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Abstract Sand nourishments play a crucial role in safeguarding vulnerable urbanized coastlines in wave-
dominated environments. Nowadays, nourishments are also implemented as sandy retrofits in front of hard 
infrastructure within mixed wave-current systems using poorly sorted sediments, where the coarse fraction 
is expected to minimize erosion. However, the dynamics of these mixed sediments in mixed-energy systems 
is poorly understood. Here, we combine hydrodynamic data and sediment samples collected from the Prins 
Hendrikzanddijk retrofit, Texel, the Netherlands, to demonstrate that frequent remixing of the bed (sub)surface 
disrupts sediment sorting processes, preventing the formation of a more erosion-resistant composition (armor 
layer). Despite the low-energy environment and the use of coarser-than-native sediments, tidal currents are 
shown to commonly mobilize the finer particles, while moderate storm waves also mobilize the coarser frac-
tions. Additionally, the cross-shore exchange of sediments between the upper and lower beach in response 
to changing wave conditions further prevents long-term sorting, as this profile dynamic exposes new coarse, 
poorly sorted material at the surface. Our finding that a stable armor layer does not develop can lead to higher 
erosion rates over time than anticipated. 

Non-technical summary Protecting coastlines from rising sea levels, storm waves, and strong cur-
rents often involves adding sand to vulnerable areas to act as a protective buffer. This is also done in front of 
hard structures such as sea walls, even in areas where sand is not naturally abundant. Mixing coarse grains with 
the sand can help reduce erosion, as heavier grains are less likely to wash away. Over time, under mild wave 
conditions, coarser grains are expected to become relatively more abundant at the surface. However, this study 
at a beach in Texel, the Netherlands, shows that this may not always happen. Tidal currents there move much 
of the sand around constantly, even in the absence of big waves. During storms, larger waves also move the 
heavier grains and cause sand from the upper and lower parts of the beach to blend. This frequent movement 
keeps the sand mixed and prevents the beach from becoming coarser and more erosion-resistant over time. 
Although the behavior of sand mixtures is typically not accounted for in the design of protective sand buffers, 
our results suggest that it may affect its long-term evolution, particularly in areas with limited natural sand. 

† Non-english abstract available: Dutch abstract is published online. 

1 Introduction 
Sandy nourishments have become an increasingly pop-
ular tool for maintaining the safety of urbanized coastal 
beaches in the face of increasing relative sea levels and 
more extreme weather events (de Schipper et al., 2021). 
Sometimes, nourishments are implemented in front of 
existing hard infrastructure, for example a sea wall that 
needs an upgrade (e.g., Kroon et al., 2022), in which case 
we speak of a sandy retrofit. Nourishments are seen as 
an approach that fits better into the natural sandy sys-
tem (de Vriend et al., 2015). 
Sand is often highly dynamic and has an intrinsic ten-

dency to disperse and disappear, especially in areas ex-
periencing chronic erosion (de Schipper et al., 2016; Ar-
riaga et al., 2020). That is why the sediments chosen 
for nourishment are usually coarser than the native bed 
material to reduce dispersion rates. In addition, the 



sediments used are sometimes extracted from multiple 
distant source regions. When these diverse sediments 
are then brought together within a single system, they 
can form a poorly sorted mixture. 

On macrotidal coasts, coarse sand requires a rela-
tively high combined wave-current energy for trans-
port, while fine sand can often still be moved even 
during calm to moderate conditions or by (tidal) cur-
rents alone (Huisman et al., 2016). However, when fine 
and coarse grains are mixed together, it becomes more 
complicated, as detailed laboratory flume studies have 
demonstrated that the various fractions within a sand 
mixture cannot be considered independently when ex-
amining sediment pathways and morphologic changes 
(O’Donoghue and Wright, 2004; Hassan and Ribberink, 
2005). The hiding of smaller particles and the increased 
exposure of larger particles alter their respective criti-
cal shear stresses required for mobilization (Egiazaroff, 
1965; Vollmer and Kleinhans, 2008), thus changing the 
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expected behavior of the mixture. 
Sorting mechanisms are thought to play an important 

role in the rate and manner in which the sand is trans-
ported. These mechanisms can alter the grain size frac-
tions that are directly exposed at the bed surface and 
thus subjected to hydrodynamic forces, while also re-
shaping the grain size composition of the subsurface 
layers. Consequently, this vertical sorting modifies the 
hiding-exposure effects that regulate sediment mobility 
and entrainment (Kleinhans, 2005b) and, in combina-
tion with lateral sediment transport, may lead to spatial 
sorting patterns both cross- and alongshore. Despite 
the clear implications for sediment dynamics and mor-
phological development, spatial heterogeneity in grain 
sizes is still rarely taken into account in morphologic 
studies of coastal interventions. 
Much effort has been put into developing a generic 

sediment transport model that accounts for non-
uniform sand mixtures. Egiazaroff (1965) introduced a 
type of hiding-exposure (HE) function in the calcula-
tion of the critical bed shear stress (BSS) based on the 
grain size fraction of interest (Di) relative to the median 
(D50). Many adaptations have since followed with vary-
ing performance, most of which focused on fine-tuning 
the calibration coefficients through empirical testing 
(Ashida and Michiue, 1973; Hayashi et al., 1980; Parker 
et al., 1982; Wilcock and Crowe, 2003; McCarron et al., 
2019). Moreover, dynamic poorly sorted surface layers 
are even more challenging, as they constantly change 
surface composition and, with it, the HE function itself. 
In addition to bed composition, the hydrodynamic 

boundary conditions and the initial morphology of a 
sand body also steer the transport rate and manner (Ar-
riaga et al., 2020). Most previous morphodynamic stud-
ies have focused on open-coast systems dominated by 
swell or high-energy storm waves (e.g., Huisman et al., 
2018; Townsend et al., 2024). On such coasts, partic-
ularly sandy beaches, the thresholds for incipient mo-
tion are often exceeded for all grain sizes during some 
portion of the wave cycle. By contrast, protected sys-
tems within tidal basins tend to hover around thresh-
old conditions. Tidal basins are mixed-energy environ-
ments often characterized by strong tidal currents and 
locally generated low-energy waves, which together ac-
count for sediment transport and beach morphodynam-
ics (e.g., Blackley and Heathershaw, 1982; Vila-Concejo 
et al., 2010; Elias et al., 2012; Vila-Concejo et al., 2024). 
In addition, the morphology at such sheltered sites may 
differ considerably from that at wave-dominated coasts, 
often containing deep tidal channels and shallow shoals 
(Vila-Concejo et al., 2024). Beaches in tidal basins of-
ten have a compound cross-shore profile consisting of a 
steep upper ‘surf’ part and a lower ‘shoaling’ part (Hegge 
et al., 1996; Bernabeu et al., 2003; Travers et al., 2010; 
Nordstrom and Jackson, 2012). These differences in 
hydrodynamic forcing, sediment threshold exceedance 
and beach morphology raise the question of whether 
previous findings from open coasts can be projected 
onto sheltered coasts. What role do sediment sorting 
processes play here? 
The current lack of a generic and accurate deter-

ministic model for predicting mixed-sediment trans-

port underscores the need for extensive field observa-
tions in various coastal systems with different wave-
current dominance and energy level, extending well 
beyond laboratory scales. The literature on this sub-
ject is particularly sparse on large-scale interventions in 
mixed-energy environments, especially when the intro-
duced sediments differ significantly from the native bed 
material, resulting in a poorly sorted mixture. There-
fore, it has become increasingly important to under-
stand how bed composition evolves when non-native 
sediment sizes are introduced into a system. Here, 
we capitalize on a recent sandy retrofit project in the 
Netherlands, which serves as an ideal case study due to 
its sheltered location within a tidal basin and its com-
plex sediment composition. The objective of this paper 
is to evaluate grain size dispersion in relation to the dy-
namics in wave and tidal forcing as well as beach mor-
phology. This will be achieved by analyses of a combina-
tion of sediment samples from the beach face, computa-
tions of BSS and sediment transport rates, and changes 
in bed elevation. 

2 Study Site 
The Prins Hendrikzanddijk (PHZ), which translates to 
“Prince Hendrik Sand Dike” in English, is a sandy 
retrofit located on the Wadden Sea (basin) side (south-
east) of Texel, the westernmost barrier island of the 
Netherlands (Fig. 1). Along the Texel coast, several 
traditional dike segments, including the Prins Hen-
drikdijk, failed to meet the updated safety standards 
introduced in the revised Dutch Water Act (Fordeyn 
et al., 2019). To address this issue, the original concrete 
dike (length ˇ 3 km) was refurbished in 2019. This re-
furbishment involved the construction of a large sand 
body placed on top of the shallow subtidal platform, the 
Schanserwaard (NAP-0.8 to -2.2 m; Dutch Ordnance Da-
tum, where NAP+0 m is equivalent to mean sea level), 
with the aim of fully taking over the function of primary 
flood defense. 
Its design comprises a high foredune with a crest el-

evation of approximately NAP+8 m, fully planted with 
European marram grass, a low-lying beach area to the 
south (slope ˇ 1:13) and a spit toward the northeast 
(slope ˇ 1:6–8). The spit crest sits at approximately 
NAP+3 m and, together with the roughly parallel fore-
dune strip, partially encloses a shallow lagoon. On the 
seaward side, the intertidal beach is narrow (width ̌  25 
m) and separated from the dry beach (width ˇ 100 m) 
by a scarp line (height ˇ 0.1 m). The two primary ori-
entations of the coastline are 46°N and 42°N (clockwise 
rotation) along the spit and the southern beach, respec-
tively, enabling a large fetch for the dominant south-
westerly winds. At the proximal end of the spit and close 
to the dividing point between these two coastline ori-
entations, a miniature tombolo-like shape (several me-
ters across) protrudes from the beach onto the platform. 
To the west of the nourishment, a harbor jetty shields 
the adjacent part of the beach from southerly waves and 
currents, creating a sheltered corner (Fig. 1). 
The area has a semi-diurnal tide with a mean (spring) 

tidal range on the basin side of the inlet of approx-
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Figure 1 Location of the Prins Hendrikzanddijk, a sandy retrofit at the southeast side of the barrier island of Texel, the Netherlands. 

imately 1.4 m (2 m) (Elias et al., 2006). The flood-
dominant tide enters and leaves through the Marsdiep 
tidal inlet and travels through the Texelstroom, a 20 m to 
30 m-deep tidal channel (Fig. 1). Tidal currents are rela-
tively strong due to tidal contraction in the narrow strait 
with flow velocities that reach 1.8 ms-1 inside the inlet 
(Buijsman and Ridderinkhof, 2007) and up to 0.6 ms-1 on 
the subtidal platform (Brand, 2016). Due to its position 
within the tidal basin, waves from the North Sea cannot 
reach the PHZ shoreline. Therefore, the wave climate in 
front of the sand dike is relatively mild. Model results 
by Perk et al. (2019) showed the significant wave height 
Hm0 to range from 0.2 m to 0.4 m with the wave period T 
in the range of 3 s to 5 s, with the largest waves (up to 1.4 
m) arriving from the southwest, as opposed to the North 
Sea basin (Hm0 = 1.3 m with T = 6 s and Hm0,storm > 6 m; 
Elias et al., 2006). The maximum near-bed orbital veloc-
ities measured on the platform (pre-construction) were 
0.5 ms-1 (Brand, 2016). As a consequence, both waves 
and tides are important in shaping the area’s morphol-
ogy, producing mixed-energy conditions. 
Before the construction of the sand dike, the underly-

ing subtidal platform consisted of fine to medium sand 
with a median grain size D50 of 0.2 mm (Brand, 2016). 
For the core of the sandy reinforcement, similar grain 
sizes were used. However, to minimize erosion and 
therefore future maintenance, coarse sediments were 
also incorporated into the design (Fordeyn et al., 2019). 
An approximately 1-m thick protective wear layer, com-
posed of the coarsest fractions (> 0.4 mm), was placed 
on the seaward slope of the beach, with the exception 
of the southernmost part, which needed to remain fine 
to support benthos habitats. In addition, layers of shells 
were added on top of the beach area to create favorable 
bird habitat and reduce sand drift. These sediments, 
sourced from various extraction sites, together resulted 
in a highly heterogeneous mixture (e.g., Fig. 2). 

3 Methods and Data 
3.1 Data collection 
The data analyzed in this study were collected during 
the 5-week SEDMEX field campaign (mixed SEDiment 
in Mixed Energy eXperiment; Van der Lugt et al., 2024), 
conducted from 9 September to 19 October 2021, about 2 
years after the implementation of the nourishment. The 
complete dataset comprises multiple sediment sample 

series collected along the beach face (Fig. 4a in Van der 
Lugt et al., 2024) on different days and a more consistent 
set of cross-shore sediment samples with higher spa-
tial and temporal resolution at one longshore location 
(Fig. 4b in Van der Lugt et al., 2024). In addition, bed 
level measurements were recorded along the same pro-
file (transect #1 in Fig. 2 in Van der Lugt et al., 2024), 
and high-frequency hydrodynamic data were gathered 
at six longshore locations (Fig. 2 in Van der Lugt et al., 
2024, excl. transect #3). Together, these observations 
provide detailed insights into the spatiotemporal vari-
ability of sediment composition, hydrodynamic forc-
ing alongshore, and associated changes in beach pro-
file. The most recent major storm to impact the study 
site occurred in February 2020, as reported by the Royal 
Netherlands Meteorological Institute (Koninklijk Ned-
erlands Meteorologisch Instituut), well in advance of 
the field campaign. In addition, water level records 
from the official monitoring station in Oudeschild, ap-
proximately 3 km northeast of the PHZ, indicate no sig-
nificant storm surge events in the months preceding the 
fieldwork. This is consistent with the typical seasonal 
pattern in the Netherlands, where the storm season nor-
mally runs from October to April. We therefore con-
cluded that the antecedent conditions at the site were 
representative of a typical low-energy summer period. 

3.1.1 Sediment samples 

Sediment samples of 5 cm into the bed were collected 
at various spatial and time intervals. This sample depth 
was chosen as a compromise between the desired high 
number of samples and feasibility in subsequent pro-
cessing, and was also assumed to reasonably well rep-
resent the active layer exposed to and interacting with 
the flow. Seven longshore locations (Fig. 3a, yellow tri-
angles) were sampled multiple times along the NAP-0.8-
m isobath, corresponding to the depth of the longshore 
ADV array. This alignment enabled direct association 
between measured flow characteristics and local bed 
properties. Additional samples were collected simul-
taneously along the NAP+0-m isobath. The cross-shore 
spatiotemporal variation of the bed composition in the 
lower part of the swash zone (from NAP+0.1 m down to 
about NAP-1.2 m) was captured by a series of succes-
sive sampling surveys along transect L2 (Fig. 3a) over 
the course of one month. At each of the eight fixed 
cross-shore locations (labeled S1 to S8), surface sedi-
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Figure 2 Example of a sediment sample collected from the top layer of the sand spit at NAP+1.6 m on 2 December 2020. The distinct modi in the frequency 
distribution of grain sizes and large deviation in the value of the 90th percentile are clear indicators of an additional coarse end members. CO3 (i.e., shell) 
content was 10%, both by volume and mass. The 1 euro coin in the right panel has a diameter of 23.25 mm. 

ment samples were collected during four phases of the 
tide: (1) high tide, (2) mid ebb, (3) low tide and (4) mid 
flood. In addition, on the 7th (spring tide) and 15th of Oc-
tober 2021, thin 2–6-mm layer surface samples were col-
lected with a dedicated sand scraper device (van IJzen-
doorn et al., 2023) to obtain insights into the potential 
vertical structure and intravariation of the bulk sam-
ples. Table 1 provides an overview of the dates, loca-
tions, and number of sediment samples collected dur-
ing the SEDMEX field campaign and used in this study. 

Following collection, the samples were dried, me-
chanically sieved, and weighed. The sieving was carried 
out using a stacked tower of 13 sieves with mesh sizes 
arranged according to the Krumbein phi (°) scale, with 
° values of [-4, -3, -2.5, -2, -1.75, -1.5, -1.25, -1, -0.5, 0, 
1, 2, 3]. This range corresponds to mesh widths from 
63 μm up to and including 8000 μm, with a residual pan 
that collects finer particles. The acquired mass distri-
butions were further processed using the open-access 
GRADISTAT software (Blott and Pye, 2001). Grain size 
statistics were calculated with the commonly used geo-
metric (modified) Folk and Ward (1957) graphical mea-
sures: 

(1)MG = exp 
 

ln D16 + ln D50 + ln D84

3 

 
,

(2)˙G = exp 
 

ln D16 − ln D84

4 
+ ln D5 − ln D95

6.6 

 

where MG and ˙G are the graphic mean grain size and 
graphic standard deviation (i.e., sorting coefficient: the 
degree of uniformity), respectively, and Di is the i th
percentile of the cumulative grain size distribution by 
mass. In the following, MG and ˙G will always refer to 
these textural statistics. According to the characteriza-
tion by Folk and Ward (1957), sediments are considered 
poorly sorted when ˙G ≥ 2. Fine sand beaches along 
the Holland Coast typically have much lower ˙G values, 
indicating better sorting, whereas sand-gravel beaches 
often have much higher values, reflecting poorer sort-
ing. Additional grain size metrics returning in this pa-
per are the 10th , 50th (i.e., median) and 90th grain size 

percentiles derived from the local grain size distribu-
tions, and two ‘global’ size fractions: 0.25 mm (fine) and 
2.00 mm (coarse). 

To maintain an accurate representation of the bed 
surface at the study site, no shells were removed from 
the samples prior to grain size analysis. Examining the 
naturally mixed biogenic and non-biogenic fractions al-
lowed for a holistic analysis of sediment sorting in rela-
tion to morphologic changes. The densities of the silici-
clastic and carbonate particles at the study site were not 
measured directly. However, a flume study (Haarbosch, 
2023) using typical North Sea sand and shells found 
their densities to be quite similar (2600–2800 kgm-3). 
Based on this, we assumed equal densities for both 
particle types in our analysis. To quantify the possi-
ble effects on grain size metrics caused by shell valves 
and fragments, a follow-up analysis was applied to four 
random sediment samples representative of different 
beach sections. The subsamples were first divided into 
a sand and a gravel fraction using a 2-mm sieve. Their 
masses and dry and wet (i.e., excluding porosity) vol-
umes were carefully determined before and after chem-
ical removal of carbonates using a 5% HCl solution (i.e., 
diluted hydrochloric acid). The measured decrease in 
mass and volume after treatment directly reflected the 
shell mass and volume in the original subsamples, as 
the possible simultaneous dissolution of other minerals 
such as iron was considered minor. 

Preliminary visual observations suggested large grain 
size gradients on the beach surface and prompted test-
ing of the proposed sampling strategy to avoid future 
misidentification of large-scale patterns as artifacts of 
localized variability. The potential sampling error in-
troduced by short-distance horizontal variability was 
quantified by comparing a series of surface samples col-
lected within a one-meter radius. Additionally, the sand 
scraper samples were examined to demonstrate the sig-
nificance of any vertical grading or layering and its po-
tential impact on the derived grain size statistics of a 
sample. 
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Table 1 Overview and description of the samples and sample types. Note that the total number of samples may differ from the product of the number of 
dates and heights due to occasional missing or additional samples. 

prefix description locations day/month in 2021 heights # samples 

L longshore Lgn, L0, L2, L3.5, L4, Tmb, L6 21,28/9; 3,8/10 NAP+0 m & -0.8 m 41 
S cross-shore S1–8 20,28/9; 1,7,15/10 NAP+0.2 m to -1.0 m 40 
A sand scraper A1–3 07/10 (spring tide) 0 to -50 mm (10) 30 
B sand scraper B1–3, Bar, Run(nel) 15/10 (neap tide) 0 to -50 mm (10) 48 

3.1.2 Hydrodynamics 

Waves and currents were measured along the south-
ern beach and spit of the PHZ at six locations L1–L6 
(Fig. 3a), using acoustic Doppler velocimeters (ADVs) 
equipped with pressure sensors. All ADVs but the one 
at L2, were of type Nortek Vector and sampled at a rate 
of 16 Hz with the measurement volume initially posi-
tioned 15 cm above the bed at NAP-0.8m. The ADV at 
L2 was of type SonTek ADV Ocean-Hydra and sampled 
at a rate of 10 Hz. An additional Nortek Vector-type ADV 
was deployed in deeper water (NAP-1.4m) at L2 to avoid 
surfacing during low tide and to allow uninterrupted 
time series collection (Fig. 4). All ADVs were downward-
looking and measured in burst mode with a burst length 
of 30 min. Instrument heights were adjusted several 
times throughout the campaign after bed level changes 
to maintain the target measurement height. The pro-
cessing of the recorded pressure and velocity data is de-
scribed in Van der Lugt et al. (2024) and is not reiter-
ated here. All flow properties used in the following were 
time-averaged over 10-minute intervals. To address un-
certainties in the SonTek ADV Ocean-Hydra pressure 
recordings, wave height values were substituted with in-
terpolated values derived from the two closest pressure 
sensors on either side of the ADV within the same cross-
shore instrument array, deployed at depths NAP-0.5 m 
and -1.2 m. 
Fig. 4 provides an overview of the conditions ob-

served during the SEDMEX campaign. For most of the 
campaign, the sea remained relatively calm, except for 
a more energetic phase midway, characterized by sig-
nificantly increased wave heights that frequently ex-
ceeded the threshold of µ + 2˙ = 0.38 m. This ener-
getic phase, henceforth referred to as ‘the stormy pe-
riod’, lasted roughly from 27 September to 6 October 
2021. Within this period, a particularly intense inter-
val occurred from 30 September to 3 October 2021 dur-
ing which wave heights exceeded the threshold for more 
than half of the time. 

3.1.3 Bed levels 

Area-wide topography and bathymetry measurements 
from 2 March 2022 were provided by Jan De Nul NV, 
a Belgian marine construction and dredging company 
contracted for the PHZ project. The topography was 
obtained through photogrammetry from a drone (UAV) 
survey and the bathymetry using a vessel-mounted 
single-beam echosounder. The collected bed level data 
were processed into digital elevation models (DEMs) 
with a resolution of 1 m. In addition, cross-shore profile 

measurements were obtained roughly every other day 
by walking with a wheel-mounted RTK-GNSS receiver 
(continuous mode: 1 Hz) across the spit in line with L2 
(Fig. 3a). The profiles extended approximately from the 
highest point on the upper beach to halfway down the 
subtidal platform at approximately NAP-1.5 m. 

3.2 Data analysis 
3.2.1 Bed shear stress 

The measured hydrodynamics were translated to the 
different components of the dimensional and non-
dimensional BSS. The grain Shields number was com-
puted for different grain size classes: 

(3)  0i = 
˝ 0 

(ˆs − ˆ) · g · Di 
,

where ˝ 0 is the dimensional grain BSS, ˆs is the density 
of the sediment, ˆ is the density of the fluid, g is the ac-
celeration due to gravity, and Di is a characteristic par-
ticle diameter of size class i. The densities of sediment 
(2650 kgm-3) and seawater (1025 kgm-3) were assumed 
to be constant throughout the measuring campaign. 
Unless specified otherwise, ˝ 0 refers to the total 

grain BSS under combined current-wave action, calcu-
lated following Soulsby and Clarke (2005), adapted from 
Grant and Madsen (1979): p

˝cw =      (˝w + ˝c |cos ° cw| )2 + (˝c |sin ° cw| )2 ,     (4)
where ° cw is the angle between the propagation direc-
tions of the current and waves. The current component 
(˝c) was computed as: 

(5) ˝c = ˆ · g · Ũ 2 

C2

where ˜ U is the (time-and depth-averaged) measured
current velocity determined from the law of the wall for 
rough flow: 

(6) Uz = 
U 


· ln

 
z

0.033k s,tot

 

where Uz is the velocity at level z, U is the shear ve-
locity,  is the von Kármán constant (= 0.4), and ks,total
is the Nikuradse total (i.e., grain- plus form-related) 
bed roughness, here estimated as 0.05 m. The depth-
averaged flow velocity can be found at z ˇ 0.368h, 
where h is the water depth. The Chézy grain coefficient 
C is given by the White-Colebrook formula: 

(7) C = 18 · log10

 
12h 

k s,grain 

 
,
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where ks,grain is the Nikuradse grain roughness, here set 
equal to 2.5 × D50 (the 50th percentile, or median, of the 
cumulative grain size distribution by mass). Sometimes 
1 × D90 is chosen instead, but due to the much higher 
representation of shell material in the coarse tails of 
the distributions, a multiple of the median was deemed 
more appropriate. 
The BSS component due to waves (˝w) is given by: 

(8) ˝w = 
1 
2 

· ˆ · fw · U2 
rms, 

where Urms is the root-mean-square orbital velocity 
amplitude, computed from the orthogonal root-mean-
square long- (u) and cross-shore (v) velocity compo-
nents as Urms = 

p
2(u2

rms + v2 
rms)1/2 .

The wave friction factor fw was estimated using Swart 
(1974) for hydrodynamically rough flow: 

(9)fw = exp 5.213 
 

Arms 

k s,grain 

−0.194 

− 5.977
!

,

where Arms is the near-bed orbital excursion amplitude 
(m) computed as:

(10) Arms = 
Urms 

!rms 
.

Here, !rms is the angular frequency calculated as: 

(11) !rms =
2ˇ 

Trms 
,

where Trms is the root-mean-square wave period. 

3.2.2 Sediment Mobility 

In general, for coarse sands larger than 0.3 mm, sedi-
ment transport is primarily as bedload, with suspended 
transport occurring only under extreme wave and cur-
rent conditions. For gravel-sized particles (> 2 mm), 
transport occurs almost exclusively as bedload (Soulsby 
and Clarke, 2005). Since the PHZ sediments are primar-
ily larger than 0.3 mm (e.g., Fig. 2) only bedload is con-
sidered in this study. However, it should be noted that 
total transport during high-energy events may be un-
derestimated if suspended load is not considered (Huis-
man et al., 2018). 
In bedload transport studies, two important dimen-

sionless parameters are often used: the Bonneville 
(1963) dimensionless grain parameter (D) and the crit-
ical Shields parameter (cr). The Bonneville dimension-
less grain parameter is given by: 

(12) D  = D50 · 
3 

r 
(s − 1) · g 

2 ,

where s is the particle specific gravity, and  is the kine-
matic viscosity of the fluid. The critical Shields number 
is then given by Soulsby (1997): 

(13)cr = 
0.30 

1 + 1.2D 
+ 0.055 · [1 − exp(−0.020D)].

The critical non-dimensional shear stress for each 
size class is corrected with an Hiding Exposure (HE) 
function: 

(14)cr,i,corrected = ˘i · cr,D50 , 

where ˘i is defined as: 

(15) ˘i = 
 

Di 

D50 

 
.

The exponent γ was set as in McCarron et al. (2019) for 
medium sand to fine gravel and bi-modal distributions: 

(16)  ,

where γs = 0.68 is the exponent for pure sand and γg = 
0.86 for pure gravel, and fg is the fraction of gravel. 
The non-dimensional bedload transport predictor of 

Ribberink (1998) was used here, as it was carefully cal-
ibrated on large amounts of data of sand and gravel 
transport in combined flow with current and waves, 
most representative of the conditions in this study: 

(17) 0
i° b,i = α · ( −  cr,i)

1.65 
,

where α = 11. This bedload transport predictor was 
then dimensionalized using: 

(18) qb,i = ° b,i · 
r 

ˆs − ˆ

ˆ
· g · D

3 
2 
i ,

where qb,i has units m3s-1 per meter width (or m2s-1). 
Since the focus in this study was primarily on transport 
in the longshore direction, while the bedload predictors 
were based on the total velocity vector, the predictors 
were corrected for the relative magnitude of the long-
shore velocity component: 

(19) qb,long,i,gross = qb,i · 
U 2long 

U 2long + U2 
cross 

where Ulong and Ucross are the orthogonal long- and 
cross-shore velocity vectors (ms-1), respectively. To in-
corporate the longshore direction, the gross transport 
rates were multiplied by the sign of the longshore cur-
rent at each time step, restoring directional informa-
tion: 

(20) qb,long,i,net = qb,long,i,gross · sign 
� 
Ulong 

 

where qb,long,i,net is the net longshore transport rate, 
with positive values indicating transport in the flood 
current direction and negative values corresponding to 
transport in the ebb current direction. Finally, the time 
series of transport rates were integrated over the cam-
paign duration to compute the total transport volumes: 

(21) Qb,i = 
Z t

t0 

qb,i dt

where Qb,i has units m3 per meter width (m2). For net 
longshore transport volumes, the integration was per-
formed separately over the positive or negative values. 
For the sake of comparison, time steps during which 
one or more ADVs were not operational were excluded 
from the volume calculations. 
To compute bed roughness, BSS and (critical) Shields 

numbers along the longshore ADV array, the grain 
size statistics at each sampling location were aver-
aged across the first two complete sediment surveys 
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(21 and 28 September 2021) and both isobaths. Bed-
composition data from the sampling location closest to 
each ADV station were paired with the corresponding 
in-situ flow measurements. The specific hydrodynamic 
and sediment data pairings are listed in Table S1 of the 
Supplementary Materials. 

4 Results 
This section begins with an overview of the long-
shore variability in waves and currents along the PHZ 
(Sec. 4.1). It then delves into the longshore variability in 
grain sizes and hydrodynamic forcing (Sec. 4.3), while 
briefly addressing potential sediment sampling errors 
(Sec. 4.2). Finally, the section examines the temporal 
cross-shore variability in grain sizes in relation to mor-
phologic change (Sec. 4.4). 

4.1 Hydrodynamic conditions 
The measured currents along the PHZ beach face ex-
hibited considerable variability in both magnitude and 
direction (Fig. 3b). Generally, higher peak flow veloci-
ties were recorded toward the distal end of the spit (L1), 
reaching up to 0.9 ms-1 . The strongest currents came 
from the southwest, indicating a marked flood domi-
nance. However, a deviation in this pattern was ob-
served several hundred meters southwest at L2, where 
the flood currents were less pronounced. In contrast, 
ebb currents appeared to be somewhat dominant only 
in the region near the harbor jetty (south of L5), where 
flow velocities remained relatively low throughout the 
tidal cycle (Ũmax < 0.3 ms-1). The observed dominant 
current directions accurately reflect the expected hor-
izontal tide, the direction of which is strongly deter-
mined by the shape of the coastline (Figs. 3a–b). Fur-
thermore, the magnitude of the cross-shore flow com-
ponent was generally relatively small, averaging just 
16% of the orthogonal longshore component on the 
lower beach face (Fig. 3b) and even less than 3% near 
the offshore platform edge (Fig. 4c). 
The measured waves predominantly approached 

from the south to southeast (Fig. 3c and 4b), arriving at 
slightly oblique angles — averaging about 30° from the 
shore normal — along the longshore array of measure-
ment stations (Fig. 3c). On average, the wave heights 
were 27% lower on the southern beach (L5–L6) com-
pared to the spit (L1–L4), with this difference increas-
ing to 32% during the stormy period from 27 September 
to 6 October 2021. Despite this, wave heights remained 
generally low, with a campaign-mean significant wave 
height of Hm0 = 0.15 m (Fig. 4a). 

4.2 Sediment sampling tests 
Tests of the sediment sampling method revealed a mean 
horizontal sampling error of ± 143 μm for grain size, cor-
responding to 16% of MG averaged across the test sam-
ples. For sample uniformity, the error was 0.29, equiv-
alent to ± 11% of the mean ˙G. Furthermore, analysis 
of the eight sand scraper sample collections taken from 
the top 5 cm of the bed (i.e., the regular sampling depth 

range) revealed a mean standard deviation in grain size 
of 259 μm, representing 26% of the mean MG (Fig. 5a), 
while the sorting coefficient showed a mean standard 
deviation of 0.28, or 12% of the mean ̇ G (Fig. 5b). In ad-
dition, the sample-carbonate analyses indicated a mean 
carbonate content of approximately 16% both by mass 
and volume. For grain size fractions ≤ 2 mm, this value 
decreased to about 11%, whereas for fractions > 2 mm, 
it increased substantially to about 50%. These findings 
suggest that while shells and shell fragments introduce 
minimal measurement uncertainty in the bulk of the 
grain size distributions, their influence in the coarse 
ends of the spectra cannot be completely disregarded. 

4.3 Longshore grain size variability 
4.3.1 Grain sizes 

Observations of bed surface composition along the 
PHZ beach face revealed significant longshore vari-
ability (Fig. 6). Despite the potential sampling bi-
ases described above, a selection of grain size distribu-
tions from the first longshore sediment sampling survey 
(Fig. 3d) shows that along the -0.8 m isobath, finer sedi-
ments (< 0.4 mm) were considerably more abundant at 
the lateral edges of the beach (L0 and L6) than in the 
central region (L2 and L4). Meanwhile, surface com-
positions along the zero isobath were more comparable 
to each other, although the distributions were generally 
wide and non-uniform in themselves (Fig. 3d). 
A more detailed overview of MG and ˙G of the sur-

face sediment at the seven longshore sample locations 
in Fig. 3a, along the two isobaths, is presented in Fig. 6 
using heat maps. Significant spatiotemporal differences 
are evident in the values of both MG and ˙G, particu-
larly along the lower isobath. For example, the coarsest 
sample (L4), collected on 28 September 2021, was nearly 
seven times coarser than the finest contemporary sam-
ple (L6). The sorting coefficient also varied substan-
tially, ranging from well sorted in L6 (˙G = 1.4) to poorly 
sorted in L0 (˙G = 3.1). Data from these longshore sedi-
ment surveys indicate that the differences in MG could 
be up to 170 μm over 100 m of longshore distance. How-
ever, visual observations suggest that these differences 
may have already occurred over much shorter distances 
(O(1m)) in some areas. 
The line plots in Fig. 6 visualize the overall trends de-

picted in the heat maps. Overall, grain sizes were larger 
at the lower (-0.8 m) isobath, except for the two south-
ernmost locations (Tmb–L6). Both isobaths show a peak 
in MG around the central part of the spit (L2–L4), with 
finer sediments toward the lateral edges. However, the 
differences along the lower isobath were much more 
pronounced, as reflected by the larger scale used for the 
horizontal axis. Despite the similar trends between the 
two isobaths, the error bars highlight significant tem-
poral variability at most longshore locations, particu-
larly at greater depths (except for locations Lgn, Tmb, 
and L6). This suggests strong temporal changes in long-
shore differences over time. 
Most of the samples collected along the upper (87%) 

and lower (68%) isobaths were poorly sorted (˙G ≥ 2). 
However, in some instances, samples were moderately 
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Figure 3 (a) DEM from 30 May 2022 (2022 Q2). Red dots are locations of velocimeters + pressure sensors at depth NAP-0.7 m. Yellow triangles are sediment 
sampling locations, where Tmb = tombolo, Lgn = lagoon entrance, and * = bar/runnel (sand scraper). The mean high water (MHW) and mean low water (MLW) 
contours are drawn as solid black lines, together demarcating the intertidal zone. Red dotted contours mark the largest measured tidal range. (b) Depth-
average current- and (c) wave roses at the ADV locations. NB: Current and wave directions represent incidence angles. (d) Example grain size distributions 
of samples collected on 21 September 2021 at four longshore locations and two depths. 

sorted (1.41 ≤ ˙G < 2; about 13% and 24%, respectively) 
or even well sorted (˙G < 1.41; about 0% and 8%). ˙G

was found to be a weak function of MG at the zero iso-
bath, with a moderate correlation (R2 = 0.32) showing 
that ˙G improved linearly as MG decreased. In con-
trast, for the lower isobath, the correlation between the 
two variables was virtually absent (R2 = 0.13 for a linear 
best fit). The error bars in the ˙G line plots indicate sig-
nificant temporal variability in grain size distribution at 
most locations. 

4.3.2 Bed surface mobility 

The estimated time series of BSS and the average critical 
values for the D10, D50 and D90 grain size percentiles in-
dicate that currents alone frequently mobilized a large 
part of the grain size distribution within each tidal cy-
cle, especially during peak flow velocities, with this 
likelihood significantly increasing during spring tides 
(Fig. 7a). In contrast, waves alone appeared much 

less capable to mobilize sediment during calm periods 
(Fig. 7b), contributing only minimally to the total sedi-
ment mobilization through combined forcing (Fig. 7c). 
However, during the stormy period, wave-induced forc-
ing frequently exceeded current-induced forcing, ex-
ceeding the D90 threshold with regularity (Fig. 7b). A 
comparison of the time series of current- and wave-
induced BSS (Figs. 7a–b) suggests minimal modulation 
of the currents by wave activity, since the current mag-
nitude seemed predominantly controlled by the lunar 
phase. 

Shields diagrams from the six sites along the PHZ 
beach (L1–L6) support the initial assumption of a 
mixed-energy environment. The energy conditions 
for predicted sediment motion ranged from wave-
only (wO), through wave-dominated (wD) and current-
dominated (cD), to current-only (cO), with three rep-
resentative cases shown in Fig. 8). The extent of 
no-motion (nM) conditions varied significantly across 
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Figure 4 Nearshore hydrodynamic conditions measured on the subtidal platform at location L2 at NAP-1.4 m during the SEDMEX campaign: (a) significant 
wave height, (b) wave incidence angle relative to the mean shore normal (positive = from SW), (c) orthogonal components of the current velocity magnitude 
(positive = to NE or onshore) measured 0.15 m above the bed and (d) water surface elevation. The measurement period spans two spring-neap tidal cycles 
and includes a relatively energetic interval (light grey region) with peak storm waves (dark grey). Data gaps indicate periods of instrument maintenance. 
Downward blue and green triangles mark the timing of cross- and longshore sediment sampling surveys, respectively. 

Figure 5 Vertical intravariability within bed surface samples, expressed 
in (a) MG and (b) ̇ G at various locations across the intertidal zone. Sam-
ple locations A1–3 (7 October 2021) and B1–3 (15 October 2021) are shown 
in Fig. 10a. The swash bar (‘Bar’ at NAP+0.4 m) and upslope runnel (‘Run’ at 
NAP+0.3 m) were sampled halfway between L2 and L3 (asterisk in Fig. 3a) 
on 15 October 2021. Blue areas at the bottom in ‘Run’ indicate reaching the 
groundwater. 

these examples. On average, instances where currents 
alone mobilized the local D50 were less frequent (cO: 
7%) compared to those driven by waves alone (wO: 
15%). However, overall, current- and wave-dominated 
mobilization (i.e., mean cD and wD) both occurred 
about 11% of the time, a balance that was consistent 
across other grain size fractions. Nevertheless, the 
relative influence of waves and currents varied along 
the coastline, with a clear current dominance (cO+cD » 
wO+wD) observed at L1, and wave dominance (wO+wD 
» cO+cD) at L2, L3 and L6 (Fig. 8). These and more

percentage values related to the hydrodynamic compo-
nents are provided in Table S2 of the Supplementary 
Materials. 
The total duration during which motion thresholds 

were exceeded highlights significant differences in sed-
iment mobility potential across various grain size frac-
tions and longshore locations. Longshore differences 
were striking, with much greater mobility of the entire 
grain size spectrum at the northeast end of the beach 
(70% at L1) compared to the southwest end (23% at L6). 
Notably, for 75% of the evaluated time, the conditions 
were sufficient to mobilize half of the grain sizes present 
(i.e., D50) at location L1. Averaged alongshore, the 
threshold for the local D90 percentile was exceeded only 
27% of the time, while the thresholds for the D50 and 
D10 percentiles were exceeded closer to 50% of the time. 
The coarse 2-mm grain size fraction was mobilized on 
average 50% of the time during the stormy period, com-
pared to 23% of the time during the calm period. The 
difference was less pronounced for the fine 0.25-mm 
grain size fraction but remained substantial, with mo-
bilization occurring 75% of the time during stormy con-
ditions compared to 54% during calmer conditions. An 
overview of the percentage values for the full deploy-
ment, as well as for stormy and calm conditions, is given 
in Table S3 of the Supplementary Materials. 

4.3.3 Sediment transport 

The longshore variations in threshold exceedance for 
the different grain size fractions are also reflected in the 
probability density functions of net longshore bedload 
transport rates (e.g., Figs. 9a–b for 0.25 mm and 2.00 
mm, respectively). These differences can be clearly at-
tributed to the local BSS (Fig. 9c), but also demonstrate 
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Figure 6 Temporal variability of MG and ˙G at the seven longshore sample locations in Fig. 3a along two isobaths. Adjacent line plots and error bars 
indicate time-averaged longshore trends and local temporal variability. Dashed lines indicate the total longshore mean. Note the differing horizontal axis 
scales between the line plots. 

Figure 7 Time series showing (a) current-induced, (b) wave-induced and (c) combined current-and-wave-induced BSS at six longshore locations (L1–L6). 
Horizontal lines represent mean critical BSS values for three grain size percentiles (D10, D50 and D90). Upper panel symbols indicate lunar phases. 

a strong dependence on the local bed surface composi-
tion. Consequently, the transport rate probabilities for 
the relatively coarse 2-mm fraction at location L2 are 
comparable to those at L1 and L4, despite L2 experienc-
ing a significantly lower probability of high BSS values. 
Similarly, while L3 shows a relatively high probability 
of high BSS values, it also has a high probability of low 
transport rates, comparable to L6. 

The vertical asymmetry of the curves in Fig. 9a–b im-
plies net transport toward the northeast, correspond-
ing to the direction of the flood current. This is consis-
tent with the collectively positive volumes of longshore 
transport shown in Table 2b. The predicted gross trans-

port volumes (per unit width) for the entire campaign 
reveal substantial variations in magnitude along the 
beach face (Table 2a), with significantly greater trans-
port along the spit (L1–L4) compared to the south beach 
(L5–L6). Interestingly, while gross transport is greatest 
at the distal end of the spit (L1) across all grain size frac-
tions, this is not the case for net transport (Table 2b). 
This disparity indicates that ebb-phase transport (nega-
tive) more effectively offsets flood-phase transport (pos-
itive) at L1 compared to other locations, highlighting the 
longshore variability in the relative importance of the 
opposite current directions. 

A general trend of increasing net transport rates is ob-
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Figure 8 Wave- versus current-induced Shields number derived from measurements from three longshore locations (L6, L4 and L1, from southwest to 
northeast). The inner and outer solid lines demarcate the thresholds of incipient motion of the local MG and the sheet-flow regime, respectively. Dashed 
lines indicate the boundaries between wave and current dominance, based on Kleinhans (2005a). 

Figure 9 Kernel density estimates of net longshore bedload transport rates of the (a) 0.25-mm (i.e., Fine) fraction and the (b) 2-mm (i.e., Coarse) fraction, 
and (c) the total BSS for the six longshore locations. 

served from L6 to L3 (Table 2b), resulting in a a posi-
tive transport gradient from the harbor jetty toward the 
halfway point along the spit. Beyond this point, trans-
port rates are less longshore variable and show a consis-
tent minimum at L2. However, a more consistent trend 
along the entire beach face is evident in the transport 
volume ratio of the fine to coarse grain size fraction (the 
last two columns in Table 2b). Except for the D10/D90 
ratio at L5, these transport volume ratios display a con-
sistently negative but decreasing gradient from south-
west (L6) to northeast (L1), suggesting that preferential 
transport of finer sediments becomes less pronounced 
along this direction. 

4.4 Cross-shore grain size variability 

During the field campaign, the cross-shore beach pro-
file at L2 changed substantially (Fig. 10a). These 
changes were most pronounced during the stormy pe-
riod between 27 September and 6 October 2021, when 
the profile flattened considerably by the transport of 
sediment from the upper part of the intertidal zone be-
tween the storm High Water (HW) and Mean Sea Level 
(MSL) to beneath MSL. Here, the bed level increased by 

up to 0.32 m, while the upper part of the beach low-
ered by up to 0.45 m. Throughout these morphological 
changes, there was substantial temporal variability in 
bed surface composition at nearly all eight sample loca-
tions (Fig. 10b). This variability was not simultaneous 
across the profile, with some locations exhibiting coars-
ening or fining over time and others showing improved 
or worsened sorting (Fig. 10c). 

The time-averaged cross-shore standard deviation of 
low-tide MG (˙MG ) was 0.45 mm, which represented ap-
proximately 39% of the time- and spatially averaged MG 
(1.14 mm). For the sorting coefficient (˙G), the time-
averaged cross-shore standard deviation (˙˙G ) was 0.33, 
equating to about 13% of the time- and spatially aver-
aged ˙G (2.49). Interestingly, between 28 September 
and 1 October 2021 — shortly following the onset of the 
stormy phase — the cross-shore variability in ̇ G halved, 
while sorting slightly improved with respect to the pre-
storm situation. These observations suggest that the 
more energetic conditions exerted a homogenizing ef-
fect on the surface sediments within this cross-shore 
profile, irrespective of MG. However, the variability in 
MG showed a weaker response to the time-varying wave 
forcing, indicating that the increased cross-shore simi-
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Table 2 Estimated (a) gross and (b) net total longshore bedload transport volume (m3m-1 width) per grain size percentile (excluding pores) at each of 
the six longshore locations over the entire field campaign. The ‘+’ (plus) and ‘-’ (minus) indicate longshore transport in the NE flood and SW ebb direction, 
respectively. The final two columns show the volume ratios of the fine to coarse (local and global) grain size fractions. 

(a) MG D10 D50 D90 0.25 2.00 mean 

L1 3.28 4.68 3.50 1.45 4.47 1.81 3.20 
L2 1.47 2.35 1.48 0.74 2.49 0.95 1.58 
L3 1.98 3.16 2.02 1.02 3.90 1.34 2.24 
L4 1.97 3.31 2.11 0.86 3.91 1.36 2.25 
L5 0.91 1.23 0.93 0.58 1.24 0.40 0.88 
L6 0.54 0.77 0.56 0.26 0.71 0.23 0.51 

mean 1.69 2.58 1.77 0.82 2.79 1.02 1.78 

(b) MG D10 D50 D90 0.25 2.00 mean D10 
D90 

0.25 
2.00 

L1 +1.14 +1.51 +1.20 +0.60 +1.46 +0.71 +1.10 2.53 2.05 
L2 +0.97 +1.45 +0.98 +0.52 +1.52 +0.66 +1.02 2.76 2.29 
L3 +1.05 +1.60 +1.07 +0.56 +1.92 +0.73 +1.16 2.87 2.64 
L4 +0.88 +1.41 +0.93 +0.39 +1.64 +0.61 +0.98 3.65 2.67 
L5 +0.44 +0.57 +0.45 +0.28 +0.58 +0.18 +0.42 2.09 3.18 
L6 +0.07 +0.11 +0.07 +0.01 +0.10 +0.01 +0.06 8.23 10.9 

mean +0.76 +1.11 +0.78 +0.39 +1.20 +0.48 +0.79 3.69 3.95 

Figure 10 a) Fixed horizontal sampling locations (S1–8) along cross-shore transect L2 (see Fig. 3a) and bed-profile development during the period of 
measurement. Additional sand scraper locations are also indicated: A1–3 on 7 October 2021 and B1–3 on 15 October 2021. (b) Temporal evolution of bed 
surface composition, MG (black) and ̇ G (red), during low tide at each fixed sample location. (c) Spatial variability along the sample array during low tide 
on five different measurement days. 

larity in ˙G was not necessarily accompanied by a sim-
ilar trend in MG. The cross-shore profile statistics are 
summarized in Table S4 of the Supplementary Materi-
als. 

To contextualize the variability observed in low-tide 
MG and ˙G, it is essential to compare these metrics to 
their tidal variability within a single cycle. Fig. S1 in the 
Supplementary Materials presents time-evolution plots 
of MG and ˙G, alongside concurrent measurements of 

water surface elevation and wave height at the eight 
sampling locations. Tidal fluctuations in MG and ˙G 
were smallest at location S2 (0.10 mm and 0.13 mm, re-
spectively) and reached their maximum at S7 (0.42 mm 
and 0.48 mm, respectively) (Fig. 11). A comparison of 
temporal trends in MG and ˙G reveals evidence of co-
variance, as supported by some of the computed Pear-
son correlation coefficients. Remarkably strong covari-
ance was observed at locations S3 (r = 0.96) and S5 (r = 
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Figure 11 Tidal variation in the (a) mean (MG) and (b) uniformity (˙G) of the cross-shore sample array, expressed as the standard deviation at each sample 
location. Observations from 1 October 2021 are missing, as storm-induced elevated water levels did not allow for sampling all eight locations. The thick 
solid red lines represent the temporal mean standard deviation of MG and ̇ G. 

0.98), which were also the only sites showing statistical 
significance (p < 0.05). The time- and spatially averaged 
tidal variability in MG and ˙G were 0.20 mm and 0.26 
mm, respectively (Fig. 11). This indicates that the day-
to-day variability observed at low tide frequently falls 
within the range of tidal fluctuations occurring within 
a single tidal cycle. Consequently, long-term changes 
cannot be solely attributed to shifts in hydrodynamic 
or morphologic boundary conditions beyond the tide 
scale. 
Finally, no definitive correlation was identified be-

tween changes in bed level (z) and bed surface compo-
sition (MG and ˙G) across the eight sampling locations 
(Fig. 12). During periods of sedimentation (z > 0), MG 
and ˙G exhibited inconsistent behavior, showing both 
increases and decreases without a discernible pattern. 
However, erosion events (z < 0) revealed a more dis-
tinct trend: MG and ̇ G tended to increase concurrently, 
as evidenced by the clustering of data points in the 2nd 

quadrant of Fig. 12b. This suggests that erosion gener-
ally led to coarser grain sizes and poorer sorting. 

5 Discussion 
The results of this study reveal considerable spatial and 
temporal variability in sediment composition at the arti-
ficial Prins Hendrikzanddijk beach (Figs. 6 and 10). This 
variability appears to be driven by the combined, and 
likely interacting, forces of waves and tides within this 
mixed-energy environment (Fig. 8). These findings em-
phasize the complexity of sediment transport dynamics 
in back-barrier beach systems, especially those charac-
terized by poorly sorted sediment mixtures. 
In contrast to open coasts dominated by waves (e.g., 

Huisman et al., 2016), mixed-energy conditions at shel-
tered coasts, such as the PHZ, are inherently more 
current-driven and generally much closer to the sed-
iment motion threshold (Fig. 8). Under such condi-
tions, a gradual winnowing of the finer sediment frac-
tions may be expected — particularly in the presence of 
highly heterogeneous sediments — as the smaller parti-
cles are more frequently entrained and transported fur-
ther, while updrift supply limitation prevents replenish-
ment. This process could lead to the development of a 

stable deflation surface or armor layer (Hart and Plint, 
1995). Such sorting processes would stabilize the sur-
face sediments, effectively immobilizing the finer, more 
erodible material within the nourishment core. Conse-
quently, the rates of sediment transport and morpho-
logic change would be expected to gradually decline 
over time until a steady state is reached, in which the 
finest fractions are gone. However, observations from 
the PHZ indicate otherwise. 
Despite the relatively coarse sediment mixture im-

plemented at the nourished site, tidal currents alone 
were found capable of mobilizing a considerable por-
tion of the local grain size fractions much of the time 
(Fig. 8). However, their contribution varies substan-
tially along the beach and is sometimes secondary to 
wave action (Table S2). This indicates that morpho-
dynamic processes shift between current-dominated, 
mixed-energy, and wave-dominated regimes, depend-
ing on the specific longshore location and the grain 
size fraction in question. Nevertheless, when averaged 
along the beach face, the contributions of waves and 
currents are roughly equal across all grain size frac-
tions. Wave action becomes particularly dominant dur-
ing stormy conditions, when waves greatly increase the 
mobilization of all grain size fractions (Table S3b). At 
certain locations, such as L6, wave action is even the 
sole contributor to mobilization of the coarse end of the 
grain size spectrum (≥ 2 mm). These periodically oc-
curring waves are likely to play a key role in disrupting 
the formation of armor layers, as previously suggested 
in the context of wind-driven transport from the inter-
tidal beach by Hoonhout and de Vries (2017). By con-
trast, at other locations, such as L1, tidal currents are 
sufficiently strong to also frequently mobilize coarser 
sediments independently. However, storm waves alone, 
combined with elevated water levels, can periodically 
alter the local bed composition by flattening the cross-
shore slope and driving cross-shore sediment exchange 
(Fig. 10). 
The high spatiotemporal variability in grain sizes ob-

served on the PHZ beach face aligns with patterns docu-
mented on other mixed beaches (e.g., Townsend et al., 
2024). At the PHZ, the pronounced horizontal hetero-
geneity over very short (m-scale) distances appears to 

13 GEOMORPHICA | volume 2 | issue 1 



GEOMORPHICA | | Bosma et al. 2025 

Figure 12 Temporal differences in the (a) mean (MG) and (b) uniformity (˙G) of the surface sediments at the eight sample locations as a function of 
bed level change z in the period from 20 September through 15 October 2021. The upper legend (symbols) state the periods over which the differences 
were computed. 

be closely linked to variations in vertical sediment lay-
ering. Sand scraper samples (Fig. 10a) revealed substan-
tial variability in MG and ˙G even at sub cm-scale verti-
cal distances (Fig. 5). The observed patterns resemble to 
some extent swash-laminated sands (Shan et al., 2015), 
which typically range from mms to cms in thickness and 
form on the beach face as a result of swash processes. 
Consequently, minor surface-layer erosion can signifi-
cantly alter the grain size mixture exposed at the sur-
face, resulting in pronounced horizontal grain size dif-
ferences. This phenomenon also provides insight into 
the relatively large sampling errors associated with the 
sediment sampling method employed in this study, un-
derscoring the challenges of capturing the large-scale 
trends in grain size evolution. In this study, grain size 
metrics such as the D50 were used to describe some-
times polymodal sediment distributions, aligning with 
standard practices in sedimentology and engineering, 
and to facilitate the use of transport formulas. How-
ever, additional descriptors, such as modal grain sizes, 
could be more representative for describing (transport 
of) mixed sediments (Blott and Pye, 2001) and provide 
alternative insights in future work. 

The mixed-energy hydrodynamic conditions and 
highly variable bed surface — maintained by ongo-
ing erosion and deposition (Figs. 5 and 10) — are suf-
ficient to hinder the formation of stable sorting pat-
terns, such as a well-developed armor layer. This indi-
cates that time alone is not enough for such features to 
emerge; sufficiently immobile sediment fractions rela-
tive to the forcing conditions are also required. As ob-
served on seasonal composite beaches, the sorting — or 
lack thereof — on the PHZ beach face appears to be gov-
erned primarily by the intermittent transport of specific 
sediment fractions, driven by local hydrodynamic vari-
ability and episodic high-energy (storm) events (Table 
S1 and Fig. 7). A key distinction, however, may be the 
degree of intermittency: at the PHZ, transport of the 
larger portion of grain size fractions present likely oc-
curs more frequently due to the relatively narrow range 
of critical motion thresholds for the sediment mixture 
(medium to very coarse sand), compared to those on 
a typical sand-gravel beach. This promotes more fre-
quent reworking and results in more transient sorting 
patterns. Simultaneously, fine-grained, easily mobi-
lized sediment fractions remain available and transport 

rates on the PHZ are unlikely to diminish. Meanwhile, 
longshore gradients in wave forcing and tidal currents 
(Fig. 3b–c), combined with substantial variations in bed 
composition (Fig. 6), will continue to drive morphologic 
change (Fig. 9a–b). This persistent sediment mobility 
suggests the PHZ has a relatively high morphodynamic 
activity, despite the coarse, poorly sorted nourishment 
material and relatively sheltered environment. 
The effectiveness of implementing a coarse, poorly 

sorted sediment mixture and an initial armor layer is 
highly dependent on the local forcing conditions at the 
nourishment site and thus requires a site-specific, tai-
lored approach — especially if ecological goals are also 
involved. Even on the relatively sheltered PHZ beach, 
the applied armor layer was rapidly mobilized, result-
ing in surface characteristics that more closely resem-
ble the underlying sediment core. While this study 
does not offer definitive insights into long-term mor-
phologic changes, the observed response to a higher-
energy event — particularly changes in the cross-shore 
bed profile and grain sizes exposed at the surface — sug-
gest that storm frequency and the duration of interven-
ing calm periods may play a substantial role in the sys-
tem’s evolution over time. Analysis of the multi-annual 
evolution of the PHZ under a broad range of weather 
conditions and resulting hydrodynamics are needed to 
shed light on the effect of bed surface composition on 
long-term (> 5 years) morphologic adjustment. 

6 Conclusions 
Two years after construction of the artificial back-
barrier beach, there is still significant spatiotemporal 
variability in its surface sediment composition. The 
beach is subject to diverse morphodynamic regimes due 
to variations in longshore wave attack and tidal cur-
rent velocities. Even under calm conditions, a wide 
range of grain sizes can be mobilized on the beach face, 
with finer sediment fractions (< 0.25 mm) frequently en-
trained by currents, creating a near-continuous driver 
of preferential transport. Storm waves are required to 
mobilize coarse grains (> 2 mm) in certain sections of 
the beach, while tidal currents suffice in other areas. 
The absence of clear sediment sorting patterns across 
the beach can thus be attributed to the frequent mobi-
lization of most grain size fractions during regular tidal 
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cycles, with any remaining immobile fractions likely 
redistributed during high-energy events. Cross-shore 
sediment exchange also plays a crucial role in this pro-
cess, as profile dynamics lead to the removal or burial 
of (sub)surface sediments, exposing newly mixed ma-
terial and further preventing long-term sorting. Over-
all, the frequent mobilization of most exposed grain 
sizes, combined with highly heterogeneous beach sed-
iment, ensures a constant (re)supply of unsorted ma-
terial that suppresses large-scale and long-term sorting 
of the (sub)surface sediments. Future research on such 
heterogeneous beach environments would benefit from 
more systematic and robust sediment sampling strate-
gies, allowing for a clearer differentiation between nat-
ural variability and measurement noise. 
The Prins Hendrikzanddijk has demonstrated the po-

tential short- to medium-term (< 5 years) effects of im-
plementing a non-native sand mixture with coarse sur-
face material in retrofit designs in mixed-energy envi-
ronments. Rather than allowing the bed to progres-
sively stabilize, strong tidal currents and storm waves 
can sufficiently remix the sediment surface layer, re-
exposing fine grains and sustaining high erosion rates. 
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