
Journal of Geophysical Research: Earth Surface

Sand Suspension and Transport During Inundation of a Dutch
Barrier Island

A. Engelstad1 , B. G. Ruessink1 , P. Hoekstra1 , and M. van der Vegt1

1Department of Physical Geography, Faculty of Geosciences, Utrecht University, Utrecht, the Netherlands

Abstract Overwash and inundation of barrier islands transport large amounts of sediment landward,
which could potentially increase the aggradation of these islands in times of sea level rise. However, not
much is known about the detailed processes of sediment suspension and transport during inundation.
Here we analyze field data of suspended sediment, water levels, waves, and currents which were collected
during five inundation events on a barrier island in the Netherlands. We found that depth-integrated
suspended sand concentrations and cross-shore sand transport showed high variability during and between
inundation events at our location, where 80% of the combined transport from all inundation events was
completed before high tide. This is primarily caused by variations in cross-shore flow velocities which were
strongest (up to 1.2 m/s onshore) before high tide. However, episodically high depth-integrated suspended
sand concentrations (defined as >2kg/m2) were observed on infragravity time scales (∼20–200 s),
suggesting that the contribution of infragravity waves to the combined bed shear stresses of waves and
currents was important. High contributions of infragravity waves to the transport coincided with observed
bore-like wave shapes, which might partly be attributed to higher short waves riding and suspending
sediment at the position of the crest. Two transport regimes were thus found to govern the transport during
inundation: a flow-driven regime when flow velocities were high (>0.5 m/s) and the ratio of infragravity
wave and current related shields numbers was below 0.11 and an episodic regime when this ratio
exceeded 0.11.

1. Introduction

Overwash and inundation of barrier islands can carry large amounts of sediment landward. Overwash is the
overtopping of beaches or dune crests, while during inundation the area between ocean and back-barrier
basin is continuously submerged (Sallenger Jr, 2000). These processes are commonly forced by elevated water
levels resulting from storm surges and wave setup during extreme meteorological events such as storms and
hurricanes. The associated morphological responses include erosion and an increase in island instabilities,
shoreline retreat, and breaching (Donnelly et al., 2006; Safak et al., 2016), but also sediment accretion such
as gains in subaerial areas (Durán et al., 2016). During Hurricane Ivan on 26 September 2004, for example,
washovers (the sediment deposits of overwash) of 1.2–1.5 m thickness were deposited on Santa Rosa Island,
United States (Donnelly et al., 2006). In fact, overwash can transport up to several hundreds of cubic meters
sand per meter beach width landward (Masselink & van Heteren, 2014; Morton & Sallenger, 2003; Nielsen
& Nielsen, 2006). Specifically in mesotidal, mixed energy systems, this landward transport can result in net
sediment accretion, particularly on the broader and higher barrier islands in the North Sea (Christiansen et al.,
2004; Morton & Sallenger, 2003; Nielsen & Nielsen, 2006).

Studies investigating the morphological response to overwash and inundation and the underlying physical
processes of sediment suspension and transport focused mostly on presurvey and postsurvey of the affected
areas (Matias et al., 2009; Morton & Sallenger, 2003; Nielsen & Nielsen, 2006), laboratory work (Edge et al., 2007;
Matias et al., 2013), and numerical modeling (Harter & Figlus, 2017; McCall et al., 2010, 2011; Van Dongeren
& Van Ormondt, 2007; Wesselman et al., 2017). Due to the difficulties of collecting field data during storms
and hurricanes, onsite studies which combine hydrodynamics and morphological response during overwash
and inundation (Fisher et al., 1974; Holland et al., 1991; Hoekstra et al., 2009; Leatherman, 1976; Matias et al.,
2010; Sherwood et al., 2014; Van der Vegt & Hoekstra, 2012) are rare. However, field studies are vital to improve
insight into sediment transport processes during inundation and will be valuable to validate model studies.
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Models are needed, for example, to assess the risk of barrier island erosion and to estimate the response of
barrier islands to sea level rise.

In general, sediment suspension and transport is forced by the mean flow and the orbital motion of short
(∼0.05–1 Hz) and infragravity (∼0.005–0.05 Hz) waves, see Aagaard et al. (2013) for an extensive review. Dur-
ing inundation of gently sloping barriers, wave dynamics show similarities with dissipative beaches where
incident storm waves break and infragravity waves dominate the inshore wave field. In contrary to a beach
situation, however, not all wave energy is eventually dissipated or reflected as short and infragravity waves
propagate onshore across the submerged part of the island, and mean flows are predominantly landward
directed. The latter are driven by the wave forces induced by breaking waves and pressure gradients. Pressure
gradients are caused by the large-scale water level gradient between ocean and back-barrier basin in addi-
tion to local wave setup. Large-scale and local pressure gradients can oppose each other at times (Engelstad
et al., 2017). Further, higher water levels in the back-barrier basin than on the ocean side were observed to
generate seaward flows (Engelstad et al., 2017; Hoekstra et al., 2009; Sherwood et al., 2014), which was also
found in modeling studies (Harter & Figlus, 2017; Sherwood et al., 2014; Wesselman et al., 2017). In a com-
bined observation-modeling study of barrier island inundation in the Gulf of Mexico, Sherwood et al. (2014)
found that the seaward directed water level gradient resulted in the deposition of a significant amount of sed-
iment on the ocean side. A modeling study by McCall et al. (2010) suggested that higher water levels in the
back-barrier relative to the surge levels in the ocean increased back-barrier deposition and reduced deposi-
tion in the basin due to a decrease in flow velocity. This is in agreement with simulations by Wesselman et
al. (2017) for the Dutch island of Schiermonnikoog. In addition, model results for their study suggested that
while currents play a major part in sediment stirring, stirring by incident and infragravity waves was found to
be important, too.

The objective of this study is to investigate the respective contribution of mean flows and waves on sand sus-
pension and cross-shore sand transport during barrier island inundation. While we expect the dominant force
in sand suspension and transport to be the mean flow, it is of interest to examine the contribution of inci-
dent and infragravity waves on sand suspension and transport, especially at times when the magnitude of
the mean cross-shore current decreases or even reverses. For this, hydrological and morphological data were
collected during a 2-month field campaign on the Dutch island of Schiermonnikoog. Depth-integrated sand
concentrations were compared to the forcing by mean flows and waves, while the contributions of incident
waves, infragravity waves, and mean currents to the sand transport were analyzed. Field site, instrumentation,
initial data processing, and boundary conditions is described in section 2. In section 3, the methodology used
to analyze the sand suspension and transport processes are introduced. The results, based on six recorded
inundation events, are presented in section 4, followed by a discussion in section 5. Finally, the work is
concluded in section 6.

2. Data Collection and Boundary Conditions
2.1. Field Site and Instrumentation
Field data were collected during a 2-month campaign (24 November 2016 to 2 February 2017) on the eastern
tip of the Dutch barrier island Schiermonnikoog. Schiermonnikoog is part of a barrier island chain, separating
the North Sea and the back-barrier basin, named Wadden Sea (Figure 1). The island is ∼18 km long and ∼1.5
km wide at its narrow down-drift eastern end and is aligned at ∼ −10∘ with true East. The system has a tidal
range of∼1.5–2.4 m, and the tidal wave propagates from West to East. Mean offshore significant wave heights
range between 0.5 m in summer and 2 m in winter (Oost et al., 2012), while they can typically reach around 7
m during storms. Storm surges can severely increase water levels along the coast and the barrier islands, with
the highest recorded water levels reaching ∼3.5–4 m above mean sea level (Hoekstra et al., 2009; Oost et al.,
2012).

The instrument transect was placed in an area which is approximately alongshore uniform (Figure 2), but a
tidal inlet is located ∼1.5 km to the east. This area was chosen as a field site because it is open to flooding
from the North Sea and the Wadden Sea side, and the low profile (maximum height of the beach crest is
∼1.7–1.8 m above mean sea level) allowed for a higher frequency of inundation compared to other parts of
Schiermonnikoog. The field site usually inundates only during northwesterly storms in conjunction with high
tide, leaving it subaerial during low tide. Grain sizes at the instrument locations ranged between ∼100 and
400 μm with a median grain size of ∼200 μm. Behind the crest, from ∼300 to 900 m (Figure 3), embryo dunes
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Figure 1. Barrier islands are fronting the coasts of The Netherlands and Germany. The Wadden Sea encompasses a series of back-barrier basins between the
islands and the coast. The field site (marked by the white line) was located on the eastern tip of the barrier island Schiermonnikoog.

with heights of up to 0.5 m were initially dispersed on the otherwise quite flat surroundings and were covered
by sparse vegetation.

To measure flow velocities, waves, water levels, and suspended sand concentrations, instruments were
placed roughly cross-shore (Figure 2) across the island tip from the North Sea to the Wadden Sea over a
distance of ∼1.1 km (Figure 3). Four stand-alone pressure sensors (Ocean Sensor System Wave Gauge, type
OSSI-010-003C) sampled continuously at 10 Hz with an accuracy of ∼1 mbar (P1–P4 in Figure 3). Two of the

Figure 2. Topography of the field site with bed levels at the beginning of the campaign (left panel) and at the end (right
panel). The height is given with respect to Mean Sea Level. Dots mark the stand-alone Ocean Sensor System pressure
sensors, while the triangle marks the instrument frame (further described in Figure 3).
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Figure 3. The cross-island profiles at the beginning (gray line) and the end
(purple line) of the campaign are shown with the North Sea to the left and
the back-barrier area (Wadden Sea) to the right. Yellow dots mark the
stand-alone Ocean Sensor System pressure sensors. The yellow triangle
marks the instrument frame equipped with Sontek Acoustic Doppler
Velocimeter (pressure and currents), Seapoint Turbidity Meters (suspended
sediment), and Aquatec Acoustic Backscatter Sensor.

pressure sensors were placed on the beach slope (steepness of 1:80), one
after the crest and another one at the Wadden Sea side. An instrument
frame, similar to the one deployed by Ruessink (2010), was initially located
just behind the beach crest. The location was chosen in an area free of
vegetation and embryo dunes such as to not obstruct the flow. It was
equipped with a sideways oriented Sontek Acoustic Doppler Velocimeter
Ocean (ADVO) probe, sampling at 10 Hz in bursts of 29 min and a break of
1 min. A vertical array of seven Seapoint Turbidity Meters (STM) measur-
ing suspended sand concentrations, and a Pressure Transducer measuring
nearbed pressure were added to the frame. Pressure Transducer and STMs
sampled at 4 Hz. The frame further contained an Aquatec AQUAscat1000R
Acoustic Backscatter Sensor with three transducers (1, 2, and 4 MHz), of
which the 1 MHz transducer was used to estimate the distance to the bed,
as in Ruessink (2010). The ADVO and Acoustic Backscatter Sensor sampled
in the same burst interval and were triggered externally to synchronize
measurements. All instruments on the frame collected data only when
submerged to save battery power. The initial distance to the bed was 0.16

m for P1 and varied between 0.07 and 0.1 m for P2–P4. The ADVO was located at 0.29 m above the bed, while
the initial distance to the bed for the STMs was 0.06, 0.12, 0.18, 0.25, and 0.32 m.

The transect profile and the height of the instrument locations were measured with a Real Time Kinematic
Global Positioning System with an accuracy of ∼0.02 m in the horizontal and ∼0.03–0.05 m in the vertical at
the start and end of the campaign.

2.2. Initial Data Processing
All data were processed in 15-min blocks for time series of water levels, wave heights, and velocities. Pressure
data were rejected when sensor coverage was less than 0.04 m to avoid intermittent exposal to air. Pressure
data were corrected for air pressure and converted to free surface elevation using linear wave theory. The
free surface elevation was then low-pass (0.005–0.05 Hz) and high-pass (0.05–1 Hz) filtered, from which infra-
gravity and short wave heights were calculated as four times the standard deviations of the filtered surface
elevations. The velocity data were downsampled to 4 Hz to match the sampling rate of the other instruments
on the frame and were objected to further quality controls following the guidelines by Elgar et al. (2005) and
Mori et al. (2007). If less than 5% of the record did not pass the quality control, the data were interpolated,
otherwise the block was rejected. Velocities for locations throughout the water column were calculated by
separating the velocities into mean flow, U⃗mean, and oscillatory components, U⃗osc(t), for each 15-min block and
assuming that in the observed shallow water depths the oscillatory components of the velocity were con-
stant throughout the water column. Velocities at depth z were found by using the Karman-Prandtl boundary
equation and substituting U⃗osc(t) back into the equation

U⃗fit(t, z) =
U⃗∗c

K
ln

(
z

z0

)
+ U⃗osc(t), (1)

where U⃗∗c is the current related shear velocity vector, K is the Van Karman constant (0.41), z is the height of
the instrument above the bed, and z0 is the roughness length calculated from the median grain diameter. U⃗∗c

was found from U⃗mean of the single point measurements and in turn was used to estimate the velocities at
locations between the bed and the surface. Finally, U⃗fit(t, z) was depth-averaged to yield u⃗(t). Cross-shore and
alongshore velocities account for the island angle.

Instruments were intermittently buried by sand. Burial depths for the pressure sensor P3 were visually esti-
mated from the raw data during times when the instruments were not inundated and measured only air and
pore pressure. To account for instrument burial in calculations of sea surface elevations, the correction factor
of Raubenheimer et al. (1998) was used. Data presented in this publication can be accessed through Engelstad
et al. (2018).

2.3. STM Processing
The STMs were post-calibrated in a recirculation tank with sand samples collected from the bed at the frame
location. Background noise in concentration time series was removed as the fifth percentile of each 15-min
block (Aagaard & Greenwood, 1994; Brinkkemper et al., 2017; De Bakker et al., 2016), and resulting values
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Table 1
Boundary Conditions for Observed Floodings

Flooding Date Wind Wind Wave Wave Wave Water level Water level

speed direction Hs T 𝜃 N. Sea W. Sea

# [m/s] [∘] [m] [s] [∘] [m] [m]

1 26 December 2016 16 270 6.20 8.7 307 2.34 2.52

2 27 December 2016 11 300 5.11 8.3 327 1.84 2.19

3 04 January 2017 15 310 4.55 7.2 321 2.05 2.16

4 04 January 2017 17 330 6.36 9.2 335 1.89 2.35

5 13 January 2017 20 330 7.43 10.1 326 2.50 2.92

Note. If dates are listed twice, two inundation events occurred on 1 day and were separated by a low tide. Wind speed and direction as well as significant wave height
(Hs), periods (T), and wave angle (𝜃) were measured by an offshore meteorological station (Wierumergronden) and a wave buoy (Schiermonnikoog Noord) and
were averaged over 1 hr at high tide. Water levels (wl) in the North Sea (N. Sea, measured at Huibertgat) and Wadden Sea (W. Sea, measured at Schiermonnikoog
station) were also averaged over one hour at high tide.

<0 kg/m3 were set to zero. Substantially higher concentrations at sensors closer to the surface than near the
bed suggest the presence of air bubbles. If these were single spikes in the record, the spikes were removed and
the gaps were interpolated from adjacent data points. Continuously high values with respect to lower sensors
were culled from the data set. If the number of unreliable values exceeded 5% of data points in the block, data
from the sensor were discarded for the whole 15-min block. All remaining blocks of sand concentrations were
then visually inspected. Records with unreasonably high values, which might have been caused by objects
such as, for example, algae, or (partial) burial, were removed. During some inundation events, the bed was
highly mobile and varied as much as 0.1 m during a single flooding, causing sensors to be buried or unburied
by sand. This led to a varying amount of STMs that could be used for analysis during a single inundation event.

2.4. Hydrodynamic Conditions
The field site was inundated at least eight times during storms in the observational period. Every inunda-
tion that was measured is here treated as a single flooding event, even though several floodings might have
occurred during a single storm. Here five floodings, during which data covered at least 2 hr, were used for
analysis. Wind speeds ranged from 11 to 20 m/s with wind directions from W to NW (Table 1), which were
measured at the meteorological station Lauwersoog (Figure 1). Water levels, measured at the tidal stations
Huibertgat and Schiermonnikoog, exceeded the threshold of the beach crest (∼1.7 m) during these events
and were higher in the Wadden Sea compared to the North Sea at high tide (Table 1) and, in fact, for most of
the inundation duration. Inundation depths at P2 (Figure 4), which was initially located landward of the crest
but was eventually located seaward of the crest, ranged between 0.85 and 1.5 m at high tide.

Offshore significant wave heights, measured at the buoy Schiermonnikoog in approximately 20 m depth,
ranged from 4.5 to 7.4 m during inundations with mean wave periods between 7 and 10 s and wave directions

Figure 4. Water depths for all flooding events at P2. The x axis shows the
time relative to high tide (0 hr).

from the NW (Table 1). Wind data (Table 1) in addition to offshore wave
and waterlevel data are available from Rijkswaterstaat, the Dutch Ministry
for Infrastructure and Water Management. Waves had already lost most of
their energy seaward of the field site , but short waves continued to break
at least until the location of the frame, while infragravity waves appeared
to be breaking up to at least m 400 in Figure 3. Short wave heights ranged
between 0.3 and 0.65 m (Figure 5b) at the crest. Infragravity wave heights
(Figure 5a) were similar to short wave heights and exceeded these during
some floodings with low inundation depths (flooding 2 and 4).

Depth-averaged mean cross-island flow velocities ranged from 0 to 1.2 m/s
and at times reversed to a seaward flow of max −0.2 m/s (Figure 6a). The
cross-shore velocities at the frame were forced by wave breaking seaward
of the frame in addition to large-scale and local water level gradients (not
shown; Engelstad et al., 2017). While the local water level gradients were
partly a function of the large-scale water levels in North and Wadden Sea,
they were strongly modified by wave setup. This forced the local gradients
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Figure 5. Infragravity (a) and short (b) wave heights for all inundation events at P2. The x axis shows the time relative to
high tide (0 hr).

to be landward directed, even though the gradients between North and Wadden Sea were predominately
seaward directed even before high tide (inferred from measurements at P1 and P4, not shown).

Depth-averaged mean alongshore velocities (Figure 6b) were of the same magnitude as the cross-shore veloc-
ities and even exceeded these at times (e.g., flooding 1 and 5). The high alongshore velocities were probably
forced by incident wave angles (inducing pressure and radiation stress variations) and forcing by strong local
alongshore winds. Cross-shore and alongshore velocities were markedly reduced after high tide. The reduc-
tion in cross-shore velocities can be explained by the falling tide in the North Sea, while longshore velocities
might have been reduced by the tidal forcing and/or by a higher water level in the tidal inlet ∼1.5 km to
the East.

As mentioned, the area was sparsely covered with vegetation and embryo dunes at the beginning of the field
campaign. While the embryo dunes were flattened out during the inundation events, most of the vegetation
survived. The beach crest transitioned landward during the duration of the field campaign (Figure 3). The
beach slope changed from 1:80 (initially) to 1:160 (final), while the highest point of the profile (∼1.74 m above
mean sea level) was initially located just seaward of P2 but moved landward and was ultimately located at P3
(∼ 1.8 m above mean sea level).

Figure 6. Depth-averaged mean cross-shore, u, (a) and alongshore, v, (b) velocities at the frame. Positive cross-shore
velocities indicate landward flow and positive alongshore velocities are directed to the East. The x axis shows the time
relative to high tide (0 hr).
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3. Analysis of Sand Suspension and Transport
3.1. Sand Suspension
To account for variations in STM height above the bed with time which can introduce large variations in mea-
sured sand concentrations, the varying amount of STMs, and to obtain estimates of the net suspended sand
loads throughout the water column, the available concentrations were depth-integrated. For this, the vertical
concentrations were linearly fitted to estimate concentrations from bottom to surface, so that instantaneous
depth-integrated suspended sediment concentrations, c(t), were calculated from

c(t) = ∫
d

0
Cfit(t, z) dz, (2)

where Cfit(z, t) are the concentrations estimated from the linear fit. These were integrated from the bed (z = 0)
to the top of the water column (z = d). Time averages of the depth-integrated concentrations will be denoted
as C.

We acknowledge that a linear fit might be an oversimplification and that real values could be higher due to an
increase in suspended sediment concentrations close to the bed. In other words, the linear approach results
in a conservative estimate of the sand concentrations which can be regarded as a lower error bound. Using an
exponential fit on instantaneous field data is difficult. Greater distances from the bed (>0.15 m), intermittently
low (close to zero) instantaneous values for higher sensors, or higher values for higher sensors compared to
the lowest sensor all can result in unreasonable high instantaneous concentrations (>104 kg/m3), leading to
serious overpredictions. The use of time-averaged (15 min) concentrations at each sensor allowed to estimate
mean concentrations with an exponential fit, here used as an upper error bound for the difference between
the two approaches. While the difference between the two fits is small if only two sensors are available (trans-
port based on the exponential fit is ∼1.1 times greater than for the linear fit), the difference is greater for more
sensors (on average the exponential fit is 1.5 times greater than the linear fit, in one case up to 2.5 times). We
could not detect a consistent bias by using the linear fit in the analysis, since the difference between the two
fits varied for time and for floodings. Differences in the volume transport estimates between lower (linear fit)
and upper (exponential fit) bounds will be discussed in section 5.2).

The suspension mechanisms can be evaluated using the Shields parameter

𝜃 = 𝜏

(𝜌s − 𝜌w)gd50
, (3)

where𝜌s (here taken as 2,650 kg/m3) and𝜌w (1,025 kg/m3) are the sediment and water densities, respectively, g
is the gravitational acceleration (9.81 m/s2), and d50 is the medium grain size (203μm). The Shields parameters
related to the mean currents, 𝜃c, and waves, 𝜃w , are dependent on the corresponding bed shear stresses 𝜏c

(currents) and 𝜏w (waves) which are described below following Van Rijn (1993):

𝜏c =
𝜌wg|U⃗2

fit|
C2

z

, (4)

with Cz being the Chézy coefficient for smooth turbulent flow conditions and the overbar indicates time aver-
ages. U⃗fit is used to account for the fact that alongshore velocities were of the same order as cross-shore
velocities and contributed to the bed shear stresses. The Chézy coefficient is

Cz = 5.75g0.5 log10

⎛⎜⎜⎝
12d

𝛼d90 + 3.3 𝜈|U⃗∗|
⎞⎟⎟⎠ . (5)

Here 𝛼 was set to 2, d90 is the grain diameter representing the 90% cumulative percentile value, 𝜈 is the
kinematic viscosity coefficient, and |U⃗∗| is the magnitude of the bed shear velocity. Instantaneous Shields
parameters, 𝜃i(t), were calculated with equations (4) and (5) by using instantaneous velocities. The bed shear
stress due to the wave motion, 𝜏w , is estimated as

𝜏w = 0.25𝜌wfwU2
osc, (6)
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where the wave related friction coefficient, fw , is defined as

fw = 0.09

(
UwAw

𝜈

)−0.2

, (7)

which gives similar results as the wave friction factor defined by Swart (1974). The fluid particle excursion, Aw ,
is described by

Aw =
Tp

2𝜋
Uw, (8)

where Tp is the peak wave period and the peak orbital velocity, Uw , is defined as

Uw = 𝜋
Hs

Tpsinh(kd)
, (9)

with Hs being the total significant wave height, which is used here in the limit 0.005–1 Hz to account for
the importance of short as well as infragravity waves, and k the wave number. 𝜃w was further separated into
the Shields parameter for short, 𝜃short , and infragravity, 𝜃ig, waves by applying equation (3) to the short and
infragravity wave contributions. The critical Shields parameter for suspension, 𝜃cr, suspension, was found to be
0.08 for the present sediment, following Van Rijn (1993). Varying 𝛼 and 𝜈 or using the parametrization for
rough turbulent flow conditions altered 𝜃 slightly (+

−
5–10%), but did not change the general findings.

3.2. Sand Transport
The instantaneous depth-integrated suspended sand transport rate, q⃗(t), is given by

q⃗(t) = ∫
d

0
U⃗fit(t, z)Cfit(t, z) dz, (10)

and the net, time-averaged and depth-integrated, suspended sand transport rate is computed as

Q⃗ = 1
Tb ∫

Tb

0 ∫
d

0
U⃗fit(t, z) Cfit(t, z) dz dt, (11)

where Tb is the block duration (15 min). To investigate the contributions of waves and mean flow to the sus-
pended cross-shore sand transport, Qu, the cross-shore component of Q⃗, Qu, can be separated (Jaffe et al.,
1984) into the mean (Qc) and oscillatory, wave transport (Qw).

Qu = Qc + Qw = ∫
d

0
Ufit(z) Cfit(z) dz + 1

Tb ∫
Tb

0 ∫
d

0
Uosc(t, z) C̃fit(t, z) dt dz, (12)

where Ufit is the instantaneous cross-shore velocity (estimated by equation (1)), overbars indicate mean and
tildes oscillating components. The transport by waves was computed from the cospectrum (the real part of
the cross-spectrum) of velocity Ufit(t, z) and suspended sediment concentrations Cfit(t, z) (Huntley & Hanes,
1987) at each height z. Due to the almost equal importance of short and infragravity waves (Figure 5), the
wave transport was further subdivided into the short (0.05–1 Hz) and infragravity (0.005–0.05 Hz) range to
investigate their respective contributions. The time-averaged and depth-integrated transport by infragravity
waves is denoted as Qig and by short waves as Qshort . We assume that Qc not only implicitly includes sand
suspension by the flow, but that it can include sand brought into suspension by infragravity and short waves,
while Qig can include sand brought into suspension by the short waves if short wave heights were not equally
distributed during the onshore and offshore stroke. At the same time, Qshort could potentially include sand
suspended by infragravity waves and the flow in addition to short wave suspension, albeit this contribution
is assumed to be small and only effective for nonlinear short waves. The relative contribution of mean flow,
infragravity, and short waves to the time-averaged sand transport is found by dividing the respective value
by the sum of all absolute contributions (Qall = |Qc| + |Qig| + |Qshort|).
4. Results
4.1. Suspended Sand Concentrations
Estimated time-averaged and depth-integrated suspended sand concentrations, C, varied significantly during
each individual flooding, as well as between flooding events (Figure 7a). C were usually highest at the onset
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Figure 7. Depth-integrated, time-averaged suspended sediment concentrations (a) compared to depth-averaged
current, 𝜃c , (b) short- wave, 𝜃short , (c) and infragravity, 𝜃ig , (d) Shields parameters. The black dashed line shows the critical
Shields parameter for suspension, 𝜃cr,suspension=0.08. The x axis shows the time relative to high tide (0 hr). Values for
flooding 5 around high tide in (a) are missing since Seapoint Turbidity Meters were buried. Note the different vertical
scales for 𝜃c , 𝜃short , and 𝜃ig.

of inundation (0.4–3.8 kg/m2) and dropped considerably for most flooding events after high tide (Figure 7a),
but minimum values still reached ∼ 0.1 kg/m2.

Sand suspension appears to be foremost driven by the current related bed shear stresses (compare Figures 7a
and 7b), here expressed by the nondimensional Shields parameters, 𝜃c (see section 3.2). The current related
Shields parameters, 𝜃c, were highest (max of 1.5 during flooding 5) at the onset of floodings due to high mean
flows (Figure 6). They continuously exceeded the critical Shields number for sand suspension, 𝜃cr,suspension, of
∼ 0.08, and were >0.25 during all floodings before high tide. Wave related Shields parameters were compara-
bly lower, with a maximum of ∼0.2 for short and ∼0.13 for infragravity wave Shields parameters. While 𝜃short

exceeded 𝜃cr,suspension for all floodings during high tide, they were highest for short waves exceeding 0.3 m. 𝜃ig

for flooding 1 and 3 fluctuated around 𝜃cr,suspension, suggesting that here the infragravity waves contributed
less to the sand suspension, owing to either low infragravity wave heights (flooding 3, Figure 5a) or larger
inundation depths (flooding 1, Figure 4).

Time-series of sand suspension show an episodic nature of sand suspension (Figures 8 and 9). A compari-
son of instantaneous depth-integrated concentrations, c(t), depth-averaged cross-shore velocities, u(t), and
Shields parameters, 𝜃i , indicate that the suspension of sediment was partly driven by short waves (see e.g.,
the strong, short-period fluctuations in Figure 8, left column). Moreover, higher concentrations (here defined
as >2 kg/m2) were observed particularly at infragravity timescales (Figures 8d, 9a, and 9d) during which sand
usually stayed in suspension. Suspension events in correlation with infragravity bores showed sudden high
instantaneous values of up to 9.5 kg/m2) which coincided with the crest of bores where Shields numbers were
highest. At times, short waves contributed to these high Shields numbers, since depth modulation by the
free infragravity waves allow larger short waves to ride on the crest of infragravity waves, while smaller short
waves are positioned in the trough. Thus, short waves are enhancing the suspended concentrations under
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Figure 8. Instantaneous depth-integrated suspended sediment concentrations (a and d), compared to depth-averaged
cross-shore velocities (b and e) and Shields parameters (c and f) shown for flooding 1 at high tide (left column) and at
the end of the flooding (right column). The solid black lines shows the low-pass (0.005–0.05 Hz) filtered suspended
sediment concentrations (c and d) and cross-shore velocities (b and e). The red dashed line in (f ) indicates the critical
Shields parameter, 𝜃cr,suspension= 0.08, and the red solid line shows the running mean (4-min window). Note the different
vertical scales for 𝜃uv in (c) and (f ).

infragravity wave crest further as described previously by De Bakker et al. (2016). Generally, infragravity waves
appear to modulate the shear stress of the mean flow (here estimated by a running mean with a 4 min win-
dow, shown as a red solid curve in Figures 8 and 9) by enhancing it if the stroke is in the same direction as the
mean flow (for example, during the onshore infragravity wave stroke, compare Figures 9b and 9c, or the off-
shore stroke, compare Figures 9e and 9f) or by reducing it if the stroke is in opposite directions. At times of low
or offshore-directed mean velocities, infragravity bores and short waves were not able to mobilize the very
high concentrations seen in the presence of high mean flow velocities (see e.g., minute 1 in Figures 8d–8f and
minutes 5–11 in Figures 9d–9f ). During the mean flow reversal, when short and infragravity waves were of
about the same magnitude as an hour before high tide, the Shields parameter repeatedly dropped below the
critical value for suspension and sand suspension was at a minimum (Figure 9, compare left and right panel).
This suggests that the combined components of episodically high wave velocities and mean flow caused the
high suspended concentrations.

4.2. Sand Transport
The total, mean depth-integrated, cross-shore sand transport rate, Qu, was highest at the start of inundations
with a maximum of ∼3.8 kg⋅m−1 ⋅s−1 for flooding 5 and decreased significantly around and after high tide to
values of ∼0.05 kg⋅m−1 ⋅s−1 (Figure 10). In fact, ∼80% of the combined transport from all floodings was done
before high tide. Not surprisingly, the sand transport was highest for flooding events with high mean flow
velocities, such as floodings 1, 4, and 5, and the net transport followed the suspended sand concentrations
closely (compare Figures 7a and 10). The net, depth-integrated, alongshore sand transport, Qv , was similar
or even higher (flooding 1) than Qu due to the strong alongshore velocities (Figure 6). The direction of the
depth-integrated total sand transport was almost entirely directed landward and toward the East (Figure 10).
Mean offshore transport was only observed during flow reversal at times when the suspended sand con-
centrations and seaward directed velocities were low, so that the transport rate was rather small (maximum
seaward transport was 0.03 kg⋅m−1 ⋅s−1).

Overall, the total sand transport was dominated by the mean flow transport, Qc, (Figure 11) before high
tide, which reached a maximum relative contribution of 0.98 during flooding 5. Contributions by infragravity
waves, Qig, increased to > 0.2 when mean flow velocities were roughly <0.5 m/s and reached maximum val-
ues of ∼0.8 during flooding 1 and 2 after high tide. The infragravity transport was generally onshore directed
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Figure 9. Instantaneous depth-integrated suspended sediment concentrations (a and d), compared to depth-averaged
cross-shore velocities (b and e) and shields parameters (c and f) for flooding 4 at the start (left column) and the end of
the flooding (right column). The solid black lines show the low-pass (0.005–0.05 Hz) filtered suspended sediment
concentrations (c and d) and cross-shore velocities (b and e). The red dashed line in (f ) shows the critical Shields
parameter, 𝜃cr,suspension=0.08, and the red solid line shows the running mean (4-min window). Note the different
vertical scales.

(2% of it was offshore directed). Contributions by short waves, Qshort , to the mean cross-shore transport were
overall insignificant before high tide (between ∼0.001–0.03) and increased somewhat after high tide (to a
maximum of 0.17). (However, while short wave transport was small, short waves contributed to sand suspen-
sion.) When the mean flow was seaward directed, the transport by mean flow and infragravity waves opposed
each other with the exception of one occasion during flooding 1 when the mean infragravity transport was

Figure 10. The net, depth-integrated sand transport in the cross-shore,(Qu), (a) and alongshore, (Qv ), (b) direction.
Positive cross-shore is landward, while positive alongshore is approximately toward the East. The x axis shows the time
relative to high tide (0 hr). Values for flooding 5 around high tide are missing since STMs were buried.
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Figure 11. The relative contribution of mean flow, Qc∕Qall , (black dots), infragravity, Qig∕Qall , (red dots) and short,
Qshort∕Qall , (green dots) waves. Positive transport is landward, while negative transport is seaward directed. The x axis
shows the time relative to high tide (0 hr). Values for flooding 5 around high tide are missing since STMs were buried.

also offshore directed. This instant of offshore-directed infragravity transport was most likely caused by the
fact that the infragravity waves had not developed into a bore-like shape (due to relative deep inundation
depths) and short waves were distributed evenly on crests and troughs (not shown). Since in this situation the
wave suspension is (more or less) the same under crests and troughs, the mean offshore flow can enhance the
offshore-directed transport during the negative infragravity wave phase (De Bakker et al., 2016). On the other
hand, when the mean flow was offshore directed during flooding 4, infragravity-bore shapes had developed
with larger short waves riding on the crest than in the troughs, causing the transport to be onshore.

4.3. Episodicity of Sand Transport
Results in sections 4.1 and 4.2 suggest that sand transport at the field site was governed by two “regimes.”
During high mean flows, suspension and transport were largely driven by the mean flow resulting in an
almost continuous transport. In low mean-flow conditions the importance of infragravity waves for sand sus-
pension and transport increased and caused episodic transport. To further distinguish between flow-driven
and episodic events (on an infragravity scale), we investigated the episodicity of sand transport. For this,
the normalized cumulative transport is used since it highlights the importance of infragravity waves in
sand transport.

The cumulative depth-integrated sand transport, Qcum, was calculated for every 15-min block by the cumu-
lative sum of the instantaneous depth-integrated cross-shore transport, qu, which was then normalized by
the (absolute) maximum in cumulative transport for each block, yielding Qcum∕Qcum−max . Flow-driven events
are visually assessed for each block, and are here defined as Qcum∕Qcum−max showing a continuous increase in
transport over time on time scales longer than 200 s (infragravity time scale) at least once in one block, while
episodic events show sudden increases followed by a flat where the increase in Qcum∕Qcum−max is close to zero,
indicating that transport by mean flow alone is very small or zero.

Flow-driven events, such as floodings 1 and 5 at the onset of the inundation and floodings 1 and 3 during
high tide (Figures 12a and 12b), were characterized by high mean flows (>0.5 m/s, Figure 6) and high current
bed shear stresses (𝜃c > 0.5, Figure 7), while the bed shear stresses caused by infragravity waves were small
(𝜃ig < 0.1). Episodic events, such as flooding 2 during all times or flooding 3 at the start of the inundation, can
be observed when 𝜃c < 0.5 even if 𝜃ig (and 𝜃short ) were < 0.1 as for flooding 3 at the start of the inundation.
In fact, computations of 𝜃ig∕𝜃c for all time steps showed that episodic events occurred for 𝜃ig∕𝜃c above 0.11
(not shown).

ENGELSTAD ET AL. 3303



Journal of Geophysical Research: Earth Surface 10.1029/2018JF004736

Figure 12. The cumulative depth-averaged sediment transport at the beginning and end of each individual inundation
(a and c) and at high tide (b) for 15 min normalized by the maximum of the absolute cumulative transport for the 15
min block. The beginning and end of each flooding relative to high tide can be seen in Figure 10.

The episodic nature of the sand transport increased toward the end of all floodings, when the steps got steeper
and the flat plateaus longer (Figure 12c) due to low cross-shore mean velocities. The exception is flooding 4
during which the flow reversed. Here the episodic reduction of the seaward directed transport (expressed in
less negative numbers than in the time before) suggest that landward directed infragravity transport reduced
the net seaward transport, as was already suggested in section 4.2. Visual inspection of Qcum∕Qcum−max for
every time step, and ignoring times of (mean flow and infragravity) transport reversal, suggest that for all
investigated floodings only about half of the time the transport is dominated by the flow.

5. Discussion
5.1. Profile Change and Sand Transport
Observations showed that during our field campaign the beach and beach crest were eroded, while sand
was accumulated landward of the crest. In order to determine how much of the total profile change can be
explained by the suspended cross-shore sand transport, the profile change was estimated from the dGPS
surveys along the instrument array which were done at the beginning and end of the field campaign. The net
volume change along the transect was estimated by the difference in height and integrated along the length
of the transect and is given per 1 m width. To establish the change landward of the measurement frame, the
change in height was integrated between the instrument frame and the Wadden Sea. We assume that all
positive changes landward of the frame must have come from sediment being transported from the seaward
side of the instrument frame, and we assume no gradient in the alongshore transport in our region. The net
total change (increase) in volume between North and Wadden Sea was∼2 m3/m over the whole observational
period, suggesting that the net addition of sediment to the beach from the North Sea is small during winter
storms. Between the instrument frame and the Wadden Sea the volume increased by roughly 60 m3/m, while
the area between North Sea and frame lost ∼58 m3. Volume changes at the Wadden Sea side were negligible
and suggest that no sediment was deposited in the Wadden Sea.

The volume of the net cross-shore sand transport across the crest was estimated by the time-integration
of the instantaneous sand transport rate, qu, over the duration of all flooding events and by including two
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floodings for which the STMs were intermittently located high (>0.2 m) in the water column. For these the
transport is probably underestimated, but can be used for a rough estimate of the total sand transport. Miss-
ing values for flooding 5 were replaced by results from flooding 1, assuming them to be the lower limit for
flooding 5 transport. The density of dry sand was taken to be 1,600 kg/m3 with a porosity of 0.4. Adding the
sand transport for all events results in a volume transport of ∼32 m3/m, which is roughly half of the observed
change. Part of the underestimation is surely due to the conservative estimate of sand concentrations with
the linear fit, which ignores substantially higher concentrations close to the bed. As a comparison, when Qc,
the mean flow transport, was estimated with a linear fit it resulted in roughly 25 m3, while the exponential fit,
which we view as an upper bound (Section 3.1), yielded∼39 m3. Since about 80% of the volume is transported
by the mean flow, waves would add ∼10 m3 so that the total volume transport for an exponential fit would be
around 48 m3. This shows that there is a relatively high uncertainty for a long record of sand concentrations
measured in the field.

In addition, bedload transport and sheet flow could not be measured, but might have contributed to the
transport (Harter & Figlus, 2017). Further underestimations of the cross-shore transport could stem from the
fact that nine short inundation events are not included in the calculation, since these were too short or shal-
low (≤0.4 m) to get reliable estimates for the sand transport. These small inundation events will probably not
have added much to the overall change. Further, sand transport during the overwash phase, which precedes
and follows inundations, is assumed small and in all likelihood less than 1% of the net transport during inun-
dation (Wesselman et al., 2017). However, due to the elevation of the mounted ADVO, measurements only
started when inundation depths exceeded ∼0.4 m, so that we might have missed some potentially high val-
ues, especially at the onset of inundations. Imprecision in the calculation of the volume change might have
been caused by inaccuracies in the dGPS measurements. Another reason for the imbalance between volume
change and sand transport could be that the alongshore transport did converge due to increased water lev-
els in the channel located to the east of our field site and contributed to the changes in the area after all. In
addition, eolian transport might have contributed to the volume change. Despite these various additional
transport processes and the general difficulties of measuring suspended sediment concentrations in a stormy
environment, we were able to account for half of the observed volume change.

5.2. Comparison With Other Transport Studies
Generally, the observed erosion and the landward transport of beach and beach crest during inundation
agrees well with findings of dune erosion and transport to the back-barrier part of the island during inunda-
tion by McCall et al. (2010) and Harter and Figlus (2017). While the seaward sediment transport observed and
modeled in previous studies (Goff et al., 2010; Harter & Figlus, 2017; Sherwood et al., 2014; Wesselman et al.,
2017), caused by higher water levels in the back-barrier basin than on the ocean side, was also observed in this
study, the total observed seaward sand transport is negligible since it adds up to ∼0.05 m3 entirely. Research
by Sherwood et al. (2014) and Harter and Figlus (2017) found erosion and scour channels, driven by the sea-
ward flow in the ebbing storm surge, which were not observed at our field location. In addition, their model
simulations suggested significant seaward sediment transport and ocean side deposition. Seaward sediment
deposition was also observed by Goff et al. (2010). Most of the mentioned research was done in hurricane
conditions on low-lying narrow barrier islands and spits, where the strong seaward flow caused by the storm
surge ebb after the passing of hurricanes may explain some of the differences in seaward sediment transport.
Wesselman et al. (2017) modeled the cross-shore sediment transport at our field location (also at the beach
crest). For this, they created water levels and wave conditions (wave heights, periods) from historic data sets
and separated them by classes. These were based on the peak water levels in the North Sea, with increasing
water levels and wave heights per class. Flooding 5, which had the highest water level (Table 1), corresponds
to their class 5 which is defined for North Sea water levels between 2.50 and 2.75 m. While the observed pat-
tern of high landward sand transport at the start of inundations, low transport around high tide, and seaward
transport agree qualitatively, the modeled landward transport was ∼80% lower than what we observed and
the modeled seaward transport of ∼ −0.4 kg⋅m−1 ⋅s−1 for class 5 was not observed for flooding 5. This is a
result of lower modeled (∼0.7 m/s) onshore velocities and the modeled seaward velocities of ∼0.6 m/s, which
not only forced the seaward sand transport but also increased sand suspension considerably after high tide.
The likely cause for this discrepancy could be that for class 5 the model was forced with offshore significant
wave heights of 5.38 m, while observed offshore significant wave heights for flooding 5 were significantly
larger (7.43 m). Generally, in equal (shallow) water depths an increase in wave height forces an increase in
water level setup which for our field site is located at the crest. This, in turn, increases cross-shore velocities
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in the case that the large-scale water level gradient between North- and Wadden Sea is directed toward the
Wadden Sea. In cases where the large-scale gradient is directed seaward, setup can counteract the seaward
directed velocities or even overcome the large-scale water level gradient altogether so that the flow is still
landward directed. This suggests that the sand transport at our field site is not only affected by the large-scale
water levels, but also by the offshore wave heights.

6. Conclusions

To improve our understanding of suspended sediment transport processes during inundation, observations
of suspended sand concentrations, flow velocities, waves, and water levels were collected during several
inundation events on a barrier island in the North Sea during a 2-month campaign. Sand suspension and
cross-shore transport showed high variabilities and were highest at the onset of inundations while they
decreased considerably after high tide. About 80% of the combined transport from all floodings was done
before high tide. This is mainly caused by the difference in mean flow velocities, which on a large scale were
determined by water levels in the North and Wadden Sea and on a smaller scale by wave breaking. While
suspended sand concentrations were primarily forced by the mean flow, time series of sand concentrations
suggest that episodically high depth-integrated suspended sand concentrations (defined as >2 kg/m2) were
generated by the combined bed shear stresses of infragravity waves, short waves, and currents. High suspen-
sion events on infragravity time scales were oftentimes supported by large short waves riding on the crest of
infragravity waves, while smaller short waves rode in the troughs. The maximum relative contribution of the
mean flow to the total transport, Qc∕Qall , reached 0.98 before high tide, while the maximum contribution of
the infragravity waves, Qig∕Qall , reached 0.8 toward the end of inundation events. These observations suggest
the existence of two sand transport regimes at our field site: flow-driven regimes which were characterized by
high mean flows (>0.5 m/s) and high current bed shear stresses (𝜃c > 0.5) while bed shear stresses generated
by infragravity waves were small (𝜃ig < 0.1), and episodic regimes which can be observed when 𝜃c < 0.5 and
the ratio of infragravity wave and current related Shields numbers 𝜃ig∕𝜃c > 0.11. About half of all 15-min time
steps were episodic events, highlighting the importance of infragravity waves.
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