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Preface 
 
The Rest-Coast Project (Large scale RESToration of COASTal ecosystems through rivers to sea connectivity) is 
an EU Horizon 2020 research project (Grant agreement No. 101037097) whose overall goal is to address with 
effective and innovative tools the key challenges faced by coastal ecosystem restoration across Europe. The 
approach chosen for this project will deliver a highly interdisciplinary contribution, with the demonstration 
of improved practices and techniques for hands-on ecosystem restoration across several pilot sites, 
supported by the co-design of innovative governance and financial arrangements, as well as an effective 
strategy for the dissemination of results. 
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Summary  
 
Within this portfolio of restoration interventions, we present a range of model-based projections assessing 
the impact of large-scale Nature-based Solutions (NbS) on enhancing Eco System Services (ESS) in various 
coastal systems. This deliverable applies these models to detail how these systems respond to climate change 
and nature-based interventions intended to mitigate climate change impacts under different Sea Level Rise 
(SLR) scenarios. The models range from hydro-morphological simulations of future conditions to a machine-
learning approach, all aimed at demonstrating the ESS provided by restoration in the future.   
 
The most widely applied restoration strategy is seagrass restoration, which involves the replanting and 
protection of seagrass beds to enhance marine biodiversity, improve water quality, and stabilize sediments. 
Modelling suggests the sea grass can reduce the bed shear stress and limit erosion (ch. 4, ch. 10), reduce 
turbidity and maintenance dredging (ch. 8), and contribute to mitigating flooding (ch. 10). 
 
The second most widely applied restoration strategy is sediment management. This approach focuses on the 
strategic placement and stabilization of sediments to combat erosion, support coastal resilience, and 
maintain healthy ecosystems. Nourishing sediment underwater or on land as dunes can alleviate historical 
sediment deficits while reducing coastal erosion and flood risk (ch. 2 and 3). On the other hand, strategically 
removing sediment from a hyper-turbid system (e.g. by extracting dredge spoil from harbours) is possible to 
limit increasing turbidity, but the effect is highly conditional on the sediment supply trends of the region and 
may negatively influence ESS like flood risk reduction and carbon sequestration (ch.6). 
 
Salt marsh restoration was investigated across the Wadden Sea and Venice Lagoon pilot sites. This strategy 
involves promoting the growth of salt marshes, which are vital for flood protection, water filtration, and 
providing habitat for a variety of wildlife. Salt marshes stabilize the bed (ch. 5) and locally reduce flood risk 
(ch. 5, 6), and act as a potential nutrient sink to prevent hypoxia (ch. 7). 
 
Restoring hydraulic connectivity was investigated for the Rhone and Venice pilots. This strategy seeks to re-
establish the natural flow of water between rivers, wetlands, and coastal areas, with the aim to improve 
water quality, support fish migration, and enhance the resilience of these areas to climate change. The 
removal of (dyke) infrastructure restores the variations in salinity and improve water quality favourably for 
fish populations (ch. 7, 12), but may result in short term erosion and greater dynamics along the coastline 
(ch. 12). 
 
Various pilots have explored how the shifts in local ecotopes, units representing homogeneity in hydro- and 
morphological conditions such that similar types of biota can be expected,  affect the provisioning of 
ecosystem services (ch. 4, 6, 9, 10). The Vistula Lagoon pilot has demonstrated how targeted habitat can be 
created using engineering and hydrodynamic insights (ch. 11). These insights give an indication for future 
biodiversity trends as well as estimate effects of ESS that can be expected from the gain/loss of ecotopes. 
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1. Introducing the portfolio of interventions 
 
1.1. Approach 

REST_COAST / WP2 has developed suites of numerical models to quantify the impact of climate change and 
Nature-based Solutions (NbS) on EcoSystem Services (ESS). Earlier deliverables provided details on the 
developed models including ecosystem services (D2.1) and parameterizations of climate change (D2.2). The 
current deliverable provides an application of these models, detailing how the various systems respond to 
climate change and to nature-based interventions aimed at mitigating the impact of climate change. The 
aim is to demonstrate to what extent restoration reduces coastal risks as a function of restoration 
interventions and to prepare a portfolio of restoration interventions suited to future climates (business-as-
usual SSP2-RCP4.5 and pessimistic SSP5-RCP8.5) and horizons (up to 2100). Pilots may deviate from these 
scenarios when data for a projection is not available (e.g. the Ebro Delta in ch. 2), or comply with 
stakeholder requirements and compatibility with previous administration plans (Rhone Delta in ch. 12). 

In this contribution we aim to demonstrate the role of numerical models in predicting the effect of various 
NbS on ESS in the context of climate change. In order to generate an accessible portfolio, we focus within 
this report on the most relevant outcome of the various pilots. We deliberately restrained from 
synthesizing all model results, believing that such a product dilutes our main message (focusing on which 
NbS work and which not, and how NbS may serve in mitigating adverse effects of climate change). Through 
this framework, we also facilitate the conversion of this product into a set of papers to be published in a 
scientific journal.  
 
1.2. The pilots: tools, NbS and ESS 
Each pilot site in REST_COAST is exploring various types of Nature-based Solutions (NbS) to address coastal 
hazards under the commonly agreed climate scenarios and Pilot restoration scenarios (M2.3). NbS address 

 
Figure 1-1 Overview of pilot sites in this deliverable 
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performed to estimate the potential for increasing sediment flow in the lower Ebro as a critical component 
in the restoration efforts. 
 
2.1.1. Description of problems 
This section presents two main problems: the loss of sediment flow in the Ebro River and the accumulation 
of sediment in the reservoirs.  
The reduction of sediment flow in the Lower Ebro River 
Sediment transport in the Lower Ebro River has been extensively studied in the literature and is well 
characterized. One of the main drivers of sediment flow alteration in the Ebro River is the construction of 
reservoirs. Reservoir construction occurred mainly in the twentieth century, when more than 7000 hm3 of 
reservoir storage was developed. More than 4000 hm3 entered operation in the decade between 1955 and 
1965 alone, including the Mequinenza Reservoir, the largest reservoir in the basin with more than 1500 hm3 
of storage capacity. Data on sediment transport before the construction of reservoirs in the basin are scarce. 
The mean annual sediment transport before reservoir construction was estimated by Ibàñez et al. (1996) at 
28.1 Mton/yr, based on data compiled by Gorría in 1877. The figure reported by Catalán (1969), between 2 
Mton/yr and 3 Mton/yr, is taken from direct intermittent measurements, but it corresponds to a period 
(1962-63) when there was already a significant reservoir capacity. Several researchers recently conducted 
field campaigns specifically designed to measure sedimentary transit, either through direct measurements 
(Vericat and Batalla,2006; Batalla and Vericat, 2011; Batalla et al., 2014) or through estimates from turbidity 
(Tena et al., 2011, Tena et al., 2012). These campaigns are the most reliable, due to their methodological 
approach, their spatial representativeness, and their duration. From them, it can be estimated that the 
sediment flow upstream of the Mequinenza reservoir ranges between 0.6 Mton/yr and 1.6 Mton/yr. The 
estimate after Ribarroja has been decreasing over time, from the 0.4 Mton/yr estimated in the campaigns of 
the late twentieth century to figures lower than 0.1 Mton/yr deducted in the most recent campaigns. This 

 
Figure 2-1 Lower Ebro River and Delta 
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figure is increasing downstream (Figure 2-2). Researchers agree that a significant part of the sediment 
transport to the mouth comes from the riverbed material itself and is carried out as bedload transport. 
 
The release of water from reservoirs with very low sediment load also alters the morphology of the river. It 
leads to incision of the river channel and alters the channel morphology with bank erosion. The remaining 
sediment on the riverbed is being flushed out by high flows, leading to degradation and armoring of the 
riverbed. Vericat et al. (2006) described the process of breaking and re-establishing the armor layer of the 
bed observed during floods in the Lower Ebro in the period 2002-2004. Sediment from the riverbed was 
sampled on several exposed bars with sparse vegetation. Samples of the bedload were also taken during high 
flows. An alternation was observed between the armoring layer of the bed with low flow rates and high flow 
situations, where the armoring broke and the material was dragged, causing an incision. 
 
Sediment accumulation in reservoirs 
Sediment transport can also be estimated from sediment accumulation in reservoirs, although this estimate 
is highly uncertain because of the difficulty of matching the true datum of different surveys. Several 
bathymetric surveys are available for Mequinenza (1961, 1982 and 2012) and Ribarroja (1967, 1982 and 
2007). A screening of sediment accumulation in Spanish reservoirs carried out by CEDEX (Avendaño et al, 
1997), includes an estimate of capacity loss of 92.8 hm3 for Mequinenza in 1982, 16 years after the 
commissioning of the dam. This corresponds to an average of 5.8 hm3/yr. The estimation of capacity loss in 
Ribarroja was 12.24 hm3 in 1982, 13 years after dam construction, leading to an accumulation rate of 0.94 
hm3/yr. The Ebro River Basin Authority (Confederación Hidrográfica del Ebro) carried out several studies to 
estimate the sediment accumulation in the reservoirs. The sediment accumulation in Mequinenza was 
analyzed in three studies carried out in 2011-2012. During this period, the water level in Mequinenza was 
the lowest in the record, thus facilitating accurate field surveys. In these studies, field visits were made and 
the reservoir basin, described by the original cartography developed for the construction of the dam, was 
compared with cross-sectional profiles taken in the emergent zone and the bathymetric reconstruction of 
the submerged zone. The first study carried out was limited to the last 35 km of the tail of the reservoir, 

 
Figure 2-2 Current sediment flow in the lower Ebro River 
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where a sediment accumulation of 4.91 hm3 was estimated. The two studies carried out in the entire 
reservoir in the period 2011-2012 estimated sediment accumulation volumes of 133 hm3 in 2008 and 76.9 
hm3 in 2011. Garrote (2018) compared the three studies, analyzing their discrepancies, and obtained a 
combined estimate between 75 hm3 and 100 hm3, which implies an average annual retention between 1.5 
hm3/yr and 2 hm3/yr in the 48 years that had elapsed since the Mequinenza reservoir was put into operation. 
In Ribarroja, two studies were carried out by the Flumen group (Dolz et al. 2009; Dolz et al. 2010), which 
analyzed data from the period 1997-1999 and performed a bathymetric survey of the reservoir. The 
sedimentation accumulated in Ribarroja in 2007 was estimated at 13.1 hm3, which corresponds to an average 
rate of 0.34 hm3/yr since its inception in 1968. López Gómez et al. (2022) analyzed available bathymetric 
surveys compared to flow rate and obtained an estimate of the time evolution of sediment transport 
upstream of the reservoirs. During the 1960s and 1970s of the twentieth century, the average sediment 
transport upstream of the reservoirs was about 8 Mton/yr. Due to changes in land use and climate change 
over the last three decades, this contribution would have been reduced to about 5 Mton/yr. The sediment 
trapping efficiency of Mequinenza is close to 100%, due to its large storage volume and its length, which 
exceeds 100 km. The trapping efficiency of Ribarroja Reservoir was estimated at 40% from direct 
measurements (Dolz et al., 2009). These figures are consistent with an estimated sediment accumulation of 
320 Mt in Mequinenza and 64 Mt in Ribarroja. 
 
2.1.2. Description of restoration efforts 
The current restoration efforts in the lower course of the Ebro River focus on two main lines of action: the 
mobilisation of the sediments accumulated in the reservoirs and the actions to facilitate the transit of 
sediments along the river. 
 
Feasible technical options for reservoir bypass 
There is a wide range of techniques for sediment management in reservoirs. They can be classified into three 
broad groups (Kondolf 2018): protective measures, which reduce sediment entry into the reservoir, 
evacuation measures, which conduct sediments through or around the reservoir, and recovery measures, 
which remove sediment from the reservoir. Garrote (2018) analyzed the options for sediment mobilization 
in the Mequinenza-Ribarroja-Flix system and concluded that the only real possibilities for sediment 
mobilization are hydrodynamic removal by flushing or sluicing and mechanical removal by excavation or 
dredging. He analyzed the flushing by applying the Tsinghua model, which is an empirical procedure that 
allows one to estimate the result of the flushing operation based on the geometric characteristics of the 
reservoir. The method is based on the compilation of a set of experiences in China where washing had been 
practiced successfully (Atkinson 1996). The conditions of the Mequinenza reservoir are not favorable to 
flushing, because the basin is very long and the capacity of the bottom outlets (160 m3/s) is very limited. 
Although the Tsinghua method provides acceptable rates of sediment mobilization, the reservoir levels that 
can be reached to enable the flushing flows mean that a large amount of water would still remain impounded 
in the reservoir during the flushing operation, from 100 hm3 to 200 hm3. The sediment mobilized at the tail 
of the reservoir would have to travel distances between 35 and 40 km to reach the bottom outlet. A large 
fraction of the mobilized sediment would be deposited in the reservoir before being evacuated through the 
bottom outlet. Consequently, it can be concluded that flushing is not technically feasible in the Mequinenza 
reservoir. The empirical formulas of the Tsinghua method give better results for the case of Ribarroja and 
Flix. For example, with a washing flow rate of 200 m3/s in Ribarroja, a sediment concentration of about 60 
kg/m3 could be expected, which would allow 1 Mton to be evacuated in one day. As a result of the analysis 
carried out, it can be concluded that, in principle, the flushing operation is technically possible in both 
reservoirs. However, there are concerns about the environmental, economic, and social impacts of the 
flushing operation. The flushing operation requires practically total emptying of the reservoir, followed by a 
period of sediment evacuation and a period in which the initial reservoir volume is recovered. These three 
processes can produce significant environmental effects in the reservoir and downstream. The water 
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released during the emptying of the reservoir comes from the lower layers, which are usually of less quality 
than the surface water. It is also common that the material settled at the bottom of the reservoir is active 
from a biochemical point of view, so the water in the lower layers is exposed to the resuspension of this 
material. The emptying of the reservoir also has negative effects. The reduction in stored volume and flooded 
area produces substantial changes in biological communities. The flushing process evacuates water with a 
very high concentration of sediment into the river. This would undoubtedly produce environmental effects 
of great importance. From an economic point of view, the main effect corresponds to hydroelectric 
production. Important social impacts can also be identified since there are many interests related to the 
management of the lower Ebro reservoirs. The uses of downstream water would be altered by the high 
concentration of suspended solids and by the possible mobilization of toxic substances accumulated in the 
reservoir sludge. The water supply intakes of the Lower Ebro, recreational uses, or the cooling of the Ascó 
nuclear power plant are the most obvious problems. In summary, there are a wide variety of environmental, 
economic, and social impacts that must be considered when planning flushing operations. 
 
Mechanical removal procedures are always technically feasible, and their only limitation is cost. Data 
collected from world experiences, which can be assumed to correspond to favorable situations where the 
procedure has been put into practice, show relatively high costs, but hydraulic dredging seems to be the only 
feasible alternative for bulk sediment removal from the reservoirs. 
 
Planned activities for sediment mobilization 
The Ebro Basin Management Plan for the period 2021-2027 includes a wide range of initiatives to characterize 
sediment transport in the Lower Ebro and explore alternatives for sediment mobilization. The global 
objective for this period is to study the current situation of sediment transport in the lower course of the 
river and to analyze the most appropriate corrective measures to increase sediment delivery to the Delta. 
The first step was to conduct new bathymetric surveys of the Mequinenza and Ribarroja reservoirs and to 
develop field campaigns to characterize their sediments. A detailed bathymetry of the lower course of the 
Ebro River from the reservoirs to the outlet was also obtained. Sediment samples confirmed the high degree 
of armoring of the lower course between Flix and Tortosa, where more than 80% of the sampled material 
was coarse-grained gravel. Sand only appears in significant amounts after Tortosa. The information obtained 
in these studies is essential to develop a correct numerical model of sediment transport in the Ebro River 
that can provide support to evaluate the effectiveness of the alternative measures proposed. 
 
The strategy contemplated in the River Basin Management Plan also enables funds to carry out, in 
coordination with all affected stakeholders, a series of pilot tests for the mobilization of retained sediment, 
with the necessary safeguards for the environment, security, and economy of the population. Pilot tests are 
planned to be carried out in the regatta area of the town of Mequinenza, at the tail end of the Ribarroja 
reservoir. Sediment mobilization techniques will be analyzed by mechanical means and by hydraulic 
dredging. The planned operation consists of lowering the water level of the Ribarroja reservoir in coincidence 
with flood flows in the Segre River to enhance the hydraulic gradient in the tail of the reservoir and facilitate 
erosion of the deposited material. Another test will analyze the viability of extracting sediments that the 
Matarraña River deposits when it joins the Ebro River in the Ribarroja reservoir. This test aims to analyze the 
technical feasibility and profitability of a system that allows the material deposited at the bottom of the 
reservoir to be sucked and transported by pumping, through floating pipes, to the downstream face of the 
Ribarroja dam. The plan also considers the possibility of sediment flushing in the Ribarroja reservoir by 
partially lowering the water level in the reservoir during high flows. It is also planned to produce direct 
sediment that feeds the Ebro River with material taken from the mouth of the Ciurana River. During recent 
Storm Gloria, a significant volume of material accumulated near the confluence with the Ebro River and is 
currently limiting the conveyance of the bridges across the Ciurana River. It is planned to deposit this material 
on the Ebro riverbed, monitoring sediment particles through isotopic tracers or electromagnetic transmitters 









D2.3 Portfolio of restoration interventions | 2. Estimation of the current and future potential sediment 
transport capacity of the Ebro River 

12 

The system of Partial Differential Equations is solved using a first-order finite volume scheme based on the 
Monotonic Upwind Scheme for Conservation Laws (van Leer 1979). 
 
2.2.2. Model setup 
The domain of the numerical simulations to model the sediment transport to the Ebro Delta includes the 
river reach between the reservoir system and the Delta. The modelling objectives are: (1) to study the 
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 2-3. Fluid flow and sediment transport are 
simulated from the Flix reservoir, located in Tarragona province at 41.1 meters above sea level, down to the 
Delta site, located in the river mouth at 0 meters 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 0.1-meter tolerance, maximum side of 2000 meters, and minimum side of 12 m. The model includes 
about 100 km of the Ebro River topography and it is composed of approximately 4,923,448 triangles. An 

 
Figure 2-3 Domain of the numerical simulations in the Ebro River 
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convey the silt suspended load, and sedimentation occurs during the transport process. The silt 
concentration decreases down to about 0.5 g/L in the Delta, as depicted in Figure 2-5a. However, the flow 
can convey the clay suspended load with the given concentration, 0.9 g/L, down to the Delta without 
sedimentation, as shown in  Figure 2-5b. The model was then used to simulate other flows to build a sediment 
rating curve for the lower Ebro River. 
 
2.3.2. Current potential sediment delivery under natural and altered conditions. 
The low transport rate currently observed in the Lower Ebro River is due to the lack of availability of 
sediments. The potential sediment transport that would be available was estimated based on observed flow 
data and on the sediment transport rating curve derived from numerical simulations. Flow data under actual 
conditions is obtained from the Tortosa gauging station. Data are available from 1913, but there are several 
small gaps and a larger one from 1936 to 1951. The period when data are continuously available spans from 
the hydrological year 1953-34 to 2019-20. Potential sediment transport was estimated for that period by 
applying the sediment transport rating curve to daily flows measured in the Tortosa station. The average 
potential sediment transport is 11.11 Mton/yr, much larger than the currently observed sediment flow. 
 
This figure can be compared to the potential sediment transport under natural hydrologic regime, without 
flow alteration produced by regulation and water abstractions. Flow data under natural conditions are 
obtained from the results of the SIMPA model, Spanish acronym for Integrated System for Precipitation-
Runoff Modelling. SIMPA is a conceptual distributed hydrological model that simulates the average monthly 
flows in the natural regime at any point of the hydrographic network of Spain. The available simulated period 
is between the hydrological year 1940-41 and the year 2019-20. Monthly time series of the flow 
corresponding to the entire Ebro basin were obtained. The values of naturalized and observed flows begin 
to diverge in the 1960s decade, when reservoir constructions in the Ebro basin allowed the development of 
irrigation and the corresponding water extraction. Although some irrigation is still being developed in the 
basin, the large irrigation districts were finished in the 1980s. The average flow measured in Tortosa in the 
last 40 years with data is 9.09 km3/yr, while the estimate under natural conditions from the SIMPA model is 
15.13 km3/yr. The difference, 6.04 km3/yr, can be mainly attributed to irrigation abstractions. The Ebro River 
Basin Management Plan for the cycle 2021-2027 considers 924,400 ha of irrigated land with an annual 
demand of 8.141 km3/yr. The difference between natural and measured flow would correspond to a net loss 
of water to evapotranspiration of 75% of the bulk abstraction, which is a reasonable figure. 
 
The results obtained under natural and altered conditions are summarized in Figure 2-6, which shows the 
evolution of annual flow and potential sediment transport in the Lower Ebro River under the two situations. 
The impact of water abstractions on potential sediment transport is much greater than that of annual flow. 

  
Figure 2-6 Evolution of annual flow and potential sediment transport in the Lower Ebro River under natural and altered 
conditions. Left: annual flow. Right: sediment transport 

 



D2.3 Portfolio of restoration interventions | 2. Estimation of the current and future potential sediment 
transport capacity of the Ebro River 

16 

Potential sediment transport was estimated by applying the sediment transport rating curve to monthly 
flows. The average value in the last 40 years is 22.39 Mton/yr under natural conditions and 6.93 Mton/yr 
under actual altered conditions, a 70% reduction versus 42% for annual flow. It should be noted that the 
application of the rating curve produces different results for daily and for monthly flows due to its 
nonlinearity. The rating curve shows that sediment transport requires a minimum flow of approximately 575 
m3/s. This threshold was exceeded in 146 months in the last 40 years under natural conditions (30% of the 
time) and only 59 months under altered conditions (12% of the time). 
 
2.3.3. 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 source of climate projections used in the analysis is described. Below are the 
results under natural conditions. Finally, the results are shown under altered conditions under the hypothesis 
of maximum water use in the basin. 
 
Climate projections 
Estimates of potential sediment transport for future scenarios can be obtained using climate projections. The 
climate projections were taken from a report produced in the AgWaMed project, where climate projections 
were analyzed for all Mediterranean basins (Garrote et al. 2023). The scenarios considered were taken from 
IPCC AR6: SSP1-2.6, SSP3-7.0 and SSP5-8.5 scenarios. The required data was obtained from the ISIMIP 
repository. The ISIMIP (Inter-Sectoral Impact Model Intercomparison Project) initiative is a collaborative 
research effort that aims to assess the impacts of climate change on various sectors of society and the 
environment. The hydrological regime of the Ebro basin was taken from the results of global hydrological 
models H08 and CWatM, available in the ISIMIP repository. Two sets of climate scenarios were used: 
historical scenarios, for past times and future scenarios, for future times. Selected historical scenarios from 
ISIMIP are of two types: obsclim and historical. The denomination obsclim corresponds to impact models 
forced with observed climate in the actual time sequence. They are 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 in the historical period. The denomination historical corresponds to impact models forced with results 
from climate models. This option was selected as a control reference to estimate changes of potential 
sediment transport in the future. Future scenarios correspond to the three emission scenarios of AR6 
selected: SSP1-2.6, SSP3-7.0 and SSP5-8.5. In these options, climate models were forced with the emission 
patterns expected in each emission scenario. The simulations for future time periods start in 2015 and end 
in 2100. The hydrological models were forced with climate drivers in the corresponding scenarios. There are 
two types of climate drivers: based on observations and based on climate models. The climate driver based 
on observations is gswp3 and is used in the obsclim scenario. The climate drivers based on models are gfdl-
esm4, mri-esm2, ipsl-cm6a-1r, mpi-esm1-2hr and ukesm1-0-11. They are used in the historical and future 
scenarios. 
 
Sediment transport under natural conditions 
The results produced by SIMPA model and ISIMIP hydrologic models for mean annual flow in all scenarios 
analyzed are presented in Table 2-1. The values correspond to averages taken over 40-year periods. The time 
period for SIMPA and the obsclim scenario spans from 1979-80 to 2018-19. The time series of the historical 
scenario only cover up to year 2014, so the time period selected for this scenario is 1974-75 to 2013-2014. 
Two time periods were selected for the climate projections: 2020-21 to 2059-60 and 2060-61 to 2099-2100. 
The table presents the values of mean annual flow obtained for the SIMPA and the average values obtained 
with all climate drivers in each ISIMIP model and scenario. 
 
The results show a significant difference between the mean annual flow estimated with the two global 
hydrologic models. For the obsclim scenario, H08 provides a mean annual flow for the Ebro River of 12.63 



D2.3 Portfolio of restoration interventions | 2. Estimation of the current and future potential sediment 
transport capacity of the Ebro River 

17 

km3/yr, while the estimate of CWatM is 15.17 km3/yr. The estimate of the SIMPA model, 14.97 km3/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 km3/yr for the H08 model and 15.62 km3/yr for the CWatM model. The 
corresponding values of the obsclim scenario for the historical period, 1974-75 to 2013-2014, are 13.19 
km3/yr for the H08 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 they provide a consistent picture of the expected evolution of mean annual flow in the Ebro basin. 
Mean annual flow is expected to decrease in the Ebro basin for most scenarios.  
 
The time series produced by SIMPA model and ISIMIP hydrologic models in all scenarios analyzed were 
processed using the sediment transport rating curve to obtain projections of potential sediment transport in 
natural conditions. The analysis was performed on the bias-corrected series. The results are presented in 
Table 2-2. The values correspond to the same periods shown in Table 2-1. Table 2-2 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 results show a significant difference between the mean potential sediment transport estimated with the 
SIMPA model and those estimated with the two global hydrologic models, despite the bias correction. For 
the obsclim scenario, the estimate of the SIMPA model is 22.68 Mton/yr. H08 provides a mean sediment 
transport for the Ebro River of 15.61 Mton/yr (31% less than SIMPA), while the estimate of CWatM is 31.01 
Mton/yr (36% more than SIMPA). These estimations are, therefore, highly uncertain. The values for the 
average over the five climate drivers of the historical scenario are 23.24 Mton/yr for the H08 model and 
38.11 Mton/yr for the CWatM model. The corresponding values of the obsclim scenario for the historical 
period, 1974-75 to 2013-2014, are 19.06 Mton/yr for the H08 model and 34.48 Mton/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 2-7 shows a summary of projected changes of mean annual flow and sediment transport under normal 
conditions. The projected reductions in mean annual flow will dramatically reduce the sediment transport 

Table 2-1 Mean annual flow obtained under the hypothesis of maximum use of water resources in the Ebro basin, in km3/yr 

Scenario obsclim obsclim historical ssp126 ssp370 ssp585 ssp126 ssp370 ssp585 
 80-19 75-14 75-14 20-59 20-59 20-59 60-99 60-99 60-99 
SIMPA 14.97 15.19        
Mean H08 12.63 13.19 13.49 11.59 10.46 10.86 11.68 9.24 8.57 
Mean CWatM 15.17 15.63 15.62 14.80 13.93 14.11 14.98 13.03 12.11 

 
 
Table 2-2 Mean annual flow obtained in the simulations of the scenarios for the Ebro basin, in km3/yr 

Scenario obsclim obsclim historical ssp126 ssp370 ssp585 ssp126 ssp370 ssp585 
 80-19 75-14 75-14 20-59 20-59 20-59 60-99 60-99 60-99 
Observed in 
Tortosa 8.91 11.26        

SIMPA 6.26 6.01        
Mean H08 2.58 4.28 5.97 4.21 3.21 5.37 4.66 2.68 2.13 
Mean CWatM 6.63 7.28 8.98 9.19 7.16 9.39 10.18 7.37 6.86 

 



D2.3 Portfolio of restoration interventions | 2. Estimation of the current and future potential sediment 
transport capacity of the Ebro River 

18 

capacity of the Ebro River under natural conditions, due to the nonlinearity of the sediment transport rating 
curve. Although the H08 and CWatM models produce different absolute figures, the relative projected 
evolution is similar in both models. In the most likely scenario, SSP37.0, the expected reduction in the first 
time period, 2020-2059, ranges between 10% and 22% for mean annual flow and between 23% and 57% for 
sediment transport.  
 
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 km3/yr are abstracted from the 15 km3/yr of natural flow, leaving 9 km3/yr 
in Tortosa. This reduces the potential sediment transport capacity from 22 Mton/yr under natural conditions 
to 7 Mton/yr, but this figure is still enough to convey the sediment required by the Delta. The projected 
reductions suggest a future mean annual flow between 12 km3/yr and 13.5 km3/yr. The potential sediment 
transport capacity for the natural regime is expected to be reduced to between 10 Mton/yr and 17 Mton/yr. 
If the potential sediment transport under altered conditions was similarly reduced, it would fall to a range 
between 3.5 km3/yr and 5 km3/yr and some carrying capacity would still 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 7.5 km3/yr, which represents a larger reduction than that of natural flow. Therefore, 
it is very likely that the potential for sediment transport under altered conditions will be reduced more than 
that under natural conditions. 
 
It is possible to obtain an estimate of the expected future flow of water in the Ebro River under altered 
conditions by taking the results of the AgWaMed project (Garrote et al. 2023). In this project, the potential 
availability of water in the Ebro basin was evaluated in the different climate scenarios. To this end, a 
simulation model of the management of water resources in the basin was built, in which the maximum 
demand that could potentially be met at each point was considered. The flow of water circulating through 
the lower Ebro in this hypothesis allows us to estimate a lower level of the river's transport capacity, since it 
assumes the maximum use of the water resources available in each climate scenario.  
 
The results produced by the AgWaMed project for mean annual flow under the hypothesis of maximum use 
of water resources under each climate scenario are presented in Table 2-3. 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. 
 

  
Figure 2-7 Projected changes of mean annual flow and potential sediment transport in the Ebro River under ISIMIP climate 
scenarios. Left: Changes of mean annual flow. Right: Changes of potential sediment transport 
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The results show that the estimate of CWatM model fits the observed flow in Tortosa better than that of the 
H08 model, but H08 is closer to the results provided by the SIMPA model. For the obsclim scenario, H08 
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/yr, is similar to that of the H08 model, while the observed flow 
in Tortosa, 8.96 km3/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 6.72 km3/yr for the H08 model and 9.35 km3/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 2-4, which presents the values of mean annual potential sediment 
transport obtained for each scenario. 
 
The results show a significant difference between the mean potential sediment transport estimated with the 
results of the water resources model under the hypotheisis of maximum water use and those estimated with 

Table 2-3 Mean annual flow obtained under the hypothesis of maximum use of water resources in the Ebro basin, in km3/yr 

Scenario obsclim obsclim historical ssp126 ssp370 ssp585 ssp126 ssp370 ssp585 
 80-19 75-14 75-14 20-59 20-59 20-59 60-99 60-99 60-99 
Observed in 
Tortosa 8.96 9.66        

SIMPA 6.57 6.75        
Mean H08 6.21 6.72 6.95 5.84 5.98 6.92 5.85 4.90 4.83 
Mean CWatM 8.91 9.35 9.15 8.88 8.48 9.49 8.99 7.64 7.64 

 
Table 2-4 Mean potential sediment transport obtained under the hypothesis of maximum use of water resources in the Ebro 
basin, in Mton/yr 

Scenario obsclim obsclim historical ssp126 ssp370 ssp585 ssp126 ssp370 ssp585 
 80-19 75-14 75-14 20-59 20-59 20-59 60-99 60-99 60-99 
Observed in 
Tortosa 8.91 11.26        

SIMPA 6.26 6.01        
Mean H08 2.58 4.28 5.97 4.21 3.21 5.37 4.66 2.68 2.13 
Mean CWatM 6.63 7.28 8.98 9.19 7.16 9.39 10.18 7.37 6.86 

 

  
Figure 2-8 Projected changes of mean annual flow and potential sediment transport in the Ebro River under altered 
conditions in future climate scenarios. Left: Changes of mean annual flow. Right: Changes of potential sediment transport 
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the observed flow in Tortosa. The differences are due to uncertainty in modelling and also to the fact that 
current water use in the Ebro basin is not maximum. 
 
The results obtained in the analysis of altered flow in future projections are summarized in Figure 2-8. The 
effects are similar to those shown in Figure 2-7, but with larger spread between hydrologic models and 
climate scenarios. In the most likely scenario, SSP37.0, the expected reductions projected by H08 model for 
the first time period, 2020-2059, are 13.9% for mean annual flow and 46.3% for sediment transport. The 
reductions projected by the CWatM model are 7.9% for mean annual flow and 20.3% for sediment transport 
 
2.3.4. Relationship between annual flow and sediment transport 
The analyses carried out in this study allow us to characterize the relationship between average annual flow 
and potential sediment transport capacity. Figure 2-9 shows the overall result of all the analyses carried out, 
representing the value of the potential sediment transport capacity as a function of the value of the average 
annual flow for each of the scenarios and models examined. The figure clearly shows that each of the two 
global hydrological models has a distintct behavior. The CWatM model provides a higher sediment transport 
capacity than the H08 model. This is due to the different monthly distribution of the flow. In the CWatM 
model, the flow is concentrated in a few months of the year, while in the H08 model it is more evenly 
distributed throughout the year. Since sediment transport occurs in the months of greatest flow, the net 
result is that the potential sediment transport capacity is greater for the CWatM model than for the H08 
model, although both have similar average annual flows. 
 
The most reliable data are those corresponding to the flow observed in Tortosa and the results obtained with 
the natural and altered flows computed with the SIMPA model. These three points seem to be better aligned 
with the results of the H08 model, which is also more conservative. It is therefore appropriate to base the 
analyses on the results of the latter model.  
 
2.4. Conclusion 
The analysis carried out has made it possible to estimate the effect of the hydrological regime of the Ebro 
River on the potential capacity of sediment transport. It was based on the historical reference of the late 

 
Figure 2-9 Relationship between mean annual flow and potential sediment transport for all scenarios examined 
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ABSTRACT: Barrier beaches, such as the Trabucador beach in the Ebro Delta, Spain, play a critical role in 
coastal protection but are increasingly vulnerable to the impacts of climate change, particularly sea 
level rise. This study examines the morphodynamic evolution of the Trabucador barrier beach (NW 
Mediterranean Sea) under varying sea level rise scenarios, considering the effectiveness of nature-
based solutions strategies in form of embryonic alternating dunes and comparing it against classical 
nourishment. Using a calibrated XBeach model, the study simulates the impact of three significant 
storms - Gloria, Filomena, and Isaak - under SLR projections for 2050 (+0.27 m), 2075 (+0.57 m), and 
2100 (+0.75 m). Results demonstrate that while classical nourishment and embryonic alternating 
dunes provide considerable protection against storm-induced breaching at lower SLR levels (+0.27 m), 
their effectiveness diminishes significantly at higher SLR conditions. Under the most severe scenarios 
(+0.57 m and +0.75 m), widespread breaching occurs across all management strategies, indicating a 
critical threshold where these approaches fail to withstand storm impacts. The findings suggest an 
urgent need for adaptive, scalable coastal management solutions to mitigate the increasing risk of 
erosion, flooding, and breaching due to climate change.  This study contributes to the knowledge on 
barrier beach management by emphasizing the limitations of current protective measures under 
future climate conditions and highlighting the necessity for ongoing research and innovation in coastal 
defence strategies. 

 
 
3.1. Introduction 
Barrier beaches, in the form of barrier islands or spits, are coastal landforms that play a crucial role in 
protecting the coastline from the direct impact of ocean waves and storms (Stéphan et al. 2024). These 
elongated, narrow landforms are typically formed by the accumulation of sand and sediment transported by 
littoral processes. Acting as natural barriers, they shield the inland areas from storm surges and high-energy 
wave action, thereby reducing coastal erosion and flooding. The dynamic nature of barrier beaches is 
characterized by continuous changes due to natural processes like tides, waves, and sediment transport. 
These landforms are also highly sensitive to changes in sea level and weather patterns, making them 
particularly vulnerable to the impacts of climate change (Hoagland et al. 2024, Moore and Murray 2018). 
Human activities such as the construction of dams and coastal development further exacerbate these 
vulnerabilities by disrupting natural sediment supply and altering hydrodynamic conditions. The barrier 
beaches are found in various regions across the globe, each exhibiting unique environmental conditions and 
management challenges (Cueto Fonseca et al. 2021). Examples include the Outer Banks in the USA, Fraser 
Island in Australia, the Wadden Sea in Europe, Rio Formosa in Portugal, Dniester in Ukraine, Kakinada and 
Pentha barrier beaches in India and the barrier islands of the Chesapeake Bay. These sites highlight the 
diverse nature of barrier beaches and the common challenges they face in terms of erosion, habitat loss, and 
the need for sustainable management practices. 
 
Sea level rise (SLR) will become one of the main problems for barrier beaches in future (Passeri et al. 2018) 
due to several reasons. Firstly, higher sea levels can lead to more frequent and severe flooding, especially 
during storm events. This increased inundation can cause significant erosion, overwash, and even permanent 
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River has significantly reduced the river's sediment discharge, leading to notable issues of erosion and 
subsidence in the region. The delta features two prominent spits: Fangar to the northwest and Banya to the 
southwest, with the latter connected to the mainland by the Trabucador barrier beach.  
 
This barrier, the focal point of this study, lies between the Mediterranean Sea and the semi-enclosed Alfacs 
Bay (Grifoll et al. 2019). The beach is approximately 5.5 km long, 100 to 150 m wide, and reaches a maximum 
elevation of 1.5 m. Despite its environmental significance, the beach is highly vulnerable to breaching, 
particularly during winter storms, as seen with the severe impacts of Storm Gloria in 2020 and Storm 
Filomena in 2021, both of which caused substantial damage that took nearly a year to repair. The Trabucador 
beach, formed only four centuries ago through littoral transport, is now threatened by the very processes 

 
Figure 3-1 Study Area. Close-up from Spain to Ebro Delta, with red rectangles showing Barcelona, Ebro Delta and Trabucador 
barrier beach respectively. Bottom image shows an elevation map of the studied region. 
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part, while the classical nourishment scenario experienced multiple breaches along the entire beach. The 
presence of strong overwash throughout the beach and notable formation of a swash zone bar in the 
southern part further demonstrated the intensified geomorphological changes (Appendices Figure A-6). 
 
Long-shore profile changes showed that during storm Gloria, breaching depths reached up to 1.5 m across 
all scenarios, indicating a severe uniformity in the degradation of the beach profile. The lack of variability in 
long-shore changes among different scenarios underscores a tipping point in the resilience of the coastal 
system. For storm Filomena, breaching depths increased significantly compared to the +0.27 m SLR condition, 
while for Storm Isaak, the largest breaches were observed in the no protection case, though parts of the 
alternating dunes remained intact, highlighting some residual effectiveness of this management strategy 
(Figure 3-3). 
 
3.3.3. SLR projection for 2100 (+0.75 m) 
With a 0.75 m SLR, storm Filomena led to complete breaching of the Trabucador beach across all 
management scenarios, essentially washing away the beach along its entire length, with only negligible 
patches remaining above the increased water level. The results depict a beach landscape that has reached a 
tipping point under these conditions, with significant erosion across the beach and sediment displacement 
into the bay area. The formation of swash-zone bars, previously noted, was largely absent under these severe 
conditions, indicating a substantial morphological transformation of the coastal zone (Appendices Figure 
A-7). Similarly, storm Gloria replicated the severe impacts seen with Filomena under the same SLR conditions, 

 
Figure 3-3 Cross-shore variations of beach profiles along the Trabucador barrier beach for each of the mitigation strategies 
and with the +0.57 m SLR scenario 
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confirming the beach's vulnerability at this elevated sea level. The entire beach experienced a complete 
breach, with minor patches marginally above the current water level. The absence of swash-zone shore 
parallel bars, which are indicative of sediment redistribution processes, points to a drastic displacement of 
the beach into the bay, emphasizing the failure of protection measures to mitigate such extreme impacts 
(Appendices Figure A-9). Storm Isaak, while causing widespread breaching across all management scenarios, 
did not completely breach the barrier beach as seen in the other storms. The no protection scenario showed 
complete breaching in the middle with significant overwash extending to the northern and southern 
stretches. In the alternating dunes scenario, a wider breach occurred in the middle with smaller breaches at 
the southern and northern ends, marking the first time these structures have failed under such conditions. 
The classical nourishment scenario also experienced strong breaching, particularly in the southern and 
middle sections of the beach. 
 
The long-shore profile changes during storms Gloria and Filomena showed a near-uniform depth of breaches 
across all scenarios, reaching depths just above 1.5 m for Gloria and about 1 m for Filomena, similar to the 
breaches in previous SLR conditions. Despite widespread breaching during Storm Isaak, the depth of these 
breaches was relatively shallow compared to other storms, indicating varied impacts based on storm 
characteristics and perhaps some residual effects of the coastal defences, although the alternating dunes 
were notably destroyed (Figure 3-4). 
 

 
Figure 3-4 Cross-shore variations of beach profiles along the Trabucador barrier beach for each of the mitigation strategies 
and with the +0.75 m SLR scenario 
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3.3.4. Breaching volume and area 
In the context of varying SLR scenarios, a detailed examination of breaching volumes and areas highlights the 
increasing vulnerability of coastal defences under escalating sea levels. The collected data delineates how 
breaching dynamics evolve across different management strategies and storm conditions. At the current sea 
level, the no protection scenario records the highest breaching volumes, with Gloria leading at 121,881 m³, 
followed by Filomena at 41,252 m³, and Isaak at 13,574 m³. Alternating dunes and classical nourishment 
show significantly reduced volumes, emphasizing their initial effectiveness. Under a +0.27 m SLR, there is a 
marked increase in breaching volumes. For instance, under no protection, Gloria's breaching volume 
escalates to 311,506 m³. Despite the application of protective measures, similar increases are noted, with 
classical nourishment and alternating dunes reaching 300,902 m³ and 317,149 m³ respectively for Gloria, 
underscoring the limited scalability of these defences against rising sea levels. At a +0.57 m SLR, the breaching 
volumes continue to rise, with no protection reaching 500,599 m³ for Gloria and classical nourishment 
peaking at 595,621 m³, indicating a reduced protective benefit at this higher SLR. With a +0.75 m SLR, the 
volumes under no protection for Gloria are at 583,575 m³, with classical nourishment reaching an even higher 
732,359 m³ (Figure 3-5). This illustrates a further decline in defence effectiveness, as even the most robust 
measures fail to significantly mitigate breaching impacts. 
 
Regarding breaching areas, the trend also indicates increasing susceptibility, where at current sea levels, the 
areas affected are relatively modest, with no protection yielding 0.20 km² for Gloria and 0.22 km² for 
Filomena. With a +0.27 m SLR, these areas expand, reaching 0.45 km² for Gloria under no protection, and 
classical nourishment results in an area of 0.51 km². At +0.57 m SLR scenario, the area for Gloria under no 

 

 
Figure 3-5 Breaching volume, a) Current, b) SLR 0.27m, c) SLR 0.57m, and SLR 0.75m 
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protection increases to 0.49 km², and under classical nourishment, it reaches 0.67 km². Finally, under +0.75m 
SLR, the breaching area for Gloria extends to 0.56 km² under no protection and to 0.75 km² under classical 
nourishment, marking the highest recorded area (Figure 3-6). 
 
3.4. Discussion 
The results show that while the proposed protective measures may reduce breaching volumes and areas at 
scenarios with low SLR, their efficacy diminishes as SLR increases, reaching a point where traditional coastal 
defences are overwhelmed (Cooper et al. 2020), suggesting the need for more advanced or adaptive 
strategies in coastal management to handle the impacts of higher sea levels and more severe storm 
scenarios, in concordance with Lepesant (2024). The analysis of coastal protection measures efficiency under 
varying Sea Level Rise (SLR) scenarios shows a clear trend of diminishing effectiveness as sea levels increase. 
The performance of classical nourishment and embryonic alternating dune system is evaluated against the 
benchmark of no protection under different storm and water level conditions. At the current water level, 
both protection measures are highly effective. For Storm Isaak, the measures completely prevent breaching. 
In the case of Storm Filomena, breaching is reduced by 80%, and for Storm Gloria, classical nourishment 
reduces breaching by 65 % while alternating dunes achieve a 30% reduction, as seen in Figure 3-7. Under a 
+0.27 m SLR, the protection measures still function effectively for milder storms like Isaak and Filomena, with 
classical nourishment providing more substantial reductions in breaching compared to embryonic alternating 
dunes. However, for Storm Gloria, both protection strategies only reduce breaching by about 10 %, indicating 
a significant decrease in their effectiveness. With +0.57 m SLR, the reduction in breaching efficiency becomes 
more pronounced. Classical nourishment results in a 40 % reduction for Storm Isaak, significantly less 
effective than at lower sea levels, and alternating dunes only reduce breaching by 15 %. For Storm Filomena, 
both strategies reduce breaching by just 9 %, and for Storm Gloria, the measures fail almost completely, with 

 
Figure 3-6 Breaching area, a) Current, b) SLR 0.27m, c) SLR 0.57m, and SLR 0.75m 
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alternating dunes providing a mere 2.7 % reduction, and classical nourishment actually resulting in a 10 % 
increase in breaching compared to no protection. In the scenario of a +0.75 m SLR, the protection measures 
struggle to prevent breaching effectively. Classical nourishment reduces breaching by 17.5 % for Storm Isaak, 
while alternating dunes manage only a 10 % reduction. For storms Gloria and Filomena, the measures are 
almost ineffective, with breaching volumes similar to scenarios without any protection, indicating a near-
total failure of the coastal defences (Figure 3-7). 
 
As commented previously, with +0.27 m SLR, both classical nourishment and embryonic alternating dunes 
demonstrate a considerable capacity to reduce the impacts of storm-induced breaching. This SLR level 
represents conditions likely to be encountered around mid-century, based on current climate projections. In 
these scenarios, the protection measures are able to mitigate not just the frequency of breaching but also 
maintain more controlled breach characteristics, such as location and morphology. The effectiveness of these 
measures under a +0.27 m SLR is not uniform across the entire beach but is more pronounced in certain areas 
by targeted breaching especially in alternative dune condition. This indicates that the strategic placement 
and design of protection measures can enhance their overall effectiveness, particularly in guarding critical or 
vulnerable sections of the coastline. The success of these protective measures at +0.27 m SLR suggests that 
they are sustainable options for managing coastal risks associated with moderate increases in sea levels. This 
is significant for coastal planning and management, as it provides a viable timeframe during which these 
measures can be expected to perform effectively, allowing for planning and adaptation before conditions 
worsen. 
 
As SLR increases beyond +0.27 m, the effectiveness of both classical nourishment and alternating dunes 
rapidly declines. This was particularly evident in scenarios simulating SLRs of +0.57 m and +0.75 m, where 
these measures failed to significantly mitigate the effects of storm-induced breaching. This threshold 

 
Figure 3-7 Efficiency of the mitigation strategies. CN stands for classical nourishment and AD for alternating dunes. The 
numbers within the description of each case refers to the climate change scenario with current water level, +0.27 m, +0.57 m 
and +0.75 m. 
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behaviour highlights a critical limit in the current design and implementation of such measures. The failure 
of traditional protection measures at higher SLRs underscores the necessity for developing scalable and 
adaptable coastal defences strategies. As SLR projections for later this century exceed the +0.27 m mark, it 
becomes imperative to explore more innovative, flexible, and robust solutions that can accommodate more 
severe changes in sea level and associated storm dynamics. The analysis from the Trabucador beach case 
study starkly illustrates the significant role that beach level and width play in determining the impact of 
storms under different SLR scenarios compared to current conditions. The beach's inherent characteristics, 
particularly its width and elevation, are pivotal in moderating storm-driven morphodynamical changes. 
Under current conditions, the beach's configuration, especially width, is a critical factor in mitigating storm 
impacts. For instance, in the no protection scenario, the beach width is notably narrower in the middle 
sections (ranging from 35 m to 60 m), making these areas more susceptible to breaching. The classical 
nourishment strategy, which increases the beach width to 120 m and stabilizes the crest level at 0.7 m, shows 
a substantial reduction in breaching, as it enhances the beach's capacity to absorb and dissipate storm energy 
more effectively. However, as SLR scenarios intensify, the dynamics shift considerably. The observations 
indicate that while beach width and initial elevation are significant in current conditions, their importance is 
overshadowed by the elevation factor as SLR increases. With higher SLRs, the waves begin to break directly 
over the barrier beach, effectively negating the benefits of increased width. This behaviour was also observed 
by Anarde et al. (2024a, 2024b). The protective measures fail to prevent significant breaching, highlighting a 
need for adaptive strategies that consider not just width but also the elevation and resilience of the beach 
profile in response to rising sea levels and more potent storm surges, as discussed by Bongarts et al. (2021). 
The near uniformity of storm impacts across different management scenarios at higher SLRs underscores the 
pressing challenge of developing coastal defences that can withstand the effects of climate change-driven 
sea level increases. 
 
3.5. Conclusions 
The study of Trabucador barrier beach and the Ebro Delta under various SLR scenarios reveals the critical 
need for adaptive and innovative coastal defence strategies, particularly emphasizing the effectiveness of 
NbS such as embryonic alternating dunes at moderate SLR levels (+0.27 m). These measures are shown to 
significantly reduce breaching impacts and maintain beach resilience, highlighting their potential applicability 
to similar coastal systems facing moderate SLR. However, the effectiveness of these NbS and other classical 
approaches declines sharply at higher SLR levels (+0.57 m and +0.75 m), suggesting that while they provide 
substantial protection in the near term, additional or enhanced measures will be needed for long-term 
sustainability. The long-term evolution of barrier beach systems, including Trabucador, is highly debated with 
considerable uncertainties, and the projected SLR impacts might not precisely represent future conditions 
but offer valuable insights into potential responses to higher water levels. The study also indirectly addresses 
the influence of additional storm surges on storm impacts by examining different increased water levels 
aligned with SLR scenarios. Climate change projections indicate a potential minor increase in storm 
intensities and surge levels in the Mediterranean, underscoring the urgency for innovative, adaptable NbS to 
protect coastal areas. These findings suggest that while current NbS are effective for moderate SLR, ongoing 
research, monitoring, and adaptive management will be essential for addressing the complex and evolving 
challenges posed by climate change to coastal systems like the Trabucador barrier beach and similar 
environments globally. 
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ABSTRACT: The Wadden Sea is a coastal region of significant ecological and economic importance. 
Climate change-driven sea level rise (SLR) and intensified storms heighten the risks of coastal flooding 
and erosion, necessitating the integration of nature-based solutions into management practices for 
long-term sustainability. This study examines the role of seagrass in reducing coastal risks in the 
German Bight, focusing on Jade Bay located in the southern Wadden Sea. Historical and end-of-century 
SLR scenarios were simulated using the SCHISM model, which couples hydrodynamics, waves, 
sediments, and a seagrass module. Simulations with and without seagrass were analyzed to assess 
habitat and ecosystem service changes due to SLR, based on the EUNIS habitat classification system 
using the D-ECO impact tool. Ecosystem services (ESS) evaluated included provisioning, carbon 
sequestration, water quality regulation, natural hazard regulation, and coastal erosion prevention. The 
findings indicate that seagrass meadows reduce current velocities and wave heights by approximately 
45%, leading to a 45% reduction in bottom shear stress and an 80% decrease in erosion flux. Although 
seagrass remains effective at reducing erosion under elevated sea levels, its efficiency slightly declines 
compared to current conditions. Future climate scenarios suggest a potential expansion of sublittoral 
habitats and a 30-50% reduction in salt marshes, which provide among the highest ecological value in 
terms of ESS score. This shift could result in a 30% decrease in erosion protection and a 3% decline in 
carbon sequestration capacity. 

 
 
 
4.1. Introduction 
4.1.1. Coastal vulnerability 
Coastal areas are among the most dynamic and vulnerable environments on Earth, subject to the influences 
of natural processes and human activities. These regions are of critical importance for their ecological value, 
economic importance, and social significance. However, these areas are also facing significant challenges 
because of climate change, which is expected to exacerbate existing issues such as erosion, flooding, and 
habitat loss. To ensure the effective management and protection of coastal zones, it is imperative to gain an 
understanding of how these areas respond to varying climatic conditions and anthropogenic pressures 
(UNEP, 2017). 
 
Climate change scenarios, as delineated by the Intergovernmental Panel on Climate Change (IPCC), provide 
a framework for projecting future conditions. The Representative Concentration Pathways (RCPs) present a 
range of potential trajectories for greenhouse gas concentrations and their associated impacts on the global 
climate. This study concentrates on the high-emission RCP8.5 scenario, which represents a future 
characterized by sustained high levels of greenhouse gas emissions and minimal mitigation efforts. Global 
temperatures could rise by 3.2 to 5.4°C by the end of the century under RCP8.5, leading to significant 
increases in sea levels, more extreme weather events, and profound impacts on coastal systems. By 
examining the 5th, 50th, and 95th percentiles within this scenario, it is possible to gain insight into a range 
of potential environmental conditions, from moderate to extreme (Masson-Delmotte, et al., 2021). 
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The Wadden Sea, located in the southeastern region of the North Sea, is becoming increasingly exposed to 
flooding and coastal erosion due to the rising frequency and intensity of extreme weather events driven by 
global climate change. These threats endanger the coastal communities and ecosystems of the region, 
underscoring the need to develop alternative mitigation strategies. As a UNESCO World Heritage Site, the 
Wadden Sea faces the distinctive challenge of balancing the preservation of its ecological integrity with the 
necessity for adaptive measures. Consequently, conventional hard engineering solutions, such as dams and 
breakwaters, are less favored. This has led to an increased focus on innovative nature-based solutions (NbS) 
in recent years. 
 
4.1.2. Restoration efforts 
As part of the REST-COAST project, Hereon explores the theoretical benefits of seagrass restoration in the 
German Wadden Sea. While we are not involved in hands-on restoration activities and no active seagrass 
restoration projects are currently permitted in our study area, we focus on modelling potential outcomes. 
Our "What-if" scenarios for the East Frisian Wadden Sea are motivated by two factors: the observed recovery 
of seagrass in the North Frisian Wadden Sea, attributed to improved water quality from reduced 
eutrophication via rivers, and the growing body of scientific evidence supporting seagrass as an effective 
nature-based solution with multiple ecological benefits: Seagrass restoration as a NbS and coastal protection 
measure offers significant benefits, including the attenuation of wave energy, reduction of near-shore 
currents, and stabilization of the seabed. Recent studies have documented a positive trend in the natural 
recovery of seagrass meadows in the Wadden Sea area over the past two decades (van Katwijk, et al., 2024).  
 
Recognizing the crucial role of coastal vegetation, particularly seagrass, in modulating coastal dynamics, we 
incorporate what-if scenarios into our modeling efforts to evaluate and assess the impact of seagrass under 
historical (1999-2003) and future (2090-2093) climate conditions.  Moreover, the impact of seagrass on the 
hydrodynamic forces and sediment transport processes will be evaluated to gain insights into its role as a 
natural adaptation strategy. Therefore, within D 2.3 we expand further upon the works initialized within D2.2 
addressing future climate projections and integrate the habitat and ESS approach illustrated in D 4.1. 
 
4.2. Methods 
The future risk projections are based on the RCP8.5 scenario, which assumes a continuous rise in greenhouse 
gas emissions throughout the 21st century. Despite ongoing debates about the likelihood of this emissions 
pathway (Hausfather, & Peters, 2020), the RCP8.5 scenario is of significant scientific importance due to its 
high signal-to-noise ratio. This characteristic makes it particularly effective for identifying emerging climate 
change signals. Under this scenario, the global mean sea level is expected to increase by approximately 40 
cm, with regional rises potentially reaching up to 1 meter in the German Wadden Sea by 2100 (Pein et al., 
2023). 
 
4.2.1. Downscaling: initialization and forcing 
The boundary forcing is derived from downscaled regional projections of mean sea level (MSL) and outputs 
from coupled Remo climate scenario simulations (Pein et al.,2023). The principal dynamic factors under 
consideration in our study are changes in the global mean sea level and coupled ocean-atmosphere 
variability. The increase in global mean sea level is attributable to several factors, including thermosteric 
expansion, the melting of polar ice caps and glaciers, and gravitational responses resulting from the 
conversion of ice masses to liquid (Church et al., 2013; Golledge, 2020). Regional variations in global MSL rise 
may be influenced by vertical land movements, including postglacial isostatic rebound. Probabilistic 
estimates for MSL rise under the RCP8.5 scenario from the UKCP18 project are used to prescribe these 
changes (Palmer et al.,2018 & Palmer et al.,2020). 
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The regionalized simulations from the Max Planck Institute Earth System Model Low Resolution (MPI-ESM-
LR) ensemble, conducted under the RCP8.5 scenario, were employed to analyze the coupled ocean-
atmosphere dynamics. The global climate ensemble was downscaled using a regionally coupled climate 
system model with a nominal resolution of 5 km in the Southern North Sea (MPI-OM, as described by (Mayer 
et al., 2022; Mikolajewicz et al.,2005; Mathis, & Mikolajewicz 2020).  The REMO atmospheric module, with a 
resolution of approximately 7 km, not only includes atmospheric variables but also predicts daily surface 
runoff, which contributes to river input. The ensemble simulation dataset captures the variations in ocean 
density and currents, as well as the meteorological conditions, including atmospheric water transport, which 
are driven by the increased radiative forcing due to climate change. 
 
The ensemble was generated by initializing the global model with various historical states from the years 
1950-1959, based on three previous simulations using the same model system (Mathis, & Mikolajewicz 
2020). The 6-hourly outputs from these global simulations were employed to drive the MPI-OM-REMO 
regional climate modeling framework, which subsequently provided boundary forcing for the Semi-implicit 
Cross-scale Hydroscience Integrated System Model (SCHISM) simulations for the Southern North Sea setup 
analyzed in Pein et al.,2023. Subsequently, the initial forcing for the German Bight and Jade Bay setups (Figure 
4-1) was downscaled from the southern North Sea setup. The ensemble approach permits the examination 
of the internal variability of the climate system by varying the initial states across the 30 ensemble members. 
However, it does not account for MSL rise, which is therefore incorporated here using probabilistic estimates 
along with the forcing data (Palmer et al., 2018 & Palmer et al., 2020). 
 
4.2.2. SCHISM model and sub-modules 
The hydrodynamic impact of seagrass then is evaluated through numerical simulations using SCHISM (Zhang 
et al., 2016; Zhang et al., 2020). This model employs the Reynolds-averaged Navier-Stokes equations, utilizing 
unstructured grids, with the hydrostatic and Boussinesq approximations. The Eulerian-Lagrangian Method 
(ELM) facilitates enhanced momentum advection, while the salinity and heat transfer equations are solved 
with a second-order total variation diminishing (TVD) approach. 
 
The SCHISM model was integrated with the wind wave model WWMIII (Roland et al., 2012) and the sediment 
transport model SED3D. SED3D is an adaptation of the Community Sediment Transport Model (Warner et 
al., 2008), which has been further documented by Pinto et al., 2012. The turbulence model accounts for 

  
Figure 4-1 Model domains  for Hereon and NLWKN and Seagrass implementation (Left) and seagrass scenario for Jade Bay 
experiments (right) 
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sediment-induced stratification, which is essential for accurately simulating hydrodynamics and sediment 
dynamics in highly turbid environments. The sediments are divided into classes, each of which is defined by 
specific parameters, including grain size, density, settling velocity, erosion rate, and critical shear stress for 
erosion. The model differentiates between cohesive and non-cohesive sediments and calculates erosion, 
deposition, bedload transport, and suspended sediment transport across eight sediment classes with median 
grain sizes (d50) ranging from 0.06 mm to 2.0 mm. 
 
In addition to the wave and sediment model, the study also incorporated vegetation in some experiments. 
The impact of seagrass is accounted for by introducing an additional drag term in the Reynolds-averaged 
Navier-Stokes equations, along with an extra source term for turbulent kinetic energy and mixing length, as 
detailed by Zhang et al., 2020. (See Jacob et al., 2023 for more information). 
 
4.2.3. Experiments 
The study comprises a series of simulations conducted for both historical (1999-2002) and future (2090-2092) 
periods, focusing on different forcings (r212-median, r217-lower, and r219-upper) with respect to the 
variability of atmospheric forcing under the RCP8.5 scenario median of regionalised global MSL rise (Table 
4-1). Each period includes two sets: one with vegetation and one as a reference without vegetation. This 
setup allows for a comprehensive assessment of how different forcing conditions and the presence of 
seagrass influence hydrodynamic and sediment transport. The experiments aim to provide insights into the 
role of seagrass as a natural adaptation strategy across varying climatic conditions. 
 
Due to the high computational costs and limitations of running the German Bight setup for multiple years, 
the experiment was limited to a comparison between historic and future conditions in 2090, based on the 
ensemble median RCP scenario (r212) presented in D 2.2 (adding further analysis within 2.3). In contrast, the 
Jade Bay setup includes multi-annual, multi-ensemble member simulations, as outlined in Table 4-1. For the 
German Bight the seagrass restoration is realized as a maximally upscaled seagrass restoration filling the 
entire inter-tidal area within the Wadden Sea, while for the Jade Bay vegetation is introduced in the intertidal 
Jade Bay for the area highlighted in Figure 4-2(right): The location of the seagrass in this restoration scenario 
was based on observations, and previous measurements campaigns, where we identified potential areas 
where seagrass had previously grown and simulated different scenarios, placing the seagrass in various 
locations, to assess its potential as a NbS (see Dolch, et al., 2017). 
 

 
4.2.4. Habitat Postprocessing via the D-Eco Impact tool 
The model simulations are classified using the European Nature Information System (EUNIS), which 
categorizes habitats based on species composition, abiotic conditions, and geographic location utilizing 
habitat codes (Olenin et al.,2006; Baptist et al.,2019, see also Deliverable 4.1 Table 5). The methodology was 
detailed in Deliverable 4.1, that further introduced a scoring system for ecosystem services and biodiversity 
indicators, assigning each habitat an ESS score for functions like Food Provisioning (FP), Carbon Sequestration 

Table 4-1 Simulation overview for Historical (1999-2002) and Future (2090-2092) periods for the different scenarios, with the 
reference scenario without seagrass (ref) and the vegetation one with seagrass (veg) 

Period Forcing Scenario 
  
Historical 

212-median 
217-lower 
219-upper 

historical-median-ref/veg 
historical-lower-ref/veg 
historical-lower-ref/veg 

  
Future 

212-median 
217-lower 
219-upper 

future-median-ref/veg 
future-low-ref/veg 
future-upper-ref/veg 
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(CCR), Water Quality Regulation (WP), Natural Hazard Regulation (RFR), and Coastal Erosion Prevention 
(RCE). 
 
The EUNIS classification is applied to the SCHISM model output through D-Eco Impact, an impact assessment 
tool that supports the creation of resilient, healthy water systems for both people and nature (Weeber et al., 
2024). This tool enables scenario analysis, habitat suitability studies, and explores the relationship between 
abiotic conditions and species composition. It operates using user-defined knowledge rules, such as EUNIS-
defined abiotic ranges, specified in YAML configuration files. 
 
4.2.5. Direct Quantification of ESS 
-For the present deliverable report D.2.3, the focus is on risk reduction related to flooding and erosion. As 
part of the risk projection strategy, the evaluated measures for NbS are explored under the aforementioned 
(2.3) environmental and climatic conditions quantifying the ESS FP and RCE  based on statistical measures for 
the model output according to Table 4-2. 
 
4.3.  Results 
4.3.1. Validation 
In D 2.2, the German Bight model was shown to be an effective means of replicating the observed water and 
wave levels. Likewise, the Jade Bay model here shows close agreement with the observations, for the tide 
gauges located in the model domain, giving a mean standard deviation about 1.03 a mean correlation of 0.9, 
and a relatively low mean RMSE of 0.3 m meaning there is a good consistency between simulated tidal 
maximums and minimums and the observed ones (Figure 4-2). 
 

Table 4-2 Overview of ESS measures quantified from model output 

ESS Model parameter Indicator system specific 

Reduction coastal 
erosion 

Erosion volumes Annual mean erosion volume (flux) / bottom stress for 
a user-defined area  

  Vegetation/biotope cover on 
foreshore 
 

Area (in m2) per EUNIS ecotope in a user-defined area 
at the end of a time horizon 

Reduction flood 
risk 

Water levels during 
extreme/storm conditions 
Waves during extreme/storm 
conditions 

mean during storm 
  
mean during storm 
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Figure 4-2 Taylor diagram with map of the 3 TG stations used for the validation (Left) and Time series comparison for the 
stations Bremen and Wilhelmshaven (right) 

 

 
Figure 4-3 Change in multi annual average of  Left side: bed Stress; Right side: significant wave height (Hs) 
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4.3.2. Effect of Sea level rise 
-To assess the impact of future sea level rise on the hydrodynamics of the region, a series of numerical 
simulations were conducted, comparing the projected future period (2090-2093) against the historical 
baseline (1999-2003) for the various forcing scenarios. Figure 4-3 indicates that regions depicted in red will 
be at an elevated risk of erosion due to rising sea levels. The enhanced currents and elevated bed stress in 
these regions will likely mobilize a greater volume of sediment, potentially resulting in coastal retreat and 
alterations in seabed morphology.  The r212 scenario indicates that moderate future changes are likely to 
occur, with localized increases in velocity, bed stress, and significant wave height (Hs). These interrelated 
factors suggest that while some areas will experience stronger currents, more energetic waves, and increased 
erosion, other areas may stabilize or accumulate sediment as a result of reduced bed stress and lower 
velocities. 
 
In contrast, the r219 scenario highlights the most extreme future changes, with extensive areas of increased 
velocity, bed stress, and significant wave height. The significant future increases in these areas underscore 
their increased vulnerability to erosion and other dynamic coastal processes. The stronger currents, 
combined with higher bed stress and more intense wave conditions, suggest that sediment mobilization and 
coastal erosion will be particularly severe under this scenario, resulting in significant shoreline reshaping. 
 
4.3.3. Effect of restoration in combination with sea-level rise 
Initial exploration on the effect of SLR was started in D.2.2 utilizing the GB model, for end of the century 
simulations (2.2), exploring the ensemble median SLR for the 2090 ensemble projection under the ensemble 
median atmospheric variability. This overall demonstrated that for the same seagrass restoration scenarios, 
the overall efficiency of kinematic reduction is reduced and in particular the extended effect of how the flats 
affect the adjacent channels is reduced. Nevertheless, it remains an effective solution, especially in terms of 
reducing bottom stress and sediment mobilization. 
 
The different percentiles of atmospheric variability affecting the future climate model were explored via the 
Jade Bay model. The following analysis examines the impact of sea level rise and the potential role of seagrass 
restoration in mitigating its effects on coastal dynamics. It considers bed stress, erosion flux, significant wave 
height, and depth-averaged velocity under the r212-median scenario (Figure 4-4). 
 

 

 
Figure 4-4 Restoration for 212-median scenario; (a) Bed Stress; (b) Erosion Flux; (c) Significant Wave Height; (d) Depth-
Averaged Velocity 
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The analysis illustrates that seagrass restoration represents a key strategy for mitigating the adverse impacts 
of sea level rise on coastal dynamics. By reducing bed stress by 45%, erosion flux by 80%, significant wave 
height by 50%, and depth-averaged velocity by 20%, seagrass provides a natural buffer that helps to protect 
the coastline from the increased risks posed by rising sea levels. Seagrass plays an instrumental role in 
stabilizing sediments, reducing the energy of waves and currents, and mitigating the forces that contribute 
to erosion. This stabilizing effect is of great consequence in the preservation of coastal integrity, particularly 
in light of the rising sea levels and the concomitant increase in the frequency and intensity of storm events. 
 
4.3.4. Risk Analysis 
To provide a comprehensive spatial assessment of seagrass effectiveness under storm-induced stress 
conditions, erosion risk maps were generated for the two periods, the preceding and during the storm. These 
maps categorize erosion risk from No-risk (green) to High-risk (red), allowing for a visual comparison of 
erosion risk before and during the storm (Figure 4-5). The storm, which occurred from September 17-22, 
2090 (days 263-265), was identified within the future climate projections by analyzing the wind speed in the 
region. The period before the storm occurred from September 15-17, 2090 (days 260-263).  
 
The erosion risk is quantified by comparing the bottom shear stress to the critical shear stress necessary for 
sediment mobilization. Initially, a spatially distributed mean critical shear stress is computed for each node 
in the model domain, considering the characteristics of the sediment types present at those nodes. This mean 

 
Figure 4-5 Erosion risk maps from No-risk (green) to High-risk (red) for two different periods: before the storm for (a) and (c) 
and during the storm for (b) and (d); (a) and (b) represent the maps without Nature based Solutions (NbS);  (c) and (d) include 
the NbS 
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value represents the average stress required to mobilize the sediments at each node, based on their 
composition. 
 
This approach allows the model to assess erosion risk accurately by incorporating the specific sediment 
characteristics at each location. We calculate an exceeding factor to quantify the erosion risk by dividing the 
modeled bottom shear stress by the mean critical shear stress. A value greater than 1 in this ratio indicates 
that the actual shear stress is sufficient to cause erosion potentially. This exceeding factor is computed for 
scenarios with and without vegetation, allowing for comparing erosion risks and illustrating the protective 
effects of vegetation cover. The frequency of exceeding events is then statistically analyzed by calculating 
the proportion of time steps where the critical shear stress is exceeded. This provides a measure to assess 
and visually compare erosion risk across the model domain. 
 
Figure 4-5a and Figure 4-5b show the erosion risk maps without the restoration. The risk maps before the 
storm indicate the existence of extensive Increased-risk to High-risk areas along the coastlines, thereby 
suggesting an elevated level of vulnerability. During the storm, these Increased-risk zones intensified to High-
risk zones. 
 
--For the maps with the restoration, a notable reduction in Increased-risk to High-risk zones is observed 
before the storm, particularly in the central and southern sections close to the bay (see Figure 4-5c). This 
reduction suggests that the seagrass plays a role in stabilizing sediment, which may result in less sediment 
mobilization in the absence of a storm. During the storm, however, the Increased-risk to High-risk areas 
expanded (see Figure 4-5d). This indicates that while the seagrass helps distribute the stress more evenly 
across the region, its protective effect is challenged by the storm's intensity. Nevertheless, the seagrass 
within the bay continues to serve as an effective buffer and dissipater of storm energy, thereby providing 
localized protection. 
 
4.3.5. Ecotope maps 
Ecotope maps had been created applying D-Eco Impact to the scenario simulations conducted with the 
German Bight and Jade Bay models, identifying habitats according to Table 4-3. The potential salt marsh area 
is displayed in the green tones, while the infra and circalittoral areas are colour coded in blue, and the mud 
areas in reddish-brown colours (Figure 4-6 and Figure 4-8). 
 
The habitat maps produced by the model generally exhibit a good correspondence with the observation- and 
survey-based maps provided in D 4.1. Sub-littoral and coastal salt marsh areas, such as those in Jade Bay, 
align reasonably well with D 4.1 Fig. 8. Muddy littoral habitats (MA6) are also present in the SCHISM D-Eco 
Impact post-processed output, though they appear slightly reduced in extent and are shifted towards a more 
saline environment. The interpolated background maps of grain sizes in the model seem too coarse, resulting 
in a shift toward a coarser sediment classification resulting in MA32 where the sandy MA52 was expected 
based on observations. 
 
Projections of future sea level scenarios suggest an expansion of infralittoral and circalittoral zones, 
extending from the tidal channel network and transitioning to deeper littoral types (Figure 4-6 and Figure 
4-8). In the nearshore zone, there is a projected loss of valuable potential salt marsh areas (Table 4-3) as 
these zones are pushed back by an expanding littoral area and the associated increase in flooding frequency. 
Introducing small seagrass meadow areas does not much alter the outcome of the habitat maps, thus they 
are omitted in the Jade Bay experiments.  Applying the ESS scoring approach (4.2.3, Table 4-3) initially 
developed under D.41 for the different habitats, it becomes evident that the SLR-induced habitat shift results 
in a decrease across all ESS (Figure 4-7 d, Figure 4-8f), except for food provisioning which enhances as the 
increasing littoral areas provide suitable fish grounds and benthic habitats, and the expanded infra- and circa-
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littoral sand areas score higher for this particular ESS compared to the lost littoral mud areas. The Carbon 
Sequestration score remains relatively unchanged, with a minor increase (Jade Bay) or decrease (Waden Sea) 
depending on the total area considered. The largest relative change occurred with respect to the Natural 
Hazard Regulation (12-14 %) and Coastal Erosion Prevention (~ 30 %) scores, which is a direct consequence 
of the marsh land loss, which is the top provider of these ESS and the reason why we apply coastal vegetation 
as NbS (in our case seagrass). 
 

 

 
Figure 4-6 EUNIS map of the Wadden Sea are for present and future sea level   

 
Figure 4-7 Area (m²) by habitat under present day and end of the century sea levels (a, b), relative changes due to SLR (c) for 
EUNIS map of the Wadden Sea displayed in  4-5. d) shows the area multiplied habitat scores according to Table 4-1, the %-
numbers indicate the percentage change with respect to the default area in the vegetation less 1997 reference scenario 
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Figure 4-8 EUNIS map of the Jade Bay for the median scenario for both a) historical and b) future.  Area (m²) by habitat in 
the different scenarios (c,d)  and e) relative changes due to SLR (row-wise differences). j) shows the area multiplied habitat 
scores according to Table 4-3, the %-numbers indicate the percentage change with respect to the default area in 1999 
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ABSTRACT: The Wadden Sea area has a rich biodiversity and a high socio-economic value, providing numerous 
benefits for the local communities. These functionalities however mainly depend on the interaction between 
the Wadden Sea and the marine forcing, which is expected to aggravate in the future. Nature-Based-
Solutions (NbS) are increasingly adapted for the sustainable use of this system. Application of saltmarsh as 
NbS for coastal protection was investigated using numerical experiments (Delft3D/SWAN) based on the Ley 
Bay in the east Frisian Wadden Sea. The focused ecosystem-services (ESS) are expected to improve by 
mitigating hydrodynamics and increasing sedimentation. The constant sea level rise (SLR) scenarios indicated 
that there is a non-linearity in how water level, wave height and velocity in the Ley Bay area are affected, 
with the highest SLR (MSL+0.78 m) showing the largest impacts. In the SLR from 2090 to 2100, the NbS 
application caused sedimentation indicating that the saltmarsh decreases the risk of erosion and enhances 
ESS. Implementing wave dissipation by saltmarsh in the Delft3D-WAVE resulted in about two order of 
magnitudes higher dissipation by vegetation than bottom friction and breaking and decrease the 
susceptibility of the wave attack at the dyke front. Mitigation of wave heights and velocities are about 60% 
and 80% respectively in the saltmarsh area. Water quality  improves due to a significant decrease in sediment 
concentration. Almost no erosion occurred with the NbS and  sediment import into the saltmarsh area was 
achieved. Therefore, the selected NbS can be used as an effective tool for coastal protection in response to 
SLR by mitigating adverse impacts and enhancing ESS. 
 
 
5.1. Introduction 
5.1.1. Coastal vulnerability 
The Wadden Sea area has a rich biodiversity and a high socio-economic value, and therefore is a unique 
dynamic environment providing numerous benefits for the local communities. Due to these functionalities, 
this area has been declared a UNESCO World Heritage site and embedded in a number of EU Directives 
(www.waddensea-worldheritage.org). The Wadden Sea is however continuously shaped by the marine 
forcing exerted in different spatiotemporal scales (Dissanayake et al., 2012). 
 
The existence of this system and its functionalities mainly depend on the dynamics resulting from the 
interaction among the marine forcing, land drain and the exposure of the bed topography. The marine 
forcing, like wave climate, nowadays occurs in clustered-pattern (Dissanayake et al., 2015) and also with high 
severity (e.g., storm Xaver with a return level of 125 years, see previous report D 2.2) causing strong velocities 
resulting into significant physical impacts of the system (e.g., erosion at the supratidal area, hinterland 
flooding). These forcing are expected to be aggravated due to future sea level rise (SLR) and climate change 
scenarios, which will certainly worsen the impacts. The land drain is expected to increase during events (i.e., 
intensity and duration) in the future, though the total precipitation decreases (Trenberth, 2011). The 
exposure of the bed topography (e.g., availability of saltmarsh, seagrass, and mussel beds) has a large 
contribution to damping incoming waves, and thus velocities mitigating the coastal vulnerability and 
enhancing the systems behaviour (Bouteiller and Venditti, 2015; De Oude, 2010). 
  

http://www.waddensea-worldheritage.org/
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5.2. Approach 
5.2.1. Model setup 
Ley Bay is located at the landward end of the tidal basin between Borkum and Juist barrier islands and spans 
an area of about 5 km x 5 km. A high resolution grid (OEMS: Figure 5-2b) and bathymetry (Figure 5-2c) were 
developed within the present project to investigate the potential effect of NbS on hydrodynamics and 
morphological evolution (ESS). The OEMS domain consists of parts from both the North Sea and the Wadden 
Sea to provide good interactions between the physical processes therein. The calibration and validation of 
this model are referred to in the D 2.2 report.   
 
Bed sediment composition was implemented using spatial varying six sediment fractions based on the 
NLWKN measured data covering littoral and eulittoral areas (e.g., grab sampling, sediment cores) (Mascioli 
et al., 2021). Initially, a quasi-equilibrium sediment distribution of each fraction was established by simulating 
the model for the sediment distribution without bed level change following the approach of Dissanayake and 
Wurpts (2013). These sediment maps were then used as the initial bed sediment composition of the model 
to simulate the scenarios. 
 
The models were simulated in the 2DH-mode (depth-averaged). Therefore, the presence of saltmarsh was 
implemented using a Trachytope approach (Delft3D, 2023), which has been developed following the 
formulas by Baptist (2005) to estimate the  drag force exerted by submerged and non-submerged plants. 
 
SLR driven boundary conditions  for the Ley Bay model (OEMS) were developed using a model consisting of  
three nested domains. These experiments were separately carried out applying five scenarios of constant 
increase of mean sea level (0 m, 0.07 m, 0.12 m, 0.26 m and 0.78 m, see section 5.1.3). First, a North Sea 
scale model (Hartsuiker, 2008), which has astronomical boundary forcing, was simulated by applying SLR as 
a correction to the mean value of each tidal constituents and forcing with spatiotemporal wind fields from 
German Weather Service (DWD, 2023). Using the predicted water levels, the EMS-Dollard model (EMS: 
Oberrecht and Wurpts, 2023) was next simulated to extract the water level and current boundary forcing for 
the OEMS model (see report D 2.2 for the boundary setup). This approach provides the effect of SLR on the 
tidal wave propagation in the North Sea, and thus the accurate forcing for the OEMS model, rather constant 
increase of the mean water level at the boundaries of the OEMS model itself. The simulation period of the 
OEMS model is two years in which  noticeable effects of SLR on hydrodynamics, sediment transport and 
morphology are expected. For the simulation from 2090 to 2100, the boundary forcing for the EMS model 
was obtained from the project partner HEREON. 

 
Figure 5-2 EMS-grid (a), OEMS-grid (b) and OEMS-bathymetry (c). For clarity, only every other gird is shown. The orange-line 
indicates the land boundary, and the investigation area is Ley Bay. Colour bar indicates water dephts with respect to NHN 
(Normalhöhennull: equivalent to Mean Sea Level - MSL). The OEMS has 5 open boundaries: 2 at Wadden Sea, East (WD-E) 
and West (WD-W), and 3 at North Sea, East (NS-E), North (NS-N) and West (NS-W). 
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5.3.2. Effects of NbS on ESS due to constant increase of mean sea level 
Exemplary hydrodynamic pattern 
A one-day period during spring-tide (13 October 2015) was selected to demonstrate the impacts of constant 
SLR on the hydrodynamics in Ley Bay, during which the monitoring location has a depth of about 1 m. It 
should be noted that the saltmarsh area is located at around 1.25 m above NHN, which will be submerged 
for a few hours during high water spring. 
 
The water level  in Ley Bay does not increase by the exact amount of SLR for the different scenarios (Figure 
5-7a). Under No SLR, the monitoring location emerges about 2 hours during low water. This period decreases 
as the SLR increases. However, there is no proportionality of this decrease to the amount of SLR. Only under 

 
 

 
Figure 5-5 Sea level variation from 2090 to 2100 of three ensemble scenarios according to Pein et al. (2023). Blue-line 
indicates the linear fit and dash-red-line is the averaged linear fit of all three ensembles. 

 
Figure 5-6 Statistical analysis to define a representative year: Mean relative difference (a), Root-mean-square-difference (b), 
Skill-score (c). Only the starting month of each wind year is indicated. Dash-line shows the occurrence of the representative 
year. Wind rose of overall wind data from 2090 to 2099 (d) and Wind rose of the selected representative wind year from 01 
October 2093 to 30 September 2094 (e). 
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the highest SLR, the location remains submerged. It is generally found that the higher the SLR, the higher the 
increase of high-water peak than the amount of applied SLR. With respect to No SLR, the average increase of 
water level during the entire period accounts for 5.3% for 0.07 m SLR, 9.3% for 0.12 m SLR, 20% for 0.26 m 
SLR and 60% for 0.78 m SLR. These indicate that SLR has different influences on the high-water and the low-
water phases. 
 
Wave height variations are sensitive to to water levels as well as wind (Figure 5-7b). The stepwise pattern 
occurs due to the larger coupling interval (30 min.) between flow and wave modules than the monitoring 
interval (10 min.). The existence of waves depends on the prevailing wind. For example, the highest SLR keeps 
the location always submerged, however no waves during the entire low-water period (see around 04 and 
17 hour). Over the simulated period, the average wave height of the SLR scenarios increases up to 3.5%, 
4.9%, 11.9% and 35.9% with respect to No SLR.  
 
Variations of velocity magnitude indicate not only increase but also phase shift as the SLR increases (Figure 
5-7c). As in the water level, the highest SLR resulted in non-zero velocity throughout the period. All scenarios 
indicate the lowest velocity at the low-water slack, and the difference between the highest SLR and the others 
is considerable at both high- and low-slack waters. The phase difference with respect to No SLR increases as 
the SLR increases. During the flood phase, the velocity increase is faster than No SLR, while during the ebb 
phase, the velocity decrease is delayed as the SLR increases (i.e., faster-rise and slower-fall due to SLR). 
Therefore, the period with significant flow velocity increases with SLR (i.e., area under the curve). The 
average increase of velocity for the SLR scenarios is 2.7%, 3.9%, 10.6% and 22.2% respectively during the 
entire analysis period. These results indicate that the SLR effects on the hydrodynamics are non-linear 
processes, and therefore the influence of a specific SLR scenario on the hydro-morphodynamics needs to be 
separately investigated. 
 

 
Figure 5-7 Variation of Water level (a), Wave height (b) and Velocity magnitude (c) in Ley Bay for No SLR (blue-), 0.07 m 
(2020: RCP 8.5 50% - Garner et al., 2021, red-), 0.12 m (2030: RCP 8.5 50%, black-), 0.26 m (2050: RCP 8.5 50%, magenta-) and 
0.78 m (2100: RCP 8.5 50%, orange-line). For clarity, only one-day period during spring-tide is shown. 

 










































































































































































































































































































































































