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Abstract Climate change could have large implications for the management of dune-
fringed coasts. Sea level rise and changes in storm wave and surge characteristics could lead
to enhanced dune erosion and hence a decrease in safety levels. Here, we use the process-
based model XBeach to quantify the impact of sea level rise and changing hydrodynamic
boundary conditions on the magnitude of future dune erosion at two locations along the
Dutch coast. We find a linear relation between sea level rise and dune erosion volume, the
exact linear relation being dependent on the local hydrodynamical boundary conditions. The
process driving higher erosion appears to be sea level rise, allowing waves to attack the dune
at a higher level. Additional simulations illustrate that a change in the offshore wave angle,
potentially produced by changes in storm tracks, could influence the erosion volume with
the same order of magnitude as sea level rise. Finally, simulations with different mitigation
options (i.e., sand nourishments) illustrate the strong effect of the location of the added sand
to the reduction in the dune erosion volume.

Keywords Dune erosion · XBeach · Sea level rise · Climate change · The Netherlands

1 Introduction

Global warming-induced climate change can have large implications for coastal safety. A
region that is already prone to marine flooding and wave-induced erosion in the current cli-
mate is the North Sea area. The North Sea is a relatively shallow semi-enclosed sea (depths
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in the south are <50 m), whose coasts experience high storm surge levels and waves dur-
ing frequent extra-tropical storms (Spencer et al. 2015; De Winter et al. 2015). In particular,
the Netherlands is considered to be an area sensitive to climate change (Parry et al. 2007;
Beniston et al. 2007), because currently, 40 % of the country is laying below mean sea level.
The most densely populated area, also referred to as Holland, is protected from flooding by
nearly uninterrupted sandy beaches and wind-blown dunes.

From a coastal perspective, the most obvious and presumably the best studied factor is
sea level rise (SLR). Climate change could, however, also influence the offshore hydrody-
namical boundary conditions (waves and storm surge levels) that impact coastal erosion.
Together with SLR, this would endanger the stability and effectiveness of current hard
defense and demand an up-scaling of soft-protection measures, such as mega-nourishments
(Stive et al. 2013; de Schipper et al. 2016). It is, therefore, important to know to what extent
coastal erosion could be affected by global warming-forced climate change and which
hydrodynamical processes lead to these changes.

Traditionally, climate change effects on wave-dominated coasts have been assessed with
the Bruun-rule (Bruun 1962). It predicts a retreat distance RD of an equilibrium coastal
profile equal to 50–200 times SLR, depending on the profile slope (e.g., Bruun 1962;
Vellinga and Leatherman 1989; Zhang et al. 2004; FitzGerald et al. 2008, Nicholls and
Cazenave 2010). In essence, the Bruun-rule uses SLR as the primary climate-related driver
that affects coastal safety. Despite its frequent use, consensus is now arising that the Bruun-
rule is not suitable to analyze climate change effects on wave-dominated coasts (Cooper and
Pilkey 2004; Zhang et al. 2004; Ranasinghe and Stive 2009; Ranasinghe et al. 2012). Among
several other factors, these studies suggest that the impact of storms (i.e., dune erosion) on
the long-term evolution of sandy beaches, and dunes cannot be neglected. Furthermore, the
Bruun-rule does not allow for changes of the hydrodynamical boundary conditions.

Present-day safety standards in Dutch coastal policy were motivated by the 1953 storm
surge disaster. A dune is considered to be safe if it will not breach during a storm with a
of probability of 1:10,000. Based on various laboratory experiments (Van de Graaff 1977;
Vellinga 1982; Van Gent et al. 2008), models were developed that assume a relation between
storm impact and post-storm equilibrium dune profile. These models, such as DUROS
(Vellinga 1983) and DUROS+ (Van Gent et al. 2008), are used to assess the dunes according
the legal safety standards (Den Heijer et al. 2012).

For the Dutch coast, the dimensions of the 1:10,000-year hydrodynamical boundary con-
ditions (waves and storm surge levels) are not expected to change under a changing climate.
Based on the 17-member CMIP3 ESSENCE ensemble (Sterl et al. 2008), the 1:10,000-year
storm surge (Sterl et al. 2009) and wave extremes (De Winter et al. 2012) are not projected
to change along the Dutch coast. A generalized extreme value (GEV) analysis on annual
maximum daily average wind speed data from 12 general circulation models (GCMs) on
two climate scenarios (RCP 4.5 and RCP 8.5) did not reveal any coherent changes in annual
maximum wind speeds, or in wind speeds with lower return frequencies above the North
Sea basin (De Winter et al. 2013). There are, however, indications that the corresponding
wave direction could shift (De Winter et al. 2012, 2013), because of a poleward shift of the
storm track (CMIP3 (Bengtsson et al. 2006), CMIP5 (Harvey et al. 2012), and (Chang et al.
2012)). Sea level is projected to rise 0.15 to 0.8 m towards the end of this century (De Vries
et al. 2014). From 2100 onwards, sea level will continue to rise, with Katsman et al. (2011)
projecting changes up to 3.5 m. SLR will increase the overall water level and therefore, also
affect dune erosion by allowing waves to attack the dune at a higher level.

While changes in sea level and wave angle will be regional (Idier et al. 2013; Cazenave
and Cozannet 2014; Slangen et al. 2014), coastal response will be local, depending on
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offshore bathymetric characteristics (e.g., Claudino-Sales et al. 2008), or the dune mor-
phology themselves (e.g., Van Thiel De Vries et al. 2010; Den Heijer 2013; De Winter
et al. 2015). Several impact assessments have been executed to evaluate the possible impact
of climate change on local coastal hazards, such as the coast of Oregon, USA, where besides
SLR, future occurrences of EL Niño are included (Baron et al. 2015) or the coasts of
California, USA, where different types of coasts are present (e.g. cliffs, dunes) (Revell et al.
2011). Other studies focus specifically on impacts on coastal infrastructure (Brown et al.
2014).

For the Dutch coast, Li et al. (2013) concluded that dune erosion volumes at Noordwijk,
the Netherlands, may increase by 8 % for a SLR of 0.4 m and 17 % for a SLR of 1.05 m,
using the DUNERULE model (Van Rijn 2009). In that study, impacts are assumed to be in
the cross-shore direction. The assumption of cross-shore response only is however seriously
criticized, and precludes its use in regions with large gradients in alongshore sand transports,
such as near headlands or tidal inlets. Ruessink et al. (2012) have argued that to investigate
this, a more general process-based approach is needed, for example by conducting simula-
tion using the XBeach model (Roelvink et al. 2009). This is confirmed by Van Rijn (2009)
and Den Heijer (2013) who indicate an increase in dune erosion with shore oblique waves.
Another assessment of climate change impacts on the Dutch coasts concluded that changes
in sea level will be dominant in the future, but that dunes can be maintained as flexible and
primary defense for the Netherlands (Keijsers et al. 2015).

In this paper, we explore the impact of SLR and offshore wave angles θ in the range 0◦ to
∼ 30◦ on dune erosion. Furthermore, the near-shore processes are analyzed for the different
erosion events. The analyses are preformed with the process-based model XBeach to project
the effect of climate change on the 1:10,000-year dune erosion event along the Dutch coast
at the local scale. In the simulations, we keep future wave heights and periods, as well as
storm surges, identical to their present-day values, but increase sea level between 0.2 and
2.5 m and explore different θ . We specifically run the simulations for two representative
sites along the Dutch coast. As an initial assessment, we also analyze different mitigation
options in reducing dune erosion volumes.

2 Methods

2.1 Dune erosion model

The process-based dune erosion model XBeach (version V19-Easter) is used to project bed
level changes in response to a change in the hydrodynamical boundary conditions and var-
ious mitigation options. XBeach has been described extensively, for example by Roelvink
et al. (2009) and McCall et al. (2010) and Splinter and Palmsten (2012). Therefore, we forgo
this description here. The values of free model parameters are set to those derived from our
earlier hydrodynamical and morphological calibration for the coast at Egmond aan Zee (De
Winter et al. 2015).

2.2 Hydrodynamical boundary conditions

In the Netherlands, severe dune erosion events are caused by a combination of high water
levels and high storm waves. The high water levels arise from superposition of a storm
surge on a spring high tide. Several projections exist for SLR in the North Sea, depending
on the climate scenario, the applied general circulation model (GCM), the time frame, and
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uncertainties in the driving processes behind SLR. We analyze the full bandwidth of pro-
jected SLR values in the North Sea basin resulting in SLR estimates of 0.2 to 2.5 m (Table 1).
These low and high SLR estimates are based on KNMI’14 scenarios (De Vries et al. 2014)
and the extreme climate change scenarios on Katsman et al. (2011). This range also covers
the upper-limit SLR projections that includes the uncertainty in the driving processes such
as ice sheet dynamics (Grinsted et al. 2015). In our simulations, the SLR is added to the
present-day extreme design offshore surge level. We assume that the surge remains unal-
tered by the SLR-induced larger water depth, because, especially offshore, SLR is relatively
small compared to total water depth.

Existing projections of extreme (1:10,000 year) conditions with the ESSENCE ensem-
ble (Sterl et al. 2008), based on climate scenario SRES A1b, do not change with respect to
present-day climate in front of the Dutch coast (see Sterl et al. (2009) for storm surge levels
and De Winter et al. (2012) for wave height and period). It is, furthermore, shown that the
change in offshore wave conditions is small when the water depth is increased by 1 m; there-
fore, we assumed unaltered offshore wave and storm surge characteristics. Although the
height and period of the extreme waves are not expected to change, the corresponding wave
direction may shift to more westerly directions (Sterl et al. 2009, their Fig. 5) (De Winter
et al. 2013, their Figs. 10 and 11). Although the Dutch coast has fetch limitations from other
directions than north-west, we are interested in the sensitivity of dune erosion to changing
θ . The response to different θ could be of interest for coasts that could experience changing
θ . Moreover, the empirical dune erosion models presently used in coastal zone management
assume shore-normal waves. We analyzed the effect of different θ for SLR = 0.4 and 0.8 m
by varying θ between 0◦ (shore-normal) and 33.75◦ (Table 2). This large range of θ is con-
sidered reasonable given the field measurement by Ruessink et al. (2001). SLR projections
of 0.4 and 0.8 m were chosen to analyze the impact for different θ because they span the
most likely SLR scenarios (low and high) for this century in the North Sea basin.

To investigate the possible effect of changes in hydrodynamical boundary conditions, we
focus on two sites along the Dutch coast, Egmond aan Zee and Noordwijk aan Zee (hereafter
Egmond and Noordwijk) (Fig. 1). Egmond is located ∼45 km north of Noordwijk and given
the semi-enclosed geometry of the North Sea basin, the present-day 1:10,000-year surge
level is lower at Egmond than that at Noordwijk, and the wave height and period are higher
at Egmond. The 1:10,000-year hydrodynamical conditions used to assess the safety of the
dunes are a surge level of 5.5 (5.8) m, wave height Hm0 of 9.55 (8.55) m, and wave period
Tp of 16.1 (14.3) s for Egmond and Noordwijk, respectively (Ministerie van Verkeer en
Waterstaat 2007). Also, at Egmond, the foredune is slightly higher (Fig. 2a, b).

2.3 Model set-up

Representative profiles are chosen for both locations (Egmond (De Winter et al. 2015) and
Noordwijk (Jarkus section 8250 from 1997) and assumed to be alongshore uniform. The

Table 1 Sea level rise (m) for
different climate change
scenarios. For each individual
combination, a bandwidth is
given; details are given in the
individual studies (De Vries et al.
2014; Katsman et al. 2011)

Type scenario outlook 2050 2085 (2100) 2200

Low 0.2 0.4 –

High 0.4 0.8 1.3

Extreme 0.4 1.3 2.5
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Table 2 Overview of the
simulations executed for
Egmond. For Noordwijk, only
simulations with different SLR
conditions conditions are
executed and with θ = 0◦. θ is
chosen as fractions of 45◦:
45/8 = 5.625◦, 45/4 = 11.25◦.
45/2 = 22.5◦ and
45/1 1

3 = 33.75◦

SLR (m) θ (◦) θ (◦) θ (◦) θ (◦) θ (◦)

0 0 5.625 11.25 22.5 33.75

0.2 0

0.4 0 5.625 11.25 22.5 33.75

0.8 0 5.625 11.25 22.5 33.75

1.30 0

2.50 0

profiles are extended in the offshore direction with 1000 to 30 m below mean sea level
(MSL), to ensure that the short wind waves on the offshore boundary were non-breaking,
and the generation of longer-period (20–200 s) infragravity waves, presumed as an impor-
tant driver of beach and dune erosion (Russell 1993; Van Thiel De Vries et al. 2008), was
still realistic. The latter also demands an area set-up of XBeach rather than the more standard
profile mode, because of the effect of directional spread in the short waves on infragravity-
wave dynamics. In the cross-shore direction, the grid is 3000 m wide, with a grid resolution
of �x = 1 m at the dunes, coarsening up to �x = 10 m at the offshore boundary. In
the alongshore direction, the grid is 4000 m wide, with a grid resolution of �y = 5 m in
the center of the model domain, increasing to �y = 15 m near the lateral boundaries. The
median grain size is set to 200 μm at both sites.

We set the hydrodynamics to spin up for 1 h, before the simulations are executed an
additional 5 h with morphological changes. The time step of the calculations is 1 s. Vellinga
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Fig. 1 The North Sea basin and a close-up of the Netherlands with the locations of Egmond (red circle) and
Noordwijk (blue square). The distance between Egmond and Noordwijk is ∼45 km
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Fig. 2 a Initial bed profile Egmond; b initial bed profile Noordwijk; c initial bed profile Egmond and the
four mitigation options for SLR = 0.4 m; d initial bed profile Egmond and the four mitigation options for
SLR = 0.8 m

(1986) showed that after 5 h with constant conditions, erosion volumes are similar to those
under a storm, in which the effect of time-varying tide and surge levels were also taken into
account.

Bed levels are written to an output file every half an hour after model spin up. The cen-
ter of the domain (y = 1500–2500 m) is used to analyze the morphological changes. In the
middle of the domain at y = 2000 m between x = 2400 and 2950 m hydrodynamical point,
data are stored every second, with a cross-shore resolution of 10 to 20 m. All elevation
data shown are relative to Dutch Ordnance Datum (NAP), which is approximately current
MSL. The effect of SLR and θ on dune erosion is analyzed using the erosion volume V ,
defined as the negative volume difference per unit of alongshore length between the pre- and
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post-storm profiles. Although the topography is alongshore uniform, some alongshore vari-
ation was always present in the post-storm topography. This presumably resulted from the
short-crestedness of the incident storm waves. These alongshore differences in V are used
to calculate the standard deviation (std) of the erosion volume.

2.4 Mitigation measures

The cross-shore profiles in the simulation discussed in the previous subsection are present-
day profiles. Current coastal policy in the Netherlands, however, prescribes that the amount
of water in the coastal zone up to 20 m depth should remain the same. As a conse-
quence, large-scale sand nourishments, such as the recently implemented Sand Engine
(Stive et al. 2013; de Schipper et al. 2016), are foreseen. In this policy, no guidelines are
provided as to where in the cross-shore profile sediment should be added to compensate
for SLR.

We analyzed the effectiveness of the sediment volume that should be added for a SLR
of 0.4 and 0.8 m for the Egmond profile, using several mitigation options. The amount
of sand that should be added is determined by taking the cross-shore distance between +3
and -15 m NAP which is 1894 m (below -15 m NAP the grid was artificially extended,
Section 2.3), resulting in 750 and 1500 m3/m for a SLR of 0.4 and 0.8 m, respectively.
In the first mitigation option we analyze, the sand is added over the total profile between
-15 and +3 m NAP; as a result, the bed level increase is the same as SLR. In the second
mitigation option, the sand is added between -8 and +3 m NAP, elevating the bed level by
0.79 and 1.57 m, respectively. In the third mitigation option, the sand is added between the
inner and outer bar, or in case of a SLR of 0.8 m around the area of the inner and outer bar as
otherwise the added volume of sand would not fit. The fourth mitigation option differs from
the other three. Here, we reinforce the dune face, from the dune foot (+3 m NAP) to dune
crest, with the difference in V between the simulation with and without SLR (discussed in
Section 3.1). With this mitigation option, we tested how effective it is to add sand to the
dune face. All mitigation measures are depicted in Fig. 2c, d. The median grain size and the
sorting of grain sizes are assumed to remain unaltered.

3 Results

3.1 Sea level rise

The projected V for the present-day 1:10,000-year conditions without SLR and shore-
normal waves are 335 and 230 m3/m for Egmond and Noordwijk, respectively (Fig. 3).
These results are comparable to volumes estimated on 1:10,000-year laboratory experi-
ments reported in Vellinga (1982) and Van Rijn (2009). This provides confidence that our
process-based simulations are realistic. The lower V at Noordwijk presumably results from
the lower wave height and period. These numbers are in consonance with the observed V

during a number of storms in the last century (Fig. 3), with surge levels between 2 and 4 m
above NAP and milder wave conditions compared to the 1:10,000-year storms. These his-
torical storms show the importance of storm surge levels for dune erosion, as also indicated
by Van de Graaff (1986).
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For both sides, there is a linear relation between SLR and V (80 (23.9 %) m3/m per m
SLR at Egmond and 52 (22.6 %) m3/m at Noordwijk, Fig. 3). These numbers are slightly
higher than the increase in erosion due to SLR suggested by Li et al. (2013) who concluded
that erosion volumes will increase by 17 % at Noordwijk with 1.05 m of SLR. In literature
(Vellinga and Leatherman 1989; Zhang et al. 2004; FitzGerald et al. 2008; Nicholls and
Cazenave 2010) coastal change with respect to SLR was linked primarily to RD, where
RD is defined as the horizontal retreat of the cross-section of the dune under an offshore
surge level including SLR in the pre- and post-storm profile. In our simulation, RD is larger
for Noordwijk than for Egmond (e.g., RD = 15 m in Egmond and 25 m in Noordwijk
for SLR of 1.3 m). This is presumably related to the lower dune height at Noordwijk. At
each location, the RD increases with higher sea level. However, due to local dune-profile
fluctuations, there is no linear relation between SLR andRD in our simulations as suggested
in the literature. We believe that erosion volume V would be a better standard than RD.

The near-shore hydrodynamical conditions are likely to vary between the runs with dif-
ferent SLR, despite the identical offshore wave conditions. To examine what influences
V , we evaluate the significant height of short-wave Hss, the significant infragravity-wave
height Hinf, and the average water level zs for a 300 m transect perpendicular to the dune
foot during the final 2 h of the simulations. In the simulations with a higher offshore water
level, the Hss is higher at a given cross-shore position, while Hinf seems to be largely inde-
pendent of the offshore storm surge levels (Figs. 4 and 5). The near-shore Hinf of ∼1.5 m
is consistent with the observations of Ruessink (2010) with offshore Hss of 8 m and a Tp of
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∼ 15 s, collected at the French Aquitanian coast. Obviously, a higher offshore storm surge
level results in a higher zs in the near-shore zone. As a result of this larger water depth,
short-wave energy is dissipated closer to the dunes. In combination with the higher level of
impact, this results in larger V . Therefore, we characterize the increase of near-shore water
level as the dominant driver behind the increasing V under SLR conditions.

3.2 Angle of wave incidence

The effect of small deviations of θ from shore-normal (from θ = 0◦ to θ = 5.625◦) is limited
and V from the simulations with these θ are within each others bandwidth (Fig. 6). As soon
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Fig. 5 As Fig. 4 now for Noordwijk

as θ increases to 11.25◦ and larger, the increase of V becomes more pronounced (Fig. 6).
For the runs without SLR (surge level 5.5 m), V increases from 340 to 380 m3/m for
θ = 33.75◦. The 40 m3/m change is equivalent to that of an SLR of about 0.4 m SLR for
shore-normal waves, and indicates that climate change-induced changes in θ may affect V

to a similar degree as SLR under a mild climate scenario. The change in V due to θ is most
prominent when θ deviates from shore-normal to 11.25◦, for larger θ , the increase in V

levels off. Simulations with a SLR of 0.4 and 0.8 m show a similar increase in V when θ

becomes larger than 11.25◦.
The increase in V with θ results from strong, wave-generated alongshore currents v

in front of the eroding dune (Fig. 7). Other hydrodynamical variables (Hss, Hinf, zs , and
the cross-shore velocity u) are approximately the same for different θ . The large v-velo-
cities enhance sand stirring (e.g., Thornton et al. 1996) leading to larger offshore u-induced
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transport, and thus larger V . Furthermore, with increased v, sand that is deposited in front
of a dune after slumping is redistributed and cannot function as a buffer for subsequent
wave impacts. Flume experiments (Van Thiel De Vries et al. 2008) and field observations
(Carter and Stone 1989) show that dune erosion is a non-continuous process and accidental
large parts of sand are eroded from the dunes. The eroded sand had to be removed from
the dune foot, in order to make the dune front unstable again and to facilitate the next mass
movement. This removal can be accelerated by alongshore currents. We are unaware of
observations that show a v of ∼2.5 m/s. In observations of Ruessink (2010), v peaked at
∼1.5 m/s; v, however, depends strongly on the cross-shore measurement location.

Even though extreme (1:10,000 year) waves in front of the Dutch coast are expected
to come from the north-west (and hence shore oblique) due to fetch limitations for other
directions, θ is assumed to be shore-normal in safety assessments. Our simulations indicate
that a more realistic θ of ∼ 40◦ would result in about 10 % higher V than shore-normal
waves. Therefore, climate change-induced change in θ cannot be ignored in dune erosion
studies. Furthermore, coasts exposed to extreme conditions from different directions should
assess changes in the wave direction under climate change conditions, as this impact can be
as large as, or in the same order of magnitude as SLR.

3.3 Mitigation measures

The effectiveness of the mitigation options are evaluated by howmuch they reduce V and by
how much V is reduced relative to the sand volume added to the profile. The first mitigation
option, where the bed level is elevated by the same magnitude as the sea level rises, results
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Fig. 7 Hydrodynamical conditions at Egmond for different wave angles θ and sea level rise (SLR), based
on the final 2 h of the simulations. Left column SLR = 0 m; middle column SLR = 0.4 m; right column
SLR = 0.8 m. a–c Significant short-wave height Hss (m); d–f significant infragravity wave height Hinf (m);
g–i total water level zs (m); j–l cross-shore velocity u (m/s) positive directed land-wards; m–o alongshore
velocity v (m/s); p–r initial and final profiles. Colors are the same as θ coding in Fig. 6

in similar V as in the simulation without SLR (Fig. 8a). Other mitigation options in which
the same amount of sand is added, but at different locations in the profile (mitigation options
2 and 3), reduce V to lower values compared to the situations without SLR. Figure 8b
depicts the effectiveness of the mitigation options. Although mitigation option 2 is the most
effective option in reducing V , the ratio of reduced V compared to volume of added sand



Climatic Change (2017) 141:685–701 697

Offshore surge level (m) including sea level rise

5.5 5.9 6.3

E
r
o
s
io
n
 v
o
lu
m
e
 (
m
3
/m
)

200

250

300

350

400

450

500

a

mit0

mit1

mit2

mit3

mit4

Volume added to the profile (m
3
/m)

0 200 400 600 800 1000 1200 1400 1600 1800

E
r
o
s
io
n
 v
o
lu
m
e
 r
e
d
u
c
ti
o
n
 (
m
3
/m
)

0

50

100

150

200

b

mit1

mit2

mit3

mit4
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surge level (m) including sea level rise; mit0 is the simulation with the original bed profile. b Reduction in
V (m3/m) versus total volume added to the profile (m3/m) for the four mitigation options

is relatively low (∼0.1). In mitigation option 4, where the increased V due to SLR was
directly added to the dune face, the ratio is ∼0.3 for the simulation with a SLR of 0.8m.
The same mitigation option for SLR of 0.4 m shows no V reduction. Nonetheless, option 4
for SLR of 0.8 m does show that this option might also be effective to combat SLR-related
dune erosion.
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4 Discussion

In our simulations, it is assumed that after 5 h, dune erosion volume is compatible with a
real storm in which the offshore water level fluctuates with the tide and the surge (Vellinga
1982; Ruessink et al. 2012). All our simulations were therefore carried out with 5 h of time-
invariant conditions. Reconsidering the original Vellinga-data, this 5 h duration is certainly
open for discussion. Also under an increased sea level, the exposure time of the dunes to
the waves may be larger. Furthermore, there is the possibility of sequential severe storms,
without any intermediate coastal recovery. We briefly explored the sensitivity of V to sim-
ulation duration by a 10 h simulation with the Egmond profile and SLR of 0 m. The longer
duration can be interpreted as a storm that lasts longer, or as two sequential storms, since the
conditions are assumed to be constant (Vellinga 1983, their Fig. 14). Longer exposure of the
dunes to extreme conditions indeed results in larger V . In the second half of the simulation
(hours 6 to 10), V does, however, not increase as rapidly as in the first 5 h. The imposed 10 h
storm results in V of 450 m3/m compared to 340 m3/m for a 5 h storm, suggesting that
changes in storm duration will affect V substantially compared to the changes in V induced
by SLR or θ . However, two storms in close succession do not simply double V .

In our analysis, we applied an alongshore uniform topography. In reality, dune topogra-
phy can vary alongshore, resulting in alongshore variations in V (De Winter et al. 2015).
The dune erosion events we analyze here are much more extreme than the January 2012
storm analyzed in De Winter et al. (2015) (Fig. 3b). We repeated the present-day 1:10,000
condition on De Winter et al. (2015)’s alongshore variable topography and found that the
ratio of the alongshore averaged V compared to the standard deviation of V amounted to
∼0.07. This is higher than for the uniform topography (∼0.02), but substantially less than
the 0.68 obtained for the 2012 storm. The use of an alongshore uniform profile is therefore
justified in this study.

The current Dutch policy towards SLR is to add the same volume of sand to the pro-
file as the water volume increases as a result of SLR. Based on our simulations, this can be
considered as a conservative approach, and a focus on dune strengthening in case of large
SLR may be more effective. Furthermore, in the current policy, the location in the profile
where sediment is added is not taken into account, while in our simulations, this influences
V strongly. The same safety standard as present day could be reached by using less sedi-
ment if the sand is used to increase the volume of the dunes. In this study, we performed a
sensitivity analyses on the location of mitigation measures. In practice, however, this is also
related to aspects outside the scope of this research, such as the costs of different types of
nourishments, ecological considerations, the sediment sorting of the nourishment, and the
behavior of a nourishment under influence of waves and aeolian processes.

Dune erosion events alternate with prolonged periods of dune accretion through aeolian
processes. Climate change may affect these processes too. Changes in wind patterns and
beach width can influence yearly aeolian supply to the foredunes. Enhanced dune erosion
could lead to more blow-outs and, as a corridor for aeolian transport, stimulate the vertical
growth of the more landward dunes. Enhanced erosion may, accordingly, not necessarily
be bad for the beach dune system as a whole. SLR may impact the hydrology in the dunes
and, together with changes in temperature and rainfall, alter vegetation patterns. Vegetation
patterns influence the size of the avalanches during erosion events (Carter and Stone 1989).
Future work should therefore also focus on climate change effects on coastal recovery and
eco-physical feedback.
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5 Conclusions

Using the process-based XBeach model, we find a linear trend between the erosion vol-
ume V and SLR, amounting to 80 m3/m per m SLR at Egmond and 52 m3/m per m SLR
at Noordwijk. This increase in erosion volume is primarily due to the larger water level in
front of the dune and not due to to changes in the significant short-wave or infragravity
wave height in the near-shore zone. Additional simulations indicate that the offshore angle
of wave incidence θ also affects V . A ∼ 30◦ shift from shore-normal could influence V to
the same extent as 0.4 m SLR. This increase in V is related to strong alongshore currents,
generated as a result of the obliquity of the waves, that enhance stirring and hence offshore
transport and thus V . Simulations, in which we added sand to the profile with an amount
equal to the water volume increase due to SLR, illustrate that the location in the profile
where this sand is added influences the reduction in V considerably. The ratio of the reduc-
tion in V to the total added volume remains low (<0.3) for all mitigation options. Possibly,
mitigation measures that directly increase the volume of sand in the dunes may be more
efficient from a morphological perspective.
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