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Abstract

Sea level rise causes more difficultfes caastal maintenancén the past hard structures wdrailt to
prevent for floodingwhich need to be maintained more often due to the rising sea level. More recently
nature based solutiomsethereforepreferredover these hard structurdor the application of nature
based solutions, a bettenderstanding of the coastal processes and variability is deSiaed. is
deposited on the beach with hydrodynamic forces. Subsequently, the sand drigegrandported
towards the dunes as a form of aeolian transphuritiple processes are includedarolian transport,
whose bedform development is understudwtile knowledge on thiss importart for a better
understanding of the coastal process&se of the most visually clear bedforms is organised dry sand
over a moist beach, referred to as sangstIn order to improve the knowledga sand stripsthis
study focusses on sand strip properties and environmental conditions that occurrethduprgsence

at theNoordwijk beach, using datacquired by aerrestrial laser scanning (TLS) device

Sand strips are detected with the Fourier transform. Since surface moisture can be derived from the
reflectance intensity of the Tk&ata, and due to the different moisture content of the sand strips
compared to the surrounding beach, the Fourier transfapplied on the reflectance intensiBand

strips are detected based the spectral energy in the variance density spectrum for a waverumber
range corresponding to sand stripsie to the datasetependent derivation of surface moisture from

the reflestance intensity, calibration of the detection threshold is necessary before applying the threshold
on other datasets. For the detected sand strips the wavelength, orieatatiteight are determined

and thee shape properties are analysed based on the average values for each scan. Theaddtected
strips were oriented alongshore to obligengshore with mean wavelengthnd heighbf 13.2mand
4.0cmrespectively, which is in correspondence vsitimilar sand striprelated studies.

According to sand sample$ the beach the grain size varia transverse direction of the sand strips.

This variation is comparable with the grain size variation of aeolian sand ripples, with the coarser grains
located at thecrest and the finegrains at the leside. Additionally, the sampdealso showed a
significant difference in gravimetric moisture content between the sand strips and surroundingdeach
expected due to the reflectaduased detectiort the sand strig, he maximum moisture content was
5.3%, while the minimum determined moisture contdithe surrounding beach was 6.0%. The mean
values were equal to 2.6% and 9.4% for the sand strips and surrounding beach respectively.

In addition, sand strips mainly occurred during (almost) alongshore wind events with a wind velocity in
excess of 8/s However, the threshold wind velocity for sand strip formation is determinednats10

Due to the significant height difference that can remain present during precipitation events, these events
are not necessarily restrictive factors for sand strip development, although the reflectance intensity
suggests differenturthermore, sand stripaostly formed during falling tide and they were mostly
destroyed byhe increasing water level durimiging tide.

The one life cycle of the sand strips that is analysed showed dynamic sand strip behaviour. The migration
rate of the sand strips varied otke width of the beach, causingre inland oriented sand striffis

dynamic behaviour cannot be related to weather conditions since they remained chostewmer it

could be related to topographic steering caused by the dune. Nevertheless, tsefdésaldynamic
properties are only indicative and encourage further study of dynamic sand strip properties.

Keywords:aeolian transport, sand stripgyrestrial laser scanning, point cloud, Noordwijbastal
processes, Fourier transform, reflectaimtensity, environmentatonditions
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1. Introduction

Sea level rise causes more difficulties for coastline maintenantiee pastoastlines were stabilized

to prevent for flooding by building hasfructuregStive et al., 2013)T'he rising sea level causamore
frequently heightening and widening of these structures, subsequemnifingless sustainable
structures. Besides, they also hinder natural accumulation of sed{femimerman et al., 201,3yhich

is especially important for sandy beachdsre re@ntly nature based solutions are therefore preferred
over hard structuresvhichallow for a larger degree of natural dynamkesrthermorethe attractiveness

of coastal areas for people to live increéSmall & Nicholls, 2003) causing changes in the coastal
ecosystemgTemmerman et al., 2013)ue to the highly dynamic behaviours#ndy coastg/os et al.,
2022) in combination with the preference for nature based solution over hard structures, a better
understanding in the coastal processes and variabilitypsrtant Especially for sandy beaches since
they cover around one third of the total coastal area drihvnword(Luijendijk et al., 2018)

However, mt all transport processes sandybeaches are fully understood, especially sand transport
towards the dunes and the restoration of the coast after a(gtoders et al., 2019 Coastal resilience

and its kehaviour after such a storm event depends on many mechariéguse(1.1). With
hydrodynamic forces the sand in the water column is transported and deposited on the beach. On the
beach this sand can dry and subsequently it can be transported towards the dunes as a form of aeolian
transport. Aeolian sediment transport dynantnsbeaches are not fully understood yet due to their
complex nodinearity and variability(Baas & Sherman, 2006)t becomes even more difficult to
understand with the knowledge that aeolian sand transport towards the dunescia several forms

while someerms offorms are used interchangeafBherman et al., 2019)
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Figure 1.1. Representation of relevant processes related to dune req@eeryVesten, 2018)

In order tancrease the fundamental scientifitderstandingf aeolian sediment transppaind therefore

to eventuallyincrease thapplicationof nature based solutiorisis important to identify conditions that

cause aeolian transport to occur. One of the most visually clear signs of aeolian transport is when an
organised low, slipfaceless bedform with dry sand moves over a wet(fégutel.2), knownas sand
strips(Hageet al, 2018). Sand strippehaviourand developmeris largely unknown undexrwide range

of environmentatonditionsand bed propertie€lose monitoring of the coast can helpkbbaina better
understandingf the processes that cause aeolian trangpattmore specificallpeolian transport in

the form ofsand strips



Figure 1.2. Sand strips present on the Noordwijk beach (6 April 2022)

Several projects arexecuted where sandy coasts are closely monijtoeedhe CoastScaproject that

uses a terrestrial laser scanning (TLS) technique to anadyaeal variations at short time scales for a
longer time perio@Vos et al, 2020) The obtainedTLS datais displayed with point clouds tiiebeach
surface andenabla analysing sand transport at high temporal and spatial dataders et al., 2019)

The ofufi -coordinates as well as the reflectance intensity are considered the most important output
parametersof the point clouddor the study of sand stripgnce sirface properties, such as moisture
content, can be derived from the reflectance inte(Nisid et al, 2011) Figurel.2 indicates a different
moisture content between the sand strips and the surrounding deadb the colour differences
suggesting the visualization of sand strips in the point slbaded a the reflectance intensity.

1.1Research goal

This thesis hashe aim tgprovidea better understanding on thehaviour othe sand stripfound at the

beach of Noordwijlaan Zeethe Netherlandsising data of taTLS device The focus is therefore on
the properties of the sand strips and the environmeadalditions that occurduring sand strip
developmentThe corresponding research questiwatis studiedin this master thesis therefore

Which factors determine the prpies of the aeoliapand stripon a sandy beagland to what exteft

To answer this research question, multiple-qubstions should be answerdtbint clouds of an
approximately thregear time period are available, and a method should be fouthete¢ot the sand

strips in these point clouds. The applicability of the detection method on other point clouds can be
analysed as wellAfter the detection the shape properties, such as wavelength, orientation, and height
will be determined and analysedwsll. Furthermorgthe environmental conditions during each scan
can be compared to each other to obtain the required conditions for sand strip develDgnaenic
properties are analysed, which eventually can be extended to the computation of trérsspaiie
However, this study does not discuss the amount of sand transported due to the focus on the properties
only. Besides thisand strigscale, the grahscale of the sand strips will be studied as well to a certain
extent since the sand propertiest® sand strips are not knowrherefore, the following sufjuestions

will be answered in this master thesis:

1. How should the data obtained with the permanent laser scanner be processed to detect sand
strips?

Is the derived method for the Noordwlijgach applicable on other sandy beaches?

What are the shape properties of themed aeoliarsand stripge.g. wavelengthgrientation)?

How do the grain size and surface moisture vary over the aeolian sand strips?

What are theenvironmentatonditions for aeoliasand stripdevelopmertt

What are the dynamic properties of tbemedaeoliansand strifs (e.g. migratiorrate, changes

over timg?

ouhwd

Since not every question can be answered immediately without answering the previqQuestidn, a
workflow is visualized in appendix A. This workflow shows the otdesnswetthe subquestions.



1.2Research scope

Like any other studfiasthis study its limits which define the scopést, only one area along the Dutch
coastis examinedThe studed area ispart of theNoordwijk beach The NetherlanddNoordwijk is a
small coastal villagat the centre of the Dutch coastlin€he laser scanner is located on topGfand
Hotel Huister Duinandscans the dunes, beach and tidal area in front of the btxactstudy area
is thereforebordered bythe limited view of the laser scannaver the beachFor more information
regarding the study area, a reference is madedtion3.1

TheTLS is scanning the beach on an hourly inteesadlis therefore considered continuothetime
period of the studiedataranges from January B@ntil February 28 2022 andhe datas obtained
during the CoastScan proje@uring this time period, four storms passed over the Netherlands. The
first storm passed ovet January FA(stormCorrie), theother three later in February for six congeai

days Storm Dudley durin§ebruary 18 and 17, storm Eunice during Februatg" and 19 andfinally

storm Franklin duringhe 20" and 2% Besides these four storms, fieldwork is also executed in the form
of sand sample acquisition in thime period.

These sand samples are also taken at the study area bordered by the limited view ofrtleddrSo
determine possiblgrain size variatiomnd moisture contemlifferencesover the sand strips as well as
compared to theurroundingbeach These sampleare takenwhen sand strips were presehiring
stormy weather conditiornsn the 4 of February, February ¥7during storm Dudley), February %8
(during storm Eunice) and April"6 Due to the difference in summer and winter profile ef bleach,
differences in grain size between these two periods are po@dibiinaet al, 1994)and therefore the
results of the fieldworkauld differ from comparable fieldworkxecutediuring summer months.

Thetemporalscaleat which the sand strips will be studiedrnighe order of hourtd days It is expected
that sand strips will not be presémt more thara fewconsecutivelays on the beach due to the changing
environmentatonditions In this way,shortterm changes in morphology can be visualiaad long
term morphological changes of the coast are not considered

Environmental data will be requested dorrelatethe occurrence of sand strips to environmental
conditions. The requested data will iyionaldata,which can differ from local (nearsurface)data
occurring at the beackbne example ithe possibility fowind deflection on the beach as a result of the
presencef the dunes. This can cause different behawibtine sand stripthanexpected, but since all

of the already executesdnd striprelatedstudies use regional data it will most likely not cause problems.
Neverthelesslocal weather dataandiffer slightly compared toegional weather datand it is worth
mentioning

1.3Thesis outline

The main outline of the thest®nsists of mainlgix parts In the first part, a short introduction is given

from which the research questions are derived. In the second part a theoretical background is given with
information that isalready known with respect &oliansand strig. In the thirdpartthe study area and

the obtained datirom the TLSaredescribé as well as the data acquisition for grain size analysis.

In partfour a description is given regarding theocessing of th@LS dda a well asthe processing

steps required for the detection method and the detection methodTiteelfletected sand strips are
analysed in paftve, whichis divided in the analysis of the shape properties, the occurred eneinted
conditions and the dynamic behaviour of sand stlipstly, adiscussion as well as@nclusion is

drawn in combination with recommendations for further research.



2. Theoretical background
Aeolian transport includes processes as creep, saltatpiation and the migration of bedforms. Most
aeolian transport studies are related to saltation, leaving the other aeolian processes undéygtudied
& Tsoar, 2008) Saltation is caused by wind eddies travelling down towards the surface through the
boundary layer and scraping across therbedlting in streame(8aaset al, 2005 Hageet al, 201&).
In Figure2.1 it can be observed that there is a clear difference between saltation streamers and sand
strips.Sand strips are more organised bedfofmght figure) while streamerare saltating featurdkeft
figure). Local bed properties are not a necessary condition for the formation of streaiergey are
important for the formation of sand strifiaas, 2007)It is reasonable to divideand stripsn aeolian
transport processes related to bedform migratitmwever, omplexity arises when focussing on the
definitions of creep and reptation. Creep is defined as the movement of grains in continuous or near
continuous contact with a sand b@&falker, 1981)and reptation as the movement of femergy
hopping particles without the ability to rebound or to eject other gfhaingar & Haff, 1987) Creep
and reptatiorare often used interchangeakiithaet al, 1986)andcan be defined synonymquand
bedform migratiorcan be considered creep as well since thégrate with arate proportional tdhe
bedform(Sherman, et al., 2019)

Figure 2.1. Saltation streamers (left) and sand strips (right) are common features of aeolian transport

Because natural settings, such as coastal winds, are unsteady amdfoon it is hard tgoredict or
modelaeolian sand transpdiDavidsorArnott & Law, 1996) Besides, aeolian transport depends on
multiple factorsincluding weather conditions and bed proper{&iserman & Hotta, 1990Pue to this
dependency, strong wind velocities does not necessarily coincide with strong aeolian gtinfest

al.,, 201&), causing the understanding of aeolian transport to bedmtdomplexity is created when
the factors interact with each oth®auer, et al., 2009Extensive field research is therefatesired
however most of the fieldwork is short in time and letegm scales arthennot included Therefore,
the effects of these factoos the longtermare unknownlt would require longerm observations with
high temporal resolution to determitfee causes and factors of aeolian actifitageet al, 201&).
Nield et al. (2011) have conductedhe most extensive field research inde@oliansand strips. They
measured sand strip patterns after a rain event for three and a half hours witlardthey related
sand strip developmenbt only to weather conditions, but atsobed roughness, moisture patterns and
saltation.

2.1Formation, shape and migration of the sand strips
Aeolian @nd strips are slipfaceless bedforms and are classifieddisrms witha (i) low-amplitude
(ii) largewavelengthand; (iii) rounded depositdutwithout crestlinegNield, 2011) They commonly
have a wavelength in the order of t0and a height in the order of centimetfelageet al, 201%;
Baddocket al.2018) They are often oriented alongshore, even with oblique regional winds, implying
wind steering by the foredurfelageet al, 2018)).



Sand stripgommonly form on moist bedand start as patches of dry, moving sand that turn into thin
strips over timéKocurek et al, 1992) Initial bedforms are small, chaotic and close to each dthasr

time, the length and the width of the sand strips became larger, while the wavelength remained constant.
Hage et al(2018b)found that thevavelength does not depecahvincingly on the wind speedsually

sand gtipsform close to the dune foot and spread towards the sea with fallingiadeet al, 201&).
Theyonly form closeo the waterline when the beach is wide dadng offshore windsWhen former

sand strips still were present, the new formed stripstha same shape, size and most often also the
same location as the former ones, but this changed when the new sand strips bégyaeto m

For aeolian transport to ocguithe wind speed should exceed a certain threshold vel&dityaeolian
sand strip developmertiage et al(2018a)suggest a threshold velocity equal tm& The duration of
the formationis inversely related to theind speed. After a strong wind event of a certain length, it is
more likely to see welleveloped bedform@lageet al, 201&). When the wind velocity drops below
the threshold velocity, the already visible sand strips remain visible, but they dowatrgnove(Hage

et al, 2018). One of the most common causes for the disappearance of sand stid@pstis rising tide
destroys the sand strips on the intertidal be&alrthermore, Hage et a(2018b) suggestthat
precipitation can causetemporarilydisappearance of sand stripéter the precipitatiorevent the sand
strips can recover within an hour, given that the wind speed is abotredhbold velocity

Immediately after formation, sand strips do not necessarily miftaige et al.201&). Furthermore,

the migration rate, usually a few meters per hisuweakly dependent on the wind velocity, given that

the threshold velocity is ereded Kocureket al, 2009; Haget al, 201&). Since the migration rate of
bedforms is by approximation inversely proportional to the size of the bedform, shemiferms will

migrate faster and overtake and interact with larger, slower bedforms. iftersetions most likely

occur when they have just developed when they are small, diverse in size and randomly spaced. Due to
these characteristics of initial bedforms, their migration rate is diffemhthereforénteractionsare

possible (Kocurek et al., 2009) Furthermore, rost bedforms experience some deforming during
migration, while Bauer et §2009)also concluded thaand stripnigration is intermittentwhich could

be caused bthe spatial patchiness of the sand strifigs spatial patchiness correspondsdiffarence

in moisture content between the sand strips andufreundingoed surfaceAltogether,the dynamics
involved in bedform development is poorly understood. Beeaf the uniqueness of each bedform, it

is important to determine boundary conditions for different stages and sygtecuseket al, 2009)

Kocurek et al. (2009) studied interaction processes between bedforms and they recognized multiple
processes thaccur for approaching bedforniSigure 2.2), while only a few of them appear for sand
strips. The importance of these interaction processes is recognized, buttsirscgionsare not studied

in this thesis they will not be discussed in more dapthonly the development will be discussed

Since initial bedforms are small, chaotic and close to each other, constructive interactions should
dominate for the pattern to develdponstructive interactions cause fewer, larger and more widely
spread bedforms. Regenerative interactions, on thesitteeof the spectrum, causes a more initial state,
resulting in more and smaller bedforms.bedforms grow, space widely, become more similar in space
and migration rate, the number of interactions will decrease because a steady state will be approached
(Kocurek et al., 2009) This steady state is, however, very difficult to reach for sand strips, as the
boundary conditions are dynamic, unsteady andumsform. Ewing & Kocurek(2010) proposedhe

wind direction, the agin of the sand supply, the geometry of the sand source area, areal limits of the
field, and antecedent conditions as the boundary condifidrey. concluded that the orientation of the

crest is a result of the wind direction, and the pattern of thessdépds determined by the sand source.

The density depends on the field area. The development of new bedforms is affected by older bedforms
which may still be present (antecedent conditions) and the new formed bedforms wilseize into

a similar p#étern as the older onéNield, 2011) The impact of these boundary conditions on the aeolian
bedform development is little explored but not yet fully unders{atureket al, 2009)
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Figure 2.2. Idealized bedform interactions for (A) whole bedforms, and (B) bedform defects. Each box shows the streamwise
(from leftto-right) evolution of the interactio(Kocurek, Ewing, &iohrig, 2009)

2.2Surface moisture
Bed properties affect the development of sand stié@jpsl more general aeolian transp@ite surface
moisture is very important for the determination of sediment transport in aeolian beach systdiaus.
transport can occur whehg beds not be inundated arwihenthe gravimetric moisture contestelow
10% (Nield et al, 2011; Hageetal., 2020) The transported sand is usually lighter in colour because it
is less moist than the moist b@dageet al, 201&). In Figure2.1 it can be seen that the streamers as
well as the sand strips (the transported sand) are lighter in cel@gesting a lower surface moisture
These dryer sand particles are pickecng transportety the wind. Irnthecase of sand strips, the sand
is ransported in an organizestrippedvay perpendicular to the wind direction. Sand transport increases
when the beach surface dries, with all other variables being @t¢jeld et al, 2011) Aeolian sediment
transport therefore depends on the changingstmi@ content andanresult in the formation of sand
strips. The formation of sand strips does not only depend on the surface moisture, but on other bed
characteristics as well, such as bed roughfidageet al, 201&). However,bed roughness is also
related to moisture contesince themoist surface is rougher than the eirgand strips. The difference
in bed roughness between the wet and dry beach sigfiedy toinfluence the aerodynamic roughness
and ultimately aid in differential saltation pais. The water in the moisture surface cssatmoother
surface and less drag on airfloand the development of adhesion structures will likely increase
aerodynamic roughness and regitbe ability for aeolian transpait occur(Nield et al, 2011)

Besides, moisture content also influences the fetch as it can constrain the width of tH@aeachet

al., 2009) Tides and waves influence the conditions on the foreshore, which can cause the bed being
too moist for the sand particles to be picked up, resulting in a decrease in fetch length. Surface moisture
also increases the shear velocity threshold, which redireetransport and extends the critical fetch
length(Nield et al, 2011) therefore it is more likely that the critical fetch will exceed the maximum
fetch length, resulting in limited transpgHageet al, 2020) Moisture content is therefore importan

for the controlling and releasing of sediment from the surface.

Besides hydrodynamics affecting the moisture content orfotleshore, atmospheric humidity and
precipitation events are critical to understand aeolian transport occurring at the uppdBbeachet

al., 2009) In these dryer upper regigrthe surface moisture content typically is less than 5% and these
atmospheric conditions are the most prominent factors in aeolian transpo(iNiatdst al, 2011)
Precpitation can result in a sharp decrease in aeolian transputsand stripsnight disappeatHage
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et al., 2018) and the intensity of streamers decreé3avidsonrArnott & Bauer, 2009) However,
streamers can remain visible with the presence of a wind speedwg@®more.Strong winds could

also cause the reappearance of sand strips an hour after the precipitation stopped. Limited and unlimited
events did not differ in the presenceration and amount of precipitatigHageet al, 201&).

Jackson& Nordstrom(1998) conceptualized five conditions that describe transport over an initially
moist bed that is drying. The first condition is the saltation of moist sediment across a moist bed surface
under high wind speeds. The second condition begins wihurdrying ofthe surface, followed by a
saltating layer of dry sand. The second condition is therefore comparable with the streamers and is
common when the shear velocity is between the wet and dry thresholds. Condition three involves the
transport of dry sediment fno bedforms (including sand strips), accumulated on the moist bed surface.
These bedforms represent a secondary sediment source. The fourth condition involves entrainment from
a dry upwind source and transport across a moist bed surface and the lastrcasmdite sediment
transport on a completely dry surface.

2.3Sand strips affected by wind characteristics
Small changes in wind characteristics will have an immediate effect on theeshortariations in
aeolian transport rai@auer et al., 2009Aeoliansand transport in the form of sand strips only ocgcur
if the wind speed exceeds a threshold velogitground 8m/s(Hage et al., 2018. An exceedance of
this threshold velocityloes not significantly lead to an increase in intensity of the transpuyt to
more saltation even{8auer et al., 2009}t leads thereforéo a more continuougsansport in terms of
intermittency, but the mass flux will remain unste@dgvidsonArnott & Bauer, 2009)

There are two types of transport everstgpplylimited and -unlimited transportFor supplylimited
transport the transport is governed by the supply rate, while for unlimited transport, when upwind supply
exceeds the transport capacity of the wind, the transport rate is determined by the capacity of the wind.
Wind-driven equilibrium tansport rates do not occur for limited events, and transport is governed by
the supply.For unlimited events, windriven equilibrium transport rates exist and the transport is
governed by the win(te Vrieset al, 2014) Limited and unlimited events bdohappen under a wide

range of wind speedéccording to Haget al.(2018a)high wind speedare more common features for
limited events and unlimited events show a somewhat lower average windidpeeder, De Vries et

al., (2014) suggest that the transport capacity decreases with decreasing wind speed, resulting in
sedimentation, and transport capacity increases with increasing wind speed, resulting in nare aeoli
transport and sand picked up by the wind. Hetgal.(2018a)suggest thathe type of transport is more
related to the duration of the wind eveiMhen the beach is covered with sand strips; tomsider the
transport evenas unlimited. When there is no aeolian transport visible, it is considered as a limited
transport event because the wind speed was above the threshold velocity and it should result in visible
signs of transport. Limited transport eventodiave a smaller transport rate, and the actual rate depends
on the ratio between the critical fetch and maximum fétaygeet al, 2020)

The wind direction, however, cause changes in intensity in the appearance of sand strips. Well
developed bedformefm when the winds (almost) alongshordirected while crossshore winds result

in poorly developed bedfornm$lageet al, 201&). This implies that the intensity of the transport is
governed by the wind direction. Hageal, (2018a)suggested thahe wind directiorcould be more
important than the wind speetlie to the fact that thmaximum fetch length is determined by the wind
direction and the beach widtMore alongshore winds lead to an increase in maximum fetch length
while during onshore winds the maximum fetch will be smaller than the critical &stdhno full
transport igeachedThe critical fetch is the fetch at which aeolian transport has saturated at its potential
volume and it is the distance from the leading edge of the transport surface to the point where maximum
transport is achieved in downwind directi@auer & DavidsorArnott, 2003) The critical fetch is
governed by the wind speed as well as by the supply faé¢e¥rieset al, 2014) The limitation of

supply could, however, dominate over fetch effects. As a result the concept of the critical fetch could be



argued to be unsuitable for supflityited situationsWith an increase in fetch length, the transport rate
will evolve towards a equilibrium transpor(Bauer et al., 2009However, the actual fetch length is
typically shorter than the critical fetch length and therefore it is rare to find equilibrium conditions on
beaches. Therefore, the critical fetch can limit transport onrrawmaeach as thbeachwidth, and
therefore the fetch, is small compared to the critical fetch IgBgther & DavidsomArnott, 2003)

Besides, an equilibrium transport rate is unlikely to occur because of the developmerntefrzal
boundary layein the atmosphere immediately downwind of the odeaach transitionvith a steep
vertical gradient in the horizontal velocifBauer et al., 2009)These steep gradients imply large
shearing stresses acting on theeshore, indicating large potential for sand transpdrtle the internal
boundary layer causesdecrease iwind speed and shear velocity in dumard directionAtmospheric
turbulence has therefore an important role in the contsdmd transporniaeolian environmen{Baas,
2007) Measurements on the wind field alone would suggest that most transport would occur on the
foreshore and decreases due to the internal boundary layer in downwind direction. This ist,hmweve
100% correcto sayas there is no sand supply from the upwind direction resulting in less aeolian
transport on the foresho(Bauer et al., 2009Nevertheless tiis correctthat the transport potential
decreases in dungard direction because tife development of thinternal boundary layedespite an
increase in fetch lengtiThis internal boundary layer causes a decrease irsneface wind speed in
duneward direction, which decreases the reanface shear stredsut this decrease is nowestigated

in depth in coastal aeolian geomorpholdBgauer et al., 2009)his decrease in wind speed in dune
ward direction mayossiblyexplain why sand strips move at different migratiatesalong the width

of the beachwhichmay subsequently result in interactions between sand @tgueet al, 201&).

Not only the wind direction determines the fetch length, alstdheand therefore thmoisture content

affect the fetch lengtiMoist sand can increase the critical fetength with50% or moreandit is also
possible that the bed is too moist for the sand to be picked up by theresotting in a decrease in
fetch length(Smit et al, 2018) During rising tide, the maximum fetch distance seewesnmore
important than the moisture content. During falling tide, sand from the intertidal beach becomes
available for aeolian transport since the sand dries below the moisture threshold fortawjzort.



3. Data description

In this chaptermore information regarding the dasagiven In sectior3.1the study area is explained

followed by an explanation of the data obtained withténeestrial laser scannin@l(S) in section3.2

Besides, sand samples are acquired on the beach as discussed in section 3.3 for the determination of the
moisture content and grain size. darrelate sand strip behaviourdnvironmentatonditions, weather

and tidal déta areobtained fromthe Royal Netherlands Meteorological Institute (KNNMdhd
Rijkswaterstaatespectivelyas presented isection3.4.

3.1Study area

Thestudysite is the beach of Noordwijk aan Zee, the Netherldndated near the middle of the Dutch
coast(grey dot h Figure3.1). The coastline has a straight orientatior80f with respect to the North
andfaces the North Sedhe beach width depends on the tide and ranges betwean 486 200m.
Noordwijk exploresa semidiurnal tide with a Inand a 1.8ntidal range at respectively neap and spring
tide (Walstraet al, 2012) The dominant wave direction for waves approaching the Noordwijk coast is
southwest (SW) and nortiorthwest (NNW)(Quartelet al, 2007) The mean wave height along the
Dutch coast is 1.Bh and the mean wave period is equal tee8&onds Since alongshordifferences in
wave climate are small, these conditions can also be applied for the Noordwijk\&jaberg &

Terwindt, 1995)Furthermore, the wind climate is dominated by winds coming from the southwest (SW)
and are thushdique-alongshore
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Figure 3.1. Location of the field sitat Noordwijk (grey dot in the overviewglong the Dutch coasThe blue doin the inset
shows the location of the lasgtanner with theange of the laser scannardicated with the orange rectanglEhe locations

of the two weather stations used relative to the study area in Noordwijk (grey dot) are shown with red dots, the water level
stations are shown with yellow dots.

Figure3.1 shows an overview of the study s#leowing(in the inset}he location of the laser scanner

with thebluedot and the area covered by the scamittr theorange boxThe laser scanner isdated

on top of Grand Hotel Huis ter Duin, and within its range are the beach, the dunes, the intertidal zone
and the beach pavilion Breakers beach ckigure3.2). The laser scanneovers a distance of around

1 kmin alongshore direction (50@ in both direction)In crossshore direction, the laser scanner has a
range of approximatel$00 m.



Figure 3.2. The Riegl V2000 on top of the balcony @rand Hotel Huis ter Duin with its corresponding view over beach

3.2Data obtained with theerrestriallaser scanningT(LS) device

The Noordwijk beach is monitored as part of the CoastScan project sind¥1@919until June 21
2022using TLS(CoastScan, 2022ahdvantages of the TLS technique is that the data is acquired fast,
the spatial coverage is large and the measurement accuracy {Sbiglarissananet al, 2011) Due

to the known and fixed location and orientation of the BCScoordinates can be obtad Due toits
continuous and permanently scannifighe Noordwijk beach the TLS is referred to as permanent laser
scanning (PLS), resulting in a 4D geospatial dataset due to the addition of the time dimension. This 4D
geospatial dataset serves as basigjuantify changes over tim@/os et al., 2017) Short term
morphological changes can be observed with point cldkdsure 3.3), which can give a better
understanding in long term coastal morpholdgythe point cloud shown iRigure 3.3 the Noordwijk

beachis visualized The data gaps in the figure contain no data since they are shadow zones caused by
obstacles in the range of the laser scanning deeige, due to the dunes (upper part), or the beach
pavilion around Giwo p Yht . In the lower part of the figurpartswith no data is caused by the
waterand not by a shadow zane

Scan of the beach
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y-coordinate, relative to laser scanner [m]

Figure 3.3. Point cloud of the beaciThe data gaps are caused by shadow zones due to the presence ofsobjecs
dunes/beach pavilion. Besides, the water contains no data points as well

TheTLSthat is used is a Riegl VZ00Q The Riegl VZ2000 integrates a Light Detection and Ranging
(LiDAR) sensor with a rotating head and mirror to produce a 3D scan of the envirofvosrst al.,

2017) The point clouds are obtained by measuthregdistance to an object or surface with the tofie

flight (TOF) principle. The laser emits a pulse and the reflection of that pulse is also captured by the
sensor Figure 3.4). Using this tweway travel timegsending and receiving) the time gap is computed,
which can be converted to a distance with an accuracy in the order of millimetres in combination with
the speed of ligh{Soudarissananet al, 2011; Angelopoulou & Wright Jr., 1999Besides only
determining the distance, and therefore the elevation profile, surface properties can be derived as well
by measuring the intensity of the reflecting sigiiNield et al., 2011)

Emitter Obstacle

Receiver

Figure 3.4. Timeof-flight (TOF) principle Modified fromAngelopoulou & Wright Jr(1999)
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Despite the high accuracy of the scanning technique, there are four main influences that can affect the
quality of a point cloud. These influences are the scanner mechanism, the atmospheric conditions and
environment, the object properties and the scany@ognetrySoudarissanaret al, 2011) For the set

up in Noordwijk the influence of the atmospheric conditions and environmaedt the scanning
geometry are most likely causes of detected efkws et al, 2020) Due toits permanently scanning,
thereare varying atmospheric conditions present in the time period, which influences the repeated
measurements.

The point clouds are provided in a local cartesian coordinate sy$teenoriginal origin of the
coordinate system is located at the laser scats®df. The positiverrdirection is directed lanthward,
resulting in negativeéxvaluesat the beachThe positivecrdirection is directed norteasward (NE),
parallel to the orientation of the beaahd the psitive ¢-direction is located upward. Ttedevation of
the laser scanner is 55.#Gelative to MSL(mean sea leve(Di Biaseet al, 2022) resulting in negative
o-coordinates on the beachhe origin of thed-coordinate ighereforeconverted to +Gn MSL for a
better interpretation of the-coordinateswhile thewandw-directions remain unchangesulting in
the location of the laser scanmrafvdy  Ti10p & o (Figure3.5).

(Xy;z) =

0;0;55.76)

/‘\/\/
S
T
Lo
P o

Figure 3.5. Local cartesiancoordinate system of the laser scannertop of the hotel. The figure shows schematically the
position of the laser scanner compared to the sea, beach and dunes.

Due to the norLambertian behaviour of sarf@mit et al, 2018)a correction for the incidence angle
between the lasescanner and the beach surface, i.e. the Lambertian cosine law, is not applied. The
Lambertian cosine law states that the reflecting signal from the surface is proportional to the cosine of
the angle between the direction of the incident laser beam asdflage norma{Gray, 1978) Sand

acts as macroscopic irregularities within a laser footprint, and therefore there will always be sufficient
sand particles perpendicular to the incident beam to neutralize the LambertianlawsiBmit et al.
(2018)found that the reflectance values on the beach do not depend on the incidence angle up to an
incidence angle of &3in correspondence with other literatukesen if the local slope of the beach i
included inthe considerationthe incidence anglis still below 88 for thefull study area.

3.3Sand samplacquisitionduring the fieldwork

Sand samples are acquired during fieldwork, executed at four different moFebmsary #, 17" and
18" and April 8". The samples were obtained by scraping approximately the Bpperof the sand
with a spadevith a vertical accuracy of roughlyrm, resulting in a sample weight of arouh80 to
200 gramFurthermore, each sample location is sampled.once

On February %, sand samples were taken from the crests of three sand sthisd were directed
perpendtular to the waterlinan longitudinal directior{Figure3.6). Thelongitudinaldirection is mostly
divided in three locations; one closest to the waterline, one closest to the dunes, and one in between
them with a distance of around 8 met&etweeneach otherThe transversalirection is divided into
four different sample locati@n the crest of the sand strip, the trough of the sand strigtheunding
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beach) and both the windwd and leeward side of the sand st@m February 1%, two sand strips and
the troughbetween them were sampled. The sand strips were directed nnalielga the waterline,
andtheywere sampled in both transverse and longitudinal direction. On FebrdgrivbB8sand strips
were sampled, alsim both directions Lastly, on April & three sand strips and four troughs were
sampledin both directios. Besides, one large sand strip is sampled with more detaihgitudinal
direction.The exact sample locations are determined with a GPS and they can beFsgarei® 7. In

this figureall sample locations are visualized in the same figlgspite not being sampled on the same
day. In appendix Bevery sample location is shown in more deifaih scan that is taken during the
sanple acquisition for a better visualization of the specific sand strip that is sampled.

Wind direction
-—

A) « "
— _— % * = =
X x *
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trough leeward crest windward Water

Figure 3.6. Overview of the locations of the sand samples that are taken. The lighter colour indicates the sand strips, the darker
colour the surrounding beach. A) overview that shows the definition of the sample direction; B) letter cofie treed
longitudinal drection and the used terms for the transverse directidre trough corresponds to the surrounding beach

The sedimentsamples were preserved in a sealed ba@ inidge, preventing evaporation and
maintaining their original moisture conteBefore the sapleswereovendriedfor about 14 hourghe
in-situ (wet) mass is determinefifter ovendrying, the samples are weighted agtndeterminethe
gravimetric moisture content according to equa8dn

0 ——pnnb (3.1

With:

- 0:the gravimetric moisture contett[mas}
- & :the original mass of theedimensample §]
- & :thedried mass of treedimensample §]

The grain size distribution of the samples is determined by dry sieving with twelve sieve screens ranging
from 1.7mmto 0.075mm based on BS1377Z (1990) From the obtained grain size distributions,
characteristic grai sizes are determined, suchts©O (median grain size) as an indication of the
primary grain size at each sample location. Furthermorédthédd ,©0 , O ,©0 , O andO are
determined t@btaininformation regarding the amount of fmend coarser particle€omparing these
characteristics for the different sample locations results in an analysis griathesizevariation over

the sand strip.
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Noordwijk beach with locations of the sand samples
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Figure 3.7. The sample locations on the beathe coordinates are within the Dutch Rijksdriehoek (RD) system

3.4Environmentabata

The requested environmental data is official data rather than local amateur datéheéusstfficiency
of professional data at the study siféehe requested environmental date the windconditions
consisting of both the wind direction atttburly meanwind velocity, precipitation andidal data

The wind conditions are acquired from the official KNMI station located in IJmuiden, and the
precipitation from the KNMI station located in Voorschot&he distance between the weather station
in Voorschoten and the study area of the Noordwijk beach is approximatikiy drid s therefore the
closest weather station to the study area. Howeoastal windccurringat Noordwijk differ from
inland winds measured at Voorschoté&herefore the wind conditiorsre acquired from the station
located in IJmuiden, which is the closesastal weather station to the Noordwijk beach (with a distance
of approximately 2%m). The location of the stations of IJmuiden and Voorschoten are visualized with
red dosin Figure3.1.

Tidal data is requested from both the stations located in Scheveningen and IJmuiden. Scheveningen is
located around 24 limfrom Noordwijk, whereaghe water level station at IJmuiden isdbed 27.4«m

from Noordwijk. Noordwijk is therefore roughly located etweenthese two watestatiors and the

average water level of these two stations is used as estimation of the water level in Noordwijk. The
locations of the stations of Scheveninge &Jmuiden are visualized with yellow dotsRigure 3.1,

where the study area in Noordwijk is visualized with a grey dot
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4. Methodology
A Fourier transform(Cooley & Tukey, 1965)s applied for the detection of sand striefore this
detection some preprocessing steps for the raw point clouds are taken (settipas well as for the
detection metho@sectiond.2). Thereafter, theletection method is applied as discusseseition4.3.
The workflow of the methodncluding all the preprocessing stepsan be seen ifigure 4.1. The
sections irthis chaptercorrespond to the grey boxes in the figure, and theseations correspond to
the orange boxeg@xcept for the subectionsn 4.3where the characteristics for the detection as well
as the differentiation between the 1D and 2D method are discussed while they are not detection steps)

Pointcloud

4.1 Preprocessing of the laserscandata

4.2 Preprocessing for the
detection of sand strips

Application of a
local transformatior i
matrix

Filtering based on
scan quality Area selection wit
a moving window

Clipping the area o
interest

Subsampling the

% interp < 20 20% < % interp < 25% data to a grid

4.3 Sand strip detection using a Fourier transform

% interp < 25%

2D Fourier 1D Fourier
transform transform

Interpolation

Shape properties
Wavelength
Orientation

Pattern spreading

Height
determination

Detrending and the

removal of outliers

Height

Figure 4.1. Workflow of the method, mainly divided in three parts shown in grey boxes. Each step that is taken has its own
orange cell in the workflowThe lightorange cells ar@utput variables

Furthermorethe detection, and therefore the surface plots as shown in this sectibasadeorthe
reflectance valuesWith the reflectance intensity of the used Td&a, the surface moisture can be
derived according to Di Biase et a2021) and the colour difference between the sand strips and
surrounding beacte.g.,Figurel1.2) indicak a different moisture contebetween the.

Additionally, Riegl describes the reflecting intensity as a rangeected amplitude, internally
calculated by the scanner based on the calibrafitimee manufactureit is therefore important to note
that the used reflectance differs from the target surface reflectance in the S{\&ense¢ al., 2022)
This suggests that the used reflectanceeslre dimensionlesBor clarification purposes the symbol
Ris therefore assigned at the reflectance values as internal unit.
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4.1Preprocessingf the lasescandata
Severalpre-processing stef@e executednthe rawpoint cloudsn order to applyhe detection method.
First, the raw point clouds are aligned using a local, idependent, transformation matrix for the
correction of small displacementSecondly, lhe studied area iselected based dwoth the scanning
geometryandthe beach widthwhereaftebad qualitydatais removed.

4.1.1 Application ofa local transformation matrix
The laser scanner is subject to movements due to wind forcing resulting in small sathtlon laser
head. These small variations affect the scanning geor(fetrydarissananet al, 2011)resulting in
measuementerrors on the beach. To compensate for these errors, time dependent rotation matrices are
calculated to minimize tlse measuringerrors. These matrices are obtained by aligning georeferenced
objects in the point cloud to known objects (and hence known locations) in th&@fieldeach pavilion
in front of the hotel and the concrete access path to the beach north of the hotal axgesreferenced
objects A more detailed explanation for obtaining these matrices is discusdedssg2021)

4.1.2 Clippingthe area of interest
Sand strips only appear at the beach, while the total area covettezl lbger scanner also contiine
dunes. Focussing on theachonly results already in a significantly smaller area of intere06fm
by 1000min & andwdirection respectivelyThe area of interest can be cropped even iased on
the scanningieometry (in longshor&xdirection)as well as thevidth of the beacliin crossshore/c>
direction), positively affecting the computation time.

Clipping based on the scanning geometry

In longshore direction the area of interest is clipped based on the point density, which decreases with an
increase in distance relatite the laser scannerhis decrease isausedby a combination of a small
incidence angle and a large rar{@it et al, 2018) In Figure4.2-A a point cloud of the beach with
roughly constant reflectance values is visualized. The reflectance profile at the horizontal trabsect at
= -220 m with a width of 0.4m is approximately anstant Figure 4.2-B), suggesting no sand strip
occurrence on the beachhe point density decreases significant when the relative distance to the laser
scanner exceeds 260 Furthermore, the reflectance valirsease in absolute value when the distance
exceeds 200n, possiby caused by the large distandarge distances caresult in different values
between the emitted and returned pulse, causing a lower ac¢Bnaitgt al, 2018) The area of interest

is therefore limitedo a range 0f200mto 200min w-direction relative to the laser scanner.

A) Beach surface, based on reflectance
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Figure4.2. A) Visualization of the beach, based on reflectanitk an horizontal line at x=220m;B) The reflectance values
along the white line at x220min A

15



Clipping based on théeach width

The tidal cycle causes a variation in beach width over time due to the varying waldrérefore, the
waterline is detected usirtge 1D point density ofrossshore profile lines every 2@ (Figure4.3-A

and B. As a result, the loweablimit, and subsequently the total area of interest, can differ for each scan.
In the example iFigure 4.3-C, the beaciwater boundary is determinedw -288.36m (the black

solid line inFigure4.3-B and C) By this waterline detection, the area of interest is limited to the beach,
preventing the application of the detection method on areas containing almost no data.

B) Z-coordinates for each transect A) Cross-shore transects at the beach
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220 220
2401 4 240
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Z-coordinate +MSL [m] C) Beach-water boundary at x=-288.36 m
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Figure 4.3. Detection of the end of the beach. A) Beach profile with esbgse profile lines; B) £oordinates for each
transect; C) Detection of the end of the beach (black line) using the point density for each profile line in B.

4.1.3 Filtering based on scan quality
The quality of the point clouds is determined according to three criteria, with two possible outcomes:
good orbad qualitydata. The point clouds are considebed qualityif one of the threeriteriais not
met, and areéhendisregarded from the analysis. The first requirement is that a local transformation
matrix should be provided with the point clouds. Furthermibre point cloud should contain at least
1.000.000data points in the area of interest with a beaaker boudary of at leasto -220m, since
the detection of sand strips in point clouds with too few points is not accMiasge.of the obtained
point clouds contain arourl000.000data points and are therefore reliable and accurate. However,

measurement erro® environmental conditionsan cause notably lesktapoints, resulting in less
reliable and accurate data.

4.2Preprocessing for the detection of sand strips
Sand stripsaredetected by a moving window in which the total area of interest is covered by smaller
areasEach window is subsampled to a grid that is detrended, and outlying points are removed.

4.2.1 Area selection with a oving window
The total area of interest is subdied into several smaller windows by a moving window to maximize
sand strip detectigsincetheydo not necessarily occur at thil beach arearhe windows have a fixed
window size of 40nin crossshore () direction and 106nin longshore ) direction They move over
the complete beach to include all possible sand stifhsastep sizeof 10 min wdirection and 20nin
w-directionas visualized ifrigure4.4. Therefore, the windowareoverlaping each otheipreventing
sand stripgrom being excluded during detection
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Figure 4.4. Visualization of thenoving window

4.2.2 Subsampling the data &ogrid
Thedata in each window is subsampled to a gadause a fixed grid size is neededtli@r application
of the detection methaahd it reduces the computation tirk@irthermore, iteducethe accuracy of the
data since multiple neighbouring points are averadgdte quality of the resulting gridependn the
grid size.A too small grid size will result in much interpolation, increasing the computation time and
decreasing the representativeness of the grid due to the caused errors by too much interpolation.
Contrarily, a too large grid size results in very rough anddessrate data hus it isnecessary to find
an optimal grid size in order to keep the grid as representative as possible, wiilenatsaining the
computatia time.

The optimal grid size is selected based on the percentage of interpolation requicedfzadbotprint

size of the laser pulse. A grid size of O@esults in a percentage of interpolation required of 5.7%
(Figure4.5). Similar, a grid size of 0.3t corresponds to an interpolation percentage of 22.5% and a

grid size of 0.50nto 1.5%. Therefore, a grid size of 0#vill save a lot of computation time compared

to a grid size of 0.3(, while a grid size of 0.5 does not significantly improve tliwmmputation time.

Thus, a grid size of 0.4@is assumed best for the computation time, resulting in a sqoeltedea of

0.16n7. The footprint size of a laser pulse is estimated by the point density of different areas of interest.
This is however a sipiification since it is assumed that the areas are covered with evenly spread
datapoints, and that the size of the footprint is constant despite their dependency on the range to the laser
scanner and the incidence an(@e Biaseet al, 2022) Furthermorethe footprint has an elliptical form

instead of square$his simplified estimation resulted in an (elliptical) footprint size of @A grid

size of 0.40m leads thus to a slightly larger covered area, whicas@imedacceptable due to the
dependency of the footprint size on the distance to the laser scanner and incidence angle. Therefore, the
applied optimal grid size is assumed to be G40

Effect grid size on interpolation
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Figure 4.5. Effect of the grid size on the amount of interpolation required
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4.2.3 Detrending and the removal of outliers
The dominant 2D linear trend detrendedrom the datawhich facilitates the detection of sand strips.
Such dominant trenciin be caused by the tide. High tide ketadan increase in moisture content ia th
intertidal zone, whreasthe moisture content at the upper beach does not incigsisdarge spatial
scale difference in moisture content is not of importaimee the presence of sand strips suggest a small
spatialscale difference in moisture contebetrending the window causes the focus to shift towards
moisture content differences on the smaller spatiale hencefacilitating the detection of sand strips.

Besides detrending the window, outliers are remagedell Measurement erroisr obstaclepresent

on the beach (such as persadnsgluceoutliers, leading to more difficulties in analysing the point cloud.

A datapoint is considered an outlier if it has a value larger than the mean value plus five times the
standard deviation or smaller than thean value minus five times the standard deviatidhe window

Outliers are replaced with a value equal to the mean wéliine window

The effect ofdetrendingandthe removal obutliersis visualizedin Figure4.6. In Figure 4.6-A, the
original reflectancealuesareshown, wherelte dominant trend is clearly visibl&t thetop left corner
the reflectance values al@&rger in terms of absolute valtigan the values on tHewer right corner
(Figure4.6-B). Detrendingresults in avindowwith more constant reflectance valwelsere sand strips
arestill visible (Figure4.6-C). The removal of outliers can also be seen in the figure. Araiimdl € (-
228, 97) a small area of outliers can be sedrignre4.6-A (lessnegative reflectance valueshile
they are not visible anymore kigure4.6-C.

A) Original reflectance profile B) Dominant linear trend

C) Reflectance profile after detrending
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Figure 4.6. Application of detrending the datA) the originalwindowbased on the reflectance values; B) the dominant trend
present and; C) theesulting window after detrending and the removal of outliers
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4.3Sand strip detection using a Fourier transform
Theapplicationof eitherthe 1D or 2Dfast Fourier transform (FFTDIliphant, 2006as detection method
for sand strips is elaborated in this sectifime characteristic parameters that are used for this detection
are discussed first in sectidn3.1 The differentiation between the 1D and 2D method is discussed in
sectiond4.3.2 ThelD method is presented in sect#B.3 followed by the 2D method in sectidi3.4
Last, theheight determination is elaborated in secda®5

4.3.1 Characteristis of thesand stripdetection
The detection method is based on the reflectance values due to the derivation of the moisture content
from the reflectance valueA.less moist sand surface will lead to a less strong reflecting signal in terms
of absolute value. If there are gasirips present on the beach, the reflectance values show a certain
waveformwith higher (less negative) reflectance values on the sand strip (crest) compared to the
surroundingoeach (trough), visualized Figure4.7 where the sand striggve a less strong reflecting
signal in terms of absolute valu€he differences in reflectance values is more praned than in
elevation, since not all sand strips will have a significant height difference compared to the surrounding
beach. A detection based tive ¢-coordinats, and therefore on the height of the sand strips, will not
detect all sand strips due teepent irregularities and the accuracy of the laser scanner being in the same
order of magnitudeOnly if sand strips are detected in a window based on the reflectance values, a
Fourier transform based on theoordinates is applietd determine the heligin the same window.
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Figure 4.7. Point cloud of the beadbased on reflectancelues sand strips are visible

Sand strips are detected based on the dominant waveform thagsent caused by the diffeten
reflectance values. Additionally to this waveform, the reflectance values also contain irregularities due
to natural processes on the bed&happlying a Fourier transform, the reflecting signal of the prifile
decomposed into different waveforms with their correspondiagenumber The obtained variance
density spectrurshows the distribution of the variance over the wavenumbers constituting the. profile

A large peak in the spectrum coincides with a strongasighthe corresponding wavenumbgn
advantage of a variance density spectrum is that it provides a complete statistical description of the
wavesand the definition is giveim equatiord.1 (Holthuijsen, 2007)

oh JEf - (4.1
With:

- '0"Q: the variance density spectrum
- :the mean amplitudef the wavepatternand,;
- ¥YQ thewavenumbebandwidth

The variance density spectrum will show a peak at wavenuf@oérO "Q if a wave pattern with
wavelengthd ( pFQ is dominant in the profileBased on the height of thipectralpeak and the
corresponding wavenumber, sand stripsdmiectedWhen sand strips are present, a large peak will
occur around®= 0.083m™ in the variance density spectrum. This wavenumbebserved byHage et
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al. (2018b) who observed an average wavelength of I8.for sand strips in their studZontrarily,
irregularities result in a much smaller spectral peak height at larger wavenumbers due to their less
significant difference in reflectance values and their wavelength ©fé, respectively. Furthermore,
detrending causes a significant decrease in spectral peak height at very low wavenumbers of
O x ET AT x, failiidiinly the detection of the peak caused by sand sTpsefore the detection

of sand strips ibased omoththe spectrapeak height and theorresponding peakavenumber.

4.3.2 Differentiation between the 1D and 2D Fourier transform as detection method
Sand strips are detected by either the 1D or 2D Fourier transédnite, only the shape properties
according to the 2D Fourier transform are analySdte 1D Fourier transform does not consider the
orientationof the sand stripgausing an overestimation of the wavelen§thce sand strips are detected
for both methods dependent on a rangpassible wavenumbgcorresponding to sand strips, a rather
rough upper boundary is applied for the 1D Fourier transform duéstovitrestimation. The range of
wavelengths considered for the 1D Fourier transform is betweem®a8idd 25.0m, or alternatiely
™t Q 1 um’. For the 2D Fourier transform this range is more strict with a wavelength ranging
between 8.00nand 18.18n, or alternatively® ¢ v 'Q T8t v P

For a proper determination of the shape properties, the 2D Fourier transform is miggt ap more
accurate data compared to the 1D Fourier transfdime. accuracy of the data in each window is
determined according to the amount of interpolation requilkddows with a required interpolation of

at least 25%or the complete window area are not considered in the detection method. Hoaid€y
transformis applied on windows with a required interpolation between 20% and 25%, and the 2D
methodis applied when the required interpolation in the window does noedxX@@%. In comparison:

the applied grid size of 0.40 provides on average a required interpolation of 5386tiord.2.2. The
applied interpolation method is &ar interpolation.

4.3.3 Sand stripdetection using a 1D Fourier transform
The 1Dmethoddraws five vertical lines through the window that store the reflectance values along
these transects. Figure4.8-A only one line is drawn for illstrational purposes. The reflectance profile
of this transect is shown Figure4.8-B with the corresponding variance density spectrum according to
the grey line irFigure4.8-C. Sand strip occurrence in the window is assumed if at least four out of the
five transects suggest their presence.

The detection of thepectralpeak in thevariance densityspectrum that corresponds $and strip
occurrencds an iterative processirst the largesspectralpeakis determinedand the wave pattern
corresponding to this peak is approached with therge/fast Fourier transform (IFFT), visualized with

the orange spectrum Figure4.8-B corresponding to the orange variance density spectriigure

4.8-C. This Fourier approximation is compared to the original reflectance profile by the root mean
square error (RMSE). It is assumed that Baurier approximation coincides with the original
reflectance profile when the RMSE is below 0.5, and the corresponding wavenumbespedtnal

peak is assumed as the wavenumber of the reflectance profile. If the RMSE is above 0.5, the next highest
peakin the spectrum is considered, and again the profile is approached with the IFFT until the RMSE
criterion is met. Sand strips presence is suggested if the correct peak height (with a RMSE < 0.5) exceeds
10 R*-mand the corresponding wavenumber is in trger@t 1 Q1@ un™.
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A) Window

B) Reflectance profile with wavelength 20.0 m
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Figure 4.8. Example of the 1D Fourier transform. &window where sand strips are presdydsed on reflectance values; B)
the reflectance values along the white transect {igr&y) and the Fourier approximation (orange); C) the variance density
spectrum of the original profile (grey) and the Fourier transform which is used to approach the wave pattern (orange

4.3.4 Sand stripdetection using a 2D Fourier transform
The 2D method inddes two directiongffe o> andw-directior), resulting in two wavenumber§) and
Q. The resultant wavenumber is determined according to equation 4.2.

Q 0 0 (4.2)

Due to the focus on the wavenumber rangec v Q 18t L P, the energy in the variance density
spectrum corresponding to other wavenumbisrsemoved (Figure 4.9-B, where the spectrum
corresponding to the window shown figure 4.9-A is presented as a logarithnfior illustrational
purposes)lt is empirically derivedhat he detection method suggests sand strip occurrence if the total
energy in the remaining spectrexceeds 100(R>-mY, for a total spectrakenergy below this threshold

no sand strips are detecténlFigure4.9-A sand strips are present and the total energy in the remaining
spectrunis above the threshold (graph titleFi§ure4.9-C), suggeshg sand strip occurrence.
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Figure 4.9. A) The beach surface profile based on reflectance values, sand strips are present; B) the variance density spectrum
as a logarithmic tovisualizethe wavenumbers of interest; C) the variance density spectrum used to detect sand strips
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If the interpolated cells are not evenly spread, i.e., due to data gaps, problems cafhecdistance
between the valuedells is then too large for the interpolation to be accuratesabdequentlyhe
interpolated cells do not correspond to the nedgiiing valuesk.g., Figure4.10-A andFigure4.10-B

with B theinterpolated windowwvherethe interpolated area does not coincide with the neighbouring
values caused bythe too large percentage of interpolation alongd¥exis (> 20%) for a width of
roughly 7 m (Figure 4.10-C). For such data gaps the energy in the spectrum increases significant for
low-valuedQ6 ,snitiating a total energy abowie detection threshib(Figure4.10-D). By excluding

these lowvalued Q6 ,sthe spectralenergy decreases significant, preventing the detection eé the
pseudesand strips caused by interpolatifigure4.10-E). Therefore, the lowaluedQ 6 are removed

from the wavenumber range of interest if the required interpolation alongatkisis above 20% for a
width of at leas m. Furthermore, if the amount of interpolation along dkexis is at least 70% for

four consecutiveésvalues (corrgzonding to a data gap of Inéin cdirection and 7@nin wxdirection),

the window is disregarded instead of filtering the wavenumber range since this amount of interpolation
is considered too much, resulting in no reliable results.
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Figure4.10. Effect of a lot of interpolation. A) and B) the area considered; C) the percentage of interpolation aloagit)e x
D) the original variance density spectrum as a logarithmic; E) the variance despsttrum after taking into account the
amount of interpolation

Only sand strip patternsvith a clear orientatiorare considered for this studyeferred to as a
1D/unimodal pattern)rhe amount of peaks in the spectrum is therefore also a requirele@mined

by the distribution curves of boff2 and™Q. In Figure 4.9-A only one dominant orientation can be
observed, resulting in one peak in the variance density spectkiguie4.9-C. The distribution curves
of both'Q andQ for this spectrum are shownigure4.11. The peaks of both distribution curves are
determined, resulting in one peak per distribution. The spegctanch the corresponding sand strip
pattern,s therefore considered unimodal.
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40, Beach surface; window Variance density spectrum
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Figure 4.11. Variance density spectrum with corresponding distribution§oéind Q. Both curves show a clear uniform
distribution. The blue dotted line represents gignificant peak with their corresponding wavenumbers.

Less uniform oriented sand strips do also ocmsulting in a largespectrumspreading Figure4.12;
thesand strips are oriented less uniforasulting in a largempectrum preadingHowever, the window
is still considered unimodglA larger spreading can result in more peaks in theiloigion curves.
Therefore the significant peaks are determirfed boththe™Q and™Q distribution.Properties that are
used to define significant peaks are the height and the prominence of the peak.
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Figure 4.12. Variance density spectrum with corresponding distribution®aind Q. Both curves contain a larger amount

of spreading. The blue dotted line represents the significant peak with their corregpamavenumbers and only one
significant peak is detected for both curves

The prominence characterizes the tendency of a peak to dominate its surroundings. The prominence can
be defined as the minimum vertical distance a mountain must descend from a poitgrito reach a

higher pointln other wordswhen walking downhill from peak A in order to reach a higher peak B, one
probably reaches a minimum elevation which is called the saddle point (there are two paths leading
uphill away from the saddigoint; one path to peak A and the other path to peak B). The prominence of
peak A is then equal to the peak elevation minus the elevation of its key, shastieated inFigure

4.13. It can be shown that two peaks do not share the same key @éidulse & de Ferranti, 2017)

Prominence
of A

A
\'Saddle of A

Figure 4.13. Definition of theprominence of a peak
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Peaks in the distribution curves are considered significant if the peak heights3(dexdthe maximum

height of the distribution curve and when the prominence exceeds at least 1/3. These factors correspond
bestto multiple observavns. The amount o$ignificantpeaks that are detected determine the modality

of the distribution curveA modality other than unimodal (bimodal or even multimodal) suggest that
there is no clear, uniform orientation, resulting in ealbed 2D pattern. Due to the focus on 1D sand

strip patterns onlythese 2D patterns are not consideredary the unimodl 1D patterns are analysed.

Determination of the shape properti@gavelengthorientationand pattern spreading

For the 1D pattes) the wavelength, orientation and pattern spreading are deterriinedesultant
wavenumber can be determinesingequation4.2, with the values olQ andQ equal toQ;;,  and
fors obtained withthe distribution curvegespectively With the resultant wavenumber the
corresponding wavelength can be obtaimedording toequation4.3. The orientation(— can be
determined according to equation 4.4, which is in degrees relative to the horiEanted4.14).

0 - (4.3)
— OAT — (4.9

« sand strips

0

X
Figure 4.14. Definition of the angle-which determines the orientation of the sand strips

The pattern spreading is determined with the width of the significant Phakstandard deviation, a
common measure for the spreading of a distributisrrelated tathe full width at half maximum
(FWHM) for a Gaussian distribution according to equatior{dogci-Lopezet al, 2018) Subsequently,

the FWHMis a common measure for the spreading of &illigion too (Markevich & Gertner, 1989)

Due to the bandwidtl"Q (with "(enoting eithem or &) the wavelength and orientation are discrete
values. The distribution curve is therefore also represented by digaheds. However, the values that
represent the pattern spreading are continuous, caused by the interpolation to find both the left and right
intersection points that determine fR&/HM (Virtanen, et al., 2020)

3 ¢ ¢l Ic, (4.5)
With:

- 3: FWHM, full width at half maximum and,;
-, :standard deviation

The shape properties and characteristics of the two windows visualized in this section that are used as
exampleg(Figure4.11 andFigure4.12) are summarized imable4.1( wi t h respectively 0l
in the table) Besides, the detected orientatfon both windowss shown inFigure4.15 with two blue

arrows For both windows the detected orientation represents the orientation of the sand strips
accordingly. The detected orientation tisereforeconsidered a appropriaterepresentation of the

orientation of the sanstrips in the window.

Table4.1. Shape properties of the two windows used asexamplé | ef t 6 and Or i ght oFigmedls espond t

A P TFah 3FTh

[m] [m?] [m] [m] [ [m] [m]
left | 0.050 0.050 0.070 142 45.2 0.031 0.013
right | -0.075  0.050 0.089 11.2 -33.8 0.072 0.011
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Figure 4.15. Detected orientation of the sand strips (blue arrows) compared to the real orierftatitve windows shown in
Figure 4.11 (left) andFigure 4.12 (right)

Besides, the detected wagngth and orientation &figure4.11as summarized imable4.1( 6 | ard t 0 )
compared to theesult from thelD Fourier trasform §Figure4.8). The detected wavelength according

to the 1Dmethodis equal to 20.n. When taking the orientation of 43.iato account, the wavelength

of 20.0mbecomes, B1A | O& = 14.1m, which is in correspondence with the obtained wavelength
of 14.2musing the 20Fourier transform

4.3.5 Heightdetermination ofletectedsand strips using a 1D Fourier transform
Only if sand strips are detected in a window, either wighlD or 2D method the height of the sand
stripsis determinedvith a 1D Fourier transform based on theoordinatesThe height determination
is thereforecomparable to the 1D detection method baserktiectancehowever, the main focus is on
the height of thepectralpeakrather tharthe corresponding wavenumb&imilar to the 1D detection
method, five lines are drawn through the winddased on the detrendéetoordinatesjhat store the
o-coadinates along these transects (only one line is shoviigire 4.16-A and Figure 4.16-D for
illustrational purposewith the corresponding height profile according te trey line inFigure4.16-
E). Although this grey profile is already detrended, it still contains a stopkethereforehte third
polynomial best fit (the orange line igure4.16-E) is subtracted from the detrended profile (the grey
line in Figure4.16-E), resulting in the grey profile line Figure4.16-F. The variance density spectrum
corresponding to thieeight profile is obtained for each transaetl is shown witlthe grey line irFigure
4.16-G. Identifying the peak corresponding to the height profile is an iterative process, similar to the 1D
detection(section4.3.3. The IFFT is used to approach thadie profile according to the peak the
spectrumand a correct profile is assumed for a RMSE below 0L62.zerothorder spectral moment
(& ) can be determined from the height of #pectralpeak according to equati@gh6 (Holthuijsen,
2007) With the zeroth order spectral moment the significant wave height is determined according to
equation 4.7.

a« .,0000 (4.6)

o 1 & (4.7)
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Theheight of the sand strip is assumed to be equal to the determined significant wave height according
to equation4.7. This mayseem contradioty because sand strips are described asaloplitude
bedforms(Nield, 2011) but it should be noted that the beach profile dmtgallynot contain a trough

but only a crest. Thereforthe surrounding beach is considered as the trough in the heighepaofi

the crest of the sand strip is equal to the crest of the height profile, resulting in a sand strip height equal
to the significant wave heighin the example oFigure4.16 the sand strip height is therefore equal to
7.4cm(as described in the grapitie of Figure4.16-F).

Furthermore it can be observed in the titld-mfure4.16-F that the detected wavelength is equal to 20

m. This corresponds to the detected wavelength of the same window based on the reflectance profile
(which is shown irFigure4.16-A), ascomputed in sectiod.3.3 and also to the detected wavelength

and orientation according to the 2D detection method as computed in ge8tibn

B) window; z-coord C) dominant trend z D) z-coord, detrended
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Figure 4.16. Example of théeightdeterminationof the sand strip; A) the sand strips based on the detrended reflectance
values; B) the originat-coordinates; C) the dominant trend of theaordinates and; D) the detrendegt@ordinates. E) all

the zvalues are plotted along the white transect in figure A and D (grey), together with the best fit (orange). F) the wave
pattern due to the sand stsijin combination with the Fourier approximation and; G) the Fourier transform of both the original
profile (grey) and the Fourier transform which us used to approach the wave pattern (orange).
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5. Results

In this chapter, both the results from the detectiothotkas well as the grain size analysis will be
discussedin section5.1a descriptiorof the results acquired with the detection metisqaresentedin
section5.2, some characteristic properties of the sand stiipdiscussed that followed from either the
detection method or the grain size analy$tse environmental conditions that appeared during sand
strip occurrencgareelaboratedn sectiorb.3. In sectiorb.4some dynenic properties of the sand strips,
such as changes over time, amalysed

5.1Description of the etection results

In this section, the results of the detection metregresentedrirst, an overview of the results is given

in section5.1.1 The time periods discussed in combination with the amount of scans and the scans on
which the detection method is applied. Some informatégarding the accuracy of the outpughewn

in section5.1.2 In sectiorb.1.3 the results are validated visually with two qualitative quantities.

5.1.1 Overview of the results

The detection method is applied on the pedbdanuary 30, 2022 until February 28 2022.For the
majority of ths period the beach is scanned on an hourly interval, resulting in 24 scans per day
(visualized with black dots iRigure5.1). From February 168:40h until February 26 23:5% the beach

is scanned every 20 minutes, resulting in 72 scans perDdaing this specific period three storms
passed over the Netherlar{dectionl.2), resulting in more detailed information regardaepliansand

strip behaviour during extreme environmental conditidiie laser scanner scanned the beach 1215
timesduring thecompletetime period while the detection method is@ed on 943 scans (77.6%0)he

other Z2 scans (22.4%visualized with red stars in the figura)ere filtered out according to the
described requirements in secti.3 Possible causes for tfalure of the laser scanner can be derived
with the environmental conditions that are requeshed isbeyond the scope of this study and will
thereforenot be disassedOut of the 943 scans that are checked, sand strips were detected in 261 scans
(27.7%) (visualized with blue dots Figure5.1). Sand strips were detected with only the 1D Fourier
transform in 72 scans. In the other 189 scans the sand strips were deiticted 2Dmethodat least

once. Therefore, the wavelengthiemtation, height angatternspreading are based on these 189 scans
while the environmental conditions for sand strip occurrence are based on all 261 scans

The average wavelength, height, orientation and pattern spreading of each scan are usedlysithe a
rather than multiple values of these shape properties for one Eaalm.scan contains around 150
windows due to the moving window, where the exact amount of windows is governed by the beach
width. It is time demanding and genuinely difficult tongpare the windows individuallyamong others

due to overlap between the windows. Therefore, the detected shape proyadieare analysedre
averaged for each scan.
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Overview of the scans during the studied time period
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Figure 5.1. Overview of thecans during the studied time periddl the scans are marked with black dots, scans where sand
strips were detected are marked with blue andtet qualitydata are marked with restars.

5.1.2 Accuracy of the determined orientation and wavelength

The accuracy of the wavelength and orientation is mainly determinethdyandwidthin the
wavenumber domajrandthereforesubsequentlpn the window sizeccording to equation 5(ith "Q
denoting eithewor & in correspondence to the directiowith a window size of 108n by 40min w

anda-direction respectively, thbandwidtls of the wavenumber domain in the Fourier transfamne
Y'Q =0.025m* andY'Q = 0.010m™.

YO TR« BEORADE] | (51)

Due to theébandwidth the wavenumbers in both andw-directionarediscrete vaables affecting the
accuracy of the determined wavelength as well as the orientdtienresulting wavenumber (and
wavelength) and the resulting orientation are also discretetsi@d¢®/o input variables@ and’Q) are
discrete (according to equation® 40 4.4).The accuracy of both the wavelength and orientation are
thereforegovernedby thebandwidtts Y'Q andY'Q. The mean wavelengtind orientatiorof thescan,
which are used in the analysis, are however considered continuous since theynaearthalue of
multiple discete valuesThe pattern spreading @&so considered continuous due to the interpolation
used to determine the width of thignificant peak in thdistributioncurve(section4.34).

5.1.3 Visual validation

The detection method is examined qualitatively with two quantities based on the percentage false
positives(FP)and false negativeg§N) with a visual validationThe area is considered a false negative
whensome sand strips are not detected as sand strips by the detection method and it is considered a false
positivewhenan area without sand strips is detected as an area where sararstpgpessent according

to the detection methodhe first quantity is epochased, and the second alesed. The epodbased

method determines the amount of false positive and false negative scans of a certain time period. The
areabased method focussesthe total beach area and the area where sand strips are detected.
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The results of the detection method for four scans are visualigegure5.2. In Figure5.2-A (February

15" thecompletebeachareais covered with sand strips and the sand strips overdimgleteareaare
detectedTherefore thescan is considered correct according to both the epmcharesbased method.

In Figure5.2-B (February 1#) almost thecompletebeach is covered with sand stripgile they are

not all detectedyy the detection methodesulting in arareabased false negativeé{OU) largerthan

zero. Areas without sand strips are not detected, and thus tHeaseshfalse positivéd{O)) is equal

to zero.In Figure5.2-C (February 8" no sand strips can be seen in the scan and the detection method
has also not detected any sand stiiipglying that the scan is correct according to both methiads.
Figure5.2-D (January 39) no sand strips are present on the beach. However, a small area is detected
where sand strips amresentaccording to the detection method, implyifigO0bigger than zero.
Besides, the scan will m®nsidered in the analysis due to the detection of sand strips while they are not
present, and therefore the scan is also considered an-lepseth false positivéOf'O). A scan is
considered an epodiased false negativéO{OU0) when sand stripare presentwhile they are not
detected in the scan, resulting in the scan bdisrggardedn the sand strip analysis whiteshould be
includeddue to the presence of sand strips.

A possible cause for false negativesildbe the requirement set for tamount ofinterpolation In this

way, it is possible that some sand strips are not detected because the detection method is not applied at
these areadue to the too large amount of interpolation requiveldile these areas are included in the
determinatio of the percentage false negatives. Besides, false positives that are detected usually have
an orientation smaller than51 or larger than @5J relative toshorenormal where @ and 180
correspond to shoneormal (Figure5.2-D). On the other hand, sand strips with an orientation smaller

than BJ or larger than 85J are not observed during the visual validatidherefore, the detected
windows with arorientation smaller thansll or larger than 85J are considered false positivasd are
disregardedh the analysis

Epochbased

February 283 is used for the epoebased assessment of the detection method giadeLS scanned the
beach every 20 minutes on this day resulting in 72 s€aom these Z scans, 5 scans were considered
bad quality resulting in the application of the detection method DaddngFigure5.1). Furthermore

sand strips were present on the beach for the majority of theirmtzg/they werdetectedn 29 scans

A scan is consideré@'O0when the detection method detects sand strips while they are not present in
the scapand it is considereé@®'O0when sand strips are present while they are not detected in the scan.
The percentag®-"ObandO-"Obaredetermined accordingquatios 5.2 and5.3, and they are equal to
3.9% and3.6% respectively Table5.1).

00y ——pnunp (5.2)

000 —pnunhk (5.3

With:

- 'O"0u epochbased false negatives;
- ‘000 epochbased false positives;
- 0 :number of scan@herepresensand strips areot detected
: number of scanghere sand strips apgesernt
dnumber of scanehere sand strips are detectetiile not preserdnd;
: number of scanghere sand strips are detected while not present

1
C: C: Cs
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Areabased

For thecomputation of-"00andd-"0020 random scarare selectedn these scans, the total area is
computed as well as the area with and without sand strips. The area where sand strips are detected is
known, and thepercentage of both the arbased=P aswell as theFN can becomputed according to
equations 5.4 and 5.Bin example of the computation for one scan cafobed in appendiD. The

average percentage of the'Obandd-"00 of the 20 random scans are 368and 3.4% respectively
summarized imable5.1.

0-"00 Pprnmnb (5.4)

600 —— Ppnnb (5.5)

With:

- 0-'0u areabasedalse negatives

- 8-"00 areabasedalse positives;

- 0 . area where sand strips aresent;

: area where sand strips are detected according to the detection method;
darea where no sand strips are detected and;
. area where sand strips are detected while sapg siré not present

1
O: O Os

Table5.1. Percentage false positives and false negatives for the two applied quantities

Percentage FP and FN False negative [%] False positive [%]
Epochbased 3.6 3.9
Areabased 3.8 3.4

The percentages of both the epoahd the aredased-P as well af=N are considered small enough
that the detection method works accordiniyrther analysis cathereforebe executed with the results
obtainedrom the detection method.
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Figure 5.2. Results of the detection methdthe detected sand strips are framed in blue and the average detected orientation
of these sand strips shown with the black arrojor A) Feb B, 2022 at 2:13h with an orientation of 8% B) Feb24™,
2022 at01:20hwith an orientation of 74 C) Feb 2&", at 08:39hwhere no sand strips are detectautl; D) Jan 3@ at 18:59h

where no sand strips are presgdéspite being detectedth an orientation of § which indicates a false positive due to the
uncommon orientation for sand strips
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5.2Characteristiproperties of the sand strips

In this sectionsome characteristic properties of the sand strips are discussed. In the §e2tohL.2
5.2.3 and5.2.4the wavelength, orientatiopatternspreading and height are discussed respectively.
These four propertieare output variablesf the detection method. The variation in grain size is
elaborated in sectioh.2.5 and the moisture content in sect®2.6 Finally, correlations between the
characteristic properties are discussed in se&tidiT.

5.2.1 The wavelength of the sand strips

The wavelength of the detected sand stripgeshietween & mand 17.6n. The distribution follows a
Gaussian profile with median(0 ) and mearf* ) wavelengtiof 133 mand 13.2nrespectivelyFigure
5.3), astandard deviation, § of 1.5 manda varianceof 2.1 nv

0 °n, 0 pa&np

PDF of the wavelength of the sand strips

0.3
20.21 — pdf fit
9 -—- p=132m
801_ —_—— M=133m
® u+-0
0.Q-
%.5 9 10 11 12 13 14 15 18

Wavelength [m]

Figure 5.3. Histogram and probability density function of the wavelength according to the detection niétadin width is

equal to 0.80 nrorrespondhg to the Nyquist rate which is equal to twice the grid size. The grey line egpitbe probability

density function (pdf). The mean and median wavelength are visualized with the black and red dashed line respectively. The
standard deviation is indicated with the red dots

In Figureb.3, the grey line represents the probability density fundaif) that fits thedistribution best.

The mean and median values are visualized with respectively black and red dashed lines. The 68%
confidence intervalaresponds to the values between the standard deviation, visualized with the dots.
Characteristic values that describe the distribution of the wavelengths are suminarizeles.2.

Table5.2. Characteristic values for the distribution of the wavelengths

Wavelength m]
Mean;* 13.2
Median;0 | 133
Standard deviation; | 1.5
Variance;, 2.1
Minimum | 8.9
Maximum | 17.6

The first quartile (Q1; the Z5ercentile) is equal to 12tBand the third quartile (Q3; the 7percentile)

is equal to 14.@n. The interquartile range (IQR) is the difference between the first quartile and the third
guartile and is a measure of the spread of the middle 50% of the data and is therefore equal to 1.7
Considering the size of the IQR, there are outlieso#th ends of the distribution since outliers are
defined according to the® JOU -iile. Wavelengths that are considered outliers have therefore a value
above 16.5m (0o p® JO0 )Yr below 9.8m (Op p® JOO ) Yresulting in one outlier at the lower
limit and four outliers at the upper limit.
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5.2.2 The orientation of the sand strips

The orientation of the sand strips alenostparallel tothe beachFigure 5.4 visualizes the scan of
February 2404:0th, where sand strips are detected within the blue window. The present sand strips
have slightly different orientation, ranging from alongshore to net&jue-alongshoreThe mean
orientation of the detected sand strips is equaRdp &so visualized with the black arroiwhe black

arrow is comparable to the orientation of the sand stapd the detected orientation is therefore
assumeda representative orientation of the sand strips. Other comparisons between the detected
orientation and the orientation of the sandpstdan be seen Figure5.2.

220224 040010, orientation = 62 °
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N
=
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x-coordinate [m]
N
w
o

Il orientation = 62 °

/ ]

N‘

200 150 100 50 0 -50 -100 -150 -200
y-coordinate [m]

-350

Figure 5.4. Comparison of the orientation of the satdps and the detected orientatiofhe detected sand strips are framed
with blue and the detected orientation is shown with the black arrow, equal to 62

In Figure5.5the orientation is giverwhere the colour of the bins indicate the correspondaglength
(section5.2.7). In Figure5.5-A the orientation is given relative ghhorenormal where Q corresponds
with a crossshore orientationand 9@ with a longshore orientatioff.he orientation of the beach is in
this local coordinate system equal to the solid black line &i®Figure5.5-B the orientation is given
relative to Northandthe orientation of the beach in this coordination systeequal to the solid black
line at30J. The values for the orientation of the sand stitias$ are discussed this sectioraregiven in
thelocal coordinate systeraccording tarigure5.5-A, andaretherefore relative tshorenormal The
radial axis indicates the amount of scans of the detected orientation.

A) Orientation sand strips - shore normal  B) Orientation sand strips - relative to North
cross-shore - 0 N-0
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Figure 5.5. Orientation of the sand strips; A) the orientation relativestiorenormal; B) orientation relative to NorthThe
radial axis represents the amount of scans that the detected orientation appeared.
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The orientation of the detected sand stripsesvetween29] to 142). Both the mean and median
orientationareequal to 73, and arahereforealongshoreoblique Thefirst quartile is equal to S&and
third quartile is equal to 9 The IQR is thereforeequal to 33 (Table5.3), and onsideringits size,
there are no outliers in the detected orientagiccording to the® JOU -Mile resulting in a loweimit

of 2.8Jand an upper limit of 1425

Table5.3. Characteristic values for the distribution of the orientations

Orientation [J|
Mean 75
Median / second quartile (M / QZ 75
First quartile (Q1) 55
Third quartile (Q3)| 90
Interquartile range (IQR) 35

5.2.3 Pattern preadingn thesand strip orientation

Thepatternspreadings an indicatiorof the uniformity of the sand strips and the pattern occuring in the
window. A small spreadinguggests a clear pattern with one dominant orientationKigygre 4.11),

while a larger spreading suggests more randomness where the sand strips are not oriented uniform (e.g.
Figure4.12). Furthermorgwhen the spreading is large the accuracy of the computed oriergaton
wavelengthis less than with a small spreading due to the-tmaiform orientationFor each window,

the spreading of the distribution bbth™Q (F WH M andQ (F WH M) aredeterminedThe resultan

spreadig is computed according to equation 5.6.

"Ow 00 Ow™0b "Ow™0b (5.6)

In the two windows irFigure4.15it can be seen that the lefided window has a dominant uniform
orientation compared to the less uniform orientation of the-sgletd window. This difference can also
be observed when fossing on th&eWHM. The FWHM for the left window irFigure4.15is smaller
than the FWHM for the right windowr &ble4.1), especially ircxdirection whileit is comparablén w>
direction.In order to put the values in more context, it should be noted thatbatidQ vary between

0 m*and0.12m™ in terms of absolute value with a bandwidth of respecti@€5m™ and 0.010m™.
The resultant wavenumbéeg)( ) varies between 0.0564*and 0.125n™.

In Table4.1 it canalsobe observed that the spreadingandirection € WH M is larger tharthe
spreadingn wdirection & WH M. This is in correspondende all spreadingvalues visualized in
Figure5.6 where all the obtained values for béthWH MandF WH Mare shown as a histogram as
well as the resultant 2D histograffihe median values fdaf WHM F WH MandF WH M are
respectively @56m*, 0.024m™ and 0.063n™ (Table5.4), and, in general, the spreadingidirection
is therefore larger than the spreadingoidirection. It is important to acknowledge that no conclusion
can be drawn with th spreadingdifference due to the differebandwidthsY’Q andY'Q. Therefore,

both values for the spreading cannot be compared to each other. Such comparison caappticbe
when thebandwidthis equal for both directiong.q. with a square windosize.
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Figure 5.6. the values fofOw "Olin both and cxdirection visualized as histogranighe lower histogram shoW®w 00,

the leftsided histogram represeri®® "O0 and the2D histogram represents the total combination of both. The median values

are marked with blue dashed lines for both directions separately and the blue dot represents the median resultant spreading.
The values 0l0O® "Olare considered continuowsie to the interpolation applig¥irtanen, et al., 2020)nd thereforesmaller

bin widthsthan the bandwidthare considered

Table5.4. Mean and median values of the FWHM

7 77 % ] 7 73 4 ] 777 b
Mean;’ 0.060 0.026 0.066
Median;d | 0.056 0.024 0.063

The computed orientation and wavelength partly depends on the spreading. A large spreading, and
therefore a less uniform orientation, will resultaress accurate determined orientatgdnce more
directions are present in the window. The spreadingeietbre compared to the orientation and the
wavelength. There is however, no dominant trend for a range of wavelengths or orientations with a
significant difference in spreading values, neither foraher wdirection nor the resultant spreading
(Figure5.7). All the orientation and wavelengtivalues show similar spreading valu€ke colour bars

are based on a boxplot, where the IQR is visualized with both green and yellow. The median value
corresponds to the value at the boundary between yellow and green and it is visualized with a white
horizontal line in the colour bar.
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Figure 5.7. The detectedrientation against the detected wavelendlte colour represents iA) "Ow "O0; B) "Ow "O0 and;
C)"Ow 00 . The colarbars are distributed according to the saimexplotmethod. Blackand purpleindicate outliers, red
indicatesthe values ranging from Q1 ©1-1.5I0QR, yellowcorrespondto the values ranging fro@1to Q2, greerfrom Q2
to Q3, and blue indicatesthe values ranging from Q3 t@3+1.50QR. The median value (Q2) corresponds to ttnétev
horizontal line in the colarbar

5.2.4 The height of the sand strips

The height of theletectedsand strips vagsbetweer2.0cmand12.0cm Themedian height of the sand
strips is equal to 8.cmand themeanis 4.0 cm The distribution of the detected heights is positively
skewed, which can be seenRigure5.8 where the tail of the distribution is on the rigtgndside of

the curveln the figure, the grey line represents the probability density function that fits the distribution
best. The mean and median values are visuhlzh respectively black and rethshed lines.

PDF of the height of the sand strips

0.4 H m— pdf fit
2 -=- L=4.0cm
.EO.B —-=- M=38cm
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Figure 5.8. Histogram and probability density function of the height of the sand strips according to the detection Tiethod
bin widthis equal to 0.5 cm. The pdf is represented by the grey line, and the mean and median height by the dashed black and
red lines respectively

The IQRis equal to ¥ cmsince the first quartile is equal to @ and the third quartile is equal to 4.6
cm(Table5.5). According to thep® JOU -ile there are outliers since the upper limit, according to this
rule, is equal to 6.2m Besides, most of the detected sand strips have a height in the rangenof®.0
6.0cmroughly.

36



Table5.5. Characteristic values for the distribution of the height

Height [cm]
Mean| 4.0
Median / second quartile (M / QZ 3.8
First quartile (Q1)| 3.2
Third quartile (Q3) 4.6
Interquartile range (IQR) 1.4

5.2.5 Grain sizevariation over the sand strips

The variation over both the transverse and longitudinal direction of the sand strip are stiididte
directiors according toFigure 3.6-A. First, the variation in transverse direction will be discussed,
followed by the longitudinal direction of the sand strip.

Variation in transverse direction of the sand strip

Based onthe studiedsamples, itis observedthat the grain size vies in transverse direction. The
surroundingoeach had much variation in grain size compared to the sand strip. When focussing on the
sand strips onlyit is observed that thiargest graie are Icated at therestof the sand stripfollowed

by the windward side. The leeward side taims the smallest gramof the sand strip, visualized in
Figure5.9 for theO (uppergraph) andO (lower graph) The three days when the samples are taken
are shown individually in order to exclude variations caused by the location on the beach (note that
during the sample acquisition on Februatypdly the crest is sampled (secti®), therefore the results
cannot be used in this analysiBpach day suggests the same variation in transverse directiorhwvith t
largest grains on the crest and the smallest grains on #sidedll measurementare within the
coloured box for the specific day, with the standard deviation morecdéolired. The solid line
represents the mean

Variation of the Dsp in transverse direction of the sand strip
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Figure 5.9. Variation in grain size over the transverse location of the sand strips f@ th@op) and;O (bottom) The
mean values correspond to the solid lines, the {gjf@dowed areas correspond to all the determined grain sizes and the
dark-shadowed area to the standard deviation
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These patterns are normalized-igure5.10 for the’O by the corresponding characteristic grain size

of the crest for a better interpretatidine normalized grain size at the crest is therefore equal to 1.0 for
all samplesand thevalues at both the leeward and windward side can be seen as a fraction of the grain
size at the cresBased on these normalized valueg’O shows the strongest sigreaimpared to other
characteristic grain siz§¢$able5.6). The normalized mearalues are equal to 0.93 for the leeward side
and 0.95 for the windward side

- (©) Ieewardn&)im crest
- Owindwardn&)im crest
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Figure 5.10. Grain size variation in transverse direction the’O . All data is shown in the grey box, the standard deviation
in the orange box, and the mean and medianeg&hbre visualized with respectively red and orange dots

Table5.6. Fractions of the grain size on the leeward and windward side compared to the crest@or,{@e and theO

T T T
Leeward 0.98 0.94 0.93

Windward 0.9 0.97 0.95

Variation in longitudinal direction of the sand strip

In longitudinal directionno clear dominant variation in grain sigeobservedThe grain size varies,
there is however not a dominant pattern in grain w#ationin longitudinal directionFigure5.11).
Besides, the differences are small, with a difference of approximatelyndidi general based on the
mean valuedn the figure, the characteristic grain sif&s andO are visualizd for the samples taken
at February 17and 18 and April 8". All measurement®r one dayare within the coloured box, and
the mean is represented i solid line. Thesampledays are shown individuallsincethe samplesire
taken on different locations on the beaEly(re3.7). By this differentiation, the variability in grain size
due to the different sample locations on the beach x ¢ | ude d. Allalorg thedeakis e r
corresponds to the sample location closest to the wiaterfosest to the dunes, aadBbétweenA and
C, distanced approximately 8 meters from AendC (Figure3.6-B).
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Variation in grain size over the sand strip - Dsq
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Figure5.11. Variation in grain size over the sand strip for tBe (top) and;O (bottom) All the samples taken on the specific
day are within the corresponding coloured box. The mean values correspond to the solid lines

Besides th small difference in longitudinal direction, the spreading can be larger than this difference of
0.01mm Therefore it cannot be concludethetherthere is a variation in longitudinal direction. It is
suggested that more samples need to be taken (in retai) dn future studies in order to draw a
conclusion regarding the variation in grain size in this direction. More detailed samples will lead to less
spread results since outlying poittienstand outresulting in the possibility tdisregardhese oudiers

in the analysisThe amount of sand samples taken for this study is too small for the detegiassibie
outlying points.

5.2.6 Variation in moisture content between the sand strips and the normal beach

The gravimetric moisture content is determinedoading to equation 3.1, andi# concluded that the
moisture content of the sand strips is less thasuh®unding beach, referred to as tro(gigure5.12).

There is no variation in longitudinal direction since all values in this direction are comparable to each
other. In transverse direction there is a significant differevite a malian moigure contenfat the
surrounding beach aregual to 8.6%and at the sand strip afound2.5% The median values for the
leeward side, crest and windward side are respectively 2.8%, 1.6% and 3.1%, also sunwaithrized
other characteristicé Table5.7. In Figure5.12, these characteristics are visualized for the leeward
side, the crest and the windward side of the sand strip as wielt &% surrounding beach surface
(trough) The inset in the figure shows the same residtsjssedn thevaluesof the sand strips.

Table5.7. Characteristic values for the moisture content

Moisture contenti%] Leeward Crest Windward Trough
Mean| 3.08 1.69 3.12 9.36
Median| 2.81 1.60 3.07 8.62
Standard deviatior, 0.98 0.71 0.87 3.51
Minimum | 1.87 0.82 1.76 6.00
Maximum| 5.25 3.99 5.26 19.33
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With the minimum and maximum values for the moisture content as givéahle 5.7, it can be
observed that the moisture content of the sand strips was beldor @¥esampleswhile it was at least
6% forthe surroundingoeach surface when sand strqeeurred This shows that there is a significant
difference in moisture content between tend strips and thsurroundingbeach. Based on the
measuremestthesand strips have a moisture content of aro@dd23%, while thesurroundingoeach
has a moisture content of arourtd 8 10% when sand stripgerepresent on the beach.

Gravimetric moisture content over the sand strips
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Figure 5.12. Gravimetric moisture content of the sand strip compared tedh®unding beach surfac&he inset shows the
same results, but zoomad

5.2.7 Correlations between the characteristic properties

The colour differences inFigure 5.5 indicate the mean wavelength of the detected sand sfTiiese
colour differences implya smaller wavelengttior more inland oriented sand strips and a larger
wavelength for more alongshore orientatiohise Pearson correlation coeffici€Benestyet al, 2009)
between the orientation and the wavelengtihoweverequal toi = 0.36 Figure5.13-A). The height

of the sand strips is not directly correlatedheither the orientation nor wavelength, since the correlation
coefficient for the height with both the orientation and wavelerig equal td = 0.12as shown in
Figure5.13-B andC.
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Figure 5.13. Correlations between tharientation, wavelength and height of the sand strips; A) orientation and wavelength
withi =0.36; B) orientation and heighfi =0.12) and; C) wavelength and heigft=0.12)
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5.3Theenvironmentatonditionsfor sand strip development

In this section, some environmental conditions during sand strip occurrence on the beach are discussed.
In section5.3.1the wind conditions, such as the wind direction and wind velagigpresentedThe

influence of precipitation islaboratedn section5.3.2 and the influencef the tidein section5.3.3 In
section5.3.4influences of the environmental conditions on the shape propartianalysed

5.3.1 The wind conditions during sand strip detection

One of the most important variablfor aeolian sand strip developmeéstthe wind.Throughout the
study periodthe wind diretion came mainly from the southweBiqure5.14, where the orientation of
the Noordwijk beach is illustrated with the black solid line). Wawénts coming from the west to
northwest also occred but lessoften compared to souttvesterly wing. Furthermoresome wind
eventsappeared with a soutoutheasterly orientation, coming from inland. These inland winds had a
wind velocity below 7m/swhich is smaller compared to other directiofke wind velocity ranged
between 2n/sand 26m/sfor the total periodwith a median of 12n/s In Figure5.14-A the wind rose
for the studied time period is showand inFigure 5.14-B all the studied wind data is shown. The
difference between the two figures are the wind events that occurred badnmialitydata Due to the
importance of both the wind direction as e the wind velocityn sand strip occurrencboth will

be discussed separatéfythis section

A) Wind rose Ijmuiden 220130 - 220228 B) Wind rose |Jmuiden 220130 - 220228; studied data
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Figure 5.14. Wind rose for the studied time period. A) the total wosk; B) the wind rose for the good quality data ofilye
solid black line represents the orientation of the coast, the colors of the bins indicate the wind speed

Wind direction

Sand strips mostly appeared with sewfsterly winds Figure 5.15), corresponding to alongshore
winds.Wind events coming from inland (with a direction smaller than 180° with respect to North) did
not lead to sand strip development, which can either beddoysthe small fetch, the low wind velocity

or a combination of bothzurthermorewind events coming from the west to northwest, and therefore
more obliqueonshore winds, did only lead a few times to sand strip development compared to the total
amount ofwind events that occurred with this obligosshore direction. With these obligoashore

wind events, the wind velocity was much stronger compared to wind events coming from inland.
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Figure5.15. Wind rose with only the wind events when sand strips are detected

The alongshore to slightly obligteongshore windghat appeared duringand strip occurrences
correspond to a wind direction of 21@ 24Q). The median wd direction is equal to 220vith respect
to North. The first and third quartile are respectively 246d 230. Although the dominant wind
direction is a southvesterly wind (ranging between 21@nd 210J), there are some westerly winds
which also ledd sand stripgOut of the 261 times that sand striparedetectedthe wind was 202 times
directed (almost) alongsho(&90] to 24QJ). Once, the wind velocity was equal to 18&nd 58 times
the wind had a more oblique (> Z¥Qirectionwith a maximum of 30J, equal toshore normal
Characteristic values for the wind direction are summariz&elie5.8.

Table5.8. Characteristic values for the wind direction during sand sbdpurrence

Wind direction [ J]
Median / second quartile (M / QZ 220
First quartile (Q1)| 210
Third quartile (Q3) 230
Maximum| 320
Minimum | 180

Windvelocity

The minimumappearedvind velocity whensand stripsvere detecteds 7 m/s For the studied time
period, the wind velocity variebdetween 2n/sand 26m/s(shown in lightorange inFigure5.16). The

wind velocity during the studied scaase showrin darkerorange inFigure5.16. During sand stp
occurrencette wind velocity varied between Hisand 24m/s(grey bars irFigure5.16), with a malian

of 14 m/s Characteristic values that describe the distribution of the wind velocity during sand strip
development are summarizedTiable5.9. Sand strips only appeared ormé of the 27 times that a
wind velocity of7 m/swas measure(8.7%) while this percentage is equal to 20.5%daevind velocity

of 8 m/s Due to thidifferencewith a factor of almossix, a wind velocity of 8n/sis a good threshold
when sand strips can occur on the bezased on these results
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Histogram of the wind speed, minimum wind speed when sand strips are detected = 7.0 m/s
i I
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Figure 5.16. Histogram of the occurred wind speed duringghelied time periodAll the data is shown in lighidirange, while
the studied data is shown in orange. The hins were sand strips were detected are shown in grey. The dashed vertical line
represents the minimum wind velocity when sand strips were detectésiegual to 7 m/s

Table5.9. Characteristic values for the wind velocity during sand strip development

Wind velocity [m/q
Median / second quartile (M / Qz 14
First quartile (Q1) 12
Third quartile (Q3) 15
Maximum| 24
Minimum | 7

The wind velocity during sand strip formation is however larger than the determined threshoitsof 8

In Figure5.17 the wind velocity over time is visualizewith the orange dots corresponding to the
detection of sand strip3he median wind velocity during sand strip formatioedgsial to 13n/s and

the minimum and maximumvere respectively 1fh/sand 16m/s These values are obtained by only
considering the formation events when at least 3 consecutive scans prior to the first detection are of good
guality. When at least 3 consecutive scans prior tditbiedetection are considerdxhd quality(bad
gualitydata is visualized with dark red dots in the figutie¢re is a possibility that the sand strips formed
during thesébad qualitydata.ln Figure5.17, the minimum wind velocityor sand strip formatioi10

m/9 is plottedas a blue dashed horizontal limd the threshold wind velocity ofr8/sfor sand strip
occurrence is plotted as anslg-coloured dashed line

Wind speed over time and the occurence of sand strips

—— total wind conditions ® bad quality data ® checked data ® sand strips detected

Figure 5.17. Wind velocity over time during the studied time peritite bad quality data is shown in red while the detected
sand strips are marked orange. The blue neresponds to the minimum occurred wind velocity of 10 m/s for the formation
of sand strips. The yellow line corresponds to the threshold of 8 m/s for aeolian activity

Around January 31 the wind velocity was at least h/severy hour of the dayHowever, no sand

strips appeared on the beach, probably caused by the wind direction which was onshore directed. In
appendix F, all the environmental conditions consideret timeare visualzed in an overviewThis
overview eases a comparison between certain periods regarding sand strip occlifrencther
considereanvironmental conditions (besides the wind conditions) are the precipitation and the tide.
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5.3.2 Precipitation events durirgand strip detection

During the studied time period, several precipitation events occasrédualized ifrigure5.18. In the
figure, the orange dotsorrespond to the scans where sand strips were detactedhe red dots
correspond tdad qualityscans

g Precipitation events over time and the occurence of sand strips
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Figure 5.18. Precipitation events over time for the studied time pefid@ bad quality data shown in red while the detected
sand strips are marked orange.

The precipitation event of Februar{} & probablybeing noticed almost immediateily Figure 5.18.
Sand strips were detected in the two consecutive scans prior poethipitationpeak, and duringhe
precipitation peak of 4.9 mm/h The appearance of sand strips as#times is confirmed, since
fieldwork is executed from 11:@Quntil 13:00h on this day. The disappearance of the sand strips after
the precipitation peak cannot be explained by precipitation only since the wind directiorceased
from 22Q) to 32Q) abruptly (corresponding to an alongshore wind towards a shommal wind)
Therefore, the change in wind direction could cause the disappearance of the sand strips.

There occurred also precipitation events during alongshore winds of at least Diring thesavind
conditions sand stripsould occur accordindo section5.3.1 However, they are not always detected
during these precipitation events, while they are detdméntethe precipitation startedlhis implies

that precipitation auld be a limiting factor for sand strip development. Three of these events are the
events on January 80February 18 and February 20 For these precipitation events, sand strips were
detected in at leagitreeconsecutive scans prior to the precipitatpeak. Besides, for two of the three
events (February ¥6and February 20), the sand stripgere detected agaimithin one hourfter the
precipitation stopped.

On the other hand, precipitation does not immediately imply the disappearance of sandigérpthe
presence of sand strips during and after a precipitation event at FebrflaButifg this precipitation
event, the precipitation increased almost linearly fromr/hat 13:00 to 28 mm/hat 16:00. After
17:0h, the precipitation decreastmlO mm/hat 22:0®. Sand strips did not disappear for the complete
durationof this precipitation event his eventseemghereforecontradictive with the othéhreeevents
where the sand strips disappeared. It shbalgeverbe noted that the detection method is based on the
reflectancewhich is related tohe surfacemoisture.The surface moisture can increase during rainfall
subsequently resulting in a smallerfeiencein surface moisturdetween the sand strips and the
surroundingoeachThis, eventually, can prevent the detection of sand strips using the reflectance values.
It can,therefore not be concluded that the sand strips disappearddihen applyinga height based
detection(section4.3.9, it can be seen that the sand stdas remain present during precipitation

For theprecipitation event of February ",émultiple windows are compared to each other for the time
period of 05:08 until 08:0(h. In these windowshere was still a height difference present according to
the 1D Fourier transform based on ¢heoordinate It canthereforebe concluded thairecipitation not
necessarily causes the disappearancaiodl strips. For all the studied windows, the sand strips were
still present with a comparable height. An example is visualized in app@ndiith one of the figure
shown inFigure5.19. At 05:5%, the precipitation intensity was equal to hé&/hand no sand strips
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were detected based on the reflectance vakigsre5.19-A). Based on thé-coordinate, the window

had an average significant height of 4t The specifidransectwhich is drawn inFigure5.19-B has

an significant height equal to 5dm (Figure 5.19-C). This detectedheight on ths profile line is
comparable with the height before the precipitation started and after the precipitation stotiped
sametranseci{Table5.10). For the event of February 20the heightbased detection did not result in

sand strip detectionyhile February & sand strips were detected for two more hours during the event.

It should be noted that both events are shorteluiation than the event of February"i(Where the

sand strips remained present at the beach) and they had a lower intensity than the event of Fébruary 15

Height detection 05:59h
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Figure5.19. Sand strips present in a window which are not detectable with the reflectance values but onlyovdtotidenate

Table5.10. Detected sand strip height for the precipitation event occurring at Febr@ry 1

Hours Precipitation [mm/h]  Detected based on reflectance? Height [cm]
05:00 6 Yes 6.0
06:00 18 No 5.1
07:00 13 No 4.9
08:00 0 Yes 5.6

5.3.3 The tide during sand strip detection

The tide affects thenoisture content, and therefore it could affect sand strip developAweather
limitation of the influence of the tide is observed during the visual validation of the r&uuditsg high
water (probably spring tide in combination with a storm sutbe)waterlinerises sometimes even
resultingin a beach width smaller than &9 preventing thapplication of theletection methofsection
4.1.3. The amount oEcans th athe width smaller than 4t and where sand strips are presant i
howevemot investigate@nd only the scans which are marked good quality are considered

The tidal data is visualized Figure5.20, whereit can be observed that most of the times sand strips
have formed during falling tidét can be argued whether the sand strips have formed 20 times, however
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it is assumed that they & formed 17 times. fie disappearandeof February 8, February 28 and
February 18 are probably caused by precipitati@®ection5.3.2 sincethe sand stripsvere detected

with the height for February 16 For February 6 they were detectable with the height until 20000
(where the precipitation started between 16:80d 17:00), and for February 20the sand strips were

not detectable with the height after precipitation started. They were detected again after the precipitation
peak,and it is therefore unknown whether they remained present or disappeared temjdresiye-
appearing events atieereforenot considered a new formation.

g Tide over time and the occurence of sand strips
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Figure 5.20. Tidal data during the studied time peridthe bad quality data is shown in red while the detected sand strips are
marked orange.

Out of these 17 times, sand strips have formed 10 times during fallinG&®849, 4 times during low
tide (23.5%) whereasdr rising tide ad high tide this percentage is equal to 5.9rthermore, the
corresponding tidal period during formation orbReary 4" is unknown caused by theinebad quality
scans prior to the first detection. These percentages are summaridedblén5.11. Besides the
formation, they also disappeared 17 times. They disappeared once during higimditheee times
during low tide as well as durirfglling tide. During rising tide they disappredeighttimes, and two
times this is unknown due to the amount of bad scBaisl€5.11).

Table5.11. Percentage of formation and disappearance of the sand strips during the tidal cycle

High water Falling tide  Low water Rising tide Unknown
Formed [%)] 5.9 58.8 23.5 5.9 5.9
Disappeared [%] | 5.9 17.6 17.6 47.1 11.8

Based on the results the sand strips maliggippeared during rising tide and they mafolymned during
falling tide, where theelative time irfalling tide differs. Somdéimes thg formed right at the beginning
of falling tide, whileother timeshey fomed right before low watefhe disappearance during rising
tide is mostly right after low water, at the beginning of rising tidewever, they do not necessarily
disappear during rising tide or high tide since they have survived rising tide and higéviaetimes.

5.3.4 Correlations between the environmental conditions and the characteristic properties
Shape properties of the sand strigsich as the wavelength, orientation and heigt#, affected by
environmental condition®©ne of the most obvious shap@pery thatis affectedoy anenvironmental

condition is the orientatioby the wind direction. This dependenisydiscussed in some more detail
compared to the other correlatiofrsaddition, h sectiorb.1.1it was mentioned that the environmental
conditions are based on 261 scans where sand strips were detected. However, the shape properties are
only determined when sand strips are detected tw@l2D Fourier transforngnd they are thus based

on less scan®s a result, the correlations discussed in thissadbion are based on the same amount of

scans where sand strips are detected according to the 2D Fourier traf$fisrsubsection focuses

therefore on less scans thae other sulsections okection5.3,
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Theangle between theind direction and the sand strip orientation

The sand strips weraainly oriented in the range of 5t 9QJ relative to shore normésection5.2.29,
which is in correspondenaedith a range between 3and 69 with respect to Ndh. The orientation of
the sand strips is shovagainin Figure5.21, with the colourscale based on the wind directionthe
left wind rose, and in the right rose based on the difference between the wind and safthstigpgest
difference is 100and occurred with a wind direction of 3P@horenormal) while the sand strips had
an orientation equal to 4Qalmost alongshore) (the purple agure5.21).

Orientation sand strips Orientation sand strips
N-0 N-0

Wind direction [deg]
[190.0 : 200.0)
[200.0 : 210.0)
[210.0 : 220.0)
[220.0 : 230.0)
230.0 : 240.0)
240.0 : 250.0)
250.0 : 260.0)

Diff. with wind [deg]
. (0.0:10.0)
EEN (10.0:20.0)
B (20.0:30.0)
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Figure 5.21. Orientation of the sand strip§he solid black line corresponds to the orientation of the Noordwijk bé&athe
left figurethe colaurrs indicate the windlirection, in the right figure they indicate the difference in angle between the sand
strips and wind direction

The orientation of the sand strifgamostly perpendicular to the wind directjas visualized ifrigure

5.22. In the figure the differences are shown in absolute values Wheogresponds to a perpendicular
orientation. Based on these values, the median afghe differences equal to 2Q The first quartile

is equal to 14 and the third quartiléo 4Q). A difference of at least S®ccurred only thirteen times.

Five times they occurred durinpngshore winds ( ¢ T 1 Which were measured 157 times, and eight
times duringonshore oblique winds (¢ T JTWhich were measured 24 tim@able5.12). In thetable

it can be seen that a difference between the wind direction and the orientation of the sand strips of at
least 50is more common for onshoablique winds than for alongshosénds.Besides, during the 24

of February alongshore winds already led 4 times to a difference of at Ida®ub®f the total 5
occurrences for alongshore winds).

Table5.12. Difference between wirdirection and sand strip orientation for alongshore and onstatnréue wind events

Number of occurrences Number of occurrences thatyP J
Alongshore ( ¢ T JtJ 157 5 (3.2%)
Onshoreoblique ( ¢ T JT« 24 8 (33.3%)
AB: wind direction and orientation sand strips
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Figure 5.22. The wind direction and the difference in anbketween the wind direction and the sand strip orientatidn. O
corresponds to a perpendicular orientation of the sand strips compared to the wind. Thetionesf the Noordwijk beach is
visualized with thelashed vertical line
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Correlations betweerhe wind velocityand the shape properties

The wind velocity is correlated wittithershape properties of the sand strips as well. The wind velocity
and the wavelength have a correlation coefficiemt=0.29,suggesting a slight increase in wavelength

for an increase in wind speethe wind velocity and the height are correlated witearson correlation
coefficientof i = 0.11, andthe wind velocity and orientatiomith i = 0.05, implying that they are not
correlatedThese weak correlation coefficients imply that other environmental factors affect the shape
properties as welln Figure5.23 andTable5.13, these correlation coefficients amemarized
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Figure 5.23. Correlation ofthe shape properties with the wind velocifhe shape properties that are considered are the
wavelength (A), height (B) and orientation (C)

Table5.13. Correlation coefficients wind velocity and shape propezi(wavelength, height and orientation)

Pearson correlation coefficient 1 Wind velocity
Wavelength 0.29
Height| 0.11
Orientation| 0.05

5.4Thedynamic properties of the sand strips

In this sectionthe dynamic propertig®r one life cycleof the sand strips are analysed. First, the shape
properties over time are analysedFebruary 28 21:4h until February 2% 12:00h. In this period sand

strips were present without interruption and beach is scaewerg 20 minutesresulting in accurate

and detailed information regardingmporal changesn section5.4.2 the horizontal migration rate of

the sand strips is analysed feabruary 23 22:0th until February 2% 06:0th due to the beach widts

limiting factor caused by the tid&ince the obseations discussed in this section are based on only one
life cycle, the observations might not be applicable for all situations and it is thus important to note that
no generic conclusions can be drawn regarding the dynamicity of the shape properties.

5.4.1 The $ape properties over time

Although te two scans prior to tHest scan of the time periohe scan®sf 21:0th and21:2(h) have

detected sand striphese scans are not considered since sand strips in these scans are only detected
with the 1D method thusno informationof thewavelength andrientationareknown. Sand strips were

not detected in the three scans prio21o0th, implying the formatia between 20:49and 21:00.

Since the shape properties are determined firaL:dih, the analysis will start at this timi the last
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scan of theconsideregperiod, February 2412:00h, sand strips appeared, while at 12t Ltil 14:0th
the scans were consideredd quality Thereforeénformation on the disappearance is missing tued
analysed periodtops atL2:0(h.

During the life cycle,lte environmental conditions remairegaproximatelyconstan{Figure5.24). The
wind was oriented alongshore with a median velooityt3 m/s andincreagng towards16 m/sat the
end.No precipitation occurred arthe time period wasomething longer than one tidal cycle, starting
athigh tide and ending at fallirtide.
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Figure 5.24. Environmental conditions during the considereddifele of the sand strips

It took a few hours before the wavelength stabilirgtereafter idecreased slightly over tin{€igure
5.25). In the beginning the sand strips were oriergkhgshoreand thus perpendiculato the wind
direction. After a few hours, the orientation increased and stabilized betwéand8Q reldive to
North, while the wind direction remained constant with a deviation af Tlfis increase corresposith

more inland directed sand strigsis implies, in combinatiowith a constanivind direction a different
migrationrateof the sandstrips over the width of the beaahd is therefore discussed in sectioh.2

Furthermore, the height also incredisger time from around 3€mto 4.0cmat the beginningpetween
23:0th and01:0th to 6.0cmaround 10:06.

Figure 5.25. The shape properties over time for the studied time period
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