basin varying from 450 mm in Rabat in the north-west, to nearly 750 mm in the
mountainous area in the south-east.

Rain events generate water volume of 680 × 106 m3/year, i.e., an annual mean of 22 m3/s. It is
regulated by the capacity of the SMBA dam, located downstream of the confluence between the
Bouregreg, Korifla/Machraa, and Grou rivers. Table 1 summarizes the characteristics of the SMBA dam.

Table 1. Sidi Mohamed Ben Abdellah (SMBA)dam data.

Watershed
Area
(km2)

Initial Dam
Capacity (106 m3)

Inter-Annual
Water Resources

(106 m3)
Opening Date

Number of
Bathymetric

Measurements

SMBA at its
construction

9800
508.6

680
1974 5

SMBA after
raising its dike 974.0 2007 3

2.2. Basic Data

2.2.1. Discharges Measurements

The hydrometric network of the Bouregreg basin upstream of the SMBA dam is composed of three
major tributaries: Bouregreg, Grou, and Korifla (including its tributary the Machraa). Four hydrological
stations located on these tributaries at the entrance of the dam’s reservoir were chosen to carry out
the measurements of solid transport. These hydrological stations control a basin of about 8521 km2,
i.e., 87% of the catchment area of the SMBA dam. They also have human and material means to
ensure the measurement of flows, rainfall, and the concentration of suspended solids. Table 2 gives the
characteristics of the four hydrological stations.

Table 2. Characteristics of the four hydrological stations studied.

Hydrological
Station

Name of
River

Date of
Commissioning

Averaging
Period

N◦IRE
ABHBC

Code

Watershed
Area
(km2)

Lambert Coordinates

X Y Z

Aguibat Zear Bouregreg 1975 1975/2018 3118/13 3681 394.500 368.150 90
Ras Fathia Grou 1975 1975/2018 989/20 3485 394.250 351.800 100

Ain Loudah Korifla 1971 1971/2018 2673/20 699 373.750 329.150 175
Sidi

Mohamed
Cherif

Machraa 1971 1971/2018 2674/21 656 385.850 328.200 270

Figure 2 shows that the two years, 2016/2017 and 2017/2018, are dry years which did not record
significant water inflows.

Examination of the historical measurement data from the four observation stations shows that
80% of the inflows to the dam are recorded between October and May (Figure 3). The Bouregreg and
Grou rivers contribute more than 90% of the inflows generated in the basin.

Table 3 shows the maximum flows, volumes, and number of flood events recorded during the
2016/2017 and 2017/2018 hydrological years at the four hydrological stations studied. The number of
recorded events is between six and seventeen, depending on the observation station and the year.
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Figure 2. Annual discharges at the 4 hydrological stations studied.
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Figure 3. Mean monthly discharges at the hydrological stations studied.

Table 3. Flood events for the four hydrological stations studied.

Hydrological
Station

Hydrological
Year

Maximum
Discharge

Recorded Per Year
(m3/s)

Date of Flood Event Volume
(106 m3)

Number of
Flood Events

Aguibat Zear 2016/2017 263.4 24/02/2017 at 23h00 52 13
2017/2018 265.9 07/03/2018 at 14h00 77 14

Ras Fathia
2016/2017 256.4 25/02/2017 at 07h30 33 11
2017/2018 423.8 07/03/2018 at 09h00 59 10

Ain Loudah
2016/2017 24.5 13/10/2016 at 11h00 0.7 10
2017/2018 198.7 24/04/2018 at 23h00 7.6 17

Sidi Mohamed
Cherif

2016/2017 62.6 13/10/2016 at 07h00 1.8 6
2017/2018 48.0 11/12/2017 at 17h00 1.28 6

2.2.2. Concentration of Suspended Solids (CSS)

Observers at the four hydrological stations studied, who are contracted by the Hydraulic Basin of
the Bouregreg and Chaouia Agency (ABHBC), carry out daily sampling during low-flow periods and
hourly sampling during periods of flooding. At each instantaneous sampling, the date, time, and scale
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rating are noted on the specimen bottles catalogued. The samples are then analyzed in the laboratory
and filtered under a vacuum using filtering membranes (0.45µm). The available data for measuring the
concentration of suspended solids cover two hydrological years, 2016/2017 and 2017/2018. The number
of measurement samples is presented in Table 4.

Table 4. Number of concentration of suspended solids (CSS)samples and floods events per station.

Name of Hydrological
Station River Watershed

Area (km2) 2016/2017 and 2016/2018

Number of CSS
Samples

Number of Flood
Events

AguibatZear Bouregreg 3681 727 27
Ras Fathia Grou 3485 636 21

Ain Loudah Korifla 699 233 27
Sidi Mohamed Cherif Machraa 656 789 12

2.2.3. Bathymetric Data

In order to draw up an inventory of the silting of the SMBA dam reservoir, the bathymetric
surveys carried out by the Moroccan Directorate of Water Research and Planning were collected and
analyzed. A total of seven bathymetric surveys were collected, the oldest dating back to 1974, while
the most recent were carried out in 2013. Analysis of the bathymetric data shows that the silting
up of the SMBA dam reservoir was of the order of 2.65 × 106 m3/year, i.e., a specific degradation of
270.4 m3/km2/year before raising. After raising, the silting increased to 9.49 × 106 m3/year, i.e. a specific
degradation of 968.37 m3/km2/year, which increased the silting rate by 400% [4]. However, the data is
subject to doubt for values in the early 2000s [35].The difference between the beginning and the end of
the chronicle is of reliable quality. Therefore, the total silting of the SMBA dam reached 132 ×106 m3,
i.e., an average silting rate of 3.7 × 106 m3/year since its commissioning. Subsequently, the dam has
exceeded its dead unit, which is sized for 100 × 106 m3 and has lost 32 × 106 m3of its useful reserve
since its commissioning. Table 5 summarizes the silting status of the dam.

Table 5. Summary of SMBA dam siltation calculation results since its impoundment.

Name of the
Dam

Initial Dam
Capacity
(106 m3)

Total
Siltation
(106 m3)

Number
of Years

Rate of
Siltation
(106 m3)

Dead-unit
Volume at

Dam
Building
(106m3)

Lost
Volume

(%)

Current
Capacity
(106 m3)

SMBA before
raising 508.60 76.88 29 2.65

100.00
15 431.72

SMBA after
raising 974.79 55.28 6 9.49 6 919.51

The silting of the dam reservoir represents a real threat to the sustainability of the mobilization
of surface water resources in the Bouregreg basin to satisfy required needs. The regulation of the
SMBA dam, prior to its raising, was done on a seasonal basis (capacity lower than the annual inflow).
In other words, the dam had to discharge the surplus inflows most often from flood spillway or
bottom discharge. This technique of management favored the elimination of solid deposits and thus
a reduction in the siltation rate of the dam. After the dam was raised and consequently the water
capacity of the reservoir increased, the SMBA dam moved to multi-year regulation (capacity greater
than annual inflows). By using the restitution devices of the dam, this method of regulation favors
storage to the detriment of evacuation, which accentuates the silting rate. Figure 4 illustrates the
evolution over time of the normal capacity of the SMBA dam.



Water 2020, 12, 1882 7 of 27

Water 2020, 12, x FOR PEER REVIEW 7 of 26 

 

Name of the 
Dam 

Initial 
Dam 

Capacity 
(106 m3) 

Total 
Siltation 
(106 m3) 

Number of 
Years 

Rate of 
Siltation 
(106 m3) 

Dead-unit 
Volume at Dam 

Building 
(106m3) 

Lost 
Volume 

(%) 

Current 
Capacity 
(106 m3) 

SMBA 
before 
raising 

 

508.60 76.88 29 2.65 

100.00 

15 431.72 

SMBA 
after 

raising 
974.79 55.28 6 9.49 6 919.51 

The silting of the dam reservoir represents a real threat to the sustainability of the mobilization 
of surface water resources in the Bouregreg basin to satisfy required needs. The regulation of the 
SMBA dam, prior to its raising, was done on a seasonal basis (capacity lower than the annual inflow). 
In other words, the dam had to discharge the surplus inflows most often from flood spillway or 
bottom discharge. This technique of management favored the elimination of solid deposits and thus 
a reduction in the siltation rate of the dam. After the dam was raised and consequently the water 
capacity of the reservoir increased, the SMBA dam moved to multi-year regulation (capacity greater 
than annual inflows). By using the restitution devices of the dam, this method of regulation favors 
storage to the detriment of evacuation, which accentuates the silting rate. Figure 4 illustrates the 
evolution over time of the normal capacity of the SMBA dam. 

 
Figure 4. Evolution of the normal capacity of the SMBA dam reservoir, in millions of m3. 

2.3. Methods  

2.3.1. Model Selection 

In this study we apply the Williams [10] model based on the Modified Universal Soil Loss 
Equation (MUSLE), integrated in the ArcGIS Geographic Information System for the determination 
of the soil loss potential at the level of the Bouregreg watershed to the four hydrological stations 
located immediately upstream of the SMBA dam, as previously done by Khali Issa et al.[37] in 
another region of Morocco in the North of the country, over a very small basin of 38 km².  

This model evaluates the average annual rate of erosion at the outlet of the basin. It uses 
hydrological parameters, measured at the four hydrological stations, taking into account biophysical 
characteristics. Thus, the model equation is as follows: = ( × ) × × × , (1) 

508.60 486.33 457.94 425.12 431.72

974.79 937.03 919.51

0

200

400

600

800

1000

1200

1974 1985 1995 2000 2003 2007 2009 2013

V
ol

um
e 

(1
06

m
3 )

Year

Figure 4. Evolution of the normal capacity of the SMBA dam reservoir, in millions of m3.

2.3. Methods

2.3.1. Model Selection

In this study we apply the Williams [10] model based on the Modified Universal Soil Loss Equation
(MUSLE), integrated in the ArcGIS Geographic Information System for the determination of the soil loss
potential at the level of the Bouregreg watershed to the four hydrological stations located immediately
upstream of the SMBA dam, as previously done by Khali Issa et al. [36] in another region of Morocco
in the North of the country, over a very small basin of 38 km2.

This model evaluates the average annual rate of erosion at the outlet of the basin. It uses
hydrological parameters, measured at the four hydrological stations, taking into account biophysical
characteristics. Thus, the model equation is as follows:

A = a(Qmax ×Vt)
bK × LS×C× P, (1)

where A: amount of sediment produced at the outlet in tons, a and b: in this study, we used the
scale factor values of the Sidi Sbaa micro-basin [30] (a = 11.8 and b = 0.56), Qmax: maximum flow
rate in m3/s, Vt: total volume of runoff water in m3, K: average soil erodibility (mg MJ-1mm-1), LS:
average topographic factor, C: average vegetation cover factor, P: average cultural practices and
amenities factor.

2.3.2. Methods Selection

We adopted the suite of methods and operations explained in the flowchart (Figure 5) below to
assess siltation rates at hydrological stations upstream of the SMBA dam [37].
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3. Results

3.1. Rainfall and Hydrometric Analysis

Solid transports are calculated at the four hydrological stations concerned in the hydrological
years 2016/2017 and 2017/2018. These two years were respectively dry and wet in terms of rainfall.
The average rainfall recorded at all the rainfall stations in the basin reached 354 mm in 2016/2017 and
496 mm in 2017/2018. Thus, the rainfall differences recorded in relation to the arithmetic mean of the
data from the rainfall stations located in the Bouregreg basin varied respectively by −10% and +26%
since the commissioning dates of the stations, based on data available to study from the ABHBC.

Table 6 summarizes the rainfall variations recorded in relation to the average rainfall of the stations
in the Bouregreg basin.

Table 6. Rainfall for the 2016/2017 and 2017/2018 water years.

Rain Gauge
Station Basin Cumulative Rainfall

(mm)
Averaging

Period

Mean
Year
(mm)

Deviation
from the Mean

(%)
2016/2017 2017/2018 2016/2017 2017/2018

LallaChafia Bouregreg 409 569 1972/2019 486 −16 17
AguibatZear Bouregreg 482 578 1975/2019 429 12 35
Sidi Jabeur Grou 260 432 1971/2019 317 −18 36

Tsalat Bouregreg 454 622 1977/2019 469 −3 33
Roumani Machraa 261 431 1933/2019 342 −24 26

Ras Fathia Grou 290 505 1975/2019 387 −25 30
S. M Cherif Machraa 290 495 1971/2019 367 −21 35

Barrage SMBA Bouregreg 518 479 1984/2019 469 10 2
OuljatHaboub Grou 321 350 1972/2019 311 3 12
Ain Loudah Krofla 258 498 1971/2019 347 −26 43

Total 354 496 392 −10 26
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With the exception of the Korifla sub-basin at the right of the Ain Loudah station which recorded
a surplus of nearly 24% during 2017/2018, the contributions were in deficit on the rest of the sub-basins
during the two hydrological years with more pronounced deficits during the dry year 2016/2017.
Table 7 summarizes the inflows recorded at the four stations of the study.

Table 7. Water supplies to the four hydrological stations studied.

Hydrological
Station River Water Supply (Mm3)

Deviation
from the Mean (%)

2016/2017 2017/2018 Averaging
Period

Annual
Average

(mm)
2016/2017 2017/2018

AguibatZear Bouregreg 122.2 221.5 1975/2019 227.6 −46 −3
Ras Fathia Grou 95.0 162.8 1975/2019 194.2 −51 −16

Ain Loudah Korifla 13.3 23.5 1971/2019 18.9 −29 +24
Sidi

Mohammed
Cherif

Machraa 3.7 12.9 1971/2019 16.7 −77 −23

3.2. Analysis of the Biophysical Environment

The analysis of the biophysical environment consists of determining the average factors used by
the model for each sub-basin. These factors, that affect soil erosion, are: soil type, topography, land use
and cropping practices, and erosion control facilities [38].

3.2.1. Soil Erodibility Factor (K)

Erodibility is defined as the degree to which soils are resistant to erosion. The factors that have a
major influence on the response of soils to erosion, namely the detachment and transport of particles
by rain and runoff, are texture, structure, organic matter, and permeability. The methodology for
estimating RUSLE K has been applied, and is written as follows [39]:

K =
[
2.1× 10−4(12−MO)M1.14 + 3.25(S− 2) + 2.5(P− 3)

]
/10, (2)

with K: soil erodibility expressed in t.ha.h/ha.MJ.mm (tonne. hectare. hour/hectare. mega joule.
millimeter); MO: percentage of organic matter; M: textural term % fine sand + % silt; S: structure class
code 1 to 4, with 1 fragmented structure and 4 coarse structure, soil structure affects both landslide
susceptibility and infiltration, the profiles described on the Bouregreg have a subangular polyhedral
structure and fall under class (3); and P: the permeability code (1 to 6), its value can be inferred
indirectly from the organic matter content by calculating the infiltration given by the Equation [40]:

Y = 3.53×X + 2.08, (3)

with: Y = infiltration in cm/h, X = organic matter in %.
Thereafter, the soil erodibility factor K will be calculated using the Harmonized World Soil

Database (HWSD), developed by the Food and Agriculture Organization of the United Nations (FAO)
(http://www.fao.org/soils-portal/fr/). This database gives the distribution of silt, sand, and clay soil
compositions by soil type [41].

Soil is composed of organic and mineral matter. Its texture is determined by the size of the soil
particles and their respective quantities. There are three categories of particles that determine soil
texture: sand, silt, and clay. They are distinguished by particle diameter: sand 0.05 mm to 2 mm, silt
0.002 mm to 0.05 mm, clay 0.002 mm and less. The modified illustrated triangular graph [42] was used
to determine soil texture classification.Soil texture is classified according to the percentage of silt, sand,
and clay.

http://www.fao.org/soils-portal/fr/
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Once the textures have been determined, it is possible to establish the correspondence between
the standard texture and the K-factor [43]. These values are given in tons/ha and ton/acre (US system).
Although this methodology provides an approximation in the calculation of the K-factor, it has the
advantage of lending itself to the constraints imposed by the study area. The rate of organic matter
at the level of each watershed for each texture value is calculated by converting organic carbon into
organic matter. The conversion factor of 1.724 is commonly used to convert the organic carbon content
of a soil sample to organic matter. The conversion factor is old and has survived the test of time and
modern analytical methods. According to authors [44], this conventional factor is attributed to the 19th
century authors Van Bemmelen [45], Wolff [46], or even Sprengel [47]. It is based on well-established
and very old studies showing that soil organic matter contains 58% carbon. Since the C/MO ratio
would be equal to 0.58, the MO/C ratio would be equal to 1.724.

Thus, the calculation of the organic matter is carried out by the following formula, which uses the
value 1.724 and is widely used in Morocco:

MO = CO× 1.724, (4)

the average erodibility factor K per basin is calculated by the formula:

Kaverage =

∑
(K× number)∑

number
, (5)

with K: K-factor per value, number: counting of pixels with the same K-value in the Arcmap
allocation table.

The results of the calculation of the average K-factor for each watershed are in Table 8.

Table 8. Average erodibility factor for each watershed.

Name Watershed Erodibility Factor Kaverage

Bouregreg 0.352
Grou 0.350

Ain Loudah 0.348
Sidi Mohamed Cherif 0.348

The Kmoy factor used is 0.35. This value corresponds to the silt, with the latter being a sedimentary
formation whose grains are of intermediate size between clays and sands. The loss of silt leads to
a decrease in the water retention capacity of the soil. The result is an increased erodibility and an
increased risk of erosion. Because silt is often suspended in water, it is easily transported by floods and
can contribute to the siltation of dam reservoirs. Figure 6 shows the distribution of the K factor over the
Bouregreg basin for the four hydrological stations located immediately upstream of the SMBA dam.
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3.2.2. Topographic Factor (LS)

The topographic factor LS is an essential parameter of the model. It expresses the result of
erosion due to the combined effect of the degree of slope and its length. Most recent studies for the
determination of the soil loss potential at the watershed level by the MUSLE model utilize the equation
established by Wischmeier and Smith [9,23], which is expressed as:

LS =
(
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22.13

)m
× 65.4 sin2 β+ 4.56 sinβ+ 0.0654, (6)

with:
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: length of the slope in m, β: slope in degrees, m = 0.5 if β ≥ 5%, m = 0.3 if 1 < β < 5%, m = 0.2 if
β ≤ 1.

First, the slope map was established by the spatial analyst tool of the ArcGis software using a
90 m resolution DTM. Then, the LS map (Figure 7) by basin was generated using the Wishmeierand
Smith formula [9,23]. The mean slopes and mean LS values are given in Table 9.

Table 9. Mean slope and mean topographic factor (LS).

Mean Slope
(%) Mean Topographic Factor (Ls)

Bouregreg à Lala Chafia 16.6 0.48
Grou à Ras Fathia 14.6 0.49

Korifla à Ain Loudah 9.8 0.27
Machraa à Sidi Mohamed Cherif 12.2 0.58
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3.2.3. Land Cover Factor (C)

The soil protection factor (C) indicates the degree of soil protection by vegetation cover. This factor
has undergone several changes since the establishment of the universal soil loss equation. The vegetation
cover is—after topography—the second most important factor controlling the risk of soil erosion.
The value of C depends mainly on the percentage of vegetation cover and the growth phase. The Cfactor
map for the Bouregreg catchment area was derived from the land use maps. These were determined
from the use of remote sensing data and field observations [48]. The land cover map was extracted
from SPOT satellite images at 20 m resolution combined with recent Landsat ETM+ images (2011/2012)
using the supervised classification method [41]. Another approach could be to derive the C factor from
NDVI maps as practiced on the Wadi Mina in Algeria by Toumi et al. [16].

The distribution of surfaces according to the nature of the vegetation cover is carried out by the
ArcGis tool, which subdivides the catchment area into several polygons. Each polygon corresponds to
a specific type of vegetation cover. Each vegetation cover corresponds to a factor given by Wischmeir
and Smith according to the theme [49]. A color is assigned to each polygon that represents a land cover
type. For the calculation of the Cfactor, an independent calculation is required for each sub-basin.
Indeed, the sensitivity to erosion of the different classes is determined from the main land use themes,
i.e., forest formations, rangelands, agricultural land, arboriculture, water, and bare soil, whose values
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vary between 0 and 1. The calculation of the average vegetation cover factor depends on the factor
given for each land use and surface area by the following formula:

Caverage =

∑
Si.Ci∑

Si
, (7)

with Si: partial polygon area, Ci: value of the C factor according to the theme. Figure 8 shows the C
factors for each sub-basin of the Bouregreg River.
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The application of the formula leads to the results presented in Table 10.
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Table 10. Average vegetation cover factor C for each watershed.

Watershed Land Cover Factor (C)
Caverage

Bouregreg 0.26
Grou 0.45

Korifla 0.41
Machraa 0.33

The vegetation cover factor (C) can vary from close to 0 for well-protected soils, to 1 for striated
surfaces that are very sensitive to gully erosion. The determination of this factor for the Bouregreg
watershed and sub-basins is based on the density of vegetation and the height of the vegetation strata.
These data were deduced from the field updating of the land use map by the Royal Centre for Remote
Sensing in Space of Morocco (CRTS) available at the ABHBC. The values assigned to the different
land use patterns are based on Wischmeier and Smith’s tables for forests, matorrals, and pastures.
The results show that the values of the C factor range from 0.26 for the sub-basin located in the northeast
region, the Bouregreg, the wettest, to 0.45 for the sub-basin that extends furthest south, which is more
arid [50,51]. The spatial distribution of the vegetation cover index by class for the Bouregreg watershed
shows on 50.45% of the total surface area, i.e., nearly 181,556 ha, an index lower than or equal to 0.2,
indicating good protection, while 49.5% of the surface area shows very low protection against erosion,
i.e., about 177,986 ha. It can also be noted that the upper northeastern basin, which is both the most
humid and the least covered with vegetation, is not, however, subject to high erodibility [52].

3.2.4. Average Cultivation Practices and Amenities Factor P

The P factor is a dimensionless factor expressing soil protection through agricultural practices
(P).This factor takes into account purely anti-erosion practices. Contour, strip or terrace cultivation,
bench planting, and ridging are the most effective soil conservation practices. These practices
proportionally affect erosion by altering the flow pattern or direction of surface runoff and by reducing
the amount and speed of runoff. P values are less than or equal to 1. A value of 1 is assigned to lands
where none of the practices listed are used. P values vary between 0 and 1 depending on the practice
adopted and also on the slope. In the Bouregreg watershed, there are few anti-erosion facilities and
farmers do not use anti-erosion cultivation practices. These actions are small-scale and do not have a
major impact on reducing erosion due to the size of the basin. As a result, a P value equal to 1 has been
assigned to the entire area of the basin.

3.3. Application and Calibration of the MUSLE Model

3.3.1. Application of the MUSLE Model

The parameters required for the application of the MUSLE model for the evaluation of solid inputs
by the MUSLE model are summarized in Table 11.

Table 11. Averaging factors for the universal soil loss equation modified per sub-basin.

Mean Topographic
Factor
(LS)

Mean Erodibility
Factor

(K)

Mean Vegetation
Cover Factor

(C)

Mean
Development

Factor (P)

Bouregreg 0 48 0.32 0.26 1
Grou 0.49 0.32 0.45 1

Korifla 0.27 0.34 0.33 1
Machraa 0.58 0.31 0.41 1
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By introducing the various factors of the MUSLE model, the amount of solid inputs produced
at the outlet of each watershed is calculated using the flow and volume measurement data for each
flood, according to the model equation. The solids transport is then calculated using the measured
suspended solids concentrations for the same floods. The concentrations are linearly interpolated over
the range of flows in each hydrograph. The bottom solid transport is taken as 10% of the total volume
of suspended solids [53], which remains an empirical but widely used value.

3.3.2. Calibration of the MUSLE Model

Calibration of the model at each hydrological station is carried out using the percentage bias
method (PBIAS), which consists of minimizing the difference between the observed mean and the
mean predicted by the model by acting on the model’s scaling parameters a and b:

PBIAS =


∑n

i=1

(
Yobs

i −Ysim
i

)
× (100)∑n

i=1

(
Yobs

i

)  , (8)

with Yobs
i : observed solid transport, Ysim

i : solid transport simulated by MUSLE, n: number
of observations.

In our case, a and b are respectively equal to 11.80 and 0.56. The calibration period is spread over
two years of observations available. The optimal value of PBIAS is 0, where PBIAS has the ability to
clearly indicate poor model performance [54]. To ensure model reliability, the model is also calibrated
using the KGE (Kling-Gupta Efficiency) Method [55]:

KGE = 1−

√
(r− 1)2 +

(
σsim

σObs
− 1

)2

+

(
µsim

µObs
− 1

)2

, (9)

with r: simple correlation coefficient between observed and simulated values, σObs: standard deviation
of observed solid transport values, σsim: standard deviation of simulated solid transport values, µObs:
mean of observed solid transport values, µsim: mean of simulated solid transport values. The optimal
value of the KGE factor is 1.

The PBAIS calibration of the model shows that the scaling factor (a) does not change while (b)
is more sensitive, but remains close to the initial value. Table 12 shows the results of the PBIAS
model calibration.

Table 12. Model calibration results at the four stations studied by percentage bias method (PBIAS).

Name of Basin Scaling Parameters
after Calibration Calibration Criteria

A B Bias KGE r

Bouregreg 11.799 0.548 0.00 0.48 0.58
Grou 11.799 0.535 0.00 0.11 0.26

Korifla 11.800 0.541 0.00 0.49 0.57
Machraa 11.799 0.502 0.00 0.65 0.70

Calibration of the model by the KGE method shows that the scaling factors a and b are very
sensitive, with the terms being very far from the initial values, and are quite or widely and varyingly
different from one basin to another. Table 13 shows the results of model calibration using the
KGE method.
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Table 13. Model calibration results for the four stations studied by KGE.

Name of Basin Scaling Parameters
after Calibration Calibration Criteria

A b Bias KGE r

Bouregreg 0.039 0.807 0.024 0.601 0.603
Grou 11.799 0.546 −0.236 0.149 0.272

Korifla 1.727 0.643 −0.055 0.537 0.545
Machraaf 1.421 0.620 −0.017 0.689 0.690

3.4. Comparison of Observations with MUSLE Model Results

3.4.1. Aguibat Zear Hydrological Station on the Bouregreg River

During the two hydrological years studied, twenty-seven floods were recorded. The total solid
volumes observed were 742,334 tons in 2016/2017 and 439,735 tons in 2017/2018. Table 14 summarizes
the results from applying the model to the Aguibat Zear hydrological station.

Table 14. Results of the MUSLE model at Aguibat Zear on the Bouregreg and a comparison
with observations.

Hydrologic
Year

Observed Solid
Transport

(tons)

Solid Transport
(MUSLE)

(tons)

Difference
Observation-MUSLE

(%)

Uncalibrated Calibration
PBAIS

Calibration
KGE Uncalibrated Calibration

PBAIS
Calibration

KGE

2016/2017 742 334 619 023 487 494 436 922 −17 −34 −41
2017/2018 439 735 888 011 694 575 716 809 +102 +58 +63

Examination of the results of the MUSLE model calibrated by the two approaches—PBAIS and
KGE—shows that calibration by the PBAIS method better simulates solid transport. Figure 9 compares
the simulated and observed solid transport. The latter events are less well simulated by MUSLE than
the former.
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3.4.2. Ras Fathia Hydrological Station on the Grou River

During the two hydrological years studied, twenty-one floods were recorded. The total observed
solid volumes amount to 517,194 tons in 2016/2017 and 896,438 tons in 2017/2018. Table 15 summarizes
the results of applying the model to the Ras Fathia hydrological station for the two versions of the
model calibration.

Table 15. Results of the MUSLE model at Ras Fathia on the Grou and comparison with observations.

Hydrologic
Year

Observed Solid
Transport

(tons)

Solid Transport
(MUSLE)

(tons)

Difference
Observation-MUSLE

(%)

Uncalibrated Calibration
PBAIS

Calibration
KGE Uncalibrated Calibration

PBAIS
Calibration

KGE
2016/2017 673 551 875 366 517 194 649 389 +30 −23 −4
2017/2018 740 083 1 446 831 896 438 1 098 213 +95 +21 +48

Examination of the results of the MUSLE model calibrated by the two approaches PBAIS and
KGE, shows that calibration by the PBAIS method better simulates solid transport. Figure 10 shows
the comparison of simulated and observed solid transport. As for the Bouregreg, the events of the
second year are less well represented by MUSLE.
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3.4.3. Sidi Mohamed Cherif Hydrological Station on the Machraa River

During the two hydrological years studied, twelve floods were recorded. The total solid volumes
observed were 28,155 tons in 2016/2017 and 48,422 tons in 2017/2018. Table 16 summarizes the results
of the application of the model to the hydrological station Sidi Mohamed Cherif.
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Table 16. Results of the MUSLE model at Sidi Mohamed Cherif on the Machraa and comparison
with observations.

Hydrologic
Year

Observed Solid
Transport

(tons)

Solid Transport
(MUSLE)

(tons)

Difference
Observation-MUSLE

(%)

Uncalibrated Calibration
PBAIS

Calibration
KGE Uncalibrated Calibration

PBAIS
Calibration

KGE
2016/2017 28,155 75,194 27,431 26,225 +167 −3 −7
2017/2018 48,422 141,249 49,146 51,657 +192 +1 +7

Examination of the results of the MUSLE model calibrated by the two approaches—PBAIS and
KGE—shows that calibration by the PBAIS method better simulates solid transport. Figure 11 shows the
comparison of simulated and observed solid transport. Again, the MUSLE simulations are significantly
too high for the events in the recording portion.
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3.4.4. Ain Loudah Hydrological Station on the Korifla River

During the two hydrological years studied, twenty-seven floods were recorded. The total solid
volumes observed were 68,759 tons in 2016/2017 and 92,324 tons in 2017/2018. Table 17 summarizes
the results of the application of the model to the Ain Loudah hydrological station.

Table 17. Results of the MUSLE model at Ain Loudah on the Korifla and comparison with observations.

Hydrologic
Year

Observed Solid
Transport

(tons)

Solid Transport
(MUSLE)

(tons)

Difference
Observation-MUSLE

(%)

Uncalibrated Calibration
PBAIS

Calibration
KGE Uncalibrated Calibration

PBAIS
Calibration

KGE
2016/2017 68,759 41,083 28,881 27,739 −40 −58 −60
2017/2018 92,324 191,859 132,202 142,138 +108 +43 +54

Examination of the results of the MUSLE model calibrated by the two approaches PBAIS and
KGE, shows that calibration by the PBAIS method better simulates solid transports. Figure 12 shows
the comparison of simulated and observed solid transports. Out of the four stations studied, it is on
the Korifla at Ain Loudah that the simulations seem to be the most efficient.



Water 2020, 12, 1882 19 of 27
Water 2020, 12, x FOR PEER REVIEW 19 of 26 

 

 

Figure 12. Comparison between MUSLE and observations at Ain Loudah on the Korifla. 

From the deviations from observations at the four hydrological stations, it can be deduced that 
in general, the model calibrated by the PBAIS method gives better results than the model calibrated 
by the KGE method. Thus, from the observation we note that the differences varied between −58% 
and +58% for the model calibrated by PBAIS, between −60% and +63% for the model calibrated by 
the KGE method, and between −40% and +192% for the model not calibrated.  

3.5. Comparison of Observations and Results of the MUSLE Model at the fourHydrological Stations 
Upstream fromthe SMBA Dam, with BathymetricData  

To validate the calibration method, the Nash and Sutcliffe NSE index was used to measure the 
performance of the model. According to Nash–Sutcliffe [58], NSE is defined as: = 1 − ∑ (  )∑ ( ) , (5) 

With NSE: Nash coefficient, Y : observed solid transport, Y : solid transport simulated by 
MUSLE, µObs: average of the observed solid transport values. 

The NSE index varies from −∞ to 1, such that if NSE=1, then the modeled values match the 
observations perfectly, while a value above 0 shows a relationship between simulation and reality, 
and a value below 0 shows that there is no relationship between the two. In other words, the closer 
the efficiency is to 1, the more the model is observed to be accurate.  

Table 18 shows the different calculated values of the Nash–Sutcliffe index, which compares 
observations to the values calculated by the uncalibrated MUSLE model and observations to the 
values of the calibrated MUSLE model. 

Table 18. Nash–Sutcliffe index (NSE) at study stations. 

Name of Basin Scaling Parameters 
after Calibration Nash–Sutcliffe Index (NSE) 

 a B MUSLE MUSLE calibrated 
Bouregreg à Aguibat Zear 11.799 0.548 0.38 0.46 

Grou à Ras Fathia 11.799 0.535 −0.07 0.02 
Korifla à Ain Loudah 11.800 0.541 −0.35 0.30 

Machraa à Sidi Mohammed Cherif 11.799 0.502 −9.8 0.47 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

So
lid

 tr
an

sp
or

t i
n 

to
ns

Flood events

Observed solid transport Solid transport  (MUSLE) Solid transport  (MUSLE_Calibrated)

Figure 12. Comparison between MUSLE and observations at Ain Loudah on the Korifla.

From the deviations from observations at the four hydrological stations, it can be deduced that in
general, the model calibrated by the PBAIS method gives better results than the model calibrated by
the KGE method. Thus, from the observation we note that the differences varied between −58% and
+58% for the model calibrated by PBAIS, between −60% and +63% for the model calibrated by the
KGE method, and between −40% and +192% for the model not calibrated.

3.5. Comparison of Observations and Results of the MUSLE Model at the Four Hydrological Stations Upstream
from the SMBA Dam, with Bathymetric Data

To validate the calibration method, the Nash and Sutcliffe NSE index was used to measure the
performance of the model. According to Nash–Sutcliffe [56], NSE is defined as:

NSE = 1−

∑n
i=1

(
Yobs

i −YSim
i

)2

∑n
i=1 (Y

obs
i − µObs)

2 , (10)

With NSE: Nash coefficient, Yobs
i : observed solid transport, Ysim

i : solid transport simulated by
MUSLE, µObs: average of the observed solid transport values.

The NSE index varies from −∞ to 1, such that if NSE = 1, then the modeled values match the
observations perfectly, while a value above 0 shows a relationship between simulation and reality, and
a value below 0 shows that there is no relationship between the two. In other words, the closer the
efficiency is to 1, the more the model is observed to be accurate.

Table 18 shows the different calculated values of the Nash–Sutcliffe index, which compares
observations to the values calculated by the uncalibrated MUSLE model and observations to the values
of the calibrated MUSLE model.
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Table 18. Nash–Sutcliffe index (NSE) at study stations.

Name of Basin Scaling Parameters
after Calibration Nash–Sutcliffe Index (NSE)

a B MUSLE MUSLE calibrated
Bouregreg à Aguibat Zear 11.799 0.548 0.38 0.46

Grou à Ras Fathia 11.799 0.535 −0.07 0.02
Korifla à Ain Loudah 11.800 0.541 −0.35 0.30

Machraa à Sidi
Mohammed Cherif 11.799 0.502 −9.8 0.47

In general, the uncalibrated MUSLE model has negative NSE values except for those in the
Bouregreg basin, which shows that the model values are far from reality, whereas the NSE values of the
calibrated model are positive, varying between 0.02 and 0.47, which shows that the calibrated model is
superior in reliably representing reality.

Though, for the continuity of the experiment we are continuing the calculation on the four basins
in order to complete the comparisons with the volumes of sediment deduced from the bathymetric
measurements carried out in the SMBA dam reservoir. For the calculation of the volume of suspended
matter, an earthy density of 1.5 t/m3 is adopted [57]. The siltation of the dam is considered to be equal to
9.49 × 106 m3/year. Table 19 summarizes the results of the calculations for all the hydrological stations.

Table 19. Summary table of observation results, application of the MUSLE, calibrated MUSLE_ model
and bathymetry for the four sub-basins of the Bouregreg.

Name of Basin Solid Transport 2016/2017 Solid Transport 2017/2018

Observation MUSLE MUSLE
calibrated Observation MUSLE MUSLE

calibrated
Bouregreg 742,334 619,023 487,494 439,735 888,011 694,575

Grou 673,551 875,366 517,194 740,083 1,446,831 896,438
Korifla 68,759 41,083 28,881 92,324 191,859 132,202

Machraa 28,155 75,194 27,431 48,422 141,249 49,146
Total (tons) 1,512,799 1,610,666 1,061,000 1,320,564 2,667,950 1,772,361

Total (106 m3) 1.01 1.07 0.71 0.88 1.78 1.18

Thus, the results listed in Tables 19 and 20 show that the calibrated model is closer to the
measurement than the non-calibrated model, and that the observed values of sediment transport
at the four stations, which vary between 1.01 × 106 m3 and 0.88 × 106 m3 for the two hydrological
years 2016/2017 and 2017/2018 respectively, and remain largely lower than the quantity of sediments
obtained by bathymetric measurements in the SMBA dam, which is approximately 9.49 × 106 m3.

Table 20. Comparison of observation results, application of the calibrated MUSLE, MUSLE_ model,
and bathymetry for the four sub-basins of the Bouregreg during 2016/2017 and 2017/2018.

Hydrologic
Year

Bathymetry
(106 m3)

Difference
MUSLE/

Observation

Difference
MUSLE

Calibrated/
Observation

Difference
Observation/
Bathymetry

Difference
MUSLE/

Bathymetry

Difference
MUSLE

Calibrated/
Bathymetry

2016/2017
9.25

+5% −30% −89% −89% −93%
2016/2018 +102% +34% −91% −81% −88%

4. Discussion and Conclusions

The relationships between man, environment, and solid transport are well understood at the
spatial scale of catchment areas, and modeling tools using satellite data are particularly suitable [58].
The results obtained from the application of the model (MUSLE), show that the soils of the Bouregreg
catchment area are affected by several factors engendering erosion, i.e., steep slopes, low vegetation
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cover and soil erodibility. Thus, the processing of spatial remote sensing images to determine the
biophysical characteristics of the watershed has made it possible to identify areas of high erodibility,
low vegetation cover, and steep slopes, which can be used for potential development purposes.

The analysis of solid transports observed during two years at the four hydrological stations that
control the main tributaries of the SMBA dam reservoir showed that the Bouregreg and the Grou
generated 1,415,885 tons of suspended matter, i.e., 94% and 956,929 tons of suspended matter, i.e.,
73% of the total suspended matter generated by the four basins during the 2016/2017 and 2017/2018
hydrological years. Compared to bathymetry, the four sub-basins generate only 12% of the solid
transport to the dam in the best case. Hence the relevance of concentrating anti-erosion actions on
the dam banks and the intermediate basin which contribute to more than 88% of the solid transport.
These actions will have to be carried out in areas of high erodibility and slope to ensure the effectiveness
of the intervention.

On the other hand, examination of the figures for MUSLE and calibrated MUSLE values shows
that the model in these two versions does not predict peaks in solid transport well. It overestimates low
values and underestimates high solid transport values most of the time. Indeed, the deviations from
observations range from +5% for the dry year, to +102% for the wet year for the non-calibrated model.
These results are similar to several applications of the model in different areas around the world [40].
The deviations recorded for the calibrated model are significantly improved. They vary respectively
between −30% and +34% [59]. Thus, the calibrated version of the model gives better results with less
than +55% error in sediment prediction [60]. These results are interesting on an interannual average,
but do not allow the prediction of quantities transported to the stations during unit floods due to
the very high dispersion of the relationship between observation and modeling, which results in
average-to-low Nash index values. The large positive differences are due to the underestimation of
solid transport peaks by the model. Indeed, the model involves the entire basin without concern for
the spatial and temporal distribution of rainfall.

Although the model overestimates values relative to observations, comparison of the model to
bathymetric data shows that the differences between mean siltation and model results range from
−89% to −81% for the non-calibrated version of the model, and from −93% to −88% for the calibrated
version. This underestimation of the inflows to the dam in relation to the mean silting is explained
by the fact that the upstream basins do not control the whole SMBA dam basin and that the basins
immediately surrounding the banks of the dam reservoir bring significant quantities of sediment to the
dam, as assumed by the first results of Maleval [61] on the SMBA dam reservoir, and this is mainly
after its elevation, for reasons that are perhaps not only related to the physics of the environment,
but also perhaps to the evolution of agro-sylvo-pastoral practices in an environment undergoing
rapid socio-economic change due to the proximity of the capital and the development of the "Grand
Rabat" and new traffic routes [62,63]. The gaps between the observed solid transport and the silting
rate, which are respectively −89% and −91%, confirm this observation, which is also the situation
observed by Hallouz et al. [64] on the Wadi Mina basin and the Sidi Mohamed Ben Aouda dam, of a
size comparable to the Bouregreg in Western Algeria.

In order to improve the model’s output, its scaling parameters should be reviewed and its
sensitivity to different physical factors including basin size by adopting a distributed form of sub-basin
modeling should be tested [65]. This approach requires a long series of observations thatare currently
unavailable, but which are being acquired since the ABHBC, which manages the water resource on
the Bouregreg catchment area and the SMBA dam, has set up permanent concentration of suspended
solids observation on the stations of the basin, and soon a long time series will be available to refine
these first results. Michalec et al. [66] have pointed out the necessity to calibrate the MUSLE model
with long time series of observations in order to reduce the uncertainty of simulated erosion provided,
even if in some cases very good correlations have been obtained from a calibration with only 10 events
like in Nigeria [30]. These measurements will allow a monitoring of the contribution of each sub-basin
in order to better direct intervention measurements towards the most productive areas on the one



Water 2020, 12, 1882 22 of 27

hand, thus reducing the overall cost of the measures to reduce erosion, and to improve modeling and
subsequent solid transport forecasting on the other hand.

Eventually, the results of the MUSLE model confirm the relevance of its application in watershed
management studies once calibrated, since it integrates all forms of erosion observed at the watershed
scale, coupled with hydrological data, which greatly improves accuracy compared to USLE [67] and to
RUSLE [68]. Indeed, the average specific degradation at the level of the Bouregreg basin alone at the
Aguibat Zear station is of the order of 13.81 t/ha/year according to Moussebbih et al. [69] when calculated
by the RUSLE method, whereas those of calibrated MUSLE and observation are of the order of 1.6
t/ha/year. The studies carried out on the wadi Mina basin in Algeria, a basin similar to the Bouregreg
basin [64], confirm this finding with deviations of the RUSLE model results from the measurement
of suspended solids concentrations, which can reach 79%. In Spain, Ramos-Diez et al. [70] have used
the USLE formula to assess the amount of sediment inputs to 25 very small check dams used in an
important restoration project over a 9 km2 area in the north of Spain, showing interesting but still
mitigated results and concluding that the size and shape of the dams had an impact on the quality of
the USLE assessment.

Kronvang et al. [71] showed that bank erosion was the dominant sediment source (90–94%) in the
River Odense catchment in Denmark during three study years. They add that in-channel and overbank
sediment sinks and storage dominated the sediment budget, as 79–94% of the sediment input from
all sources was not exported from the catchment during the three study years. This is in accordance
with our results, as the regular bathymetric survey to monitor the silting up rate of the dam have
shown that half of the sediment input to the reservoir comes from the dam banks. Our results are very
important for the forthcoming works for erosion mitigation on the Bouregreg catchment; they will
enable more efficient orientation of the soil conservation and restoration works that may be carried
out in the future, with priority being given to the environment close to the dam, in order to preserve
the water capacity of the SMBA dam reservoir while optimizing the financial resources mobilized.
Palazon and Navas [72] have shown the same interest to monitor the sediment sources draining to a
large reservoir in the Esera River, Ebro basin in Spain. The small basin size (1500 km2) allowed them to
use the SWAT model as an alternative to MUSLE with two gauging stations, each one being covered by
different types of soil. This might make it possible to implement the SWAT model on the Bouregreg
basin, when the ABHBC will have started the monitoring of sediment transport at all the stations of
the basin.

To conclude, it should be pointed out that in the context of climate change, which predicts, in
Morocco, an increase in temperatures and a drop in rainfall [73–75], the projections of erosion and
sediment transport evolution that are possible from climate model outputs, and which are based on
USLE or SWAT type approximation models [76], will need observed data to calibrate and validate
their results.
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