
 
 

Delft University of Technology

Nature-based flood protection
The efficiency of vegetated foreshores for reducing wave loads on coastal dikes
Vuik, V.; Jonkman, S. N.; Borsje, B. W.; Suzuki, T.

DOI
10.1016/j.coastaleng.2016.06.001
Publication date
2016
Document Version
Accepted author manuscript
Published in
Coastal Engineering

Citation (APA)
Vuik, V., Jonkman, S. N., Borsje, B. W., & Suzuki, T. (2016). Nature-based flood protection: The efficiency
of vegetated foreshores for reducing wave loads on coastal dikes. Coastal Engineering, 116, 42-56.
https://doi.org/10.1016/j.coastaleng.2016.06.001

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.coastaleng.2016.06.001
https://doi.org/10.1016/j.coastaleng.2016.06.001


1 

 

Nature-based flood protection: the efficiency of  
vegetated foreshores for reducing wave loads on coastal dikes  

 

Vincent Vuik1,2*, Sebastiaan N. Jonkman1,  Bas W. Borsje3,4, and Tomohiro Suzuki5,1 

 
1 Delft University of Technology, Civil Engineering and Geosciences, P.O. Box 5048, 2600 GA, Delft, The Netherlands 
2 HKV Consultants, P.O. Box 2120, 8203 AC, Lelystad, The Netherlands  
3 University of Twente, Water Engineering and Management, P.O. Box 217, 7500 AE Enschede, The Netherlands 
4 Deltares, P.O. Box 177, 2600 MH, Delft, The Netherlands 
5 Flanders Hydraulics Research, Berchemlei 115, 2000, Antwerpen, Belgium 

*Corresponding author. E-mail address: V.Vuik@tudelft.nl  

 

Abstract 
This paper analyses the effect of vegetation on wave damping under severe storm con-

ditions, based on a combination of field measurements and numerical modelling. The 

field measurements of wave attenuation by vegetation were performed on two salt 

marshes with two representative but contrasting coastal wetland vegetation types: 

cordgrass (Spartina anglica) and grassweed (Scirpus maritimus). The former is found in 

salty environments, whereas the latter is found in brackish environments. The measure-

ments have added to the range with the highest water depths and wave heights pre-

sented in the literature so far. A numerical wave model (SWAN) has been calibrated and 

validated using the new field data. It appeared that the model was well capable of repro-

ducing the observed decay in wave height over the salt marsh. The model has been 

applied to compute the reduction of the incident wave height on a dike for various realis-

tic foreshore configurations and hydraulic loading conditions. Additionally, the efficiency 

of vegetated foreshores in reducing wave loads on the dike has been investigated, 

where wave loads were quantified using a computed wave run-up height and wave over-

topping discharge. The outcomes show that vegetated foreshores reduce wave loads on 

coastal dikes significantly, also for the large inundation depths that occur during storms 

and with the vegetation being in winter state. The effect of the foreshore on the wave 

loads varies with wave height to water depth ratio on the foreshore. The presence of 

vegetation on the foreshore extends the range of water depths for which a foreshore can 

be applied for effective reduction of wave loads, and prevents intense wave breaking on 

the foreshore to occur. This research demonstrates that vegetated foreshores can be 
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considered as a promising supplement to conventional engineering methods for dike 

reinforcement. 

 

1 Introduction 
Integration of ecosystems in coastal protection schemes is increasingly mentioned as a 

valuable supplement to conventional engineering methods (Jones et al., 2012; 

Temmerman et al., 2013; Van Wesenbeeck et al., 2014). Coastal ecosystems like sand 

dunes can fulfil the same function as man-made flood defences, such as dikes and 

dams. Other ecosystem types, such as salt marshes (e.g. King and Lester, 1995; Möller 

et al., 1999; Möller and Spencer, 2002; Möller, 2006; Arkema et al., 2013), intertidal flats 

and mangrove forests (e.g. Mazda et al., 2006; Quartel et al., 2007; Horstman et al., 

2014) can potentially be used as foreshore protection to reduce the impact of storm 

surges and wind waves on the flood defences (Borsje et al., 2011; Gedan et al., 2010; 

Sutton-Grier et al., 2015). This paper focuses on the latter ecosystem types: vegetated 

foreshores in front of coastal dikes (Figure 1), since this system has only received limited 

attention in the literature, despite of the potential of this type of ecosystems to directly 

affect the flood risk in the area behind the flood defence. 

 

A vegetated foreshore consists of a sediment body, covered with vegetation, in front of a 

dike. Surface waves, propagating from deep water towards a coastal dike, can signifi-

cantly lose energy when a vegetated foreshore is present, due to depth-induced wave 

breaking, bottom friction and wave attenuation by vegetation. Wave run-up on the outer 

slope of coastal dikes is governed by the incident wave height and wave period. When 

the wave run-up exceeds the crest height of the dike, wave overtopping over the dike 

occurs. This might ultimately lead to erosion of the inner slope and breaching of the dike. 

Both wave run-up and wave overtopping discharge directly depend on the incoming 

wave height, which means that the presence of a vegetated foreshore influences the 

likelihood of dike breaching due to wave overtopping.  
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Westkapelle, sandy foreshore, North Sea 

Foreshore elevation 4.0 m+NAP, slope 1:40 
Dike height 12.6 m+NAP, slope 1:6 

Design conditions: h = 4.9 m+NAP, Hm0 = 4.6 m, Tm-1,0 = 9 s 

Hellegat, salt marsh, Western Scheldt 
Marsh elevation 3.0 m+NAP, width 200 m, slope 1:40 

Dike height 9.5 m+NAP, slope 1:4 
Design conditions: h = 6.0 m+NAP, Hm0 = 1.9 m, Tm-1,0 = 5 s 

  
Groningen, salt marsh, Wadden Sea 

Marsh elevation 2.0 m+NAP, width 800 m, slope 1:750 
Dike height 9.1 m+NAP, slope 1:4 

Design conditions: h = 5.3 m+NAP, Hm0 = 1.8 m, Tm-1,0 = 5 s 

Texel, salt marsh Schorren, Wadden Sea  
Marsh elevation 1.8 m+NAP, width 400 m, slope 1:250 

Dike height 6.9 m+NAP, slope 1:3 
Design conditions: h = 4.4 m+NAP, Hm0 = 1.4 m, Tm-1,0 = 5 s 

 

Figure 1 – Examples of foreshores in the Netherlands and their characteristics: sandy foreshore near West-

kapelle sea defence, bordering the North Sea (upper left), natural salt marsh Hellegatpolder in the Western 

Scheldt (upper right), man-made salt marsh along the Wadden Sea dikes of Groningen province (lower left), 

salt marsh Schorren at the Wadden Sea side of the barrier island Texel, with marsh edge protection (lower 

right). Source: https://beeldbank.rws.nl, Rijkswaterstaat. The numbers in this figure will be explained and 

used in section 4. 
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The first process that leads to wave energy reduction on vegetated foreshores is depth-

induced wave breaking (Battjes and Janssen, 1978; Duncan, 1983) on the shallow fore-

shore in front of the dike. The maximum possible wave height depends primarily on the 

water depth. The ratio between both is the dimensionless breaker parameter. Several 

studies explain how the breaker parameter can vary due to differences in offshore wave 

steepness (e.g. Battjes and Stive, 1985; Nairn, 1990), bottom slope (e.g. Nelson, 1994) 

or wave length (Ruessink et al., 2003). For a (nearly) horizontal bottom, the height of 

individual waves in a naturally occurring random wave train is at maximum 55 percent of 

the water depth (Massel, 1996; Nelson, 1994). On steep slopes, higher values can be 

found. 

 

Additionally, wave energy can be dissipated by bottom friction on shallow foreshores 

with a surface covered with for instance vegetation, shells or sand ripples. Padilla-

Hernández and Monbaliu (2001) have compared the capability of different bottom friction 

formulations in reproducing wave measurements in shallow water conditions, and argue 

that formulations for dissipation by bottom friction, like the models by Madsen et al. 

(1988) or Weber (1989), which explicitly take physical parameters for bottom roughness 

into account, should be preferred in wave modelling in shallow water areas.  

 

And third, surface waves propagating through vegetation fields lose energy when they 

perform work on vegetation stems, branches and leaves (Dalrymple et al., 1984). This 

results in a decrease in wave height. Understanding wave attenuation by vegetation is 

crucial for determining the efficiency of vegetated foreshores in reducing wave loads on 

coastal dikes. Therefore, as part of this research, an inventory has been made of availa-

ble studies that give insight in wave attenuation by vegetation (Figure 2). Most of these 

studies are based on field or laboratory experiments with water depths of below one 

meter and/or wave heights of typically 10 to 30 centimetres.  
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Figure 2 – Maximum water depth and significant wave height, as reported for experiments with wave attenu-

ation by vegetation. For regular waves, the plot position is determined by a computed equivalent significant 

wave height, using Hs = 1.41H. The dotted line roughly indicates depth-limitation due to breaking. Studies 

included: see Table 1. The letters H and B belong to the field measurements described in the current paper 

at the salt marshes Hellegat and Bath, respectively (section 2). 

Table 1 – Studies included in Figure 2, their characteristics, maximum water depth and maximum regular or 

significant wave height. Numbers indicated with an asterisk (*) are based on estimation. 

# Publication Characteristics max h max H max Hs 
1 Allen et al. (2008) Field, bulrush 0.85  0.22* 
2 Anderson and Smith (2014) Flume, synthetic plants 0.53  0.19 
3 Augustin et al. (2009) Flume, wooden pens & polyethylene 0.40 0.09  
4 Bouma et al. (2005) Flume, Spartina anglica, Zostera noltii 0.12 0.05  
5 Cooper (2005) Field, salt marsh species 0.50  0.19 
6 Coops et al. (1996) Artificial wave basin, Phragmites & Scirpus 0.50 0.23  
7 Dubi and Torum (1996) Flume, synthetic plants 1.00  0.17 
8 Fonseca and Cahalan (1992) Flume, 4 plant species 0.30 0.20  
9 Jadhav et al. (2013) Field, Spartina alterniflora 0.80  0.39 

10 Knutson et al. (1982) Field, Spartina alterniflora 0.95  0.32* 
11 Koftis et al. (2013) Flume, polypropylene stripes 1.70  0.40 
12 Manca et al. (2012) Flume, polypropylene stripes 1.80  0.46 
13 Mei et al. (2011) Flume, perspex cylinders 0.20 0.02  
14 Möller and Spencer (2002) Field, salt marsh species 1.04  0.42* 
15 Möller (2006) Field, salt marsh species 0.70  0.32 
16 Möller et al. (1999) Field, salt marsh species 1.39  0.58 
17 Möller et al. (2011) Field, Phragmites australis 1.56  0.27 
18 Möller et al. (2014) Flume, 3 salt marsh species 2.00  0.91 
19 Paul and Amos (2011) Field, Zostera noltii 3.50  0.18 
20 Sánchez-González et al. (2011) Flume, synthetic plants 0.80  0.13 
21 Stratigaki et al. (2011) Flume, polypropylene stripes 1.70 0.43  
22 Yang et al. (2012) Field, Scirpus & Spartina alterniflora 1.61  0.73 
23 Ysebaert et al. (2011) Field, Spartina alterniflora & S. mariqueter 1.86  0.64 
H This study, Hellegat Field, Spartina anglica 1.90  0.69 
B This study, Bath Field, Scirpus maritimus 1.27  0.59 
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Wave attenuation does not only depend on vegetation properties like vegetation height, 

stem diameter and spacing, but also on hydraulic characteristics such as the wave 

height, the water depth (e.g. Möller et al., 1999; Möller et al., 2014) and ambient currents 

(Hu et al., 2014). Therefore, wave attenuation rates measured in moderate conditions 

cannot be applied directly to severe storm conditions, and physical or semi-empirical 

modelling approaches are required for estimating the wave damping capacity of vege-

tated foreshores under these more extreme circumstances. 

 

One modelling approach for describing the effect of vegetation on wave propagation is to 

apply an increased bottom friction coefficient (e.g. Möller et al., 1999). The main draw-

back of this approach is the absence of information about vegetation height. Therefore, 

most modelling approaches make use of a cylinder approach (Dalrymple et al., 1984; 

Mendez and Losada, 2004), estimating the wave-induced drag force exerted on the 

vegetation stems, and optionally also on root systems or branches. This type of model 

relies on knowledge of the bulk drag coefficient DC , representing drag that is due to 

pressure differences and drag that is due to skin friction, but also processes that are not 

captured by the physical model, for example plant swaying (Dijkstra and Uittenbogaard, 

2010; Méndez et al., 1999; Mullarney and Henderson, 2010; Riffe et al., 2011), attenua-

tion of orbital motion by the vegetation canopy (Pujol et al., 2013) and interaction be-

tween individual wakes in dense vegetation fields (Suzuki and Arikawa, 2011). Because 

of the complex physics underlying the bulk drag coefficient DC , a-priori determination of 

an appropriate value for a certain vegetation species and hydrodynamic conditions is 

precluded, and site-specific calibration of DC  is required. However, several authors have 

attempted to relate DC  to the Reynolds number Re (Kobayashi et al., 1993; Méndez et 

al., 1999; Pinsky et al., 2013) or to the Keulegan-Carpenter number K (Mendez and 

Losada, 2004). Bradley and Houser (2009) and Anderson and Smith (2014) found no 

improvement when DC  was parameterized with K instead of Re. Coefficients in these 

relations are mostly obtained by calibration.  

 

Formulations for vegetation bulk drag coefficients vary considerably in the literature 

(Table 2). Theoretically, drag coefficients of a smooth, rigid cylinder has a value of about 

1.0-1.2 for sub-critical flow. However, it is difficult to estimate an appropriate bulk drag 

coefficient in wave conditions for different shapes, densities and flexibilities (Suzuki, 
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2011). Most studies that analyse bulk drag coefficients present a computed value that is 

based on observed wave attenuation. An exception is the study of Hu et al. (2014), 

where drag forces were directly measured. Because the bulk drag coefficient is usually a 

result of computations, it also reflects all processes that are not or incorrectly captured in 

the model involved.  

 

Table 2 – Relations between Reynolds number Re and bulk drag coefficient CD presented in the literature, 

based on a combination of a certain (synthetic or natural) vegetation type, vegetation height lv, vegetation 

diameter bv, water depth h and wave height H (regular waves) or Hs (irregular waves). The last column gives 

a comparison of the result for Re = 1000, which is a typical number for storm conditions at the measurement 

sites in the current study. 

Publication Vegetation properties Description of CD Based on range CD for Re = 1000 
Méndez et al. (1999) Flexible plastic strips 

52x0.03 mm (Asano et 
al., 1992), lv=0.25 m,  
h≈0.50 m, H≤0.12 m 

CD = (2200/Re)2.2 + 
0.08 

200<Re<15500 CD = 5.75 

Paul and Amos 
(2011) 

Zostera noltii, sea grass, 
lv=0.13 m,  
h=1.5-3.5 m,  
Hs=0.10-0.18 m 

CD = (153/Re)1.45+0.06 100<Re<1000 CD = 0.13 

Jadhav and Chen 
(2012) 

Spartina alterniflora, 
lv=0.63 m, bv=8 mm, 
h≈0.4-0.6 m,  
Hs≤0.4 m 

CD = 2,600/Re+0.36 600<Re<3200 CD = 2.96 

Pinsky et al. (2013) Statistical analysis of 
attenuation by several 
salt marsh vegetation 
species 

log(CD)= 
β0+β1log(c∙Re) 
c=3∙10-4,  
β0=-1.72, β1=-1.67 

not specified CD = 0.14 

Anderson and Smith 
(2014) 

Synthetic Spartina, 
lv=0.42 m, bv=6.4 mm, 
h=0.31-0.53 m, Hs=0.05-
0.19 m 

CD = (744/Re)1.27+0.76 500<Re<2300 CD = 1.45 

Hu et al. (2014) Stiff wooden rods,  
lv=0.36 m, bv=10 mm,  
h=0.25-0.50 m,  
H=0.04-0.20 m 

CD = (730/Re)1.37+1.04 300<Re<4700 CD = 1.69 

Möller et al. (2014) Predominantly Elymus 
athericus,  
lv=0.70 m, bv=1.3 mm, 
h=2.0 m, Hs=0.1-0.9 m 

CD = (227/Re)1.62+0.16 100<Re<1100 
(estimated) 

CD = 0.25 

 

A calibrated relation between Re  and DC  is generally used to estimate bulk drag coeffi-

cients under highly turbulent storm conditions, which are characterized by high Reynolds 

numbers. By using extrapolation to higher Reynolds numbers, possible physical thresh-

olds are implicitly neglected, for example thresholds for swaying of vegetation (Bradley 

and Houser, 2009; Méndez et al., 1999; Möller et al., 2014; Rupprecht et al., 2015) or 
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vegetation collapse by uprooting or stem breakage (Liffen et al., 2013; Möller et al., 

2014; Puijalon et al., 2011; Seymour and Tegner, 1989). Additionally, seasonal varia-

tions in aboveground biomass and mechanical fragility can considerably influence wave 

damping capacity (Bouma et al., 2014; Paul and Amos, 2011). 

 

As aforementioned, many authors describe the potential of vegetated foreshores for 

coastal protection. However, the capability of these ecosystems in serving as protection 

during extreme storm conditions with high waves and large water depths is not well un-

derstood. Most studies of wave attenuation by vegetation concern field or laboratory 

experiments with small water depths and low wave heights (Figure 2). This means that 

most existing measurements are not directly suitable for drawing conclusions about the 

behaviour of vegetation under conditions that are relevant to the design of coastal dikes: 

hydrodynamic conditions with severe waves and water depths of several meters. 

 

Empirical formulas and process-based descriptions of wave attenuation are mostly ap-

plied for bridging the gap between measured conditions and extreme conditions. These 

instruments are mainly based on measurements carried out during low-energy condi-

tions (Anderson et al., 2011), which leads to uncertainties when applying them to storm 

conditions. This is reflected by the large variability in formulations that describe the drag 

coefficient as a function of wave properties and vegetation characteristics (Table 2).  

 

Understanding the effect of vegetation on wave damping under storm conditions is for 

utmost importance to come up with design criteria for dikes with vegetated foreshores in 

front. The actual consequences of wave reduction by vegetated foreshores for hydraulic 

loads on dikes have never been quantified in the literature. Therefore the aim of this 

paper is to provide understanding of the efficiency of vegetated foreshores for reducing 

wave run-up on and wave overtopping over coastal dikes. This insight is obtained utiliz-

ing a combination of field measurements and numerical modelling. New field measure-

ments were required, because existing detailed field observations of storm wave 

attenuation by a characteristic north-west European vegetation canopy were absent. The 

new field data has been used to calibrate and validate a numerical model that simulates 

wave attenuation over vegetated foreshores. This model has been applied to some rep-

resentative examples taken from the Netherlands, to show how and how much vegetat-
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ed foreshores in front of coastal dikes can reduce wave loads on a dike under severe 

storm conditions. 

 

This paper is organised as follows. The field measurements are discussed in section 2. 

Section 3 describes the numerical modelling work on wave energy dissipation over vege-

tated foreshores. Section 4 shows the results of the application of the numerical model, 

to illustrate how much vegetated foreshores can affect the wave loads on dikes for some 

typical examples taken from the Netherlands. The paper closes with a discussion and 

conclusions in the sections 5 and 6. 

 

2 Field measurements 
A field measurement campaign has been carried out, in which wave attenuation over 

vegetated foreshores has been measured during severe storms in the Netherlands in the 

months November 2014 till January 2015. The measurements have been performed on 

two salt marshes with two representative but contrasting coastal wetland vegetation 

types: cordgrass (Spartina anglica) and grassweed (Scirpus maritimus). The former is 

found in salty environments, whereas the latter is found in brackish environments. The 

obtained data set has been used for the calibration and validation of a numerical model 

that describes wave propagation over vegetated foreshores (section 3). 

 

2.1 Wave measurement configuration 

Field measurements were carried out at two exposed salt marshes in the Western 

Scheldt estuary in the Netherlands. Wave gauges were deployed between November 

23rd 2014 and January 21st 2015 at the salt marshes Hellegat and Bath (Figure 3). The 

marsh Hellegat is covered with the salt-tolerant Spartina anglica (Common Cordgrass). 

Mixed vegetation is present on the higher marsh, but this is beyond the area where the 

wave gauges were deployed. At Bath, the discharge of the Scheldt river causes a brack-

ish environment, which is what accounts for the dominance of Scirpus maritimus (Alkali 

Bulrush) at the measurement site. The tidal range in the Western Scheldt increases from 

approximately 4 m at the estuary mouth to 5 m at Bath. Under severe storm conditions, 

both storm surge and wind waves can penetrate from the North Sea into the estuary. 

Significant inundation of the higher areas of the salt marsh only occurs when there is a 

combination of high tide and storm surge. 
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At both marshes, four wave gauges (Ocean Sensor Systems, Inc., USA) were deployed 

in the same configuration. One sensor was placed on the mudflat, directly in front of the 

marsh edge (S1). The three other sensors (S2, S3 and S4) were located in the vegeta-

tion, at distances of 5, 15 and 50 m from the marsh edge (Figure 4). The elevation 

heights were determined using an RTK-GPS device with a precision in the order of 1 cm. 

 

The wave gauges were programmed to record the pressure with a frequency of 5 Hz 

over a period of 7 minutes, every 15 minutes. This means that every burst contains 2100 

samples. The measured pressure is the result of the local atmospheric pressure, the 

hydrostatic pressure and the dynamic wave pressure. In the post-processing, these 

three components were separated. The hydrostatic pressure provides information about 

the still water level, whilst the dynamic wave pressure depends on the surface waves. In 

the conversion of dynamic wave pressures to variations in the surface elevation due to 

waves, depth-attenuation of the pressure signal according to linear wave theory was 

taken into account. The pressure sensors were mounted approximately 0.10 m above 

the sediment surface.  

 
Figure 3 – Location of the salt marshes Hellegat and Bath in the Western Scheldt estuary, the Netherlands 
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Hellegat 

 
Bath 

  

Figure 4 – Bathymetric measurements at wave gauge locations S1-S4 (red diamonds) and at some addi-

tional points (blue circles) at Hellegat (left) and Bath (right). The green triangle shows the position of the 

marsh edge. 

2.2 Vegetation measurements 

Vegetation properties were determined by measuring the length, the diameter at the top, 

the diameter in the middle and the diameter at the base of individual stems. At Bath, the 

properties of all plants within a surface area of 0.5x0.5 m were investigated between 

sensors S1 and S2 and between sensors S2 and S3. This area was reduced to 

0.25x0.25 m for the sampling between sensors S3 and S4 because of the high stem 

density. At Hellegat, an area of 0.25x0.25 m was used for all samples. The vegetation 

samples were collected on November 19th 2014, which means that vegetation was in its 

winter state (Figure 5). 

  
Figure 5 –Scirpus maritimus at Bath, Western Scheldt, the Netherlands in July 2014 (left) and November 

2014 (right) 

The Spartina anglica at Hellegat had a mean height hmean ranging from 0.20 m at the 

marsh edge to 0.29 m further into the vegetation field (Table 3). A near-bottom stem 

density Nv,0 of nearly 1000 stems/m2 was present near the marsh edge, while a density 
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of more than 1500 stems/m2 was found between sensors S3 and S4. The near-bottom 

stem diameter bv,0 was fairly constant at approximately 3 mm. The impact of wind and 

waves on the vegetation in its fragile winter state was more distinct at Bath. Near the 

marsh edge, the dense Spartina anglica that was present in summer has depreciated to 

broken stems with a mean height of approximately 0.15 m (Figure 5). Between sensors 

S3 and S4, the disruption was less: the stem density, mean height and maximum height 

were all significantly larger than at the marsh edge. Remarkably, the mean stem diame-

ter decreases from 8.7 mm at the marsh edge to 4.9 mm between sensors S3 and S4. 

The total biomass density M was estimated by multiplication of hmean, Nv,0 and the near-

bottom surface area Av,0 = πbv,0
2/4.  

Table 3 – Maximum plant height hmax, mean plant height hmean, near-bottom stem density Nv,0, mean near-

bottom stem diameter bv,0 and total biomass density M (m3/m2) for six sampling locations. 

Sample hmax (m) hmean (m) Nv,0 (stems/m2) bv,0 (mm) M (m3/m2) 

Hellegat S1-S2 0.61 0.20 944 3.0 1.3∙10-3 

Hellegat S2-S3 0.78 0.29 1136 3.4 3.0∙10-3 

Hellegat S3-S4 0.84 0.27 1520 2.7 2.3∙10-3 

Bath S1-S2 0.48 0.17 144 8.7 1.5∙10-3 

Bath S2-S3 0.52 0.15 372 8.0 2.8∙10-3 

Bath S3-S4 1.23 0.35 1072 4.9 7.1∙10-3 

 

2.3 Wave characteristics 

Wave conditions and water depths were measured during 115 tides between November 

23rd 2014 and January 21st 2015 (Figure 6). Inundation of the full transect only takes 

place during storms or spring tides. In the measurement period, this happened during 88 

tidal cycles at Hellegat, and during 49 tidal cycles at Bath.  
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Hellegat 

 
Bath 

  
Figure 6 – Maximum significant wave height per tide and corresponding water depth at sensor S1, on the 

mud flat near the marsh edge of Hellegat (left) and Bath (right) for 115 tides between November 23rd 2014 

and January 21st 2015.  

The wave height can be limited by depth, wind speed or wind direction. At Hellegat, both 

maximum water depths and maximum exposure to waves occurs at Western or North-

Western winds. Therefore, at this site, the maximum wave height (Table 4) as well as the 

maximum water depth (Table 6) were recorded during the Western storm of January 11th 

2015, although not at exactly the same time. The maximum significant wave height at 

Hellegat was equal to 0.69 m, with a corresponding water depth at the marsh edge of 

1.90 m (Figure 2). Wave conditions at Bath are at a maximum under South-Western 

wind conditions. This means that the wind direction that generates the maximum surge 

(NW) does not coincide with the wind direction that generates the largest waves (SW). 

The maximum significant wave height at Bath was equal to 0.55 m (Table 5), with a cor-

responding water depth at the marsh edge of 1.36 m (Figure 2).  

 

During storms, wave peak periods pT  were typically in the range of 2.5 to 4.0 seconds at 

Hellegat, and between 2.5 and 3.5 seconds at Bath. At these two sites in the Western 

Scheldt, the fraction of wave energy in the infragravity wave band (0.005 Hz < f < 0.05 

Hz) was less than 1 percent during severe storms. 
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Table 4 – Five tides with the largest wave height at station S1 with corresponding wave heights and water 

depths at all stations S1-S4 for Hellegat 

tide time Hm0 S1 Hm0 S2 Hm0 S3 Hm0 S4 h S1 h S2 h S3 h S4 

96 11-01-2015 7:30 0.69 0.61 0.52 0.29 1.90 1.53 1.26 0.66 

54 20-12-2014 14:00 0.53 0.46 0.39 0.21 1.95 1.58 1.31 0.70 

58 22-12-2014 15:00 0.52 0.47 0.38 0.29 2.29 1.93 1.65 1.05 

95 10-01-2015 17:45 0.51 0.46 0.40 0.29 2.19 1.82 1.56 0.94 

94 10-01-2015 6:30 0.48 0.46 0.39 0.21 1.99 1.62 1.35 0.74 

 

Table 5 – Five tides with the largest wave height at station S1 with corresponding wave heights and water 

depths at all stations S1-S4 for Bath 

tide time Hm0 S1 Hm0 S2 Hm0 S3 Hm0 S4 h S1 h S2 h S3 h S4 
94 10-01-2015 6:30 0.55 0.48 0.41 0.17 1.36 1.19 0.93 0.64 

38 12-12-2014 6:30 0.44 0.36 0.23 0.00 0.88 0.73 0.43 0.00 

100 13-01-2015 7:15 0.42 0.40 0.31 0.05 1.06 0.90 0.60 0.32 

58 22-12-2014 15:30 0.38 0.34 0.29 0.15 1.43 1.26 0.98 0.69 

92 09-01-2015 6:00 0.38 0.35 0.25 0.02 0.92 0.75 0.48 0.23 

 

Table 6 – Five tides with the largest water depth at station S1 with corresponding wave heights and water 

depths at all stations S1-S4 for Hellegat 

tide time Hm0 S1 Hm0 S2 Hm0 S3 Hm0 S4 h S1 h S2 h S3 h S4 
96 11-01-2015 6:00 0.27 0.29 0.28 0.24 2.52 2.16 1.88 1.27 

94 10-01-2015 5:15 0.31 0.31 0.31 0.24 2.41 2.05 1.78 1.17 

95 10-01-2015 18:15 0.46 0.43 0.40 0.31 2.36 2.00 1.73 1.12 

58 22-12-2014 14:30 0.38 0.38 0.33 0.23 2.34 1.98 1.71 1.10 

59 23-12-2014 2:45 0.34 0.32 0.28 0.23 2.33 1.97 1.70 1.09 

 

Table 7 – Five tides with the largest water depth at station S1 with corresponding wave heights and water 

depths at all stations S1-S4 for Bath 

tide time Hm0 S1 Hm0 S2 Hm0 S3 Hm0 S4 h S1 h S2 h S3 h S4 
96 11-01-2015 6:45 0.22 0.21 0.21 0.14 1.59 1.43 1.13 0.84 

58 22-12-2014 15:15 0.35 0.36 0.32 0.17 1.57 1.40 1.10 0.81 

94 10-01-2015 5:45 0.46 0.42 0.37 0.20 1.55 1.39 1.09 0.80 

62 24-12-2014 16:45 0.17 0.15 0.13 0.07 1.48 1.32 1.03 0.73 

64 25-12-2014 17:30 0.11 0.10 0.12 0.07 1.46 1.30 1.01 0.71 
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Waves lose energy by depth-induced wave breaking, bottom friction and wave dissipa-

tion by vegetation. These processes all depend on the wave height to water depth ratio. 

The water depth on the salt marshes Hellegat and Bath decreases along the transects 

(Figure 4). The reduction in significant wave height between the sensors S1 and S4 pre-

dominantly depends on incoming wave height and water depth (Figure 7). For identical 

combination of wave height and water depth, the reduction in wave height was larger at 

Bath than at Hellegat, despite of the larger difference in water depth between both ends 

of the transect at Hellegat. This difference is probably caused by the relatively high bio-

mass density present at Bath (Table 3).  
 

Hellegat 
 

Bath 

  
Figure 7 – Reduction in significant wave height Hm0 (%) over a distance of 50 m between sensor S1 and S4, 

depending on the lowest water depth over the transect at sensor S4 (horizontal axis), and the incoming 

wave height at sensor S1 (vertical axis) for Hellegat (left) and Bath (right). 

3 Numerical modelling of wave propagation over vegetated foreshores 
To be able to distinguish between the processes of wave breaking, bottom friction and 

wave attenuation by vegetation, a numerical modelling investigation has been carried 

out. This section describes the modelling approach, calibration, validation and applica-

tion of the model. 

 

3.1 Modelling approach 

The measurements of wave propagation over vegetated foreshores have been repro-

duced with the spectral wave model SWAN (Simulating WAves Nearshore, Booij et al., 

1999; Ris et al., 1999). The SWAN model includes the depth-induced wave breaking 

model of Battjes and Janssen (1978), different formulations for bottom friction, including 
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Madsen et al. (1988), and the method for accounting wave damping by vegetation de-

veloped by Mendez and Losada (2004). Suzuki et al. (2012) validated the performance 

of the vegetation module of SWAN. Additionally, they enabled schematization of vertical 

differences in vegetation characteristics in the model by specifying multiple layers. 

SWAN is capable of reproducing energy dissipation in shallow water, as long as the 

amount of long wave energy is limited. Total energy dissipation (i.e. wave heights) can 

be simulated relatively accurately with SWAN, compared to the simulation of the spectral 

shape (i.e. wave periods) (Van Gent and Doorn, 2001).  

 

Three data sets were used for model calibration and validation: the data from Hellegat 

and Bath, described in this paper, and wave data from a salt marsh covered with 

Spartina alterniflora (Smooth Cordgrass) at East Chongming island, China, reported in 

Yang et al. (2012). For the calibration and validation of the SWAN model, the bathymetry 

of the field sites (Figure 4) was included in an 1D model schematization, with a resolu-

tion of 0.5 m. The significant wave height Hm0 and mean wave period Tm01 measured at 

the first sensor were used to define the incoming Jonswap wave spectrum. The meas-

ured significant wave heights at the other sensors were compared with the correspond-

ing model outcomes during calibration and validation.  

  
Figure 8 – Example of the method to determine vegetation characteristics, for Hellegat S3-S4 (Table 3). The 

stem density in the centre of these layers is equal to 55, 36, 27 and 2 stems per sampled area, or 880, 573, 

432 and 30 stems/m2. 

An area of 0.25x0.25 m = 0.0625 m2 was sampled, in which 95 stems were found 

(Figure 8, left). Four layers have been defined in the SWAN model, with a height of 
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0.20 m (Hellegat and Bath) or 0.25 m (East Chongming) each. For each stem, the diam-

eter was measured at the base, in the middle, and at the top. Stem diameter and height 

of the diameter measurement were compared (Figure 8, right). The stem diameter in the 

four layers of the SWAN model is equal to the mean stem diameter within each layer. 

The layering was based on the vegetation samples Bath S3-S4 and Hellegat S3-S4. For 

East Chongming, only one vegetation sample was available. The inter-sample variation 

in vegetation characteristics was expressed in the model by a spatial varying multiplica-

tion factor for the stem density, which was based on the variations in plant surface area 

v v vN b h⋅ ⋅  with respect to sample S3-S4. 

 

3.2 Model calibration and validation 

As it is expected that wave dissipation by vegetation will prove to be the main dissipation 

mechanism on vegetated foreshores, the bulk drag coefficient DC  of the Mendez and 

Losada model in SWAN has been chosen as the main calibration parameter. The wave 

steepness based formula of Battjes and Stive (1985) has been used to determine suita-

ble breaker parameters γ  for the Battjes and Janssen (1978) model in SWAN. For bot-

tom friction, the model of Madsen et al. (1988) has been selected, with a constant 

Nikuradse roughness length scale 0.02 mNk = , which is a typical value for a bottom with 

ripples (Babanin et al., 2005). 

 

For Hellegat and Bath, four tides between 9 Jan 2015, 15:00 and 11 Jan 2015, 9:30 

have been selected for the model calibration, and six tides between 20 Dec 2014, 11:30 

and 23 Dec 2014, 6:00 for the subsequent model validation. Most tides in the tables with 

five highest wave heights (Table 4 and Table 5) and inundation depths (Table 6 and 

Table 7) are included in these two selected periods.  

 

For each burst, a best correspondence between measurement data and outcomes of the 

SWAN model was obtained, by calibrating the bulk drag coefficient DC . Wave attenua-

tion in most bursts was best reproduced with a value of DC  between 0.2 and 0.9 (Figure 

9, left figures), given the method applied to schematize the vegetation with four layers. A 

decrease in DC  with increasing Re  as described in the literature (Table 2) can be rec-

ognized. However, there is a considerable spread of drag coefficients around the mean 
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trend, related to many factors that are of influence in the field, such as variations in water 

depth, wave height and wave period, wave obliqueness, and tidal currents.  

 

Based on the calibration results and the range in Reynolds numbers that apply to the 

tides in the validation, one characteristic bulk drag coefficient DC  has been selected for 

each site: 0.5 for Hellegat ( ≈Re 700 ), 0.6 for Bath ( ≈Re 400 ) and 0.4 for East Chong-

ming ( ≈Re 1200). These values have been applied to tides outside the calibration peri-

od, to guarantee a statistically independent test of the SWAN model. Differences in 

optimal bulk drag coefficient between the sites are expected to be mainly related to plant 

stiffness and wave conditions. The validation computations demonstrate that the cali-

brated SWAN model is able to reproduce the wave height reduction over 50 m of vege-

tated foreshore with a deviation below 0.05 m (Figure 9, right figures).   

 

At Hellegat, the highest waves in the validation data are present in the tides 54 and 58. 

At Bath, no inundation of sensor S4 occurred during tide 56. The highest waves and 

water depths were present during tide 58. At East Chongming, waves and water depths 

were far higher during tide 10 than during tide 9. For all sites, the SWAN model gives an 

accurate reproduction of the tides with high waves and water depths, while for tides with 

lower waves, the wave attenuation is underestimated. Since for each site one constant 

value of DC  was used for all tides, the observed differences can be explained by the 

theoretical decline in DC  with Re . 
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Hellegat 

  
 

Bath 

  
 

East Chongming 

  
Figure 9 – Results of the calibration and validation of the SWAN model for the field sites Hellegat (top), Bath 

(middle) and East Chongming (bottom). For the calibration (figures left), Reynolds numbers are plotted 

against calibrated drag coefficients for each burst. The markers are coloured by wave height to water depth 

ratio at sensor S1. For the tides included in the validation (figures right), the differences between modelled 

and measured significant wave height at sensor S4 are presented. The mean difference (model minus data) 

is shown in red, the 50 percent interval in blue, and the maximum differences in black.  
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3.3 Analysis of wave energy dissipation mechanisms 

Inclusion of vegetation in the model is essential to reproduce the decay in wave height 

properly. Wave attenuation by vegetation leads to a gradual decrease in wave height, 

and prevents intense wave breaking to occur (Figure 10, right panel). In absence of veg-

etation in the model, waves can retain their energy further inland, and strong wave 

breaking occurs on the bar in the bottom profile of Hellegat (Figure 10, left panel). Bot-

tom friction is of minor importance for length scales in this order of magnitude. The same 

processes are present during other tides and at the other sites, Bath and East Chong-

ming.  

 
No vegetation included Including vegetation, CD = 0.4 

 

  
 

Figure 10 – Example of reproduction of measured wave heights at Hellegat for one individual burst, for 

CD = 0 (no vegetation effect, left) and CD = 0.4 (right). The upper panels present the observed wave height 

(red markers) and the model reproduction (blue line) for the bathymetry and water depth shown in the lower 

panels. The panels in the middle show a comparison of the magnitude of different dissipation mechanisms in 

the SWAN model.  

If wave energy dissipation by vegetation is excluded in the model, wave heights at sen-

sor S4 are consequently overestimated. The relative importance of vegetation depends 

on the ratio between wave height and water depth (Figure 11). For very small wave 

height to water depth ratios at the marsh edge (<0.15), depth-induced wave breaking is 

negligible and also wave energy dissipation by vegetation is relatively small. For moder-

ate wave height to water depth ratios (0.15-0.30), depth-induced wave breaking on the 
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foreshore is still limited, but wave attenuation by vegetation can be substantial. The 

presence of vegetation leads to an additional reduction in significant wave height up to 

50% of the total reduction. For larger wave height to water depth ratios at the marsh 

edge (>0.30), depth-induced wave breaking becomes significant, and the additional con-

tribution of vegetation decreases. However, the model results show that the vegetation 

dissipates wave energy before intense breaking occurs, since the reduction of wave 

energy due to the presence of vegetation takes already place at smaller wave height to 

water depth ratios than the onset of wave breaking (Figure 10). Consequently, the pres-

ence of vegetation leads to a more gradual dissipation of wave energy, and a distinct 

breaker zone is absent. The maximum contribution of vegetation is in the same order of 

magnitude as the value of 60%, presented in Möller et al. (2014). In their experiments, 

the contribution of depth-induced wave breaking was relatively low because of the hori-

zontal bottom. 
 

Hellegat 
 

Bath 

  
Figure 11 – Contribution of vegetation (%) to the total reduction in significant wave height between the sen-

sors S1 and S4 at Hellegat (left) and Bath (right), when comparing observed reductions with reductions 

computed by a SWAN model in which vegetation is excluded. Numbers are given for different wave height to 

water depth ratios at sensor S1 (horizontal axes), and markers are coloured by wave height at sensor S1.  

4 Wave load reduction by vegetated foreshores 
The previous sections have demonstrated the wave damping capacity of vegetated fore-

shores. Since wave overtopping over the dike is strongly related to the incident wave 

height, wave energy dissipation by vegetated foreshores allows in principle for lower 

crest heights, and consequently, relatively slender dike bodies. This section shows some 

examples of the effect of vegetated foreshores on wave loads on coastal dikes for a 

range of foreshore configurations and hydraulic loading conditions.  
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4.1 Approach 

The wave transformation over the vegetated foreshore is estimated by applying the vali-

dated SWAN model (section 3). The formulas presented in EurOtop (2007) are used to 

calculate the characteristic two percent wave run-up height on the outer slope of the dike 

(formula 5.3) and the time-averaged wave overtopping discharge over the dike (formulas 

5.8 and 5.11). Wave conditions at the toe of the dike should be supplied to these formu-

las. The validated SWAN model is used to compute wave height reduction over vegetat-

ed foreshores for various foreshore configurations and hydraulic loading conditions 

(Figure 12), including the influence of the vegetated foreshore on the wave conditions as 

computed by SWAN. Because of the complex and context-dependent influence of vege-

tated foreshores on storm surge propagation (Wamsley et al., 2010; Zhang et al., 2012) 

and wave set-up (Battjes, 1974; Dean and Bender, 2006), we ignore these effects in the 

present study. 

 

 
Figure 12 – Definition sketch of a schematized dike-foreshore system. Table 8 gives an overview of the 

variables involved. 

In the Netherlands, salt marshes are generally enclosed by a dike at the landward side, 

and an adjacent mudflat in front. The slope of these combined salt marsh-mudflat sys-

tems depends on the available space. For example in the Western Scheldt estuary, lat-

eral dimensions of salt marshes similar to Hellegatpolder (Figure 1, upper right) are 

limited by the presence of deep tidal channels, intensively used for navigation. At the salt 

marshes bordering the Wadden Sea in the north of the Netherlands, a smooth transition 

between the salt marshes and the extensive intertidal flats is often present. This is for 

example the case at the salt marshes near Groningen and Texel (Figure 1, lower left and 
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right). Sandy foreshores with relatively steep slopes (about 1:50) can be found in front of 

dikes directly bordering the North Sea, for example at the Westkapelle sea defence 

(Figure 1, upper left). The hydrodynamic forcing at these foreshores is generally too 

intense to allow vegetation seedlings to settle. 

 

Inundation depths depend on the salt marsh elevation and storm surge levels. The max-

imum elevation of the marshes is strongly related to the local tidal amplitude. Surge lev-

els depend on tidal amplitude and surge effects. Under design conditions in the 

Netherlands, inundation depths above salt marsh surface can typically reach values 

between 1.5 and 3.5 m near the dike toe. Depending on the location and orientation of 

the dike with respect to the prevailing wind direction during storms, incident wave heights 

vary roughly between 0.5 and 2.0 m. Salt marshes do generally not develop in areas that 

are exposed to even more energetic conditions. To achieve stable dike slope revet-

ments, designers can opt for relatively steep slopes, typically around 1:3, combined with 

heavy armouring units. More gentle slopes, in the order of 1:6, allow for the use of lighter 

revetments. Depending on incident wave conditions, the relative freeboard is mostly in 

the range of 2.5 to 4.5 m. 

 

Based on these different examples of salt marshes in the Netherlands, characteristic 

vegetated foreshore characteristics are defined (Table 8), with variation in water depth, 

foreshore width and vegetation coverage (no vegetation or vegetation resembling 

Spartina anglica in winter state). Based on the calibration results (Figure 9), a bulk drag 

coefficient of 0.4 is considered as an initial estimate for salt marsh vegetation at large 

Reynolds numbers. 
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Table 8 – Definition of variables used to schematize the characteristics of the dike-foreshore system (Figure 

12) and the hydrodynamic loads on the system. 

Parameter Name Units Values 
1 αd Slope angle dike - 1:4 
2 Rc Relative freeboard m 3.0 
2 αfs Slope angle tidal flat - 1:100 
3 ht Water depth at dike toe m 1.0-4.0 
4 Hm0 Offshore significant wave height m 1.5 
5 Tm-1,0 Offshore spectral wave period s 5.0 
6 kN Roughness length scale m 0.02 
7 B Width of flat part of foreshore m 0-800 
8 Nv Stem density stems/m2 0, 1200 
9 bv Stem diameter mm 3.0 
10 hv Vegetation height m 0.30 
11 Cd Bulk drag coefficient vegetation - 0.4 
12 z2% Two percent wave run-up height m - 
13 qov Mean overtopping discharge m3s-1m-1 - 

 

4.2 Computational results 

For the dike configuration and wave characteristics of Table 8, a two percent wave run-

up height z2% of approximately 3.2 m will occur without any disturbance of the waves on 

a foreshore. Because the relative freeboard in this case study is only 3.0 m, this would 

result in a mean overtopping discharge of 0.6 l s-1 m-1. Figure 13 shows the relative re-

duction of significant wave height (top panel), wave run-up height (middle panel) and 

reduction factor in wave overtopping discharge (bottom panel) due to the presence of 

bare foreshores (left panels) and vegetated foreshores (right panels), depending on 

foreshore width (horizontal axis) and depth on the foreshore (vertical axis). 

 

If the depth on the foreshore is limited to just 1.0 m, the wave run-up is reduced by 60-

100%, and the wave overtopping discharge diminishes to negligible amounts. For larger 

water depths, the influence of vegetation becomes more distinct. In the Netherlands, 

typical design water levels are in the order of 5 m above mean sea level, which is 3 m 

above the salt marsh surface. Where wave run-up under these conditions is only re-

duced by approximately 20% (0.6 m) for a 400 m wide, bare foreshore, the same fore-

shore covered by vegetation resembling Spartina anglica in winter state reduces the 

wave run-up by 55% (1.8 m). Wave overtopping discharges still have significant values 

for bare foreshores in case of large water depths, whereas the presence of vegetation 

fully prevents the occurrence of overtopping. 



25 

 

Reduction in significant wave height (%) 

  
 

Reduction in 2 percent wave run-up height (%) 

  
 

Reduction in wave overtopping discharge (ratio) 

  
 
Figure 13 – Relative reduction in significant wave height (top), 2 percent wave run-up height (middle) and 

reduction factor in wave overtopping discharge (bottom), in case of bare foreshores (left panels) and vege-

tated foreshores (right panels), for the values in Table 8.  

Some trends can be discerned. For foreshores with a small width, depth-induced wave 

breaking dominates the total wave energy dissipation. Bottom friction and wave attenua-

tion by vegetation gain relative importance with increasing width. The dependence of 

wave load reduction with depth is non-linear, which is caused by the onset of wave 
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breaking at a certain depth. For larger depths, the relative importance of vegetation in-

creases, since wave energy dissipation by vegetation already acts at lower wave height 

to water depth ratios than depth-induced wave breaking (Figure 11). The relationship 

with foreshore width is non-linear as well, because of the dependence of wave energy 

dissipation on wave height.  

 

The required crest height of a coastal dike is strongly related to the wave run-up height 

under design conditions. Because of the non-linear relation between wave run-up and 

wave height, the effect of foreshores on the wave run-up height is lower than their effect 

on the incident wave height. This difference is essential when interpreting wave attenua-

tion by vegetation and foreshores. Mostly, dikes are designed in such a way that the 

wave overtopping discharge is limited to a tolerable rate under design conditions. Be-

cause of the exponential relation between overtopping discharge and wave height 

(EurOtop, 2007), the presence of a vegetated foreshore might make the difference be-

tween a significant overtopping discharge and full absence of overtopping. The results of 

these explorative computations highlight the demand for integrating foreshore dimen-

sions as well as vegetation characteristics in the design and assessment of coastal 

dikes.  

 

5 Discussion 
This paper presents a combination of a literature review, field measurements and numer-

ical modelling of wave attenuation by vegetation under storm conditions. The numerical 

model has been applied to assess the efficiency of vegetated foreshores in reducing 

wave loads on coastal dikes under design conditions. In this section, the field measure-

ments and numerical modelling work is discussed. Additionally, attention is payed to the 

applicability of the results and demands for further research. 

 

5.1 Field measurements 

The field measurements of wave attenuation by vegetation, as described in this paper, 

have added to the highest range of wave heights and water depths, as currently availa-

ble in the literature. These new measurements reduce the gap between measured con-

ditions and design conditions for the flood defences. The current study is based on 

measurements of wave attenuation over salt marshes, in combination with computed 

wave run-up and wave overtopping. Quantification of the effect of vegetated foreshores 
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can be improved when measurements of wave attenuation by vegetation are accompa-

nied by measurements of wave run-up heights and wave overtopping discharges. 

 

5.2 Model used 

To compute wave loads on coastal dikes with vegetated foreshore in front, a combina-

tion of SWAN for the wave transformation over the vegetated foreshore and analytical 

formulas for wave run-up and wave overtopping has been applied. Both components of 

this approach limit the applicability of the results to a certain range. SWAN is not able to 

compute the generation and propagation of infragravity waves, since it is a spectral do-

main model. At the salt marshes that were included in the calibration study of this paper, 

the fraction of wave energy captured in long waves was very limited (less than 1% during 

storms). Application of the results of this study is restricted to situations where the wave 

regime is characterized by local wind sea and swell waves, and the presence of infra-

gravity waves should be of minor importance for the wave loads on the dike. This is the 

case in many estuaries and coastal seas, where salt marshes are found. If significant 

infragravity wave energy is to be expected, it is better to use another numerical model, 

such as SWASH (Zijlema et al., 2011) or XBeach (Roelvink et al., 2009).  

 

The SWAN model contains approximations for wave energy dissipation by bottom fric-

tion and due to vegetation. Both dissipation models are based on linear wave theory, 

under the assumption of orbital velocity profiles according to linear wave theory. Howev-

er, bottom friction affects near-bottom orbital velocities, and the presence of vegetation 

reduces orbital velocities in the submerged canopy. Consequently, the dissipation rates 

by both mechanisms are interdependent in reality. Higher bottom friction leads to lower 

dissipation due to vegetation and vice versa. In the SWAN model, their contributions are 

computed separately and added to the total wave energy dissipation. This methodologic 

error influences model results such as the computed dissipation rates by both mecha-

nisms and the bulk drag coefficient DC  that follows by calibration. 

 

The modelled rate of wave attenuation by vegetation strongly depends on the imposed 

bulk drag coefficient. In the calibration of the numerical model, a considerable variation 

in the calibrated drag coefficient was found. Many authors attempt to describe the drag 

coefficient as a function of the vegetation Reynolds number or the Keulegan Carpenter 

number. In both quantities, the stem diameter is used as characteristic length scale. 
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Differences in stem diameter is one of the main reasons for the large variation between 

the expressions that are proposed in the literature (Table 2). It is questionable whether 

such calibrated relations can be applied to vegetation types with significantly other char-

acteristics such as stem diameter and flexibility. Studies that help to explain the physics 

behind the observed variation in vegetation drag coefficients can be useful in this con-

text.  

 

5.3 Morphological stability 

The wave load reduction by vegetated foreshores relies on the stability of both bathyme-

try and vegetation. The bottom surface of salt marshes consists of consolidated clay and 

root systems. For such bottoms, significant surface erosion during storms is not to be 

expected. This is in agreement with post-storm observation (Dijkema et al., 2011; 

Spencer et al., 2015), large-scale wave flume experiments (Möller et al., 2014) and pro-

cess descriptions (Winterwerp et al., 2012). The present study shows an additional rea-

son for the stable character of salt marsh sediments. The presence of vegetation 

prevents intense wave breaking to occur, since the wave energy is dissipated more 

gradually by the vegetation. As wave breaking can lead to high sediment pick-up rates 

and severe erosion, this means that vegetation enhances the stable character of the salt 

marsh surface. 

 

5.4 Reliability of dike-foreshore systems 

Before nature-based flood defences can be considered as full alternatives for conven-

tional flood defences, they need to be tested according to engineering standards for 

probability of failure (Van Wesenbeeck et al., 2014). The probability of failure of a flood 

defence is defined as the probability that the flood defence fails in fulfilling its function: 

the protection of social and economic value against flooding. To be able to assess the 

actual reliability of dike-foreshore systems in terms of a probability of failure, quantifica-

tion of knowledge uncertainties as well as inherent uncertainties is required, see e.g. 

Vrijling (2001). The uncertainty in the choice of a suitable vegetation drag coefficient is 

one of the main knowledge uncertainties involved. This type of uncertainty is distinct 

from inherent uncertainty, which is related to the natural randomness in samples (Van 

Gelder, 2000). Examples of the latter include spatial and seasonal variations in vegeta-

tion properties. This study is part of the research programme BE SAFE. Further research 
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in this project should lead to more insights in the uncertainties regarding wave attenua-

tion by vegetated foreshores. 

 

5.5 Implications for management 

This study shows that vegetated foreshores with a width of several tens of metres can 

reduce wave loads on coastal dikes during severe storm significantly. Therefore, dike 

managers may consider construction or maintenance of vegetated foreshores as a seri-

ous supplement to the possibilities for traditional dike reinforcement such as raising the 

dike crest or strengthening the inner or outer slope revetment. In many deltas, vegetated 

foreshores such as salt marshes and reed fields are already present along the dikes. In 

that case, it is probably worth considering to take their influence on wave loads into ac-

count in flood risk assessments. Once the foreshores are formally part of the flood de-

fence, the challenge shifts from the design of an appropriate foreshore to the 

establishment of assessment protocols and institutional arrangements for monitoring and 

management. The usage of a foreshore as a dike reinforcement strategy might be par-

ticularly attractive when a shallow foreshore is already present, or when site-specific 

conditions impede traditional reinforcements methods.  

 

6 Conclusions 
Application of vegetated foreshores has been increasingly mentioned as an effective 

method to reduce wave heights that act on coastal dikes. However, the efficiency of 

vegetated foreshores in reducing wave energy under severe storm conditions with high 

waves and large water depths is not well understood. Most existing empirical studies 

only quantify wave attenuation for moderate wave conditions in combination with limited 

water depths. The wave measurements described in this study have added to the range 

of observations with the highest water depths (up to 2.5 m) and wave heights (up to 

0.7 m) presented in the literature so far. The measurements were performed on two salt 

marshes with two representative but contrasting coastal wetland vegetation types: 

cordgrass (Spartina anglica) and grassweed (Scirpus maritimus). The former is found in 

salty environments, whereas the latter is found in brackish environments. The measure-

ments shed light on wave attenuation by vegetation under severe storm conditions, and 

have successfully been used to calibrate and validate the numerical model SWAN that 

describes wave propagation over vegetated foreshores. It appeared that the observed 
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wave attenuation by vegetation under storm conditions could best be described by a 

bulk drag coefficient 0.4DC ≈ .  

 

Vegetated foreshores can reduce wave energy during severe storm conditions signifi-

cantly. Even though energy dissipation by vegetation is most effective at small water 

depths and with high biomass, the wave energy reduction for larger inundation depths 

and the vegetation being in winter state is still considerable. Vegetation drag substantial-

ly contributes to the total wave energy dissipation. The presence of vegetation leads to 

an additional reduction rate of the significant wave height of 25-50% with respect to the 

dissipation by only wave breaking and bottom friction on the sloping transects. Under 

storm conditions with relatively small wave height to water depth ratios, depth-induced 

wave breaking on the foreshore is limited, but wave attenuation by vegetation can al-

ready be substantial. For larger wave height to water depth ratios, the presence of vege-

tation prevents intense wave breaking to occur, since the wave energy is dissipated 

more gradually. The absence of intense wave breaking might contribute to the stable 

character of the salt marsh sediments.  

 

The calibrated and validated SWAN model has been applied to compute wave height 

reduction over vegetated foreshores for various foreshore configurations and hydraulic 

loading conditions. The computed wave conditions at the toe of the dike have been used 

to determine the efficiency of vegetated foreshores in reducing the wave run-up height 

on the outer slope of the dike and the wave overtopping discharge over the dike. Both 

bare foreshores and vegetated foreshores can lead to a major decrease in wave run-up 

height and wave overtopping discharge when the water depth on the foreshore can be 

reduced to one or two times the significant wave height. However, when vegetation is 

present under these conditions, the main dissipation mechanism shifts from intense 

wave breaking to more gradual dissipation of wave energy due to the vegetation. For 

larger depths, the relative importance of vegetation increases, since wave energy dissi-

pation by vegetation already acts at lower wave height to water depth ratios than depth-

induced wave breaking. This means that vegetation extends the range of water depths 

for which a foreshore can be applied for effective reduction of wave loads. Bottom friction 

as well as wave attenuation by vegetation gain relative importance with increasing fore-

shore width. Since foreshores have a significant effect on wave run-up and overtopping, 
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it is desirable to include the foreshore characteristics in the design and assessment of 

coastal dikes.  

 

The reduction in wave loads that follows from observations in the field and computations 

with a calibrated numerical model shows that vegetated foreshores can be considered 

as a valuable supplement to conventional engineering methods for dike reinforcement. 
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