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1. Introduction
Nearshore sand bars are alongshore ridges on the seabed, typically located in the shoaling and surf zones of 
many beaches around the world (e.g., Wijnberg & Kroon, 2002; Wright & Short, 1984). They can be along-
shore uniform or feature complex geometries like rip channels and crescentic shapes (e.g., van Enckevort & 
Ruessink, 2003b). In regards to the predominant mechanism of their formation, the breakpoint hypothesis, orig-
inally proposed by Dyhr-Nielsen and Sørensen (1970) and demonstrated via numerical modeling by Dally and 
Dean (1984), is widely accepted. There, the bars form via convergence of onshore transport from bedload under 
shoaling waves and offshore transport from suspended transport under broken waves—thus being located close 
to the points of wave breaking. Through wave breaking bars promote energy dissipation. As a consequence, less 
wave energy reaches the shoreline, reducing erosion and storm damage. Additionally, bars play an important role 

Abstract Detailed information on nearshore sediment transport processes during onshore bar migration 
were obtained from large-scale laboratory experiments with bichromatic wave groups on a relatively steep 
initial beach slope (1:15). Detailed measurements of velocity and sand concentration near the bed from 
shoaling up to the outer breaking zone including suspended sediment and sheet flow transport are presented. 
The analysis focuses on onshore migration under an accretive wave condition but comparison to an erosive 
condition highlights important differences. Decomposition shows that total transport mainly results from a 
balance of short wave-related, bedload onshore transport and current-related, suspended offshore transport. 
When comparing the accretive to the more energetic erosive condition, the balance shifts toward onshore 
transport, and onshore migration, because the short wave-related transport does not decrease as much as the 
current-related transport. This is related to the effects of skewness and asymmetry combined with less sediment 
suspension in the water column and undertow magnitude under the accretive condition. Transports from 
streaming in the wave boundary layer and from infragravity waves become visible but only play a subordinate 
role. Identified priorities for numerical model development include parametrization of wave nonlinearity effects 
and better description of wave breaking and its influences on sediment suspension.

Plain Language Summary Nearshore sandbars are seabed features that protect coastal 
infrastructure behind many sandy beaches around the world. In response to waves they change in shape 
and distance to the beach. To improve understanding of their onshore and offshore movement (migration), 
experiments representing natural conditions in a controlled laboratory setting were done. In this context, the 
underwater transport of sand was measured on the basis of flow velocities and sediment concentration in 
the water. The most important factors for migration direction were: shape of the waves (asymmetries about 
horizontal and vertical axes), wave breaking and resulting flows, and processes to lift sediments into the water 
column and keep them suspended. Under storm waves, the breaking-induced flows dominated the sediment 
transport so that bars moved offshore. In calmer conditions, the shape of the waves dominated the transport 
so that bars moved onshore. The inherent complexities of these processes make their mathematical replication 
difficult, as shown by comparison to literature. Consequently, priorities for advancing the forecasting of sandbar 
movement, improving coastal protection, were identified.

GROSSMANN ET AL.

© 2023. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial-NoDerivs 
License, which permits use and 
distribution in any medium, provided the 
original work is properly cited, the use is 
non-commercial and no modifications or 
adaptations are made.

Near-Bed Sediment Transport Processes During Onshore Bar 
Migration in Large-Scale Experiments: Comparison With 
Offshore Bar Migration
Florian Grossmann1  , David Hurther2, Joep van der Zanden3,4  , Agustín Sánchez-Arcilla1  , and 
José M. Alsina1 

1Universitat Politècnica de Catalunya, Barcelona, Spain, 2Laboratory of Geophysical and Industrial Flows (LEGI), CNRS, 
University Grenoble Alpes, Grenoble INP, Grenoble, France, 3Maritime Research Institute Netherlands, Wageningen, The 
Netherlands, 4Water Engineering and Management Department, University of Twente, Enschede, The Netherlands

Key Points:
•  Migration results from balance of 

onshore-directed, short-wave related 
bedload and offshore-directed, 
current-related suspended transports

•  From storm to recovery waves there is 
change to onshore migration because 
stronger reduction in offshore- than 
onshore-directed transports

•  Streaming and infragravity wave 
influences are visible but negligibly 
low; wave breaking and nonlinearity 
influences are more important

Correspondence to:
F. Grossmann,
florian.grossmann@upc.edu

Citation:
Grossmann, F., Hurther, D., van der 
Zanden, J., Sánchez-Arcilla, A., & 
Alsina, J. M. (2023). Near-bed sediment 
transport processes during onshore bar 
migration in large-scale experiments: 
Comparison with offshore bar migration. 
Journal of Geophysical Research: 
Oceans, 128, e2022JC018998. https://doi.
org/10.1029/2022JC018998

Received 21 JUN 2022
Accepted 2 MAR 2023

10.1029/2022JC018998
RESEARCH ARTICLE

1 of 21

 21699291, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

018998 by C
ochrane France, W

iley O
nline L

ibrary on [22/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-1037-2372
https://orcid.org/0000-0001-9012-4821
https://orcid.org/0000-0002-3450-6697
https://orcid.org/0000-0002-3055-5379
https://doi.org/10.1029/2022JC018998
https://doi.org/10.1029/2022JC018998
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JC018998&domain=pdf&date_stamp=2023-03-18


Journal of Geophysical Research: Oceans

GROSSMANN ET AL.

10.1029/2022JC018998

2 of 21

for the nearshore sediment budget and coastal management strategies like nourishments (e.g., Kroon et al., 1995; 
van Duin et al., 2004).

Bar onshore and offshore migration is an inherent characteristic of transitions between beach states (Wright & 
Short, 1984), often with changes to their shape and sand volume. Offshore migration, occurring during transitions 
toward dissipative beaches, is typically associated with highly energetic events (e.g., Kuriyama, 2002) leading 
to large migration velocities (e.g., Ruessink et al., 2007; van Enckevort & Ruessink, 2003a). Under persistent 
(repetitive in time over long time intervals) wave action in the laboratory, bars were observed to migrate offshore 
until quasi-equilibrium between the profile and the hydrodynamics was reached (e.g., Eichentopf et al., 2018). 
Under field conditions they have been observed to keep migrating offshore until dissipating at the outer edge 
of the morphologically-active zone (e.g., Kuriyama, 2002; Walstra et al., 2012). Onshore migration, occurring 
during transitions toward reflective beaches, has been observed during changes to milder wave conditions (e.g., 
Gallagher et al., 1998; Ruessink et al., 2007)—typically associated with post-storm periods. Note that onshore 
migration velocities are generally much lower (e.g., van Enckevort & Ruessink, 2003a), which complicates obser-
vations and partly explains the relatively low number of field and laboratory observations available (Eichentopf 
et al., 2018). In the present experimental campaign, persistent hydrodynamics in the laboratory produced either a 
bar migrating until quasi-equilibrium between profile and hydrodynamics, or a dissipating bar (e.g., Eichentopf 
et al., 2020). Observations in the field highlighted welding of the bar to the beach (e.g., Phillips et al., 2017; Ruiz 
de Alegría-Arzaburu & Vidal-Ruiz, 2018). A better understanding of migration would help to align engineering 
solutions with natural recovery processes (e.g., Baldock & Alsina, 2013).

Competing sediment transport processes are the cause of bar migration. Undertow is a time-averaged, 
offshore-directed current mainly associated with suspended offshore transport (e.g., Gallagher et  al.,  1998; 
Roelvink & Stive,  1989). It originates from onshore water mass transports and radiation stress gradients, 
which originate from wave breaking (e.g., Svendsen, 1984), and continuously transports the sand, mainly put 
into suspension by short wave action, in the offshore direction. Near-bed streaming within the wave boundary 
layer (WBL) is a time-averaged current which has been associated with onshore and offshore transport (e.g., 
Kranenburg et al., 2012). It tends to be of comparatively low magnitude but acts on the high sediment concen-
trations near the bed. Onshore streaming contributions originate from a wave-averaged downward transport of 
horizontal momentum, which originates from the bed's influence on the phase of horizontal and vertical orbital 
velocities (Longuet-Higgins, 1953). Offshore streaming contributions originate from non-zero wave-averaged 
turbulent shear stresses which originate from differences in intrawave turbulence at different phases of the wave 
(e.g., Ribberink & Al–Salem, 1995; Trowbridge & Madsen, 1984).

Onshore transport is often related to wave asymmetries, the deviations from the simple sinusoidal waveshape 
assumed in linear wave theory. During propagation in the shoaling zone, interactions with the bed promote 
non-linear energy transfers between different frequencies (e.g., Hasselmann et al., 1963), particularly to super-
harmonic components, increasing crests while broadening troughs (skewness; asymmetry about the horizontal 
axis). The larger crest than trough velocities then lead to more efficient sediment entrainment and transport under 
crests (e.g., Ruessink et al., 2011). Toward the breaking point, non-linear energy transfers also lead to changes 
in the phasing between harmonics, causing asymmetry about the vertical axis (saw-tooth shape of waves, e.g., 
Elgar & Guza, 1985; Flick et al., 1981). As a result, there are larger accelerations at upcrossings compared to 
downcrossings. There are various explanations as to how this causes onshore transport; smaller WBL thickness 
and consequently larger bed shear stress under the wave crest (Nielsen, 1992) being a prominent one. Further-
more, deviations from the classical assumption that sediment grains react quasi-instantaneously to hydrodynamic 
forcing, so called “phase-lag” or time history effects, should also be mentioned. They have been shown to consid-
erably affect sheet flow transport rates for fine sands, high velocities and short wave periods (Dohmen-Janssen 
et al., 2002).

Once sediment has been entrained, the balance between settling under the action of gravity and upward move-
ment under advective-diffusive processes determines suspension and mixing characteristics. Diffusive mixing 
(or gradient diffusion) may be described as small scale vertical exchanges which tend to transport sediment 
upwards because concentrations at lower elevations are higher (e.g., Nielsen, 1992, p. 202 for a detailed expla-
nation). This kind of process is often characterized via so-called sediment diffusivity (e.g., Nielsen,  1992), 
regularly assumed equal or linearly-related to turbulent (eddy) viscosity of the fluid (e.g., Thorne et al., 2009). 
Advective (convective) mixing occurs when sediment is trapped in vortices (e.g., Tooby et  al.,  1977). They 
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often form near the bed by fluid interaction with the bed (bedforms) and get ejected at flow reversal (e.g., 
Amoudry et al., 2013; Bagnold, 1946; Thorne et al., 2002), sometimes reaching high elevations above the bed 
(e.g., Williams et al., 2007). Additionally, wave breaking has been observed to inject turbulence into the water 
column (e.g., Cox & Kobayashi, 2000, Sumer et al., 2013; Zhou et al., 2017), potentially influencing diffusive 
processes via its effects on turbulent viscosity (e.g., Deigaard et  al.,  1986). Furthermore, sediment pumping 
(Villard et al., 2000), potentially through the build-up of turbulence over consecutive short waves in a group (e.g., 
Holmedal et al., 2004; Kassem et al., 2015), has been observed as a process of sediment suspension under wave 
groups (e.g., van der Zanden et al., 2019b).

The physical processes (i.e., time-averaged currents, waves asymmetries and sediment mixing) behind sediment 
transport and bar migration have been described in various works at different degrees of complexity. However, 
especially during bar onshore migration events, their implications and roles are still not clear. Several authors 
have related differences in bar migration direction (onshore/offshore) to wave asymmetry (e.g., Henderson & 
Allen, 2004; Hoefel & Elgar, 2003; Hsu et al., 2006). Yet, most of such studies compare numerical modeling 
with beach profile evolution and no relations to detailed sediment transport measurements have been shown, to 
our best knowledge. Furthermore, numerical modeling in this context has been shown to heavily depend on cali-
bration (e.g., Dubarbier et al., 2015; Rafati et al., 2021) to account for physical processes either not understood 
or not modeled.

The complexity of measuring sediment transport during onshore bar migration is high. This is because concentra-
tions, from very low in suspension (accessible with standard instrumentation) to very high near the bed (multiple 
order of magnitude difference; not accessible with standard instrumentation), must be measured over the long 
periods of time required for onshore bar migration to occur. The present study aims to improve the knowledge of 
detailed sediment transport processes during recovery events characterized by onshore bar migration. To high-
light important differences, a comparison with previously analyzed processes during storm events characterized 
by offshore bar migration is made. Section 2 introduces the experimental setup and data treatment. Section 3 
summarizes results on morphological evolution, hydrodynamic quantities (wave heights, velocities, skewness and 
asymmetry) and sediment transport within the sheet flow layer and above. Subsequently, the results are discussed 
and put into context with similar studies (Section 4) to form conclusions (Section 5).

2. Experimental Setup and Data Analysis
The present data were acquired within the HYDRALAB+  transnational access project “Influence of storm 
sequencing and beach recovery on sediment transport and beach resilience” (RESIST). Details of the experimen-
tal protocol and data analysis were already presented in Eichentopf et al. (2020) and Grossmann et al. (2022). 
Therefore, only the most important aspects will be repeated here.

2.1. Facility and Test Conditions

The experiments were conducted in the large-scale CIEM wave flume at the Universitat Politècnica de Catalunya 
(UPC) in Barcelona. The flume is 100 m long, 3 m wide, and 4.5 m deep, and is equipped with a wedge-type wave 
paddle. The cross-shore coordinate x was defined as 0 at the wave paddle, increasing toward the beach. The abso-
lute vertical coordinate z refers to still water level (SWL, Figure 1) while the bed-referenced coordinates ζ and ζ′ 
refer to the seabed and point upwards. ζ accounts for continuous bed evolution throughout the tests, establishing 
the same vertical reference system for all ensembles measured during a test (being the bed elevation during the 
first velocity upcrossing of each ensemble). ζ′ additionally references each measurement to the instantaneous bed 
elevation at which it was measured, ensuring that time-averaging and frequency filtering do not consider values 
below this elevation. For more details on the vertical reference systems, see Grossmann et al. (2022). The flume 
contained medium-grained sand with a median sediment diameter (D50) of 0.25 mm and a measured still water 
settling velocity ws of 0.034 m/s.

Bichromatic (to facilitate frequency separation) erosive (E1 and E2) and accretive (A1, A2, and A3) waves were 
applied in three different sequences (Table 1). This article focuses on the low energy, accretive wave condition 
A1 (Hrms = 0.23 m) while comparison to the higher energy erosive wave condition E2 (Hrms = 0.32 m) will 
also be presented. They are termed accretive and erosive because of their dimensionless sediment fall veloc-
ities 𝐴𝐴 Ω𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴1 =

𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟

𝑇𝑇𝑝𝑝 ∗𝑤𝑤𝑟𝑟

= 1.44 and Ωrms,  E2 = 2.54 (e.g., Wright & Short, 1984). All A1 testing sequences with 

 21699291, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

018998 by C
ochrane France, W

iley O
nline L

ibrary on [22/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Oceans

GROSSMANN ET AL.

10.1029/2022JC018998

4 of 21

onshore-migrating bars started from a well-developed outer breaker bar formed during previous high energy tests 
with E1 or E2 (Eichentopf et al., 2020). Throughout testing, bars were characterized by flat beds without ripples. 
Detailed information on hydrodynamics, morphological evolution and sediment transport under E2 were already 
presented in Grossmann et  al.  (2022). The present publication explains accretive processes while identifying 
similarities and differences to erosive processes, explaining the causes for different morphological evolution.

Primary frequency components in A1 were f1 = 0.2276 Hz and f2 = 0.1979 Hz (and H2 = 2  ⋅ H1, see Table 
1 in Eichentopf et  al.  (2020) for more detailed information). Their wave group period (Tg) is defined as 

𝐴𝐴 𝐴𝐴𝑔𝑔 =
1

𝑓𝑓1−𝑓𝑓2
= 33.67 s and there were 7 short waves per group. The waves 

were characterized by a primary mean period of 𝐴𝐴 𝐴𝐴𝑝𝑝 =
1

𝑓𝑓𝑝𝑝
= 4.7 s where 

𝐴𝐴 𝐴𝐴𝑝𝑝 =
𝐴𝐴1 + 𝐴𝐴2

2
 . The repetition period (Tr), that is, the period after which a wave 

phase repeated exactly, contained three slightly differing, alternating wave 
groups so that Tr = 3 ⋅ Tg = 101.01 s. In this study, Tr was of central impor-
tance because it determined the exact repetition of processes and the period 
for ensemble-averaging.

2.2. Instrumentation

The primary measurements were taken from a mobile frame which was 
re-positioned horizontally at intervals to measure in various locations 
surrounding the outer breaker bar. The Acoustic Concentration and Veloc-
ity Profiler (ACVP; Hurther et al., 2011) measured sediment concentrations, 
velocities and instantaneous bed elevations below the mobile frame. The 
co-located sediment concentration and velocity measurements (cross-shore 
and vertical) were provided as vertical profiles (1.5 mm bin size) of up to 
20  cm above the seabed. Additional concentration measurements inside 
the ACVP measuring domain were obtained from a three-nozzle Trans-
verse Suction System (TSS) on the mobile frame (used for measurement 
validation). Above the ACVP measuring domain, two Optical Backscatter 
Sensors (OBSs) were used to measure sediment concentrations at 40  Hz. 

Table 1 
Wave Sequences in RESIST, Origin of Representative A1 Tests Shaded

Sequence Test number Wave condition Duration [min] Ω [−]

1 16 B 30 2.21

17–23 E1 240 3.34

24–35 A1 600 1.44

36–39 E2 120 2.54

40–51 A1 600 1.44

2 52 B 30 2.21

53–56 E2 120 2.54

57–68 A1 600 1.44

69–74 E1 240 3.34

75–86 A1 600 1.44

3 87 B 30 2.21

88–91 E1 240 3.34

92–104 A2 780 1.05

105–108 E2 120 2.54

109–132 A3 1440 0.72

Figure 1. Example of morphological (profile) evolution in selected, consecutive A1 tests within storm sequence 1 of RESIST. SWL in dark blue dashed and profiles 
after tests 39 (E2), 40 (A1), 41 (A1), 43 (A1), 45 (A1), 47 (A1), and 51 (A1) in different colors. Time-averaged water levels and short wave and infragravity wave 
heights with points measured in each test plotted as markers and smoothing spline interpolation to obtain line. Identified bar maxima as dashed vertical lines and all 
visually observed breakpoints under A1 within shaded area.
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Three-component outer flow velocities (i.e., higher than 10 cm from the bed) were measured at 100 Hz using 
a vertical array of three Nortek Vectrino Acoustic Doppler Velocimeters (ADVs). The lowermost ADV was 
located within the ACVP measuring domain, approximately 10–15 cm above the seabed. The other two mobile 
frame ADVs were located approximately 20–25 cm and 30–35 cm above the seabed respectively. Water surface 
elevations were measured at 40 Hz using Resistive (wire) Wave Gauges (RWGs), Acoustic Wave Gauges (AWGs) 
and Pressure Transducers (PTs; conversion following Bonneton (2018)) in fixed locations along the flume. Addi-
tionally, one PT was attached to the mobile frame. Active beach profile transects were measured in intervals of 
30 (60) minutes with a mechanical profiler. The measurements were conducted along the center line of the flume 
with a cross-shore resolution of 0.02 m and a vertical measuring accuracy of 0.01 m.

2.3. Data Treatment

The same data cleaning and averaging procedures as explained in Grossmann et  al.  (2022) were applied. 
Time-averaged sediment transport rates were calculated from beach profile transect measurements using the 
Exner equation (e.g., Baldock et al., 2011). The ACVP supplies profiles of acoustic backscatter intensity and sedi-
ment concentration information can be derived following the methodology of Hurther et al. (2011). This is done 
by iterating downwards from the emitter while accounting for the signal attenuation occurring along the way, as 
described in detail by Fromant et al. (2018). This requires certain calibration constants which represent hardware 
and particle backscattering characteristics. They were chosen separately for the two wave conditions because 
the different suspension conditions (i.e., overall lower sediment concentrations under accretive waves) required 
different system-dependent settings. However, the constants only varied slightly and were applied equally in 
all their tests. As a result, satisfying agreement of ACVP measurements with TSS time-averaged concentration 
measurements and net transport rates from the Exner equation was found in all tests considered here. Tests where 
air bubbles entrained from breaking waves (e.g., Cáceres et al., 2020) affected more than 5% of the time series 
(visible as acoustic backscattering amplitude drop-outs) were not considered. In accepted tests the influence from 
air bubbles was assumed negligible since ACVP saturation results in signal drop-out.

Sediment fluxes, q, from ACVP and OBS/ADV were calculated and decomposed as described in Grossmann 
et al. (2022). For transport rates, Q, depth-integrals were calculated at every instant of Tr over the total vertical 
domain available from ACVP, OBS, and ADV. For bedload net transport rates, instantaneous erosion depths 
and upper sheet flow limits (based on the 8%-volumetric criterion (Dohmen-Janssen et al., 2001) were used as 
integration boundaries (both boundaries within the ACVP measuring domain). For suspended load net transport 
rates, upper sheet flow limits and the upper ends of the domain available from ACVP, OBS, and ADV were used 
as integration boundaries. Instantaneous transport was time-averaged for most analyses and, for conciseness in 
the present publication, the “time-averaged” (or sometimes “net”) was omitted in most references to transport.

Data from multiple tests under the same wave condition were aggregated to provide a cross-shore resolution 
of detailed measurements around the onshore- and offshore-migrating bars. This was done by normalizing the 
cross-shore location of measurements from the mobile frame with the location of visually-identified bar crests (as 
in Grossmann et al. (2022)). The normalization is based on the assumption that in all considered tests of a certain 
wave condition the same type of morphological evolution (described in the following section) operates. This was 
confirmed by careful profile evolution analysis (not shown for brevity; see also Grossmann et al. (2022)) which 
showed that relative rather than absolute cross-shore coordinates determined bed evolution. It also showed that 
profiles in the considered tests had a very similar shape in the vicinity of the outer bar crest (3.5 m offshore and 
onshore of it), that bars had similar heights and similar freeboard.

3. Results
3.1. Morphological Evolution

Figure 1 exemplifies the morphological changes occurring under successive A1 tests. They were characterized 
by onshore migration of the outer bar (65 < x < 69 m; bar crest cross-shore positions indicated with vertical 
dashed lines) with steepening of its offshore slope and reduction of the distance between SWL and bar crest. The 
outer bar features a pronounced bar trough. The inner bar (69 < x < 73 m) slightly changes in shape and, overall, 
moves onshore at a similar speed as the outer bar so that the cross-shore distance between them stays constant. 
Additionally, the volume of sand within the outer bar slightly decreases whereas the volume of sand within the 
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inner bar increases. While the bars were characterized by a flat seabed, further offshore a tendency toward bed 
ripples becomes visible. Accretion is observed at the shoreline (x > 75 m), resulting in the growth of a berm. The 
described morphological evolution was observed in all A1 tests presented here.

A1 accretive wave conditions will be compared to E2 erosive wave conditions. Application of E2 led to formation 
of an outer breaker bar and a smaller, inner breaker bar. The bars migrated offshore until a quasi-equilibrium 
between beach profile and hydrodynamics was reached—typical under erosive wave conditions as observed in 
many laboratory (e.g., Baldock et  al.,  2011; Eichentopf et  al.,  2018; van der Zanden et  al.,  2017b; van Rijn 
et al., 2011) and field experiments (e.g., Aagaard et al., 2008; Gallagher et al., 1998; Mariño-Tapia et al., 2007). 
For further analyses of the morphological changes under E2 and their causes, see Eichentopf et al. (2019) and 
Grossmann et al. (2022).

3.2. Hydrodynamics

3.2.1. Wave Heights

Figure 1 also shows the cross-shore evolution of water surface elevation quantities during A1. Onshore of the 
outer bar, the short waves' amplitudes (as indicated by Hrms,sw, ηmin, and ηmax) decrease, indicating wave breaking. 
The infragravity wave amplitude, Hrms,ig, increases slightly but stays constant throughout most of the surfzone. 
Offshore of the breakpoint there is a set-down and onshore of it a set-up. Like the changes in wave height, this is 
closely related to and caused by wave breaking. The measured maximum Hrms,sw and Hrms,ig are 40%–50% larger 
under E2 (Grossmann et al., 2022). Set-down and set-up, however, are of similar magnitudes and cross-shore 
evolutions.

3.2.2. Time-Averaged Velocities

Figure 2 shows the cross-shore evolution of time-averaged velocity measurements from the mobile frame and 
visually identified breakpoints under wave conditions E2 and A1. Beach profiles under the respective wave 
conditions were ensemble-averaged and the time-averaged velocities are shown in cross-shore position relative 
to the bar crest (x′), rather than absolute cross-shore position (x). Good agreement between ACVP and ADV 
measurements becomes visible (Figure 2a/b).

Offshore of the bar crest (x′  <  −1  m), all A1 tests feature near-bed (ζ  <  0.05  m) time-averaged onshore 
velocities—probably caused by a dominance of progressive wave streaming over waveshape streaming (e.g., 
Kranenburg et al., 2012; Longuet-Higgins, 1953). The largest near-bed time-averaged onshore velocities were 
measured on the bar's offshore slope (Figure 2c, −2 < x′ < −1 m). The erosive wave condition E2 does not feature 
time-averaged onshore velocity near the bed at those positions (e.g., Figure 2c, Test 39 at x′ = −1.5 m). In fact, 
under E2 time-averaged onshore velocity was only observed much further offshore and at 50% of the maximum 
magnitude measured under A1 (Figure 2a/c, x′ = −2.8 m).

As the bar crest is close to the breakpoint, undertow magnitudes increase during wave onshore propagation 
(Figure 2d) and for both wave conditions the largest undertow magnitudes were measured close to the bar crest 
(x′ = −0.4 m). Both wave conditions produced plunging breakers, with larger intensity in terms of aerated area, 
plunging and noise under E2. This is consistent with A1 featuring 20%–40% lower undertow magnitudes than E2 
and 35% lower deep water wave power (or energy flux; P = E · cg). Note that, due to the limited cross-shore reso-
lution of detailed measurements, there is uncertainty over the position of maximum undertow velocity magnitude, 
which seems to be shifted further onshore under A1 than E2. In certain locations (e.g., Figure 2b, x′ = −0.4 m), 
time-averaged velocities opposing over z become visible. This is in line with the widely-accepted idea of near-
shore circulation under breaking ocean waves—driven by onshore transport at high elevations through wave 
nonlinearity and rollers, and compensated by time-averaged offshore currents (undertow) near the bed (e.g., 
Svendsen, 2005).

3.2.3. Intrawave Hydrodynamics and Sediment Dynamics

Figure 3 presents ensemble-averaged measurements resolving Tr in a single A1 test 0.4 m offshore of the bar crest 
(see Grossmann et al. (2022) for similar plots under E2). During Tr three wave groups occur (delimited by vertical 
dashed lines in the figure). Short wave amplitudes are much larger than infragravity wave amplitudes (Figure 3a) 
and the infragravity waves appear to be bound to the short waves (e.g., Baldock, 2012)—with largest infragravity 
troughs occurring during the highest short waves.
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Ensemble-averaged, co-located measurements of u∞ (measured at ζ = 0.05 m) show good agreement between ACVP 
and ADV as well as little deviation between the ensembles considered for ensemble-averaging (Figure 3b). Despite 
larger wave height, u∞ magnitudes were similar under E2 (cf. Figure 7b in Grossmann et al. (2022)). This might be 
related to the lower water depths under A1. Furthermore, the present u∞ time series appears asymmetry-dominated, 
with large time-dependent gradients (accelerations) of u∞ at phases of upcrossings and smaller crest than trough 
magnitudes in the largest short waves. Further offshore (test 65 at x′ = −1.4 m, not shown for brevity), the time 
series still appears skewness-dominated, with the broad troughs and sharp crests (of higher magnitudes than in test 
45) characteristic of higher order Stokes waves. Between x′ = −1.4 m and x′ = −0.4 m (shown in Figure 3) asym-
metries in the largest short waves increased until breaking was initiated (e.g., Padilla & Alsina, 2017). Vertical, 
w∞, and infragravity, uig, velocities are much lower than u∞. Near-bed vertical gradients of u∞ in contrast to approx-
imately depth-uniform velocities at higher elevations become visible (Figure 3c). Near-bed velocities slightly lead 
the free-stream velocities at flow reversal (e.g., Figure 3c at t/Tr = 0.3—observe the difference in transition from 
offshore (blue) to onshore (yellow) velocity which occurs earlier at ζ = 0.045 m than ζ = 0.005 m), which is typical 
for oscillatory boundary layers (e.g., Jensen et al., 1989; Sleath, 1987; van der A et al., 2011).

Figure 2. Time-averaged velocities in cross-shore positions relative to bar crest. Horizontal velocity profiles (same scaling) under wave conditions E2 (a) and A1 
(b) from Acoustic Concentration and Velocity Profiler (ACVP) (near-bed solid lines; mini-axes ticks as shown in sketch in bottom right corner of (b)) and Acoustic 
Doppler Velocimeters (ADVs) (dots connected by solid lines) over ensemble-averaged beach profile (dashed-dotted black line) with still water level (dashed dark 
blue line). Respective test-averaged outer breaking locations ± one standard deviation (shaded area); (c) Maximum (over vertical) of time-averaged onshore velocity 
measured by ACVP near the bed; (d) Maximum (over vertical) of time-averaged offshore velocity measured by ACVP and ADVs.
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The main sediment suspension events occur simultaneously with the largest short wave crests (Figure 3d, e.g., at 
t/Tr = 0.205). They feature expansions of sheet flow layer (SFL) width (red dashed-dotted lines in panels c and 
d) with large suspended concentrations near the bed. The sediment suspension extends in plumes to higher eleva-
tions (ζ > 0.045 m) as well, albeit at decreasing concentration. Under the first short waves of each group (e.g., 

𝐴𝐴 𝐴𝐴∕𝑇𝑇𝑟𝑟 = {0.06 ; 0.11; 0.16; 0.41; 0.46; 0.51; 0.76; 0.81; 𝐴𝐴 0.86} ) sediments largely settle down before suspension by 
subsequent waves. In the second halves of the groups (e.g., 𝐴𝐴 𝐴𝐴∕𝑇𝑇𝑟𝑟 = {0.25 − 0.35 ; 0.55 − 0.7; 𝐴𝐴 0.9 − 0.05} ), however, 
suspended sediments seem to not settle down fully before re-suspension by subsequent short waves (see also 
Villard et al. (2000), O’Hara Murray et al. (2012), and van der Zanden et al. (2019b)). This indicates the impor-
tance of suspension or “storage” of sediment in the water column (e.g., Kobayashi, 2001) that might be advected. 
Consequently, the suspended sediments are not only transported in a quasi-instantaneous way but affected by time 
history effects. The increased suspension might be partly induced by larger velocity magnitudes and, most likely, 
by a build-up of turbulent kinetic energy in the water column over the duration of a wave group due to successive 
wave breaking (e.g., Larsen et al., 2020; van der Zanden et al., 2019a). In tests further offshore (not shown for 
brevity), fewer short waves lead to suspension events, the events are lower in vertical extent and magnitude, and 
tendency toward sediment re-suspension only becomes visible at x′ = −1.4 m and to a lesser degree.

When comparing intrawave time series at all mobile frame locations shown in Figure  2a/b, E2 featured u∞ 
amplitudes 15%–25% larger than A1. At x′ = −2.4 m sediment suspension under E2 reached a few cm higher 
up in the water column but, under A1, it was more concentrated near the bed and of higher magnitude. At 
−1.7 ≤ x′ ≤ −1.5 m suspension plumes have similar magnitudes near the bed and reach the upper end of the 
measuring domain (ζ  ≈  0.12  m) under both wave conditions. However, under E2 the sediment has a larger 
tendency to stay in suspension and intervals with no suspension between single short waves are much shorter 
(one third). At x′ = −0.4 m sediment stays in suspension throughout the whole Tr under E2 but only in the second 
half of Tg under A1. The SFL width (distance between instantaneous erosion depth and upper sheet flow limit) 
increases under both wave conditions while approaching x′ = −0.4 m. There, they are both estimated to have sheet 
flow occurring in roughly 6.5% of Tg. Nevertheless, E2 features a 20% higher SFL width, partly because of deeper 
bed erosion (higher maximum orbital velocities).

Figure 3. Ensemble-averaged hydrodynamic and sediment dynamics data in test 45 at x′ = −0.4 m (0.4 m offshore of the bar crest). Vertical dashed lines indicate 
separation into wave groups. (a) Water surface elevations from PT shown before (black line with ± one standard deviation as black dashed-dotted line) and after 
separation into short wave (dark green) and infragravity contributions (light blue); (b) Free-stream velocities from Acoustic Concentration and Velocity Profiler (ACVP) 
(featuring ± one standard deviation as black dashed-dotted line in u∞) and lowest Acoustic Doppler Velocimeter, horizontal velocities referring to left y-axis and vertical 
velocity referring to right y-axis; (c) Near-bed velocity field from ACVP; (d) Near-bed concentration field from ACVP. Fields (c and d) referring to colorbars on their 
right and including instantaneous bed level (black) and upper limit of sheet flow layer (red dashed-dotted).
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3.2.4. Skewness and Asymmetry

Skewness and asymmetry are commonly used to account for natural waves' deviation from the perfectly sinusoi-
dal shape assumed in linear wave theory. High-pass filtered (as described in Section 2.3) horizontal free-stream 
velocities usw and water surface elevation measurements ηsw (omitting PT measurements close to the bar crest 
where waves get very nonlinear) were input into:

𝑆𝑆𝜉𝜉 =
𝜉𝜉𝑠𝑠𝑠𝑠(𝑡𝑡)

3

𝜎𝜎3

𝜉𝜉𝑠𝑠𝑠𝑠

 (1)

to calculate skewness Sξ (with u and η substituted for ξ to indicate velocity and surface elevation skewness), which 
represents the waves' asymmetry about the horizontal axis. Here the overline represents time-averaging and σ is 
the standard deviation. To calculate asymmetry Aξ, which represents the waves' asymmetry about the vertical 
axis, ξsw in the previous equation was replaced with its Hilbert transform (Elgar, 1987). As a result, waves with 
pitched-forward shape have negative Aξ. Velocity asymmetries will be compared with the parametrization of 
Ruessink et al. (2012). Based on an empirical fit to 30.000+ field observations under non-breaking and breaking 
wave conditions, the parametrization provides skewness and asymmetry as a function of local significant wave 
height, Hs, local water depth, d, and wave period T.

Figure 4a shows an increase in Sη during propagation toward the bar crest. Aη (Figure 4b) increases as well but 
stays negligibly low for longer and does not show as much scatter to lower values. These results are in good 
agreement (not shown) with field data (e.g., Doering & Bowen, 1995; Ruessink et al., 2012) where a similar 
evolution was observed over increasing Ursell numbers (which tend to increase during onshore propagation 
over sloping (barred) profiles when waves become more nonlinear). E2 shows a tendency toward higher Sη than 
A1 while A1 shows a tendency toward higher Aη than E2. Close to the bar, and onshore of it, the nonlinearities 
under E2 and A1 become very similar—partly because of the increased scatter in measured values. Interestingly, 
A1 shows a distinct Sη peak onshore of the bar (1 < x′ < 2 m), consistent with wave breaking (e.g., Babanin 
et al., 2007). Under E2 there is a less clear peak at x′ = −4 m which, in conjunction with the undertow maximum 
at −0.6 ≤ x′ ≤ −0.4 m (Figure 2a/d), indicates initiation of breaking offshore of the bar.

Linear transfer of surface elevations to free-stream horizontal velocities is often assumed in practice and 
is supported by experimental evidence (e.g., Rocha et  al.,  2017; Zou et  al.,  2003). In this context, Su and Au 
(Figure 4c/d) support the higher skewness in E2 and higher asymmetry in A1 observed from surface elevations 
(η). The parametrization captures Su fairly well but tends to underestimate Au. Furthermore, it provides very simi-
lar values under E2 and A1.

Figure 4. Water surface elevation skewness (a) and asymmetry (b) along the wave flume (bar crest-referenced coordinate x′). Free-stream velocity skewness (c) 
and asymmetry (d) in vicinity of bar crest as measured at ζ′ = 0.05 m (crosses and circles, colors indicating test number as shown previously) and predicted by the 
parametrization of Ruessink et al. (2012) (dashed-dotted lines).
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Note that Ruessink et al.  (2012) do not recommend their parametrization for slopes larger than 1:30, like the 
present experiments' initial slope of 1:15, and rapid local profile changes, like the breaker bar at x′ = 0 m. Further-
more, the present tests had high Ursell numbers, ranging between 1.2 and 3. This is the upper end of wave nonlin-
earity considered in the data of Ruessink et al. (2012) and considerable scatter becomes visible in the related data 
(see Figure 1 in Ruessink et al. (2012)).

3.3. Sediment Concentration and Transport

3.3.1. Time-Averaged Concentration

Figure  5 shows profiles of time-averaged sediment concentration at selected relative cross-shore locations. 
Near the bed, the ACVP provided profiles of high vertical resolution. Certain tests feature shorter vertical 
extents because of larger morphological changes in the respective cross-shore location and because the ensem-
ble with smallest vertical extent determined the vertical extent of the ensemble-average (as explained in detail 
in Grossmann et  al.  (2022)). The single data points at higher elevations originate from OBS measurements, 
vertically-interpolated as explained in Grossmann et al. (2022). To analyze processes of sediment suspension, 
Rouse profiles (black dashed lines) were fitted (nonlinear least squares fit) to the measured data:

𝐶𝐶
(

𝜁𝜁 ′
)

= 𝐶𝐶0

(

𝑧𝑧𝑎𝑎

𝜁𝜁 ′

)

1

𝑚𝑚 (2)

where C0 is the reference concentration measured at reference height za (0.015 m), m is a mixing parameter, 
based on profile shape and fitted to the measurements, describing vertical mixing processes (both C0 and m are 
reported in each panel) and the upper limit of the fit is ζ′ = 0.1 m. Rouse profiles are based on the assumption that 
sediment in suspension only originates from vertical exchange, where upward turbulent diffusion is balanced by 
downward settling. All tests show a large vertical gradient of multiple orders of concentration magnitude near the 
bed (ζ′ < 0.015 m). Most tests show a rapid transition to a smaller, and seemingly depth-constant (in the semi-log 
plot), gradient at larger elevations above the bed. The fits are observed to capture the profile shapes very well.

Under both wave conditions, the measured time-averaged concentrations generally increase while approaching 
x′ = −0.4 m (Figure 5). At x′ = −2.4 m (panels a and d), A1 shows larger C0 (factor 2.25) but lower suspended concen-
trations (factor 1.64 at ζ′ = 0.05 m) than E2. At −1.7 ≤ x′ ≤ −1.5 m (panels b and e), E2 shows larger C0 (factor 3.83) 
and suspended concentrations (factor 4 at ζ′ = 0.05 m). At x′ = −0.4 m (panels c and f), E2 shows larger C0 (factor 
2.28) and larger suspended concentrations (factor 2 at ζ′ = 0.05 m). Thus, apart from locations very far offshore and 
near the bed, E2 always features considerably higher (factor 1.64–4) time-averaged suspended concentrations than 
A1. The mixing parameter m indicates similar mixing processes in most of the observed locations, despite larger 
energy under E2. Only far offshore under A1 (panel d) mixing is much weaker. Thus, the higher suspended concen-
trations under E2 are related to the larger entrainment (as indicted by C0) and availability of sediment for mixing into 
the water column. Mobility numbers ψ, calculated according to 𝐴𝐴 𝐴𝐴 =

(𝐴𝐴𝐴𝐴)2

(𝑠𝑠−1)𝑔𝑔𝑔𝑔50
 (e.g., Nielsen, 1992, p. 103) for every 

short wave and averaged subsequently, are consistent with the visual observation (Section 3.1) of flat beds with a 
tendency toward bed ripples further offshore under the less energetic wave condition A1 (Figure 5d).

3.3.2. Linking Transports and Morphological Evolution Under A1

Figure  6 serves to connect the previously observed morphological evolution under A1 to sediment transport 
rates. As explained in Section 2.3, they can be calculated for each test over the entire active beach profile by 
inputting beach profile transect measurements into the Exner equation. Ensemble-averaging over all considered 
tests provides the red solid line shown in Figure 6. To quantify the influence of error accumulation in residuals 
and measurement inaccuracies, the calculations were repeated without correction for residuals and with a shift 
of profiler measurements by their inaccuracy (up and down 1 cm). This provides the error bounds (red dashed 
lines) shown in Figure 6. By depth-integrating and time-averaging ACVP and OBS/ADV instantaneous sediment 
flux measurements, total transport rates (circle markers) in the cross-shore locations of the mobile frame can 
be obtained. When comparing them to the transport from profile transect measurements, good agreement well 
within error bounds is observed.

There is onshore transport rate over the entire region surrounding the outer and inner bars (Figure 6). The onshore 
transport rate increases on the offshore side of the bar crests and decreases on their onshore side, with the 
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respective local maxima located slightly offshore of the crests and cross-shore changes in transport rate being 
very low. The present variations in transport rate indicate a distinct pattern of morphological evolution over the 
outer bar: Slight increase of onshore transport rate on the offshore side of the bar (x′ < − 0.5 m) results in erosion; 
slight decrease of onshore transport rate on the onshore side of the bar (x′ > 0 m) results in accretion. At the same 
time, there is larger onshore transport rate on the offshore side of the bar (x′ = −1 m) than on its onshore side 
(x = 1 m). In combination this leads to onshore migration of the bar, maintaining its general shape. In contrast, 
E2 featured offshore transport rate increasing on the offshore side of the bar crests followed by decreases on their 
onshore side, causing offshore bar migration (Grossmann et al., 2022).

Figure 5. Time-averaged (over Tr) sediment concentration profiles normalized with bed concentration, Cmax, of 1650 kg/m 3 from Acoustic Concentration and Velocity 
Profiler (ACVP) (near-bed solid lines) and OBSs (dots) under E2 (a–c) and A1 (d–f) over logarithmic horizontal axes in respective relative cross-shore positions. Fitted 
Rouse profiles of suspended sediment concentration (dashed black lines) with 95% confidence bounds (dashed-dotted black lines). Fitting parameters C0, measured at 
ζ′ = 0.015 m, and m, from nonlinear least squares fit to data, and mobility number ψ, calculated as explained in Section 3.3.1, shown at top of each panel. Note that data 
of concentrations below 0.165 kg/m 3 are not shown.
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3.3.3. Decomposed Sediment Fluxes

Resolving the vertical dimension of ACVP and OBS/ADV measurements (Figure 6; vertical profiles referring to 
mini-axes as shown in bottom right corner) provides additional detail on transport processes. Specific cross-shore 
locations were chosen for comparing (decomposed) sediment fluxes in A1 to E2 (Figures 7a–7f). Offshore of 
the bar (x′ = −2.4 m; panels a and d), onshore flux over a thin layer near the bed dominates (up to ζ′ = 0.015 m 
in E2 and ζ′ = 0.035 m in A1), with a 86% larger magnitude under E2. Closer to the bar (−1.7 ≤ x′ ≤ −1.5 m; 
panels b and e), the maximum near-bed onshore flux magnitudes increase under E2 and A1 (140% and 40% 
respectively when comparing to x′ = −2.4 m). The suspended offshore flux magnitudes under A1 do not increase 
as significantly as they do under E2. On the bar (x′ = −0.4 m; panels c and f), the maximum suspended offshore 
flux magnitudes under E2 and A1 increase (double and one order of magnitude respectively when compared to 
−1.7 ≤ x′ ≤ −1.5 m). But in contrast to E2, the maximum near-bed onshore flux magnitude under A1 increases 
(factor 3.5 compared to x′ = −1.7 m) instead of decreases (43% of the value at x′ = −1.5 m). Most likely, this is 
related to wave breaking positions. Under E2 waves already break offshore of the bar, leading to energy dissipa-
tion. Under A1 they break further onshore, shifting near-bed onshore flux maxima further onshore.

To explain how different time scale-related processes contributed to the observed total transports, sediment fluxes 
were Reynolds-decomposed (Figures 7g–7r; see Grossmann et al. (2022) for details on the decomposition, which 
neglects turbulent fluxes, and note that infragravity contributions were negligibly small). In all positions, the short 
wave-related flux profiles (panels g–l) are characterized by onshore contributions near the bed (ζ < 0.045 m). 
This onshore flux is driven by the skewed and asymmetric oscillatory flow, which leads to more developed sheet 
flow layers and higher transport rates during the crest phase than the trough phase (see also Section 3.2.3).

The current-related flux profiles (Figures 7m-7r) explain the differences between total and short wave-related 
flux profiles. Offshore of the bar (x′ = −2.4 m; panels m and p), there is onshore flux very close to the bed 
(ζ′ < 0.01 m) due to streaming (see Section 3.2.2). Closer to the bar (−1.7 ≤ x′ ≤ −1.5 m; panels n and q) 
under A1 the same profile shape remains but, due to undertow, there is an increase in suspended offshore flux 
magnitude (factor 3 at ζ′ = 0.035 m). E2, in contrast, features an entirely offshore-directed current-related flux 

Figure 6. Net transport under A1 from mechanical profiler, Acoustic Concentration and Velocity Profiler (ACVP) and Optical Backscatter Sensor/Acoustic Doppler 
Velocimeter (OBS/ADV). Cross-shore evolution of net transport and comparison of net transport from the different methods. Profile transect measurements (red line 
referring to right y-axis) based on ensemble-averaging of Exner equation calculations in single tests with error bounds (red dashed lines) calculated as explained in 
accompanying text (Section 2.3). ACVP and OBS/ADV measurements (stars and squares with color indicating respective tests) are based on depth-integration and 
time-averaging of instantaneous measurements of horizontal velocity and sediment concentration in the ζ′-coordinate system. They are shown separately and as their 
summation (circles). Additionally, depth-resolving net flux profiles from ACVP and OBS/ADV shown in their respective relative cross-shore positions with mini-axes 
according to sketch in the bottom right corner and scale as shown at x′ = −3 m.
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profile with a maximum near the bed. On the bar (x′ = −0.4 m), under E2 (panel o) the vertical extent with large 
suspended offshore flux increases considerably (compared to x′ = −1.5 m) while the maximum magnitudes are 
very similar (only 16% larger). A1 (panel r) features a very distinct profile with offshore flux over the largest 
part of the water column, intercepted by a small onshore flux at ζ = 0.005 m and lower onshore fluxes at higher 
elevations (ζ′ > 0.2 m). This indicates a competition between onshore-directed streaming and offshore-directed 
undertow influences. Because of their comparably low magnitudes, the infragravity flux profiles were omitted.

3.3.4. Depth-Integrated Transport Rates

Vertical profiles of sediment fluxes are depth integrated over the whole domain available from ACVP and OBS/
ADV and displayed in Figure 8. E2 features considerably larger magnitudes than A1 (note the changing y-axes 
ticks in panels a–d). While, under E2, onshore transport only becomes visible in the most offshore location 
(x′ = −2.4 m in panels a and c), total onshore transport was measured in all locations under A1 (panels b and d). 
Under both wave conditions transport from the infragravity wave-related component are small compared to the 
other components (panels a and b). Therefore, total transport mainly results from the balance of short wave- and 
current-related components.

Under E2 (Figure 8a), current-related offshore transport dominates onshore-directed short wave-related transport 
in all locations. Under A1 (Figure 8b), current-related transport is onshore-directed far from the bar (x′ ≤ −1.8 m) 
and only become offshore-directed in its close vicinity (x′ ≥ −1.7 m). The increase in current-related offshore 
transport between x′ = −1.8 m and x′ = −0.4 m is larger than the increase in short wave-related onshore transport. 

Figure 7. Selected decomposed net flux profiles under wave conditions E2 (a, b, c, g, h, i, m, n, o) and A1 (d, e, f, j, k, l, p, q, r). Panels on top of each other compare 
the two wave conditions at similar x′ in total (a–f), short wave-related (g–l), and current-related (m–r) net flux.
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Nevertheless, the short wave-related component already features a considerable magnitude offshore (x′ = −2.8 m) 
which causes the total transport to be onshore-directed in all locations under A1. Toward x′ > 0 m the onshore 
transport steadily decreases and seems to approach a negative value, which would be in contrast to results from 
the Exner equation (Figure 6). This tendency might result from sediment suspended above the available measure-
ment domain up to elevations above wave trough level (e.g., van der Zanden et al., 2017a)—which would result 
in a onshore contribution.

The transports were also decomposed vertically (Figure 8c/d) into bedload (vertically integrated over the sheet 
flow layer as explained in Section 2.3) and suspended load (vertically integrated from the top of the sheet flow 
layer to the maximum vertical elevation available as explained in Section  2.3). Interestingly, the cross-shore 
evolution of bedload (suspended) transport is very similar to the cross-shore evolution of short wave-related 
(current-related) transport under both wave conditions. Onshore transport predominantly occurs as bedload and 
offshore transport only occurs as suspended load. Under A1, the higher magnitudes of bedload transport result 
in total onshore transport while, under E2, the higher magnitudes of suspended transport result in total offshore 
transport.

4. Discussion
4.1. Accretive Morphological Evolution

Large-scale measurements of sediment dynamics during storm erosion and beach recovery have been presented. 
Energetic wave conditions produced a breaker bar with offshore migration toward the breakpoint location. An 
inner bar, also generated during the erosive condition, migrated similarly with the outer bar. Subsequent, milder 
wave energy conditions produced the onshore migration of both the outer and inner bars. This pattern of bar 
dynamics is consistent with previous laboratory and field measurements.

Eichentopf et al. (2018), analyzing data from earlier experiments, observed the pattern of bar dynamics under 
random waves in the CIEM with Ωrms = 1.22 (cf. their Figure 3a). Furthermore, the pattern was re-produced in 
the smaller Scheldt flume (50 m length) under down-scaling of the same wave conditions (cf. Figure 12 in van 
Rijn et al. (2011)). Baldock et al. (2011) observed the pattern in the CIEM under monochromatic, bichromatic 
and random waves of the same energy flux but with Ωrms = 0.9, Ωrms = 1.2 and Ωrms = 1.1 respectively (blue and 

Figure 8. Cross-shore evolution of depth-integrated (over entire available vertical extent as shown in Figure 6), time-averaged sediment transport under wave 
conditions E2 (a and c) and A1 (b and d), decomposed by frequency (a and b) and vertically (c and d). Note the changing y-axis limits.
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green lines in their Figure 7a, and black and red lines in their Figures 8a/9a). Yoon and Cox (2010) observed the 
pattern in the 104 m long wave tank at Oregon State University while replicating the well-known DUCK 94 field 
campaign (e.g., Gallagher et al., 1998) with random waves (estimated Ωrms = 1.2; see their Figure 3b). Cheng and 
Wang (2018) observed the pattern in the field at the west-central Florida coast (see their Figure 9c).

However, as illustrated by Eichentopf et al. (2018), bar migration during low energy conditions is more complex 
than the single pattern of bar dynamics observed here. They identified in other experiments in the CIEM 
(Ωrms = 1.41 and Ωrms = 1.06) a different type of accretive morphological evolution where: “The secondary bar, 
…, merges with the breaker bar.” and concluded that “…breaker bar evolution under accretive wave conditions 
cannot be condensed to a single pattern as under erosive wave conditions.” In this context, not only the hydrody-
namics but also the initial beach configuration seemed important, influencing the breaking location and resulting 
sediment transport processes. Baldock et al. (2017) observed a similar importance of morphological hysteresis 
where the bar dynamics at the onset of low energy conditions influenced subsequent sediment transport and the 
final beach configuration. Other tests in RESIST (not shown here) featured other types of accretive morphologi-
cal evolution and will be subject to future analyses.

4.2. Comparing Sediment Transport Processes

Morphological evolution is the result of sediment transport and related hydrodynamic processes. However, 
data on sediment transport under accretive conditions is even more scarce than data on profile evolution, partly 
because transport is more difficult to measure than profiles. Consistent with the present data, the other compara-
ble studies (Mieras et al., 2019; van der Zanden et al., 2017a) stress that total transport magnitude mainly results 
from the balance between short wave-related, bedload onshore and current-related, suspended offshore transport. 
An advantage of the present experiments with fully-evolving beach profiles is the direct comparison between 
erosive wave conditions (E2), causing bar offshore migration, and accretive conditions (A1), causing bar onshore 
migration. Under A1 both short wave-related, bedload onshore and current-related, suspended offshore transport 
are lower than under E2. However, the reduction in current-related, suspended offshore transport was relatively 
larger, resulting in total onshore transport—consistent with bar onshore instead of bar offshore migration. This 
was linked to reduced undertow magnitude, sediment entrainment and mixing under A1.

4.2.1. Transport and Wave Asymmetries

Experiments have shown that increased asymmetry leads to increased transport of quasi-instantaneously reacting 
sand in propagation direction of waves (e.g., King, 1991; van der A et al., 2010). A similar relation holds for skew-
ness, as long as phase lags effects (Ribberink et al., 2008) play a minor role (e.g., Dibajnia & Watanabe, 1992; 
O’Donoghue & Wright, 2004). This is consistent with the increase in short wave-related, bedload onshore trans-
port (under E2 and A1) during propagation toward the bar (Figure 8).

Close to the bar, a decrease in short wave-related, bedload onshore transport became visible under E2. This is 
consistent with initiation of wave breaking (Section 3.2.4). Under A1, breaking occurred further onshore so that 
waves propagated deeper into the surf zone without reductions in energy and skewness. There, they acted on shal-
low water depths (which were already shallower under A1 compared to E2, cf. Figure 2a/b), potentially increasing 
short wave-related, bedload onshore transport further.

As visible from the present experiments and from literature (e.g., Doering & Bowen, 1995), the cross-shore evolu-
tion of wave nonlinearities in a bar's vicinity is closely linked to wave breaking, and nonlinearities are closely 
linked to transport. Certain models (e.g., Torres-Freyermuth et al., 2010) already replicate the general cross-shore 
evolution of wave nonlinearity successfully and transport formulations under consideration of wave nonlinearity 
have been developed (e.g., Hoefel & Elgar, 2003; van der A et al., 2013). However, the many complexities of 
wave breaking still introduce large inaccuracies and modeling of nonlinear wave propagation is associated with 
large computational costs, stressing the need for easily applicable parametrizations.

4.2.2. Time-Averaged Velocities

Wave condition A1 features lower undertow magnitudes than E2 (Figure 2). In combination with lower sediment 
suspension (Section 4.2.3) this heavily contributes toward onshore migration of the bar (instead of offshore migra-
tion). In field experiments under comparable hydro-sedimentary conditions, Greenwood and Osborne  (1990) 
observed an even larger post-storm reduction in undertow magnitude close to the outer bar crest. Thornton 
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et al. (1996) present field measurements of low undertow magnitudes over the outer bar before the onset of a 
storm. The main drivers of undertow are the mass and momentum flux between trough and crest level as well as 
radiation stress (vertical and cross-shore) and set-up (cross-shore) gradients (e.g., Svendsen, 1984). Therefore, 
large undertow magnitudes should only be expected when wave breaking and other influences produce large 
gradients in forcing. This normally happens in storms with large wave heights.

During offshore bar migration (storm conditions), accurate numerical modeling of undertow magnitudes has 
been shown with different models and under different assumptions (e.g., Christensen et al., 2002; Garcez Faria 
et al., 2000). During onshore bar migration, Lescinski and Özkan-Haller (2005) highlight some difficulties in 
undertow modeling (as well as its importance for replicating morphologies). In a recent study with a state-of-the-
art model, Rafati et  al.  (2021) still show considerable inaccuracies in undertow modeled during bar onshore 
migration (see their Figure 3f), hindcasting opposite directions in certain cross-shore locations. Generally, there 
is a larger margin for error in undertow modeling during offshore bar migration since magnitudes are higher 
(so that small inaccuracies do not matter as much). Inaccuracies are introduced into the analysis because the 
complexity of governing equations requires simplifying assumptions and parametrizations of boundary condi-
tions. Furthermore, the assumptions and parametrizations have mainly been validated under storm conditions, 
inherently assuming that they apply in accretive modeling as well—which may not be the case.

Interestingly, the present experiments show streaming near the bed, leading to time-averaged onshore velocities 
(Figure 2) and onshore flux (Figure 7). But since its vertical extent is very limited, its influence is much lower 
than undertow's (which acts over large parts of the water column). Next to process-based numerical models (e.g., 
Kranenburg et  al.,  2012), streaming has also been considered in semi-empirical transport formulations (e.g., 
Nielsen & Callaghan, 2003; van der A et al., 2013). However, in the present experiments its onshore contributions 
appeared far less important than the short wave-related contributions.

4.2.3. Sediment Entrainment and Mixing

The entrainment of sediment is a very complex process under the influence of turbulence (e.g., Soldati & 
Marchioli, 2012). In practical applications, entrainment has often been related to near-bed velocities and critical 
bed shear stress in the form of Shields parameters (e.g., Nielsen, 1992, p. 222). However, experiments have also 
identified an influence of breaking-injected turbulence onto entrainment (e.g., Sumer et al., 2013; van der Zanden 
et al., 2017a). The present experiments show increased entrainment (characterized by C0) closer to the bar crest 
and larger entrainment under E2 compared to A1 (Figure 5 and tests not shown). This is consistent with the larger 
velocity amplitudes, larger energy and more violent breaking under E2 (and in positions closer to the bar crest).

Once sediment has been entrained, mixing processes distribute it over the water column. In regards to convec-
tive mixing, tests 34 and 51 (−2.8 ≤ x′ ≤ −2.4 m) show ripples in ACVP backscatter data. This might explain 
why test 51, being far offshore from the bar crest and under less energetic forcing (A1), still features a relatively 
wide layer of large time-averaged concentration near the bed (Figure 5d, ζ′ ≤ 0.035 m). Other experiments in 
oscillating water tunnels (Davies & Thorne, 2005) and large-scale wave flumes (van der Zanden et al., 2019b) 
similarly indicate wide layers of large time-averaged concentration over rippled beds. Furthermore, the influence 
of convective mixing processes might explain the different concentration profile shape (Figure 5) when compar-
ing this test to the others.

Close to the bar crest and under E2, intrawave time series (Figure 6d/7d in Grossmann et al. (2022) and Figure 3d) 
and time-averaged concentration profiles (Figure 5) indicate larger amounts of sediment in suspension. Here, 
visual observations showed a planar bed so that diffusive mixing processes should dominate. Aagaard and 
Jensen (2013) observed a transition from diffusive mixing in the outer surf zone to convective mixing, proba-
bly induced by injected breaker vortices, in the main breaker zone. The fitted mixing parameters of the present 
experiments (Figure 5) show diffusive mixing of similar magnitude in most locations. This indicates limited 
influence from injected vortices in the present experiments up to the outer edge of the main breaker zone. But 
combined with the larger entrainment under E2, the diffusive mixing of similar magnitudes leads to the larger 
suspended concentrations. And this has important consequences on bar migration direction. Note, however, that 
Rouse profiles are a very simplified analysis of mixing. They are based on many assumptions and the under-
lying processes of sediment suspension in surf zones under ocean waves are very complex, with complicating 
factors like grain size (e.g., Coleman, 1970), burst and sweep events (e.g., Soldati & Marchioli, 2012), horizon-
tal non-uniformities and advection (e.g., van der Zanden et al., 2017a) or intrawave turbulence (e.g., Aagaard 
et al., 2021) for example.
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4.3. Considering Natural Beaches

Laboratory experiments often reduce natural complexity and focus on specific aspects (e.g., cross-shore transport 
in the present study). While this provides additional detail on studied phenomena, certain neglected complexities 
might have important consequences in natural beaches (e.g., 3D beach states, longshore and rip currents, and so 
on). Therefore, the present laboratory experiments are now put into context with field experiments.

One of the main aspects influencing the accretion and erosion of natural beaches is the phase relationship between 
sediment suspension and short wave offshore/onshore velocity (causing the onshore transport which, in accret-
ing beaches, dominates over current-related offshore transport). Aagaard et al.  (2018) observed the influence 
of different breaker types on intrawave turbulence and sediment suspension in the field. The present laboratory 
experiments generally confirm the in-phase relationship under plunging breakers. Yet, other influences may alter 
the phase relationship even under plunging breakers - for example, opposing currents (e.g., Ruessink et al., 2011). 
While Brinkkemper et al. (2018) observed decreased short wave-related onshore fluxes at times of larger under-
tow, Christensen et  al.  (2019) observed that undertow and infragravity wave-related currents increased sedi-
ment suspension at short wave offshore velocity phases (see their Figure 17) through bed-generated instead of 
injected turbulence. In the present experiments sediment re-suspension and storage in the water column were 
only observed in tests near the bar crest, with considerable undertow velocities and infragravity wave heights 
(e.g., Figure 3d 0.25 < t/Tr < 0.35 for A1 and Figure 7d 0.35 < t/Tr < 0.45 in Grossmann et al. (2022) for E2). 
This may result from opposing currents but could also be related to different vertical mixing characteristics (see 
Section 4.2.3) and increased turbulent mixing (see also Larsen et al., 2020; van der Zanden et al., 2019a).

Field experiments (e.g., Aagaard et al., 2012; Christensen et al., 2019; Ruessink et al., 1998) often struggle to 
measure transport very close to the bed (a few cm) because the related sediment concentrations are outside avail-
able measuring ranges. Nevertheless, the present experiments indicate that large shares of sediment transport 
occur there (Figure 7). This applies especially to the onshore transports, crucial for beach accretion, and indicates 
that historically the importance of near-bed transport might have been overlooked. Aagaard et al.  (2012), for 
example, stressed the importance of streaming and Lagrangian (Stokes Drift) transport for accretion. In contrast, 
the present experiments indicate only a subordinate influence of streaming. Stokes Drift cannot be measured with 
the fixed instruments of the present experiments. However, concentration profiles (Figure 5) and intrawave time 
series of concentration (not shown for brevity) indicate little potential for large onshore transports at the high 
elevations above the bed where Stokes Drift would be strongest. Instead, the dominant driver for onshore near-bed 
transport are the short wave-related fluxes (Figure 7).

5. Conclusions
Sediment transport processes during onshore sandbar migration under accretive wave conditions (named A1 
with Ω  =  1.44) were investigated through large-scale laboratory experiments. A comparison to experiments 
with offshore-migrating bars under erosive wave conditions (named E2 with Ω = 2.54; analyzed in detail by 
Grossmann et al. (2022)) highlighted differences and similarities. Based on the results we conclude the following.

1.  Under E2, morphological evolution was characterized by offshore migration of the outer and inner bar. Under 
the presented A1 tests, both bars migrated onshore while maintaining a constant distance between them. 
Other experiments featured this type of accretive morphology as well but the morphological evolution under 
accretive waves is more complex than under erosive waves and seems more susceptible to morphological 
hysteresis influence.

2.  Total transport and morphological evolution mainly resulted from a balance of short wave-related onshore 
and current-related offshore transport. Under E2, the larger magnitudes of current-related transport resulted 
in bar offshore migration. Under A1, both short wave-related and current-related transport magnitudes were 
lower. As the reduction in current-related offshore transport was larger, onshore transport and onshore bar 
migration occurred.

3.  Short wave-related transport occurred mainly as bedload and current-related transport mainly as suspended 
load. Bedload occurred very close to the bed at high flux magnitudes. Suspended fluxes generally featured 
lower magnitudes but sometimes occurred over larger parts of the water column with a large influence on the 
depth-integrated transport rate.

4.  The small reduction in short wave-related, bedload onshore transport from E2 to A1 is attributed to skewness 
and asymmetry being effective under both. Furthermore, wave breaking influenced the cross-shore evolution 
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of skewness, asymmetry and onshore transport rates. Especially asymmetry (deemed crucial for sediment 
transport formulations), could not be replicated well with commonly-used parametrizations.

5.  The large reduction in current-related, suspended offshore transport from E2 to A1 was linked to the dissim-
ilar effects of time-averaged currents and sediment suspension. Lower offshore currents under A1 compared 
to E2 were attributed to differences in wave breaking and resulting forcing mechanisms. Lower time-averaged 
suspension resulted from less entrainment at the bed and, potentially, less efficient mixing.

6.  Current-related onshore fluxes near the bed resulted from streaming processes within the wave boundary 
layer. Such fluxes were observed both under A1 and E2 in locations where offshore-directed undertow was 
low. The opposing influences of streaming and undertow caused complicated current-related flux profiles 
under A1 close to the bar crest. However, the onshore transport contributions from streaming were much lower 
than the ones from short waves.

7.  Because of low infragravity velocities and low sediment suspension at infragravity time scale, the influence of 
infragravity wave-related transport was negligible in most tests. Only during E2 on top of the bar crest, where 
infragravity wave height and velocity amplitude increased, the infragravity wave-related transport became 
notable.

8.  Identified priorities for improvement of numerical model performance under accretive wave conditions 
include description of sediment entrainment and mixing under complicating influences like turbulence injec-
tion, parametrizing the effects of skewness and asymmetry on near-bed orbital velocities and bedload trans-
port, and precise determination of the breaking position.

The data presented in this article can be consulted online (see Data Availability Statement). They represent 
natural conditions closely while providing the measurement detail currently only possible in the laboratory. 
Thus, apart from providing physical insights, they may be of particular interest for the further development of 
(process-based) numerical models.

Data Availability Statement
For data related to this article, visit https://doi.org/10.5281/zenodo.6645980.
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