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On steep beaches, the cross-shore movement of sand in response to ‘erosive’ storm waves and ‘accretive’ swell
waves can lead to temporal changes between a barred winter profile and a non-barred summer profile with a
pronounced berm in the upper swash zone. Despite recent improvements in predicting berm formation and evo-
lution within process-based morphodynamic models, substantial demand for improvement in understanding
swash processes and associated surf–swash sand exchange remains. Here, we analyze bed level data collected
on a near-prototype, 4.5-m high and 75-mwide sandy beach (median grain diameter D50 = 430 μm)with a la-
goon situated at its landward side. In particular,we distinguish between surf–swash sand exchange (time scale of
tens ofminutes to hours), the net effect of single andmultiple swash events on the entire beach face (time scale of
a few seconds to hours), and instantaneous bed variability at 3 cross-shore locations within individual swashes.
During ‘erosive’waves (Hs=0.8 m, Tp=8 s) sand on the initially 1:15 planar profile was predominantly eroded
from the inner surf zone to be deposited in the outer surf zone as a sandbar, indicatingminimal surf–swash sand
exchange. Subsequent ‘accretive’waves (Hs =0.6 m, Tp =12 s) caused substantially larger surf–swash sand ex-
change: the pre-existing sandbar migrated onshore and decayed, with the sand ending up on the beach face in a
prominent (up to 0.7m high), steep (1:6) berm.We found the dynamics of the berm to be governed primarily by
wave conditions and the antecedent morphology, with ground water gradients of additional importance when
morphodynamic feedback between swash flow and the berm is small. The observed bed level change within a
swash and averaged over a swash event could be substantial (several centimeters) during all wave conditions,
but the net (i.e., averaged overmultiple swash events) bed level changewas strongly suppressed because erosive
and accretionary swashes nearly balanced. In addition, the local beach face slope could be instantaneously≈ 25 %
steeper or shallower than themedian slope, or the initial or final slope.We anticipate that our data will stimulate
new model development, as to increase the range of conditions and settings in which morphodynamic models
can be applied realistically and reliably.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The nearshore zone contains numerous morphological patterns,
ranging from 0.1 to 1-m scale wave ripples to 100–1000-m scale sand-
bars (e.g., Holman, 2000). Temporal and spatial variability in sandbar
position, including the formation and migration of rip channels, form
the major source of nearshore bathymetric variability on the engineer-
ing time scale ofweeks to years. Although sandbar dynamics can control
the evolution of the beach face significantly (e.g., Sonu, 1973; Winant
1 302531145.

ants, Coveliersstraat 15, 2600
et al., 1975; Aubrey, 1979), sandbars are generally studied in isolation.
This is, for example, illustrated by the inability of many process-based
nearshore morphodynamic models (e.g., Plant et al., 2004; Ruessink
et al., 2007; Kuriyama, 2012; Walstra et al., 2012; Dubarbier et al.,
2015b) to handle swash processes and hence the exchange of sand be-
tween the barred surf zone and the beach. This represents a critical
shortcoming of operationalmorphodynamicmodels, especially because
many soft coastal protection measures, like sand nourishments
(e.g., Hamm et al., 2002; Grunnet et al., 2004), are placed in relatively
deep water under the assumption that natural processes, like waves
and currents, will transport the sand onshore to result in wide beaches
and strong dunes.

The volume of sand exchange between the barred surf zone and the
beach face depends on thewave climate and beach type. In high-energy,
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Fig. 1. (a) Elevation zbb(t), (b) perturbation ~zbbðtÞ and (c) standard deviation of ~zbbðtÞ ver-
sus cross-shore distance x for series A, B and C. (a) and (b) show 86 profiles in total. The
thick solid line in (a) and (b) represents the initial profile. The horizontal solid line in
(a) is the default sea level (hs = 3 m).
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gently sloping (say, b 1 : 30) nearshore zones with a typical median
grain size of 200–300 μm and a tide range less than 4 m, the exchanged
volume tends to be rather small compared to the total volume of sand
typically present on the intertidal beach (e.g., Quartel et al., 2008). In
this environmental setting, sandbars generally have multi-annual life-
times, during which they rarely weld ashore, and near-bed sand fluxes
in the trough separating the innermost sandbar from the beach aremin-
imal irrespective of offshorewave conditions (e.g. Ruessink et al., 1998).
In sharp contrast, the sand exchange on steeper, coarser grained
beacheswith a pronounced seasonality in thewave climate (high-ener-
gy, short-period stormwaves alternating with low-energy, high-period
swell waves) is substantially larger (e.g., Winant et al., 1975; Aubrey,
1979). Such beaches typically exhibit the transition between what has
become known as a ‘summer’ and a ‘winter’ profile. Under the action
of prolonged periods of ‘summer’ swell waves, pre-existing sandbars
weld ashore to form a pronounced berm with a steep seaward flank
and a more gently sloping landward side. This ‘summer’ profile is erod-
ed during ‘winter’ stormwaves, with the sand deposited in one ormore
sandbars. During the next ‘summer’ period, the sand is moved back on-
shore into a berm. Profile measurements reported in Aubrey (1979)
show minimal bed level change around mean sea level, indicating that
this position acts as the pivot point through which the sand is ex-
changed on a seasonal scale. The berm is formed by swash processes,
causing the berm to grow vertically. Especially during high water levels
(e.g., a high tide), the berm can be overtopped, causing a landward shift
and rapid growth in sand volume due to a strong suppression of the
backwash (Weir et al., 2006). Preliminary attempts to handle berm for-
mation and evolution within process-based morphodynamic models
are provided in Pender and Karunarathna (2013) and Kobayashi and
Jung (2012), but substantial demand for improvement in understanding
swash processes and associated surf–swash sand exchange remains
(e.g., Puleo and Torres-Freyermuth, in press).

In 2012, the second large-scale Barrier Dynamics Experiment
(BARDEX II), funded under the Hydralab IV program, was carried out in
the Delta Flume, The Netherlands. The overall aim was to collect a near
proto-type data set of energetic waves acting on a sandy beach/barrier
system to improve our quantitative understanding and modelling capa-
bility of shallow water sediment transport processes in the inner surf,
swash and overwash zone (Masselink et al., 2016). The third work pack-
age within BARDEX II focused on swash-surf exchange and sandbar dy-
namics, with the aims (1) to determine and quantify dominant
hydrodynamic and sediment transport responsible for swash-surf zone
sediment exchange and (2) to identify key processes responsible for on-
shore and offshore sandbar migration. The initial cross-shore profile of
BARDEX II comprised a steep (1:15), coarse-grained barrier backed by
a lagoon and was subject to ‘erosive’ winter waves and ‘accretive’ sum-
mer swell, and to different lagoon levels. The acquired data allowed us
to explore surf–swash sand exchange (i.e., sandbar-berm dynamics) on
the time scale of tens of minutes to hours, and beach face evolution
from within a single swash to the net beach-face response of a single
swash to a series of swash events (tens of minutes to hours), in response
to different wave conditions and lagoon water levels (Sections 2 and 3).
The latterwere varied to promote conditionswith bothwater infiltration
and exfiltration through the beach face, allowing the effect on berm
growth to be explored.We address the second aimwith a recently devel-
oped, one-dimensional, phase-averaged morphodynamic model
(Dubarbier et al., 2015b) that allows us to examine to what extent
wave skewness, wave asymmetry, mean flow and gravity contributed
to the sandbar dynamics observed during Bardex II (Section 4).

2. Methodology

2.1. BARDEX II

As part of BARDEX II (Masselink et al., 2016) a sandy barrier was
constructed in the central region of the Delta Flume, Vollenhove, The
Netherlands. The barrier, which filled the entire 5-m width of the
flume, was composed of coarse (D50 = 430 μm; mean grain size =
510 μm), moderately sorted (0.81ϕ) and coarse-skewed (− 0.24ϕ)
quartz sand. The seaward part of the barrier profile initially comprised
a 60-m long, 1:15 seaward-sloping section at cross-shore coordinates
x = 49 − 109 m (x = 0 is at the wave paddle; Fig. 1a) between a
20-m long (x = 29 − 49m), 0.5-m thick sand bed and the 5-m long
(x = 109 − 114 m), 4.5-m high horizontal barrier crest. The initial
back-barrier profile comprised a 10-m long (x = 114 − 124 m), 1:5
landward-sloping section that ended at a 5-m high retaining wall. This
permeable wall separated the back-barrier slope from a 10-m long la-
goon at x = 125 − 135 m.

The Bardex II test program consisted of 19 distinct tests with differ-
ent wave and water level conditions, grouped into 5 series that focused
on surf–swash zone processes (series A–C), and barrier overwash and
destruction (series D and E, respectively). Here, we analyze data collect-
ed during the 3 series that dealtwith surf–swash zoneprocesses; results
for the barrier-overwash and destruction series can be found in Matias
et al. (2016). Inmore detail, series A focused on beach response to vary-
ing wave conditions and different lagoon levels. Two different irregular
wave conditions were used (see Table 1), expected to result in
beach erosion (significant wave height Hs0 = 0.8 m and peak period
Tp0 = 8 s; the subscript 0 signifies a value near the wave paddle) and
accretion (Hs0 = 0.6 m, Tp0 = 12 s) with a sea level hs of 3 m and
low, intermediate and high lagoon levels of hl = 1.75, 3, and 4.25 m,
respectively (Table 1). Series B was designed to allow examination
of sandbar dynamics in response to irregular erosive waves (Hs0 =
0.8 m, Tp0= 8 s) and different sea levels (hs=3 and 2.5m, respective-
ly), see Table 1. Series C addressed tidal effects on beach profile develop-
ment with irregular erosive wave conditions (Hs0 = 0.8 m, Tp0 = 8 s,
with Hs0 reduced to 0.6 m during the higher stages of the tide). The
low-high-low tidal cycle was imposed as 30-min long segments of
constant hs, eventually making up a tidal range of 1.5 m and a period
of 12 hours. During the rising tide (test C1) hl was set to 1.75 m, while



Table 1
Experimental conditions of series A, B and C. Hs0 = significant wave height; Tp0 = peak
wave period; hs = sea level; hl = lagoon level; Ttest = test duration; and Np = number
of profiles.

Test Hs0 (m) Tp0 (s) hs (m) hl (m) Ttest(min) cum. Ttest (min) Np

A1 0.8 8 3 3–3.4 320 320 15
A2 0.8 8 3 4.3 200 520 6
A3 0.8 8 3 4.3 197 717 2
A4 0.8 8 3 1.75 200 917 6
A6 0.6 12 3 3 335 1252 14
A7 0.6 12 3 4.25 213 1465 6
A8 0.6 12 3 1.75 200 1665 6
B1 0.8 8 3 1.75 165 1830 5
B2 0.8 8 2.5 1.75 255 2085 6
C1 0.8, 0.6 8 2.25 → 3.65 1.75 330 2415 11
C2 0.8, 0.6 8 3.53 → 2.25 4.25 270 2685 9
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during the falling tide (test C2) hl = 4.25 mwas used (Table 1). During
all tests the irregular waves were constructed from a JONSWAP spec-
trum using the indicated Hs0 and Tp0 with a peak-enhancement factor
of 3.3. The final≈ 20minutes of all tests in series A, however, comprised
mono-chromatic and/or bi-chromatic waves. Their wave heights were
selected such that the wave energy was the same as for the irregular
wave conditions. The final 17 minutes of A3 are labeled as A5 in
Masselink et al. (2016); no irregular wave runs were performed during
A5 and, accordingly, this test is notmentioned separately in Table 1. The
Automated Reflection Compensator was always switched on to avoid
seiching in the flume.
2.2. Sandbar-berm bedlevel variability

Each test was generally broken up in several wave runs (Table 1)
that varied in duration from 10 minutes to 3 hours. After each wave
run, the center profile of the flume was surveyed using a profiling
wheelmounted on an overhead gantry. Together with the initial profile,
this resulted in 86 cross-shore profiles z(x, t) (Table 1) with a 0.01-m
cross-shore resolution; here, z is the elevation above the concrete
floor of the flume, x is cross-shore distance and t is time. Each z(x)
profile was low-pass filtered using a second-order loess interpolator
(Plant et al., 2002) with a cross-shore scale parameter lx of 0.2 m to
remove occasional spikes in the bed profile induced by glitches in the
profiling system. Note that the second-order loess interpolator removes
variability with length scales less than lx/0.7. Visual inspection of z(x, t)
confirmed that the use of lx=0.2m did not affect the height and length
of omnipresent wave ripples; in the following z(x, t) denotes the
despiked data set of bed elevation. To separate large-scale morphologi-
cal features, such as a sandbar and a berm, from the smaller-scale wave
ripples, z(x, t)was low-pass filteredwith lx=3.5m. The low-pass filtered
data set contains these large-scale features and is denoted zbb(x, t).
Finally, the initial profile zbb(x, t= 0) was subtracted from all zbb(x, t) to
yield the perturbation data set ~zbbðx; tÞ; positive and negative ~zbbðx; tÞ
refer to bed elevations above and below ~zbbðx; t ¼ 0Þ, respectively.

Fig. 1 shows all zbb(x) and ~zbbðxÞ for series A, B and C, together with
the standard deviation of ~zbbðxÞ of these 3 series. Bed level variability
was most pronounced in the x = 65 − 109 m range, with an apparent
nodal point at x = 88 m. Variability between x = 65 and 88 m was in-
duced primarily by sandbar-trough dynamics (generation, migration,
decay), while that between 88 and 109 mwas caused by berm dynam-
ics. Accordingly, the nodal point may be a pivot point (e.g., Aubrey,
1979) reflecting the exchange of sand between the sandbar and berm
zone, but without any major local bed changes. To further quantify
this exchange, the temporal evolution of the volume of sand per unit
width was determined in the offshore region (Voff(t), x = 31 − 65 m),
the sandbar-trough zone (Vbt(t), x = 65 − 88 m) and the berm
(Vberm(t), x = 88 − 109 m) using each ~zbbðxÞ and the trapezoidal rule.
Based on the continuity equation of sediment mass, the cross-shore
volumetric transport rate, q(x), with unit m3/m/s between two surveys
separated by time span dt was estimated as

q xð Þ ¼ q0− 1−pð Þ
Z x

x0

dzbb
dt

dx; ð1Þ

where p=0.35 is the porosity. Eq. (1) was solved in the seaward direc-
tion from the landward end of the berm zone, x0 = 109 m, to the sea-
ward start of the 1:15 slope, x = 49 m. Thus, dx is negative and
shoreward transport is positive. The transport rate q0 at x0 was set to
0. Previous observations (e.g., Gallagher et al., 1998; Hoefel and Elgar,
2003) and modelling (e.g., Ruessink et al., 2007) has indicated that the
sign of q is generally positive (onshore)whenwaves are non- toweakly
breaking and negative (offshore) when wave breaking is more pro-
nounced. Here, the cross-shore evolution of the fraction of breaking
waves, Qb(x), was determined for each run from cross-shore time
stacks of instantaneous (20 Hz) image intensity collected with three
Argus-style (Holman and Stanley, 2007) video cameras. In these stacks
breaking waves have substantially higher intensity than non-breaking
waves, allowing both to be counted on awave-by-wave basis and to es-
timate Qb(x), see Brinkkemper et al. (2016) for details.

2.3. Bedlevel variability in the swash zone

A single line of 45 Massa M300/95 ultrasonic altimeters (BLS) were
mounted on a scaffold frame at a cross-shore spacing of 0.75 m to
yield beach face elevation change and mass flux of sediment per
swash event. The sensors (Turner et al., 2008) were mounted approxi-
mately 1 m above the beach face and were used to obtain measure-
ments of the vertical distance to the nearest target: the sand surface
when the bed was ‘dry’ and swash surface when the bed was sub-
merged. The ultrasonic altimeter measurements were pre-processed
to separate the dry bed and swash surface parts of the time-series for
each sensor. Bed detection was achieved using the method used by
Turner et al. (2008) and Blenkinsopp et al. (2011), where it is assumed
that the bed is present when the rate of change of elevation is below a
threshold value of 0.0005 m/s for a period of at least 1.5 s. Due to the
small number of valid bed detections below the still water level
(SWL), only those ultrasonic sensors between x = 87.9 m and x =
108.9 m from thewave paddle were used in the swash zonemorpholo-
gy analysis.Mass flux of sediment per swash eventwas calculated by in-
tegrating the change in beach face sedimentmass landward of the point
of interest as described by Blenkinsopp et al. (2011). The analysis
focused on two erosive tests (A2 and A4) and two accretionary tests
(A7 and A8). As each of these tests was split into separate runs, the
runs were concatenated to enable an analysis of the swash zone mor-
phology changes during the entire tests.

High-frequency (i.e., during a swash event) bed level oscillations
were quantified using Conductivity Concentration Profilers (CCPs;
see Lanckriet et al., 2013) and ultrasonic altimeter sensors located at
x = 88, 89.5 and 91 m. CCPs measure the conductivity of the
sediment-fluid matrix using an narrow array of 32 gold-plated elec-
trodes separated by 1 mm in the vertical. At each cross-shore location
at least 2 CCPs were deployed being separated in the alongshore direc-
tion by approximately 0.2 m. Sensors were deployed with the water
proof housing buried into the bed with only the small measurement
probe exposed. Adjacent sensors at a given cross-shore location were
buried at slightly different depths (e.g. sensors are offset vertically) in
an effort to increase the vertical sampling range. Raw CCP data were
converted to volumetric sediment concentration using Archie's Law
(Archie, 1942) and the packed bed and clear water conductivities (see
Lanckriet et al., 2013). Sensor readings in air yield erroneous values
due to low conductivity and are removed from the record. Each sedi-
ment concentration profile generally shows a transition from high
values in the bed to lower values in the lower water column indicating
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the bed level boundary. The bed level is defined based on the shoulder
region of the concentration profile following O'Donoghue and Wright
(2004) and Lanckriet et al. (2014). This definition for bed level is
similar to that defined by the loose packing limit (Bagnold, 1966) at a
volumetric concentration of 0.51.

The CCP profiling range of 0.03 m for an individual sensor means
that the bed level will often reside outside the measurement window.
Only data from tests A2 and A4 are shown here because the CCPs
were either often buried or above the bed level during tests A7 and
A8. Even for tests A2 and A4 data from the earlier runs when the
beach was rapidly adjusting are too intermittent to yield consistent re-
sults. Thus, only data from the final 60 min with irregular wave action,
when the beach was adjusting more slowly, are shown. During this
time, multiple CCPs at a single cross-shore location often allowed for
some overlapping of the profile range (Fig. 2). Corresponding bed levels
from the altimeters are also shown. The elevation relative to the initial
bed level indicates that the beach for test A2 underwent slight erosion
at all three cross-shore locations. The altimeter and CCP data show sim-
ilar trends. Gaps or lack of CCP data at the landward station are due to
the bed level falling outside the measurement window as mentioned.
Gaps in the altimeter data are due to the water depth not receding suf-
ficiently to expose the bed. Data for test A4 indicate little net change
over the run duration. Altimeter data are able to capture the bed level
at the more landward locations when it falls outside the CCP measure-
ment range. No CCP data were available at the landward location for
test A4 but the altimeter data also show the bed level change little in a
net sense.
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3. Results: observations

3.1. Sandbar-berm dynamics

The erosive waves during tests A1–A4 reshaped the initially planar
beach into a barred profile (Fig. 3a), with the sandbar (positive ~zbb) be-
tween x = 65 and 73 m and the trough (negative ~zbb between 73 and
88m, Fig. 3b). The sandbar formed at the locationwhere approximately
15 to 20% of thewaves broke on the initial profile (~ outer surf zone, see
Fig. 3d). In contrast to the classic breakpoint hypothesis for sandbar gen-
eration, in which the sandbar forms because of convergence of onshore
transport in the shoaling zone and offshore transport in the surf zone,
the sandbar formed primarily because of a decline in offshore directed
transport from the surf toward the shoaling zone (Fig. 3c). In Section 4
we discuss the importance of velocity skewness and asymmetry,
mean currents and gravity to the observed transports using numerical
modelling. As can also be deduced from Fig. 3c, the sandbar formed
largely during the first 90 min of wave action. During the subsequent
350 minutes, the sandbar slowly grew in height (Fig. 3b), after which
q was ≈ 0 over the sandbar region and the sandbar remained un-
changed. On the whole, this suggests that the sandbar was more-or-
less in equilibrium with the wave conditions after several hours of
wave action. The sandbar-trough formation resulted from sand redistri-
bution seaward of the pivot point (i.e., seaward of the still water posi-
tion), as the change in Vbt with respect to the volume in the initial
profile during tests A1–A4 is minor (Fig. 4a). Estimating volume chang-
es for the sandbar (x=65− 73m) and trough (x=73− 88m) region
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separately reveals a rapid increase in Vbar and a similarly rapid decrease
in Vtrough during the first 90 minutes of A1 (Fig. 4a). In more detail,
Vtrough exceeded Vbar slightly, causing a minor decline in Vbt. This sand
was transported ashore (Fig. 3c) to form an approximately 0.1 m high
berm in the upper swash zone (Fig. 4a–b). The volume change in the off-
shore zone (x=31− 65m)was negligible during tests A1–A4 (Fig. 4b).

During tests A6–A8 the pre-existing sandbar-trough disappeared
and was reshaped into a terrace-like feature, while at the same time
a prominent berm formed at x = 88 − 109 m with its crest at x =
97 m, a steep (1:6) seaward side and a gently dipping profile on the
landward side (Fig. 3e). After almost 12.5 hours of accretionarywave ac-
tion, the berm had reached a height of almost 0.7 m (Fig. 3f) and a vol-
umeof about 7m 3/m (Fig. 4a). Approximately the same amount of sand
was lost from the sandbar-trough zone (Fig. 4a), implying this to be the
main source of sediment and not, as was the case for tests A1–A4, the
lower swash zone only. Interestingly, the increase in Vberm observed in
tests A6–A8 was approximately linear with time (≈ 0.5 m 3/m/hour),
indicating that equilibrium had not been reached at the end of A8.
Also, we do not see any clear changes in the growth of Vberm in response
to different lagoon levels (for example, hl was 1.75 m during A8 and
4.3 m during A7), indicating that lagoon level did not affect the growth
in Vberm for the conditions studied here (see Section 3.2). As seen in
Fig. 3g, sand transport was onshore directed (q N 0) throughout the en-
tire sandbar-trough and berm zone (i.e., including the surf zone), with a
rather flat peak around the still water position. The small gradients in q
explain the rather small bed level changes around this location, leading
to the pivot point visible in Fig. 1c. The peak magnitude in q is about
equal to that during the erosive waves in the outer surf zone when
the sandbar formed (see Fig. 3c and g). As observed under the erosive
waves, q was approximately zero in the offshore region (Fig. 3g). As
the sandbar-trough disappeared, wave breaking became increasingly
focused at the still water level, with an increase in Qb from 10 to 100%
over a less than 10-m wide region during A8 (Fig. 3h). Note that q
remained large (and positive) in the former sandbar-trough region,
even though the water depth increased by over 0.5 m and Qb dropped
to less than 10%.

During the erosivewave conditions of series B and C the sandbar and
the berm remained relatively stable (Figs. 5a and d, and 4a). During
these series, the sandbar response depended on the fraction of breaking
waves, with, in general, onshore sandbar migration when Qb b 20 % and
offshore sandbarmigrationwhenwave breakingwasmore intense. The
former case was observed during B1 and C, except for the runs with the
lowestwater levels. For example, as tests A6–A8 had resulted in a rather
deep (z ≈ 1.7 m, hence water depth h ≈ 1.3 m during B1) flat terrace,
only few waves broke here during test B1 (Qb b 20 %, Fig. 5c) and the
outer surf zone was wide. The sand transport was, compared to the
longer-wave period conditions of tests A6–A8, rather low but still on-
shore directed (Fig. 5b) and the sandbar moved onshore to a crest
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position of x≈ 72m. The trough region and the berm remained largely
unaltered until the end of B1. The lowering of the sea level to hs=2.5m
caused Qb to increase to 40–60% over the sandbar region and, as a con-
sequence, sediment transports became offshore directed (Fig. 5b) and
the sandbar moved offshore by 5 m during the 255-minute long test
1

1.5

2

2.5
offshore bar

trough(a)E
le

va
tio

n(
m

)

Series B

-0.1

-0.05

0

0.05

0.1

(b)10
-3

 q
 (

m
3 /m

/s
)

Distance (m)

0
0.2
0.4
0.6
0.8

1

(c)

Q
b

50 60 70 80 90

Fig. 5. (Top to bottom) Bed elevation zbb, volumetric transport rate q and fraction of breakingw
In (a) and (c) the solid black line is time t=1665 (start B1), the dashed black line t=1830mi
qwith the profiles at t=1665 and 1830min (i.e., B1) and the dashed gray linewith t=1830 a
t = 2115 (C1), 2265 (C1), 2415 (end of C1) and 2595 min (C2).
B2 (Fig. 5a). For most of series C, the water level over the sandbar was
too high to cause substantial wave breaking and the sandbar slowlymi-
grated onshore (Fig. 5d–f). Only during the lowest stages of the tide, the
sandbarmoved offshore but thewave testswere of insufficient duration
(30minutes) to causemajor changes. Toward high tide (C1→ C2)wave
1

1.5

2

2.5
offshore bar

trough(d)

Series C

-0.1

-0.05

0

0.05

0.1

(e)

Distance (m)
50 60 70 80 90

0
0.2
0.4
0.6
0.8

1

(f)

avesQb versus cross-shore distance x for (left column) series B and (right column) series C.
n (end B1) and the dashed gray line t=2085min (end B2). In (b), the dashed black line is
nd 2085min (i.e., B2). In (d)–(f) the order of the lines is the same as in Fig. 2, but nowwith



25B.G. Ruessink et al. / Coastal Engineering 113 (2016) 19–32
run-up occasionally overtopped the berm, causing its volume to in-
crease by approximately 1 m 3/m, see Fig. 4a. The trough region lost
about the same amount of sand, suggesting the lower beach face to be
the source of the sediment. When viewed over all tests (A1–C2), the
total volume (i.e., Voff + Vbt + Vberm) varied slightly with time
(Fig. 4b), which has also been seen in other laboratory experiments
(e.g., Grasso et al., 2011).

3.2. Swash-zone dynamics

3.2.1. Intra-run bed elevation change
Test A2 (Fig. 6a and b) is characterized by overall erosion of up

to 60 mm in the lower swash between the SWL and approximately
x = 94 m. Gradual, minor accretion of up to 20 mm is evident in the
upper swash between x = 96 m and the runup limit at x = 102.9 m.
The majority of the bed lowering in the lower swash occurred quickly
between 1450 and 1540 s from the start of the series. A closer analysis
of the measured bed/swash elevation time series during this period in-
dicates that the majority of bed lowering occurred due to two large
swash events which both ran up beyond x = 102.2 m and represent
two of the eight largest runup eventsmeasured during A2. These events
caused the bed at x = 89.4 m to lower by 53 mm and 30 mm,
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respectively, and as such were of a comparable scale to the total bed el-
evation change of−50.9mmmeasured at this cross-shore location over
the entirety of A2. Following these events, a period of gradual accretion
is observed between 1540 and 6700 s. This period of accretion is charac-
terized by numerous small (b 1 mm) positive and negative changes in
bed elevation with a slight skewness toward accretion events. After
6700 s, gradual net erosion occurs in the lower swash and bed elevation
change is characterized by a slight negative skewness toward erosion
events; however, it is noted that this gradual net erosion is interrupted
between 8700 and 8900 s during which there is rapid erosion, associat-
ed predominantly with 3 swash events which again have relatively
large runup excursions to landward of x = 101.4 m. Following this pe-
riod, there is a short period of accretion to bring the bed elevation
back up to the level prior to these events, afterwhich the general erosive
trend continues at a similar rate. An examination of bed elevation
changes at x = 89.4 m indicated that although a large runup excursion
will not always cause significant bed elevation change in the lower
swash, the larger erosive events do tend to be associated with large
runup.

Fig. 5c and d shows the morphology changes measured above the
SWL during test A4. It is noted that no ultrasonic altimeter data were
available for the fourth wave run of A4 (henceforth termed A4_04)
A4
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and this is indicated by the white section in Fig. 6c and d; however, the
measurements suggest that net bed elevation changewasminimal dur-
ing this run. Overall accretion across thewhole beach face profile, which
was strongest 3 m landward of the SWL (at x=91.1 m), was observed.
In contrast to A2, which saw erosion in the lower swash, accretion of up
to 40 mm occurred in the lower swash during A4 as a result of rapid
fluctuations in bed elevationwith periods of rapid accretion and erosion
evident in Fig. 6c. Accretion of approximately 10–30 mm in the upper
swash between x = 96 m to x = 102.9 m was similar to A2.

The time series of bed elevation changes during test A7 show evi-
dence of gradual accretion across the whole profile (Fig. 7a and b),
with the strongest accretion at the location of the berm crest (x =
97.5 m, see Fig. 3e–f), leading to a gradual increase in the crest height
and further development of the bermprofile. A series ofmonochromatic
waves that were run between runs A7_03 and A7_04 caused significant
accretion in the lower swash and some erosion in the upper swash,
which can be observed at 5510 s. This run put the beach out of equilib-
riumwith the irregular wave test conditions for run A7_04 and as such,
following resumption of the irregular wave runs, there is evidence of
fairly rapid bed lowering in the lower swash between 5500 and
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6000 s. A similar pattern of gradual accretion in the mid and upper
swash to that during A7 is observed during A8 (Fig. 7c and d). The
berm continues to increase in height but develops a negative slope on
the landward side, into which swashes start to overtop. In the lower
swash (x = 89.4 m to x = 94 m), however, there is little change for
the majority of the series until a period of rapid erosion at 9250 s. This
erosion was caused by a series of large runup events that overtopped
the berm.

Comparing the response observed during tests A2 and A4 when the
initial beach face morphology was relatively similar and there was no
strong berm feature, a clear difference in the beach response in the
lower swash region is observed. During A2, there was erosion of up to
0.11 m in the lower swash, while during A4, accretion of up to 0.06 m
was recorded. As the wave conditions during these tests were identical
and the initial beach profiles were relatively similar, it is reasonable to
assume that while the morphological change was primarily driven by
swash processes the lagoon levels had an influence on the morphologi-
cal response and the overall seaward groundwater gradient during A2
tended to promote erosion in the lower swash, while the landward
groundwater gradient during A4 induced accretion. Turner et al.
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(2016) have undertaken a comprehensive study of groundwater fluxes
and flow paths within the barrier for tests A2 and A4 and found that
during periods of wave action, a groundwater mound developed at
the beach face and this had a comparable profile at both high and low
lagoon levelswith a similarwater table exit point. Despite these similar-
ities, the overall seaward groundwater gradient during A2 led to a net
exfiltration rate through the lower beach face an order of magnitude
larger than during test A4 (1.4 × 10−6 m/s versus 4.4 × 10−7 m/s, re-
spectively). Numerous authors have examined the effect of seepage
flows on sediment stability and have found that exfiltration reduces
the effective weight of the surficial sediment particles while also de-
creasing the shear stress exerted on the particle due to boundary layer
thickening (e.g., Nielsen, 1998; Turner and Masselink, 1998; Butt et al.,
2001). Discussion remains on the net influence of these effects on sedi-
ment stability; however, these studies indicate that for D50 b 400− 600
μm, the destabilizing effect of the reduction in effective weight is more
important than the stabilizing effect of the boundary layermodification.
Thus, for the present study (D50 = 430 μm) it is hypothesized that the
larger net exfiltration rate during test A2 contributes to the observed
enhanced erosion on the lower beach face.

The influence of the groundwater gradient during tests A7 and A8 is
less evident due to the presence of a strong berm feature that has a signif-
icant effect on the morphological response. Wave runup excursions were
greater than during tests A2 and A4, and as a consequence the berm fea-
turewas regularly overtoppedduring tests A7 andA8. Due to the localized
lowering of the beach gradient on the landward side of the berm, flow re-
versal of the overtoppingwater volumewasmuch slower than below the
berm crest and the water tended to be held on the slope for a relatively
long period in this region. This had the effect of reducing the volume
flux of water during backwash and hence reducing the capacity of the
backwash to remove sediment from the upper beach face and transport
it seawards. This effect was stronger during test A8 due in part to the
more defined berm but potentially also because infiltration of water into
the beach face would have further reduced the volume flux of water dur-
ing the backwash. As a consequence, during test A8 sediment was
transported from the lower swash region to the berm leading to accretion
of the upper swash and a loss of mass in the lower swash zone.

3.2.2. Per event bed elevation changes and volume fluxes
An examination of the per-event bed elevation changes and volume

fluxes at each sensor location indicated that both bed level change and
volume flux were approximately symmetrically distributed around
zero, with skewness values consistently close to zero at all cross-shore
locations. A similar result was previously observed in the field by
Blenkinsopp et al. (2011). This observed balance between erosive and
accretionary swashes restricts net morphology change above SWL,
which is consistently an order of magnitude smaller than the cumula-
tive change recorded during each test (see Table 2). The cumulative vol-
ume flux per second above the SWL is relatively consistent for the low
energy wave condition cases (A2 and A4) and high energy conditions
(A7 and A8) but the rate is much larger for the high energy cases (see
Table 2). This result indicates that a larger bulk amount of sediment is
being transported during energetic wave conditions and this, combined
with strongermorphological feedback from the berm feature, leads to a
greater net morphology change. It is hypothesized that more energetic
waves will consistently move more sand and hence generate a greater
Table 2
Volume flux statistics.

Test Duration
(s)

Net volume change above
SWL (m3/m)

Cum volume change
SWL (m3/m)

A2 11,200 −0.22 3.53
A4 9,280 0.26 2.51
A7 11,035 1.43 9.43
A8 11,040 1.53 11.61
cumulative volume flux, but that positive and negative changes will
tend to cancel out and the net effect of this transport will be regulated
by morphological feedback, controlled by the disequilibrium between
the morphological state of the beach and the wave conditions.

Accretion and erosion in the different regions of the swash zone can
be explained in terms of the proportion of positive and negative bed
elevation changes and volume fluxes (Fig. 8a and b) and the mean
per-event positive and negative bed elevation and volume fluxes
(Fig. 8c to f). In general terms, Fig. 8a and b shows that there are a slight-
ly greater number of negative per-event bed elevation changes and
volume fluxes in the lower part of the swash zone (x ≈ 88.0 m to
96.0 m) while in the upper swash, the majority of values are positive,
though considerable scatter is noted for test A4 due to the small number
of swashes with excursions beyond 100.0 m. Fig. 8c and e indicates that
the mean positive and negative bed elevation changes at all locations
vary in a comparable manner in the cross-shore for each test. Fig. 8d
and f demonstrates a similar cross-shore variation in the positive and
negative mean per event volume flux values; however, it is noted that
themean positive values are larger in tests A7 and A8, leading to signif-
icant net onshore transport and the strengthening of a berm feature
(Fig. 3). While the patterns observed in Fig. 8a to f are generally consis-
tent within each test, small differences lead to the net morphological
changes observed in Figs. 6 and 7.

Inmore detail, themean positive and negative bed elevation changes
in the lower swash (taken seaward of x = 96.0 m) for tests A2 and A8
are similar, leading to overall mean per event bed elevation changes of
+ 0.14 mm and + 0.18 mm, respectively. Consequently, the observed
net erosion in this region occursmainly as a result of the observed imbal-
ance in the number of erosive and accretionary events. In tests A4 andA7
however, net accretion is observed due to the mean positive bed eleva-
tion changes being on average 0.56 mm and 0.69 mm greater than the
mean negative bed elevation changes for A4 and A7, respectively. Closer
examination of the per event bed elevation changes at x = 89.4 m (the
altimeter landward of SWL) for these tests indicates that while there
were more large negative than positive changes greater than ± 20
mm, thereweremanymoremedium sized positive bed elevation chang-
es in the range 4 to 11mm than negative changes in an equivalent range.
Data supporting this are not shown here but indicate that net accretion
observed is caused by an accumulation of mid-sized positive bed eleva-
tion changes. Fig. 8a and b indicates that positive per-event bed elevation
changes and volume fluxes dominate in the upper swash (x = 96.0 to
109.0 m). This leads to consistent accretion in this region in all tests
(see Figs. 6 and 7), which is expected as sediment falls out of suspension
during flow reversal, but flow velocity during the initial stages of back-
wash is insufficient to cause equivalent offshore sediment transport in
the upper swash. Fig. 7 shows that the magnitude of accretion was
much greater during A7 and A8. This results not only from the larger
bulk amount of sediment being transported, but also from feedback
with the berm itself: as the berm becomes steeper, swash flows will de-
celerate more quickly and deposit sediment, further reinforcing the
berm. A consistent tendency for net accretion in the upper swash has
been observed in the field by Blenkinsopp et al. (2011).

3.2.3. Instantaneous bed level change
Simultaneous measurements at the seaward and middle CCP loca-

tions permit determination of instantaneous beach slopes in this region
above Max. event volume flux
(m3/m/event)

Cum. volume flux per second above
SWL (m3/m/s)

0.05 0.00031
−0.08 0.00027

0.10 0.00085
−0.23 0.00105
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(Fig. 9). The pre (gray) and final (black) profiles for the final irregular
wave run for test A2 as recorded by the survey system are also shown.
Themagenta line shows themedianprofile from N 20, 000 individual es-
timates of elevation from the cross-shore separated CCP data. The blue
lines are the 5 and 95 percentile profiles from the CCP elevation data.
The median profile falls within the initial and final beach profile and
the percentile profiles encompass the initial and final profiles measured
by the survey system. The initial and final measured beach slope deter-
mined as a linear fit between the two cross-shore CCP locations for test
A2 is 1:10.4 and 1:9.2, respectively. The slope derived from the CCP data
for test A2 has amedian value of 1:9.2with 5 and 95 percentiles of 1:8.1
and 1:10.7, respectively. The CCP data indicate that the beach slope can
be instantaneously ≈ 25 % steeper or shallower than the median slope
from the CCP or initial or final measured slope.

Analysis of the ultrasonic altimeter data at the CCP locations demon-
strates that the observed local slope variability is also captured by the al-
timeters which can measure slope only when the bed is exposed
between swash events. Fig. 10 shows thatmean slopes and standard de-
viations obtained from the altimeters are comparable to those obtained
by the CCPs, suggesting that the inter- and intra-swash variability is
similar between the seaward and central CCP locations. Extending the
analysis to incorporate the ultrasonic altimeter data enables the vari-
ability of the local slope to be examined across the entire beach face
and demonstrates a trend of decreasingmean,maximumandminimum
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slopes in the landward direction for both runs (Fig. 10). Note that during
tests A2 and A4 the beach profile was still adjusting from its initial
planar slope and as such the beach profile was in a state of transition.
In addition, the standard deviation of the local slope is similar for both
test cases at all measured locations across the beach face indicating
comparable slope variability despite contrasting morphology change
as observed in Fig. 6.

The CCP and altimeter data both provide the opportunity to examine
bed elevation change at high temporal resolution. However, they both
have advantages and disadvantages. The CCPs enable the bed elevation
to be captured throughout the swash cycle but have a limited vertical
range (0.03 m profiling window). The CCP analysis in this work, thus,
focused on the latter 60minutes of the runswhenbed evolution slowed.
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An effort was made to increase the overall profiling window by
deploying multiple sensors offset in the vertical. In some instances
this approach was successful but in others it was not. The ultrasonic al-
timeter data can be used to detect bed elevation change throughout all
runs in a test. However, the instrument can only detect the bed when
the water depth below the sensor is zero. Thus, the altimeter only
‘sees’ the bed intermittently in between some swash events.
Consequently, the two instruments provide complimentary measure-
ments of the changing bed elevation in the swash zone. The CCPs pro-
vide more continuous data in the lower swash zone when the bed is
predominantly submerged, while the ultrasonic altimeters provide
more complete data in theupper swash zone as the frequency of bed ex-
posure increases.
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The rapid fluctuations of local beach slope both within and between
swash events have potential implications for numerical modeling of
swash zone sediment transport. Locally changing beach slopewill influ-
ence local flow velocity and also the stability of sediment. Fredsoe and
Deigaard (1992) suggest a modification to the Shields parameter to ac-
count for the effect of a sloping bed on the initiation of local sediment
motion. Dodd et al. (2008) introduced a slope-dependent bed diffusion
source term into their model which is updated at every time step.
Failure to update beach morphology has been shown in some cases to
cause a reduction in the ability ofmodels to accurately predict hydrody-
namics and hence sediment transport overmodel runs ofmanyminutes
(e.g., Ruessink, 2005; McCall et al., 2014). The existence of such rapid,
local morphological variability as observed in the present measure-
ments suggests that it may be beneficial to update morphology at the
wave-by-wave timescale or even greater and highlights the benefits of
implementing a fully-coupled approach to modeling hydrodynamics,
sediment transport and morphological evolution (e.g., Zhu and Dodd,
2015).

4. Sandbar modeling

While the net cross-shore volumetric transport rate can be inferred
from the bed profile data set zbb(x, t), this provides no insight into
which sand-transport processes contributed to this net rate. In this
section we will rely on numerical modeling to examine the role of indi-
vidual processes. The model deployed, described in Dubarbier et al.
(2015b), is a phase-averagedmodel that contains fully coupledmodules
for waves, currents, sand transport and bed-level change. It was chosen
because velocity skewness and asymmetry, mean currents and gravity
all contribute to sand transport. Other models, like Plant et al. (2004)
and Ruessink et al. (2007), typically ignore the role of velocity asymme-
try. Themodel's wave, current and bed-level change modules are large-
ly similar to those in Ruessink et al. (2007). The sand transport module
follows the energetics approach of Hsu et al. (2006), with the addition of
transport by wave asymmetry proposed by Hoefel and Elgar (2003).
Input for the transport module are the near-bed mean current and the
skewed-asymmetric shape of the near-bed, free-stream wave orbital
motion based on the approach of Ruessink et al. (2012). In this
approach, the local root-mean-square wave height, peak period and
water depth are combined into the Ursell number and related to near-
bed velocity skewness Su and asymmetry Au through fits based on
severalfield data sets. Ruessink et al. (2012) argued that their prediction
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of in particular Su might not be suitable for unidirectional
(i.e., laboratory) swell conditions, as is the case here. Values of Su mea-
sured along the flume revealed (not shown) that the overall depen-
dence of Su on the Ursell number was the same as observed in the
field data sets, but that in the flume the maximum Su was larger
(≈ 1.0 versus 0.6) and the decline in Su for large Ursell numbers
(i.e., in the inner surf zone) was less pronounced. To accommodate for
these observations, the functional Su fit proposed by Ruessink et al.
(2012) was retained, but its free parameters were adjusted to better
match the BARDEX II observations (see Dubarbier et al., 2015a). The
fit for Au was not altered. With the wave height and period, and water
level measured at x = 49 m as input, the free parameters in the sand
transport module were calibrated to minimize the squared difference
between observed and predicted bed profiles (x=60− 90m) of series
C with the simulated annealing algorithm outlined in Dubarbier et al.
(2015b). Series Cwas chosen for calibration because it contains both on-
shore and offshore sandbar migration (Fig. 5). The optimized values
were, without additional calibration, applied in test A1, in which the
sandbar formed from the initially planar profile (Fig. 3). The model
does not incorporate swash processes and can, accordingly, not be
used to simulate berm formation (tests A6–A8).

As can be seen in Fig. 11a–b, the optimized model was capable of
reshaping the initially planar beach into a barred profile during
test A1. However, the rate of sandbar formation was substantially
underpredicted.While at t=90min the sandbar was already observed
to be almost in equilibrium with the wave conditions (Section 3.1), the
modeled sandbar just resembled the measured sandbar (in terms of
volume) at the end of the simulation (t = 300 min, Fig. 11b). In more
detail, the sandbar was then predicted to bewider and less pronounced
than in the observations; also the trough (x N 73 m) did not form. The
slower formation of the sandbar is also reflected in the model skill, esti-
mated here as a Brier Skill score (e.g., Sutherland et al., 2004) using a no-
change model as reference. In this way, model skill equals 1 in case of
perfect agreement with the observations, 0 when the model perfor-
mance is equal to a no-change model, and negative when applying
no-change would actually have been better than running the model.
Here, the skill was close to 0 for the first 60 min, reflecting the slow ini-
tial formation of the sandbar, and increased to 0.75 later on in the sim-
ulation when the predicted sandbar started to resemble the observed
sandbar. In series C, the model reproduced the temporal change from
offshore to onshore and back to offshore migration with tidal level, al-
though the onshore migration of the seaward edge of the terraced
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sandbarwas clearly underestimated, see also Dubarbier et al. (2013). By
the end of this simulation, model skill amounted to about 0.8, implying
that themodel performed clearly better than a no-changemodel. As ex-
pected, the model did not perform well in the swash zone, which,
although not shown in Fig. 11a–b, can be inferred from the unrealistic
increase in net transport rates for (x N 75 m; Fig. 11c–d, compare to
Fig. 3c). Because our simulationswere rather short (hours), it seems un-
likely that these strong negative transport rates already affected the
evolution of the terraced bar further seaward. Earlier simulations with
a similar model (Ruessink, 2005) illustrated that unrealistic beach face
evolution can lead to the disappearance of the bar-trough and hence
affect bar dynamics after several storms (weeks). In other words, the
lack of shoreline processes is not problematic for realistic beach face
predictions only but it can eventually lead to a degradation in model
performance in the surf zone too.

Fig. 11c–d illustrates the predicted sand transport rates by velocity
asymmetry, cross-shore mean flow and gravity, as well as the total
(net) transport, at t = 90 and 300 min in test A1. Values for the trans-
port rates by velocity skewness were near-zero throughout and are
not shown for clarity. Consistent with the observations (Fig. 3c), the
model predicted near-zero net transport rates in the offshore zone
(x b 65 m). The model suggests that these near-zero values are due to
a near-balance between onshore transport by velocity asymmetry and
offshore transport by a mean flow (the undertow) and gravity. Thus,
our inference that the sandbar formed in response to gradients in the
offshore directed transport rather than to convergence of onshore and
offshore transport (Fig. 3c) should not be interpreted as that sand trans-
port by wave non-linearity is unimportant. Instead, the transport by
wave asymmetry largely opposes that by the undertow and thus
strongly affects themagnitude and gradient of the net transport. In con-
trast to earlier simulations on substantially more gentle bed profiles
(e.g., Ruessink et al., 2007; Dubarbier et al., 2015b), the downslope
gravity-induced transport is not negligible on the present steep slope.
In the sandbar zone the predicted net transport rate became slightly
negative because the undertow-related transport rates increase more
rapidly in magnitude than the velocity-asymmetry induced transport
rate. The inability of themodel to handle shoreline processes is obvious
from predicted transport rates at x N 75m. Here, in sharp contrast to the
observations in Fig. 3c, the net transport rate becomes strongly more
negative, while in the observations the net rates become positive to re-
sult in a small berm. Consistent with field observations (e.g., Gallagher
et al., 1998) and other numerical model predictions (e.g., Plant et al.,
2004; Ruessink et al., 2007; Walstra et al., 2012; Kuriyama, 2012), the
offshore sandbarmigration in series C was predicted to be due to gradi-
ents in the undertow-related transport, although the magnitude of this
transport term was strongly counteracted by the onshore transport by
velocity asymmetry. During the higher stages of the tide, the transport
rates by themean current and the velocity asymmetry both diminished
and velocity skewness became the largest contributor to the net trans-
port rate. Additional simulations (e.g., Dubarbier et al., 2013) indicate
that the inclusion of velocity asymmetry is crucial to overall positive
skill in series C; without this term, themodel would have overestimated
offshore sandbar migration, and underestimated onshore sandbar
migration even more.

5. Conclusions

We examined bed level change on a near-prototype, initially steep
(1:15) and planar, coarse-grained (D50 = 430 μm) barrier in response
to different wave conditions, and sea and lagoon water levels. We dis-
tinguished between sandbar and berm dynamics (including, surf–
swash sand exchange; time scale of tens of minutes to hours), the net
effect of single and multiple swash events on the entire beach face
(time scale of a few seconds to hours), and instantaneous bed variability
at 3 cross-shore locations within individual swashes. During high-
energy waves (Hs = 0.8 m, Tp = 8 s) sand was predominantly eroded
from the inner surf zone, just below the still water level (SWL), to be de-
posited in the outer surf zone as a sandbar, and on the beach face as a
small berm. Based on numerical simulations with a process-based
morphodynamic model, velocity asymmetry, undertow and gravity
are all suggested to be important to this sandbar formation. In the
lower swash zone, sandwas depositedwhen the groundwater gradient
in the barrierwas landward (low lagoon levels) andwas eroded under a
seaward gradient (high lagoon levels). Subsequent low-energy, high-
period waves (Hs = 0.6 m, Tp = 12 s) caused substantially larger surf–
swash sand exchange: the pre-existing sandbar migrated onshore and
decayed, with the sand ending up on the beach face in a prominent
(up to 0.7mhigh), steep (1:6) berm. Following this, the effects of lagoon
level on beach face dynamics were negligible; instead, the berm grew
more quickly by decelerating swash flows, forcing sediment deposition
and further berm growth. Thus, we found berm dynamics to be
governed by wave conditions and the antecedent morphology, with
ground water gradients of additional importance when morpho-
dynamic feedback between swash flow and the berm is small. Consis-
tent with earlier field observations, bed level change within a swash
and averaged over a swash event could be substantial (several centime-
ters) during allwave conditions, but the net (i.e., averagedovermultiple
swash events) bed level change was strongly suppressed because ero-
sive and accretionary swashes nearly balanced. In addition, the local
beach face slope could be instantaneously ≈ 25 % steeper or shallower
than the median slope, or the initial or final slope. Tidal variations in
sea water level forced temporal variability in the direction of sandbar
migration, with onshore migration when less than some 20% of the
waves broke at the sandbar and offshore migration when breaking
wasmore intense. Berm growthwas now restricted to overtopping dur-
ing the highest water levels.
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