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ABSTRACT
New large-scale experiments on the influence of storm sequencing on beach profile evolution are presented. The
experiments comprised three sequences that commenced from the same initial beach profile. Each sequence
consisted of two storms of different energy, with each storm followed by a recovery phase. A specific focus of
the experiments was the influence of storm chronology as well as the influence of the recovery wave energy
and duration on beach evolution. The breaker bar and the shoreline are studied as indicators for the beach
response. Both evolve towards an equilibrium location for each wave condition where the breaker bar reaches
its equilibrium much faster than the shoreline. Overall, no enhanced beach erosion due to storm sequencing
is observed. Despite a similar cumulative wave power of the three sequences, the final beach configuration
of each sequence seems to be determined by the last wave condition instead of previous storms. However,
storm sequencing is important when the beach profile has not yet fully recovered before being disrupted by
the subsequent storm. In this case, the second storm does not necessarily cause further erosion but can result
in onshore sediment transport and hence, form part of the recovery. The bulk onshore sediment transport as
well as the shoreline recovery rate vary depending on the wave condition and the profile disequilibrium and
show a maximum value for a recovery condition with an intermediate wave energy. The very low energy
condition that was performed for a long duration (24 hours) generated a near-stationary beach profile with
typical features of a reflective beach.

1. Introduction
Storms that arrive in close temporal succession (storm sequences)
have been regarded to present a potentially underestimated risk for
beaches as they may result in increased beach erosion. However, it
is still not clear how the beach responds to a sequence of storms and
whether a storm within a sequence leads to more severe erosion than
the storm as an isolated event.
On the one hand, several studies found that storm sequences may
lead to more severe beach erosion due to insufficient recovery time
before the next storm makes landfall (e. g. Birkemeier et al., 1999; Cox
and Pirrello, 2001; Ferreira, 2002, 2005; Karunarathna et al., 2014).
In this regard, Birkemeier et al. (1999) proposed the ‘destabilising
hypothesis’, suggesting that the early storms in a sequence destabilise
the beach and therefore, the later storms result in more severe beach
change than one would expect from their intensity. Karunarathna et al.
(2014) studied circa 30 years of data from Narrabeen Beach, Australia,

and found that storm sequences with a cumulative storm power (calculated as the sum of the power of all storms in a sequence) that was
equivalent to the power of an individual storm resulted in larger beach
erosion.
On the other hand, recent studies support an equilibrium beach
concept stating that the beach, even under the influence of storm sequences, evolves towards an equilibrium state (e. g. Vousdoukas et al.,
2012; Coco et al., 2014; Morales-Márquez et al., 2018). Coco et al.
(2014) found that due to severe beach erosion of a very energetic storm,
a subsequent weaker storm had a limited erosive effect. They did not
observe a cumulative erosive effect during the studied storm sequence.
In line with beach equilibrium models (e. g. Miller and Dean, 2004;
Yates et al., 2009), Vousdoukas et al. (2012) presented a conceptual
model which states that, once the beach has reached an equilibrium,
it is only eroded further if storm intensity or water levels of previous
storms are exceeded.
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not allow the investigation of storm sequence effects on beaches due
to the potential influence of the previous beach state on future storms
where specific beach profile parameters might be in disequilibrium.
Previous studies highlighted the importance of the initial beach
morphology for beach evolution towards equilibrium (Yates et al.,
2009; Baldock et al., 2017; Morales-Márquez et al., 2018). They reported that, although the equilibrium beach profile depends only on
the wave forcing, reaching the same equilibrium profile from different
initial beach profiles and same wave conditions results in different
rates of beach change and sediment transport. Yates et al. (2009)
showed that, depending on the antecedent beach state, the same wave
condition can result in either accretion of a previously eroded beach or
in erosion of a previously accreted beach. Similar observations were
made by Scott et al. (2016) and Biausque and Senechal (2019). In
addition, Yates et al. (2009) found that change rates of the beach were
higher for a larger disequilibrium of the beach for the prevailing wave
conditions.
Despite the increasing number of studies comprising storm sequences, their effect on beach erosion and the role of recovery are still
not well understood. This is, at least partly, attributed to the lack of
data with high temporal–spatial resolution of beach profile evolution
during storm sequence conditions. In this regard, physical modelling
presents a powerful tool as it allows the performance of controlled wave
conditions and detailed measurements. An improved understanding of
beach evolution during storm sequences may ultimately be valuable for
a better assessment of coastal risks.
In this paper, we investigate the effects of storm sequences on
cross-shore beach profile evolution. Specific objectives are to study
the effects of storm chronology and the effect of recovery conditions
on beach response. This study is based on beach profile measurements, wave breaking observations and sediment samples obtained
in recently performed large-scale morphodynamic experiments. These
experiments resulted in one of the first large-scale data sets comprising
multiple storm and recovery stages within the same test sequence. The
performed wave conditions were unidirectional and shore-normally
approaching allowing the investigation of cross-shore beach morphodynamics. The prominent parameters – breaker bar location, shoreline
location and sediment transport – will be used as indicators for beach
response.
This paper is organised as follows. Sections 2 and 3 describe the
experimental setup and the data analysis, respectively. Results of the
beach evolution, with a specific focus on breaker bar and shoreline
evolution, as well as sediment transport are presented in Section 4. The
discussion and conclusions follow in Sections 5 and 6, respectively.

However, this concept may not hold if there is a change of the beach
state as it was reported by Baldock et al. (2017) and Birrien et al. (2018)
for a large storm and subsequent lower energy wave conditions at Duck,
N. C. and for medium-scale laboratory experiments. Waves with low
energy following high energy conditions were found to break further
onshore due to the previously eroded profile resulting in continued
beach erosion under low energy conditions. In this case, a subsequent
smaller storm can generate further erosion as the beach state is altered
and a new equilibrium state develops for the same wave conditions.
Other studies, such as Ruiz de Alegría-Arzaburu and Vidal-Ruiz
(2018), reported that, because of severe beach erosion and offshore
sediment transport into larger water depths than usual during winter
months, subsequent summer wave conditions were unable to fully
recover the beach. This implies that a minimum level of wave energy is
required to mobilise sediment that was transported far offshore during
high energy storms (Scott et al., 2016; Ruiz de Alegría-Arzaburu and
Vidal-Ruiz, 2018; Biausque and Senechal, 2019).
Overall, the number of studies available in the research field of
storm sequencing and beach response is limited and most were based
on field measurements or numerical simulations (e. g. Birkemeier et al.,
1999; Ferreira, 2002, 2005; Castelle et al., 2008; Vousdoukas et al.,
2012; Loureiro et al., 2012; Karunarathna et al., 2014; Splinter et al.,
2014; Dissanayake et al., 2015a,b,c; Angnuureng et al., 2017). These
studies were usually linked to a specific field site and hence, the results
may not be generically applicable. Field measurements are obtained
under natural conditions where different aspects of storm sequence
effects cannot be isolated and wave conditions cannot be controlled.
In contrast, numerical models offer perfect control of the input storm
sequencing. However, they require extensive calibration, accumulate
numerical errors during simulation time (which is critical for long
sequences) and they show rather poor performance when it comes
to modelling recovery phases (van Rijn et al., 2011). Moreover, only
few studies on storm sequence effects accounted for recovery conditions, (e. g. Ranasinghe et al., 2012; Pender and Karunarathna, 2013;
Karunarathna et al., 2014; Gravois et al., 2018), while most studies neglected recovery between storms (Ferreira, 2002, 2005; Splinter et al.,
2014; Dissanayake et al., 2015a,b,c; Gravois et al., 2016), especially
those where process-based numerical models were used.
Compared to field measurements and numerical simulations, laboratory experiments have not commonly been used to study the effects
of storm sequences on beach evolution (Eichentopf et al., 2019a).
This can be related to the large resources, especially in terms of time
and capital, required to perform long sequences of alternating high
and low energy wave conditions. Laboratory experiments allow the
performance of controlled and pre-defined storm sequence conditions
and detailed temporal–spatial measurements of beach profile evolution
and hydrodynamic parameters. It needs to be noted that controlled
experiments are normally a representation of real conditions which
present a simplification. Gravois et al. (2016) presented one of the few
laboratory studies on storm sequence effects on beaches comprising
medium-scale experiments with two storms of different intensity performed in different orders. Their study highlighted the importance of
a very energetic storm within a sequence which resulted in a similar
beach profile regardless of the initial beach state. Like most studies on
storm sequences, Gravois et al. (2016) did not account for low energy
conditions between storms, which could have the capacity to recover
the beach.
Likewise, previous large-scale laboratory experiments primarily focussed on high energy (storm) wave conditions. The experiments usually comprised one high energy (storm) event and only in a few studies
was a low energy (recovery) phase performed after the storm (Eichentopf et al., 2018). If recovery phases were performed, they were usually
of limited duration even though beach recovery may take more time
and hence, the development of a well recovered beach has not commonly been observed in large-scale experiments. Although insightful,
laboratory data with only one storm followed by a recovery phase do

2. Experimental setup
The data in this study were obtained within the EU funded
HYDRALAB+ Transnational Access project RESIST (‘Influence of storm
sequencing and beach REcovery on SedIment tranSporT and beach
resilience’). For a detailed description of the experimental setup the
reader is referred to Eichentopf et al. (2019b); in this section, the most
relevant aspects regarding the wave flume, the measurements and the
wave conditions for the present study are outlined.
2.1. Wave flume and instrumentation
The experiments were performed in the large-scale wave flume
Canal d’Investigació i Experimentació Marítima (CIEM) at Universitat
Politècnica de Catalunya (UPC) in Barcelona, Spain. The CIEM is 100 m
long, 3 m wide and 4.5 m deep and hence, is one of the few facilities
for large-scale testing of waves and beach profile evolution (see Dette
et al., 2002; Eichentopf et al., 2018, for an overview of large-scale
wave flumes and available data). In the CIEM, waves are generated
by a wedge-type wakemaker for which steering signals are based on
2
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followed by a low energy phase. Based on experience from previous
experiments, the high and low energy wave conditions were anticipated
to present phases of beach erosion and accretion, respectively.
Most of the performed wave conditions are bichromatic waves
which represent repeatable wave groups. Repeatable wave conditions
are essential for the analysis of sediment concentration and associated
hydrodynamic data that were acquired in the RESIST experiments and
that have been investigated in accompanying publications (e. g. van
der Zanden et al., 2019). In terms of beach profile evolution, Baldock
et al. (2011) showed for experiments in the same flume that sediment
transport and beach response under bichromatic waves is similar to
random waves of the same energy, in contrast to the sediment transport
by monochromatic waves.
Table 1 summarises details of the wave conditions, including the
target root mean square wave height 𝐻rms , the mean primary wave
period 𝑇p (calculated as the inverse of the mean primary wave frequency 𝑓p = (𝑓1 + 𝑓2 )∕2) for bichromatic wave conditions and the peak
period for random wave conditions, and the dimensionless sediment
fall velocity 𝛺 = 𝐻rms ∕(𝑤s 𝑇p ). The wave heights and frequencies of
the two bichromatic wave components (specified by the indices), as
well as the bichromatic wave group period 𝑇gr = 1∕(𝑓1 − 𝑓2 ) are also
shown in Table 1. The energetic wave conditions repeated every two
wave groups, whereas the low energy conditions repeated every three
groups. Low energy conditions were partly modulated with 𝐻1 = 0.5𝐻2
to facilitate continuous sediment entrainment for the low energy conditions which was important for the quality of the suspended sediment
and velocity measurements in the RESIST experiments (investigated
in accompanying studies). 𝛺 has traditionally been used to determine
the overall tendency of a beach (erosion or accretion) under a given
wave climate (Gourlay, 1968; Dean, 1973; Dalrymple, 1992). E1 and E2
denote the storm wave conditions, where E1 presents a highly energetic
storm and E2 a lower energy storm. A1, A2 and A3 are low energy wave
conditions, which are anticipated to recover the beach and of which
A3 presents the least energetic condition. Wave condition B presents a
benchmark case which was performed for 30 min at the start of each
sequence in order to compact and homogenise the manually reshaped
bed. In the benchmark case, random waves with a Jonswap spectrum
with 𝛾 = 3.3 were performed.
A standing wave due to basin seiching at a frequency of 𝑓 ≈ 0.024 Hz
was observed after each test. This is close to the frequency of the
seiching wave that was previously reported from data obtained in
the same wave flume but with different wave conditions (Alsina and
Cáceres, 2011; van der Zanden et al., 2018). Spectral analysis of the
water surface signal measured at circa 11.8 m from the wave paddle
revealed typical amplitudes of < 0.5 cm at this frequency, which is
considered small compared to the amplitudes at the short wave and
wave group frequencies. For bichromatic waves, the energy transfer
between the wave components is well-defined (e. g. Alsina et al., 2016)
and the bichromatic wave components and their combinations have
been designed not to coincide with the seiching mode and therefore,
the non-linear wave energy transfer to the seiching mode is very
small. Spurious free long waves at the wave group frequency may
also occur due to limitations of the first-order wave generation by the
wave paddle and the absence of an active wave absorption system for
long waves. For experiments in the same wave flume and involving
bichromatic waves, Alsina et al. (2016) reported that free ingoing

first-order wave generation. Active absorption was not used as reflection of the short wave is minimal because of wave breaking energy
dissipation at the beach slope. In addition, the long wave components
are of low frequencies for which active absorption is known to be less
effective (Baldock et al., 2000). Seiching and spurious waves associated
with first-order wave generation are addressed in Section 2.2.
The water depth at the wave paddle was 2.5 m. The experiments
started from a handmade 1/15 sloped beach profile created by commercial sand. As known from previous sieving analysis, the sand had a narrow grain size distribution with 𝑑50,siev = 0.25 mm (𝑑10,siev = 0.154 mm
and 𝑑90,siev = 0.372 mm) and a measured sediment settling velocity of
𝑤s = 0.034 m/s.
Two stainless metal plates (dividers) of 3 mm width, 6 m length and
0.7 m height were placed in the inner surf and swash zone to reduce
cross-tank asymmetries that usually occur at the run-up end. Baldock
et al. (2017) installed similar dividers in their medium-scale wave
flume experiments and successfully reduced cross-tank flow and bed
level asymmetries. Similar to Baldock et al. (2017), the dividers were
self-supporting through burial within the beach before the start of
the wave runs. They divided the flume into three sections of circa
0.75 m, 1.5 m and 0.75 m width in sequence 1. After the first sequence,
the dividers were slightly moved towards the centre of the flume to
improve their effect so that the flume was then divided into three equal
widths of circa 1 m.
The beach profile was measured along the centre line of the flume
with a mechanical profiler that is capable of measuring the profile
depth in the emerged as well as in the submerged part of the beach.
The bed profile measurements had a spatial resolution 𝛥𝑥 = 0.02 m and
a vertical accuracy of 0.01 m (Baldock et al., 2011). During the first
5–10 min of each wave test, visual observations of the most offshore
(outer) and most onshore (inner) breaking location as well as the
location of maximum wave run-up and run-down were noted. After
completion of the entire measuring programme, sediment samples were
collected from the bed of the drained flume at 20 cross-shore locations
in the surf and swash zones with a typical spacing of 0.5 m or 1.0 m.
These samples were collected after performing a very low energy wave
condition for a very long duration and were used to investigate the
sorting of sediment at the end of the sequence (see Section 3.3 for
details of the analysis technique).
The experiments present large-scale conditions which are considered to be near full scale and which are generally less affected by scaling (Sánchez-Arcilla et al., 2011). In a previous measuring campaign
(SANDS project (see Cáceres et al., 2008)), beach profile evolution in
the same wave flume was compared to prototype conditions (GWK
wave flume in Hannover, Germany) applying undistorted geometric
and Froude scaling with a geometric scale relationship of approximately 1:2. The results showed very good agreement of the beach
profile evolution between the different flumes (Sánchez-Arcilla et al.,
2011) which means that the results correspond to a geometric scaling
relation of approximately 1:2.
2.2. Storm sequences and wave conditions
In the present experiments, three storm sequences were generated.
Each sequence commenced from the 1/15 sloped bed profile and
consisted of two storms (energetic wave conditions) with each storm
Table 1
Target wave conditions performed in the RESIST experiments.
Wave condition

𝐻rms (m)

𝑇p (s)

𝛺 (−)

𝐻1 (m)

𝐻2 (m)

𝑓1 (Hz)

𝑓2 (Hz)

𝑇gr (s)

B

Benchmark

Random

0.30

4

2.21

n/a

n/a

n/a

n/a

n/a

E1
E2

High energy 1
High energy 2

Bichromatic
Bichromatic

0.42
0.32

3.7
3.7

3.34
2.54

0.320
0.245

0.320
0.245

0.3041
0.3041

0.2365
0.2365

14.80
14.80

A1
A2
A3

Low energy 1
Low energy 2
Low energy 3

Bichromatic
Bichromatic
Bichromatic

0.23
0.19
0.14

4.7
5.3
5.7

1.44
1.05
0.72

0.101
0.085
0.063

0.202
0.171
0.126

0.2276
0.2018
0.1877

0.1979
0.1755
0.1632

33.68
37.98
40.85
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Table 2
Storm sequences with their wave conditions, duration and cumulative time-integrated offshore wave power.
Sequence 1

Sequence 2

Sequence 3

Condition

Duration (min)

𝑃cum (kWh/m)

Condition

Duration (min)

𝑃cum (kWh/m)

Condition

Duration (min)

𝑃cum (kWh/m)

B
E1
A1
E2
A1

30
240
600
120
600

0.19
3.16
5.68
6.55
9.07

B
E2
A1
E1
A1

30
120
600
240
600

0.19
1.06
3.58
6.55
9.07

B
E1
A2
E2
A3

30
240
780
120
1440

0.19
3.16
5.63
6.50
9.04

positive landward. The vertical variable 𝑧 has its origin at the still water
level, positive upwards.
The first wave condition of each sequence started from a handmade
initial 1/15 sloped beach profile. Fig. 1 compares the variability between the initial beach profiles of the three sequences. The top panel
(Fig. 1a) shows the mean of the three initial profiles and the profile
envelope (minimum and maximum of the three profiles at each 𝑥location); the bottom panel (Fig. 1b) shows the difference of the profile
envelope. The initial profiles are found to be highly similar with a
mean difference in the profile envelope of < 3 cm (standard deviation
of 1.8 cm).

long waves represented up to 27% of the total energy at the group
frequency. In addition, they found that changes in the breaker bar
location were explained by variations in the breaking location with
negligible influence of long waves. Therefore, the effect of seiching
and incident spurious long waves on short wave propagation, wave
breaking and the morphological evolution is expected to be small.
The different wave conditions were combined to form three sequences of storms as summarised in Table 2. Sequences 1 and 2 comprised the same wave conditions for the same duration where only
the chronology of the storms was reversed. In sequences 1 and 2, only
one type of low energy wave condition was performed for the same
duration (A1 for 600 min). In sequence 3, the storm chronology was the
same as in sequence 1 (first E1, then E2) but the low energy conditions
were different: A2 was performed for 780 min (= 13 h) after E1 and A3
was performed for 1440 min (= 24 h) after E2. These durations were
chosen to have a similar time-integrated offshore wave power for all
low energy conditions which consequently means a highly similar total
(cumulative) offshore wave power for all three sequences. The timeintegrated offshore wave power 𝑃 for each wave condition is obtained
as:

3. Data analysis
In this section, the definition of the bar and shoreline location, the
calculation of sediment transport as well as the analysis of sediment
samples in terms of sediment grain size distribution are presented.
3.1. Shoreline and bar definition

1
2
𝜌𝑔 2 𝐻0,rms
𝑇p 𝛥𝑡
(1)
32𝜋
where 𝛥𝑡 presents the duration of the wave condition, 𝐻0,rms is the
calculated corresponding offshore root mean square wave height, 𝑔 is
the gravitational acceleration and 𝜌 the density of water (taken as the
density of fresh water as 1000 kg/m3 ). The cumulative offshore wave
power 𝑃cum of each sequence (calculated as the sum of 𝑃 of the different
wave conditions) is also shown in Table 2. The 20 sediment samples
(mentioned above in Section 2.1) were collected after the end of the
last sequence; hence, after condition A3.
Wave conditions were performed in tests of 30 min or 60 min after
which the wave paddle was stopped to measure the beach profile
during still water conditions. Usually, the first 120 min of each wave
condition were performed as 30 min tests to ensure more frequent
profile measurements during the anticipated fast changing initial stage
of beach profile evolution. Conditions A2 and A3 were performed only
as 60 min tests due to anticipated slow rate of beach profile change.
Beach profiles were measured before the start of each sequence
(initial profile of a sequence) and after each test. Most profiles were
measured between circa 53.5 m and 87 m onshore of the wave paddle
(87 m is onshore of the maximum wave run-up) and were supposed to
cover the entire active beach. An extended (‘complete’) profile measurement starting at 40 m onshore of the wave paddle was obtained before
the start and at the end of each sequence. In addition for sequences 2
and 3, a complete profile measurement was obtained upon completion
of each wave condition. The profile measurements resulted in a total
number of 119 beach profiles. Two profile measurements had to be
discarded (one after condition B and one during E1 in sequence 1) due
to acquisition errors.

In this work, the shoreline and the breaker bar location are studied
as indicators for the beach response. Both can be defined for each
measured beach profile. The definition of these parameters is illustrated
in Fig. 2. The shoreline location 𝑥0 is the cross-shore location where
the still water level (SWL) intersects the profile, which presents a
well-defined and common approach to define the shoreline location in
laboratory experiments (e. g. Grasso et al., 2011; Sánchez-Arcilla et al.,
2011; Baldock et al., 2017; Eichentopf et al., 2018). Shoreline erosion
(recovery) is defined as how much the shoreline recedes (accretes) in
the cross-shore direction during a defined time interval.

𝑃 =

2.3. Coordinate system and initial beach profile of a sequence
The coordinate system used in the present study has its cross-shore
origin at the initial shoreline (intersect of the still water level with the
initial profile) of each sequence. The cross-shore variable 𝑥 is defined

Fig. 1. (a) Mean initial profile of the sequences and their envelope, still water level
(SWL); (b) Difference of profile envelope and mean difference.
4

Coastal Engineering 157 (2020) 103659

S. Eichentopf et al.

3.3. Analysis of sediment grain size distribution
The grain size distribution of the sediment samples that were collected from the bed after completion of wave condition A3 were
analysed using the laser-based imaging system QICPIC developed by
Sympatec GmbH. A description of the system can be found in Altuhafi et al. (2013). Sieving of the original samples was performed
to remove sediment grains < 100 μm which is outside the measuring
range of QICPIC (Altuhafi et al., 2013). This fraction was very small
in all the samples (normally < 1 %) and was taken into account when
post-processing the sediment grain size data obtained with QICPIC.
From QICPIC, several particle size measures are available. Results
from conventional sieving analysis showed to be closest to the minimum Feret diameter (minimum distance between two parallel tangents
on opposite sides of the particle) which is consistent with Altuhafi et al.
(2013). Therefore, the minimum Feret diameter was used to compare
the results at the different cross-shore locations.

Fig. 2. Definition of coordinate system and profile parameters.

The breaker bar location 𝑥bar is defined as the cross-shore location
of the maximum difference in elevation between the studied and the
initial beach profile of the sequence (‘global maximum elevation’),
hereinafter also named ‘main (breaker) bar’ (following e. g. Alsina et al.,
2012; Eichentopf et al., 2018). A smaller, secondary bar can form
onshore or offshore of the breaker bar under some wave conditions.
This secondary bar is defined as the second largest local elevation
difference (see Fig. 2).

4. Results
In this section, results from the analysis of beach profile changes
and sediment transport calculations are presented. First, the overall
beach profile evolution during the three performed storm sequences
is presented along with more details on the beach evolution under
the two storm wave conditions and the recovery conditions of long
duration. After this, the changes of the breaker bar and wave breaking
location as well as the shoreline evolution during the three sequences
are analysed. Finally, the results of the bulk sediment transport and
sediment transport rates are presented.

3.2. Sediment transport computations
The sediment transport rate 𝑞 at each cross-shore location 𝑥𝑖 is
obtained from the change in bed elevation 𝛥𝑧𝑖 during a corresponding
time interval 𝛥𝑡 (Baldock et al., 2011):
𝑥i

𝑞(𝑥i ) = 𝑞(𝑥i−1 ) −

∫𝑥i−1

(1 − 𝑝)

𝛥𝑧i
𝑑𝑥
𝛥𝑡

4.1. Beach profile evolution

(2)

where 𝑝 is the porosity of the sediment bed which equals 0.4. 𝑞 presents
the total (bed load and suspended load) sediment transport rate which
is offshore directed for negative values of 𝑞 and onshore directed for
positive values of 𝑞.
At both cross-shore boundaries of the sediment transport computation (closure limits), the sediment transport rate computed by Eq. (2)
should be zero as no sediment is transported beyond these limits.
However, as known from previous studies (e. g. Baldock et al., 2010,
2011; Gravois et al., 2016), 𝑞 obtained from Eq. (2) is often not equal
to zero at the offshore closure limit which is primarily related to the
accuracy of the profile measurements as well as to the profile not being
perfectly uniform across the flume. To ensure the condition of zero
sediment transport at the closure limits is met, any error in sediment
volume when computing sediment transport is distributed uniformly
along the profile (following Baldock et al., 2010, 2011).
A parameter to analyse the beach response during any time interval
𝛥𝑡 is the net bulk transport 𝑄 obtained as the integral of 𝑞 along the
profile (Baldock et al., 2011, 2017; Jacobsen and Fredsoe, 2014):

The overall evolution of the beach profile in the three sequences is
shown in Fig. 3 as a contour plot. Profiles are presented as elevation
changes 𝛥𝑧0 between each profile and the initial profile of the sequence.
In Fig. 3, the shoreline location is indicated as bold black line, the
location of the breaker bar and the secondary bar of each profile are
shown as solid and open circles, respectively.
In general, the three sequences present some similitudes during
the high energy and low energy conditions of the different sequences.
The high energy events result, in all sequences, in the generation of a
breaker bar, its offshore migration and beach erosion in the inner surf
zone (usually associated with shoreline retreat). Major beach profile
changes during high energy wave conditions occur primarily in the
beginning of these conditions, reaching a quasi-equilibrium situation
within a few tests (typically within circa 90 min).
The bar reaches its most offshore location during the most energetic
(E1) condition. During E1, a secondary (inner) bar forms onshore of
the main breaker bar and it also migrates offshore with increasing high
energy test time. Processes driving secondary bar evolution have been
addressed in previous studies. Pape et al. (2010) highlighted that, while
most wave energy is dissipated over the outer bar, wave reformation
and secondary wave breaking can be important for inner bar evolution;
in addition, Baldock et al. (2017) reported that the sediment needed for
secondary bar formation was drawn from the inner surf zone in both
laboratory and field conditions.
The low energy wave conditions in the three sequences lead to
onshore migration of the main breaker bar and recovery of the shoreline. Sediment movement during low energy conditions seems to occur
more slowly than during energetic conditions and the low energy
conditions reach a quasi-equilibrium situation after longer timescales.
Under low energy conditions, a berm develops in the swash zone while
the trough at around 𝑥 ≈ 0 m deepens. This berm is very pronounced
under conditions A2 and A3 and smaller for conditions A1. Towards the
end of the low energy conditions, the berm grows and expands towards

𝑥max

𝑄 = 𝛥𝑡

∫𝑥min

𝑞(𝑥)𝑑𝑥

(3)

where 𝑥min and 𝑥max present the off- and onshore boundaries, respectively, past which no sediment transport occurs. 𝑄 is non-zero if there
is a net movement of the sediment mass within the active profile, even
though the total volume of sediment is conserved. 𝑄 has been used as
an indication of the overall beach response (erosive or accretive) where
positive values of 𝑄 present net onshore sediment transport (beach
accretion) and negative values of 𝑄 refer to net offshore sediment transport (beach erosion). 𝑄 can be computed for different time intervals
(in the present study this is normally the time under the same wave
conditions) and is supposed to approach a stable value (equilibrium)
after sufficiently long performance of the same wave condition.
5
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Fig. 3. Contour plots of elevation changes 𝛥𝑧0 from the initial profile of the sequence over time in sequence 1 (a), sequence 2 (b) and sequence 3 (c). The shoreline (bold black
line), the breaker bar location (solid circles) and the secondary bar location (hollow circles) are highlighted. Note that the breaker bar location could not be defined for two tests
in sequence 1 because no profile measurements were available for these tests.

the offshore. This evolution of the berm is relevant to the evolution of
the shoreline which will be further examined in Section 4.3.
Fig. 3 reveals that the final profile morphology varies between the
sequences and seems to be determined by the last performed wave
conditions rather than the storm history, even though the cumulative
power of the three sequences was approximately the same (see Table 2).
This suggests that the cumulative power of a storm sequence does not
necessarily give indication on the beach morphology at the end of the
sequence; the final morphology rather depends on the final recovery
condition and whether these were run for a sufficiently long duration
to arrive at a stable state.

E1 in sequence 2 (see Figs. 3b and 4c) where condition E1 presents an
abrupt disruption to the beach profile resulting in erosion of the berm,
the shoreline, and the bar. The bar gets almost entirely eroded within
the first 30 min of condition E1 and a new bar develops closer to the
equilibrium bar location of condition E1.
After these initial fast changes, the profile evolves towards a relatively stable state under both E1 and E2 which seems highly similar
for each condition, despite the different profiles preceding the energetic
conditions. This is in line with Gravois et al. (2016) who made similar
observations in medium-scale experiments where an energetic event
normally resulted in a highly similar final profile regardless of the
initial profile of the storm wave conditions. This suggests that the
profile morphology from which the energetic storms start does not have
a large influence on the profile morphology during and after this storm
which is consistent with the equilibrium beach concept. It is noted that
this finding might not hold in the case of an alteration of the beach
volume, for instance by beach nourishments. Differences in the bar size
and shoreline location were observed for the same storm conditions
but different beach volumes and varying nourishment locations (Grasso
et al., 2011).

4.1.1. Storm wave conditions
Fig. 4 presents the beach profile evolution for the three sequences
under conditions E1 (left panels) and E2 (right panels). Time intervals
between the beach profile measurements are 60 min for E1 and 30 min
for E2. The colour changes from light to dark as time progresses.
The formation of the breaker bar and its offshore migration can be
clearly noted for both E1 and E2 as well as the formation and offshore
migration of the secondary (inner) bar under E1. A trough develops in
the inner surf/swash zone. The bar and trough have a larger volume
under E1 than under E2. Offshore of the breaker bar, small profile
changes in the form of ripples can be observed under E1 whereas under
E2 measured beach profile changes appear to be negligible offshore of
𝑥 ≈ −15 m.
Most changes of the beach profile occur in the beginning of the high
energy wave conditions. This can be noted, for instance, for condition

4.1.2. Low energy wave conditions of long duration
In the present experiments, conditions A2 and A3 present very
long runs (13 h and 24 h, respectively) of low energy wave conditions.
Fig. 5 shows selected beach profiles measured under conditions A2 and
A3. The bar, which developed during the preceding storm conditions,
decays gradually under conditions A2 and A3 and only a small bar
6
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Fig. 4. Profile evolution under high energy conditions E1 and E2 in the three sequences. Left (right) panels show profiles under E1 in 60 min intervals (under E2 in 30 min
intervals); colour changes from light to dark as time progresses; dashed–dotted lines present the profile from which the energetic conditions started (this profile was not available
for E1 - Sequence 1); the bold black line presents the last profile under the energetic conditions. Recall the order of the wave conditions in each sequence: sequence 1 (E1-A1-E2-A1),
sequence 2 (E2-A1-E1-A1), sequence 3 (E1-A2-E2-A3).

• step formation at the base of the beachface (corresponding to the
maximum run-down location which was observed to be located
at −1.8 m during the last A3 test, see Fig. 5b); and
• cross-shore sediment sorting with accumulation of coarser sediments around the step and deposition of finer sediments offshore
of it.

remains. At the end of conditions A2 and A3, the bar is no longer the
most striking feature of the beach profile as a large berm has developed
in the swash zone. The berm largely contributes to the recovery of the
shoreline.
Of particular interest is the profile evolution observed under the
low energy wave condition of very long duration (24 h) in sequence 3
(condition A3). During A3, the sediment of the main breaker bar that
evolved under E2 is transported onshore and it supplies the evolving
berm resulting in a reflective beach state. Onshore transport of the
bar sediment under long periods of low energy wave conditions has
also been reported from field measurements (Phillips et al., 2017; Ruiz
de Alegría-Arzaburu and Vidal-Ruiz, 2018). In addition, Phillips et al.
(2017) and Ruiz de Alegría-Arzaburu and Vidal-Ruiz (2018) reported
welding of the bar to the shoreline and highlighted the importance
of the proximity of the bar to the shoreline for shoreline recovery.
Even though in the present study the proximity of the breaker bar to
the shoreline cannot clearly be linked to beach recovery and welding
of the bar to the shoreline is not observed, onshore transport of the
bar sediment under low energy conditions clearly takes place and the
sediment is important to supply the formation of the berm, to recover
the shoreline and to form a reflective beach profile.
Reflective beaches typically develop under wave conditions with
very low 𝛺 with the following characteristic features (Wright and Short,
1984; Short, 1999):
• an (almost) barless profile;
• a steep and relatively linear beachface with a runnel (the beach
slope at the offshore side of the berm was 1/8 which is considerably steeper than the 1/15 slope of the initial profile of the
sequence);

Fig. 5. Berm formation and bar decay during A2 and A3 in sequence 3 (E1-A2-E2-A3).
The indicated times refer to the time under the same wave condition.
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below. Overall, wave breaking occurs at a very similar location for each
wave condition. No wave breaking locations could be recorded towards
the end of condition A3 because waves were identified from visual
observations to be predominantly surging breakers which are typical
of reflective beaches (Short, 1999).
Fig. 7 shows a clear link between the breaker bar location and
the outer breaking location. Under energetic wave conditions, the bar
shows fast offshore migration to the outer breaking location directly at
the beginning of the energetic conditions. The link between the bar and
the breaking location, especially under high energy waves, corroborates
findings from previous studies (e. g. Hoefel and Elgar, 2003; MariñoTapia et al., 2007; Almar et al., 2010; Pape et al., 2010; Eichentopf
et al., 2018). Under subsequent low energy conditions, the bar also
migrates towards the outer breaking location but the timescale of migration is generally longer than for the high energy waves. Larger beach
response times for lower energy wave conditions were also reported
in previous studies comprising field measurements, such as Pape et al.
(2010) and Morales-Márquez et al. (2018). During long periods of low
energy waves, such as condition A3 in the present experiments, breaker
bars do not necessarily travel towards the wave breaking location but
they migrate onshore and eventually disappear (Pape et al., 2010).
Under low energy conditions after E1, the secondary (inner) bar
plays an important role for the bar to arrive at its equilibrium location.
The waves are usually so small that they pass the breaker bar and break
close to the inner bar. This was similarly reported in previous studies,
such as Baldock et al. (2017), Birrien et al. (2018) and Eichentopf et al.
(2018). The secondary (inner) bar progressively increases in height until it turns into the main breaker bar. The outer bar gradually decreases
in height and disappears under condition A2. Under condition A1, the
outer bar migrates onshore while the location of the inner bar remains
stable and the two bars eventually merge (see also Fig. 3a,b).
This observation may lead to a general reconsideration regarding
the definition of the breaker bar in case of a multi-barred beach profile.
Usually, the breaker bar is defined from the beach profile by either the
maximum elevation change (as in the present study and e. g. Alsina
et al., 2012, 2016; Eichentopf et al., 2018) or by the local maximum of
the absolute profile (e. g. Sánchez-Arcilla and Cáceres, 2017). However,
in the case of multiple bars, it appears more suitable to define an ‘active
breaker bar’ (following e. g. Birrien et al., 2018) as the one which
is closest to the outer breaking location rather than defining a ‘main
breaker bar’ which is solely defined from the profile measurements.
After the initial adjustment of the bar to the outer breaking location,
the bar is found at a relatively stable location with very limited changes
(‘quasi-equilibrium location’) under all wave conditions (given that a
breaker bar could be defined). This is particularly evident for the low
energy conditions A1 and A2 and it seems to be mainly a matter of
time when the bar reaches a stable location. Under high energy waves,
the bar also evolves towards a stable location as can be noted by the
reduced offshore migration rate of the bar at the end of conditions E1
and E2.
To compare the quasi-equilibrium bar location at the end of the
same wave condition, Fig. 8 shows the final bar location of each
wave condition plotted against 𝛺. The final, quasi-equilibrium bar
location is highly similar for the same 𝛺 and interestingly, exhibits
an approximately linear dependency between the bar location towards
the offshore with increasing 𝛺. The similarity of the bar location for
the same 𝛺 highlights that storm sequencing does not have a large
effect on the final bar location in the present experiments regardless
of the previous storm sequence history and antecedent morphologies.
However, as shown in Fig. 7, the time needed for the breaker bar to
arrive at its equilibrium location can vary depending on the preceding
wave condition and hence, on the disequilibrium of the bar location at
the beginning of the wave condition.

Fig. 6. Initial and final beach profile of sequence 3 as well as cross-shore distribution of
grain sizes after condition A3 in sequence 3 (E1-A2-E2-A3). The left and right ordinate
refer to the profile depth and to the grain size, respectively. The sediment diameters
are taken as the minimum Feret diameter.

In the present study, cross-shore sediment sorting was investigated
based on the sediment samples that were collected from the drained
flume after completion of condition A3. Results from the sediment size
analysis (𝑑10 , 𝑑50 , 𝑑90 ) at the different cross-shore locations are shown
in Fig. 6 along with the initial profile of the sequence and the final
profile which was measured after A3.
A local accumulation of coarser sediments at the maximum rundown location at the end of A3 (corresponding to the location of the
beach step) can be observed. Especially 𝑑90 is large, reaching 0.58 mm,
and is indicative of the much wider grain size distribution around the
beach step compared to the other locations. Directly onshore of the
step, the sediment is finer and more uniformly distributed. Further onshore, around the shoreline, the sediment is again coarser and becomes
finer with a more uniform distribution towards the crest of the berm.
Apparently, only fine grained material is transported onshore to the
crest of the berm, while the coarse material tends to converge at the
step which is in line with previous studies on graded sediment transport
around beach steps, such as Miller and Zeigler (1958) and Hughes and
Cowell (1987). Directly offshore of the step, the sediment is considerably finer with a very narrow grain size distribution. Towards the
offshore, sediment sizes are relatively constant with increased sediment
sizes at the crest of the decayed bar.
It needs to be noted that the sediment distribution at the beginning
of condition A3 is unknown and hence, its effect cannot be taken into
account. However, due to the long duration of A3 (24 h) which resulted
in a near-stationary profile state (see Fig. 3), the sediment distribution
is assumed to have also reached a quasi-equilibrium condition that is
specific for condition A3.
The results are generally in line with Masselink et al. (2016) who
reported sorting of sediment during low energy conditions in largescale morphodynamic experiments. In their experiments, the sediment
became relatively fine towards the berm crest and relatively coarse in
the mid-lower swash and inner surf zone which matches well with the
results presented in Fig. 6. However, Masselink et al. (2016) did not
focus on the evolution of a reflective beach state and hence, did not
report formation of a beach step and associated sediment sorting.
4.2. Breaker bar migration and wave breaking location
Fig. 7 shows the locations of the breaker bar and the secondary bar
together with the observed locations of inner and outer wave breaking
for the three storm sequences. The figure reveals that both the outer
and inner breaking location are found further offshore (onshore) for
the more (less) energetic wave conditions. The wave breaking location
usually changes immediately with the change in wave conditions and
is often not much affected by the existing bar as will be detailed
8
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Fig. 7. Observed breaking and computed bar locations over time in sequence 1 (a), sequence 2 (b) and sequence 3 (c).

E1. These differences in shoreline location have an important effect
on the subsequent recovery under A1: in contrast to A1 after E2, the
shoreline in A1 after E1 does not reach a quasi-equilibrium location
as the time was most likely not sufficient to fully recover the strongly
eroded shoreline after E1. This highlights the importance of the initial
morphology and the duration of a wave condition to reach an equilibrium/recovered condition, especially for low energy conditions for
which it is known that the profile evolves more slowly compared to
storm wave conditions (e. g. Kriebel and Dean, 1993; Morales-Márquez
et al., 2018).
The importance of the initial beach morphology of a wave condition is highlighted by a closer examination of the shoreline evolution
during condition E2: while the shoreline erodes in both sequences 2
and 3, shoreline change is almost negligible in sequence 1. Because
the shoreline evolves towards a similar final location under E2 in
each sequence, the shoreline change rate is different depending on
the sequence and hence, depending on the initial shoreline location
of condition E2. In sequence 1, after condition A1-1, the shoreline is
close to the final shoreline location of E2 (i. e. 𝑥0 ≈ 1.5 m) while the
shoreline is much more recovered at the beginning of E2 in sequences 2
and 3. Consequently, E2 in sequence 1 does not promote shoreline
erosion as in sequences 2 and 3. This further supports the concept
that beach evolution depends on initial beach configuration and wave
conditions (e. g. Grasso et al., 2009; Yates et al., 2009; Baldock et al.,
2017; Morales-Márquez et al., 2018).
The importance of the wave conditions for shoreline evolution
becomes further evident by comparing different low energy conditions that were run from a similar storm profile. A comparison of the
shoreline evolution under condition A2 (sequence 3) with condition
A1-1 in sequence 1, which were both run after E1, reveals a much
higher shoreline recovery rate for A2. At the end of condition A1-1 in
sequence 1, the shoreline is not at its quasi-equilibrium location because
shoreline recovery was not fast enough or because the condition was
not run for a sufficient duration. In contrast under A2, the quasiequilibrium shoreline location (𝑥0 ≈ 0.1 m) is more offshore located, i. e.

4.3. Shoreline evolution
Fig. 9 shows the shoreline location of each measured beach profile
of the three sequences. In addition, Fig. 10 presents the shoreline
location at the end of each wave condition against 𝛺. Similar to
the breaker bar location, the shoreline also evolves towards a quasiequilibrium state under the prevalent wave condition (as can be noted
by the reduced shoreline change rate towards the end of most wave
conditions). This is particularly evident for condition A1 after E2 as
well as for conditions A2 and A3 as the shoreline shows very limited
change after a certain duration under these conditions. Also for high
energy conditions shoreline evolution towards an equilibrium location
is evident as shoreline recession slows down towards the end of E1 and
E2.
The very high energy condition E1 results in a strongly eroded
shoreline whereas E2 results in a lesser eroded shoreline compared to

Fig. 8. Bar location at the end of each wave condition.
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Fig. 9. Shoreline location over time in sequence 1 (a), sequence 2 (b), sequence 3 (c).

more recovery is required, than for A1 but this equilibrium location is
reached after circa 600 min which is equivalent to the total duration of
A1.
Also condition A3 leads to a quasi-equilibrium shoreline location
(𝑥0 ≈ 0 m, after circa 700 min). Shoreline recovery occurs more slowly
than under A2, despite A3 being a lower energy condition (with a
smaller value of 𝛺) which might give reason to expect more pronounced recovery. However, the shoreline at the beginning of A2
was further from its equilibrium location which may promote larger
shoreline change rates (Yates et al., 2009).
Despite the overall recovery of the shoreline under conditions A1,
the shoreline continues to erode in the beginning of most A1 conditions.
Baldock et al. (2017) and Birrien et al. (2018) linked beach erosion
during the transition from high to lower energy conditions to an
onshore shift of the wave breaking location and an associated change
towards a more reflective beach state. In the present experiments, this
might provide a reason for continued erosion under condition A1 after
E1 where waves break close to the inner bar under A1 (see Fig. 7).

However, in the present study initial shoreline erosion under conditions
A1 is primarily explained by swash zone processes and the development
of a berm in the beginning of A1 (as described in Section 4.1 along
with Fig. 3). The sediment for berm formation originates from the
inner surf/lower swash zone (transported by horizontal advection)
generating initial shoreline erosion under most A1 conditions (e. g.
Alsina et al., 2018). This was also previously observed in the field
by Weir et al. (2006). Once the berm has developed, it grows in size
and expands towards the offshore promoting shoreline recovery. The
differences in shoreline evolution in the beginning of A1 starting from
a similar erosive profile are found to be related to small variations in
the shape of the berm and trough.
4.4. Sediment transport under different wave conditions
In this section, results from sediment transport calculations are
presented. Fig. 11 shows the bulk sediment transport 𝑄 as a function of
time for wave conditions E2, A1, A2 and A3 where 𝑄 is computed based
on the initial profile at the start of the respective wave condition. For
the sediment transport computations, the beach profile measurements
have to cover the entire active beach which was the case for all
conditions except for profiles obtained under condition E1. E1 was the
most energetic condition and was found to induce small profile changes
offshore that were only covered when an extended profile measurement
was performed.
Fig. 11 reveals that under the low energy wave conditions (Fig. 11b,
c, d) the bulk sediment transport is normally positive, i. e. onshore
directed, and increases with time. Towards the end of the low energy
conditions, 𝑄 tends towards a relatively stable value. This is specifically
evident for condition A3 where the last five data points have a highly
similar 𝑄 (the last value is considered as an outlier most likely related
to a slight shift of the profile which is possibly related to sinking of the
wheel of the mechanical profiler when doing the measurement). Note
that if 𝑄 arrives at a stable value in Fig. 11, it indicates that there is
no further bulk sediment transport during this run, i. e. the profile has
evolved to a stable equilibrium condition.

Fig. 10. Shoreline location at the end of each wave condition.
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Fig. 11. Bulk cross-shore sediment transport 𝑄 from the start of each wave condition as a function of time for wave conditions E2 (a), A1 (b), A2 (c) and A3 (d) from different
sequences. Note the different durations of the wave conditions resulting in different scales of the abscissas.

Fig. 12a) and indicates for each wave condition the initial shoreline

It is interesting to note that in the beginning of conditions A1 after
E2 bulk sediment transport is offshore directed (for condition A1-1
seq.2 in Fig. 11b) or approximately zero (for condition A1-2 seq.1 in
Fig. 11b). This indicates an overall initial erosion of the beach during
A1 after E2 (see also Fig. 9a,b). In contrast, bulk sediment transport is
onshore directed in the beginning of A1 after E1 (A1-1 seq.1 and A1-2
seq.2 in Fig. 11b). Over longer timescales, however, the differences in
𝑄 for the same wave condition and hence, the dependence on the initial
beach state, seem to diminish.
For condition E2 a tendency towards a stable 𝑄 value can also be
noted (Fig. 11a) even though, due to the shorter duration of E2, it is less
evident than for the low energy conditions. From the profile evolution
(see Fig. 4, right panels) it was already shown that the profiles under
E2 develop towards a stable state (even though the bar and shoreline
have not yet reached a fully stable location as known from Figs. 7 and
9) and can be considered to be close to their quasi-equilibrium. It is
interesting to note that reaching this quasi-equilibrium state under E2
corresponds to offshore bulk sediment transport during sequences 2 and
3 but onshore bulk transport during sequence 1.
Fig. 12a shows the bulk sediment transport in quasi-equilibrium,
which corresponds to the 𝑄 values at the end of each wave condition
shown in Fig. 11, plotted against 𝛺. Here, also 𝑄 values calculated
for the E1 conditions in sequences 2 and 3 can be presented because
a complete profile measurement was performed before and after these
conditions (covering the closure limits) and as was shown in Fig. 4,
the profile evolves towards equilibrium at the end of E1. For A3, the
penultimate value (after 1380 min) is shown as equilibrium value.
The data presented in Fig. 12a show that 𝑄 is not necessarily a
monotonic function of 𝛺 but that lower energy wave conditions, i. e.
small values of 𝛺, can generate larger bulk sediment transport than
larger values of 𝛺. Fig. 12a highlights that maximum net onshore
sediment transport occurs for A2 despite A3 presenting a lower energy
condition (according to 𝛺).
Differences between the bulk transport under the same wave condition (same 𝛺) become evident from Fig. 12a and are linked to
the differences in profile disequilibrium at the beginning of the wave
condition. In fact, Fig. 12a does not account for the initial beach
profile which is, however, crucial for the volume of transported sediment. Therefore, Fig. 12b shows the bulk transport 𝑄 against 𝛺 (as in

location 𝑥0 with the colour scale. Data points with a similar colour
indicate a similar shoreline location at the start of the wave condition

Fig. 12. Bulk sediment transport 𝑄 from the start of each wave condition at quasiequilibrium. In the bottom panel (b) the initial shoreline location for each wave
condition is indicated with the colour spectrum. Larger (smaller) values of the colour
spectrum denote a more eroded (accreted) shoreline at the beginning of the wave
condition.
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and can therefore be compared without the influence of varying initial
shoreline locations.
Baldock et al. (2011) formulated the following 𝑄-𝛺-relationship for
a given shoreline location based on the beach equilibrium concept:
𝑄 = 𝐴(𝛺eq (𝑥0 ) − 𝛺)𝛺𝑛

condition A3 has a lower 𝛺 and may therefore be expected to be
more accretive than condition A2. However, the larger disequilibrium
in the beginning of condition A2 may provide a reason for increased
bulk transport because a larger disequilibrium is supposed to promote
faster beach changes (Yates et al., 2009), provided that the entire
beach profile remains active (Scott et al., 2016; Baldock et al., 2017;
Biausque and Senechal, 2019). In addition, despite being able to keep
the entire beach profile active, the much lower waves of condition A3
may mobilise less sediment and hence, result in reduced recovery rates.
Both the bar and the shoreline evolve towards an equilibrium
location that is specific for each wave condition. The timescale for
establishing an equilibrium after a change in wave condition is much
shorter for the bar (typically within one hour) than for the shoreline
(typically a few hours). The experiments were carried out at an approximate geometric scale of 1:2 (Sánchez-Arcilla et al., 2011) and
therefore, following Froude scaling, indicative
timescales at prototype
√
scale are approximately a factor of 2 higher than in the present
laboratory setting. Under low energy conditions, the morphological
process that importantly contributes to the faster evolution of the bar
towards equilibrium compared to the shoreline is the change of the
‘active’ bar from the outer to the inner bar. This is related to the waves
breaking at the inner bar directly from the beginning of conditions
A1 and A2. This breaking at the inner bar importantly contributes to
the equilibrium location of the bar being reached faster compared to
the shoreline and presents a very efficient way of morphological beach
adjustment at the present short-term scale, i. e. the former breaker bar
does not have to move onshore.
In addition, the faster evolution towards equilibrium of the bar may
also be related to the processes driving bar and shoreline evolution
which will, however, require future investigations using hydrodynamic
measurements. While the breaker bar evolution is largely driven by
breaking-related processes in the submerged beach, primarily offshore
(onshore) sediment transport due to mean return flow (wave nonlinearities) (e. g. Hoefel and Elgar, 2003; Mariño-Tapia et al., 2007;
Alsina et al., 2016), the shoreline presents the interface between the
sub- and emerged beach where processes, such as wave–swash interactions, backwash, and sediment advection, are relevant for sediment
transport (e. g. Blenkinsopp et al., 2011; Cáceres and Alsina, 2012;
Alsina et al., 2018; van der Zanden et al., 2019). The present findings provide indication that, at least in the present experiments, the
processes driving bar evolution tend to occur faster than the processes
involved in shoreline evolution. This becomes evident because even
for the wave conditions where the secondary bar was not a reason
for quick adjustment of the bar location, the equilibrium was reached
faster for the bar than for the shoreline (compare, for instance, bar and
shoreline evolution during condition A1-2 in sequence 1 in Figs. 7a and
9a, respectively).
In terms of a generalisation of the findings on storm sequencing
and beach response from the present study, certain aspects have to be
considered. Although bichromatic wave conditions in this wave flume
were reported to induce similar beach response as random waves (Baldock et al., 2011), the quantitative rate of morphological change to
reach equilibrium might be faster for bichromatic waves compared
to natural (random) conditions. The details of the bichromatic wave
conditions (e. g. number of individual waves per group) can also affect
the timescale of morphological evolution. For instance, Alsina et al.
(2018) reported that shorter bichromatic wave groups (less individual
wave variability) reached equilibrium faster than longer wave groups
(more individual wave variability).
Moreover, temporal variations in the water level due to tides and
surge were not accounted for in the present experiments. Storm peaks
coinciding with high tides at tide-dominated environments have the
capacity to induce significantly larger beach erosion than expected
based on their wave power (Dissanayake et al., 2015c). As a result, a
storm that occurs second in the sequence but at high tide may result in
further erosion despite similar or even lesser storm power. Following

(4)

where 𝛺eq (𝑥0 ) denotes the 𝛺 value that would result in no/equilibrium
sediment transport for the present shoreline location 𝑥0 , 𝐴 (m3 ) is a
scaling factor to maintain dimensions and 𝑛 presents some power.
Baldock et al. (2017) (figure 15a in their paper) exemplified the 𝑄𝛺-relationship for varying values of 𝛺eq (𝑥0 ). The present data reaffirm
this concept by values of 𝑄 calculated from experimental data for a
similar initial shoreline location (similar colour in Fig. 12b).
In line with studies on equilibrium beach evolution, such as Yates
et al. (2009) and Baldock et al. (2017), Fig. 12 evidences that the
same wave condition can result in either beach erosion or recovery
(corresponding to a negative or positive value of 𝑄), depending on
whether the beach is in a more recovered or eroded state compared
to the equilibrium state for these wave conditions. This highlights that
the terms erosive and accretive are not necessarily associated with high
and low energy wave conditions, respectively, but that they need to
be linked to the disequilibrium of the beach for the incident wave
conditions.
This is most clearly shown by the values of 𝑄 for condition E2 in
the three sequences: while sediment transport is offshore directed in
sequences 2 and 3, sediment transport is onshore directed in sequence 1.
As shown in Fig. 12b and as discussed in Section 4.3, the shoreline
at the beginning of E2 in sequence 1 is in a less recovered state and
hence, closer to the equilibrium shoreline location of E2. Consequently,
the shoreline erodes under E2 in sequences 2 and 3 (associated with
offshore sediment transport) while no evident shoreline change is
observed in sequence 1 where onshore sediment transport occurs.
5. Discussion
The similarity of the shoreline and bar location at the end of the
same wave conditions, despite different initial morphologies, suggests
that the final bar and shoreline location of each wave condition is not
much affected by storm sequencing (including storm chronology and
hence, the effect of the initial morphology). No cumulative effect due to
storm sequencing on equilibrium bar and shoreline location is observed.
The final beach state at the end of each sequence is determined by the
last performed wave condition and its duration rather than by storms
that occurred previously in the sequence. This is similar to what Vousdoukas et al. (2012) described in their conceptual model that, once an
equilibrium beach state is reached, a beach only erodes further if the
previous storm power is exceeded. It also supports previous findings
from specific field sites on short-term beach evolution under storm
sequence forcing by Coco et al. (2014) and Morales-Márquez et al.
(2018).
The above findings imply that storm sequencing is important for
the change rate of the beach during a storm when the beach does not
have sufficient time to recover between two storm events. In this case,
a small subsequent storm might even generate beach recovery if the
preceding low energy conditions only provided limited recovery (as
shown for condition E2 which is studied in more detail in Eichentopf
et al. (2019c)). On the other hand, if the beach is in a more recovered
state, more sediment can be eroded during subsequent storm wave conditions. This was similarly highlighted by Yates et al. (2009) and Scott
et al. (2016).
The 𝑄-𝛺-relationship for a given beach width (Baldock et al., 2011,
2017) is well supported by the present data which provide the advantage of covering a range of wave conditions and initial beach
morphologies. It has become evident that bulk sediment transport does
not necessarily increase for decreasing values of 𝛺 but is larger for A2
than for A3 in the present study. This may appear surprising, because
12
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• A non-monotonic 𝑄-𝛺-relationship is supported by the various
performed wave conditions and the different initial beach morphologies. The largest bulk sediment transport and the fastest
shoreline recovery occur for the intermediate low energy condition (A2, 𝛺 = 1.5) which is in line with the 𝑄-𝛺-relationship and
the large shoreline disequilibrium at the beginning of A2.
• The breaker bar is almost consistently found at the outer breaking
location. When wave conditions change, the breaker bar quickly
adjusts to the new breaking location under high energy conditions
and more slowly under low energy conditions. For low energy
conditions following high energy conditions, the breaking location is usually not much affected by the existing main (largest)
bar. If an inner bar exists, waves break close to the inner bar
leading to a fast change of the main bar location to the new
breaking location under low energy waves. Therefore, the breaker
bar should preferably be determined as an active bar as the bar
that is in interaction with wave breaking.
• In the present experiments, very low energy wave conditions that
are run for a long duration (24 h) result in an near-stationary,
reflective beach profile. The coarsest sediment grains accumulate
around the beach step and become finer towards the berm crest
and towards the offshore.

this, the present data have to be considered to compare most closely to
a micro-tidal, wave-dominated environment.
Furthermore, as typical for wave flume experiments, the present
study focussed on cross-shore beach profile evolution and waves were
unidirectional and approached the shore normally. In the field, however, wave directionality and longshore transport can be important for
beach evolution. For instance, unusual directions of storms approaching the coast have been reported to have the potential to generate
increased beach erosion volumes due to increased wave energy in the
nearshore (Mortlock et al., 2017) and they can promote longshore
sediment transport.
Extreme storm events, such as storms peaking at high tide or storms
of very large power, can generate severe erosion leading to an important change of the active beach profile (Kuriyama and Yanagishima,
2018). This relates, for instance, to erosion of the berm allowing subsequent waves to get further onto the beach resulting in an important
narrowing of the beach width and possibly further erosion even under
less energetic subsequent storms. This beach response can result in
sediment being stranded offshore beyond the depth of closure in a
sediment compartment which is unavailable for beach recovery under
low energy conditions (Scott et al., 2016; Baldock et al., 2017; Ruiz
de Alegría-Arzaburu and Vidal-Ruiz, 2018; Biausque and Senechal,
2019). Despite not unusual in natural environments, in the present
experiments a change in the active beach state was not observed and
sediment eroded during storm conditions could still be mobilised for
subsequent recovery.

The present study has provided evidence of the importance of the
initial morphology of a wave condition and the beach equilibrium concept even under quickly changing conditions of storm sequences. These
results have important implications on coastal protection strategies as
storms within sequences do not necessarily result in increased beach
erosion. However, site-specific behaviour of natural beaches has to be
taken into account and importance should be placed on the potentially
severe impact of large storm events, especially when coinciding with
high water levels, which may exacerbate the expected beach response
during a subsequent storm.

6. Conclusions
The influence of storm sequences on cross-shore beach profile evolution, with a focus on breaker bar and shoreline evolution, was studied
using experimental data from a large-scale wave flume. The data analysed in this study comprised beach profile data, wave breaking observations and sediment samples. Three storm sequences were performed
as a combination of two storms (a very energetic and a smaller storm
event), each followed by a recovery stage (three different types of low
energy wave conditions). The duration of the sequences varied between
26 and 43 h. The results lead to the following conclusions:
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• Both the bar and the shoreline evolve towards an equilibrium location that is specific for each type of wave condition regardless of
the initial profile morphology. It is mainly a matter of time when
the equilibrium condition is reached: while the beach changes
fast under high energy wave conditions, the beach responds much
more slowly to low energy waves. For both high and low energy
conditions, the quasi-equilibrium location establishes much faster
for the bar than for the shoreline.
• The evolution towards an equilibrium beach state implies that no
cumulative or enhanced beach erosion due to storm sequencing
occurs in the present study. Despite the same cumulative power of
each sequence, the final beach state is not determined by previous
storms but by the last performed wave condition. This is consistent with classical equilibrium-type beach models. Initial beach
erosion may occur in the beginning of low energy conditions but
the effect on the beach state diminishes over larger timescales.
• The initial profile morphology of a wave condition (and hence,
storm sequencing) has an important influence on the rate of
shoreline change and the induced sediment transport. The initial
profile morphology determines how much the beach needs to
erode or recover whilst evolving to the new equilibrium state.
The same wave condition can generate either shoreline erosion
or recovery depending on the initial profile morphology. The
change rate of the bar location does not seem much affected by
sequencing as the quasi-equilibrium of the bar location is usually
reached very fast during each wave condition.
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