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Abstract

Understanding of the behaviour of coastline pesdtions at soft-coastlines is essential for modglinastal evolution
at decadal time scales. Many coastline models @oeXample, implicitly assume dominant diffusivehbeiour of
coastline features. The validity of this assumpi®mvestigated for the Dutch coast on the bakidata on coastline
perturbations. Bathymetrical data for a number ofiriehments were used to assess the relative imuartaf
diffusion with respect to advection of the sedimating the coast. For this purpose, the volumeegliinsent is
computed for cross-shore transects along the cbhstalongshore distribution of this sediment auee (as a result
of dispersion by waves and currents) is then aedlyisy means of simple shape parameters: a meagsalomre
position and standard deviation of the nourishmeand from the centre. Next, the nourishments wése a
characterized with an advective and diffusive patamby fitting of an advection-diffusion equatidrhese parameters
then give a classification of the nourishment béhav It was found that the behaviour of nourishiseat the Dutch
coast is dominated by diffusive processes, whileeative processes have some influence on the diongdransport
in the shallow part of the surfzone for smaller mshunents.
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1. Introduction

A variety of coastline models is available to assesastline evolution (e.g. Genesis or UNIBEST-CL+)
These models do, however, implicitly assume thasta evolution as a result of wave-driven transpan

be described as a diffusive process. These modelsnat fundamentally different than the diffusion
equation that was used by Pelnard-Considere (1856hodel coastline evolution. Standard coastline
models can therefore not resolve more complex lioasesponses like net alongshore migration, &s th
requires insight in both the advection and diffaswf the coastline perturbation (Falques, 2003)s It
expected that advection can be triggered by spelifilrodynamic conditions, for example, as a resilt
wind driven currents, asymmetry of the tidal flowmdahigh-angle waves or by feedback between the
morphology of the coastline perturbation and hygiragnmics (Ashton & Murray, 2001). Numerical
modelling with coastline models has been used éeneyears to investigate these effects for flydpgs
and alongshore sand waves (e.g. Ashton & Murra@62®an den Berg, 2012). Larson & Kraus (1991)
applied a more simple approach towards the modetiinthe migration of sediment along the coast by
means of adding an advective term to the diffugiqnation of Pelnard-Considere. Besides the modellin
work, Bruun (1954) investigated observations ofngkhore sand waves along the Danish coast. While
other studies investigated the alongshore sandswaeag the Dutch coast (Bakker, 1968, Verhage89,19
Ashton et al., 2003, Falques, 2005, Keergaard &3$ged2013).

The relative importance of advection and diffusarcoastline perturbations has not been studiepteat
detail yet. An investigation is therefore starteddplate the advective and diffusive component®ard
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in observed coastline evolution of nourishmentdiétd surveys. Artificial nourishments with varying
characteristics are investigated for this purpose.

Both advection (i.e. net-alongshore movement) aiffusion are thought to occur at large sand
nourishments such as the ‘Sand Motor’ (~ 7,0000000 n/m; Mulder & Tonnon, 2010). The evolution
of smaller nourishments (~ 400 to 1,008/my Van Duin et al., 2004) is thought to be domésaby
diffusion. This research aims at investigating fii@enomenon using field data of nourishments atbeg
Dutch coast. A characterisation of their behavisyprovided in this paper, which is considered sseatial
starting point for investigating the processes beladvection and diffusion of nourishments.

Property of Rijkswaterstaat N -] Property‘v_of \]an O,o’rd bredéﬂng

Figure 1. Examples of nourishments along the Duotast. Left : ‘Sand Motor’ between Monster and Hijin in July
2012 ; Right : ‘Sand groynes’ at Monster in Octop@d9 (Hoekstra et al., 2012)

2. Approach

In this study it is hypothesized that the relafimportance of advection and diffusion is correlatéth the
local hydrodynamic forcing conditions as well ag tolume and shape of the coastline perturbation.
Measured bathymetrical changes were analysed ier dad distinguish advection and diffusion in field
situations. The advection is quantified on the $asi the alongshore migration (i.e. bias) of the
nourishments and diffusion on the basis of theagirg of the sediment relative to the centre ofigya
(i.e. standard deviation). For this purpose, theeation and diffusion coefficients (respectivelg th and

Vs parameter) of a modified version of the Pelnardhsidere equation (eq. 1) are fitted such that ofeser
coastline evolution as a result of the considemarishment is best represented. Alongshore migraifo
the nourishment and spreading should be similati®modelled and observed situations.

oy _, 0%y ., oy
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With y = cross-shore coastline position [m],
x = alongshore position [m],
t =time [yr],
K = diffusion parameter [ffyr]
Vs = advection parameter [m/yr]

A number of steps were performed to come to thevalmescribed characterisation of the nourishment
behaviour.

1. Collection of bathymetrical data of the nourishnsent

2. Determination of volumes of sediment in cross-shimesects

3. Assess observed nourishment characteristics (i.eanmalongshore location and standard
deviation).

Evaluate the diffusion and advection parameters thi¢ modified Pelnard-Considere equation.
Relate the observed nourishment behaviour to tserebd conditions.

ok
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3. Data

The bathymetrical data used in this study concarissmation for seven nourishment locations alolng t
Dutch coast. Figure 2 shows the locations of thesiciiered nourishments on a map of the Netherlands.

l Ameland

| Julianadorp / Den Helder

| Egmond

[ Bergen aan Zee

| Sand motor

| Sand Groynes

| Hoek van Holland

Figure 2. Overview of locations of considered nsluments along the Dutch coast

The considered nourishments were constructed betwi®9 and 2011. The specifications differ
considerably with respect to the nourishment shageg volumes and position of the nourishment én th
cross-shore profile. The data set includes fouy dfferent nourishment types along the Delflancsto
and four more similar (shoreface) nourishmentstla¢rolocations along the coast. At the Delflandst@a
beach, shoreface, concentrated local nourishmehtaamega nourishment were selected (Figure 3). The
beach and shoreface nourishment are common nowighdesigns for the Dutch coast, while the Sand
Groynes and Sand Motor are special nourishments wispect to their volume and shape. The Sand
Groynes are three very concentrated nourishmertts avivery small alongshore footprint compared to
regular nourishments (Hoekstra et al., 2012). TéwedSViotor is a large spit-like mega nourishmenthvait
size ofn%-21 million M (Mulder & Tonnon, 2010) and an average alongskeriment volume density of
8,400 m/m.
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Figure 3. Delfland coast with the bathymetries raffenstruction of the Hoek van Holland nourishmgie#t panel),
the Sand Groynes (middle panel) and the Sand Mdgitt panel). The dashed line shows the nourishrasza. The
locations of these nourishments are shown in Figure
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Data of combined shoreface and beach nourishmettie &lorth-Holland and Ameland coast are also used
in this study (see Figure 4). The Egmond and Besfwmeface nourishments are considerably smalker (i
~ 900,000 ) than the nourishments at Ameland and Julianattespectively about 3 and 6 million®m
The nourishments at Egmond, Bergen and Ameland placed at a depth of approximately NAP -5 m.
The nourishment at Julianadorp extends from the edghe tidal channel to the dunes. Only about dfal
this nourishment is located in the part of the jedhat is dominated by wave-driven alongshoraredt
transport (i.e. estimated to be between NAP-8mNw#B+5m).
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Figure 4. Nourishments along the North-Holland tdas Egmond, Bergen Julianadorp) and Ameland cdoidst.
dashed line shows the nourishment area.

In-situ multibeam data are the primary source tfiys@etrical information in this study. For mostdtions
these are available before and after the construaif the nourishment. Availability of data diffeper
nourishment. Monthly in-situ bathymetrical data asailable for the Sand Motor, but for other
nourishments only a limited number of bathymetrmalveys were available. Therefore, the bathyradtric
data from annual transect measurements along thehDzoast (Jarkus data) are used in addition to
available surveys. These Jarkus data are usedtaindhe reference situation before the nourishméot
some of the nourishments (i.e. the Sand Motor, Saraynes, Egmond and Hoek van Holland) and for
filling gaps in the data. It is noted that the tisgan of the bathymetrical data for the Sand greyaeery
short (i.e. about a month), as other nourishmenfgacted later measurement data. Table 1 provides an
overview of the characteristics of the nourishmeantsl the survey periods. The available bathymetric
surveys are referred to in Table 1 as ‘referenae/esy (before the nourishment), ‘initial’ surveyirgttly
after the nourishment) and ‘final’ survey (lateseable survey after the nourishment construction).
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Table 1. Overview of nourishment data.

Nourishment nameNourishment type Construction date Volume | Length| Density Bathymetry
/ location [m’] [m] | [m¥m] |Reference Initial Final

Sand Motor Large scale Mar — Aug 20{1 21.000,0@200 | 8400 | Jun 2010 Aug 2011 Dec 2012
Sand Groynes Local extensions  Oct — Nov 2009 582:Q08x 300| 600 | Jun 2009 Nov 2009 Dec 2009
Hoek van Holland Beach Apr — May 2007 744.000 | 1700| 440 |Apr2007| Jun 2007 Oct 2008
Hoek van Holland Shoreface Oct — Nov 2007 753.10(3000 250 | Oct 2007| Dec 2007 Oct 2008
Egmond Shoreface Jun —Sep 199  880.000  2p0C#40 | Jun 1999 Sep 1999May 2003
Bergen aan Zee Shoreface Apr —Aug 2000  994.000 0 200500 | Jul 1999| Jul 2001 Jul 200
Ameland Shoreface May — Oct 2010 3.065.p06000 500 |May 201Q Jun 2011| Apr 2012
Julianadorp Beach, Shoreface Aug — Dec 2007 6.372.00p 9000 700 | Apr 200YMar 2008 Apr 2010
(Den Helder) and Tidal channel

* The first Sand Groyne (~ 137,000°nwas constructed between™&nd 28" of October 2009. The second Sand
Groyne (~ 194,000 fwas constructed between®3and &' of November and the third Sand Groyne (~ 201,080 m
from the 7" to the &' of November.
** The nourished sediment at Julianadorp was diisted between the beach (~ 1.4 milliof),nshoreface area (~ 3.2
million m® and the edge of the tidal channel (~ 1.8 millio}). Only about 3 million is located in the activeearof the

coast that is studied (i.e. between NAP-8m and N&R)+

4. Observed nourishment behaviour

The coastal evolution at the nourishments is evatlian the basis of computed volumes of sedimetiten
cross-shore transects (at every 10 to 30 m in alworg direction). The volumes are computed forfatie
profile as well as for separate horizontal layelsclv are restricted by pre-defined vertical ley@isL -8

m, MSL -4 m, MSL and MSL +5 m), which were chosenthey are assumed to represent areas with
different processes and response time scales. iyjhbedich (NAP to NAP +5 m) is dominated by swash
and aeolian transport, the shallow water (NAP toPNA m) by quick response time scales due the wave-
driven alongshore transport and the deeper layAP(Mm to NAP -4m) with similar processes but wath
larger response time scale. Morphological changeeéeper water (beyond NAP -8m) are expected te hav
very long time scales which are not covered byddi@. From these volumes a mean averaged cross-shor
position can be computed for each layer (or thiepdfile). Van Koningsveld & Mulder (2004) showeth
definition of a momentary coastline position whishcomputed in a similar way. The impact of the
nourishment was then determined from the differebeéween the bathymetry survey before (i.e.
‘reference’) and after the nourishment (‘initialjurthermore, a mean alongshore position of theisioed
sediment (i.e. additional sediment compared toreefee situation before nourishment) is determirmd f
each layer. The spreading is analysed by computiegstandard deviation around the mean coastline
position (see Table 2).

Table 2. Overview of characteristics of the obseémeurishment behaviour.

Volume change* Mean position change* Standard deviation**
(NAP-8m to NAP+5m) | (NAP-8m to NAP+5m) (NAP-8m to NAP+5m)
[10°m*]  [% Viilyr] [m] [mlyr]  |STD(t0) [m] STD(t1) [m]  [m/yr]
Sand Motor -0.67 -3% 6 4 658 756 71
Sand Groynes 0.11 +6% 40 487 831 799 -389
HvH beach*** -0.08 -10% 285 219 463 507 34
HvH shoreface**** -0.06 -28% 67 152 646 650 9
Egmond**+* -0.30 -10% 354 97 873 619 -69
Bergen**+* -0.28 -17% -449 -150 971 583 -129
Ameland 0.24 +5% 512 613 2370 3008 764
Julianadorp -0.78 -12% 27 13 1421 1482 29
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* Difference between ‘initial’ and ‘final’ surveysge Table 1)

** Standard deviation of the alongshore distancthefnourished sediment from the centre of mass\dard deviation
is presented for the ‘initial’ situation after congtion (t0) and the ‘final’ situation (t1).

*** Properties of the beach nourishment were deteeah for the layer from NAP to NAP +5m.

**xx Properties of the shoreface nourishments waetermined for the layer from NAP -8m to NAP.

Figure 5 shows the aggregated coastal evolutiothtvSand Motor and Sand Groynes. The three layers
the plot indicate the alongshore distribution ofliseent for the considered three vertical layerstiwi
vertical levels at NAP-8m, NAP-4m, NAP and NAP+5at)some time after the nourishment construction
(i.e. t1'in Table 2).
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Figure 5. Time evolution of averaged coastline fi@ss in cross-shore profile sections at the SawdoM(left panel)
and the Sand Groynes (right panel) for three démyers (NAP-8m to NAP-4m, NAP-4m to NAP and NAP to
NAP+5m). The ‘initial’ morphology after constructids indicated with the black lines and ‘final’ bginetry as the
stacked coloured bars.

Sand motor data show that the sediment has difftre@d the centre to both sides of the nourishmefts.
small net migration of some metres is observedterSand motor (see 4 m/yr migration in Table &). |
contrast the Sand Groynes were somewhat closeadio ether after the considered month (see negative
change in standard deviation in Table 2) and alomgsmigration was very strong (about 40 metehén t
first days). It is therefore hypothesized that vaduand shape of the nourishment may seriouslytatffiec
alongshore migration rate (i.e. advection) of nsluments. Furthermore, the life time of the nourishim
may play a role, as temporary conditions from oifrection may more strongly affect nourishment
advection on shorter time scales and be compenbgtether conditions on the longer term. Furthemmor
some of the adjustments may be considered asliadjastments of the nourishment morphology to the
local conditions.

The conclusions for the Sand Motor should be sona¢whanced if the behaviour of the separate lagkers
the Sand Motor is considered. This shows thatlidflongshore migration is observed on the dry beach
(above NAP) and quite some in the shallow watelofheNAP). The shallow water (‘green layer’) shows a
large sediment accumulation on the right (i.e. mem side) side of the Sand Motor and a net mignati
rate of about 25 m/yr, which is expected to beadarge part due to net alongshore transport mésinan

in the surfzone and the smaller response time sdaléhis zone. A part of this sediment may, howeve
come from the dry beach which was somewhat erotliéiteanorth-western side (about 700,000 of the
Sand Motor.

The evolution of the beach and shoreface nourishatedoek van Holland (Figure 6) indicates thahits

in alongshore position may also take place for laguourishments (respectively about 219 and 152)m/
as the change in the standard deviation of theisttment was relatively small (see Table 2). Forttbach
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nourishment it is, however, unclear to what extémnd alongshore migration is the result of advectv
diffusive processes. The reason for this is that Rotterdam harbour moles block southward sediment
transport, which hinders the isolation of the adivecand diffusive processes.
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Figure 6. Time evolution of averaged coastline fimss in cross-shore profile sections at Hoek vantiand for the
shoreface and beach nourishment. The ‘initial’ rhotpgy after construction is indicated with thedidines and
‘final’ bathymetry as the stacked coloured bars.

The shoreface nourishments at Egmond and BergeZemshow a considerable decrease in volume over
the considered period (Figure 7). This results neduction of the spreading of the nourishmentraedi

(i.e. negative change in standard deviation) asegh®ining nourishment is less elongated. The alomige

of the migration of these nourishments is oppotiteeach other, as the Bergen aan Zee nourishment
migrated southward (about 150 m/yr) and the Egnmmandishment to the northward (about 100 m/yr). The
reason for this difference is not known. It is hijpsised that the regular pattern of alternatimgl saumps

in the surfzone that are present at this stretcleoafst may have affected the nourishment behaviour.
Furthermore, this may also be related to the vditigin the wave climate conditions, as it is fexample

not known to what extend a single storm can imgiaeicoast here.

The Julianadorp nourishment is also expected tmfheenced considerably by erosion (i.e. observe%?2
reduction in volume). This erosion takes place gltve whole nourishment, but is somewhat large¢heat
southern end (i.e. left side) due to landward ntigraof a local tidal channel. The observed neftshi
coastline position is therefore not expected tahgeresult of alongshore sediment transport presgdsit

due to erosion of the coast. The shoreface nougshmt Ameland has migrated considerably during the
monitoring period (abou600 m/y) and was also spread considerably along the dedastut 760 m/yr
difference in standard deviation). Part of the mifign may relate to larger erosion on the westé&te of

the coastal section (i.e. left side in the figutdbwever, the changes are much larger than foother
shoreface nourishments at the Dutch coast. Itasetbre likely that the local (hydrodynamic) coimmlits
affected the behaviour of this nourishment. Théquiginess of the incoming waves may play a role.
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Figure 7. Time evolution of averaged coastline fmss$ in cross-shore profile sections at EgmondgBeraan Zee,
Julianadorp and Ameland (from left to right pandlpe ‘initial’ morphology after construction is iiwéted with the
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black lines and ‘final’ bathymetry as the stacketbared bars.

On the basis if the observations it is hypothesiged alongshore migration depends on (1) the local
hydrodynamic conditions on a stretch of coast whiietermine the transport capacity, (2) the nouresfitm
volume which determines the inertia of the nourishtrand (3) local bathymetrical features.

5. Characterisation of nourishment behaviour

A more objective description of the behaviour o€ thourishments can be obtained by means of a
characterisation with typical advection and difusicoefficients K and ¥ (eq. 1). The coefficients in
equation 1 are calibrated for this purpose on thalable information on the ‘coastline impact’ dfet
nourishments. The diffusion coefficient (K) can d@nsidered a proxy for the alongshore spreading and
severity of the local wave climate and the advectimefficient (\{) is a proxy for the alongshore
migration rate and net bias of the wave climate.

5.1. Methodology

The following steps are performed to come to obth@écharacteristic diffusion and advection paramset
of the nourishments:

1. The coastline impacts of nourishments are detemnfrmm bathymetrical data for a number of
moments in time (i.e. at least for the ‘initial’darfinal’ survey). For this purpose, the averaged
coastline positions from the analyses in Secticarel used, which are referred to as ‘observed
coastlines’.

2. The advection-diffusion model (eq. 1) is then usedssess the coastal evolution for all of the
nourishments. The situation directly after condtaurcof the nourishments is used as the ‘initial
coastline’. The model uses a grid with a spatigh tf 200 meter and a time step of 0.04 year. The
active height of the profile corresponds to theghebf the considered layer (i.e. 5 meter for the
beach nourishment), 8 meter for the shoreface sloménts and 13 meter for the other
nourishments for which the whole profile is expédie be impacted.

3. The advection and diffusion coefficient of the mdee then calibrated in such a way that the
‘observed coastlines’ are best hindcasted. Theigmadescent method (Cauchy, 1847) is used to
minimise the squared error between the model ptiediand the observed coastline behaviour for
all available time instances. For this purpose, agditional runs with slightly modified advection
or diffusion parameters are used besides the basilel settings.

5.2. Characterisation of coastal evolution at nourishments by advection and diffusion coefficients

The hindcasts of coastal evolution with the optedisadvection-diffusion model represent the general
behaviour of the coastline evolution as a resulthef nourishments quite well (see Figure 8 to The
nourishments at the Delfland coast (i.e. Sand M@&and Groynes, Hoek van Holland nourishments) are,
however, better represented by the model than ther mourishments. The Delfland coast is therefore
expected to be dominated by wave and tide drivengshore transport processes which can be described
with a combination of alongshore advection andugifin.
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Figure 8. Modelled and observed coastline posaipoiiie Sand Motor with optimised coefficients
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Figure 11. Modelled and observed coastline posttiotne shoreface nourishment at Hoek van Hollaiill aptimised
coefficients

More variability is observed at Egmond and Bergem &ee. The Egmond and Bergen aan Zee
nourishments migrated about 5% of their alongshergth per year. However, the local coastline
development here seems to be influenced by more tti& combination of advection and diffusion, as it
shows a very strong depression in the middle ofrtberishment. It is therefore expected that (among
others) cross-shore transport processes contridotéde local coastal evolution at these nourishsen
Furthermore, it is noticeable that the coast at &ginand Bergen aan Zee is characterised by a regula
pattern of alternating sand humps which migrate@lihe coast. It is therefore also hypothesisetttiese
local bathymetrical features significantly affedtet behaviour of the nourishment. The alongshore
migration of the nourishments at Egmond and BeagnZee is larger than the migration of the shogefa
nourishment at the Delfland coast. Furthermores ihoticeable that the Egmond and Bergen aan Zee
nourishments migrate in opposite directions, whschot likely due to the wave climate (which is dar).

It is therefore hypothesised that this is the ttesfitross-shore transport processes or an adaptatithe
nourishments to local bathymetrical features (dkangshore sand waves).
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Figure 12. Modelled and observed coastline postiaime Egmond shoreface nourishment with optimcsedficients
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Figure 13. Modelled and observed coastline positibithe Bergen aan Zee shoreface nourishment wiiimispd

coefficients

The coastline development at Ameland and Juliamadmmerally is represented quite well with the
calibrated advection-diffusion model. It does, hoare show some locations where the coastline regnes

is larger than at other parts of the nourishmentedular pattern with a length scale of 2 to 3 ikiédres
may be distinguished here (e.g. for x=112 and Iidak Julianadorp). It is hypothesized that crosseh
transport towards a nearby tidal channel playsl@abthe Julianadorp nourishment. Furthermoreylegg
coastline humps can be observed at the westerofetiiee Ameland nourishment in the final situati@ (
X=7 to 9 km). These coastline features are expedctdx related the result of the landing of the-ttél
shoal of the Amelander Zeegat on the coast of Anmgkland subsequent local spit development.
Furthermore, it is noted that the observed coasttievelopment at Ameland shows that additional
sediment was nourished at the eastern side dunmglbservation period. This hindcast is, howewdt, s
considered valuable for the western part.
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Figure 14. Modelled and observed coastline posaitaime Ameland nourishment with optimised coefits
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Figure 15. Modelled and observed coastline posaiame Julianadorp nourishment with optimised ficiehts

An overview of the calibrated coefficients of thdvaction-diffusion model that best represent theeoked
coastline development are presented in Table 3.

Table 3. Overview of optimal advection and diffusjparameters.

Location Model settings Measured Modelled
Hactive K Vg du dSTD du dSTD
[m] [m?yr] | [miyr] [m/yr] [m/yr] [m/yr] [m/yr]
Sand Motor 13 74000 21 6 71 9 77
Sand Groynes 13 109000 433 40 % -389* 393 72
HvH beach 5 96000 -3 285 34 156 17
HvH shoreface 8 99000 120 67 9 106 17
Egmond 8 193000 176 354 ** -69 ** 70 60
Bergen aan Zee 8 35000 -226 -449 * -129 * -210 38
Ameland 8 379000 40 512 **% 764 *** 99 112
Julianadorp 13 396000 -53 27 29 32 21

* The Sand Groynes get more compact initially résglin a negative change in standard deviation
** Expected to be influenced by cross-shore transpmcesses resulting in a negative change irdatardeviation
*** Influenced by a smaller nourishment at the eastside of Ameland within the considered timeframe

The magnitude of the diffusion of the sedimenth&t Delfland coast is found to be quite constanddpr
7-10¢ to 1¢ mélyr). This gives an indication that the severitytioé climate determines the local diffusion
of the nourishments, as the wave climate is moless similar for these nourishments. This is e with
Larson & Kraus (1991) who show that the diffusiarefficient is related to the transport capacityeTh
smaller diffusion coefficient at the Sand Motoreispected to be related to a physical restrictiomhim
maximum transports as they are limited by the Isealiment transport capacity. The diffusion at Egtho
and Bergen aan Zee is considered not very repasantas other processes are expected to influeénce
considerably (e.g. cross-shore transport proceasdslocal bathymetrical features). At Ameland and
Julianadorp the diffusion coefficient was highearthat the Delfland coast, which can be explainethby
more severe wave climate at these locations. iioted that modelled and computed standard deviation
differ considerably for the nourishments at the &S@moynes, Egmond and Bergen aan Zee. This means
that the nourishments initially get more compagt. (hegative change in the standard deviation)chvban

not be modelled with the advection-diffusion equomati While the observed coastline development at
Ameland differs from the computed development a$nsent was nourished at the eastern side of Ameland
during the observation period.

The alongshore migration rate was found to be tafge smaller nourishments, nourishments that are
placed in the middle of the surfzone and for ndumients in the northern part of the Netherlands.
Furthermore, temporary conditions (e.g. south-whbsgtorms) are expected to influence the migratate
of smaller nourishments. A smaller relative inflaerof advection is expected if the nourishmentasegd
on the dry beach or in great volumes (e.g. ‘SandoMp This influence of the nourishment volume sse
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to be logical as a very large nourishment has rnmandia than a small one.

The advection of nourishments is therefore assutbdie an independent absolute process which is not
influenced a lot by the nourishment. Consequettilyrelative influence on small features is bigen on
very big features. Next to this, it is noted tha HHoek van Holland beach nourishment is not imfbeel as
much by advection as the other nourishments. Thegration rate’ is considered a less suitable patame
for this beach nourishment, as it is enclosed om side by a breakwater. Due to this enclosure #ie n
diffusion to one side is blocked, which resultsan‘'migration rate’ that partly consists of diffusiv
processes (i.e. normal spreading of the nourishreaine side). The advection coefficient is themefo
expected to be a better means of assessing thtime&ehaviour for the beach nourishments.

6. Conclusions on advection and diffusion of nourishments along the Dutch coast

This paper investigates the coastal evolutiongtiteartificial nourishments with varying characstids on
the basis of bathymetrical field surveys. The ainthe analyses is to isolate the advective andisiife
components as found in the observed coastline 8enluA number of conclusions come forward from the
analyses in this paper:

- The evolution of coastline perturbations along Ehéch coast is dominated by diffusion. Advection
of nourished sediment, however, does contributdotal coastline evolution for some of the
nourishments. This holds especially for small toderately large nourishments in the active part of
the surfzone (e.g. shoreface nourishments). Fomplkga the Egmond and Bergen aan Zee
nourishments migrated about 5% of their initialngjshore length per year. It is, however, notedithat
is expected that the Egmond and Bergen nourishmamsinfluenced by cross-shore sediment
transport processes and local bathymetrical fest(ire. regular sand humps with a length scale of
some kilometres).

- Diffusion of nourishments is expected to be reldtethe severity of the local hydrodynamic climate
rather than to the properties of the nourishmexgtshe diffusion was more or less similar for &fihe
nourishments along the Delfland coast. Only foregannourishment (i.e. ‘Sand Motor’) the diffusion
coefficient is somewhat lower, which is expectedéodue to the large net transports that are lémite
by the local transport capacity.

- The advection of nourishments is expected to bectaied to the specifications of the nourishment.
Aspects like the position in the profile, the sizethe nourishment and the local hydrodynamic
conditions affect the relative contribution of adtren (or alongshore migration). The advection of
nourished sediment was observed more stronglyeistiallow part of the surfzone (NAP-4m to NAP)
than in the other layers (e.g. for Sand Motor).tirermore, temporary hydrodynamic conditions (e.g.
south-westerly storms) have a larger impact onritial development of small nourishments.

Acknowledgements

This research has been executed as part of a Rigaroh programme within the Nearshore Monitoring
and Modelling project (NEMO) at the faculty of diingineering and Geosciences of the Delft Univgrsi
of Technology (DUT), the Netherlands. The EuropRasearch Counsel is acknowledged for providing the
funds for the NEMO research project.

References

Ashton, A.D., A.B. Murray, and B.G. Ruessink, 2003tiahtests of a possible explanation for alongghsandwaves
on the Dutch coast3rd IAHR Symposium on River, Coastal and Estualf@phodynamics International
Association of Hydraulic Researchers, Barcelona,rSpai

Ashton A.D., and A.B. Murray, 2006. High-angle wanstability and emergent shoreline shapes: 1. Modaf sand
waves, flying spits, and capek.of Geophys. Red/ol. 111, FO4011, doi:10.1029/2005JF000422, 2006

Cauchy, M.A., 1847. Méthode générale pour la rémmiules systémes d'équations simultan€esaptes Rendus Acad.
Sci. Paris 25pp. 536-538.

856



Coastal Dynamics 2013

Bakker, W.T., 1968. A mathematical theory about saades and its application on the Dutch Waddend&Mlieland.
Shore Beachvol. 36, pp. 4 — 14.

Bruun, P., 1954. Migrating sand waves or sand humwis, special reference to investigations carried on the
Danish North Sea coagipastal EnglandAm. Soc. Civ. Eng., Grenoble, France, pp. 2695- 29

Falques, A., 2003. On the diffusivity in coastlshmamics Geophys. Res. Leti/ol. 30.

Falques, 2005. Wave driven alongshore sedimenspaah and stability of the Dutch coastlir@oast. Eng.Vol. 53,
2006, pp. 243 — 254.

Grunnet, N.M., B.G. Ruessink and D.J.R. Walstra, 200&. influence of tides, wind and waves on thestedbution
of nourished sediment at Terschelli@pastal Eng.Vol. 52, Issue 7, July 2005, pp. 617-631

Hoekstra, R., 2010. Pilot Sand Groynes Delfland Cdafficiency and practical feasibility of a pulseurishment.
Delft University of Technology, Faculty of Civil Emgeering and Geosciences, Department of Hydraulic
Engineering. Boskalis Westminster and Deltares tepone 2010.

Hoekstra, R., D.J.R. Walstra, C.S. Swinkels, 2012t Pifoject Sand Groynes Delfland Co#&sbceedings of the 33
International Conference on Coastal Engineerifh(33), sediment.128. Santander, Spain, 2012.

Keergaard, K. H., & J. Fredsge, 2013. A numericatelim® model for shorelines with large curvatut@astal Eng.
Vol. 74, 2013, pp. 19— 32

Larson, M. and N.C. Kraus, 1991. Mathematical Mauglof the Fate of Beach FilCoastal Eng. Vol. 16, Issue 1,
1991, pp. 83-114

Larson, M., N.C. Kraus, 1994. Temporal and spatiales of beach profile change, Duck, North Caroliwarnal of
Marine GeologyVol. 117, 1994, pp. 75-94.

Mulder, J.P.M. and P.K. Tonnon, 2010. “Sand Engin®ackground and Design of a Mega-NourishmenttRiiche
NetherlandsProceedings of the International Conference on Gddshgineering Vol. 32 (2010).

Pelnard-Considere, R., 1956. Essai de theorie delliggn des formes de rivage en plages de salde ealets4th
Journees de 'l hydraulique, les Energies de la Net. 111 (1): pp. 289-298

Van den Berg, N., A. Falques, and F. Ribas, 2012, é\lieg large scale shoreline sand waves under abligave
incidence . of Geophys. Re€10i:10.1029/2011JF002177.

Van Duin, M.J.P., N.R. Wiersma, D.J.R. Walstra, L.@nwRijn, M.J.F. Stive, 2004. Nourishing the shorefac
observations and hindcasting of the Egmond dasastal Eng.\Vol. 51, Issue 8-9, October 2004, pp. 813-837

Van Koningsveld, M. and J.P.M. Mulder, 2004. Susihie coastal policy developments in the Nethedaril
systematic approach revealddurnal of Coastal Researckiol. 20(2), pp. 375-385. West Palm Beach (Florida)

Verhagen, H.J., 1989. Sand waves along the Dutast&@oast. Eng.\ol. 13, pp. 129 — 147.

Thevenot, M.M., N.C. Kraus, 1995. Longshore sand/esaat Southampton Beach, New York: observation and
numerical simulation of their movemeMarine GeologyVol. 126, Issues 1-4, August 1995, pp. 249-269

Larson, M. and N.C. Kraus, 1991. Mathematical Mauglof the Fate of Beach FilCoastal Eng. Vol. 16, Issue 1,
1991, pp. 83-114

Inman, D.L., 1987. Accretion and Erosion Waves oaddesShore & Beach\ol. 55, Issue 3-4, pp. 61-66.

857



Coastal Dynamics 2013

858



