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Abstract: The natural flow of sediment in the Ebro River has been altered by a variety of
factors that have impacted the geomorphic and ecological balance of the delta. Ongoing
restoration efforts in the delta would benefit if the flow of sediment in the river could be
increased. Understanding the dynamics of sediment flow in the Ebro River is an important
component in the design of effective management strategies for the Ebro Delta. This
study estimates the sediment transport potential of the Ebro River under current and future
conditions through numerical simulation. Historical data from the late 19th century indicate
that the river once transported up to 28.1 million tons of sediment per year. However,
due to water abstractions and flow regulations, the current sediment transport capacity is
limited to 9 million tons annually, a reduction of 67%. Future projections suggest further
decreases in flow and sediment transport potential, with reductions of up to 30% by 2060
and 50% by 2100, depending on climate conditions and water management practices. The
findings underscore the need for integrated management strategies to mitigate the impacts
of reduced sediment flow, emphasizing the importance of restoring sediment transport as a
crucial component of the delta restoration efforts.
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1. Introduction

The rivers in the Mediterranean region have undergone significant transformations
due to human activities, particularly through the construction of dams, which profoundly
impacts their hydrology and ecology. One of the most affected rivers is the Ebro River
in Spain, which serves as a compelling case study of how large-scale damming disrupts
natural sediment transport and flow regimes [1,2]. The Ebro, one of the longest rivers
in the Iberian Peninsula, has been heavily dammed, with over one hundred reservoirs
altering its natural dynamics. These dams regulate the flow of water to support irrigation,
hydroelectric power, and urban water supplies, but they also cause severe disruptions in
the river sediment load.

Under natural conditions, the Ebro transported large amounts of sediment to its delta,
nourishing wetlands and maintaining coastal stability [3]. However, with the retention
of sediment behind dams, the downstream portions of the river have become sediment-
starved, leading to bed armoring, erosion of riverbanks, and a significant retreat of the Ebro
Delta, which is now highly vulnerable to rising sea levels [4-6]. Furthermore, the alteration
of flow regimes has negatively affected aquatic ecosystems by reducing seasonal flooding.
The disruption of these natural processes has weakened the delta’s ability to act as a natural
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buffer against storms and coastal erosion [7]. Similar patterns of river alteration can be
observed in the Mediterranean, where the balance between human water demands and
environmental sustainability remains a contentious issue [8]. The case of the Ebro River
underscores the long-term consequences of intensive river regulation, emphasizing the
need for integrated water management strategies that consider not only human needs but
also the ecological integrity of river systems.

Alterations in sediment dynamics due to river regulation and climate change have
been documented in other large river systems. In the Mississippi River Delta, human
interventions and reduced sediment supply have led to extensive land loss and increased
vulnerability to sea level rise and hurricanes [9]. The Mekong River Delta has also expe-
rienced a decrease in sediment loads, which has been exacerbated by dam construction
upstream and is projected to worsen under future climate scenarios, posing risks to food
security and livelihoods [10]. Similarly, in the Changjiang Estuary, Xie et al. [11] docu-
mented how reduced sediment input altered estuarine transport patterns and depositional
dynamics. In Europe, the Rhone River Delta exhibits signs of sediment starvation and
morphological changes due to both hydropower development and climatic changes [12].
The Nile Delta, once nourished by seasonal floods, now suffers subsidence and erosion as a
consequence of the Aswan High Dam and reduced discharge [13]. These cases highlight
the global relevance of sediment management and emphasize the need for integrated ap-
proaches that consider future climatic variability and flow alteration. Under climate change
scenarios, many studies anticipate a reduction in river discharge and sediment transport
potential. For example, in the Ganges—-Brahmaputra-Meghna system, changes in mon-
soonal patterns and upstream dams could lead to major disruptions in sediment delivery
to the delta, with potential socioecological consequences [14]. These studies highlight the
broader implications of disrupted sediment continuity in large river systems, reinforcing
the need to understand how sediment availability and flow regimes affect downstream
channel morphology and ecological integrity. They provide relevant context for assessing
the sediment dynamics of the Ebro River and offer comparative insights into restoration
and management strategies under changing climatic and anthropogenic pressures.

The existing literature on sediment transport highlights the critical role of sediment
dynamics in maintaining the ecological and geomorphological integrity of river systems.
Hauer et al. [15] emphasize that natural rivers operate in a delicate balance between sed-
iment erosion, transport, and deposition, a process essential to maintaining riverbanks,
floodplains, and deltas. Research has consistently shown that the construction of dams
along the Ebro has severely disrupted the sediment balance by trapping significant amounts
of sediment in reservoirs, thereby reducing the availability of sediment downstream. Stud-
ies by Guillén and Palanques [16], Batalla and Vericat [17], Tena and Batalla [18], and
Polo et al. [19] demonstrate that sediment load has drastically decreased since the mid-20th
century due to damming, leading to intensified coastal erosion, delta retreat, and habitat
degradation. As a result of the construction of the upstream dams and the regulation of
flow, the current sediment supply to the Ebro Delta has declined dramatically, with current
estimates indicating suspended sediment loads of only 30,000 to 50,000 t/yr [18]. This
represents a reduction of more than 99% compared to pre-dam conditions. Furthermore,
sediment retention in reservoirs alters the morphology of the riverbed [20], affecting aquatic
habitats and the distribution of nutrients [21].

Restoring sediment transport is crucial for preserving both the physical structure
and ecological health of the Ebro River, making it an essential consideration in future
water management policies. Some scholars advocate for sediment bypass systems or
controlled sediment releases as potential solutions to restore sediment continuity in the Ebro
River [22]. Bathymetric surveys of the Mequinenza (1961-2012) and Ribarroja (1967-2007)
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reservoirs show significant sediment retention. The loss in capacity was 5.8 x 10° m3/ yr
initially, later estimated at 1.5 to 2 x 10® m3/yr over 48 years. Ribarroja accumulated
0.34-0.94 x 10° m3/yr. Mequinenza traps nearly 100% of sediment, while Ribarroja retains
approximately 40% [23]. Historical sediment transport upstream of the reservoirs of
the Lower Ebro River decreased from 8 Mt/yr in the 1960s-1970s to 5 Mt/yr due to
land use and climate change. The total sediment accumulation is estimated at 320 Mt in
Mequinenza and 64 Mt in Ribarroja. Given the configuration of the reservoirs, the most
promising options for sediment mobilization in the Mequinenza—Ribarroja—Flix system are
hydrodynamic removal by flushing or sluicing and mechanical removal by excavation or
dredging. Flushing is technically possible in the Ribarroja and Flix reservoirs, but it raises
environmental, economic, and social concerns, including water quality issues, impacts on
hydropower production, and disruptions to water users. Mechanical removal, especially
hydraulic dredging, is always feasible, but it is costly. Given these challenges, sediment
management requires careful planning to balance feasibility and potential negative effects.
The Ebro River Basin Management Plan includes funding for pilot tests for sediment
mobilization in collaboration with all relevant stakeholders [24]. These tests will be carried
out with appropriate environmental, safety, and economic safeguards. The proposed pilot
studies will take place in the Mequinenza regatta area, a rowing course located at the
tail end of the Ribarroja reservoir. The project will assess different sediment mobilization
techniques, focusing on mechanical methods and hydraulic dredging to determine their
feasibility and effectiveness in managing accumulated sediments.

The interplay between flow regime and sediment transport capacity is a critical factor
in determining the success of management strategies aimed at restoring sediment flow in
the Lower Ebro River, where sediment bypass operations are being explored. Under natural
conditions, sediment transport is governed by river discharge, with higher flows having
the energy needed to mobilize and carry sediment downstream. However, in a regulated
river such as the Ebro, dam-induced flow alterations have significantly reduced river dis-
charge, which in turn lowers the flow energy and sediment transport capacity. Even when
successful sediment bypass systems or controlled sediment releases are implemented, their
effectiveness depends on whether the discharge levels are sufficient to maintain suspended
sediment in motion and prevent deposition before reaching the Ebro Delta. Studies such as
those by Tena et al. [25] highlight that sediment transport efficiency is directly related to
flow magnitude and variability, which means that without adequate discharges, sediment
restoration efforts may fail. Additionally, low-energy flows encourage the accumulation
of fine sediment, promoting vegetation encroachment and further stabilizing riverbeds,
making it even more difficult to restore dynamic sediment transport processes. Therefore,
management strategies for sediment bypass in the Lower Ebro must consider not only sedi-
ment supply but also ensure that flow releases are powerful enough to maintain sediment
in suspension and transport it to the delta. Without addressing this key interaction between
flow and transport capacity, restoration efforts risk being ineffective, reinforcing the need
for integrated strategies that align sediment management with hydrological restoration.

In recent years, a variety of sediment management strategies have emerged to mitigate
the impacts of sediment retention in regulated rivers. Among these, sediment augmenta-
tion, which involves adding sediment downstream of barriers, has been applied in rivers
such as the Rhine to partially restore geomorphic and ecological functions [26,27]. In moun-
tainous rivers, artificial sediment pulses have been released to simulate natural transport
events and to support riverbed dynamics [28]. These interventions are often supported by
detailed modeling, field monitoring, and laboratory experimentation to assess their effec-
tiveness [29]. At the delta scale, eco-engineering and nature-based solutions are increasingly
integrated into restoration projects to enhance sediment retention, restore natural hydro-
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morphological processes, and improve ecosystem resilience to sea-level rise and climate
impacts [7,30]. These approaches often involve multi-stakeholder processes and adaptive
management frameworks, highlighting the need for integrated strategies that combine
engineering feasibility with ecological functionality. Incorporating such approaches in the
context of the Ebro River is crucial, particularly given the magnitude of the sediment deficit
and the vulnerability of the delta. This study contributes to that effort by assessing the
current and future potential for sediment transport as a prerequisite for evaluating the
feasibility of sediment management interventions.

The sediment flow restoration strategy consists of two key components: mobilizing
accumulated reservoir sediments and transporting them to the Ebro Delta. The first
component is primarily an economic challenge, addressed through pilot tests to identify the
most effective sediment mobilization techniques. The second component relies on natural
transport capacity, though uncertainties remain due to the altered hydrological regime
caused by water abstractions and regulation. The objective of the work presented here
is to assess whether the current and future flow regime of the river will be sufficient to
transport the sediments that can be released from the reservoirs. Since the current sediment
transport is very low, the adopted methodology is based on hydrodynamic simulation.
Hydrodynamic and sediment transport models have become essential tools, providing
critical information on sediment dynamics that can be used in forming more effective river
management strategies. These models simulate complex interactions among water flow,
sediment transport, and river morphology, allowing scientists to predict how sediment
moves through the system under various conditions.

The purpose of this study is to estimate the sediment transport capacity of the Lower
Ebro River using a sediment transport rating curve based on hydrodynamic simulation.
The specific objectives of this study are to (1) develop a sediment transport rating curve
for the Lower Ebro River based on available data and hydrodynamic simulation; (2) quan-
tify sediment transport capacity under current, natural and projected future hydrological
conditions; and (3) assess whether future flow regimes, under climate change and water
management scenarios, will be sufficient to support the restoration of sediment delivery
to the Ebro Delta. Section 2 details the modeling approach, including the study area, the
development of a sediment transport rating curve through numerical simulation, and the
calibration of the model using observed data. This is followed by Section 3, which are struc-
tured into subsections that analyze sediment transport capacity under current, natural, and
projected future flow regimes using climate scenarios. The results compare natural versus
altered conditions, assess seasonal and long-term trends, and discuss the interplay between
flow regulation and sediment mobility. Section 4 summarizes key findings, including a
projected reduction in sediment transport capacity and its implications for delta restoration.
Appendix A provides the mathematical foundation of the hydrodynamic and sediment
transport models used in the study.

2. Materials and Methods

This section outlines the methodological approach of the study. The methodology
consists of two main steps: (1) constructing a rating curve by simulating sediment transport
under different discharges and (2) applying the rating curve to estimate sediment transport
under various flow scenarios.

2.1. Study Area

The Lower Ebro River extends from the Mequinenza Reservoir to the Ebro Delta,
encompassing a series of reservoirs and natural river stretches that shape its hydrology
and sediment dynamics (Figure 1). The Mequinenza Reservoir, the largest in the system
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with a storage capacity of 1.5 km?, is located at the confluence of the Segre and Ebro rivers.
It spans more than 110 km, with a high sediment trapping efficiency due to its storage
capacity and elongated shape. Downstream, the Ribarroja Reservoir follows, smaller in size
(0.21 km?) but still significantly affecting sediment transport. It stretches for 30 km and
serves as a secondary barrier to sediment movement. Further downstream, the Flix Reser-
voir is a smaller impoundment (0.011 km?), located just before the natural river reaches,
used primarily for hydroelectric purposes. It has a history of industrial pollution that
requires careful sediment management interventions. Below Flix Reservoir, the Lower Ebro
flows freely for approximately 100 km toward the Mediterranean Sea.
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Figure 1. Location of the study areas.

Figure 2 illustrates the development of reservoir storage in the Ebro Basin, based on data
from the ICOLD World Register of Dams [31]. According to this dataset, the Basin contains
142 reservoirs, with a storage capacity exceeding 10° m3 and totaling 8.438 km?. Reservoir
construction peaked in the 1950s and 1960s, accounting for 54% of the total capacity.

2.2. Development of the Sediment Transport Rating Curve

The first step is to establish a quantitative relationship between river discharge and
sediment transport using a hydrodynamic and sediment transport model. River simu-
lations were performed with the Iber v3.1 code [32,33]. Iber is a two-dimensional (2D),
freely available code that solves the 2D hydrodynamic equations coupled to the sediment
transport equations using a finite volume approach applied to the shallow water equations
(SWE). The model can handle steady and unsteady flows in 2D and includes multiple
modules for different physical processes. Iber has been used successfully for modeling
sediment transport in environments such as that analyzed in this study. Santillan et al. [34]
benchmarked the hydrodynamic and erosion modules of Iber against laboratory exper-
iments with satisfactory results. Their study included simulations of erosion processes
at open-channel junctions based on experimental data available in the literature. The
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numerical results closely matched the observed erosion patterns. In addition, the model
was applied to a real-world case study involving erosion at a river junction. Furthermore,
the hydrodynamic module of Iber was validated using laboratory experiments and classical
one-dimensional, open-channel contraction theory [35]. Iber has been used to simulate
the hydrodynamic behavior of the Lower Ebro and other Mediterranean rivers. Dehghan-
Souraki et al. [36] applied it to the Ribarroja reservoir. Lépez-Goémez et al. [37] used Iber to
simulate flushing flows in the Lower Ebro River. Lépez Gémez et al. [38] also applied Iber
to analyze sediment management options for the Marmolejo Reservoir in the Guadalquivir
River. Due to computational requirements, the recently developed parallel computing
version of the model was used [39]. The hydrodynamic equations and the erosion model
are described in Appendix A. The model setup is described in the next section in terms
of the model configuration data: topography, hydrodynamic parameters, and boundary
conditions. The calibration of the hydrodynamic numerical model with controlled flood
observations is described in the following section. The methodology for constructing the
rating curve is presented in the last section.

Developmentof reservoir storage inthe Ebro basin

Reservoir storage (km?)

1900
1905
1910
1915
1920
1925
1930
1935
1940
1945
1950
1955
1960
1965
1970
1975
1980
1985
1990
1995
2000
2005
2010
2015
2020
2025

Figure 2. Development of reservoir storage in the Ebro Basin.

2.2.1. Hydrodynamic Model Setup

The domain of numerical simulations to model the transport of sediment to the Ebro
Delta includes the reach of the river between the reservoir system and the delta. The
modeling objectives are as follows: (1) to study alternatives to restore, at least in part,
the sediment flow; (2) to estimate the quantity of sediments that can be mobilized; (3) to
determine how long the sediments would take to reach the delta site; and (4) to know how
the sediment would be delivered to the delta system.

The topography of the simulated reach is shown in Figure 3. Fluid flow and sedi-
ment transport are simulated from the Flix reservoir, located in the Tarragona province at
41.1 m above sea level, to the delta site, located in the mouth of the river at 0 m above mean
sea level. The Flix dam is the last sediment barrier on the Ebro River and is located about
100 km from the river mouth. The domain topography was obtained from a high-resolution
digital terrain model (DTM) with a 0.5 m resolution of the Ebro River that includes river
bathymetry. A triangulated irregular network (TIN) model of the river was built using this
DTM, with a tolerance of 0.1 m, a maximum side of 2000 m, and a minimum side of 12 m.
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The model includes about 100 km of the topography of the Ebro River and is composed of
approximately 5 million triangles. An unstructured computational mesh was generated
from the TIN, composed of about 2.5 million triangles; each triangle of the TIN model is one
finite volume in the numerical model, i.e., the TIN model coincides with the computational
mesh. The picture to the left in Figure 3 shows the coverage of the TIN model of the Ebro
topography in blue. Two detailed snapshots of the computational mesh are shown on
the right.

Figure 3. Domain of the numerical simulations in the Ebro River.

The hydrodynamics boundary conditions for the numerical model are (1) the imposed
flow rate in Flix in the subcritical regime, and (2) the outlet boundary condition at the level
imposed by the sea.

2.2.2. Model Calibration

The riverbed roughness, given by the Manning coefficient, was calibrated with the
observed flood event on 5 May 2022. This event also allowed testing of the performance
of the hydrodynamic model [37]. The Ebro Automatic Hydrological Information System
(SAIH) provided 30-min flow rate observations at two points on the river: Asc6 and Tortosa
(see Figure 1). A set of numerical simulations with several values of the Manning coefficient
was run. The best agreement between the simulated and observed flow rates in Tortosa
was obtained with a Manning coefficient equal to 0.03. The results are shown in Figure 4.
The model can capture the propagation of the flood wave along the river in terms of time
and the flood peak downstream of the inlet.
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Figure 4. Observed inflow in Asc6é and observed and simulated flow rate in Tortosa for the controlled
flood of May 2022.

2.2.3. Rating Curve for Sediment Transport

A rating curve for sediment transport was built in the Lower Ebro River with the
aid of the numerical model described above. The sediment transport part was calibrated
using data compiled by Ibafiez et al. [40]. They provided estimates of the annual transport
of suspended sediments for several flow ranges in the Ebro. Data were obtained from
Gorria’s experiments, conducted in 1877, well before the dam construction period. They
identified the following two representative regimes: normal flow, between 300 m3/s and
1500 m3 /s, with an estimated mean flow of 710 m3/s, a duration of 256 days, and an average
sediment concentration of 0.9 g/L; and annual flood, for discharge larger than 1500 m3/s,
with a mean flow of 1764 m?®/s, a mean duration of 11 days, and an estimated sediment
concentration of 7.2 g/L. Sediment transport was estimated to be 14.1 Mt/yr for normal
flow and 12.1 Mt/yr for annual flood. They added a contribution to the mean sediment
transport of 1.7 Mt/yr from exceptional floods. The remaining 0.2 Mt/yr corresponds to
flows of less than 300 m3/s. These values imply a total annual volume of 19.29 km3/yr and
sediment transport of 28.1 Mt/ yr.

Numerical simulations were performed for the two identified flow regimes, estimating
sediment transport parameters to fit the observed data until a good agreement was obtained.
In numerical experiments, the suspended sediment concentration corresponding to the
flow regimes was specified at the upstream boundary condition. The numerical simulations
are aimed at analyzing whether the Ebro River can transport those sediment concentrations
down to the Ebro Delta. The analysis focused on the size of the suspended particles,
characterized in the model with the median diameter D5(. The parameter D5y was estimated
with a calibration process for the two representative regimes. A set of simulations was
run, varying the value of D5y and checking for the evolution of suspended sediment
concentration along the river. The adopted value for D5y was the maximum diameter
that does not produce substantial net sedimentation in the river and is able to carry the
suspended load to the delta. The following characteristics were adopted for the sediment:
a relative density of 2.65, a friction angle of 30 degrees, a suspended sediment dispersion
coefficient of 0.001 m? /s, and a Schmidt number of 1.1. The best performance was obtained
for a D5 value equal to 0.0005 mm, clay.
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A sample of the results obtained in the simulations performed during the calibration
process is presented in Figure 5. The figure shows two contour plots of the suspended
sediment concentration for two Dz values: 0.005 mm—silt and 0.0005 mm—clay after
1.5 days of simulation. The flow is 710 m®/s in both cases. The flow cannot convey the
suspended silt load, and net sedimentation occurs during the transport process. The silt
concentration decreases to approximately 0.5 g/L in the delta, as shown in Figure 5a.
However, the flow can transport the suspended clay load with the given concentration,
0.9 g/L, down to the delta without net sedimentation, as shown in Figure 5b.

(a) Ds=0.005 mm, silt

Suspended
1] sediments

g/
1.0
L.
I 0.6
- 04

I0.2
0.0

Figure 5. Suspended sediment concentration for the normal flow regime of the Ebro River after
1.5 days. Water flow is 710 m3/s, and the sediment concentration at the inlet is 0.9 g/L. Plot (a) shows
a sediment concentration for Dsy equal to 0.005 mm. Plot (b) shows a sediment concentration for
Dsp equal to 0.0005 mm, ten times smaller.

The resulting rating curve is presented in Figure 6. The curve was fitted to data
compiled by Gorria in 1877 and to the results of the numerical simulations. The sediment
transport rating curve was fitted using a third-degree polynomial function of the logarithm
of the excess discharge above a threshold (Qp). The function includes four parameters:
ap, a1, az, and Qp.

The best fit was obtained with the following equation:

C = 0.8778 + 0.8648[log(Q — 709)] + 0.3688[log(Q — 709)]?. (1)

where C is the sediment concentration in g/L and Q is the discharge in m3/s. The expression
is valid for Q > 709 m3/s. The sediment concentration for Q < 709 m3/s is null.
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Rating curve for sediment transport
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Figure 6. Rating curve for sediment transport. Data compiled by Gorria in 1877 are shown in red,
and numerical simulations are shown in blue.

The parameter Qy = 709 m>/s corresponds to the minimum discharge above which
the fitted curve predicts non-zero sediment concentrations. While the rating curve assigns
a value of zero to sediment concentration for Q < 709 m3/s, this does not imply that no
transport occurs under lower flows. Historical observations compiled by [40] describe
sediment transport for discharges as low as 300 m>/s, with a mean concentration of
0.9 g/L in the range of 300~1500 m3/s.

The chosen functional form simplifies the fitting process and allows for an explicit
threshold representation, which matches the steep nonlinearity observed in sediment
transport behavior. While alternative formulations, such as logistic curves, could represent
a gradual onset of sediment transport, they would require additional parameters and would
not substantially change the aggregate results, as sediment transport is predominantly
controlled by high-flow events. Furthermore, the hydrodynamic simulations confirm that
sediment transport for discharges below 700 m3/s is minimal, a finding consistent with
current field conditions in the Lower Ebro River, where sediment loads are extremely low
under typical flow regimes.

The threshold discharge Qo = 709 m?/s was empirically determined during the fitting
of the rating curve by combining historical sediment transport data and numerical simula-
tion outputs. This threshold is consistent with the mean annual discharge from the Lower
Ebro River and can be interpreted in light of the concept of bed formation discharge, which,
as described by Xie et al. [41], refers to a specific range of river discharges that are optimal
for the formation and stabilization of inner sandbars in convergent estuarine settings. These
discharges are sufficient to mobilize and transport bed material without inducing dominant
erosional processes, thereby supporting the development of key morphological features
such as mid-channel bars or shoals. In summary, the bed formation discharge represents the
minimum flow required to initiate and maintain morphodynamic processes that contribute
to the evolution of the bed. As such, Qg not only serves as a statistical fitting parameter but
may also reflect a physically meaningful threshold that delineates active sediment transport
regimes from background low-flow conditions with negligible geomorphic effect.
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2.3. Potential Sediment Transport

The rating curve was applied to estimate the potential sediment transport capacity
under natural conditions and the current flow regime. Furthermore, future trends in trans-
port capacity were analyzed by incorporating climate projections and assessing potential
changes in water use within the basin. This approach provides insight into how sediment
dynamics may evolve over time, helping inform sustainable river management strategies.

2.3.1. Potential Sediment Transport Under Observed Hydrologic Regime

The low sediment transport rate currently observed in the Lower Ebro River is mainly
attributed to the limited availability of sediments. To estimate the potential sediment
transport, observed flow data were combined with the sediment transport rating curve
derived from numerical simulations. Daily flow data under actual conditions were obtained
from the Tortosa gauging station, with records dating back to 1912. However, the dataset
contains minor gaps and a significant interruption between 1936 and 1951. Continuous data
is available in two periods: from the 1912-1913 hydrological year to 1930-1931 and from
1953-1954 to 2019-2020. The first period of data in Tortosa reflects near-natural conditions,
as the storage capacity was relatively small (about 2.65% of the mean annual flow) and was
primarily located in upstream areas. The second period encompasses the main phase of
reservoir development and a prolonged period of change in flow.

2.3.2. Potential Sediment Transport Under a Natural Hydrologic Regime

To assess the impact of hydrological alteration, the potential transport of sediment was
also estimated under natural flow conditions, excluding the effects of regulation and water
abstraction. Flow data for the natural hydrological regime were obtained from the SIMPA
model (Integrated System for Precipitation—-Runoff Modeling), a conceptual distributed
hydrological model that simulates average monthly flows under natural conditions at any
point in the hydrographic network of Spain [42]. SIMPA is a conceptual and distributed
hydrological model that operates on a monthly scale on a regular grid of 500 x 500 m and
covers the entire Spanish peninsular territory. Its conceptual structure combines a water
balance model with a runoff scheme based on regionally calibrated parameters. The most
recent version of the model and its application to the Spanish basins are described in [43].
The available simulated dataset spans from the 1940-1941 hydrological year to 2019-2020,
providing a long-term perspective on the unaltered flow regime and its influence on
sediment transport.

2.3.3. Projected Potential Sediment Transport Under a Natural Hydrologic Regime

Estimates of potential sediment transport under future scenarios were derived from
climate projections. These projections were obtained from a report produced as part of the
AGWAMED project, which analyzed the climate trends in Mediterranean basins [44]. The
study considered three IPCC AR6 emission scenarios: SSP1-2.6, SSP3-7.0, and SSP5-8.5.
The necessary climate data was sourced from the ISIMIP repository (Inter-Sectoral Impact
Model Intercomparison Project), a collaborative research initiative that assesses the impacts
of climate change in multiple sectors [45]. For hydrological modeling, projections for the
Ebro Basin were taken from two global hydrological models: HO8 and CwatM, available
in the ISIMIP repository. Two sets of climate scenarios were used: past and future. The
past scenarios, used for model validation and reference, were of two types: obsclim and
historical. The obsclim scenario is based on observed climate reanalysis data, enabling
comparison of runoff estimates from the global models against the SIMPA model results.
It covers the period from 1901 to 2019. The historical scenario, in contrast, uses climate
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model simulations to provide a reference for assessing future changes in sediment transport
potential. It provides results from 1901 to 2014.

Future scenarios correspond to the selected AR6 emission pathways (SSP1-2.6, SSP3-7.0,
and SSP5-8.5), with climate models forced by their respective projected greenhouse gas
emission patterns. Simulations span from 2015 to 2100, using climate drivers tailored to each
scenario. The climate driver GSWP3 (Global Soil Wetness Project Phase 3) represents a set of
observed climate data, typically derived from historical climate records, reanalysis datasets,
and other observational sources [46]. The climate driver GFDL-ESM is a state-of-the-art
Earth system model developed by the Geophysical Fluid Dynamics Laboratory, which is
part of the National Oceanic and Atmospheric Administration of the United States [47].
The climate driver MRI-ESM is a model of the Earth system developed by the Japan
Meteorological Research Institute [48]. The climate driver IPSL-ESM is a comprehensive
Earth system model developed by the Institut Pierre-Simon Laplace Climate Modelling
Centre in France [49]. The climate driver MPI-ESM is a model of the Earth system developed
by the Max Planck Institute for Meteorology [50]. The climate driver UKSM-ESM is a state-
of-the-art ground system model developed by the Hadley Centre of the UK Met Office in
collaboration with several research institutions [51].

The GSWP3 driver, based on observational data, was used in the obsclim scenario, while
drivers based on climate models—including GFDL, MRI, IPSL, MPI, and UKSM1—were
used for both historical and future scenarios.

Two global hydrological models have been used in the ISIMIP3b project: HO8 and
CWatM. HO8 is a global hydrological model that consists of six submodels: hydrology of
the Earth’s surface, transport in rivers, operation of reservoirs, crop growth, environmental
flow, and water extraction. The formulations of the submodels are described in detail
in [52,53]. CWatM is a global hydrological model that is used to assess the impacts of
climate change on water resources, including runoff, river flow, and soil moisture [54].

2.3.4. Projected Potential Sediment Transport Under an Altered Hydrologic Regime

An estimate of future flow of the Ebro River under altered conditions was also derived
from the results of the AGWAMED project [44]. This project evaluated the potential
availability of water in the Ebro Basin under various climate scenarios. To achieve this,
a water resource management simulation model was developed that incorporates the
maximum potential water demand at each location.

The Water Availability and Adaptation Policy Analysis (WAAPA) model was applied to
assess water availability. WAAPA is a GIS-based modeling framework that leverages high-
resolution datasets to incorporate key hydrological and management components [55-57].
It enables detailed representation of river networks, reservoirs, and water demand, taking
into account factors such as ecological flows, losses from evaporation, and reliability of
supply. The delineation of subbasins and the configuration of the river network were
based on the high-resolution topographical data provided by the HydroSHEDS dataset [58].
Reservoir information was sourced from a georeferenced dataset derived from the ICOLD
World Register of Large Dams [30].

Potential water availability is defined as the maximum demand that can be met at a given
point in the river network, considering the existing regulation infrastructure and management
conditions, including ecological flow requirements, reservoir operation rules, evaporation
losses, monthly demand modulation, and specified supply reliability criteria. This maximum
allowable demand is calculated for each node within the basin’s data structure. The required
inputs include the monthly distribution of demand, the presence of return flows, applicable
reliability criteria, failure thresholds, and acceptable reliability levels.
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At each node, the WAAPA model applies an iterative procedure, initially setting
demand equal to the average annual inflow at that location. The system is then simulated
to evaluate the resulting reliability of supply. If the specified reliability criterion is not met,
the demand is reduced; otherwise, it is increased. At each iteration, the absolute value of
the demand adjustment is halved. This process continues until the change in demand falls
below a predefined precision threshold. The final value that satisfies the reliability criterion
is considered the maximum allowable demand for that river segment under the given
management conditions. Once the maximum allowable demand has been determined at
all nodes of the model, the resulting simulation yields the corresponding flow patterns
throughout the river network under those conditions. In this study, the flow on the final
stretch of the Ebro River was taken as the representative circulation for each scenario. The
resulting flow projections for the Lower Ebro provide an estimate of the minimum transport
capacity of the river, since they assume the maximum possible utilization of available water
resources in each climate scenario.

3. Results and Discussion

This section presents the results of the sediment transport simulations and discusses
their implications for the Ebro River and Delta under various hydrological conditions. The
analysis is structured in four parts. First, we characterize the current sediment transport
capacity based on model calibration and the development of a rating curve. Second, we
compare sediment transport under natural (pre-regulation) and current flow regimes to
quantify the impact of river regulation. Third, we evaluate future projections of sediment
transport capacity under climate change scenarios using hydrological inputs from both
the SIMPA and ISIMIP3b models. Finally, we evaluate seasonal patterns and explore the
potential for sediment delivery to the Delta under both present and future conditions.

3.1. Current Potential Sediment Transport Under Natural and Altered Conditions

The term ‘current potential sediment transport’ refers to the sediment transport ca-
pacity of the river under current morphological and hydraulic conditions, assuming that
sufficient sediment is available. It reflects the maximum theoretical transport that the
present-day regulated river could support, rather than observed transport or natural pre-
dam conditions.

The potential sediment transport for the period from 1953-1954 to 2019-2020 was
estimated by applying the sediment transport rating curve to daily flow measurements
from the Tortosa station. The average mean annual flow was 365.6 m3/s. The aver-
age potential sediment transport resulting from the sediment transport rating curve was
25.6 Mt/yr, a value significantly higher than the sediment flow currently observed in the
river. The monthly flow time series for the entire Ebro Basin were derived from runoff
maps generated by the SIMPA model. The available data covers the period from 1940-1941
to 2019-2020. The average annual flow in this period is 493.6 m3/s. The average potential
sediment transport capacity was estimated at 29.5 Mt/yr. This estimate is very close to the
28.1 Mt/yr reported by Gorria in the late 19th century.

Naturalized flows are only available on a monthly time scale, whereas observed flows
are recorded daily. To compare the potential transport of sediments under natural and
altered conditions, monthly average flows must be used, which introduces an error due to
the nonlinearity of the sediment transport rating curve. To estimate the magnitude of this
error, we compared annual sediment transport rates calculated using daily and monthly
data from the Tortosa gauging station. Figure 7 presents the results, showing both the time
series comparison and a linear fit scatter plot. The difference between the two calculations
appears moderate, with a linear fit slope of 1.11 and a coefficient of determination (R?) of
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0.97. These results suggest that the use of a monthly time scale is acceptable, but sediment
transport rates estimated on this scale should be increased by 11% to account for the
underestimation caused by averaging.

Estimation of Potential Sediment Flow in Tortosa
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Figure 7. Comparison of annual sediment transport computed at daily and monthly time scales for
data measured in Tortosa in the period from 1953-1954 to 2019-2020.

The comparison between natural and altered conditions for annual flow and po-
tential sediment transport computed on the monthly time scale is presented in Figure 8.
A comparison of natural annual flows estimated with the SIMPA model with recorded
flows measured at the Tortosa gauge station reveals a clear divergence between naturalized
and observed flows starting in the 1960s, coinciding with the construction of reservoirs that
enabled large-scale irrigation and increased water extractions. Although some irrigation
development continues, most major irrigation districts were completed in the 1980s. There-
fore, the period selected for comparison was from 1980-1981 to 2019-2020. During the last
40 years of available data, the average measured flow in Tortosa was 8.98 km?3/yr, while
the SIMPA model estimates a natural flow of 15.14 km?/yr. The resulting difference of
6.16 km3/yr is primarily attributed to irrigation abstractions. The Ebro River Basin Manage-
ment Plan for 2022-2027 accounts for 924,400 ha of irrigated land with an annual demand
of 8.141 km3/ yr [59]. The estimated net loss of water to evapotranspiration, approximately
76% of the total abstraction, aligns with the expected values.

The impact of water abstractions on sediment transport is significantly greater than
on annual flow. Potential sediment transport was estimated using the sediment transport
rating curve applied to monthly flows, producing an average of 26.76 Mt/yr under natural
conditions and only 8.91 Mt/yr under altered conditions over the last 40 years, which is
a 67% reduction, compared to a 41% decrease in annual flow. Due to the non-linearity of
the rating curve, estimates differ when applied to daily versus monthly flows. The curve
indicates that sediment transport requires a minimum flow of approximately 709 m3/s, a
threshold exceeded in 86 months (18% of the time) under natural conditions, but only in
34 months (7% of the time) under altered conditions.
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Evolution of annual flow
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Figure 8. Evolution of annual flow and potential sediment transport in the Lower Ebro River under
natural and altered conditions. (Above): annual flow. (Below): sediment transport.

Figure 9 presents the monthly average values of flow and potential sediment transport
under natural and altered conditions. The figure shows that, in addition to water abstrac-
tions, flow regulation is also relevant to determine the potential transport of sediments
under altered conditions. The seasonality of the flow shows that most water abstractions
occur during the spring, summer, and fall months, leaving the average winter flows almost
unchanged. However, altered winter flows are concentrated in wet years, when reservoirs
release excess water. This leads to an increase in potential sediment transport under altered
conditions during the winter months, which can be used to effectively manage sediment
bypasses in reservoirs.
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Figure 9. Mean seasonality of flow and potential sediment transport in the Lower Ebro River under
natural and altered conditions during the period from 1980-1981 to 2019-2020. (Left): annual flow.
(Right): annual potential sediment transport.

In conclusion, the potential for sediment transport is significantly reduced under
current conditions of water management in the Ebro River Basin, but there is still capacity
to transport almost 9 Mt/yr, which is a figure much larger than the sediment transport
currently observed and exceeds what can be realistically expected to be bypassed from the
reservoirs. However, it should be noted that in 20 of the 40 years analyzed, there would
be no sediment transport because the discharges measured in Tortosa do not reach the
transport activation threshold.

3.2. Potential Sediment Transport Under Climate Projections

This section studies how the transport capacity of the Ebro River is expected to evolve
in the future using climate projections. First, the results under natural conditions are
presented. The results corresponding to altered conditions are later analyzed under the
hypothesis of maximum water use in the basin.

3.2.1. Sediment Transport Under Natural Conditions

The results produced by the SIMPA model and the ISIMIP hydrological models for the
mean annual flow in all scenarios analyzed are presented in Table 1. Each row of Table 1
corresponds to a specific combination of a hydrological model forced with an observed
dataset or a global climate model, while each column corresponds to a specific scenario. The
values reported in the table are averages of mean annual flows taken over 40-year periods,
expressed in km3/yr. The time period for SIMPA and the obsclim scenario spans from
1979-80 to 2018-19. This scenario corresponds to impact models forced with the observed
climate in the actual time sequence, based on reanalysis data. This option was selected
to validate the runoff obtained with the two global climate models against the results of
the SIMPA model. The historical denomination corresponds to impact models forced with
results from climate models, though not necessarily in the observed time sequence. This
option was selected as a reference to estimate changes in potential sediment transport in the
future. The time series of the historical scenario only covers up to the year 2014, so the time
period selected for this scenario is from 1974-1975 to 2013-2014. To facilitate comparison,
results for the obsclim scenario in the time window from 1974-1975 to 2013-2014 are also
presented. Three future climate projections are included: ssp126, which corresponds to the
SSP1-2.6 scenario; ssp370, which corresponds to the SSP3-7.0 scenario; and ssp585, which
corresponds to the SSP5-8.5 scenario. Two time periods were selected for each climate
projection: from 2020-2021 to 20592060 and from 2060-2061 to 2099-2100. Average values
over the five climate drivers for the H08 and CWatM models are also included in the table.
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Table 1. Mean annual flow obtained in the simulations of the scenarios for the Ebro Basin, in km?3/ VI.

Figures highlighted in bold correspond to the mean over the climate models.

Scenario  obsclim  obsclim  historic ssp126 ssp370 ssp585 ssp126 ssp370 ssp585
Period 79-18 74-13 74-13 20-59 20-59 20-59 60-99 60-99 60-99
SIMPA 14.97 15.19

HO08
gswp3 12.63 13.19
gfdl 13.45 12.12 10.61 11.64 12.20 10.22 9.14
mrl 13.40 12.37 11.33 12.97 13.62 11.45 9.94
ipsl 13.61 1091 10.42 9.83 10.57 8.10 7.27
mpi 13.03 10.95 10.33 10.61 11.39 8.80 8.55
ukesm1 13.98 11.63 9.63 9.24 10.62 7.64 7.97
mean 12.63 13.19 13.49 11.59 10.46 10.86 11.68 9.24 8.57

CWatM

gswp3 15.17 15.63
gfdl 15.84 15.31 13.66 14.98 15.46 13.88 12.66
mrl 15.59 15.81 15.28 16.90 16.78 15.81 14.03
ipsl 15.84 13.95 13.98 12.81 13.84 11.82 10.60
mpi 15.44 14.02 12.90 13.71 14.49 11.73 11.87
ukesm1 15.40 14.92 13.82 12.13 14.30 11.89 11.38
mean 15.17 15.63 15.62 14.80 13.91 14.11 14.98 13.03 12.11

The results show a significant difference between the mean annual flow estimated
with the two global hydrological models. For the obsclim scenario, HO8 provides a
mean annual flow for the Ebro River of 12.63 km3/ yr, while the estimate of CWatM is
15.17 km3/ yr. The estimate of the SIMPA model, 14.97 km?3/ yr, is almost coincident with
that of the CWatM model. The values for the average over the five climate drivers of the
historical scenario are 13.49 km?/yr for the HO8 model and 15.62 km?3/yr for the CWatM
model. The corresponding values of the obsclim scenario for the historical period, from
1974-75 to 2013-2014, are 13.19 km3/ yr for the HO8 model and 15.63 km3/ yr for the CWatM
model, which means that there is an excellent agreement between the obsclim and the
average of the results obtained with the five climate drivers used in the historical scenario.
The projections for future scenarios show some sensitivity to the climate drivers used but
provide a consistent picture of the expected evolution of mean annual flow in the Ebro
Basin. The mean annual flow is expected to decrease in the Ebro Basin for most scenarios.

The comparison of the time sequence of annual flows in the Ebro River produced by
the SIMPA model and the average results of the two ISIMIP hydrological models is shown
in Figure 10. Both ISIMIP models show good agreement with SIMPA in the overlapping
period 1940-2019 for annual flows. The agreement of the CWatM model appears to be
better. Figure 11 shows the scatter plot of annual flows in the Ebro River. The plot on the
left shows the comparison between the H08 model and the SIMPA model, and the plot on
the right shows the comparison between the CWatM model and the SIMPA model. For the
HO08 model, the slope of the linear regression fit is 0.89, suggesting an underestimation of
the annual flow values for the H08 model compared to the SIMPA model. The coefficient
of determination is very high, 0.986. For the CWatM model, the results are much better.
The slope of the linear regression fit is 1.04, suggesting only a small bias. The coefficient of
determination is excellent, 0.994.
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Figure 10. Comparison of the time sequence of annual flows and potential sediment transport in the
Ebro River produced by the SIMPA model and the ISIMIP global hydrologic models.

Ebro: HO8 Annual Flows Ebro: CWATM Annual Flows

w
=]
w
©

y=1.0434x
R?=0.9941
.

N
]
®
°
2
8
2
N
]

N
=)
N
=)
2o
R-X3
B
P

H
o
Lo
%
:

.ﬂ
3
o

o
hY

HO8 Annual Flows km3/yr
= &
.
"
.
CWATM Annual Flows km3/yr
&
)
s
b

«

o
=)

[} 5 10 15 20 25 30 [} 5 10 15 20 25 30
SIMPA Annual Flows km3/yr SIMPA Annual Flows km?/yr

Figure 11. Comparison of annual flows in the Ebro River produced by the ISIMIP global hydrologic
models and the SIMPA model. (Left): HO8 model. (Right): CWatM model.

The agreement between the SIMPA model and the ISIMIP models on the annual time
scale is generally good. However, there is a significant discrepancy in their representation
of seasonality. Figure 12 illustrates the average monthly flow rates simulated by the three
models. The left-hand graph compares the mean flow values, while the right-hand graph
compares the mean potential sediment transport values derived from flow rates using
the estimated rating curve. As shown, the ISIMIP models simulate peak flows during the
autumn and winter months, whereas the SIMPA model simulates peak flows in spring.
This divergence is likely due to the inadequate representation of snow accumulation
in the ISIMIP models. The Ebro River exhibits a pluvio-nival regime, characterized by
snow accumulation in the Pyrenees during winter, leading to peak flows in spring during
snowmelt. The SIMPA model accurately captures this behavior, whereas the ISIMIP models
appear to inadequately simulate the snow accumulation and melt processes. The right-
hand graph indicates that this misrepresentation of the seasonal flow distribution results
in a significant bias in estimating the potential sediment transport capacity. Specifically,
the ISIMIP models produce disproportionately high sediment transport values in autumn
and spring compared to those obtained with the SIMPA model. The average potential
sediment transport produced by the SIMPA model in the period from 1978-79 to 2018-19 is
26.76 Mt/yr. The result obtained with the HO8 model is 17.74 Mt/ yr, while the result with
the CWatM model is 46.89 Mt/ yr.
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Figure 12. Comparison of seasonality of flows and potential sediment transport in the Ebro River
produced by ISIMIP global hydrologic models and the SIMPA model. (Left): Seasonality of flows.
(Right): Seasonality of potential sediment transport.

A bias correction procedure was applied to improve the alignment between the ISIMIP
models and the SIMPA model. This involved adjusting the monthly flow values by multi-
plying them by the ratio of the average monthly values of the ISIMIP model to those of the
SIMPA model over the period from 1978-1979 to 2018-2019. After applying this correction,
the potential sediment transport obtained with the HO8 model is 32.79 Mt/yr, while the
result with the CWatM model is 42.97 Mt/yr

The time series produced by the SIMPA model and the ISIMIP hydrological models
in all scenarios analyzed were processed using the sediment transport rating curve to
obtain projections of potential sediment transport under natural conditions. The analysis
was performed on the bias-corrected series. The results are presented in Table 2. The
values correspond to the same periods shown in Table 1. Table 2 presents the values of
mean annual potential sediment transport obtained for the SIMPA and the average values
obtained with all climate drivers in each ISIMIP model and scenario. The rows and columns
in Table 2 follow the same structure as in Table 1.

Table 2. Mean potential sediment transport obtained in the simulations of the scenarios for the Ebro
Basin, in Mt/yr. Figures highlighted in bold correspond to the mean over the climate models.

Scenario  obsclim  obsclim  historic ssp126 ssp370 ssp585 ssp126 ssp370 ssp585
Period 79-18 74-13 74-13 20-59 20-59 20-59 60-99 60-99 60-99
SIMPA 26.76 25.29

Ho8
gswp3 23.83 28.58
gfdl 28.40 20.23 13.99 16.40 19.99 11.77 8.00
mrl 30.36 2491 15.41 32.79 31.05 25.74 14.54
ipsl 31.55 16.55 15.95 10.61 18.26 9.17 5.91
mpi 29.27 19.72 15.86 15.83 21.46 8.98 10.11
ukesm1 35.98 21.89 10.17 11.37 17.50 6.39 10.10
mean 23.83 28.58 31.11 20.66 14.28 17.40 21.65 12.41 9.73
CWatM
gswp3 37.87 42.09
gfdl 43.13 39.51 30.99 36.15 43.36 32.44 27.52
mrl 45.06 48.22 42.06 55.62 50.38 48.93 38.74
ipsl 43.13 36.35 36.17 25.73 38.52 29.10 22.32
mpi 42.58 40.16 28.96 31.52 40.13 23.19 25.52
ukesm1 41.72 43.09 33.57 26.28 40.07 28.40 26.07
mean 37.87 42.09 43.12 41.47 34.35 35.06 42.49 32.41 28.03
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The results show a significant difference between the mean potential sediment trans-
port estimated with the SIMPA model and those estimated with the two global hydrological
models, despite bias correction. For the obsclim scenario, the estimate of the SIMPA model
is 26.76 Mt/yr. HO8 provides a mean sediment transport for the Ebro River of 23.83 Mt/yr
(11% less than SIMPA), while the estimate of CWatM is 37.87 Mt/ yr (41% more than SIMPA).
Therefore, these estimates are highly uncertain. The values for the average over the five
climate drivers of the historical scenario are 31.11 Mt/yr for the HO8 model and 43.12 Mt/yr
for the CWatM model. The corresponding values of the obsclim scenario for the historical
period from 197475 to 2013-2014 are 28.58 Mt/yr for the HO8 model and 42.09 Mt/yr
for the CWatM model. The projections for future scenarios show more variability than in
the case of annual flows. The potential for sediment transport under natural conditions is
expected to decrease dramatically in some scenarios.

Figure 13 shows a summary of projected changes in mean annual flow and potential
sediment transport under natural conditions. The projected reductions in mean annual
flow will dramatically reduce the potential sediment transport capacity of the Ebro River
under natural conditions, due to the non-linearity of the sediment transport rating curve.
Although the HO8 and CWatM models produce different absolute figures, the relative
projected evolution is similar in both models. In the first time period, 2020-2059, the
expected reduction projected by HO8 ranges between 14% and 22% for mean annual
flow and between 34% and 54% for sediment transport. The CWatM model projects
a reduction between 5% and 11% for mean annual flow and between 4% and 20% for
sediment transport.

Ebro: Projected Changes of Mean Annual Flow Ebro: Projected Changes of Potential Sediment Transport
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Figure 13. Projected changes in mean annual flow and potential sediment transport in the Ebro River
under ISIMIP climate scenarios. (Left): Changes in mean annual flow. (Right): Changes in potential
sediment transport.

3.2.2. Sediment Transport Under Altered Conditions

The impact of projected reductions on the potential sediment transport capacity of the
Ebro River under altered conditions will depend on how the Ebro River is managed in the
future. Under the current management strategy, roughly 6 km?/yr are abstracted from the
15 km? /yr of natural flow, leaving 9 km?/yr in Tortosa. This reduces the potential sediment
transport capacity from 27 Mt/yr under natural conditions to 9 Mt/yr, but this figure is still
enough to transport the sediment required by the delta. The projected reductions suggest
a future mean annual flow between 12 km?/yr and 14 km3/yr. The potential sediment
transport capacity for the natural regime is expected to be reduced to between 14 Mt/yr
and 25 Mt/yr. If the potential sediment transport under altered conditions was similarly
reduced, it would fall to a range between 4.5 km3/yr and 8 km?/yr, and some carrying
capacity would remain in the river. However, if current abstractions of 6 km3/yr were
maintained in the future, available flow would be reduced to a range between 6 km3/yr
and 8 km3/yr, which represents a larger reduction than that of natural flow. Therefore,
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it is very likely that the potential for sediment transport under altered conditions will be
reduced more than under natural conditions.

The results produced by the AgWaMed project for the mean annual flow under the
hypothesis of maximum use of water resources under each climate scenario are presented
in Table 3, following the same structure as in previous tables. It should be noted that the
water demand is different in each of the scenarios since it has been assumed that the water
resources corresponding to each scenario are used to the maximum.

Table 3. Mean annual flow obtained under the hypothesis of maximum use of water resources in the
Ebro Basin, in km?/yr. Figures highlighted in bold correspond to the mean over the climate models.

Scenario  obsclim  obsclim  historic ssp126 ssp370 ssp585 ssp126 ssp370 ssp585
Period 79-18 74-13 74-13 20-59 20-59 20-59 60-99 60-99 60-99
Tortosa 8.96 9.66
SIMPA 6.57 6.75
Ho8
gswp3 6.21 6.72
gfdl 7.08 5.54 533 6.57 5.63 5.00 4.36
mrl 6.50 6.03 6.08 7.93 7.04 6.31 517
ipsl 6.94 5.78 6.69 6.79 5.50 4.54 4.47
mpi 6.97 5.79 5.88 7.38 6.10 4.45 5.43
ukesm1 7.27 6.03 5.93 592 4.99 418 4.72
mean 6.21 6.72 6.95 5.84 5.98 6.92 5.85 4.90 4.83
CWatM
gswp3 8.91 9.35
gfdl 9.02 8.64 8.08 9.61 8.83 8.33 7.52
mrl 9.66 9.31 9.17 11.55 10.19 9.75 8.85
ipsl 9.02 8.53 9.00 8.44 8.50 6.92 6.53
mpi 8.97 8.56 7.78 9.59 8.84 6.67 7.85
ukesm1 9.11 9.35 8.36 8.24 8.61 6.55 7.47
mean 8.91 9.35 9.15 8.88 8.48 9.49 8.99 7.64 7.64

The results show that the estimate of the CWatM model fits the observed flow in
Tortosa better than that of the HO8 model, but HOS is closer to the results provided by the
SIMPA model. For the obsclim scenario, HO8 provides a mean annual flow for the Ebro
River of 6.21 km3/ yr, while the estimate of CWatM is 8.91 km3/ yr. The estimate of the
SIMPA model, 6.57 km3/ yt, is similar to that of the HO8 model, while the observed flow in
Tortosa, 8.96 km3/ y1, is almost coincident with that of the CWatM model. The values for
the average over the five climate drivers of the historical scenario are 6.72 km3/ yr for the
HO08 model and 9.35 km?/yr for the CWatM model.

The time series produced by the water resources simulation model in all scenarios
analyzed were processed using the sediment transport rating curve to obtain projections of
potential sediment transport in altered conditions. The results are shown in Table 4, which
presents the values of the mean annual potential sediment transport obtained for each
scenario, following the same structure as in previous tables. The results show a significant
difference between the mean potential sediment transport estimated with the results of the
water resources model under the hypothesis of maximum water use and those estimated
with the observed flow in Tortosa. The differences are due to uncertainty in modeling and
to the fact that current water use in the Ebro Basin is not at maximum.
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Table 4. Mean potential sediment transport obtained under the hypothesis of maximum use of water
resources in the Ebro Basin, in Mt/ yr. Figures highlighted in bold correspond to the mean over the
climate models.

Scenario  obsclim  obsclim  historic ssp126 ssp370 ssp585 ssp126 ssp370 ssp585
Period 79-18 74-13 74-13 20-59 20-59 20-59 60-99 60-99 60-99
Tortosa 8.91 11.26
SIMPA 6.26 6.01
Ho8
gswp3 4.49 6.46
gfdl 6.95 4.33 3.99 5.45 521 1.46 1.71
mrl 7.19 8.54 3.11 16.32 10.53 9.97 3.30
ipsl 9.32 3.74 7.80 3.76 5.32 3.81 2.24
mpi 8.18 5.57 5.34 8.07 6.48 1.60 4.48
ukesm1 9.74 6.50 3.11 4.26 3.82 2.33 4.96
mean 4.49 6.46 8.27 5.74 4.67 7.57 6.27 3.83 3.34
CWatM
gswp3 8.09 9.30
gfdl 8.31 6.84 6.27 8.20 8.81 492 6.25
mrl 9.88 13.91 8.36 19.16 12.76 14.34 9.42
ipsl 8.31 6.93 10.01 512 10.65 6.77 5.59
mpi 10.81 8.93 6.65 10.56 9.58 4.60 7.39
ukesm1 9.30 12.76 7.49 6.44 12.12 8.94 7.94
mean 8.09 9.30 9.32 9.87 7.75 9.90 10.78 7.91 7.32

The results obtained in the analysis of altered flow in future projections are summa-
rized in Figure 14. The effects are similar to those shown in Figure 13, but with a larger
spread between the hydrological models and the climate scenarios. In the first time period,
2020-2059, the expected reductions projected by the HO8 model range between 0% and
16% for mean annual flow and between 8% and 44% for sediment transport. The changes
projected by the CWatM model for mean annual flow range between an increase of 3% and
a decrease of 3%. These changes result in a range between an increase of 6% and a decrease
of 17% for potential sediment transport.

Ebro: Projected Changes of Mean Altered Flow Ebro: Projected Changes of Altered Sediment Transport

Changes of Mean Annual Flow %
Changes of Sediment Transport %
)
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-40 -40
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Figure 14. Projected changes in mean annual flow and potential sediment transport in the Ebro
River under altered conditions in future climate scenarios. (Left): Changes in mean annual flow.
(Right): Changes in potential sediment transport.

3.3. Relationship Between Annual Flow and Sediment Transport

The analyses conducted in this study allow us to characterize the relationship between
average annual river flow and potential sediment transport capacity. Figure 15 synthesizes
the results of all simulations, showing the mean potential sediment transport capacity as a
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function of the mean annual flow across the various scenarios and models evaluated. The
figure clearly illustrates a non-linear relationship between these two variables. The most
reliable data correspond to the observed flow at Tortosa and the results derived from the
natural and altered flow scenarios simulated with the SIMPA model.

Relationship between mean annual flow and mean sediment transport
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Figure 15. Relationship between mean annual flow and mean potential sediment transport for all
scenarios examined.

In particular, the SIMPA estimate for natural flow deviates from the trend suggested
by the ISIMIP model outputs. This discrepancy arises from differences in the seasonal
distribution of flow: in the ISIMIP models, discharge is concentrated in just a few months
of the year, whereas in the SIMPA model, flow is more evenly distributed throughout the
year. Since sediment transport is most effective during high-flow periods, ISIMIP models
yield a higher potential transport capacity than that of SIMPA under equivalent annual
flow volumes.

The comparison between SIMPA and Tortosa results under altered conditions indicates
that the assumption of maximum water use adopted in the modeling is conservative for
the observed period. Both the observed flow and sediment transport at Tortosa are higher
than those estimated by the SIMPA model. However, given that full utilization of available
water resources in the Ebro Basin is likely to occur in the future, it is appropriate to base
the analysis on this conservative assumption.

3.4. Limitations of the Analysis

As with any complex modeling and scenario-based study, our analysis presents cer-
tain limitations that should be acknowledged. These limitations relate to methodological
assumptions, data availability, spatial and temporal resolution, and the inherent uncer-
tainties associated with climate projections and hydrological modeling. Recognizing these
constraints is essential to properly contextualize the results and guide future improvements.

One limitation of this study is the use of monthly flow averages in sediment transport
estimations, which introduces a nonlinear bias due to the shape of the transport rating
curve. A comparative analysis using daily and monthly observed data at the Tortosa
station showed an average underestimation of 11% in annual sediment transport when
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using monthly data. This effect is systematic and reflects the loss of information on flow
variability, particularly during short-duration, high-flow events that are critical for sediment
mobilization. Although this bias is relatively small in the context of long-term average
transport capacity, it could become significant over decadal projections, particularly if
absolute values are required for infrastructure design or sediment management planning.
In our case, since the same time resolution is applied across all scenarios, the relative
comparisons and trends remain consistent and reliable. Future studies could incorporate
event-based or daily-resolution modeling, particularly focused on flood events or controlled
releases, to better capture episodic sediment pulses that dominate delta sediment budgets.
Such approaches would be especially relevant to evaluate the feasibility and efficiency of
sediment flushing or augmentation strategies.

The analysis presented in this study focuses on the transport of suspended sediment,
using a calibrated median grain size of D5 = 0.0005 mm (clay), which was found to be the
largest particle size that could be transported to the delta without significant deposition
under current flow conditions. Simulations carried out with coarser fractions (silt with
Dsy = 0.005 mm) resulted in substantial sedimentation within the first few kilometers
downstream of the Flix dam, confirming that current discharges are insufficient to transport
such material over long distances. This modeling choice reflects the dominant transport dy-
namics in the current hydrological regime of the Lower Ebro River, where coarse sediment
is largely trapped in reservoirs and where downstream sediment delivery is predominantly
composed of fine suspended material. As noted by [21], the interruption of coarse sed-
iment flow has significantly altered the morphology of the riverbed and the patterns of
delta accretion.

Although this focus allows for a reliable assessment of the present and future sus-
pended sediment transport potential, it constitutes a conservative estimate of total sediment
flux, as bedload transport is not considered. Coarse fractions (silt and sand), although
largely immobilized today, are crucial for long-term delta morphodynamics and restoration
strategies. Future work should integrate bedload transport modeling and explore the
feasibility of restoring coarse sediment connectivity through sediment augmentation or
engineered flushing schemes [25]. These approaches are critical to address the sediment
deficit in the delta and to recover the full range of sedimentary processes necessary for the
sustainability of the delta.

4. Conclusions

This study provides a comprehensive assessment of the sediment transport potential
of the Ebro River under historical, current, and future hydrological conditions. Using a
sediment transport rating curve developed through hydrodynamic modeling, the analysis
quantifies the impacts of flow regulation and climate change on the river’s capacity to
deliver sediment to the delta.

The results reveal a significant decline in sediment transport capacity due to anthro-
pogenic interventions. Compared to late-19th-century’s natural reference conditions, when
the river transported an estimated 28.1 Mt of sediment annually, the current capacity has
declined by about 67%, with present-day flows able to convey only around 9 Mt/yr. This
reduction results from a 41% drop in mean annual flow, primarily attributed to water
abstractions and flow regulation throughout the Basin.

Projections for the mid- and late-21st century indicate further declines in both natural
and altered flow regimes. Between 2020 and 2060, natural flows are expected to decrease by
10-15%, leading to reductions of 15-30% in sediment transport capacity. Under altered flow
conditions, assuming maximum water use, an additional 10% reduction in flow could result
in up to 30% further decline in sediment transport. These trends become more pronounced
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between 2060 and 2100, with potential decreases of up to 30% in natural flows and up to
50% in transport capacity.

Despite these reductions, current flow conditions still offer sufficient capacity to
transport more sediment than is currently observed reaching the delta, suggesting that im-
proving sediment supply (through bypass systems or sediment releases) could be effective
if it is synchronized with appropriate flow management. However, the strong non-linear
relationship between discharge and transport underscores the need for strategic planning,
ensuring that flow releases are timed and scaled to activate sediment mobilization.

The presented analysis should be taken only as a first approximation to the problem,
since future projections show a highly uncertain scenario. The main sources of uncertainty
of the analysis carried out are the variations between the emission scenarios and between
the climate models, the limitations of the hydrological models to capture the real hydrol-
ogy of the basin, and the non-linearity of the relationship between flow and sediment
transport capacity.

In general, the findings highlight the urgent need for integrated sediment and flow
restoration strategies in the Ebro River Basin. Such efforts are critical to restoring sediment
continuity, protecting the Ebro Delta, and enhancing resilience to ongoing and future
climate pressures.
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Abbreviations

The following abbreviations are used in this manuscript:

AR6 6th Assessment Report

CHE Confederaciéon Hidrografica del Ebro (Ebro Basin Authority)
CWatM  Community Water Model

ICOLD International Commission on Large Dams

IPCC Intergovernmental Panel on Climate Change

ISIMIP  Inter-Sectoral Impact Model Intercomparison Project

SAIH Automated Hydrologic Information System

SIMPA  Integrated System for Rainfall-Runoff Modelling

sSSP Shared Socioeconomic Pathway

SWE Shallow Water Equations

Appendix A
Description of the Hydrodynamic Model

Iber solves the 2-D depth-integrated shallow-water equations (SWE) using a finite
volume scheme. This scheme can manage unstructured meshes, irregular topographies,
friction losses, and wet-dry fronts [60]. The 2-D SWEs are derived from the Navier—Stokes
equations by assuming quasihydrostatic flow and incompressibility of water. The 2D mass
conservation equation in a Cartesian coordinate system is given by:

ot T Tax oy

ohU
oh  ohUy  ohUy o A1)

The momentum balance equations in conservative form with source terms in a Carte-
sian coordinate system are:

2
S0 + & (hU2 + 815 ) + 2 (hULUy )

g (A2)
= —gh%—;J + Tgx — T};,x + a%(vthaa%) + % (Vthaa%)/
and
2
2 (nUy) + 2 (hU2 + 815 ) + 2 (U, Uy) 3
s, T, U U
— _ghaaiyb +I g 2 (vtha—xy) + % (vtha—yy>.

In the previous equations, h is the water depth, U; is the depth-averaged velocity
along the i direction, p is the density of the water, z; is the channel-bottom elevation,
g is the acceleration of gravity, 7, ; is the bed friction along the i direction, 7, ; is the free-
water surface friction along the i direction (i.e., wind traction), and v is the turbulent eddy
viscosity. Molecular and eddy viscosities, wind traction and Coriolis acceleration were
neglected in the simulations performed.

The bed friction terms, 13, ;, read:

n?U?
Tpi = pghhT/gl =0, (A4)

where j = x, y, and 7 is the Manning’s coefficient.

Iber erosion and sediment transport module solves the non-cohesive sediment trans-
port equations with uniform granulometries, in a non-stationary regime. The hydro-
dynamics, sediment transport processes, and river morphology interplay at mobile-bed
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simulations. Iber v3.1 software couples these three processes, simulating sediment transport
as bedload and suspended load.

The sediment transport process is simulated through the 2-D Exner equation [61-63].
The equation provides the bed elevation evolution in response to the erosion and sedimen-
tation and is given in the form of bedload and suspended load. It reads:

0z}, aqb/x aqb,y N
(1—¢)¥+ > T 3y +(E—-D)=0, (A5)

where ¢ is the porosity, q; ; is the bedload discharge along the i direction, E is the entrain-
ment deposition term of suspended sediment on the bed, and D is the deposition term of
suspended sediment on the bed.

The bedload solid flow rate due to the bedload transport is simulated using the van Rijn
equation [64], as it provides satisfactory results compared with laboratory experiments [33].

. 2.1
. 0053( 7
B = —wo3 ( - 1) , (A6)

*0.3
D Tcrit

The equation reads:

where g, is the dimensionless bedload solid volumetric flow rate, D* is the dimensionless
diameter of solid particles, T* is the dimensionless shear stress acting on the particles, and
Torit
flow rate, g;, reads:

is the dimensionless critical shear stress. The dimensionless bedload solid volumetric

* I
Qp = —F——, (A7)
° \/ (s —1)gD?

where g, is the bedload solid volumetric flow rate, s is the ratio between the densities of the
particles and water, s = p_S/p, and D is the characteristic diameter of sediments, usually
taken as the median diameter D = Dsy.

The dimensionless diameter of solid particles is given by:

1/3
D = D<g(‘51)> , (A8)

v2

v being the kinematic viscosity of water.
The dimensionless shear stress reads:

* Tb
T=—, A9
p(s —1)gb ()
T being the bed friction shear stress, given by Equation (A4).
The dimensionless critical shear stress 77, is given by the Soulsby-Whitehouse equa-

tion [65], based on the experiments of Shields [66]. It is given by:

* 0.3 :
Terit = oo o 0.055(1 — 70020, A10
T 1412D (A1)
Iber simulates the suspended sediment transport with the depth-averaged convection-
diffusion equation for the sediment concentration. The model accounts for the turbulent
diffusion and the equilibrium suspended concentration, and is given by:

ot

ox

Sc/) ox S.
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where C is the depth-averaged concentration of suspended solids, I' is the molecular

ox ady

diffusion coefficient for suspended solids, S, is the Schmidt number, which relates the
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momentum turbulent diffusion coefficient with the suspended turbulent diffusion coef-
ficient, and D;; is the suspended sediment dispersion along the i direction due to the
non-homogeneous vertical velocity profile and sediment concentration.

The Entrainment/Deposition term, (E-D), models the bedload grains that become
suspended (entrainment) and deposited from suspended sediments to the bed layer. We
simulate the Entrainment/Deposition term with the van Rijn formula [67], given by:

E—D = aws(C —Q), (A12)

where « is a coefficient that relates the mean suspended particle concentration and the
river bedload concentration, ws is the fall velocity of the suspended sediments, C* is the
depth-averaged suspended load concentration at equilibrium conditions, and C is the
depth-averaged suspended load concentration.

The fall velocity of the suspended sediments for sand particles is computed using van
Rijn [68] recommendations. For particles smaller than about 0.1 mm, w; is given by:

(s~ 1)gDsy (A13)

Cs = TRy

for suspended sand particles in the range 0.1 to 1 mm, the fall velocity is:

v 0.01(s — 1)gD3 0o
— : - 50 _
ws =10 - (1 + = ) 13, (A14)

and for particles larger than 1 mm, the following equation is used:
ws = 1.1[(s — 1)gDs0] ™. (A15)

The depth-averaged suspended load concentration at equilibrium conditions, C™*,

reads [68]:

1.5
c = §0.005T*—03, (A16)
I~

where T is the transport stage parameter given by:

ERCHC) 1

Ul = ] it (A18)
and bed-shear velocity, U*, reads [67]:

U = gﬁ, (A19)
in which C" = 18log((12R;,)/(3Dyg )) is the Chézy-coefficient related to grains, R, is the
hydraulic radius related to the bed according to Vanoni-Brooks [69], and U is the mean
flow velocity.

The system of partial differential equations is solved using a first-order finite volume
scheme based on the Monotonic Upwind Scheme for Conservation Laws [70].
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