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Abstract  

As ecosystem-based adaptation to global change is gaining ground, strategies to protect coastal 

and estuarine areas from increasing flood hazards are starting to consist of natural tidal wetland 

conservation and restoration in addition to conventional coastal defense structures. In this study, 

the capacity of tidal wetlands to locally attenuate peak water levels during storm tides is analyzed 

using a two-dimensional hydrodynamic model (TELEMAC2D) for a 3000 ha intertidal marsh 

(SW Netherlands). Model results indicate that peak water level reduction largely varies between 

individual flooding events and between different locations in the marsh. Model scenarios with 

variable dike positions show that attenuation rates can be minimized by blockage and set up of 

water levels against dikes or other structures confining the marsh size. This blockage only affects 

peak water level attenuation across wetlands if the duration of the flood wave is long compared to 

the marsh size. A minimum marsh width of 6 to 10 km is required to completely avoid blockage 

effects for the storm tidal cases assessed in this study. If blockage does not affect flood wave 

propagation, variations in attenuation rates between different locations in the marsh and between 



tides with varying high water levels can be explained with a single relationship based on the ratio 

between the water volume on the marsh platform and the total water volume on the platform and 

in the channels. Attenuation starts to occur when this ratio exceeds 0.2-0.4 and increases from 

there on up to a maximum of 29 cm/km for a ratio of about 0.85. Furthermore, model scenarios 

with varying marsh channel depth show that marsh scale attenuation rates increase by up to 4 

cm/km if the channel elevation is raised by 0.7 m on average. Conversely, marsh scale 

attenuation rates decrease by up to 2 cm/km for scenarios in which the channels are lowered by 

0.9 m on average. The marsh platform elevation has little effect on the maximum attenuation, but 

it determines which tides are attenuated. In particular, only overmarsh tides that inundate the 

platform are attenuated, while undermarsh tides that only flood the marsh channels are not 

attenuated or even amplified. These findings may assist coastal communities and managers in the 

optimization of the coastal defense function of tidal wetlands in combination with dikes.  



1. Introduction 1 

Ecosystem- or nature-based adaptation is an increasingly adopted strategy to cope with natural 2 

hazards that may increase with global change (e.g., Barbier, 2014; Hinkel et al., 2014; Jones et 3 

al., 2012; Kundzewicz et al., 2014). For coasts and estuaries, which are increasingly exposed to 4 

flood hazards from sea level rise and storm surges (e.g., Nicholls and Cazenave, 2010; Woodruff 5 

et al., 2013), the potential of tidal wetlands, including mangroves and marshes, for the reduction 6 

of flood risks is increasingly recognized around the world (e.g., Gedan et al., 2010; Shepard et al., 7 

2011; Temmerman et al., 2013). In particular, there is growing interest to combine nature-based 8 

coastal defense functions of tidal wetlands with engineered coastal defense structures such as 9 

dikes (Cheong et al., 2013; Sutton-Grier et al., 2015; Temmerman and Kirwan, 2015). Besides 10 

the ecological functions of wetlands, these ecosystems may also contribute to coastal protection 11 

as they reduce the height of wind waves (e.g., Möller et al., 2014, 1999)  and storm surges (e.g., 12 

Krauss et al., 2009; Lovelace, 1994; McGee et al., 2006; Wamsley et al., 2010) through 13 

additional flow resistance exerted by the wetland vegetation and wetland geomorphology. 14 

Moreover, wetlands may also reduce storm surges by increasing the storage area along estuaries 15 

or tidal rivers (e.g., Smolders et al., 2015). The focus of this study is however on the potential of 16 

tidal marshes to reduce storm surges locally within and behind the marsh area.  17 

The capacity of tidal marshes and mangroves to attenuate storm surges is typically expressed as 18 

the reduction of high water levels (HWLs) per distance that the surge has travelled through a tidal 19 

wetland, i.e. the storm surge attenuation rate in cm/km. So far, existing insights on storm surge 20 

reduction rates in marshes are limited and based on scarce field studies, which were mainly 21 

conducted for one or a few specific hurricane or storm surge events (see McIvor et al. 2012 or 22 

Stark et al. 2015 for a more detailed literature review of observed storm surge attenuation rates). 23 



Additional insights come from hydrodynamic modeling studies, which are mostly hind-casts of 24 

specific hurricane events (e.g., Wamsley et al., 2010; Zhang et al., 2012) or consider marsh 25 

geometry in a highly schematized way (e.g., Loder et al., 2009; Temmerman et al., 2012). Peak 26 

water level reduction rates ranging from 4 to 25 cm/km are observed in previous field studies. 27 

The high variety in observed attenuation rates suggests a strong dependency on the local marsh 28 

geomorphology and on the specific hydrodynamic forcing conditions. Besides, the morphological 29 

development of marshes may lead to variations of the attenuation capacity over time. 30 

Numerical modeling studies have shown that storm surge attenuation is dependent on event-31 

specific variables such as storm track and duration (Hu et al., 2015; Rego and Li, 2009; Resio and 32 

Westerink, 2008; Sheng et al., 2012; Wamsley et al., 2010; Weisberg and Zheng, 2006; Zhang et 33 

al., 2012). In particular, Resio and Westerink (2008) explained that attenuation rates decrease for 34 

larger storm surges and longer inundation events, because the surge has more time to fill up the 35 

entire marsh storage area. Wamsley et al. (2009) drew a similar conclusion to explain 36 

amplification of HWLs over marsh sections where levees precluded the surge to move further 37 

inland. Lower attenuation rates for extremely high inundation events were also observed during 38 

in-situ measurements by Stark et al. (2015), who attributed this to limitations in storage area, 39 

vegetation submergence and the decreasing effect of bottom friction on the marsh.  40 

Numerical studies on the effect of channel density and channel geometry on storm surge 41 

reduction show that marshes with more and wider or deeper channels lead to lower attenuation 42 

rates than marshes which are dissected by fewer or smaller channels (e.g., Loder et al., 2009; 43 

Temmerman et al., 2012). Similar tendencies were found in field observations (Krauss et al., 44 

2009; Stark et al., 2015; Van der Molen, 1997), where the highest attenuation rates were observed 45 

along narrow or shallow channel transects. The effect of the elevation of the marsh platform on 46 



surge development over a schematized continuous marsh has been assessed numerically for 47 

hurricane induced surges (Loder et al., 2009; Wamsley et al., 2010) and with field observations 48 

for the propagation of regular tides and storm tides (Stark et al., 2015), which indicate that 49 

attenuation only occurs for a specific range of HWLs above the platform elevation. A variety of 50 

numerical studies showed that flood wave attenuation is significantly influenced by additional 51 

surface roughness due to marsh vegetation cover (e.g., Hu et al., 2015; Loder et al., 2009; Sheng 52 

et al., 2012; Temmerman et al., 2012; Zhang et al., 2012). This would suggest that the extent of 53 

the vegetated marsh platform relative to the extent of the channels dissecting the platform 54 

determines the rate of attenuation. However, no geometrical measure or parameter is found yet in 55 

which the effects of variations in marsh geometry are combined with variations in flood wave 56 

height, and based on which the storm surge attenuation capacity of tidal wetlands can be 57 

predicted. Furthermore, the effect of the position of dikes confining the marsh size on flood level 58 

reduction is still poorly studied. To our knowledge, there are no existing studies in which the 59 

effect of marsh size is quantified by comparing flood level reduction rates for variable dike 60 

positions. As the interest of coastal managers for ‘hybrid’ coastal defense strategies based on a 61 

combination of engineering and nature-based solutions is growing (e.g. Sutton-Grier et al., 2015; 62 

Temmerman and Kirwan, 2015), insights on the potential for flood level reduction provided by 63 

coastal and estuarine marshes and how they interact with conventional coastal defense structures 64 

such as dikes need to be improved. 65 

In this study, we assess the effect of the geometrical properties of an intertidal marsh and the 66 

position of the dikes surrounding the marsh on storm surge reduction rates within the marsh itself 67 

and consequently at the dikes behind the marsh. A hydrodynamic model is set up for a large tidal 68 

marsh including its complex channel network. First the model is calibrated and validated with 69 



water level measurements of several spring neap cycles and two storm tides. Scenario analyses 70 

are then performed, in which artificial changes are made to the marsh geomorphology and 71 

position of dikes surrounding the marsh. In particular, these scenarios focus on the effect of 72 

variations in dike position (affecting marsh size), marsh platform elevation and channel depth on 73 

the rates of HWL reduction within the marsh. Ultimately, we derive a single parameter based on 74 

the model simulations that links the spatial variations (depending on the marsh geometry) and 75 

temporal variations (depending on the height of the flood event) to the HWL reduction rate. 76 



2. Methods 77 

2.1 Study area  78 

The studied marsh is the ‘Verdronken Land van Saeftinghe’ (in the following: ‘Saeftinghe’), a 79 

3000 ha brackish intertidal marsh along the Western Scheldt estuary (SW Netherlands) (Fig. 1).  80 

A semi-diurnal macrotidal regime induces HWLs at the study area between 2.18 m and 3.15 m 81 

above NAP (the Dutch ordnance level, close to mean sea level) for neap and spring tides 82 

respectively. The tidal range varies between 4.02 m and 5.57 m. The Saeftinghe marsh geometry 83 

is characterized by three main channels dissecting the marsh platform, called Speelmansgat in the 84 

west, IJskelder in the middle and Hondegat in the east (in this study referred to by S-, Y- and H- 85 

channels) (Fig. 2). The three main channels are several hundreds of meters wide at the marsh 86 

edge and branch in the landward direction into a complex network of smaller channels. The 87 

channels dissecting the marsh are intertidal, implying that they fall dry during low tide. On the 88 

marsh platform itself, the most abundant vegetation types are Elymus athericus and Scirpus 89 

maritimus. Other species that occur are Puccinellia maritima, Spartina anglica, Aster tripolium 90 

and scattered patches of Phragmites australis. Vegetation canopy height depends on the local 91 

species composition and may be estimated as around 0.42 m on average (Vandenbruwaene et al., 92 

2015). An artificial dam that is only flooded during high storm tides is present within the eastern 93 

part of the marsh (Fig. 2b). Wang and Temmerman (2013) presented a historical analysis of the 94 

geomorphological and vegetation development of the Saeftinghe marsh from the 1930s until 95 

2004. During this period, the vegetated part of the marsh increased from 50% to 70% of the total 96 

area. The mean elevation of Saeftinghe increased from 1.13 m to 2.30 m above NAP, while mean 97 

high water levels increased from 2.36 m to 2.76 m. Accordingly, the mean elevation of the bare 98 

flats and intertidal channels increased from NAP +0.56 m in 1931 to NAP +0.90 m NAP in 2004, 99 



while the mean elevation of the vegetated platform increased even more from NAP +1.92 m to 100 

2.81 m in 2004. This latter value is used for the analyses in this study.  101 

2.2 Hydrodynamic model 102 

The numerical model used in this study is set up with TELEMAC-2D (version 6.3), a widely 103 

used hydrodynamic modeling system that is part of the TELEMAC-MASCARET modeling suite 104 

and contains the relevant physical processes with respect to tidal wave propagation in estuaries 105 

(Hervouet, 2007). This two-dimensional hydrodynamic model solves the depth-averaged Navier-106 

Stokes equations for continuity (Eq. 1) and momentum (Eq. 2-3) simultaneously: 107 

(1)           𝛿𝑈𝛿𝑥 + 𝛿𝑉𝛿𝑦 = 𝑆ℎ        108 

(2)           𝛿𝑈𝛿𝑡 + 𝑈 𝛿𝑈𝛿𝑥 + 𝑉 𝛿𝑈𝛿𝑦 = −𝑔 𝛿ℎ𝛿𝑥 + 𝜈∇𝑈 + 𝑆𝑥     109 

(3)          𝛿𝑉𝛿𝑡 + 𝑈 𝛿𝑉𝛿𝑥 + 𝑉 𝛿𝑉𝛿𝑦 = −𝑔 𝛿ℎ𝛿𝑦 + 𝜈∇𝑉 + 𝑆𝑦     110 

in which U and V (m/s) are the flow velocity components in Cartesian coordinates, Sh (m/s) is a 111 

source or sink term for fluid, g (m/s2) is the gravity acceleration, h (m) is the water depth,   112 

(m2/s) is a momentum diffusivity coefficient and Sx and Sy (m
2/s) are sources or sinks (such as 113 

wind force, Coriolis force and bottom friction) of momentum in the dynamic equations. In our 114 

case, the viscosity coefficient  which represents both the molecular as well as the turbulent 115 

viscosity is set constant for the entire model domain. For more detailed information on the 116 

TELEMAC-2D model we refer to (Hervouet, 2007) and the TELEMAC-2D user manual (see: 117 

http://wiki.opentelemac.org/). 118 

2.2.1 Model description 119 

http://wiki.opentelemac.org/


The model mesh used in this study is adopted from Smolders et al. (2015) who calibrated and 120 

validated a tidal model (including storm tides) for the Scheldt estuary from its mouth in the North 121 

Sea up to its most upstream tidal boundaries (Fig. 1). The mesh size ranges from approximately 122 

10-50 m in the most upstream tributaries up to about 150-200 m in the most downstream part of 123 

the estuary. For this study, the model is locally refined to a mesh size of 6-20 m at the Saeftinghe 124 

study area to include the complex marsh geomorphology as good as possible and to represent the 125 

locations of the water level measurements more accurately (see Fig. 2b for these locations). The 126 

refinement increases the number of nodes to 130175. The extensive network of channels and 127 

creeks that dissect the marsh platform is included in the mesh by forcing the mesh to follow the 128 

marsh channel network to the extent possible. This channel network has been extracted from a 129 

Lidar-based Digital Elevation Model (DEM) with a resolution of 2x2 m using GIS-software.  130 

Bathymetric and topographic data from 2009 to 2011 are used to implement the bathymetry of 131 

the estuary, its tributaries and the Saeftinghe geomorphology in the model. The effect of 132 

vegetation on tidal propagation through the marsh is included by assigning higher bottom friction 133 

coefficients to vegetated areas than to non-vegetated areas. Vegetation maps (Huijs, 1995; 134 

Reitsma, 2006) are used to distinguish vegetated from non-vegetated areas. All types of 135 

vegetation are wrapped into a single Manning bottom friction coefficient because the spatial 136 

distribution of the vegetation types is too scattered to distinguish large areas with different 137 

vegetation characteristics on the scale we are modeling. Moreover, the dominant vegetation 138 

species have rather similar characteristics (i.e., flexible wetland grass types). The value for the 139 

overall bottom friction coefficient representing the combined effect of all types of marsh 140 

vegetation is derived by calibration. Drawback of implementing vegetation by constant Manning 141 

friction coefficients is that the depth-dependent effect of the vegetation (i.e., submerged versus 142 



emerged) on the flow is not incorporated (Baptist et al., 2007). However, previous modeling 143 

studies on storm surge propagation in wetlands have shown that reasonable results can be 144 

obtained while using constant or depth-independent Manning coefficients (e.g., Liu et al., 2013; 145 

Wamsley et al., 2009; Zhang et al., 2012). 146 

The North Sea boundary of the model is forced with tidal water levels obtained from nearby tidal 147 

stations in the North Sea and along the coast. The upstream boundaries of the tributaries are 148 

closed, as the influence of the small discharges from these tributaries (i.e., on average 118 m³/s 149 

over 2013 as reported by Vanlierde et al., 2014) can be considered negligible compared to the 150 

tidal forcing at the study area. Wind effects are not taken into account in the model, implying that 151 

the wind set up that develops locally in the estuary or over the marsh area is not simulated. 152 

However, storm surges in the Western Scheldt are mainly generated by wind and atmospheric 153 

pressure effects on the North Sea, which is outside the model domain. Surge generation in the 154 

estuary itself is relatively small due to shorter fetch lengths and relatively low water depths. In 155 

the model, storm surges are included as boundary conditions at the North Sea model boundary. 156 

2.2.2 Model calibration and validation 157 

The hydrodynamic model of the Western Scheldt, without considering the Saeftinghe study area, 158 

is calibrated on tidal water levels by implementing zones with different Manning’s bottom 159 

friction coefficients n, varying from 0.010 to 0.026 (Smolders et al., 2015). For this particular 160 

study, the performance of the model was optimized further for tidal stations near the Saeftinghe 161 

marsh by slightly tuning bottom friction coefficients. The model performance on estuary scale is 162 

assessed by forcing a spring-neap cycle (30/8/2013-27/9/2013) at the seaward water level 163 

boundary. Mean errors (ME), root mean square errors (RMSE) and mean absolute errors (MAE) 164 



are calculated for simulated against observed water levels at several tidal stations from the 165 

estuary mouth near Vlissingen up to Antwerp (see Fig. 1 for locations of the tidal stations). The 166 

mean error is also calculated for the HWLs specifically (MEHWL), just as the phase difference of 167 

the HWLs (Δφ-HWL). 168 

In this study, we focus specifically on the model performance with respect to the representation 169 

of tidal wave propagation and storm surge attenuation within the Saeftinghe marsh. In-situ water 170 

level observations by Stark et al. (2015) are used for the calibration of the model in the marsh 171 

study area itself. These water level measurements were conducted in and around the 4 km 172 

Hondegat channel in the Saeftinghe marsh at the locations shown in Fig. 2b and include several 173 

spring-to-neap cycles and two storm tides, the highest of which induced HWLs at tidal stations 174 

near the study area with an exceedance probability of 1/5 to 1/10 y-1. Calibration of the model 175 

part representing the Saeftinghe marsh is done by tuning Manning’s bottom friction coefficients 176 

nf and nv for unvegetated and vegetated parts of the marsh respectively. In addition, the spatially 177 

and temporally constant velocity diffusivity coefficient  is tuned to optimize the representation 178 

of tidal propagation through the marsh channels. Values used in the calibration are between 0.01 179 

and 0.03 for the bottom friction on the unvegetated tidal flats and channels, between 0.04 and 180 

0.20 for the bottom friction coefficient on the vegetated marsh platform and 10-4 to 2.0 for the 181 

velocity diffusivity coefficient. Best results are obtained with nf = 0.01, nv = 0.08 and  = 0.5. The 182 

model performance in Saeftinghe is assessed with a comparison between simulated and observed 183 

water levels (i.e., 30/8/2013-27/9/2013 & 1/12/2013-15/12/2013) for which the ME, MAE and 184 

RMSE are calculated. In addition, MEHWL and Δφ-HWL are calculated as well. Finally, we 185 

compare simulated attenuation rates with observed rates for a variety of HWLs.  186 

 187 



2.3 Model scenarios  188 

Model scenarios are set up in which the marsh geometry is altered to assess the influence of 189 

marsh scale geomorphology on the attenuation of peak water levels (Table 1). Although marsh 190 

platform elevation and marsh channel elevation are not independent, they are independently 191 

lowered or raised in the model scenarios in order to gain fundamental insights in their individual 192 

impacts on storm surge attenuation. Artificial elevation changes within the tidal frame are applied 193 

to the elevation of the marsh platform (±0.4 m) and channels (±0.9 m). To prevent the local 194 

platform elevation from becoming lower than adjacent channels, the elevation of the vegetated 195 

platform was restricted to a minimum of NAP +2.4 m, while the local elevation of the bare 196 

channels was restricted to a maximum of NAP +2.4 m to ensure that the channel elevation does 197 

not rise above the surrounding platform. This leads to scenarios in which the channel elevation is 198 

lowered by 0.9 m on average (Run 3) or raised by 0.7 m on average (Run 4) and in which the 199 

platform elevation is either raised or lowered by 0.4 m on average (Run 5 & Run 6). Furthermore, 200 

simulations are performed in which the marsh size is increased by repositioning the dike on the 201 

south side of Saeftinghe to a more landward position and hence extending the marsh width by 202 

approximately 1 km (Run 1) and 5 km (Run 2). The extended part of the marsh is schematized as 203 

a continuous vegetated marsh or grassland (nv = 0.08) at an elevation of NAP +3.0 m (i.e., 204 

approximately the mean platform elevation of the study area) and without any channels dissecting 205 

the platform. These simulations are used to assess the effect of marsh size (i.e. storage area on the 206 

platform) and whether it is a limiting factor for storm surge attenuation in case of larger surge 207 

events. All model simulations consist of a series of regular tides and storm tides that is set up by 208 

manually altering the amplitude of a regular tide and of the measured storm tide in December 209 



2013 (Fig. 3). Attenuation and amplification rates are calculated over the S-, Y- and H channels 210 

(see Fig. 2) for all geomorphological scenarios.  211 

Table 1. Overview of model scenarios. 212 

Simulation Description of scenario 

Run 0 Reference scenario with 2011 bathymetry of Saeftinghe 

Run 1 Marsh platform extended / Dike behind marsh moved landward by 1 km 

Run 2 Marsh platform extended / Dike behind marsh moved landward by 5 km 

Run 3 Channel elevation lowered by 0.9 m 

Run 4 Channel elevation increased by 0.7 m 

Run 5 Platform elevation lowered by 0.4 m 

Run 6 Platform elevation increased by 0.4 m 

 213 

2.4 Analysis of relations between attenuation rates and marsh geometry  214 

The three main channels of the marsh are divided in shorter transects to analyze the relation 215 

between the spatially varying marsh geometry and attenuation rates more specifically. In 216 

particular, we attempt to relate HWL reduction rates over shorter channel sections to local 217 

geometrical properties of the marsh. Local attenuation rates are calculated for the simulation in 218 

which the platform area is extended by 5 km (Run 2 in Table 1) to exclude the effects of water 219 

level setup against the dikes and hence isolate the effects of marsh geomorphology on tidal 220 

attenuation or amplification. The analysis is only done for the S- and Y-transects as storm surge 221 

propagation along the H-transect for the highest HWLs is affected by water entering the marsh 222 

over the low man-made dam in the eastern part of the marsh (see Fig. 2). This makes the analysis 223 

of storm surge propagation along the H-transect more complex. To avoid miscellaneous results, 224 

the S5-S6 section is also excluded, because the direction of the flood wave propagation (i.e. 225 



direction of the water level gradient) for high overmarsh tides differs from the orientation of this 226 

channel section. Only overmarsh tides with HWLs of at least 0.4 m above mean platform 227 

elevation are included in the analysis. For these higher tides, large scale sheet flow over the 228 

marsh surface occurs in the model simulations, reducing the influence of flow routing through the 229 

channels on water level variations (Temmerman et al., 2005a, 2005b). Attenuation rates are 230 

calculated as the HWL difference along each section (i.e., S1-S2-..-S5 and Y1-Y2-..-Y5 sections) 231 

divided by the difference in distance from the front edge of the marsh between the beginning and 232 

end of each section (calculated as the bird’s fly distance between the marsh edge and the along-233 

channel locations). Various geometrical parameters, which relate the marsh geometry to the 234 

amount of friction exerted on the propagating storm tides, are computed for each section in an 235 

attempt to relate them to simulated attenuation rates. Geometrical parameters include mean 236 

channel width, mean cross-sectional area of the channel, mean channel depth, maximum channel 237 

depth, width and depth convergence length scales of the channel, mean platform elevation and an 238 

estimate for the ratio (αA) between the vegetated surface area (Apl) and the total surface area 239 

(Ach+Apl) along each channel section. These vegetated (Apl) and non-vegetated (Ach) surface areas 240 

are derived from vegetation maps for a 500 m wide band on both sides along the thalweg 241 

(corresponding to the minimum distance needed to include the marsh platform along the widest 242 

of the investigated channel sections) with GIS software (ArcGIS, version 10.1). This parameter is 243 

considered as a proxy for the ratio between marsh platform width and the total width of the 244 

channel and the platform, which Stark et al. (2015) adopted from Van Rijn (2011) to explain 245 

differences in attenuation rates between marsh channels with varying geometry. Ultimately, 246 

attenuation rates are for each tide compared to the ratio between the water volume above the 247 

platform and the total water volume (i.e. above the channels and above the platform) present in 248 

each section (αv = Vpl/(Vch+Vpl)).   249 



3. Results  250 

3.1. Model Validation 251 

To validate the model performance on the estuary scale, observed and modeled series of water 252 

levels are compared in Table 2, which also contains the mean error and average phase difference 253 

between the observed and modeled HWLs. Average phase differences near the study area (i.e. 254 

Bath and Baalhoek tidal stations, see Fig. 1) are smaller than 5 minutes. Values for MEHWL range 255 

from -0.04 to +0.01 m near the Saeftinghe marsh.  256 

Table 2. Comparison between observed and simulated series of tidal water levels along the 257 

estuary (see Fig. 1 for locations of the tidal stations), showing the distance from the estuary 258 

mouth (x), mean error (ME), mean absolute error (MAE) and root mean squared error (RMSE), 259 

and comparison between observed and simulated HWLs, showing the MEHWL and Δφ-HWL. 260 

Tidal station x ME MAE RMSE MEHWL Δφ-HWL 

 km m m  m m min 

Vlissingen 2 0.02 0.05 0.06 0.07 0.2 

Terneuzen 24 -0.03 0.09 0.10 0.03 -2.1 

Hansweert 42 -0.06 0.09 0.12 0.01 -8.5 

Baalhoek 52 -0.06 0.07 0.09 -0.04 -2.7 

Bath 61 -0.05 0.08 0.10 0.01 0.8 

Liefkenshoek 74 -0.06 0.10 0.13 -0.01 3.8 

Antwerpen 91 -0.09 0.13 0.16 -0.04 8.4 

 261 

The model performance in the Saeftinghe marsh itself is validated by a comparison between 262 

modeled and observed tidal water level series at measurement locations in the channel system 263 

and on the marsh platform (Table 3, see Fig. 2 for measurement locations). Mean errors for the 264 



full series of simulated water levels vary between -0.02 m and -0.11 m, indicating that the water 265 

levels are slightly underestimated throughout the marsh system. HWLs at the marsh edge location 266 

(loc. 8) are simulated with a MEHWL of -0.03 m and phase difference of -2 minutes, which is a 267 

similar accuracy as at the nearby tidal stations in the estuary (Table 2). Halfway along the main 268 

channel (loc. 10), HWLs are represented with a MEHWL and Δφ-HWL of +0.02 m and -1.8 min 269 

respectively. At the inner marsh locations (loc. 1, 2 and 3), situated at the end of the main channel 270 

and narrower side-channels, values for MEHWL range from 0.00 m to +0.05 m and average phase 271 

differences are 3.8 and 16 minutes respectively. It should be stated that the model validation for 272 

the locations on the platform is only based on a limited number of tides (i.e., two tides at loc. 5 273 

and six tides at loc. 6). 274 

Table 3. Comparison between observed and simulated series of tidal water levels in the marsh 275 

(see Fig. 2 for measurement locations), including mean error (ME), mean absolute error (MAE) 276 

and root mean squared error (RMSE), and for the HWLs specifically the mean error (MEHWL) 277 

and mean phase difference (Δφ-HWL). 278 

Measurement location ME MAE RMSE MEHWL Δφ-HWL 

   m m m m min 

Loc. 8 marsh edge -0.11 0.11 0.12 -0.03 -2.0 

Loc. 10 main channel -0.08 0.12 0.14 0.02 -1.8 

Loc. 1 main channel -0.10 0.14 0.24 0.00 -3.5 

Loc. 2 side channel -0.07 0.16 0.21 0.05 -3.8 

Loc. 3 side channel -0.10 0.13 0.19 0.01 16 

Loc. 5 platform -0.02 0.06 0.07 -0.01 -20 

Loc. 6 platform -0.05 0.06 0.08 -0.02 0.0 

 279 



Water level variations during the two storm tides are fairly well represented. For the highest 280 

storm tide, during which no attenuation was present in the observations, the model results do not 281 

show any attenuation either. For the second highest storm tide, the model slightly underestimates 282 

the measured HWL reduction between locations 10 and 1 (i.e. -6.6 cm instead of -7.4 cm 283 

reduction). HWLs during the storm tides are generally underestimated throughout the domain of 284 

the model. At the study area, HWLs are underestimated by approximately 16 cm for this second 285 

highest storm tide, probably due to the absence of wind in the model schematization. During the 286 

high water slack of the highest storm tide, hourly averaged wind speeds of 8 to 11 m/s from a 287 

west- to northwest direction were present at the study area (data obtained from Royal Netherlands 288 

Meteorological Institute, http://www.knmi.nl). According to the basic formula for wind setup by 289 

Keulegan (1951), these wind speeds induce water level setup of several centimeters across the 290 

estuary channel and of around 5 cm (in WNW direction) locally in the marsh itself. 291 

Finally, an artificial series of regular tides and storm tides (Fig. 3) is simulated to compare 292 

amplification and attenuation rates (dHWL/dx) for a wider range of HWLs than those of the 293 

measurements only (Fig. 4). The water level observations show a tendency of slight amplification 294 

for tides with peak water levels below the marsh platform elevation. Once the platform gets 295 

inundated, attenuation starts to occur and attenuation rates increase up to a maximum of about 5 296 

cm/km for inundation heights around 0.5-1.0 m, after which attenuation rates decrease again. 297 

Along the inner marsh sections (i.e., loc. 10 to loc. 1 and 3), this observed relation between 298 

attenuation rates and marsh flooding depth is captured by the model (Fig. 4). In the outer marsh 299 

section (loc. 8 to loc. 10), the model predicts a slight amplification up to 1 cm/km for most tides 300 

while attenuation of up to 2 cm/km was observed. For undermarsh tides specifically, the model 301 

underestimates the observed amplification along the inner marsh sections by 1 to 4 cm/km 302 



between loc. 1 and 3. Nevertheless, the model reproduces the dependency of the amount of 303 

attenuation or amplification on the HWL relative to the platform elevation, especially for 304 

overmarsh tides (Fig. 4). 305 

3.2 Model scenarios with varying marsh geometry and dike position 306 

Along-channel water level variations (dHWL/dx) are calculated for all geomorphological 307 

scenarios described in Table 1. When the variation of HWLs along the S-, Y- and H- channel 308 

sections is considered for the reference scenario (Run 0), distinct spatial differences in HWLs 309 

arise (Fig. 5). Modeled HWLs of the 4 m storm tide increase from the marsh edge into the outer 310 

1.5-3.0 kilometers of the S- and Y-transects and remain fairly constant along the outer part of the 311 

H-transect. Over the inner sections of the marsh channels (i.e., S3-S6, Y3-Y6, H3-H6), HWLs 312 

decrease again, resulting in a net attenuation along the full Y- and H-transects and negligible net 313 

changes along the full S-transect. Along the innermost part of the Y- and H-transects, HWLs do 314 

not decrease any further. This can be attributed to set up and reflection against the dike on the 315 

south side of the marsh (Section 3.2.1). Furthermore, scenario analyses with varying platform and 316 

channel elevation show that attenuation rates along intertidal channels vary largely with marsh 317 

geomorphology (Sections 3.2.2 and 3.2.3). In these analyses attenuation rates are only given for 318 

the inner marsh sections (i.e. S3-S6 and Y3-Y6) as the focus is on attenuation of HWLs along 319 

marsh channels, rather than on the slight amplification along the outer sections where the 320 

influence of the marsh platform is small. Finally, spatial variations in attenuation or amplification 321 

of HWLs are assessed by comparing them with local geometrical characteristics of the marsh 322 

(Section 3.3). 323 

 324 



3.2.1 Impact of dike position and marsh size  325 

From a comparison between the reference simulation (Run 0 in Fig. 6) and simulations in which 326 

the dike south of the marsh is repositioned and the marsh platform is extended by 1 km (Run 1 in 327 

Fig. 6) and by 5 km (Run 2 in Fig. 6), it becomes clear that attenuation rates are highly influenced 328 

by the dike position and hence the marsh size. If the dike is positioned too close to the seaward 329 

marsh edge, making the marsh extent shorter than a certain critical width (here smaller than 6 to 330 

10 km of marshland), the highest tides and storm tides are not much attenuated or even slightly 331 

amplified (Fig. 6e and 6f). The result of the simulation with the 1 km extended platform indicates 332 

that even a small strip of additional marsh platform area can significantly improve the storm 333 

surge attenuation capacity of a marsh. While HWLs of around 1.5 m above platform elevation are 334 

not attenuated at all in the reference simulation, a platform extension of 1 km leads to maximum 335 

attenuation rates of 7 cm/km along the S3-S6 section and of over 10 cm/km along the Y3-Y6 336 

section. Similar to the reference scenario, attenuation rates in the simulation with 1 km platform 337 

extension decrease again and turn into amplification for even higher storm tides (i.e., > 2 m above 338 

platform elevation). The results of the simulation with the 5 km extended platform do not show 339 

this strong decrease in attenuation rates for the highest HWLs. Instead, attenuation rates remain 340 

similar or appear to decrease slightly for the highest storm tides.  341 

3.2.2 Impact of channel depth 342 

The model results show that deeper marsh channels result in lower attenuation rates compared to 343 

the reference scenario, while shallower marsh channels lead to an increase in attenuation rates. In 344 

particular, maximum attenuation rates along the Y3-Y6 transect change from 6 cm/km for the 345 

reference simulation (Run 0 in Fig. 6b) to 4 cm/km for a simulation in which the channel 346 



elevation is lowered by 0.9 m (Run 3 in Fig. 6b) or increase to 10 cm/km for the simulation in 347 

which the channel elevation is raised by 0.7 m on average (Run 4 in Fig. 6b). Maximum 348 

attenuation rates along the S3-S6 transect are around 2.5 cm/km, 4 cm/km and 7 cm/km for the 349 

simulations with a lowered channel elevation (Run 3), the reference simulation (Run 0) and the 350 

simulation with increased channel elevation (Run 4) respectively (Fig. 6a). The general trend of 351 

increased attenuation rates for overmarsh tides up until a certain maximum and decreasing 352 

attenuation or even amplification for the highest storm tides is persistent for all scenarios with 353 

varying channel elevations. 354 

3.2.3 Impact of platform elevation 355 

Model results show that the elevation of the marsh platform determines the range of HWLs for 356 

which attenuation takes place (Figure 6c and 6d). In all scenarios with varying platform 357 

elevations, attenuation only occurs for overmarsh tides that inundate the marsh platform up to 358 

about 1.2 m. On the other hand, undermarsh tides with HWLs below the marsh platform 359 

elevation are not attenuated in the model results. Modeled attenuation rates are highest for 360 

overmarsh tides that are approximately 0.5 to 1.0 m above the mean marsh platform elevation. 361 

For higher tides, attenuation rates are decreasing or changing into amplification, which is shown 362 

to be the result of blockage by the dike behind the marsh area (Fig. 6e and 6f). Maximum 363 

attenuation rates are all within the range of 6.5 to 7.5 cm/km along the Y3-Y6 transect for 364 

simulations in which platform elevations have been either lowered (Run 5 in Fig. 6d) or raised 365 

(Run 6 in Fig. 6d) by 0.4m. Along the S3-S6 transect, maximum attenuation rates are lower; 366 

ranging from 3.5 to 5 cm/km.   367 

3.3 Relations between attenuation rates and marsh geometry 368 



For storm tides with HWLs of at least 0.4 m above mean platform elevation, a correlation can be 369 

found between the simulated attenuation rates (dHWL/dx) and the ratio (αv) between the water 370 

volume on the vegetated platform and the total water volume on the marsh platform and in the 371 

channels (r2 = 0.92 and p < 0.001, see Fig. 7):  372 

(4)         𝑑𝐻𝑊𝐿 𝑑𝑥⁄ = −36.2 ∗ 𝛼𝑉 + 8.0  373 

The relationship is based on Run 2, in which the marsh platform is extended to avoid the 374 

influence of blockage against the dikes on the modeled water level variations. Attenuation starts 375 

to occur when αv exceeds 0.2-0.4 and increases gradually from there on. As αv is dependent on 376 

marsh geometry and the height of the flood wave, this correlation explains both spatial variations 377 

(between marsh sections) and temporal variations (between tides with different HWLs) in 378 

attenuation rates. The highest computed attenuation rates are up to 29 cm/km over the Y5-Y6 379 

channel section. Attenuation does not occur for any of the simulated storm tides along the outer 380 

marsh sections S1-S2-S3 and Y1-Y2-Y3. Sensitivity analyses show that the coefficients in Eq. 4 381 

alter if the bottom friction on the marsh platform is changed. In particular, if nv for the vegetated 382 

platform is lowered to 0.04, Eq. 4 changes to dHWL/dx = -27.2*αV + 6.2 (r2 = 0.86 and p < 383 

0.001) and the maximum modeled attenuation decreases to 23 cm/km. Conversely, if nv increases 384 

to 0.12, Eq. 4 changes to dHWL/dx = -41.1*αV + 9.2 (r2 = 0.92 and p < 0.001), while the 385 

maximum attenuation increases to 32 cm/km. 386 

Other cross-sectional geometrical properties such as width and depth convergence length scales, 387 

channel width, the water depth in the channel or on the platform, total cross-sectional area or the 388 

ratio between water depth on the platform and in the channels could not be related to the modeled 389 

attenuation rates and are therefore not shown. Only the tide-independent ratio between the 390 



platform surface area and the total surface area of the channel and adjacent platform (αA) can be 391 

used to explain differences in maximum attenuation rates between different channel sections (Fig. 392 

8). Attenuation only occurs along relatively small channels where αA is larger than 0.5. From 393 

there, maximum attenuation rates are increasing with increasing values for αA. Conversely, 394 

amplification is persistent for all tides along channel sections with αA below 0.5, except for the 395 

slight attenuation for some tides along the Y2-Y3 section. However, αA does not account for 396 

variations in attenuation rates between different tides with varying HWLs.  397 



4. Discussion 398 

4.1 Model performance  399 

The hydrodynamic model that is used to compute HWL attenuation rates across marshes 400 

represents observed water level variations (Stark et al., 2015) along intertidal marsh channels 401 

over a distance of several kilometers fairly well (Table 3). The model results capture the observed 402 

dependency of attenuation rates on the HWL relative to the platform elevation (Fig. 4). In 403 

particular, modeled attenuation rates increase (or amplification rates decrease) as HWLs increase 404 

above the platform elevation up until a maximum for HWLs of around 0.7-0.8 m above platform 405 

elevation, from which attenuation rates decrease (or amplification rates increase) again. The 406 

model also captures observed attenuation and amplification rates for overmarsh tides along the 407 

inner marsh sections (i.e., loc. 10 to 1 and 3) where attenuation is strongest and on which the 408 

main conclusions of this study are based. Nevertheless, some discrepancy between the model 409 

results and the observations exists. Firstly, the model underestimates observed attenuation in the 410 

outer part of the channel where slight amplification is predicted for most overmarsh tides. This 411 

suggests that bottom friction applied in the model along this section is too low to simulate the 412 

observed dampening of the tidal wave (Friedrichs and Aubrey, 1994; Van Rijn, 2011). Bottom 413 

friction along the outer part of the marsh channel could indeed be higher in reality due to the 414 

presence of coarser (sandy) sediments (Jongepier et al., 2015) and large bed forms in the outer 415 

part of the channel (Huijs, 1995), which may be the result of higher flow velocities in the deeper 416 

and wider outer channel parts as compared to the shallower and smaller inner channel parts. 417 

Results from the model calibration show that attenuation along this section increases if a higher 418 

Manning coefficient is applied. Hence, spatially varying Manning coefficients (i.e., higher in the 419 

outer than in the inner channel parts) could improve the overall model performance. However, it 420 



would reduce the generic character of our model scenarios and conclusions on the effect of marsh 421 

channel and platform geometry, as differences in attenuation rates between the scenarios could 422 

then be attributed to spatial differences in channel bed friction, instead of solely differences in 423 

marsh channel geometry and platform extent. A second discrepancy is the underestimation of 424 

observed amplification by 1 to 4 cm/km for undermarsh tides along the narrowest inner marsh 425 

section (i.e., loc. 10 to 3) by the model. This could be due to limitations in the resolution of the 426 

bathymetry data and of the mesh itself, which causes some deeper parts of the channels to be 427 

missing or smoothed out in the model bathymetry, especially affecting lower tides (i.e., due to the 428 

inverse relationship between water depth and bottom friction). Despite the above-discussed 429 

discrepancies between observed and modelled attenuation for the outer marsh sections and for 430 

undermarsh tides, we emphasize that the conclusions of our study are based on the model results 431 

for overmarsh tides along the inner marsh sections, where observations are indeed well 432 

reproduced by the model. 433 

4.2 Effect of marsh size and dike position 434 

One important finding of this study is that limitations in storage area or marsh extent have a 435 

considerable impact on storm surge attenuation and may drastically reduce attenuation rates (Fig. 436 

6e and 6f). Storage area limitations can be caused by the blockage or reflection against a dike or 437 

similar structure confining the marsh surface area (Wamsley et al., 2010, 2009) and prevent a 438 

marsh from reaching its full attenuation capacity. This mechanism was hypothesized by Resio 439 

and Westerink (2008), who argued that attenuation rates decrease if the duration of the 440 

hydrodynamic forcing is long compared to the time needed to fill the available storage area. In 441 

that case, the propagating flood wave is blocked or reflected before HWLs reach the end of a 442 

basin or marsh platform, leading to higher HWLs at the landward end of the marsh and hence 443 



lower attenuation rates. Moreover, attenuation rates can even be minimized or amplification of 444 

HWLs can occur, as is the case for the highest storm tides in the reference simulation and the 445 

simulation in which the dike is moved landward by 1 km (Fig. 6). The simulation in which the 446 

platform is extended much further by 5 km does not show a drastic decrease in attenuation rates 447 

for higher overmarsh storm tides. In that simulation, the propagating peak of the tidal wave has 448 

not yet reached the dike behind the marsh before the ebb tide starts and water levels decrease 449 

again. Therefore, storage area limitations do not affect HWL reduction in the studied marsh 450 

section in this simulation. Sensitivity of storm surge reduction to limitations in storage area 451 

relative to the duration of the hydrodynamic forcing implies that the duration of a storm surge or 452 

flood wave affects storm surge reduction rates across a given wetland (Hu et al., 2015; Liu et al., 453 

2013; Resio and Westerink, 2008). In this context it should be mentioned that only tidal waves 454 

with a more or less constant period are considered in this study. In micro-tidal cases however, 455 

faster moving storms cause flood waves with a shorter duration and are found to result in higher 456 

storm surge reduction rates than slower moving storms with longer flood wave durations (Hu et 457 

al., 2015; Liu et al., 2013; Sheng et al., 2012; Zhang et al., 2012).  458 

Following the reasoning of Resio and Westerink (2008), we hypothesize that a minimum wetland 459 

size exists for which the attenuation capacity of the area is fully used and is not anymore affected 460 

by blockage effects against dikes of other structures behind the marsh. This minimum wetland 461 

size would depend on the duration of the flood wave and on site-specific variables that affect the 462 

landward propagation of the flood wave, such as the presence and size of channels and friction 463 

exerted by the vegetation. Based on the present model results for storm tides only, the minimum 464 

extent of the studied marsh should be between 6 and 10 km to completely avoid blockage effects 465 

for the highest modeled storm tides and to optimize the attenuation capacity of the marsh. It must 466 



be stated however that the extended part of the marsh is rather schematically implemented and 467 

does not contain any channels. In reality, a larger marsh area would yield larger channels in the 468 

existing part of the marsh due to the relation between channel size and drainage volume 469 

(D’Alpaos et al., 2010; Vandenbruwaene et al., 2015), while a channel network would develop in 470 

the extended marshland as well. The current schematization of the marsh extension could rather 471 

be seen as supra-tidal marshland. Because of these limitations in the model schematization and 472 

the dependency on event-specific variables, a general definition of this minimum wetland size 473 

cannot readily be evaluated with the present model results.  474 

4.3 Influence of marsh geometry 475 

The model results show that the depth of marsh channels affects the amount of HWL reduction 476 

(Fig. 6a and 6b). Deeper channels exert less friction and lead to a reduction of marsh scale 477 

attenuation rates, while shallow marsh channels exert more friction and increase marsh scale 478 

attenuation rates. Nevertheless, the model results did not reveal a distinct relationship between 479 

the water depth in the channel and the attenuation rate that holds for tides with varying HWLs. 480 

These results are consistent with findings of existing numerical studies (Loder et al., 2009; 481 

Temmerman et al., 2012) and can be explained by the inverse relationship between channel depth 482 

and bottom friction exerted on the flow. If local surge generation would be of importance, marsh 483 

channel depth could have a contrasting effect on dHWL/dx as surge generation decreases with 484 

increasing depth (Rego and Li, 2009; Resio and Westerink, 2008). In our study, surge generation 485 

occurs outside the model domain and surge height is incorporated as boundary condition for the 486 

model  487 



In contrast to channel depth, the marsh platform elevation barely affects the maximum 488 

attenuation rate along marsh sections. Platform elevation is however an indicator for the range of 489 

tides that are attenuated and which tides are most heavily damped (Fig. 6c and 6d). Undermarsh 490 

tides with HWLs below marsh platform elevation and, which only flood the marsh channel 491 

network, are not attenuated or are even slightly amplified. Overmarsh tides that also inundate the 492 

vegetated marsh platform are increasingly attenuated for higher HWLs, as long as limitations in 493 

storage area are not considered. These findings are in accordance with the observations by (Stark 494 

et al., 2015) on which the model is based. Furthermore, the model results indicate that marshes 495 

with a lower platform elevation induce the highest attenuation rates for relatively low inundation 496 

events compared to marshes with a higher platform elevation (i.e., as long as the limitation in 497 

storage area due to confinement by the dikes does not affect the HWL reduction) (see Fig. 6 c/d, 498 

HWLs between 2.5 m and 3.5 m). As limitations in storage area reduce attenuation rates on the 499 

lower marsh for increasing HWLs, the higher marsh becomes more effective. If the platform 500 

elevation is higher, blockage effects only start to affect attenuation rates for higher HWLs. This 501 

can be attributed to slower flood wave propagation on higher marsh platforms due to smaller 502 

water depths. A greater effectiveness of high marshes in a confined system was also found by 503 

Wamsley et al. (2009). Moreover, Loder et al. (2009) found that for high platform elevations 504 

smaller surge events are generally attenuated, while larger surge events are amplified. Our results 505 

are consistent with these findings and show as well that decreased attenuation rates or 506 

amplification for larger surge events can be due to set up against dikes confining the marsh, 507 

especially if such larger surge events have a longer duration. 508 

 509 

 510 



4.4 Relationship between marsh geometry, peak water levels and attenuation rates 511 

As attenuation rates vary temporally between flood events and spatially between marsh sections, 512 

parameters solely based on marsh geometry, such as the ratio αA between platform surface area 513 

and total surface area, can only explain spatial variations in attenuation rates for single flood 514 

events. However, they do not explain variations in attenuation rates between tides with different 515 

HWLs (Fig. 8), implying that a tide-varying parameter is needed. The present model results 516 

provide for a relation between along channel variations in HWLs and the tide-varying ratio αv 517 

between water volume on the vegetated platform and the total water volume (Eq. 4). This 518 

relationship combines geometrical and hydrodynamic variations (both present in αv) to explain 519 

differences in attenuation rates. The relationship applies only to a situation without confinement 520 

by dikes or other structures, as it is based on the model simulation with the extended marsh 521 

platform (i.e., Run 2 in Table 1). Moreover, we assume that large-scale sheet flow occurs over the 522 

marsh platform, implying that flow routing through the channel network does not affect 523 

attenuation rates. Previous studies showed that this is the case for tides with HWLs above the 524 

canopy height of the vegetation (Temmerman et al., 2005a, 2005b; Vandenbruwaene et al., 525 

2015), which is around 0.4 m for the most abundant species in our study area. Although the 526 

vegetation stem height is not explicitly implemented in the model, Eq. 4 is also based on storm 527 

tides with HWLs that are at least 0.4 m above the mean platform elevation for which sheet flow 528 

over the marsh platform actually occurs in the model simulations. The coefficients in the Eq. 4 529 

are likely to vary with site-specific parameters such as vegetation-type and bottom roughness. In 530 

this study, a constant Manning’s n coefficient of 0.08 is used to implement the additional friction 531 

and drag force exerted by the marsh vegetation. More dense vegetation such as mangrove forests 532 

would exert higher friction and drag forces on the flow, leading to higher attenuation rates (e.g., 533 



Krauss et al., 2009) and hence a different relationship between αv and dHWL/dx. A sensitivity 534 

analysis with model simulations in which the Manning coefficient of the vegetated marsh 535 

platform is altered indicates that Eq. 4 indeed varies for different friction coefficients. The flood 536 

wave period will also affect attenuation rates (e.g., Sheng et al., 2012; Zhang et al., 2012) and 537 

hence the relationship described above. Hypothetically, similar relationships could be found for 538 

different wetland types (i.e., different friction coefficients) and for flood waves with a different 539 

duration, ranging from tidal inundation events as described in this study to long flood waves 540 

caused by large cyclones or hurricanes. Further research is necessary to test this hypothesis and 541 

possibly find relationships between attenuation rates, HWLs and marsh geometry for various 542 

wetland types and storm surge durations. Nonetheless, the present model results are potentially 543 

applicable to attenuation of storm tides in other marshes with similar characteristics (i.e., 544 

macrotidal marshes which are dominated by flexible wetland grasses). In reality, marsh channel 545 

and platform elevations may vary between marsh sites (due to differences in tidal range or 546 

sediment availability) or may change over time (due to long-term morphological development or 547 

changing hydrodynamic conditions). Our model scenarios with varying marsh size and different 548 

marsh channel and platform elevations contribute to fundamental insights on how flood 549 

attenuation rates vary with such space- and time-dependent marsh geomorphological properties. 550 

Therefore, the presented results are of interest to coastal managers that want to implement 551 

wetlands or marshes as part of their coastal defense structures or coastal managers and scientists 552 

who want to examine the coastal defense capacity of existing marshes.  553 
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  682 

Figure 1: (a) Location of the Scheldt Estuary in Europe and (b) the Scheldt Estuary with its 683 

intertidal areas, including the tidal stations that are used in the model validation. 684 



 685 

Figure 2. Saeftinghe marsh with (a) the locations along the S-, Y- and H-transects, the present 686 

dikes and model boundary (bold black line) and the model boundary for the scenarios with 1 km 687 

(purple line) and 5 km (red line) marsh platform extensions and (b) the locations of the water 688 

level observations in the channels (blue dots) and on the platform (green dots).   689 



 690 

Figure 3. Modeled water level series near the study area. The measured storm tide is indicated 691 

by the red bold part. The mean platform elevation is indicated with the green dashed line and the 692 

mean elevation of the bare channels is indicated with the blue dot-dashed line.  693 



 694 

Figure 4. Observed (full markers) and modeled (open markers) attenuation and amplification 695 

rates from locations 10 to 3 (purple), 10 to 1 (green) (left graph) and 8 to 10 (brown) and 8 to 1 696 

(blue) (right graph). The mean platform elevation is indicated by a dashed vertical green line.  697 



 698 

Figure 5. Variation in HWLs for a NAP +4.0 m storm tide along the S-, Y- and H-transects based 699 

on the reference scenario (Run 0). The distance along the channel is given from S1, Y1 and H1 700 

respectively. HWLs are computed relative to the high water level at these marsh edge locations 701 

(HWL0).  702 



 703 

Figure 6. Modeled attenuation and amplification rates of tides with different high water levels for 704 

scenarios in which the channel elevation is varied (top), scenarios in which the platform 705 

elevation is varied (mid) and scenarios in which the dike is moved landward and the marsh 706 



platform is extended by 1 km or 5 km (bottom) over the S3-S6 (left) and Y3-Y6 transect (right) 707 

(see Fig. 2 for transect locations). The model scenarios are explained in Table 1. Each marker 708 

represents an individual tide and the lines represent the moving average. The mean platform 709 

elevations for the different scenarios are indicated with dashed vertical lines.  710 



   711 

Figure 7. HWL reduction rates along channel sections in the S- (light blue) and Y- (dark red) 712 

transect for Run 2 plotted against the ratio between water volume above the platform and the 713 

total water volume (αv). These water volumes are computed above the vegetated and non-714 

vegetated surface areas in a strip of 500 m around each channel section.  715 



 716 

Figure 8. HWL reduction rates along the S- (light blue) and Y- (dark red) transects for Run 2 717 

plotted against the ratio between platform surface area and total surface area (αA), calculated 718 

based on the vegetated and non-vegetated surface area in a strip of 500 m around each channel 719 

section. 720 




