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A B S T R A C T

Saltmarshes are a promising nature-based alternative for conventional flood protection. However, saltmarshes 
can erode under storm conditions, whereby the seaward edge of the saltmarsh often forms a vertical cliff. Despite 
its importance, the effect of storm conditions on erosion at the saltmarsh cliff remains understudied, especially 
when waves traverse over a cliff. This research investigates the complex flow patterns around a saltmarsh cliff 
non-intrusively using Particle Image Velocimetry (PIV) conducted through a series of scaled monochromatic 
wave flume experiments. We adopted realistic foreshore configurations (e.g. cliff heights) and hydraulic loading 
conditions from the Dutch Wadden Sea. Results show two local near-bed velocity maxima on top of the salt
marsh, created during different wave phases by water depth contraction, wave transmission and interaction 
between flow and vortices that are shed from the cliff. Under the wave crest, high onshore-directed near-bed 
velocities were measured at approximately 2.5–4 times the cliff height onshore from the cliff. Under the wave 
trough, high offshore-directed velocities were found at the marsh edge. Both onshore- and offshore-directed 
velocities increase with increasing cliff height, larger wave height or lower water depth. Vegetation on top of 
the marsh reduces both the incoming and outgoing velocities in front of the cliff. Increasing the cliff height 
resulted in a greater reduction in velocities by the vegetation. These results demonstrate how local near-bed 
velocity maxima and location are influenced by the presence of a cliff and the interaction with vegetation on 
top of the saltmarsh. This research highlights the vulnerability of the cliff even during inundation of the cliff and 
will help to implement saltmarshes as nature-based solutions for flood defence.

1. Introduction

Rising sea levels and a higher frequency of storms cause an increased 
pressure on coastal regions and communities (Lee and Marotzke, 2021). 
Populations residing in coastal areas face growing risks from coastal 
flooding, with projections indicating a significant rise in associated 
damages (Edmonds et al., 2020; Neumann et al., 2015). Given the 
increasing pressure and number of people affected, coastal protection 
needs to be constructed or updated globally (Nicholls et al., 2010). Over 
recent decades, it has become more accepted to consider ‘hybrid’ coastal 
defence strategies to reinforce coastal protection through Nature-based 
Solutions (NbS) rather than relying solely on hard infrastructure, e.g. 
asphalt-covered dikes (Borsje et al., 2011; Doody, 1992; Sutton-Grier 
et al., 2015; van Wesenbeeck et al., 2014).

A benchmark example of such a hybrid solution is the use of coastal 
wetlands, e.g. saltmarshes in combination with existing coastal sea dikes 
(Reed et al., 2018; Temmerman et al., 2013). These types of ecosystems 
mainly occur on barrier coasts and estuaries in temperate climates 
(Allen, 2000; Mcowen et al., 2017) and exist between the high and low 
mean water level where saline vegetation is able to grow (Visser et al., 
2019; Willemsen et al., 2018). Numerous studies have demonstrated the 
ability of vegetation to attenuate wave energy under mild conditions 
(French, 2019; Gedan et al., 2011). Even during storm conditions (i.e. 
high inundation levels and large waves), wave energy is still attenuated, 
despite the large water depth above the saltmarsh (Möller et al., 2014). 
As a consequence, wave-driven run-up and overtopping is reduced at 
coastal dikes with a saltmarsh in front of it, making it an interesting 
alternative investment compared to the necessary heightening and 
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widening of sea dikes with no saltmarsh in front (Baker et al., 2022; 
Costanza et al., 1989; Marin-Diaz et al., 2023; Vuik, 2019; Vuik et al., 
2016). Moreover, attenuation of wave energy creates calm conditions on 
the saltmarsh, effectively capturing sediments (Stark et al., 2015). With 
an adequate supply of sediment, a saltmarsh can adapt to rising sea 
levels, reducing the impact of higher wave energy on coastal structures 
(Kirwan et al., 2016; Mariotti and Fagherazzi, 2010). The presence of 
vegetation also strengthens the saltmarsh substrate, making it more 
resistant to erosion through root structures (Chirol et al., 2021; van 
Eerdt, 1985), higher rates of consolidation (Stoorvogel et al., 2024) and 
indirect modification of soil parameters (Evans et al., 2022; Feagin et al., 
2009). Moreover, saltmarshes provide multiple relevant ecosystem 
services, such as highly effective sequestration of carbon stocks (Chmura 
et al., 2003; Duarte et al., 2013), vital habitat for multiple coastal flora 
and fauna (Adam, 1990; Barbier et al., 2011) and other socio-economic 
benefits, such as recreation (Beaumont et al., 2008).

Despite the significant advancements in fundamental understanding 
of the functioning of saltmarsh systems, still many uncertainties remain 
before implementing saltmarshes as NbS for flood protection. As wave 
attenuation and other ecosystem services scale with the spatial extent of 
the marsh, the marsh needs to remain within certain spatial limits for the 
desired lifetime of the coastal protection. However, saltmarshes are 
dynamic systems, varying in extent over time. Progradation and retreat 
follow each other in a cyclic pattern through various feedback mecha
nisms between hydrodynamic forcings, vegetation establishment and 
morphodynamical adaption (Allen, 1989; Dzimballa et al., 2024; 
Fagherazzi et al., 2013; van de Koppel et al., 2005; Willemsen et al., 
2022). Global change in hydrodynamic forcing led to rapid saltmarsh 
erosion worldwide (Evans et al., 2021; Mariotti and Fagherazzi, 2013). 
In fact, saltmarshes have one of the highest deterioration rates compared 
to other ecosystems (Millennium Ecosystem Assessment, 2005). Lateral 
erosion of the marsh edge occurs due to the difference in erosion resis
tance between the bare mudflat and the saltmarsh (Bouma et al., 2016; 
Cao et al., 2021; Willemsen et al., 2018). This results in the formation of 
a step or cliff at the marsh edge (Fig. 1), with heights which can range 
between 0.2 and 1 m in height with many examples worldwide (Allen, 
2000; Bendoni et al., 2016; van der Wal et al., 2023; Wang et al., 2017). 
Once a cliff is formed, it dictates lateral erosion rates due to the inter
action of wave- and current-driven hydrodynamics and substrate char
acteristics at the cliff (Bouma et al., 2016; van Eerdt, 1985; Wang et al., 

2017). Thereby it directly determines the length of the saltmarsh and its 
wave attenuation capacity. Often, a relationship is found between 
incoming wave power and the spatial-temporal-averaged loss rate of the 
marsh (Finotello et al., 2020; Leonardi et al., 2016; Marani et al., 2011). 
However, this relation can not be generalized as it is neither consistently 
linear nor uniform, being highly dependent on specific site conditions 
(Houttuijn Bloemendaal et al., 2023).

Wave-driven erosion mechanisms of a saltmarsh cliff depend on the 
water level in front of the cliff, e.g. local tidal range, and wind or wave- 
driven setup (Tonelli et al., 2010; Valentine and Mariotti, 2019; Visser 
et al., 2019; WinklerPrins et al., 2024). When water levels remain below 
the top of the cliff during a storm, wave energy predominantly impacts 
the cliff directly, leading to mass erosion through undercutting and 
eventual failure by toppling (Tonelli et al., 2010; Francalanci et al., 
2013; Bendoni et al., 2014). This process is further facilitated by the 
variations in soil strength between the upper and lower layers due to the 
presence of roots in the upper portion of the cliff (Bendoni et al., 2016; 
Brooks et al., 2022; van Eerdt, 1985). In a macro-tidal system or during 
larger storms, the coexistence of storm surge, high tidal elevation and 
wave-driven setup led to large water depths on top of the marsh and 
bigger waves are able to reach the marsh. Rather than to impact the cliff 
directly, they traverse over the marsh instead (Fagherazzi, 2014). Dur
ing these conditions, complex hydrodynamics and accelerations emerge 
around the stepped saltmarsh cliff (Suzuki and Klaassen, 2011). Strong 
gradients in horizontal velocities lead to high near-bed stresses, poten
tially leading to local scour at the cliff (Cadigan et al., 2023; Karimpour 
et al., 2016). Field observations describe vegetation being removed from 
the top of the cliff, including below-ground biomass (Cahoon, 2006). 
This removal leaves the soil more exposed without root systems making 
it more vulnerable to erosion (Trosclair, 2013). While some research has 
been carried out on wave-driven flow interaction with a cliff (Huang and 
Dong, 2001; Suzuki and Klaassen, 2011), the near-cliff velocities have 
not yet been quantified. The complex near-cliff flow structures are 
initiated by the cliff leading to the hypothesis that these near-bed ve
locities scale with cliff dimension and wave characteristics. Moreover, 
the impact of vegetation at the saltmarsh cliff on these velocities, as well 
as the effects of vegetation removal during storms, remain unclear. This 
paper aims to quantify the wave-driven near-bed velocities on top of a 
saltmarsh cliff and determine the role of vegetation on these flow pat
terns during storm conditions.

Fig. 1. Saltmarsh in front of a sea dike at Wierum, the Netherlands including an eroding cliff with a height of 0.6 m at the marsh edge of the ca. 100 m long 
saltmarsh. The sea dike behind the marsh is the main coastal protection structure. (courtesy S. Dzimballa, picture taken November 2022).
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2. Methodology

2.1. Scaled wave flume setup

Physical experiments are conducted in the 40.0 m long, 0.8 m wide 
and 1.0 m high wave flume at the Hydraulic Engineering Laboratory of 
Delft University of Technology. The flume is equipped with a piston-type 
wave generator featuring Active Reflection Compensation (ARC). The 
physical model consists of a foreshore, a saltmarsh and a dike (Fig. 2). 
Froude similitude (1:10) is adopted for the scaling of the model. The 
dimensions of the physical model as well as the wave conditions are 
based on typical Dutch Wadden Sea saltmarshes. The foreshore consists 
of a 1:9 and 1:45 slope to ensure realistic and gradual wave shoaling up 
to the edge of the saltmarsh. While natural mudflats can have even 
gentler slopes, typically between 1:750 and 1:1,000 (Colosimo et al., 
2020; Vuik et al., 2016), a steeper slope is necessary in the model due to 
the limited length of the flume. Coated plywood is used as the con
struction material to replicate the hydraulic smoothness of a bare 
mudflat as accurately as possible. The saltmarsh is modelled as a 
smooth, 7 m long, flat platform and was tested with and without arti
ficial vegetation. Saltmarshes along the Dutch Wadden Sea coast can 
range from 0 to 1,000 m in width (Zhu et al., 2020). The model marsh 
was scaled down due to the limited length of the flume, while still 
maintaining sufficient distance between the marsh edge and the dike. 
The marsh platform can be raised to reproduce a straight cliff at the 
transition between foreshore and saltmarsh with different cliff heights, 
hc. The physical model replicates a recently eroded cliff, which often 
show a nearly vertical step (Möller and Spencer, 2002). A total of 3 cliff 
configurations are made: no cliff, hc = 0.06 m and hc = 0.12 m. As such, a 
total of 6 model setups (Table 1) are tested for the offshore regular wave 
conditions. The water depth on the saltmarsh, dm is defined as the dif
ference between the offshore water depth (d0) and the height of the 
foreshore (0.24 m) and the cliff height (hc) when present. When a cliff is 
included and the marsh is raised, the marsh is extended at the end to 
connect to the dike slope. Finally, a dike is included with a slope of 1:3.6 
at the end of the saltmarsh.

The targeted vegetation is Spartina Alterniflora, or smooth cordgrass. 
An overview of representative values for Spartina Alterniflora is reported 
by Zhang et al. (2022). The vegetation is modelled by cylindrical 

neoprene cord, which is cut and glued on a smooth base in a sparse grid 
with diagonal alignment to create a meadow (Fig. 2). A total of 45,200 
stems were placed, giving the meadow a density of approximately 8,100 
stems/m2. The target saltmarsh meadow is chosen with a density N of 
190 shoots/m2, a stem height lv of 0.9 m, a stem diameter D of 8.5 mm, a 
stem elastic modulus E of 1,000 MPa and a plant material density ρv of 
840 kg/m3, which is in the lower range measured by Zhang and Nepf 
(2021). These values correspond to the fully grown state, which is to be 
expected at the start of the storm season.

The vegetation properties were scaled according to Luhar and Nepf 
(2016), which discusses 3 dimensionless numbers governing the blade 
motion within an oscillating flow, namely the Cauchy number Ca, the 
buoyancy number B and the ratio of the stem length and the wave 
excursion L: 

Ca=
ρDU2

wl3v
EI

Eq. 2.1 

B=
(ρ − ρv)gD2l3v

4EI
Eq. 2.2 

L=
lvω
Uw

Eq. 2.3 

With ρ the density of water at 20 ◦C and g the gravitational acceleration 
(= 9.81 m/s2). Uw is the horizontal oscillatory velocity as a represen
tative velocity scale for interacting with the vegetation (Méndez et al., 
1999). Here it is determined by Airy wave theory just at the saltmarsh 
edge at the top of the vegetation. For all non-broken wave conditions, Uw 

Fig. 2. Schematic overview of the physical model setup, dimensions and measuring equipment.

Table 1 
Physical model setup configurations depending on cliff height (hc) and presence 
(✓) or absence (⨯) of vegetation.

Setup ID hc [m] vegetation

SU1 0 ⨯
SU2 0.06 ⨯
SU3 0.12 ⨯
SU4 0 ✓
SU5 0.06 ✓
SU6 0.12 ✓
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varies between 0.2 and 0.5 m/s, during which similarity of the above 
described dimensionless numbers is maintained. A value of Uw = 0.5 m/s 
is used for the scaling procedure (Table 2). Initial scaling of with above 
scaling laws lead to low vegetation Reynolds numbers for less energetic 
wave scenarios (e.g. R16, Table A1, Uw = 0.2 m/s and Rev < 150). 
Wave-induced flow interaction with vegetation show vortex shedding 
causing turbulent wakes at Rev > 200 (Nepf, 1999). Typical Rev for 
Spartina Alterniflora in field conditions are Rev O (1000) (Jadhav, 2012). 
To account for this scaling effect, the width of the stem was increased to 
D = 2 mm. The total drag force by the meadow was maintained by 
decreasing the density of the stems according to: 

N1FD,1 =N2FD,2 Eq. 2.4 

Where FD the drag force, calculated as 1
2 ρCDDlUw

2, with CD the drag 
force exerted by the meadow. The subscript 1 and 2 is indicating the 
meadow before and after combining shoots respectively. The appro
priate meadow density is then calculated as: 

N2 =N1
D1

D2
Eq. 2.5 

The final modelled saltmarsh meadow maintained Cauchy similitude 
(Table 2). Buoyancy for both the prototype and the model is small and 
similitude is maintained with B < 1. As discussed by Luhar and Nepf 
(2016), buoyancy is of lesser importance in oscillatory flow as CaL > B. 
The length ratio is fulfilled due to Froude scaling with L > 1 for most of 
the wave conditions.

The experimental test program consists of series of monochromatic 
wave scenarios for a total of 6 model setups (Table A1). The first set of 
wave scenarios are carried out for each setup, varying in offshore water 
depth d0, offshore wave height H0 and offshore wave period T0, with the 
offshore wave steepness, s0 roughly at s0 = 0.04 (R01 – R20, Table A1). 
Wave conditions are based on severe to extreme storm conditions that 
apply for the Dutch Wadden Sea coast. Typical for this location, design 
conditions consist of significant wave height of Hm0 = 1.8 m, Tm-1,0 = 5 s 
and marsh inundation of 3 to 4 m (Vuik et al., 2016) and corresponds to 
similar extreme values of wave conditions for the Dutch Wadden Sea 
coast (Lavidas and Polinder, 2019).

Additionally, 9 scenarios are carried out for the setup with the 
highest cliff hc = 0.12 m, with and without vegetation (e.g. SU3 and SU6 
respectively), where either the wave height, wave period or water depth 
is varied (R21 – R29, Table A1). Measured velocities by Particle Image 
Velocimetry (PIV) are compared to measurements by Acoustic Doppler 
Velocimeter (ADV) for 3 specific scenarios (R30 – R32, Table A1), 
including with and without a cliff (e.g. SU1 and SU3 respectively) and no 
cliff with vegetation (SU4), which are representative for whole set. 
Broken waves prior to entering the area of interest are excluded from the 
analysis by applying the Miche breaker criterion. Secondly, wave 
breaking within the area of interest is visually inspected and these cases 
are excluded from analysis.

2.2. Measurements

The complex wave-driven flow around the cliff is measured non- 
intrusively using Particle Image Velocimetry (PIV). The area of inter
est consists of a 2DV plane in the middle of the flume around the salt
marsh edge. The total area of view spans around 0.6 m in the horizontal 
x-direction and 0.7 m in the vertical z-direction. An in-house-developed 
LED-based line light is chosen as the light source, due to its ease of use 
and sufficient strength of the light sheet (Bakker et al., 2021). To avoid 
wave breaking disrupting the illumination of the water column in front 
of the cliff, the light sheet is emitted from below the flume through a 
glass section at the bottom of the flume. A transparent plastic window in 
the physical model allows the light to illuminate the water column. In 
case of vegetation, two rows of vegetation are removed for the light to 
pass through the saltmarsh meadow. The light sheet is positioned so that 
the focal point is in the centre of the area of interest, where the light 
sheet has a width of 6 mm. The water is seeded with near-neutrally 
buoyant, polyamide spheres, with a diameter of 100 μm and a density 
of 1,060 kg/m3. A camera (ORX-10G-51S5M-C) is mounted perpendic
ular to the flume, with the principal point aligned with the marsh 
elevation. The distance between the camera and the centre of the light 
sheet is 1.16 m. The camera captures images of 2048 × 2448 pixels at 40 
Hz. The interrogation window is set at 32 × 32 pixels with a 50 % 
overlap. This setup results in both horizontal and vertical resolution of 
0.3 mm/pixel, corresponding to a single velocity measurement for an 
area of around 4.4 mm2. The camera and light pulse are synchronized to 
capture pairwise images according to the frame straddling technique 
with a delay of 4.2 ms between each illuminated image. The corre
sponding velocity resolution is 7 mm/s, using a typical displacement 
bias of 0.1 px (Westerweel, 1997). The potential for peak-locking is 
assessed by verifying that the measured particle displacement does not 
approximate an integer value. The amount of particles per interrogation 
window is set to be more than 10 particles per interrogation window 
(Adrian, 1991). A cross-correlation analysis is conducted on pairwise 
frames, generating two-dimensional velocity fields (x, z) using the 
PIVLAB toolbox (Thielicke and Sonntag, 2021). Outliers were removed 
using a standard deviation filter (n = 8).

Water surface elevation is measured by resistance-type wave gauges 
with a frequency of 100 Hz at an offshore location (WG1, 6.4 m onshore 
from the wave paddle) and just before the marsh edge (WG2, 0.3 m 
before the marsh edge, just outside view from the camera, Fig. 2). The 
presence of a cliff leads to wave reflection, which becomes stronger as 
the water depth on the cliff decreases (e.g. Dean and Dalrymple, 1991). 
To mitigate this effect, the wave height measured at the saltmarsh edge 
He (WG2, Fig. 2) for the case without a cliff (SU1) is used as the incoming 
wave for the cases with a cliff (SU2 & SU3). The uncertainty in deter
mining the incoming wave height is small, as the foreshore is unchanged 
between setups and the offshore wave heights and periods generated 
show high consistency in between setups, with mean differences of less 
than 1 %. The transmitted wave height over the cliff is calculated as 
follows: 

HT =KT ⋅He Eq. 2.6 

With KT, the wave transmission coefficient, which is based on the 
formulation by Dean and Dalrymple (1991): 

KT =
2

1 +
̅̅̅̅
dm
de

√ Eq. 2.7 

To ensure that the reflected waves from the dike do not affect the 
velocities at the marsh edge and to exclude the spin up time of the wave 
generator, only the first 10 fully developed waves are analysed. The 
water particle velocities are verified to follow a repeatable cycle, con
firming that the selected 10 waves are sufficient.

To gain trust in the PIV velocity measurements, velocities obtained 
from PIV are compared against those recorded by an Acoustic Doppler 

Table 2 
Prototype and model values of target vegetation Spartina Alterniflora (smooth 
cordgrass).

Unit prototype model

elastic modulus E Mpa 1x103 8
vegetation density ρv kgm− 3 840 1,230
density of water ρ kgm− 3 1,010 1,000
stem length lv m 0.900 0.090
stem density N m− 2 190 8,550
stem diameter D m 0.009 0.002
velocity scale Uw ms− 1 1.7 0.5
angular frequency ω s− 1 1.2 4.0
Cauchy number Ca – 58 65
Buoyancy number B – 0.2 − 0.8
Length ratio L – 0.7 0.7
vegetation Reynolds number Rev – 15,084 1,060
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Velocimeter (ADV) for 3 different setups (R30-R32, Table A1). Scenarios 
are repeated multiple times with the ADV positioned at different loca
tions around the marsh edge (Fig. 3). The ADV operates at a sampling 
frequency of 200 Hz for a duration of 40 fully developed waves. The 
sample volume height is 4 mm and a roughly fixed width similar to the 
diameter of the transmitted pulse, which is ca. 6 mm (Lohrmann et al., 
1994). Low-quality data are filtered based on Signal-to-Noise Ratio 
(SNR) and correlation. SNR, expressed in decibels, represents the ratio of 
signal strength to background noise, while correlation measures the 
consistency of the received acoustic signal, with higher values (typically 
> 70 %) indicating more reliable data. Data are removed if SNR falls 
below 15 dB or if correlation is less than 60 % (Nortek AS, 2018). 
Additional outliers in the ADV measurements are identified and 
removed when the residual time series, calculated as the difference 
between the measured time series and a continuous moving median 
(with a 0.4 s time window), exceeds twice the standard deviation. To 
minimize the influence of turbulence, phase-averaged horizontal and 
vertical velocities from both PIV and ADV datasets, are compared for 
each location. The degree of agreement between PIV and ADV-derived 
measurements is quantified using the relative root mean square error 
(RRMSE), which is computed separately for the horizontal and vertical 
velocity components across all measurement locations as follows: 

RRMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
∑N

i=1(yi − ŷi)
2

∑N
i=1(ŷi)

2

√

Eq. 2.8 

where y and ŷ is either horizontal or vertical velocity component 
measured by ADV or PIV respectively, i is the location and N is the total 
number of data points.

Vortex generation is identified through the swirl strength λci, which 
is the imaginary part of the complex eigenvalue of the velocity gradient 
tensor (Jeong and Hussain, 1995; Zhou et al., 1999). The swirl strength 
physical interpretation can be seen as the frequency of the fluid particle 
to swirl around the centre of a vortex, with the swirl strength dimension 
in s− 1. Compared to vorticity, the swirl strength is less affected by shear 
layers (Chen et al., 2014). The swirl strength is calculated as: 

λ2
ci = − 4

∂u
dz

∂w
dx

+ 2
∂u
dx

∂w
dz

+
∂u
dx

2

+
∂w
dz

2

Eq. 2.9 

With u and w, the horizontal and vertical velocity component, respec
tively. The swirl strength is made dimensionless (λ́ci) in a similar way as 
Lin and Huang (2010), using the cliff height hc as a characteristic length 
scale: 

λʹ
ci =

λcihc
̅̅̅̅̅̅̅
gde

√ Eq. 2.10 

To gain more insight in the maximum near-bed velocities, the hori
zontal velocity component is extracted at the marsh edge till 0.3 m 
onshore (0 <x < 0.3 m, with x = 0 defined at the marsh edge) at a height 
ranging from 5 mm, which is the height of one interrogation window to 
10 cm from the bed (0.005 < z < 0.1 m, with z = 0 defined at the bed of 
the marsh). The maximum onshore- and offshore-directed horizontal 
velocity are quantified as the 95th and 5th percentile (u+ and u−

respectively) over the full time series of 10 waves. Finally, u+ and u− are 
made dimensionless using a characteristic velocity scale

̅̅̅̅̅̅̅
gde

√
: 

U+ =
u+

̅̅̅̅̅̅̅
gde

√ and U− =
u−

̅̅̅̅̅̅̅
gde

√ Eq. 2.11 

Where U+ and U− are the nondimensional maximum onshore and 
offshore-directed velocity respectively.

Next, the influence of vegetation on the flow velocities at the marsh 
edge is examined. Due to the visual obstruction by the vegetation, ve
locity measurements within the canopy are not possible. Additionally, 
the swaying of vegetation introduces noise in the PIV measurements. 
Therefore, horizontal phase-averaged velocities 〈u〉 are extracted along a 
vertical profile, 20 mm in front of the marsh edge, for both vegetated 
and non-vegetated scenarios, which are varying over height of the 
profile and time. The vertical profile covers the water depth above the 
marsh (dm) under both onshore and offshore-directed flow, defined as 
still water depth minus wave amplitude during offshore flow and still 
water depth plus wave amplitude during onshore flow. Next, the 
maximum and minimum phase-averaged horizontal velocities (i.e. 
onshore- and offshore-directed respectively) were computed for each 
height on the vertical profile, denoted as 〈u〉+v and 〈u〉−v for the vegetated 
case and 〈u〉+ and 〈u〉− for the non-vegetated case, which vary over z. 
The influence of vegetation is quantified by calculating the absolute 

Fig. 3. Comparison between the ADV and PIV measurements for 3 setups; R30, R31 and R32. Top panels show the sampling locations of ADV and PIV (A, B, C, black 
dots). Lower panels show the comparison between ADV- and PIV-derived horizontal (blue dots) and vertical velocities (red dots) (D, E and F). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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difference of the non-vegetated and vegetated velocity profiles (i.e. 
|〈u〉 − 〈u〉v|), where a value larger than zero means attenuation by 
vegetation. The reduction of velocity due to the presence on the vege
tation is averaged from the bed of the marsh to the height of the standing 
vegetation and normalized by the characteristic velocity scale 

̅̅̅̅̅̅̅
gde

√
, 

expressed as ΔU*+
v and ΔU*−

v for onshore and offshore velocities, 
respectively: 

ΔU*+
v =

1
l

̅̅̅̅̅̅̅
gde

√

∫ l

0

⃒
⃒〈u〉+ − 〈u〉+v

⃒
⃒dz Eq. 2.12 

ΔU*−
v =

1
l

̅̅̅̅̅̅̅
gde

√

∫ l

0

⃒
⃒〈u〉− − 〈u〉−v

⃒
⃒dz Eq. 2.13 

3. Results

3.1. ADV and PIV comparison around the marsh edge

Horizontal and vertical velocities measured by ADV and PIV are 
compared for three setups, showing good agreement in all cases. First, 
without a cliff and vegetation (R30, Fig. 3A–D), both velocity compo
nents have RRMSE below 1 % of the orbital amplitude measured by PIV 
for all 12 locations. For the case with a cliff of hc = 0.12 m (R31, 
Fig. 3B–E), more scatter is observed, but RRMSE remains around 1–2 % 
for 11 locations. For the case without a cliff with vegetation (R32, 
Fig. 3C–F) measurements align well, with both horizontal and vertical 
velocities for 14 locations again showing RRMSE below 1 % of the 
measured orbital amplitude measured by PIV.

Fig. 4. Instantaneous dimensionless velocities (A–F) during different phases of the wave at x/hc = 0 (lower panel) for a single representative experiment (R09, H0 =

0.10 m, T0 = 1.4 s, d0 = 0.45 m, dm = 0.15 m, hc = 0.06 m and no vegetation). Vortices are indicated by dimensionless swirl strength for clockwise (red contours) and 
counterclockwise (green contours) at λ́ci = 1 [-]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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3.2. Velocity patterns around the marsh edge with a cliff

The wave-driven flow patterns over the cliff are analysed for a 
representative experiment with a 0.06 m high cliff without vegetation 
and relative large non-breaking waves at the cliff (R09, H0 = 0.10 m, T0 
= 1.4 s, d0 = 0.45 m and dm = 0.21 m; Fig. 4). Vortices are identified 
using the dimensionless swirl strength at a threshold of λ′ci = 1, based on 
the dimensionless vorticity observed in a similar experiment (Lin and 
Huang, 2010). The instantaneous velocities are made dimensionless by a 
characteristic velocity scale 

̅̅̅̅̅̅̅
gde

√
. To generalize the length scales of the 

flow patterns, the horizontal length along the marsh and the water depth 
above it are made dimensionless by the cliff height, expressed as x/hc 
and z/hc, respectively.

Starting at the instance when a wave passed over the cliff, a strong 
offshore-directed flow is present (Fig. 4A). As the offshore-directed flow 
cannot follow the abrupt change in local topography, it separates and a 
counterclockwise vortex develops, indicated by a strong, local swirl 
strength (V1, Fig. 4A) with a radius of approximately the height of the 
cliff. Offshore from the cliff, the flow decelerates.

As an incoming wave approaches the cliff (Fig. 4B), the counter
clockwise vortex is advected in the onshore direction, moving over the 
cliff. As a result, flow accelerates between the vortex and the cliff face. 
This flow is unable to adapt to the abrupt change in bed level created by 
the cliff, resulting in flow detachment. A recirculation zone forms with 
several clockwise vortices at the top of the cliff, including one larger 
vortex (V2, Fig. 4B).

During the passing of the wave crest over the cliff, both clockwise 
and counterclockwise vortices are advected onshore over the top of the 
cliff (V1 and V2, Fig. 4C). Due to the local smaller water depth on top of 
the cliff, the flow accelerates, while the recirculation zone close to the 
bed grows in length. The clockwise vortex is forced by the detached flow 
and grows in intensity. The flow is constrained between the clockwise 
and counterclockwise vortices, creating a jet-like flow.

When the wave crest has passed the cliff, flow starts to reverse and 
the clockwise vortex is advected offshore over the marsh platform (V2, 
Fig. 4D). The counterclockwise vortex is no longer amplified and grad
ually dissipates (V1, Fig. 4D). At the end of the recirculation zone, the 
flow reattaches to the marsh platform, causing high onshore-directed 
near-bed velocities during this phase of the wave (2 < x/hc < 3 and z/ 
hc = 0, Fig. 4D).

During flow reversal, the flow is constrained between the marsh 
platform and the clockwise vortex (V2, Fig. 4E), which forms a jet that 
persists under the wave trough, causing high offshore-directed near-bed 
velocities close to the marsh edge (0 < x/hc < 2 and z/hc = 0, Fig. 4E).

The accelerated offshore-directed jet cannot follow the change in bed 
level at the cliff and it detaches, forcing a counterclockwise vortex in 
front of the cliff once more (V3, Fig. 4F). The offshore-directed jet per
sists in deeper water for a certain period, possibly induced by un
dulations of the vortex core in the y direction (perpendicular to the field 
of view), generating small counterclockwise vortices, while being 
influenced by the clockwise vortex. As the clockwise vortex gradually 
dissipates into smaller turbulent motions, the jet weakens and eventu
ally dissipates before the flow reverses under the influence of the 
incoming wave to repeat the cycle (Fig. 4F).

The observed flow patterns, characterized by the formation of 
clockwise and counterclockwise vortices and the forcing of high near- 
bed velocities, were consistently repeated throughout the experiment. 
These patterns also persisted in experiments with a higher cliff height. 
Similar vortex generation and high near-bed velocities are observed in 
the other experiments, although the velocity intensity varied with wave 
conditions (i.e. wave height and wave period) and water depth on top of 
the marsh (dm) as are shown next.

3.3. Near-bed velocities around the marsh edge with a cliff under various 
hydrodynamic conditions

Both onshore- and offshore-directed near-bed peak velocities (U+

and U− , Eq. (2.10)) are compared for changes in wave conditions (i.e. 
wave height and wave period) and change in water depth for a constant 
cliff height (hc = 0.06 m). Under onshore-directed flow, the accelerated 
and detached flow over the cliff is distinctly evident over different ex
periments. Both the intensity and the length of the detached flow in
crease with increasing wave height (Fig. 5, bottom to top panels) and 
decreasing water depth (Fig. 5, right to left). As shown in Fig. 4C, a 
recirculation zone develops underneath the detached flow over the cliff, 
which can be recognized by relative low maximum near-bed velocities 
(0 < x/hc < 1). Behind the recirculation zone, local high near-bed ve
locities are generated as explained in section 3.2. The magnitude of the 
maximum onshore near-bed velocities as well as their distance from the 
marsh edge (x/hc = 0) similarly increases with intensifying wave con
ditions (i.e. H and T) and decreasing water depth (dm).

During offshore-directed flow under the trough of the wave, high 
near-bed velocities are generated near the marsh edge (Figs. 6 and 0 <
x/hc < 2). Similarly to the onshore-directed near-bed velocities, the 
maximum offshore near-bed velocities increases with increasing wave 
conditions (i.e. H and T) (Fig. 6, bottom to top) and decreasing water 
depths (Fig. 6, left to right). The location of the maximum offshore- 
directed near-bed velocities occurs near the marsh edge and does not 
show large variation with wave conditions or water depth. The magni
tude of onshore- and offshore-directed maximum near-bed velocity are 
similar, although the area over which these near-bed velocities occur is 
larger during onshore conditions.

The maximum onshore- and offshore-directed near-bed velocities (i. 
e. U+ and U− respectively) are retrieved along a horizontal profile at a 
height of ca. 5 mm above the bed and compared for different wave 
conditions and water depths (Fig. 7). Two zones of high near-bed ve
locities can be seen; the first being offshore-directed, located at the 
marsh edge and the second being onshore-directed at some distance 
from the marsh edge. Both zones exhibit a local maximum, with the 
magnitude and location varying between experiments. The maxima of 
U+ and U− over the marsh are defined as the absolute maximum 
onshore- and offshore-directed near-bed velocities, denoted as U*+ and 
U*− , respectively.

For the first zone, the maximum offshore-directed near-bed velocity 
U*− increases with increasing wave height and decreases with increasing 
water depth. The location of this maximum offshore-directed flow de
pends less on wave height and water depth. This can be understood as 
the maximum offshore-directed flow occurs as the jet is ‘trapped’ below 
the clockwise vortex and the cliff until it is beyond the marsh edge 
(Fig. 4E). The location of the maximum offshore-directed near-bed ve
locities is therefore bound to the marsh edge. For all wave conditions 
and water levels, the location of U*− is between the marsh edge (i.e. x/hc 
= 0) and x/hc = 0.5 (Fig. 7).

For the second zone, the maximum onshore-directed near-bed ve
locity U*+, similarly increases with wave height and decreases with 
increasing water depth. However, the location of the maximum onshore- 
directed near-bed velocities (xon) migrates further onshore with 
increasing wave height. More energetic wave conditions (i.e. higher H 
and T), lead to larger recirculation zones and a longer distance from the 
cliff where the flow can reattach to the bed. In reverse, an increase in 
water depth leads to both lower maximum near-bed velocity and its 
location closer to the marsh edge. The first zone, which is offshore- 
directed, is typically shorter in length over the top of the cliff 
compared to the second zone, which is onshore-directed.

3.4. The role of cliff height on near-bed velocities

Given all experiments, we now study the relation between maximum 
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near-bed velocity in both onshore- and offshore-directed flow and the 
local relative water depth on top of the marsh to the transmitted wave 
height (dm/HT) for three cliff heights (Fig. 8). A clear trend is observed 
where both U*+ and U*− increase with decreasing dm/ HT. The relation 
between U*+ and dm/HT align well across the experiments with and 

without a cliff, suggesting that near-bed velocity accelerations are pri
marily governed by the contraction of the water column and the increase 
in wave height resulting from wave transmission over the cliff. A similar 
trend is observed for U*− , although at lower dm/HT values, the presence 
of a cliff results in higher U*− compared to the experiments without a 

Fig. 5. Onshore-directed maximum horizontal velocity over the marsh platform, U+ for hc = 0.06 and dependency on an increase in wave height (bottom to top, H0 
= 0.07, 0.08 and 0.10 m) and increase in water depth on top of the marsh (left to right, dm = 0.15, 0.25 and 0.40 m).

Fig. 6. Offshore-directed maximum horizontal velocity over the marsh platform, U− for hc = 0.06 and dependency on an increase in wave height (bottom to top, H0 
= 0.07, 0.08 and 0.10 m) and increase in water depth on top of the marsh (left to right, dm = 0.15, 0.25 and 0.40 m).

Fig. 7. Maximum absolute near-bed horizontal velocities for onshore- (red line) and offshore-directed flow (blue line) over the saltmarsh at 5 mm above the bed for 
hc = 0.06 m. The saltmarsh length is made dimensionless by the cliff height. Local maxima in maximum velocities are indicated by open circles. Line styles indicate 
an increase in offshore wave height (H0 = 0.07, 0.08 and 0.10 m) and the panels from left to right show an increase in water depth on top of the marsh (dm = 0.15, 
0.25 and 0.40 m). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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cliff. This can be attributed to the generation of vortices by the cliff, 
which accelerate the offshore-directed flow over it. For both U*+ and 
U*− , the influence of different cliff heights is relatively small for the two 
cliff heights examined in this study.

The near-bed velocities were approximated using second-order 
Stokes theory (Zhao and Liu, 2022), assuming a constant wave steep
ness of s = 0.04, which is representative of most wave conditions in the 
experiments (Table A1). Without a cliff, the observations align well with 
theory. When a cliff is present, good agreement between theory and 
observed velocities is maintained for larger values of dm/ HT. However, 
in shallower conditions, U*+ is lower than predicted by theory, while 
U*− is higher. The later can be explained by the interaction with vortices 
generated at the cliff, which locally accelerate the offshore-directed 
flow.

The relationship between the location of the maximum onshore- 
directed near-bed velocity, xon and the relative water depth on top of 
the marsh to the transmitted wave height (dm/HT) is examined for both 
cliff heights (Fig. 9). Here, xon is normalized by T0 multiplied by the 
characteristic velocity scale. Both cases follow a clear trend where a 
lower value of dm/HT results in an increase in xon. Under the same 

offshore wave conditions, a higher cliff means a smaller water depth on 
top of the marsh and a higher transmitted wave height. This causes xon to 
shift landward, indicating that a larger area on top of the cliff exposed to 
higher near-bed velocities. This was not found to be directly propor
tional to the cliff height, where a smaller cliff reaches a maximum dis
tance of xon ≈ 0.25 m (ca. 4 hc) and a larger cliff leads to a maximum 
distance of xon ≈ 0.3 m (ca. 2.5 hc).

3.5. The role of vegetation on near-bed velocities

The effect of vegetation on top of a cliff is evaluated by comparing 
wave-driven velocities just in front of the cliff under the same setups and 
wave scenarios, both with and without vegetation. Maximum phase- 
averaged velocities over a vertical profile in front of the saltmarsh are 
shown for the largest cliff height (hc = 0.12 m), where the effect is most 
clearly visible (Fig. 10). For both setups (i.e. with and without vegeta
tion), the flow contraction induced by the cliff accelerates the onshore- 
directed velocity. Vegetation reduces the maximum velocities, particu
larly in the lower half of the canopy. This is due to bending of the flexible 
vegetation under the wave forces. In the upper half, the vegetation 
slightly increases the onshore-directed velocities (e.g. Fig. 10C–G, H) as 
the flow faces less resistance and is redirected over the vegetation. The 
drag induced by the vegetation on the onshore-directed flow increases, 
causes velocities to decrease, with increasing wave height and period 
(Fig. 10, left to right), and decreases as the water depth increases 
(Fig. 10, top to bottom panel). A significant reduction in both onshore- 
and offshore-directed velocities is observed when the water depth above 
the marsh is similar to the vegetation height (dm ≈ lv). This occurs 
because, at lower water depths, the flow is forced through the vegeta
tion, while for larger water depths, the flow is redirected over the 
vegetation.

The combined effect of both the cliff and the interaction with vege
tation are compared for both onshore- and offshore-directed flow for 
each experiment (Fig. 11). The effect of vegetation is expressed through 
the dimensionless velocity reduction ΔU*+

v and ΔU*−
v (Eq. (2.12) and Eq. 

(2.13)) for onshore- and offshore-directed maximum, respectively. In 
the presence of a cliff, both onshore- and offshore-directed velocities 
show similar pattern, where vegetation decelerated velocities compared 
to the case without vegetation. An increase in cliff height results in a 
lower water level and a higher transmitted wave height on top of the 
cliff. This leads to a decrease in dm/HT and corresponds to an increase in 
both ΔU*+

v and ΔU*−
v . This velocity reduction reaches a maximum of 

ΔU*+
v and ΔU*−

v = 0.05 for hc = 0.06 m to ΔU*+
v and ΔU*−

v = 0.15 for hc 

Fig. 8. Relation between relative maximum near-bed velocity and the relative water depth with the transmitted wave height on top of the marsh for both onshore- 
(A) and offshore-directed flow (B) for various cliff heights (hc = 0.06 m, red dots and hc = 0.12 m, blue dots) and without a cliff (black dots). The data is compared to 
the near-bed velocity amplitude approximation based second-order Stokes (black dashed line). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 9. Relation between the normalized location of maximum onshore- 
directed near-bed velocity and the relative water depth with the transmitted 
wave height on top of the marsh for a small (hc = 0.06 m, red dots) and a large 
cliff height (hc = 0.12 m, blue dots). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)
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= 0.12 m. These results demonstrate the vegetation’s effectiveness in 
reducing velocities in front of the vegetation, which increases with cliff 
height, highlighting the interaction between the cliff and vegetation and 
is mostly effective at values of dm/HT < 3.

4. Discussion

4.1. PIV-derived velocity measurements

This study uses 2DV PIV to non-intrusively measure flow patterns 
across various saltmarsh edge configurations, considering different cliff 
and vegetation scenarios, wave conditions and water depths. This 
method provided detailed insights into flow patterns that contribute to 

high near-bed velocities. A relatively large area of interest enabled the 
analysis of flow patterns onshore and offshore of the marsh edge. 
Focusing on a smaller area of interest with higher spatial resolution 
could enhance the accuracy of near-bed velocity measurements (Lin 
et al., 2006). However, the results presented here primarily aimed to 
explain flow behaviour over the whole water column around the marsh 
edge and relate it to the generation of high near-bed velocities and the 
effects of a cliff and vegetation on these velocities. It is important to note 
that only 10 waves were used to determine the phase-averaged veloc
ities to mitigate the effects of dike reflection. While phase-averaging 
over a larger number of waves would improve the measurement accu
racy, the coefficient of variation of the maximum and minimum veloc
ities before the cliff remain ≤ 5 %, indicating that the measured waves 

Fig. 10. Maximum onshore-directed (red) and offshore-directed (blue) horizontal velocities, with (solid) and without (dashed) vegetation, along a vertical profile in 
front of the marsh edge (dashed black line, x = − 0.02 m). Still water level is indicated by the solid black line. Panels from left to right show an increase in offshore 
wave height and period (H0 = 0.05, 0.07, 0.08 and 0.10 m, and T0 = 0.9, 1.1, 1.3 and 1.5 s respectively). Panels from top to bottom show increase in water depth (dm 
= 0.09 and 0.19 m). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Relation between dimensionless velocity reduction and the relative water depth with the transmitted wave height on top of the marsh for both onshore- (A) 
and offshore-directed flow (B) for a small (hc = 0.06 m, red dots) and a large cliff height (hc = 0.12 m, blue dots). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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are repeatable.

4.2. Near-bed velocities at a saltmarsh edge

This study shows the generation of high near-bed velocities over the 
marsh platform, driven by the interaction between wave-driven flow 
and a cliff during both the wave crest and trough. Similar patterns of 
vortex generation and advection over submerged rectangular objects 
have been observed in previous flume studies, particularly under soli
tary waves (Chang et al., 2005; Lin et al., 2006), where high near-bed 
velocities are linked to vortex formation and flow detachment (Huang 
and Dong, 2001; Ting and Kim, 1994). Our findings show that under 
monochromatic waves, this pattern of clockwise and counterclockwise 
vortex formation repeats, contributing to the generation of high 
near-bed velocities.

We present a relationship between velocities on top of the marsh 
edge and local wave conditions, depending on local water depth and 
transmitted wave height, though at a constant steepness. Similar de
pendency was found of vortices size and intensities with depending on 
wave height and period. Suzuki and Klaassen (2011) also found a 
dependence of the size and intensity counterclockwise vortex in front of 
the cliff on wave height and period. Chang et al. (2005) highlighted the 
interaction between vortices, particularly for shorter wave lengths, 
where limited dissipation time results in more intense vortices and 
accelerated near-bed velocities. As with wave-induced pressure on the 
cliff face, shear stresses are strong when water levels on top of the marsh 
are low (Tonelli et al., 2010). However, our results demonstrate that 
when waves are able to traverse the cliff edge, significant shear is 
exerted on top of the cliff.

The results indicate that high near-bed velocities can develop during 
storm conditions when the marsh is inundated. These findings are an 
addition to previous studies on cliff vulnerability under calmer or 
moderate storm conditions, where wave forces directly impact the cliff, 
and erosion is primarily driven by direct wave action and substrate 
composition (Bendoni, 2015; Bendoni et al., 2014; Francalanci et al., 
2013). Undercutting of a cliff results in a relatively straight vertical cliff 
with sharp edges at the top, similar to the modelling of the cliff in this 
study. During high-energy storm events, these sharp cliffs contribute to 
flow detachment, repeating the cycle of erosion. Although the genera
tion of vortices and the subsequent high near-bed velocities repeated 
with every wave cycle, this is not the case under field conditions. During 
storm conditions, high velocities due to flow contraction over the cliff 
will gradually smooth the top of the cliff, significantly reducing the 
separation region and the associated generation of clockwise vortices at 
the cliff (Rey et al., 1992; Suzuki and Klaassen, 2011).

4.3. Effect of vegetation on near-bed velocities at a cliff

Direct flow measurements inside the canopy were not possible. 
Instead, the phase-averaged velocities just before the marsh edge were 
measured, which were not obstructed by vegetation in view of the 
camera. Results show that vegetation significantly attenuate the flow in 
front of the marsh edge, reducing flow detachment and vortex genera
tion during both wave phases. Other studies have also found substantial 
decrease in velocity within the vegetation, albeit without including a 
cliff at the marsh edge. Karimpour et al. (2016) found that orbital ve
locity reduction within the vegetation depends on wave height, inun
dation depth, submergence and the density of the vegetation. In fact, as 
water depth increases, the vegetations ability to attenuate velocities 
decreases (Maza et al., 2015; Möller et al., 2014).

It is important to note that the targeted vegetation was fully-grown 
Spartina Alteniflora at the beginning of the storm season. This species 
is not always present on top of a cliff, particularly when the cliff has been 
retreating for some time and more high marsh is exposed (e.g. Fig. 1). In 
such cases, limited vegetation is present due to low inundation fre
quencies, making conditions more similar to the tested scenarios 

without vegetation. As such, the results from the experiments with 
vegetation on top of the marsh offer valuable insights into velocity 
patterns for newly formed cliffs in retreating salt marshes. In contrast, 
the non-vegetated experiments are more representative of hydrody
namic conditions around more mature cliffs with small standing 
vegetation.

4.4. Implications for saltmarsh implementation as nature based solution 
for flood defence

The results showed that, beyond direct wave impact during smaller 
or moderate storms conditions with the water level lower than the cliff 
height, significant wave-driven near-bed velocities occur at the marsh 
edge when inundated during extreme storm conditions. These high near- 
bed velocities suggest significant local shear stresses (Huang and Dong, 
2001), identifying a hotspot for erosion caused by scour during large 
inundation.

High hydrodynamic stresses at the cliff can lead to breaking of stiff 
vegetation (Vuik et al., 2018) or even the uprooting and removal of 
complete above-ground vegetation and root systems (Cahoon, 2006; 
Priestas et al., 2015; Temmerman et al., 2023). This exposes the bare 
substrate, becoming a local weak spot during high over-marsh flow and 
pressures (Allen, 2000; Marshall, 1962). Hence, these short-term erosion 
events and vegetation loss could lead to higher lateral erosion rates and 
collapse of the saltmarsh on longer timescales (Mariotti and Fagherazzi, 
2013; Van der Wal et al., 2008).

This implies that coastal managers should consider not only lateral 
erosion during elevated water levels at the cliff face, but also the 
increased vulnerability of marsh cliffs during major storm events. This 
contrasts with earlier findings that reported little to no erosion of the 
marsh platform itself, even during extreme storm conditions (Brooks 
et al., 2022; Schoutens et al., 2022; Spencer et al., 2016; van Eerdt, 
1985). More intensive monitoring at both the cliff face and the cliff top 
may help identify active failure mechanisms as they develop. Further
more, the relationship between over-marsh velocities and local hydro
dynamics could serve as a useful indicator of near-bed shear stress acting 
on top of cliff. Ultimately, the extent of erosion is governed by 
site-specific soil properties, vegetation characteristics and erosion 
resistance.

The results show the locations of maximum near-bed velocities under 
a wide range of storm conditions, which is important information as a 
first step for the implementation of saltmarshes as nature-based solu
tions for flood defence. This study highlights the vulnerability of both 
the cliff and vegetation during storms, emphasizing the need for further 
research. As a next step, further investigation is recommended in a 
follow-up study to determine the extent to which these near-bed ve
locities drive saltmarsh erosion under storm conditions.

5. Conclusion

This study examines wave-driven flow patterns at the marsh edge 
under storm conditions through a series of wave flume experiments. The 
role of cliff height and the presence of vegetation on velocities around 
the marsh edge are examined, with velocities measured non-intrusively 
using 2DV PIV. The results show the generation of clockwise and 
counterclockwise vortices as the wave-driven flow cannot follow the 
sharp transition at the cliff during both onshore- and offshore-directed 
flow. These vortices are advected, affecting the flow and leading to 
higher near-bed velocities at different phases of the wave.

The presence of a cliff at the marsh edge lead to the generation of 
high near-bed velocities either onshore-directed under the crest of the 
wave or offshore-directed under the trough of the wave. The magnitude 
of these velocities increases with increasing wave height or decreasing 
water depth on top of the marsh. Increase in near-bed velocities with 
increasing cliff height was small for the cliff heights chosen in these 
experiments. The location of maximum onshore-directed near-bed 
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velocity depends on the relative water depth and wave height varying 
between 2.5 and 4 times the cliff height onshore from the marsh edge. In 
contrast, the maximum offshore-directed velocities consistently occur at 
the marsh edge.

The presence of vegetation on top of the marsh, in combination with 
a cliff, shows an attenuation of both onshore- and offshore velocities, 
potentially mitigating erosion and scour at the cliff, with the effect 
becoming more pronounced as the cliff height increases and the water 
depth decreases. These results demonstrate the generation of high near- 
bed velocities over a saltmarsh cliff when the marsh is submerged under 
storm conditions. Rather than direct wave impact at low water depths, 
high near-bed velocities and potential scour on top of the cliff can occur, 
emphasizing the vulnerability of saltmarsh cliffs under storm conditions. 
The results identify the locations of maximum near-bed velocities across 
various storm conditions, cliff heights and presence of vegetation. 
Thereby providing essential insights as a first step toward implementing 
saltmarshes as nature-based flood defences. An important next step in
volves investigating the extent to which these velocities contribute to 
saltmarsh erosion during storms.
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Appendices. 

A. Experimental program

Table A1 
Experimental program with each experiment indicated with an experiment ID, depending on offshore wave height H0, wave period T0 and water depth, d0. Same 
offshore wave scenarios are repeated for multiple cliff heights hc and therefore water depth on top of the marsh dm. Similarly, scenarios were repeated with (✓) and 
without (⨯) the presence of vegetation on top of the marsh, with an exemption for experiment R30-R32.

Experiment ID H0 [m] T0 [s] d0 [m] hc [m] dm [m] presence vegetation

R01 0.05 0.9 0.40 0, 0.06, 0.12 0.16, 0.10, 0.04 ✓/⨯
R02 0.07 1.1 0.40 0, 0.06, 0.12 0.16, 0.10, 0.04 ✓/⨯
R03 0.09 1.3 0.40 0, 0.06, 0.12 0.16, 0.10, 0.04 ✓/⨯
R04 0.10 1.5 0.40 0, 0.06, 0.12 0.16, 0.10, 0.04 ✓/⨯
R05 0.12 1.7 0.40 0, 0.06, 0.12 0.16, 0.10, 0.04 ✓/⨯
R06 0.05 0.9 0.45 0, 0.06, 0.12 0.21, 0.15, 0.09 ✓/⨯
R07 0.07 1.1 0.45 0, 0.06, 0.12 0.21, 0.15, 0.09 ✓/⨯
R08 0.09 1.2 0.45 0, 0.06, 0.12 0.21, 0.15, 0.09 ✓/⨯
R09 0.10 1.4 0.45 0, 0.06, 0.12 0.21, 0.15, 0.09 ✓/⨯
R10 0.12 1.6 0.45 0, 0.06, 0.12 0.21, 0.15, 0.09 ✓/⨯
R11 0.05 0.8 0.55 0, 0.06, 0.12 0.31, 0.25, 0.19 ✓/⨯
R12 0.07 1.0 0.55 0, 0.06, 0.12 0.31, 0.25, 0.19 ✓/⨯
R13 0.09 1.2 0.55 0, 0.06, 0.12 0.31, 0.25, 0.19 ✓/⨯
R14 0.10 1.3 0.55 0, 0.06, 0.12 0.31, 0.25, 0.19 ✓/⨯
R15 0.12 1.5 0.55 0, 0.06, 0.12 0.31, 0.25, 0.19 ✓/⨯
R16 0.05 0.8 0.70 0, 0.06, 0.12 0.46, 0.40, 0.34 ✓/⨯
R17 0.07 1.0 0.70 0, 0.06, 0.12 0.46, 0.40, 0.34 ✓/⨯
R18 0.08 1.1 0.70 0, 0.06, 0.12 0.46, 0.40, 0.34 ✓/⨯
R19 0.10 1.3 0.70 0, 0.06, 0.12 0.46, 0.40, 0.34 ✓/⨯
R20 0.12 1.4 0.70 0, 0.06, 0.12 0.46, 0.40, 0.34 ✓/⨯
R21 0.10 1.5 0.40 0.12 0.04 ✓/⨯
R22 0.05 1.5 0.45 0.12 0.09 ✓/⨯
R23 0.15 1.5 0.45 0.12 0.09 ✓/⨯
R24 0.10 1.2 0.45 0.12 0.09 ✓/⨯
R25 0.10 2.0 0.45 0.12 0.09 ✓/⨯
R26 0.10 2.5 0.45 0.12 0.09 ✓/⨯
R27 0.10 1.5 0.45 0.12 0.09 ✓/⨯

(continued on next page)
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Table A1 (continued )

Experiment ID H0 [m] T0 [s] d0 [m] hc [m] dm [m] presence vegetation

R28 0.10 1.5 0.55 0.12 0.19 ✓/⨯
R29 0.10 1.5 0.70 0.12 0.34 ✓/⨯
R30 0.10 1.6 0.70 0 0.46 ⨯
R31 0.10 1.5 0.55 0.12 0.19 ⨯
R32 0.10 1.3 0.64 0 0.40 ✓

Data availability

Data will be made available on request.
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