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Abstract Sediment relocation is a process where water turbulence moves deposits from shallower to
deeper zones of a lake or reservoir. Additionally, in the context of a reservoir cascade relocation is a one
of the possible sediment management strategies used to maintain the operational capacity of reservoirs.
Numerical modeling tools applied to sediment dynamics can help to better understand the reservoir
sedimentary processes and enhance the design of management strategies. This paper describes the detailed
analysis of the cohesive sediment dynamics within a reservoir and a methodology for the calibration of
numerical models for the management of sediment deposits through dam operation and upstream
generation of artiﬁcial ﬂoods. The calibration process was based on an accumulated sediment volume curve
and the usage of simpliﬁed models for an initial parameter estimation. The calibrated model has been
applied to analyze different possibilities of sediment relocation strategies.
Plain Language Summary This paper describes the detailed analysis of the sediment dynamics
of a reservoir and how the analysis can be used for model calibration. Furthermore, it presents a
methodology to build and calibrate a two‐dimensional (2‐D) model for reservoir sediment dynamics and a
case study of cohesive ﬁne sediment management in a reservoir. Sediment relocation consists of the
resuspension of sediments in shallower zones by waves and water currents with subsequent transport to and
settling in deeper zones. In this work, we suggest a simple procedure to graphically represent the relocation
processes. The proposed calibration process is based on the usage of simpliﬁed models for an initial
parameter estimation. The method has been exempliﬁed with a real case in the Riba‐roja reservoir in the
Ebro River (Iberian Peninsula).
1. Introduction
Sediment transport and deposition are common, unavoidable processes in reservoirs; one of their main
impacts is storage loss (Mahmood, 2005; Wen Shen, 1999). Storage loss may impair the reservoir ﬁnality,
including water supply, hydropower, ﬂood control, and recreational uses. Additionally, there are impacts
of reservoir sediment retention on water quality, such as the reduction of sediment load downstream and
an increase of water turbidity and oxygen demand (Prats Rodríguez et al., 2014). Moreover, the
accumulation of deposits in deltaic form in the reservoir tail can produce several adverse effects, including
upstream ﬂooding, impaired navigation, and impingement on wildlife and their habitat (Kostic &
Parker, 2003).
Sediment relocation in reservoirs and lakes can take place naturally or in an induced manner. Likens and
Davis (1975) described the resuspension of sediments in shallower zones by waves and water currents with
subsequent transport to and settling in deeper zones. They used the term sediment focusing to refer to these
processes. Blais and Kalff (1995) also used that term, describing the different possible patterns of sediment
focusing or relocation and emphasizing the importance of the same, for a variety of studies to assess the area
occupied by the zones of erosion, transportation, and accumulation.
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To maintain the operational capacity of reservoirs and limit the aforementioned problems, several sediment
control strategies are used (Morris et al., 2008), these include sediment yield reduction, sediment storage,
sediment routing, sediment removal, and sediment focusing or relocation. The most obvious of these, which
has proven to be a good alternative in many cases (Palau Ybars, 1998; Wang & Hu, 2009), would be sediment
release. However, in long reservoirs, where the sediments are mainly deposited in the tail, this might be
impossible or extremely expensive. Sediment relocation encompasses hydraulic techniques to tactically
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rearrange sediments within the impoundment to solve localized problems; numerical modeling can be a useful tool to design and evaluate different relocation alternatives. (Felix et al., 2016; James & Barko, 1993).
Numerical models capable of simulating suspended sediment transport in aquatic environments are valuable and increasingly used tools for the better understanding and prediction of reservoir sediment dynamics
(Castillo et al., 2015; Gibson & Boyd, 2014; Guertault et al., 2016; Tarekegn et al., 2014). The tool used for this
study is the freeware package Iber (www.iberaula.com; Bladé, Cea, Corestein, Escolano, et al., 2014), which
is based on the solution of the 2‐D shallow water equations using the ﬁnite volume method (Vázquez‐
Cendón, 1999). The Iber software includes sediment (suspended and bedload) transport modules.
The ﬁnal aim was to use numerical simulation to design sediment management strategies for the Riba‐
roja reservoir.
To achieve this goal, the partial objectives are as follows:
1. The analysis of the reservoir bed changes during a ﬂood episode where sediment relocation was observed.
2. The calibration of a 2‐D sediment dynamics numerical model with the data of the sedimentary processes
related to the ﬂood episode.
3. The assessment of the performance of ﬁne sediment relocation strategies within a reservoir in a reservoir
cascade.

2. Methods
2.1. Numerical Model
As indicated in the introduction, the tool used for the present study is the Iber software package, which is a
tool for numerical simulation of water ﬂow and ﬂuvial processes in rivers and estuaries (Bladé, Cea, &
Corestein, 2014). Apart from solving the water hydrodynamics, Iber has a series of modules to solve different
processes, such as bedload and suspended sediment dynamics, water quality, and hydrological processes.
The numerical solver of the sediment transport is coupled to the hydrodynamic module, which solves the
2‐D shallow water equations written using the ﬁnite volume method and the numerical scheme of Roe
(Roe, 1986).
The reader is referred to Bladé, Cea, & Corestein, Escolano, et al. (2014) and the references therein for a
detailed description and experimental validation of the numerical schemes used to solve the shallow water
equations, which are not included in this paper for brevity. This hydraulic module has been applied to several studies in the past, including the river inundation modeling, overland ﬂow (Cea & Bladé, 2015), evaluation of gully restoration measures (C. Castillo et al., 2014), wood transport in rivers (Ruiz‐Villanueva et al.,
2014), and water quality loss (Cea et al., 2016).
The sediment transport module includes bedload and suspended sediment transport; it is based on the
results of velocity, depth, and turbulent viscosity ﬁelds computed by the hydrodynamic and turbulence modules. In this work, no bedload has been considered. The suspended sediment transport was modeled by solving the depth averaged turbulent convection‐diffusion equation (1), using the method described in Cea
et al. (2016).
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Here C is the depth‐averaged concentration of suspended solids; Ux and Uy are the horizontal depth‐
averaged velocity components; νt is the turbulent viscosity; Г is the molecular diffusion coefﬁcient for suspended solids; Sc,t, is the Schmidt number, which relates the moment turbulent diffusion coefﬁcient with
the suspended turbulent diffusion coefﬁcient; D is the deposition rate; and E is the entrainment rate.
Under the assumption of no bedload, the variation of the bed level Zb is calculated with the sediment conservation equation:
ð1−pÞ

∂Z b
¼ D−E
∂t

(2)

E was evaluated with the linear threshold model ﬁrst proposed by Partheniades (1965) and Ariathurai and
Arulanandan (1978) for cohesive soils.
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τb
E ¼ M·
−1
τ ce

(3)

Here the erosion rate depends on the difference between the shear stress τb and the strength (or erosion critical stress) τce, and on a parameter M representative of the erosion rate (M is the value of the erosion rate
when τb = 2 · τce):
For D, the following widely used expression (Einstein & Krone, 1962), which considers a deposition critical
stress, τcd, was used:

D¼

1−


τb
·W s ·Ca
τ cd

(4)

Ca is a the near‐bed concentration derived from the Rouse proﬁle, calculated according to Huybrechts and
Villaret (2010). Ws is the settling velocity calculated using the Van Rijn formula (Van Rijn, 1987), which is
commonly accepted in large scale applications (Duan & Nanda, 2006).
To create and calibrate the numerical model, the geometry data, initial conditions, and boundary conditions
are required. The geometric data were obtained through bathymetric campaigns. The initial and boundary
conditions were the discharges and water levels provided by the water administration and dam operation
companies (Section 3.2).
2.2. Calibration Process
The calibration process consisted of the following steps:
1. Description of the reservoir bottom evolution. To describe this evolution, an accumulated sediment
volume (ASV) curve was used (see section 4.1). This curve was obtained from the data of two bathymetries on different dates, before and after a ﬂood.
2. Construction of a simpliﬁed numerical model, which uses a large element size mesh to minimize the
computational time.
3. First estimation of parameters using the simpliﬁed model and the Monte Carlo method, which requires a
large number of simulations.
4. Construction of a detailed numerical modeling using a ﬁne element mesh.
5. Operation of the detailed numerical modeling for a ﬁnal manual adjustment of parameters to ﬁt the
numerical results with the observed ASV curve (step 1). The manual adjustment is based on the information of the effect of the parameters on the computed ASV curve from step 3.
No further validation tasks have been planned presently. Such work would require the agreement of all the
actors and stakeholders involved in the reservoir management and exploitation (including water administration, municipalities, energy companies, irrigation user community, and environmental nongovernmental
organizations), which is not envisaged in the short term.

3. Case Study
3.1. Study Area
The Ebro River basin has an area of about 85,000 km2, covering a major part of the northeast Iberian
Peninsula. The basin has more than 107 reservoirs of more than 1‐hm3 capacity; the irrigated area has an
extension of about 800,000 ha. The Riba‐roja reservoir is located immediately downstream of the
Mequinensa reservoir (Figure 1), the largest reservoir of the Ebro River. Both reservoirs are situated in the
lower Ebro River. The distance between the Riba‐roja Dam and the river mouth is 115 km.
Riba‐roja is a monomictic long and narrow reservoir, with a fairly regular morphology. The present storage
capacity is of 210 hm3 and its residence time is of a few weeks. A gravity dam with its crest at an elevation of
76 m above the sea and the base at 16 m closes the Riba‐roja reservoir downstream. Added to the main Ebro
River ﬂow, this receives important discharge input from two tributaries—the Segre and Cinca Rivers, which
drain from the central Pyrenees and converge approximately 2 km before the conﬂuence with the Ebro River
at the tail of the reservoir. The present work focuses on the shallow areas at the tail of the reservoir, where
the hydrodynamic conditions are similar to those of river ﬂow (Arbat Boﬁll, 2015).
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Figure 1. Riba‐roja reservoir location and 2007 multibeam bathymetry shown as a 2 × 2‐m raster (color scale) covering the
whole reservoir. Study area highlighted with the white rectangular frame (source of background image: Google Earth.). In
the corner map, the red point indicates the reservoir location and the white line indicates the watershed extension.

In recent years, the natural sediment yield of the Segre River has signiﬁcantly increased due to the sediment
release between 1995 and 1997 through the bottom outlets of the Barasona Dam on Essera River, one of its
tributaries. Since its construction, the Barasona reservoir has experienced acute siltation problems at a rate
between 0.3 and 0.5 hm3 of deposited sediment annually (Lobera et al., 2016). The successful sediment
release operations resulted in more than 9 hm3 of sediment accumulated during decades in the reservoir
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Figure 2. Area, within the study area shown in Figure 1, covered by the 2008 bathymetry, showing the path of the single
beam sensor along the thalweg and cross sections from the Ebro and Segre Rivers conﬂuence (top left) downstream
(bottom right). Areas of erosion are shown in black, while areas of deposition are shown in white.

base sluiced downstream (Avendaño et al., 2000; Palau Ybars, 1998). This sediment is presently reaching the
tail of the Riba‐roja reservoir (the current study area).
At the tail of Riba‐roja reservoir, the Ebro River has an average annual contribution of 8,009 hm3 (Dolz et al.,
2009). The ﬂow of the tributary Segre increases the contribution to 14,069 hm3 downstream of the Riba‐roja
(Dolz et al., 2009). In percentages, the Ebro River transports 58.82% of the total discharge into the Riba‐roja
reservoir, while the Segre River carries the rest (Dolz et al., 2009).
Throughout almost the totality of the reservoir extension, the sediments have a silt‐clay texture, with a silt
(4 μm < ϕ < 63 μm) percentage between 56% and 74% and a clay (ϕ < 4 μm) percentage between 18% and
43% depending on the area (López et al., 2012; Roura Carol et al., 2008).
3.2. Acquisition of Field Data
With the aim of studying the bottom evolution and the sediment dynamics in the Riba‐roja reservoir tail, in
autumn 2007, a bathymetric campaign was performed, covering the whole area of the reservoir. Thereafter,
signiﬁcant ﬂoods took place in May–June 2008. After the ﬂoods, to evaluate the morphologic changes in the
reservoir bottom, a new bathymetry was executed in December 2008. It is worth noting that no other significant ﬂood took place between the two bathymetries.
For the ﬁeld bathymetric campaign of autumn 2007, a multibeam sensor was used. This technique provided
a continuous bathymetry, in contrast to the simple beam technique. The ﬁnal product was a digital terrain
model in raster format with a 2 × 2 m cell size (Figure 1). In December 2008, the second bathymetric campaign was performed, focusing only on the area of interest (the tail of the reservoir). Here due to the available
resources, a simple beam sensor was used; the data were only gathered along a path following the thalweg of
the river and several perpendicular cross sections, one approximately every 200 m (Figure 2). Moreover, the
results were converted to a raster format but now only contained data along a series of transversal strips and
a longitudinal proﬁle of the width covered by the sensor.
In the period between the October/November 2007 and December 2008 bathymetries, there was only one
major ﬂood episode, lasting from late May to early June 2008. The ﬂood came into the Riba‐roja reservoir
from the Segre River and the Mequinensa Dam (Ebro River). The peaks of the Segre River hydrograph took
place 5 days before the peak of the Ebro River (Mequinensa Dam), as is shown in Figure 3.
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Figure 3. Average daily ﬂows, used as boundary conditions in the calibration of the numerical model, at Segre River
(inﬂow), Mequinensa Dam (inﬂow), and Riba‐roja Dam (outﬂow), for the period corresponding to the May–June 2008
ﬂood.

In the Segre River, the peak discharge was 1,000 m3/s; it soon decreased below 400 m3/s and ﬁnally to less
than 200 m3/s. The discharge released through the Mequinensa Dam had a peak of major 1,400 m3/s. The
addition of these two ﬂows is the hydrograph entering the Riba‐roja reservoir, with an initial peak of
1,800 m3/s and a consequent recession to a ﬂow around 1,600 m3/s. During an 11‐day period, the mean discharge into the Riba‐roja reservoir was greater than 1,400 m3/s (the mean average inﬂow is around 260 m3/
s). During the ﬂood, Riba‐roja Dam was operated to maintain constant water levels at normal elevation
(69.5 m) for hydropower generation purposes. As the water elevation was nearly constant and the volume
of the reservoir not too large, the outﬂow from the reservoir was similar to the inﬂow (Segre and Ebro
Rivers). These inlet and outlet ﬂow hydrographs were the boundary conditions used during the calibration
of the numerical model.

4. Results
4.1. Sediment Dynamics
A ﬁrst analysis of the reservoir bed evolution between autumn 2007 and December 2008 was performed by
comparing the two digital terrain models. Since both bathymetries were in raster format, performing the difference of the bathymetries was straightforward. The result of the raster subtraction is shown qualitatively in
Figure 2. It shows that the upstream reach has a clear erosive trend (black), while there is mainly deposition
downstream. Apart from this qualitative analysis, the raster substation allowed was the base for a quantitative analysis with the aim of representing and quantifying the spatial distribution of the sediment. The overlapping area of the two bathymetries was divided into subareas, each subarea covering the whole reservoir
width and a longitudinal distance, or segment, 200 m in length, which is the distance between cross sections
of the bathymetry path. For each subarea, the average deposition (+) or erosion (−) height was calculated.
Thus, the longitudinal average deposition/sedimentation proﬁle shown in the dashed line of Figure 4 was
obtained. Here it can be seen that in the ﬁrst 4,000 m, the erosion processes predominate, while there is primarily deposition downstream.
An alternative way to represent the erosion/deposition patterns along the reservoir is the ASV curve. To
obtain this curve, the total deposited (+) or eroded (−) volume for each of the aforementioned subareas
was calculated by multiplying the surface of each area by the average bottom variation and then added to
the deposited volume of all upstream areas. This process led to the curve of accumulated deposited or eroded
volume shown in continuous line in Figure 4. The curve showing the volume eroded in the ﬁrst upstream
4,000 m of the reservoir tail is fairly similar to the volume of sediment settled in the next 4,000 m downstream. Thus, in this area, a sediment volume of about 170,000 m3 was displaced approximately 4 km downstream in the period between the two bathymetries. As the ASV curve is the result of averaging in the width
BLADÉ CASTELLET ET AL.
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Figure 4. Width averaged bed variation (negative values mean erosion and positive values indicate deposition) in the
May–June 2008 ﬂood and the ASV curve along the reach covered by the 2008 bathymetry (shown in Figure 2). Origin
of distances is at the A‐2414 road bridge.

and integrating along the reservoir axis, it represents the global erosion and deposition patterns, thus ﬁltering the oscillations inherent to the bathymetries precision in a punctual analysis.
4.2. Calibration Process
For the calibration process, the May–June 2008 ﬂood was simulated. The idea was to perform a ﬁrst parameter estimation working with a simpliﬁed set of models and then ﬁne tune the calibration with more complex models. A very simple model was used in the beginning, which was successively reﬁned until
reasonable ﬁtting with the experimental data was achieved. For the current case, this process required only
one iteration (a ﬁrst model with one element in the width and a second model with three elements in the
width). Thereafter, the parameters from these simpliﬁed models acted as input data for a much more
detailed model (ﬁne mesh) and were manually adjusted until the best ﬁtting with the experimental data
was obtained (Figure 5).
The numerical model based on the equations has been presented in section 2.1. The calibration process consisted of obtaining a set of values for parameters M, τce, and τcd and the sediment diameter d (which affects
the settling velocity Ws) to analyze the ﬁtting of the computed ASV curve to that resulting from the experimental data (Figure 4). The criteria for selecting the best set of parameters was the value of the minimum
quadratic error. For this purpose, a basic probabilistic Monte Carlo method was used with repeated random
sampling of the previous parameters. As no data of grain size distribution were available, the calibration
focused on the description of the previous parameters without entering into more detail as for example grain
sorting analysis.
In the numerical model, the water ﬂow boundary conditions were the hydrographs shown in Figure 3. The
initial condition was a constant water elevation in the whole reservoir, equal to 69.5 m. The sediment boundary condition at the Segre River was the equilibrium solid discharge concentration. At the Ebro River, the
boundary condition was clear water due to the presence of the Mequinensa Dam immediately upstream.
As a great number of scenarios had to be simulated, as is outlined before, at the ﬁrst stage, a very simple
mesh was to be used to minimize the number of computational elements. This ﬁrst mesh consisted of only
one element in the width of the channel, one element corresponding to each cross section of the 2008 bathymetry (Figure 6a), and similar elements for the rest of the reservoir.
With the ﬁrst mesh, after a series of preliminary simulations to adjust the range of variation of the parameters, 10,000 simulations were performed randomly sampling the values of M between 0 and 5 · 10−7 m/
s, τce between 0 and 3 Pa, and τcd between 0 and 2 Pa. As for the diameter, data has been based on Dolz et al.'s
(2009) study. Here the sediment samples were obtained at 16 points within the reservoir, 7 of them in the
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Figure 5. Flowchart of the calibration process proposed in the present study.

current study area. The results of the samples indicated a mean sediment diameter between 7 and 107 μm,
with high variability (standard deviations greater than the mean), and a high correlation between kurtosis
and asymmetry. Owing to this, the diameter was not ﬁxed but allowed to vary in a range of 10 to 100 μm.
It should to be taken into account that the numerical model used a uniform diameter hypothesis; thus,
the value of the diameter had be the one that better represented the observed sediment dynamics and not
an average of the sample diameters.
After the ﬁrst set of simulations, a poor agreement between the numerically obtained ASV curve and the
experimental one was observed. The criteria to decide the goodness of ﬁt between the numerical and experimental curves was the sum of squares of the differences between the experimental and the numerical ASV
curve at each mesh element. The six curves with better ﬁtting, named S1 to S6, are shown in Figure 7a. Part
of the differences can be attributed to the simplicity of the mesh being used. From the ﬁeld data, it was
observed that there is a transversal variability of the erosion and deposition process due to the transversal
variation of velocity, depth, and, consequently, shear stress. This effect cannot be reproduced with only
one computational element in the whole width. Thus, in the second stage, the computational mesh was
reﬁned considering three elements in the width of the reservoir and adjusting the mesh of the elements to

Figure 6. Initial mesh with (a) one element in the width and (b) mesh with three elements in the width.
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Figure 7. Comparison of the experimental accumulated sediment volume curve (ﬁeld data) with the simulated curve
obtained with the initial mesh (a) and the mesh with three elements in the width (b).

preserve the continuity of the main channel along the model as much as possible, as is shown in Figure 6b.
In Figure 7b, the six curves with better ﬁt using this mesh, named S′1 to S′6, are shown. Here much better
ﬁtting was achieved as the curves represented the descendant and rising branches more accurately, in addition to the minimum point.
Table 1 shows the values of the parameters M, τce, and τcd and the sediment diameter d that minimizes the
sum of squared differences between the experimental and accumulated volumes. It can be observed that for
S′1, S′4, and S′5, the shear strength is lower than the deposition shear stress (τce < τcd), while for S′2 and S′3,
the opposite is true (τce > τcd).
In spite of all six results showing good ﬁtting with the experimental erosion/sedimentation data, according
to the authors, cases with τcd < τce present a lesser degree of physical sense since it implies a range where
neither deposition nor sedimentation is produced. Nevertheless, previous work exists, such as those by
Antoine et al. (2014), who ﬁtted their ﬁeld data to values with τcd > τce.
Finally, since one of the objectives was to develop a detailed 2‐D model to work with different sediment management strategies, a model with a ﬁne triangular mesh has been built. The model used an element size of
20 m and a total of 63,428 elements. Figure 8 shows details of the mesh corresponding to the junction area.
The detailed 2‐D model was ﬁrst launched (simulation S″0) with the best ﬁtting parameters of the simpliﬁed
model (simulation S′1). Due to the different detail of the mesh, resulting in a more detailed depth and velocity distribution, the results of this last set of simulations, with the 2‐D detailed mesh and the parameters of S
′1, did not ﬁt too well with the ﬁeld ASV curve (simulation S″0 of Figure 9). Thus, ﬁve more simulations with
the detailed 2‐D mesh were prepared, varying the parameters. Looking at the tendencies of the thousands of
results of simulations S′, it was seen that to adjust the aforementioned curve S″0 to the ﬁeld data, M, d, and
τcd would have to be reduced, while τce would have to increase. Using this reasoning, assuming the inﬂuence
on the results of the variations of the parameters was not linear, the ﬁve simulations S″1 to S″5 in Table 2
were prepared. The architecture of Iber allowed all ﬁve models to be launched in parallel, saving time.
Among the ﬁve results, S″2 had minimum quadratic error. Figure 9 shows the comparison between the
experimental ASV curve and the ones obtained from these S″ simulations using the detailed triangular
mesh model.
Table 1
Parameters of the Six Best Fitting Simulations (Using the Minimum Quadratic Error Criteria) Obtained With Monte Carlo
Method Using the Mesh With Three Elements in the Width
Parameter
M (m/s)
2
τcd(N/m )
2
τce (N/m )
d (μm)

S′1

S′2
−8

8.1 · 10
1.235
0.989
40.25

S′3
−7

1.21 · 10
1.454
1.883
25.47

S′4
−7

1.30 · 10
1.533
1.907
25.20

S′5
−8

9.0 · 10
1.363
1.153
35.56

S′6
−8

7.2 · 10
1.104
0.98
42.96

−7

1.02 · 10
1.246
1.997
27.04

Note. S′1 (in bold) corresponds to the set of parameters with better ﬁtting.
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4.3. Application
The previous sections presented the method used for calibration of the
sediment transport numerical model of the Segre and Ebro Rivers' conﬂuence, located at the tail of Riba‐roja reservoir. This section presents an
example case for using the numerical model to analyze the results of sediment management strategies. However, the paper does not strive to propose a speciﬁc, detailed sediment management strategy,
recommendations, or guidelines. That corresponds to the
reservoir managers.
Figure 8. Position of the cross sections used for sediment volume evaluation
shown on the ﬁne mesh used in the ﬁnal model.

The case consists of comparing two, different, possible reservoir operations during and after a hypothetical three‐day long ﬂood in the Segre
River with a constant discharge of 600 m3/s, followed by a normal discharge of 80 m3/s. The two scenarios
that have been analyzed are as follows:
A. Normal reservoir operation: Riba‐roja reservoir water elevation is maintained at its normal level, at
69.5 m above sea level. The Mequinensa Dam is operated normally, releasing 600 m3/s (which is the
hydropower plan nominal discharge) during 14 hr and with no discharge for the rest of the day
(Figure 10a).
B. Sediment relocation strategy: Release of 840 m3/s through the Riba‐roja Dam during the occurrence of
the ﬂood, to have a partial drawdown of approximately 6 m. In the Mequinensa Dam, the discharge is
increased to 1,400 m3/s (600 m3/s through the turbines and 800 m3/s through the dam gates) during
the same 14‐hr period.

The objective of Scenario B was to facilitate sediment entrainment by increasing the bed shear stress as the
velocity of the ﬂow increased; this was owed to two reasons: the higher discharge as compared to Scenario A
and the partial drawdown.
To check the differences in sediment transport between the two scenarios, the water discharge, sediment discharge, and solid volume crossing the ﬁve characteristic cross sections of Figure 8 were evaluated, as is
shown in Figures 11 to 14. The ﬁrst cross section (Section P1) was located in the bridge over the Segre
River, just upstream from the conﬂuence with the Ebro River. The second cross section (Section P2) was
immediately upstream of the conﬂuence. The third cross section was downstream of the junction. The fourth
cross section (Section P4) was located in a narrow point of the Riba‐roja reservoir, approximately 2,150 m
downstream of section 1, measuring the distance along the reservoir axis. The last cross section (Section
P5) was downstream of a wide area, after a curve to the right, and approximately 2,400 m of the previous one.
The calculated ﬂow hydrographs at P2 and P3 cross sections, immediately
upstream and downstream of the conﬂuence, are presented in Figure 11.
The discharges are quite similar to the upstream boundary conditions
shown in Figure 10, but with the effect of waves generated during the turbines starting up and shutting down and the opening and closing of the
gates. Discharges in P1 (not shown) are almost identical than the discharges in P2, while discharges in P4 and P5 (not shown) are almost identical than those in P3. Figure 12 shows the evolution of the water surface.
In Scenario A, the water elevation was maintained constant at the initial
69.5 m, the normal elevation of the reservoir. In Scenario B, a signiﬁcant
6‐m decrease in water elevation was induced to obtain higher velocities
facilitating sediment transport from the reservoir tail to the deepest areas
of the reservoir.

Figure 9. Comparison of the experimental accumulated sediment volume
curve (ﬁeld data) with the curves obtained by numerical simulations in
Table 2 in the last triangular ﬁne mesh model.
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Figure 13 shows the solid discharge for the two scenarios. For the ﬁrst
3 days of constant ﬂood and no release from the Mequinensa Dam, the
effect of lowering the reservoir water level in Scenario B had a signiﬁcant
effect on solid discharges. For these 3 days, the water discharges for the
two scenarios were exactly the same; it can be seen that in Section P1
the sediment discharge in Scenario B is more than twice the sediment
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Table 2
Parameters Used in Simulations Using the 2‐D Fine Mesh Model
Parameter
M (m/s)
2
τcd(N/m )
2
τce (N/m )
d (μ m)

S″0= S″1
−8

8.1 · 10
1.235
0.989
40.2

S″1

S″2
−8

5.6 · 10
1.18
1.15
32

S″3
−8

6.10 · 10
1.2
1.1
34

S″4
−8

6.6 · 10
1.21
1.07
36.5

S″5
−8

7.0 · 10
1.22
1.05
37

−8

7.5 · 10
1.23
1.02
38.5

Note. S″2 (in bold) corresponds to the set of parameters with minimum quadratic error.

discharge of Scenario A. In Section P5 in Scenario A, the solid discharge is insigniﬁcant; however, in
Scenario B, it increases with time as the water level decreases, to values greater than 1,000 kg/s after the
ﬁrst 3 days. For the 3 days after the ﬂood, it can be seen that the water releases of 600 m3/s are not
enough to increase the shear stress above the critical values of erosion; thus, there is no suspended
sediment transport. It is worth noting that since the Mequinensa reservoir is over 100‐km long, the water
released through that dam does not carry any sediment. For Scenario B, the double effect of lowering the
reservoir and increasing the discharges induces solid discharges above 1,800 kg/s through Section P5,
while values in normal operation do not exceed 200 kg/s. This implies that sediment is removed from the
tail of the reservoir and transported to its intermediate reaches, where depths are much higher and the
deposited sediments do not have such an adverse effect as in the tail itself.
Figure 14 shows the mass of sediment moving through the cross sections. It can be used to analyze the
amount of sediment transported between the different areas of the reservoir in different scenarios. In
Scenario A, more than approximately 50 Mkg of sediment crosses Section P1; most is deposited between
Section P2 and Section P3; almost no sediment crosses Section P5. Scenario B experiences completely different sediment behavior. Here the greater volume of sediment is through Section P5, implying there is erosion
in the whole reach between Section P1 and Section P5. The volume of sediment that is mobilized in Scenario
B (190 Mkg through Section P1 and 370 Mkg through Section P5) is much greater than in Scenario A, implying that increasing the discharges and decreasing the water depth has the overall effect of entraining sediment between Sections P1 and P5, which is later deposited in deeper areas of the reservoir.

5. Discussion
The detailed description of the sedimentary processes in reservoirs is a relevant challenge for their management. The required information can only be acquired by means of complex bathymetric campaigns followed
by the postprocess of great amounts of spatially distributed data. To summarize the erosion and deposition
sediment processes along a longitudinal proﬁle of a watercourse, the ASV curve presented in Figure 4 has
been proven to be a practical and useful tool, since it provides the general picture of the involved processes.
With such curves, it is possible to summarize in a single ﬁgure the sediment dynamics within a reach and
ﬁlter oscillations inherent to ﬁeld data and common in the sedimentary processes.
The results of the analysis of two different bathymetries in the Riba‐roja reservoir showed that for a major
ﬂood episode, erosion and sedimentation processes took place at the reservoir tail. Previously deposited

Figure 10. Boundary conditions of the sediment relocation example cases.
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Figure 11. Discharge crossing control sections with normal reservoir operation (A) and with sediment relocation enhancing strategies (B).

sediment at the reservoir tail was resuspended and displaced downstream to the reservoir vase. The observed
differences in the reservoir bottom elevations before and after the ﬂood were less than a few tens of centimeters (up to 20–30 cm). Moreover, it was determined that the differences were greater in the proﬁle along
the thalweg than near the reservoir banks. Nevertheless, the total volume of the mobilized sediment,
approximately 170,000 m3, was signiﬁcant in relation to the estimated average annual suspended sediment
transport of around 370,000 Mkg (Roura Carol et al., 2008); this, once deposited, considering porosity, would
be equivalent to a volume of 356,000 m3.
Usually, numerical models are applied to real cases with characteristics that differ signiﬁcantly from the controlled situations where the basic equations used by the models are deduced. Thus, calibration with real data
is imperative to obtain quantitative results using sediment transport numerical models; a simple but well
calibrated model can be more useful than one based on more complex processes and equations with more
uncertain calibration.
Although the numerical models of sediment dynamics at large scales can be expected to represent average
tendencies and mean values, it is not realistic to pursue an exact ﬁt to the observed oscillations of the bed
variation line in Figure 4. These oscillations can be ﬁltered by using the ASV curve, which shows the
erosion/deposition patterns along the reservoir at a glance.
To obtain the parameters that ﬁt this curve, a process of successive approximations has been applied using a
cascade of models, from simpler to more detailed ones. It was observed that an excessive 1‐D simpliﬁcation
was not enough, since a satisfactory ﬁtting with the curve could not be achieved. With simple 2‐D models, a
set of values that could reproduce the ASV curve was obtained; however,
when these values were used with a much more detailed mesh, discrepancies appeared between the results and the observations. Thus, a ﬁnal tuning of the parameters was performed to improve the calibration of the
ﬁnal model as is shown in Table 2. The information for this ﬁnal tuning
was obtained using the tendencies in the results of simulation S′. More
explicitly, we looked among the S′ simulations (with the 2‐D simpliﬁed
model) for the one, referred to as S′*, that better ﬁtted the S′0 curve.
Comparing the S′* and S′1 parameters, it was observed that to adjust the
curve S′* to the curve S′1, M, d, and τcd would have to be reduced, while
τce would have to be increased. Thus, it is reasonable to think that similar
adjustments of the S″0 parameters could lead to the ﬁtting of the numerical results with the observed ASV curve.

Figure 12. Scenario A shows the water elevation evolution with normal
reservoir operation; Scenario B shows the reservoir drawdown for the sediment relocation enhancing strategies.
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Once the model is calibrated, it can be used to analyze more efﬁcient sediment relocation strategies. For example, since the Mequinensa reservoir
(1,590 hm3) is much larger than the Riba‐roja reservoir (210 hm3), the ﬁrst
idea for sediment relocation could be, and has been in the past, to increase
discharges from the Mequinensa Dam. Nevertheless, the results of scenarios A and B conclude that for sediment relocation, the effect of partial
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Figure 13. Sediment discharge crossing control sections with normal reservoir operation (Scenario A) and with sediment relocation enhancing strategies (Scenario B).

drawdowns is signiﬁcantly larger than the effect of increasing discharges. This last conclusion is important
from the point of view of water resources: a partial drawdown in the Riba‐roja reservoir of 6 m can be
conducted with a water release of approximately 80 hm3 (Arbat Boﬁll, 2015), much less than the water
releases considered in Scenario B (225 hm3). This drawdown, in combination with a natural ﬂood from
the Segre River or one of its tributaries, would be highly effective since there are big deposits of sediment
in the Segre immediately upstream of its conﬂuence with the Ebro River. Since there exists no upper
dams near the study area in these rivers, the arrival of ﬂoods can be easily predicted in advance and
relocation strategies planned. Moreover, as the Mequinensa reservoir, upstream of Riba‐roja reservoir in
the Ebro River, has a much larger volume than the Riba‐roja reservoir, it is possible to revert the
drawdown with water from the Mequinensa with almost no effect on its water surface elevation.
Generally, the Riba‐roja and Mequinensa reservoirs are maintained with nearly constant levels to obtain
maximum beneﬁts from hydropower generation.
Application of the proposed methodology allows the exploration of scenarios for comparative purposes;
strict validation of the approach can only be obtained through the real‐life implementation of sediment management operations, duly monitored, and carefully analyzed.
Another interesting result from the application is that with normal water levels, the effect of an intermediate
ﬂood of 600 m3/s in the Segre River, in combination with the closure of the gates and power plant of the
Mequinensa Dam, is primarily the resuspension of sediment in the Segre upstream of the conﬂuence and
the subsequent settlement immediately downstream of it (in Figure 14). This effect can be used to remove

Figure 14. Mass of sediment crossing control sections with normal reservoir operation (Scenario A) and with sediment
relocation enhancing strategies (Scenario B).
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sediment deposited in that area, in front of the village of Mequinensa, which has a disused boat race stadium
due to the lack of the required depth caused by sedimentation.

6. Conclusion
A methodology to calibrate the 2‐D numerical models of sediment dynamics in a watercourse has been presented. The method uses the ASV curve and is based on a ﬁrst calibration of the parameters using the Monte
Carlo method and simpliﬁed models. Once the range of the involved parameters and their inﬂuence on the
results is established, the ﬁnal calibration is performed by ﬁne tuning the parameters in the ﬁnal detailed
model. Direct calibration using the ﬁnal detailed model would be extremely time consuming.
This calibration methodology, apart from saving considerable computation time, since it involves only a
minimum number of simulations with the ﬁnal model, provides information to understand the sedimentary
processes taking place in the study area and the effect of the parameters involved in numerical simulations.
The ASV curve was used for model calibration; however, it has also proven to be a practical way to summarize the sedimentary processes along a watercourse and the results of sediment dynamics models.
The application case showed the utility of sediment transport models as a practical tool for reservoir sediment management in rivers and reservoirs; in this case, for a comparative assessment of the effect of different sediment management strategies. For the particular case of the Riba‐roja reservoir in the Ebro River, it
was observed that with the combination of a moderate natural ﬂood with a limited partial reservoir drawdown, it is possible to increase the natural entrainment of the deposited sediments and relocate them to deeper areas of the reservoir.
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