K 1 THE UNIVERSITY OF
N iR +|l'
W

WAIKATO Research Commons

5 Tr Whare Winange o Waikato

http://researchcommons.waikato.ac.nz/

Research Commons at the University of Waikato

Copyright Statement:

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand).

The thesis may be consulted by you, provided you comply with the provisions of the
Act and the following conditions of use:

« Any use you make of these documents or images must be for research or private
study purposes only, and you may not make them available to any other person.

* Authors control the copyright of their thesis, You will recognise the author's right
to be identified as the author of the thesis, and due acknowledgement will be
made to the author where appropriate.

+« You will obtain the author's permission before publishing any material from the
thesis.



Variation sto the Groundwater Seepagd-ace

on Mesotidal Dissipative Beaches

A thesis
submited infulfilment
of the requirements for the degree

of
Doctor of Philosophy inEarth Sciences
at
The University of Waikato
by

Amir Emami

THE UNIVERSITY OF

WAIKATO

Te Whare Wananga o Waikato

June 2016




Dedcation
To mamily




Abstract

Groundwater seeping from theeachfacecan induce erosion and so may play a
role in controlling the development of beach morphologlyis research answeer
some fundamental questions aboutghecesses that contritie graundwater seepage
line position on a dissipativbeach For instanceWhat is the relationship between
the observed groundwater seepage line and the intertidalfaeaeblume? What is
the best statistical model, which can describe the importance of dedyvater
seepage line and surfzone morphology in chantfisgpeachface volumerow well
can video images be used for extracting groundwater seepage lines and shorelines at a
dissipative mestidal beach'How does the groundwater seepage line on a disgpa
mesatidal beach change ovehe tidal cycle? What are the main parameters
controlling the groundwater seepage line on a dissipative, -titegdobeach and
which driver is the most important in explaining changes to the seepage line? Can
numerical mods (both linear and anlinean accurately predict the tidal
groundwater changes across the beachface and determine the position of the

groundwater exit point?

The processes that are explored are rip currehi@racterized byhe observed
variations in tle surfzonemorphology, as well as beach slope, hydraulic conductivity
wave setup, tidal variationsand water table variationSpecifically, changes to the
alongshore variatiorand decouplingof the seepage line from the shoreline are
studiedalong two @ntly-sloping beaches in the west cost of New Zealasitig
video imagesfield measurementnda 2D non-linear Boussinesq modeFinally the
advantages and disadvantages of applihedinearversus thexon-linear Boussinesq
equations to beach groundwat modelling are discussed.The thesis also
demonstratethe accuracy of using video images for extracting the seepage line and

shoreline.

The statistical study conductesing video imagery and surveys of the seepage
line atMuriwai Beach showed that tlvariation ofthebeachvolumecan berelated to

the seepage lineand surfzone morphology(which wasmeasured usinghe pixel




intensityextracted fronthe time-averagedvideo imagels My results showd that in
most regions of the beactiere is a clear ecelation betweeithe beachfaceolume
andthe seepage linewith an elevatedeepage lineausing a reduction ofolume
This inverse correlation occurred in all dattss The seasonal analysis showieat
the seepage linén winter is more correlated viitvolume than summer. The field
results also indicatethatthe beachfacgolumeis more correlated witkthe seepage
line at low tide rather than high tide. Hendke seepage lindas a greater effect
lower on the beach, and beachface volume reductiomore influenced by the low
tide seepage lin€rhis study also showed that theepage line was less clearly related
to changes in the surfzone morphology

One of the shortcomings of the study at Muriwai Beach was the laskreéy
data and the inabilityotuse the video imagery more effectively because of the lack of
groundtruthing Thereforamagescollectedat Ngarunui Beaghwhere camesawere
still operating,were used to study the application of timae-averagedimages in
extracting theseepage lineand variance images in detecting thleoreline The
comparison between the extractdtbrelineand beach survey data showed that the
difference between the surveyed data and video based data in upper intertidal beach is
much lower than lower part of theedch indicating that the video extracting
algorithm works better at the high tide rather than the low tide. On the other hand,
both seepage linend shorelineshowed the decoupling process very well in both
incoming and outgoing tide During the rising tide, theinfiltration from the tidal
wave causes the water table rise, although beach groundwater level increases much
more quickly than rising tide. An hourly comparison of the decoupling process
showed that theeepagdine decouplesrom theshorelinemore quickly on the lower
part (less ®ep intertidal beachface) rather than the steeper upper part of the beach
profile. This decoupling process sheathat Ngarunui Beach fills more rapidly than
thetide rises, and drains more slowly than tide falls. Thigding was tested using my
field data collectedusing Solinst piezometar-Solinst is the brand name of the
piezometers which were used at Ngarunui Beacld manual water detectors at the
beach. The decoupling between teepage linend the shorbne extracted from
video images alsshowedthat the seepage face width is much greater in north and




middle of the beach rather than south pa@hie rip current in south of the beach may
have an effect on lowering tlgroundwaterexit point elevationand shortring the
seepage face width. Although according to the data from the current meters deployed
in the beach, it seems that the rips may have a small effect on changing the

groundwater seepage lingther than sediment properties and beach topography.

Modelling using &D non-linear Boussinesanodel, whichl developed during the
researchshowedthat theseepage linealculated byny modelis compatible with the
surveyedseepage lineThe ron-lineaiity effect of thehydraulic conductivityand the
groundwater dpth may play an important role in accuracy of the results. ©he n
linearmodel also showed the same pattern of the decoupling betweszetbege line
and the shorelineas the video irages shoed Similar to the result ofny 1D
numerical model at Muriwabeach, the numerical model results at Ngarunui beach
also showed thahe seepage linelevation decreases with increasihg hydraulic
conductivity and intertidal beachfaceslope The modelsuccessfully replicatethe
wider seepage face in middle andthoof the beach rather the soutiisp shown in

the video imag analysis).
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1.1 Thesis topic and its significance

Coastal erosion is one of the most common problems at many beaches. It is caused
by both naturalfactorsand human activities. Sea level rise, climate chasgeh as
changes in precipitation and temperature regirgeme wave and storm surge
conditions, tidal currentsubsidencandcoastal flooding could cause changeshia
groundwagr level and conseqgently the beachface erosion patterrHuman
interventionsincluding woodland establishment, urbanizatidamage to sand dunes
and remwal of coastal plants also incredbe beacherosionrate (eg. Masterson and
Garabedian, 2007; Holma 2006) There are two common types of coastal erosion.
Firstly, there is shotterm(e.g. weeks to decadem)osion that is caused by storms. In
this case, the position of the shoreline is not changed permanently, although the full
beach erosion and regery cycle may last several decades. Secondary, there is long
term erosion caused by factors such asleea rise. In this type of erosion the
shoreline position is changed. Global warming could cause sea level rise and
consequently causelongterm ingease taoastal erosion. A global sea level rise of
0.2 to 0.25 mhas beemecorded over the last century, whildésrisenalmost 0.3 m
over the last 300 year$he International Panel on Climate Change estimates that the
global average sea level wiike between @.and 08 m in the next century (IPCC,
2015).

The elevation othe water table in relation to the average sea level changes with
tide and wavs causng infiltration and exfiltration of water into the beaathich has
a consequence sedimat transport (Li et al., 1999The water table variation in a
beach can influence swash sediment transport and as a result deposition or erosion
across the beach will occuryrner, 1995)In other words, the location of zones of
erosion and deposition isstablished by tidal movement of the 4zl andthe
seepagdine across théeachfaceFor instance, below the effludime, thebeachface
is saturated and erodibighile it is unsaturated and more likely to be a zone of
deposition above the line (Btiand Clarke, 1988).
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1.2 Thesisaimsand objectives

The general aim of this thesis is to study vheation of thegroundwaterseepage
line on gently-slopingdissipative beachassing field survey data, video images and
numerical model There aresomeexperimentandmathematical models to simulate
beach groundwatefariations(e.g.Parlange et al., 1984; Turner, 1998elsen, 1990;
Turner and Nielsen, 1997; Turner et al., 1997; Li et al., 1997; Turner, 1998; Baird et
al., 1998; Li et al., 199Raubeheimer et al., 1999;i et al., 2000; Li et al., 2002; Li
and Jiao, 2003; Jeng et al., 2005; Li et al., 2006; Song et al., 2007; Li et al., 2008;
Guo et al.,, 2010). Many of these studies have focused on waweprand tide
induced changes tihe groundwaer. However, some of these numerical models have
limitations in their theories and applications, including limitation of the numerical
computation, data requirements, boundary conditions, model assumptions and
uncertainty of the simulation results. Thenfiteterogeneous character of the aquifer,

which has often been ignored in models, is another problemy(u et al., 2009).

Although the relationship between groundwater table and beach volume has been
studied previously (e.g. Grant, 1948; Eliot and K#ar1988; Turner and Leatherman,
1997), there are few studies on high energy gesitiging dissipative beaches. The
location of the groundwater seepage line could be a function of a range of factors
such as sediment porosiymd hydraulic conductivitypbeach morphology, beachface
slope,wavesetup, tide variations water infiltration and exfiltratiomnto or from the
beachfacgthe inland water table andbcal rainfall. Changes in these parameters

cause water table variation and consequently beachfasemealhanges.

This studywill test following questions

+ Whatis the relationship between the obsergedundwaterseepage line and
the intertidal beach volumend can this effect be separated from the influendkeof

rip curreng?
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# What is thebest statisial model which can describe theole of the
groundwater seepage limad surfzone morphology changingbeachfacerolume?

What is the accuracy of thesatistical method

%+ How well canvideo images be used for extractitige groundwater seepage
line and &oreline at a dissipative mesidal beach? What is the accuracy of this

technique in comparison with surveying data?

+ How does thegroundwater seepage line on a dissipative rtielsd beach
change oveatidal cycle?How can video imagee usedo observethe decoupling

of the groundwater seepage line from the shoreline?

% What are the main parameters controllthg groundwater seepage line on a
dissipative mesatidal beach?Which driver (intertidal beach geometrybeach
sedimentporosity and hydraulic condktivity, tide variation inland water tablerip
currentsandwavesetup) is the most important in explaining changes to the seepage

line?

# Cannumerical modelgboth linear and on-linear based on the Boussinesq
equationaccuratelypredict thetidal groundwaterchanges across theeachfaceand
determine the position of the groundwatedt gooint? Can the numerical model

resultsshowthe decoupling between the groundwater seepage line and the shoreline?
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1.3 Beach field stes

Two siteson the west cosbf the New Zealand's north island were studied in this
research.First Muriwai beach was selected to study twerelation betweerthe
groundwaterseepage line, rip currefdcatiors (characterised by video imagxel
intensity) andtheintertidal beachfee volumeMuriwai is a mesdidal gentlysloping
beach located on the west coast, approximateln3svest of Auckland and 48 km
south of Kaiparadarbourentrance. The west coast has significant wave heights of
between 1 and B and the average wave petiof 6:8s (Gorman et al., 2003Jhe
mean spring tidal range at Muriwai is about 3 m (Bryar.eR@07). The surf zone is
400-500m wide on average and inclesl an inner bar and more gerglpping ater
bars; however durinigh energystorms, the surtone width may be greater than
800m. The beachfachas an average slope bfl00and generally consists of fine
sands with the mean diameter of 0.25 mm (Brander and Short, 2R00he
dimensionalinear Boussinesq equation was also used to study thement of the
groundwater exit point across the beachface transects. The effect of inland water
table, beaclslope beach sedimerttydraulic conductivity, tidal range and wave-set
up on the groundwater exit point wdscovered The model was run based dret
field data collected by Robinson (2004). The lackheffield data including updated
beach survey, sediment properties, and video imiagedted in a switch ithe study
area from Muriwai tdNgarunuibeachfor theremainderof the thesisNgarunuibeah
is also a dissipative beach located near Raglan onwhst coast The beach is
approximately 1.8 km length, in almost 4 km sewtst of Raglan city. There is a
steep dune (~1:5) in the east of the beach. At the north, the beach turns into Raglan
Estuay (Morris et al., 2007)Ngarunuiis a black sandy beach with an average grain
size of 0.31 mm (Laurent, 2000). The beach slope is approximately 1:70 (Huisman et
al., 2011). The spring tide ranged between 2 and 3 m and neap tideli8 Irb
(Walters et B, 2001). The groundwater seepage face, which generally appears
between the shoreline arite groundwater seepage line during the retreating tide, is
clearly exposed as a glassy surface, and so could be obtained using standard

surveying techniques and &d images.
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1.4 Thesisstructure

Regardingaimsandobjectivesof the researchthis thesigs mainly focused on A)
understanding the beachface variation associated with the groundwater table and
determining the correlation betwedme groundwateseepagdine, rip current and
beachfacevolume on a genthglopng dissipative beacHiChapter30; B) extracting
the shoreline andthe seepage line from video images and study the process of
decoupling of the shoreline from the groundwater seepage line duridgl aycle
fiChapter4o; C) a field experiment on a genti§ioping beach to measurihe long
term groundvater table changes, shoerm variation of the beach groundwater level
and wave dat&iChapter50; D) usinga two dimensionalnumerical model based on
the Boussinesaquation to study changes in the groundwater painht across the
beachface,variation of the groundwater seepage line along the beach, and
determiningthe role of theonshore characteand offshore factors/hich affect the
groundwater seepe line variation$iChapter6o. The results of thisesearcktould be

generalized to other coasts that experience dissipative conditions.
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2.1 Beach groundwater and erosion

As coastalgroundwateris one of the most significarissues affecting beach
volume and coastal erosion; hence, understanding the relation betveekeach
groundwater table andeachfacesrosion and accretion has been a focus of coastal
engineers for a wide range of research purposes and practical applicatpi@Grént,

1948; Duncan, 1964; Eliot and Clarke, 1986; Turner, 1993; Turner and Leatherman,
1997;Turner 1998; Huisman et al., 2Q1Field studies have shown that the elevation

of the beach groundwater fluctuates with tidal cycle, waves, and weathempatt
(e.g. Duncan, 1964; Eliot and Clark, 1986; Hegge and Masselink, N8lken,
1999; Horn, 2006 Nielsen (1999) mentioned that the groundwater overheight
depends orthe wave amplitude, tide range aride beachface slope. For example,
several mets superelevation ofthe groundwater is observed when large waves or
tides occur on a flat sandy beach. As showrFigure 2.1 the groundwater table
increases landward of the shoreline. At high tide, this rise is because of the infiltration
from waves. This cedure changes the shape of the water table to a htshppd

with the maximum near the ruup limit. The water table fluctuates betwddBNV

and LENV (upper and lower boundaries of water table fluctuation). The difference
between the elevation diie intersection ofUENV and LENV, andMSL (Mean Sea
level) is used to determine the average swberation of the groundwated?()
(Nielsen, 1999). Turner et al. (1997) also shdwhat wave rurup, variation in tide

and rainfall cause a supelevation of thegroundwater table above the tide elevation.
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Figure2.1  Parameters used in formulating the coastal boundary condition for
groundwater modelingSWS (Still Water Surface): the smooth sea surface withou
considering waves that fluctuates with changes in atmospheric pressure and tides;
MWS (Mean Water Surface): the local short time averaging of the water elevation,
and is averaged over the scale of individual waves; SL: the shoreline position and RL

is run-up limit. (Nielsen, 1999)

Besides offshordactors groundwater location and its movement are generally
related to the geology and soils comprising the coastal zone. Groundwater can be
located within several feet of the ground surface or deeper wigimdysbeaches.
Basically, there are three approaches for monitafieggroundwater elevations and
flow in a sandy coastal aquife A) measurements dhe hydraulic head using
piezometers to determine vertical and horizontal flows through the aqg@ifer;
measurements othe local water table elevations using data collected from
monitoring wells (Turner, 1998)) the extend of the seepage fawdich exposes
across the beachface and groundwater seepage line that outcrops the beach (Figure
2.2).
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Figure2.2 A Snapshot of swash and groundwater seepage line at Raglan beach.
Groundwater seepage face appears as a shiny area between seepage line and

shoreline. (Huisman et al., 2011).

Groundwater studies at cdals zones showed that, in practical applications,
landward of the swash zone the water table is approximately horizontal and shore
normal. The assumption of owémensional flow equates the phreatic surfatlee
location where the pore water pressurenidar atmospheric conditiongo the water
levels monitored in each piezometer using equations by Dupuit (1863) and
Forchheimer (1930).

On high tide,the infiltration of seawateto the coastal aquifezauses the water
tableto rise. Duringthe descendingide, if the beach drains more slowly than the tide
falls, the groundwater seepage face (Figa®) will appear between the shoreline
(SL and the groundwater seepage lingG\WSL because of the groundwater
exfiltration (Turner, 1993). The seepage faca dynamic area between the shoreline
and the intersection of the water table and beachface(Turner, 1995). The
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intersection of the seepage line dahd crossshoreprofile indicates thgroundwater

exit point that differentiates the upper unsaturatatedrom the lower saturated land

part. Monitoring of the groundwater seepage line has been done on a number of
beaches in order to understand the role that groundwater seepage might play in
controlling beach dynamics. For example, Turner (1998) deterntineedynamics of

the exit point, where the groundwater table crossesb#erhface using linear
interpolation between piezometers and observed data from different beaches over a
tidal cycle. The dynamics of the groundwater exit point orbechfacespedfies the
time-varying area of the saturated and unsaturated parts in the intertidal zone. The
elevation of the groundwater exit point specifies a boundary between two different
intertidal areas (upper and lower regions), before -ty@ping by the risingide
(Turner, 1995). The seepage face parameter was applied by Turner (1993, 1995) to
illustrate the sensitivity ofhe coastal seepage face development to bdachprofile

and sediment characteristic (Figuzel). Turner (1993 indicated thatthe seepge

face is a function ofhe profile slope and permeability characteristics (such as soil

porosity).

Figure2.3  The sketch of the seepage face and definition of the exit point (Turner,
1993)
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Figure24  Seepage face parameter as a function of tide range (TR), hydraulic
conductivity and beachface slope (Turner, 1995)

The development and motion thfe seepage face has been modeled using only the
ascending amdescendingide and beach permeability; however pressure distribution
within the beach are often neglected in early wdfkr example, the point of
outcropping (exit point) and the movementtbé seepage face across the intertidal
profile and consequdgtthe extent ofthe saturated and unsaturated regions of the
intertidal zone were simulated by Turner
1993 and 1995). Applying the SEEP model showed that even small chartges in
beachfaceslope and permeability ctecteristics cause largehangesin exit point
location (Turner, 1993), anthe exit point fall increases when soil permeability and
beach slope are increased. After Turner (1993 and 1995), the movement of the
groundwateexit point along the seepage lirmad the separation between the-amit
boundary and the tide (or the mean position of the swash) have been largely
simulated by more complex modeighichinclude pressure gradients (Li et al., 1997,
Baird et al., 1998; Li and Barry, 2000; Li et al., 20@002; Huisman eal., 2011)

(e.g. Figures 2.5, 2.6 and 2.7).
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Figure25  Decoupling between the tide (solid line) and groundwater exit point
(dashes); and formation of the seepage face (Li et al., 1997).
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Figure2.6  Seepage face extent across the intertidal profile (Turner, 1998).
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(triangles); A: the difference between the seepage line and shoreline is similar at low

tide and high tide. B: the difference is much larger at low tide than high tide.

(Huisman et al., 2011).

Huisman et al., (201lindicaed that there were @ayswhere thedifference in
elevation betweemhe wetdry boundary and the shoreline remairshstant The

di fference ( gz i n thé& difigrancesbet@esttreup-upimaxima q u a |

and the shorelinelevation In this casevhen a coupledgroundwater seepage line

(GWSL) developed,the wefidry boundaryis relatedto the upper swash limit.

Reversely during the other8 daysof their experimentthe wet dry boundaryandthe

shorelinedecoupled( Fi gur e

2.

7B) .

They

related to the beach watertable rather tharuat low tide.

descri

bed

There is a strong empirical relatginp betweerthe water table elevation and

foreshore erosion and slope (Harrison, 1969), and maximum degradation occurs when

the beachfaceis saturated (Eliot and Clarke, 1988). Many field and laboratory

experiments have indicated that a high beach groateiwable promotes beach

erosion and the low water table enhances beach accretion (e.g. Grant, 1948; Baird and

Horn, 1996; Turner and Leatherman, 1997; Li et al., 2002) (F&8)e

t

t

h
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Figure2.8  Conceptual model of the relationship between beach groundwater and

sediment transport in the swash zone (after Grant 1948; Baird and Horn, 1996).

Groundwater seeping from the beachface can induce lower beachface yelgme
Grant, 1948; Duncan, 1964; Harrison, 1969; Eliot and Clarke, 1986; Baird and Horn,
1996; Turner and Leatherman, 1997; Li et al., 2002), and so may play a role in
controlling the development of the beach morphology, beachface dynamics, and,
consequethy, the stability of the coastline (e.g. Hegge and Masselink, 1991). Higher
water tables influence swash sediment transport by causing saturation and enhanced
entrainment and subsequently, lower beachface volume (Grant, 1948; Duncan, 1964;
Eliot and Clarke 1988; Turner, 1995). Thus, there is a negative correlation between
the water table elevation and beachface volume, in which beachface volume
decreases with increase in groundwater elevation [ugcan, 1964 Turner and

Leatherman, 1997). The beach watgble can change not only due to variations in

M p
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the inland water table, but also when the sea level rises causing infiltration of
seawater into the beachface.

The relationshifpetweenthe beach groundwater table and beach profile changes has
been demonsited in numerous field investigations (e.g. Duncan, 1964; Eliot and
Clarke, 1986, 1988; Turner, 1993; Turner and Leatherman, 199t &l., 2002
Duncan (1964) studied the cyclic beach cut and fill patterns in foreshore beach profile
during a single seirdurnal tidal cycle on the gentsioping Manhattan Beach,
California. He attributed some of the variations to the interaction between the location
of the swash zone and the groundwateravapping. Harrison (1969) built on this
earlier study by empiritly showing that the ratio of the hydraulic head of the
groundwater to the swash Fup may explain the changes in foreshore morphology

during the falling tide.

It can be concluded that there is a negative correlation between the seepage line
elevation andhe beacliacevolume which means beatdficevolume is reduced with
increases in the groundwater table elevation. Further, swash and beach groundwater
causes beach erosion in saturdiedchfacde.g. Eliot and Clarke, 1988; Grant, 1948;
Turner, 1993, 1995 In fact, the elevation ahe beach groundwater is an important
factor affecting beachface dynamics and changing the coastline stability (Hegge and
Masselink, 1991). On the other hand, charigdhe beachface volume can also alter
the groundwater tablas a consequence of changesh®sediment characteristics.

The soil properties change during time and vary the rate of infiltration from the sea
(Holman, 2006). This feedback procesan be an important issue in groundwater

modelling.
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2.2 Video techniques

Relating beach erosion to groundwater table dynamics requires robust
measurements of changesthe foreshore slope over morphologicaligievant time
scales. Monitoring foreshore changes through time has been considered by coastal
engineers botHor research purpose and practical applications. As observation of
beach variation using surveyed profiles is a tonasuming and expensive approach,
measurement othe past shoreline changes are often carried out using aerial
photographs. One of the clpest and automated approaches for beach observation is
video imagery (Smith and Bryan, 200Although new surveying systems such as
kinematic GPS, or LIDAR scannersgnbe used for quick data collection in the field,
such videebased techniques have piged the ability to automatically collect data.
High resolution images in space and time are two of the most important
characteristics of this system for coastal management (Koningsveld et al., 2007). As
optical remote sensing techniques have presentddetfagent and longerm data
with minimum operational difficulties (Holman and Stanley, 2007), these techniques
have become an effective alternative to classical surveying approaches. The coastal
video system that was first presented as the ARGUS progeamas been developed
over two decades by the Coastal Imaging Lab (CIL) at Oregon State University
(OSU; http://www.coas.oregonstate.edu/) (Holman and Stanley, 2007; Aarninkhof et
al., 2003). The main purpose of this programme was to develop approaclws-for
cost longterm optical measurements, using Argus Stations. In recent years, the Argus
Programme has facilitated obtaining large number of geophysical parameters from

image data including, coastal morphology, surface currents and wave parameters.

The ARGUS and Carkra video systems are two of optical video techniques that
help us with monitoring coastal morphology and morphodynamics using high
resolution images during long term periods. Every hour (for ARGUS) or every half
hour (for CamEra) during daybht conditions, an osite computer collects a
shapshot image, an average image and a variance image, which described as follow.

Among different types of videonages, time exposure images have been largely used
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for discovering morphological patterns (pimann and Holman, 1989; Holman and
Stanley, 2007).

1 Single Snapshot image: at the beginning of each hour the camera takes a single
shapshot image to record the beach conditions and also produce an image that could

be used in explaining other collected data.

1 Time-averaged(Timex or timeexposure) images: these images are the most
important image in video systems that are collected hourly or every-hailfr (in
ARGUS and Cankra, respectively). Although, Timex images do not have visual
points and marks assated with individual waves, each image shows the-timan

of all of the frameswhichtaken of 2 Hz during Xninute period of the procedure
(Holman and Stanley, 2007). The images obtained during low tide indicate the

intertidal morphology (bars, troughsd rips).

1 Variance images: variance images are collected based on the samaui®

period of sampling as Timex images. The difference between these two types of
images is that variance images are produced from the standard deviatiemioiut®

period image intensities, whildime-averagedimages are the timmean of image
intensities. Variance images show the areas of greatest change, and are mainly used to
define the surfzone and the area, whwhves break. The surfzone is shown as a
bright area, beause of the waves breaking, while the dark part in a variance image
shows the sandy beach, which does not change over timnli@e interval (Holman

and Stanley, 2007).

In the spatial domain, the nearshore is an area where wave characteristics change
over several hundred metres as the waves shoal, break, disperse across a surf zone,
and reflect from the shore in the swash zone. In the first 100 m from the beach, rip
currents usually cause strong variations (Holman and Stanley, 2007). Bathymetry
changes gm&ly over tens to hundreds of metres. In this area sand bars occur in very
complex forms (Lippmann and Holman, 1990). Morphodynamics of the nearshore
system, which is the response of nearshore to the overlying waves and currents,
represents theéime-averagd quastequilibrium of the forcing and responses, and

should be quantified to understand the beach behaviour. Time intervals used for

MYy



Chapter 2: Literature Review

sampling (e.g. taking each of the photos in the video sequence) are very important.
The periods of wind waves and swedl 10s, so sampling must be considered at
several samples per second (Holman and Stanley, 2007). Tide causes fluctuations of
surfzone characteristics with approximatelyHdur periods. Bathymetry variations at

the shoreline can happen in hours; and stocars affect sand bars in one day
(Sallenger et al., 1985; Holman and Stanley, 2007).

Optical techniques allow us to see features because of the variations in the
reflection coefficient of water with sea surface slope, such as the length, direction and
periad of waves (Holman and Stanley, 2007). Fluctuations in wave breakingh
cause wave foam are also easily identified in the images. Wave breaking is one of the
most important drivers of the dynamics of nearshore wave and current (e.g.
Lippmann et al., 197). In addition, zones of concentrated wave breaking show the
location ofthe submerged sand bars (Lippmann and Holman, 1989). \hdsed
techniques have been used for: measuremetfitedfediment transport (Drake et al.,
1988); measurement tiie wave un up (Holland et al., 1995; Holland and Holman,
1993); the location of the shoreline and sand bars (Lippmann and Holman, 1989,
1990); beach profiles (Holman et al., 1991); determinatiothefintertidal beach
elevations over the alongshore during a dptiperiod (Plant and Holman, 1997);
estimation of the operation of coastal protection structures (Aarninkhof, et al., 2003);
extracting the wetlry boundary across the beachfattiiéman et al., 20)1and

mapping beach bathymetry (Uunk et al., 2010).

Among mentioned application of video images in coastal sciences, determining the
position of the rip currents and extractitng shoreline and groundwater seepage line

werestudied as part of this thesis:

U There is a correlation between the white narrow phtime-averagedmages and

the location otthe submerged sand bar crests. This relationship was firstly presented
by Lippman and Holman (1989). me-averagedmages areas with low intensity,
which appear as black, show rip currents. Sand bars areitdyy crossshore rip

channels (Holman and Stanley, 2007) and appear as whitieeitime-averaged
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images.Hence this type ofimagescan beused to determine the morphology and the
location ofthenearshore sand bars and rip currents (Lippmann and Hpl889).

U Shoreline could be determined as the bright narrow part of the shore break, and it
could be defined usingme-averagedvideo images. This technique is based on the
difference between the coloand contrast of the dry and wet sand (Plant and
Holman, 1997; Aarninkhof et al., 2003). The shoreline could be also extracted from
timestack images (Huisman et al., 2011). As shoreline mapping needs only a few
image frames provided by a specific camera location, shoreline mapping has become
one of the madspractical approaches among other methods (Plant et al., 2007). There
are several different approaches to the shoreline mapping method using images
received from one specific camera. Some shoreline discovering methods are as

follows:

1 Shore Line Intensitylaximum (SLIM Model) (Plant and Holman, 1997In this
method, a superposition of Quadratic and Gaussiaped functions was fitted to the
intensities along a croshore transect that included the entire intertidal zone;
therefore, SLIM positions were dated with corresponding uncertainty distributions.

At regions with steep slope tifie intertidal beach and narrow intertidal zone; clear
swash zone shows that SLIM method could be a good factor for describing the actual
shoreline (Plant et al., 2007). Qnhe other hand, as this algorithm deterritiee
shoreline based on the existence of the narrow bright part relative to the shore break
that does not exist in dissipative beaches (Aarninkhof et al., 2003; Plant et al., 2007),

the application of this modelill be limited to nordissipative beaches.

1 Pixel Intensity Clustering (PIC Model) (Aarninkhof et al., 2003; Plant et al., 2007):
As the SLIM method commonly had inaccurate results for more dissipative coastlines
with gentle beach slope, the PIC Model wiaseloped. In this method, the difference

in colour between the dry and wet sand is considered. In the first step, values in the
red, green, and blu&kGB channels are converted into hue, saturation, and intensity
values HSV) (Plant et al, 2007)HS\\space is more sensitive for this application
ratherthan RGB-space because colour informatiofd (@andS) is separated from gray
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scale intensity and luminance information (Huisman et2@ll)). In the next step, a

HS histogram ofthe hue and saturation or srisity is used to specify the shoreline. In

the HS histogram, pixels related tthe water are largely distinguished from ones
corresponding tehe dry land. By this way, the shoreline location could be specified
as a line where a discriminator functioreigual to zero (Plant et al., 2007). It should

be noted that the earlier SLIM method that was based on discovering the shoreline
using HSVimages can be only used when there is no groundwater seepage on the
beach (Huisman et al., 2011).

9 Colour Channel Diveyence (CCD Model) (Plant et al., 2007; Smith and Bryan,
2007): The main assumption of this approach is that the comparative amdhat of
blue and red light on camera could differentiate the water part of the image from sand

surface.

Figures2.9, 2.10, 2.11 show some of the recent works on extracting shoreline from

video images.
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Figure2.9 PIC detection method in extracting shoreline from video images (Aarninkhof
et al., 2003).
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Figure2.10 CCD method. The divergence of the red and blue intensity shows the
shoreline location (Plant et al., 2007).

Figure2.11 Comparison between different shoreline detecting methods (Plant et
al., 2007).

U The groundwater seepage line could also be extracted from video inibgeset

dry boundary could be found using-friinute time-averagedmages. The research
carried out by Huisman et al. (2011) slemirthat the wedry boundary is closely
associated witlthe groundwater seepadi@e. They noted thatn some days of beach
observation using video imagery, the waty boundary got separated from the actual
shoreline during falling tide; and the waty boundary shows the groundwater
seepage lindGWSL aroundthe low tide time. On the other hand, groundwater
seepagdine was notobvious in video images when the elevation difference between
the shoreline and welry boundary stay the same during the tide cycle. In fact at high

tide, the wetdry boundary represents the upper limit of the swash zone and super
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elevation in this bouraty above the shoreline is always becausethef swash
dynamics (Huisman et al., 2011) (Figu&#).

0 Studythe movement of the waterline on video images during a tidal cycle can be
used to generate intertidal beach morphology maps. Even though videoerslty

only suitable for monitoring intertidal volumes, these volumes are well correlated
with changes to thébeachfacevolume (e.g. Figure2.12). The effects of sand
extraction, storms, sea level changes, and coastal protection works on beaches could

beexpressed bthevolumetricbeachfacehanges (e.g., Smith and Bryan, 2007).
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Figure2.12 A schematic of the beach profile and best fit line of the intertidal

profile determined from the hourly video images (Smith and Bryan, 2007).




Chapter 2: Literature Review

To sum up, videomagery hasbecome one of the most effective ways to study
nearshore processes. Althougle new video image technique shows good results for
steep reflective regions, they tend to be less precise for flatter dissipative areas
(Aarninkhof, et al., 2003). Therefore, there is a need to refine the technique for flat
dissipative beaches. Furtheore the acceptance of this new method could be
increased by contrasting it with more conventional and accepted techniques and other
data sources to show its advantages, reliability and accuracy (Koningsveld, et al.,
2007).
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3.1 Introduction

As describedbefore groundwater seeping from theachfacecan induce lower
beachface volume (e.g. Grant, 1948; Duncan, 1964; Harrison, 1969; Eliot and Clarke,
1986; Baird and Horn, 1996; Turner and Leatherman, 1997; Li et al., 2002), and so
may play a role in controlling the development of the beach morphology, beachface
dynamics, and, consequently, the stability of the coastline (e.g. Hegge and Masselink,
1991). Higher water tables influence swash sediment transport by causing saturation
and enhanced entrainment and subsequently, lower beachface volume (Grant, 1948;
Duncan, 1964; Eliot and Clarke, 1988; Turner, 1995). Thus, there is a negative
correlation betwen the water table elevation and beachface volume, in which
beachface volume decreases with increase in groundwater elevatioDyeaan,

1964 Turner and Leatherman, 1997). The beach water table can change not only due
to variations in the inland watd¢able, but also when the sea level rises causing
infiltration of seawater into the beachface. Areas where local increases in the water
table occur mightlrive localized 'hespots' of thdower beachface volume. Such hot
spots are difficult for coastal emgers to model, yet they can be a large contributor

to the coastal erosion hazard (List et al., 2006). Sucsgwits may play a role in the
development of patterns on beaches, which have been attributed to rip current
circulation (Thornton et al., 2007)he influence of offshore structures and/or the
coupling with offshore bars (Castelle et al., 2010). In the case of patterns caused by
rip currents, the megeusp embayment generally occurs at the intake of the rip
current (e.g. Thornton et al., 2007; $hand Hesp, 1982).

The largesthangen water level on aneso to macretidal beach is caused by the
tide. At high tide, the infiltration from the elevated sea level causes the groundwater
table to rise. During the descending tide, if the beach drains shamwly than the tide
falls, the groundwater table separates from the sea level, water outcrops in the
intertidal zone andhe groundwater seepage face will be formed between the
shoreline §L) and the groundwater seepage li@ASLD (Turner, 1993, 1995)The
groundwater seepage line often appears on gently slopinggriieed beaches
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especially with large tidal ranges (Turner et al., 1997; Huisman et al., 2011). The
sediment characteristics control the drainage rate by controlling the hydraulic
conducivity. On a crossshore profile of the beach, the upper limit of the seepage
face indicates the groundwater exit point that differentiates the upper unsaturated
zone from the lower saturated land part. The groundwater exit point is the point at
which the sepage line intersects a beach profile.

The relationshipetweenthe beach groundwater table and beach profile changes
has been demonstrated in numerous field investigations (e.g. Duncan, 1964; Eliot and
Clarke, 1986, 1988; Turner, 1993; Turner and Leaatha, 1997; Liet al., 2002
Duncan (1964) studied the cyclic beach cut and fill patterns in foreshore beach profile
during a single semdurnal tidal cycle on the gentsioping Manhattan Beach,
California. He attributed some of the variations to theration between the location
of the swash zone and the groundwateravapping. Harrison (1969) built on this
earlier study by empirically showing that the ratio of the hydraulic head of the
groundwater to the swash Fup may explain the changes in fshere morphology
during the falling tide. Field experiments by Eliot and Clarke (1988) confirmed that
when the beachface was most saturated and the groundwater table was at the highest
elevation, the maximum beach profile erosion occurred, although resates
dependenbn slope. Turner (1993, 1995) measured the dynamics of the groundwater
exit point and development of the groundwater seepage face using linear interpolation
bet ween piezometer data over a tidal cycl e
at North Harbour Beach, Queensland, Australia. In his model, the seepage face was a
function of the profile slope and permeability characteristics only. According to his
results, the elevation of the groundwater seepage line decreases with increasing
hydraulic conductivity and beachface slope and even small changes in beachface
slope and permeability characteristics caused large changes to the seepage line

movement.

The movement of the seepage line and the variation of the saturated zone on the
beach havebeen modeled more extensively using Darcy's Law and various

approximations to Laplace's equatiohBe Boussinesq equatioasimplified form of
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Laplace's equatiomas also been used to predict sheface of the beach groundwater
table. Parlange et al1984) applied the onlinear onedimensional Boussinesq
equation to calculate the unconfined groundwater flow induced by tidal variation.
Nielsen (1990) used an analytical solution to the Boussinesq equation and assumed
that the beachfaceslope was a corastit to show that the groundwater table
fluctuations became negligible with increasing the shoreward distBaoel et al.

(1998) showed that the groundwater flow could be explained by thdiom@asional

Boussinesq equation
— — Q- (Eq.3.1)

whereh is the groundwater table elevatidq,is the hydraulic conductivity of the
beach,Syis the specific yield (also described as a dimensionless parameter called
porosity), x is horizontal crosshore distance, antlis time. The assumption of
applying this equation is that the Dupkibrchheimer (BF) approximation describes

the groundwater flow. The b approximation assumes that the groundwater flow is
horizontal and changes in the hydraulic head with groundwatén dep negligible.

In this case, the surface slope of the groundwater table is assumed to be relatively
small (e.g. Kirkham, 196'Baird et al., 1998

Raubenheimer et al. (1999) applied ardinear onedimensional Boussinesq

equation (Eq3.1) and the hear form Eq. 3.2).
- —— (Eq. 3.2)

whereD is the averagedquifer thicknessThey showed that using a variable aquifer
depth (rather than constant) and linear (rather tlamlinear) solution had only a
minor effect on the modeled water table. Previous studies carried out by Nielsen
(1990) had shown that the linear solution with constant saturated aquifer thickness
(Eq. 3.2) could be used if theatio of the tidal range to the aquifer thickness is small.

In this equation, the density gradients are assumed to be negligible and horizontal
flows are much greater than vertical flows. The study carried out by Raubenheimer et

al., (1999) showed that under their model assumptions, the horizontal flows on a

H'Y
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beach areisually much larger than vertical flows. Li et @006)also applied theD
form of the Boussinesq equati@n horizontal crosshore and alongshore directions)

showing that their model was sensitive to the ratik/&.

Although the relationship beten the groundwater and the beachface volume has
been studied previously, very few people have modeled the beach profile changes
caused by groundwater variations. For instance, Li et al. (2002) presented a numerical
model to simulate the interaction betwethe wave motion, the groundwater, the
swash sediment transport and changes in beach profiles. The model solved the
Laplace equation for saturated flow in the aquifer, and was coupled to a sediment
transport morphological model to predict profile variaiancluding formation of a
bar and berm. However, they noted that the model needed to be validated using field

experiments.

The objectives of thisChapterare twofold: Firstly, to study the correlation
between the groundwater seepage |G&/SL, surfzore morphology $M) and the
intertidal beachface volum&@) on a gentlysloping beach (Muriwai Beach) to see to
what degree the alongshore variation in the beach morphology is related to the
alongshore changes in tl@@&VSLand SM Secondly, to present a nunieal model
based on the Boussinesq formula to study the effect of the beach properties and
seaward water level conditions on changing the groundwater seepage line across the
beach profile. The model is used to explain the correlations observed in thbyfiel
investigating the sensitivity of the seepage line to beach hydraulic conductivity,
beachface slope, tide variations and waveupefThe outcome of thistudywill be a
better understanding of the processes that contredgaitoccurrence on beachesl

lead to better models for predicting lower beachface volume hazards.

H
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3.2 Field data

3.2.1 Site description

As it mentioned in the firs€hapter, Muriwai beach is a mesdal gentlysloping
beach located on the west coast of New Zealand's North Islandxmpately 35km
west of Auckland and 48 km south of Kaipara Harbour entrance (F&jlyeThe
study area is the 2.5 km stretch located between Okiritoto Stream and Otakamiro
Point. The beachface has an average slope of 0.01 and generally consistslatkine b
sands with the mean diameter of 0.25 mm (Brander and Short, 2000). The
groundwater seepage face, which generally appears between the sh&igliaad(
the groundwater seepage lif@WSL) during the retreating tide, is clearly exposed as

a glassy sudce, and so could be obtained using standard surveying techniques.

f
N

T Okiritoto Stream —¥%

North Profile — \

Middle Profile ———

South Profile

Otakamiro Point 4

500 m

Pacific Ocean . Other (dunes, residential)

[[] Beach W Forest

Figure3.1  Left panel: Location of the field site on the northwest coast of the
North Island of New Zealand; Right panélerial image ofthe Muriwai Beach and

the studied zondrfiage retrieved from Land Information, New Zealand

on
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3.2.2 Surveying data

In 2003, Amy Robinson surveyed the beachface thedseepage line using an
RTK-GPS (the real time kinematic global positioning system), which wasl fio a
quad bike and collected points continuously with 10 m intervals and 1 s frequencies.
These surveys were repeated every 3 months for one year, giving five datasets. In
December 2002 and October 2003, full beach surveys were collec@8dnatross
shore intervals. In addition, th@WSLwas surveyed by driving the bike along the
edge of the saturatathsaturated boundary. On@WSL survey was taken in
December and one in October. During February, May and August 2003, surveys were
taken every 30 minusebetween the high and the low tide following the retreating
groundwater seepage line. Three shuwemal beach profiles entitled "South”,
"Middle" and "North" (Figure3.1), whichare 330, 1280 and 2150 m from Otakamiro
Point respectively, were surveyedfive months(Robinson, 2004)

In this study alongshore variation of the intertidal beachface volume was calculated
by gridding the RTKGPS data on a & (alongshore) by fin (crossshore) grid. The
surveying positions were transformed into an alongshack @ossshore aligned
coordinate system. This was accomplished by defining a common baseline shoreline,
and calculating the perpendicular distance between each surveyed data point and this
baseline. The beach was-gadded onto this coordinate systemdatie volumes
calculated using an argmeserving gridding routine. This transformation caused the
beach to be straightened. The surveyed seepage line was also transformed to the same
coordinate system. FiguB2 shows an example of the straightened b&aétebruary
2003 The gridding scheme interpolated outside the region where the data was
collected (data collected by Amy Robinson, 2003, 2004). In the analysis, only the
beach volume in the intertidal region was calculated. Smith and Bryan (2007) showed
that the changes in intertidal beachface volume could be a representative of the total
beach volumetric change. The intertidal zone is shown as the region bétebegh
tide andthe low tide elevation contours (Figu@2 red daskdot and red dash line,

respectively). Black dots indicate fo@WSLsurveys carried out betweehe high
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tide andthe low tide. The decoupling of the lowest groundwater seepage line,

surveyed at low tide, from the low tide elevation is evident.
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Figure3.2  Surveying data in February 2003 including four groundwater seepage
line measurements and three beach profiles (the profiles are three lines that run

perpendicular to the beach). The area between red dashed line anédskdadot

line indicates the intertidal beach zone.




Chapter 3: Groundwater Seepage and Surfzongphtwogy Control on Muriwai Beachface
Volume

3.3 Methods

3.3.1 Video images

As rip currents can also have a significant effect on beach-shose changes (e.g.
Thornton et al., 2007), surfzone morphology was quantified using an ARGUS video
imaging systm located at the top of the hill in the southern end of Muriwai Beach
near Otakamiro PointH{gure 3.1). Collected data consist of three different images:
single snapshotjme-averagedand variance images. There is a correlation between
light intensity inthe time-averagedmages and the location of submerged sand bar
crests, as demonstrated by Lippmann and Holman (198%méraveragedmages,
areas with low intensity, which appear darker, show rip currents. Sand bars are often
intersected by crosshoe rip channels and appear lightertime-averagedmages
(e.g. Holman and Stanley, 2007, Lippmann and Holman, 1989). In this, situdy
averagedmages (which are the average ofrbhutes of video footagat Muriwai
Beach)were rectified and then theaalgshore variation of the pixel intensity was
extracted Figure3.3).The pixel intensity was extracted as a crsissre average in the
surfzone area. It is assumed to be an indicator of the influence of surfzone
morphology and so hereafter is referred 0o afisur f zoneSMmM@d phdhegy
GWSLcan be also extracted frotime-averagedimages (Huisman et al., 2011),
although in this study | used survey®tVSL
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Figure3.3  Panel A: Straightened and interpolatetime-averaged image in
February 2003 (taken at low tide). The area between the horizontal black line and
dash line indicates the inner zone; and the outer zone is specified behedaack
line and the detlash line. In the top of the image, ticker blue line shows the lower
seepage line among four observed seepage IPasel B:Variations of the pixel

intensity versus alongshore distance.
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3.3.2 Statistical methods

The variationin the intertidal beachface volunm{®0) was regressed againtte
groundwater seepage lingGWSL and surfzone morphology SM) using five

regressiormodels Threelinear regressioand two nonlinear regression modefsre

considered:

Model 1: WE O O "Ow"YD (Eq.3.3)
Model 2: wéE O O YO

Model 3: WE ® O Ow'YOw “YO

Model 4: WE ® O OwY0®w YO ®w "Ow"'Y0"YD

Model 5: WE O O OwYO®w YO & OLSYD & YO

® "Ow"YD"YD

wherea; are the regression coefficients. The regression analysis was performed using
sliding windows, where the window was moved alongshore to provide alongshore
continuous estimates of the regression coefiisigvalues for the-square and +
statistic). A range of window sizes (200 points) was trialed with the objective of
maximizing statisticalsignificance of the model results for each of five datasets and
five regression models (19 windows=475 runs)isThade it possible to identify the
window size with the highest-sguare combined with the highestatistical
significance level. To determine ttetatistical significance level within each data
block, | could not use every point of tMe, SMandGWSLtime series, because the
points are autaorrelated and not independent (the number of points is subjectively
chosen in the gridding). Hence, the number of independent points was calculated
using the autocorrelation (so, for example, if the pointeateehted at 20m, then

only every fourth point is independent, and the degrees of freedom for a 50 point

window should be approximately 12 points). Thet&tistic value was compared with

twoFRstatistics val ues ( $atisicalsignificantededel), tovh er e

determine if the results were significant.

U
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3.3.3 Numerical modelling

The statistical analysis can detect correlation but not establish causation.
Therefore, to interpret the results of the analysis, | tested the sensitivity of the seepage
line to beach hydraulic conductivity, beachface slope, tide variations and waye set
The horizontal shoraormal groundwater flow through an aquifer can be explained
by Boussinesq equation (E8.2). According to the Krumbein and Monk formula
(1942), the hyrhulic conductivity K) can be calculated based on the mean grain size

and grain sorting characteristics (Bgla) (e.g. Turne 1995; Baird and Horn, 1996).

0 _88 8% oY Xp T (Eg.34a)

where,g is theacceleration due to gravitgn is the mean grain size (mn),is the
standard deviation of grain size (memd I is the kinematic viscosity of the beach
groundwater (rs?). Sedimentporosity wasalso estimated frowukovic and Soro
(1992)(Odong, 2007)

¢ TRUYP TG (Eq.3.4b)

where,dio and deo are the grain diameter in (mm) for which 10% and 60% of the
sample are finer, respectively. In this study,sediment samples collected over five
months along the northmiddle and south profiles were used to calculate the
hydraulic conductivity (Robinson, 2004he estimated hydraulic conductivity using
ranged from 0.00016 to 0.00059 m/s at different alongshore and-stromes

locations. The average calculated porofig. 3.4b) was 0.45.

The numerical model developed for this study used a standard explicit finite
difference method to solve the governing equation (EB), based on forward
differencing in time and central differencing in the crebsre position. A sall time
and distance stegpt= 0.5 minutes, andpx= 1 m) were used in the model to ensure
the stability of the numerical solution. Figusel shows an example of the modeled
groundwater profile during a tidal cycle of 3.2 m. The thicker lines show the
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groundwater profile at low tide. Two months (August as an indicator of winter in

New Zealand and February for summer) were studied.

25

1.5
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Tidal Range

Elevation {m)

Eeach Profile
—-—-2h.and 20 min. after the high tide
--------- 4 h. after the high tide

15 ———4 h and 55 min. after the high
- Low Tide
_ | | | | |
-250 225 0 25 50 75 100 125 150

Cross-Shore Distance {m)

Figure3.4  Beach groundwater profile during a tidal cycle (example foreadh

profile in February)

The landward boundary condition of the model was set to the inland groundwater
table (assumed to vary between 1 and 4 m above the mean sea level). When
simulating observegroundwater seepage linthis was used as a fitting parater.

The seaward boundary was also set to the tide elevation with or without adding an
offset to simulate the wave sap. The tidal range was selected according to the
NIWA tide model forecast for each survey date, and varied betwleBh and 1.54

on 18"February and betweef.37 and 1.52 on 28ugust 2003.

The wave setip was approximated using Bowen et al. (1968) formula for these
months. However, the wave agt varying between zero and one was used in

sensitivity analysis.
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Op ¢ & Q@ an:
= Qo h @r QWCQQQ (Eq.3.5a)
" Q 4
Q r (Eq.3.5b)
Q 4 E_Y (Eq.3.5¢)

where hy is the height of the breaking wavkms is the root measquare wave
height, Hs is signficant wave heighthide is tidal level,[ is the wave breaking
coefficient, anddsetup is the wave setip height. A’ of 0.55 was assumedvhichis
consistent with other studies (e.g. Bryan et al., 2007). Considering the mean
significant wave heighof 2.57 m in August and 1.87 m in February (retrieved from
the NOAA global wind castftp://polar.ncep.noagov/pub/history/waves2003, the
average wave sefp heights of 0.53 and 0.43 m were obtained in these months
respectively.

oy
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3.4 Field data analysis and results

Figure 3.5 shows the results of statistical model 3, whépenvas regressed with
independent values ddWSLand SM The rsquare value of the regression model
usually decreases with an increase mrilamber of points used in the sliding window
(Figure35A). For all five datasets, the highestquare values are obtained using a
window size of 20 points. The second panel showsthigsticalsignificance, which
was calculated based on the numberimmfependent points (adjusted degrees of
freedom) in each of the sliding window&tatisticallysignificant results (with a 95%
confident level) were obtained for 4 of the datasets (August, February, May and
October) using a window size of 50 points (eqoa250 m alongshore). No window

size providedstatisticallysignificant results in December.

F-statistic

20 a0 40 S0 g0 70 80 a0 100 110 120 130 140 150 160 170 180 180 200
Window Size

Figure 3.5 Panel A: the variation of the-square values for model ¢ ®
@ Ow"YD® YO versus window sizes in 5 months. Panel B: the variation of
the Fstatistic with window size and the zonestdtistically significant results (at

U=5 and 10%

0
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Figure 3.6 shows the difference betweersquare values for the five different
models for eaclof the five datasets. Although thesquare increases with adding the
crossterms, the results obtained using the more complex models 4 and 5 are not
significant, and model 3 (withGWSL and SM) provides the best-square

improvement.

09

1 2 3 4 5
Model

Figure3.6  Variation of the alongshoraveraged fsquare versus different models
in five months. The black squares showsttagistically significant resultatU = 5. %

Figure 3.7 shows the variation ofo, GWSLand pixel intensityPl), and the 1
square of the regression models versus alongshore distance for February. In this
Figure, the lowesGWSLobserved in February and the pixel intensity averaged over
the surfzone(an indicator of the surfzone morphologgje shown.Sliding the
regression analysis windows along the bemaeclde it possible to differentiate regions
of the beach where thiatertidabeachface volume was correlated with tB&/SL
elevation andSM from areas where it was ndh most regions of the beach, there is
somecorrelation betweeWo and GWSL, with an elevatedsWSLcorrelating with a
reducedvo. At some parts of the Muriwai Beach, areas with glvere correlated

with lower Vo. In all datasets, the gradient of the regression line between the

nn
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alongshore variatn of Vo and SMwas not always negative. This often occurred in
middle of the beach.

300 450 600 750 900 1050 1200 1350 1500 1650 1800 1950 2100 2250 2400
Alongshore distance (m)

Figure3.7  Panel A:The alongshore variation of thetertidal beachface volume.
Panel B: The groundwater seepage line elevation (solid black line) and the pixel
intensity (dashed green lind)anel C:Regression-square values. &hed blue line:
using just groundwater seepage line (model 1), green line: using just pixel intensity
or surfzone morphologymodel 2) and thicker black line: using a regression model
with both groundwater and surfzone morphology (modePapel D: Therectified
averaged video image of Muriwai Beach in February 2003. Shoreward is at the top
and seaward at the bottom. This is taken from the Argus video network by R. A.
Holman (http://citwww.oce.orst.edu/)

The change in the correlation betwgeWSLandVo varied during the tidal cycle
(more than one measurement per tidal cycle were collected in three of the datasets).
For example, Panels A and B leigure 3.8 show the alongshore variation \éb and
GWSL elevation for February 2003. At low tide, the inigal beachface volume
usually increased with decreasing seepage line, although there is not high correlation
betweenVo and GWSLat high tide. Panel C shows thasquare of the relationship
betweenvVo and GWSLfor August, February and May datasets at tae is higher
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than the +square at high tide, and a descending trendsgfuare from low tide to
high tide is clear. For instance, in February, #sguare falls from 0.41 at low tide
(with mean groundwater seepage elevation of 0.01m) to 0.34 atithegfwith mean
elevation of 1.07m). Thidigure also shows that in winter (August) the ldde

GWSLis more related to the beach volume than in late summer.
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Figure3.8  Panel A and B: The alongshore variation oinhtertidal beachface
volume and different groundwater seepage measurements in FebruaryP20G@3.

C: Variation of rsquare versus different mean groundwater elevations in 3hsion
The rsquare values are only for the regression between volume and groundwater
(model 1).
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3.5 The numerical model results

Theory indicates that the groundwater seepage rate should be inversely
proportional to beach slope, and so it may be that threlation with beach volume
is not an indicator ofower beachface voluméut of sensitivity to slope. The
sensitivity of thecrossshore location oGWSLto various environmental parameters
was studied using E@.2. Firstly, the hydraulic conductivity waasssumed to be
constant and the variation of tVSLdue to the changes in landward and seaward
boundary conditions was studied for a specified beach profile. It was found that the
effect of changing the seaward boundary water level is greater than radpahgi
landward conditions. Although, th6WSL elevation increases with a rise of the
inland groundwater table elevatioWT), tide elevation TR) and wave setip (S-U),
wave setup causes larger effect on th&WSL Figure3.9 shows that on average, a
100% change in wave sep causes a 113% changehe GWSLelevation, however
100% changes IWT and TR cause 81% and 72% variation @GWSL elevation,

respectively.
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Figure3.9  Variation of the groundwateregpage line elevation versus the inland

groundwater table, tide elevation and wave et
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Secondly, to study whether the distribution of the observed hydraulic conductivity
(K) and the beachface slop8) (could cause the observed distribution G¥WSL
elevation, WT, TRandS-U were assumed to be constant, anddfadSwere varied.

The range of the hydraulic conductivity at Muriwai Beach was calculated using the
range of alongshore sediment texturegyre 3.10 Panel D). The measured slope
along profiles were also used in the model (Panel E). The range of the observed
GWSL (Panel A) was compared with the range of model results (Panel B and C).
Panel B, shows the model results, which were calculated with different valkgs of
and the mean slope (solidné) and the range of beach slope (the 10 and 90
percentile). The modelg@WSL whichwas obtained with different values $fs also
shown in panel C. In this panel, each curve indicates the hydraulic conductivity
associated with the mean observed hydcactinductivity and the range (10 and 90
percentile). Th&WSLelevation depends on eithi€ror S has a descending trend and
the GWSL calculated by Boussinesq formula is in the range of the observed
groundwater seepage data. my study, for the average & (0.028), theGWSL
elevation is reduced by 50 cm whkKris tripled; while, for the mean of observid
when S is tripled theGWSL elevation is reduced by around 170 cm, indicating a

stronger sensitivity to slope than hydraulic conductivity on MuriwaicBea
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Figure3.10 Observed Groundwater seepage lit@WSL and variation of the
numerical model results versus hydraulic conductivity (g antertidal beach slope
(S). PanelA: The observedsWSLelevaton collected at Muriwai Beachanel B:
The model resultswhich were calculated with different values of K. Each curve
indicates a specified anel C: The modeledGWSL, which was obtained with
different values of 2anel D: The histogram of Kwhichwas calculated based on

the field samplingPanel E:The histogram of S obtained from the beach survey.

The model could also be used to determine the sensitivity to unknowp seid
inland water table elevations, by using kno®andK, and determining va much
remaining variability wasontrolled by these two remaining factorBrofiles were
extracted from the straightened beach (Section 2.2) at 10 m alongshore intervals for
two different months (February and August as indicators of summer and winter
condtions, respectively).Figures 3.11 and 3.12 (Panels A and B) show the
alongshore variation of the observed groundwater seepage line and the calculated
seepage line based on the Boussinesqg equation (Panel A shows results 2 hours after
the high tide, and peel B shows results just before the low tide). The model results

were obtained using the tidal range on the day of sampling, and the optimized inland
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groundwater elevation and wave -s@t height (optimized to provide the best fit of
model and observationdpanel C shows the variation of the optimized waweiget

In summer, theumericalmodel results are completely consistent with observation
at 2 hours after the high tid€igure3.11A). At the low tide, modeled results are not
fully comparable with obseations, especially in the middle of Muriwai Beach
(Figure3.11B). In winter, the model resujtehichwere obtained at 2 hours after the
high tide are consistent with observations apart from the southern end of the beach
(Figure 3.12A). At the low tide,modeled results are compatible with observations,
apart from the middle of the beadhidqure3.12B).

To determine what factor has the greatest control on the alongshore variability
observed at Muriwai Beach, the parameters that contribute to the modelyavied
sequentially. Among the factors in the mode@hndK were obtained from the field
survey and tide variation was extracted from NIWA tide model forecast (section 3.3);
hence, | analyzed the sensitivity of the model to other parameters. Panal @) an
show the correlation between the modeled and the obs&@W8Ltwo hours after
the high tide and just before the low tide, respectivElgure 3.11 for summer and
3.12 for winter). Black circles indicate the model results wiAéhand S-U are held
corstant. The effect of adding alongshore variabilityStt is shown with crosses,
and squares show the model results when the effect of variability in\bbémd S-U
were considered together. The oblique line shows the 1:1 line of the perfect fit. Table
3.1 shows the -square of the regression between the obseG®dSL and the
calculatedGWSL In this table,Model A shows the results whah'T and SU are
constant. The effect of changi®J is shown with Model B, and Model C indicates

results when the effeof theWTandS-U are considered.
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Table3.1. The Rsquare and the root meaguared error RMSEH of the regression
between the model results and observed field data: Modelik®+ 0S0, Model (B):
fKo+0S0+0S- U0, Model (C):iiKo+0S0+0S-Uo+0WTo.

R-Squae of the Regression RMSE

Model | Model | Model | Model | Model | Model

A B C A B C
Aug.H.T. + 2hrs 0.68 0.96 0.98 0.31 0.13 | 0.11
Aug.L.T. 0.49 0.89 0.91 0.20 0.10 | 0.09
Feb.H.T. + 2hrs 0.12 0.87 0.94 0.25 0.06 | 0.04
Feb.L.T. 0.51 0.65 0.69 0.36 0.19 | 0.17

The results showhatwith considering constant values of the inland groundwater
elevation and the wave sap, the root measquared error between model results and
observed data is between 0.20 and 0.36 m. The error can be reduced by cWanging
andS-U. The table also indicates that the results of models B and C are closer to each
other than model A. It means my model is more sensitive-Wbrather thanwT.

Model C, which considerS-U and WT, shows compatible results with observations

at high tide (¥square of 0.98 and 0.94 in winter and summer, respectively). However,
the rsquare decreases to 0.91 and 0.69 for low tide in winter and summer,
respectively. It is concluded that my model results are more compatible with

observations dtigh tide rather thn low tide.
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Figure3.11 Panels AandB: Alongshore variation of the numerical model results
and observed groundwater seepage line in February, at 2 and 6 hours after the high
tide, respectivelyPanel C: Alongshore variation of the optimizedave setup.
Panels D and ERelation between the modelled and obser@dISLat 2 and 6
hours after the high tide, respectively.
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Figure3.12 Panels A and BAlongshore variation of the numerical model reésul

and observed groundwater seepage line in August, at 2 and 6 hours after the high
tide, respectivelyPanel C: Alongshore variation of the optimized wave-get
Panels D and ERelation between the modeled and obse@®¢SLat 2 and 6 hours

after the hgh tide, respectively.




Chapter 3: Groundwater Seepage and Surfzongphtwogy Control on Muriwai Beachface
Volume

3.6 Discussion

Previous studies hawhownthathigher water tables influence the swash sediment
transport by causing saturation and as a result, beachface volume dedeeasgs (
1948; Duncan, 1964liot and Clarke, 1988Turner, 199; Turner and Leatherman,
1997). My results show that in most regions of the beach, there is a clear correlation
betweenVo and GWSL, with an elevatedsWSL causing a reduction o¥o. This
inverse correlation occurred in all datasets, consistent with siiindies (e.gDuncan,

1964 Eliot and Clarke, 1988Turner, 1995;Turner and Leatherman, 1997). The
seasonal analysis shows tk&W/SLin winter is more correlated witlo than summer
(e.g.Figure 3.6). The higher inland groundwater table in winter (causgdigher

winter rainfall) likely causes more exfiltration on the beachface and, subsequently,
lower beachface volume. The field results also indicate \tbais more correlated

with GWSLat low tide rather than high tidé&igure 3.8, panel C), consistentith

theory. Increasing hydraulic head at low tide causes stronger seepage flow and greater
potential for sediment remobilization. Hen@WVSLhas a greater effect lower on the
beach, and beachface volume reduction is more influenced by the lo &

The schematic inFigure 3.13 shows a patterned beach morphology inversely

correlated with the seepage line, as observed at Muriwai Beach.

Turner (1993) showed that the groundwater exit pdBMWEP is where GWSL
intersects a beach profile) elevation decesasith increasing andSand even small
changes inS and permeability characteristics cause large differences dBYMEP
location. Baird et al., (1998) and Raubenheimer et al., (1999) indicated that the
groundwater table fluctuations and the seepageviadth depend on the ratid/n. Li
et al., (2008) also showed that for a constant beach slope, sKallelarger tidal
fluctuations increase the seepage face width @WEP elevation. Confirming
previous studies, our modelling results show tBG&YSL elevation decreases with
increasingK andS. Variation of the seaward boundary of the numerical model (tide
elevationplus wave setip) has more influence on changi@yVSLthan varying the
landward boundargondition (inland water table).

n o
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The correlation beteenthe Vo and SM is not as easy to interpret & and
GWSL My results showed th&M has much the same effect @8VSLon changing
Vo. The correlation betweeio and SM (characterized using pixel intensity
measurements) indicates that unlike 8\&SL, which always has negative correlation
with Vo, the slope of the regression line between the pixel interBljyapd Vo is
sometimes negative and sometimes positive. | defined two different process pathways
for the SM effect on changinyo. In the first pativay, there is a positive correlation
betweenVo and Pl as Vo generally decreases with decreasiPlg My statistical
results show that in winter, the beach follows this patt€igufe 3.13A). This is
likely due to rip currents causing sediment movemerghoife, so that the beach is
scoured out landward of the rip current. This often occurred at the middle of Muriwai
Beach, which was a region of strong rip current activity (areas witHPllok time-
averagedmages). Previous studies have showed that thregahore variation ahe
lower beachface volume was correlated with the alongshore variation in rip currents
(e.g. Thornton et al., 2007 the second pathway, there is a negative correlation
betweenVo and Pl where Vo decreases with increasirfgl. From the statistical
results, the beach follows this pattern in summer (Figure 3.13B). In this case, |
suggest two mechanisms are responsible: the presence of oblique bars; and the
influence of the surfzone morphology on waveget The alongshore variation Pl
does not differentiate between oblique bars and rip currents. With oblique sandbars,
the shoreline is steeper where the bar is closer to the shore (e.g7800min Figure
3.7D). Thus, an uphase coupling between bar and shoreline due to the sedimen
exchange between the bar line and beachface can promote lower beachface volume.
This inphase coupling has been reported by Castelle et al. (2010). Double sandbar
systems are a common morphological pattern on sandy-tesbeaches with high
wave engagy (e.g. Ruessink et al., 2003; Castelle et al., 2007; 2010), such as Muriwai
Beach. In a double sandbar system, idvaarrip channels are often smaller and more
variablei in alongshore directiofi than the outebar (Castelle et al., 2010). At
Muriwai Beach, the inner bar often exhibited these variabignted rip channels.

The schematic in Figure 3.13B shows the beach morphology negatively correlated

pn
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with the surfzone morphology. In this case, lower beachface volume hot spots tend to

occur in the areasith high pixel intensity.

———- Beach topography

——— Scepage line
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Figure3.13 Schematic of the beach, and the effect of the groundwater seepage line
and surfzone morphology on changing the intertidal beachface volume. (A) for the
winter patten, where surfzone morphology and beach volume are positively

correlated; (B) for the summer pattern, where surfzone morphology and beach

volume are negatively correlated.

Previous studies showed that the waveugetaried with the surfzone similarity
paameter, which is a function of the height and length of the approaching wave to
the beach and the beach €dqe.g. Holman and Sallenger, 198&nd there was a
linear relationship between the sgt and wave height (e.g. Lentz and Raubenheimer,

1999). Theoffshore bar patterns and changes in the bathymetry also affect-the set

p ™M
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at low tide (e.g. Holman and Sallenger, 19R&ubenheimer et al., 2001aboratory
studies carried out by Haller et al. (2002) showed that wavepsetay vary up to

20% of the oot meanrsquare wave height(ms, which is a function of significant
wave height)ln this studywave setup, especially in high tide, reached nearly 40%

of Hms in few alongshore locations, however the average was still around 20% to
30%. Raubenheimerteal. (2001)also indicated that at low tide more -sgt was
expected than high tide, as dissipation is much stronger over the shallow bar crest
than in deep water. My results (ekjgures 3.11C and3.12C) show that the role of

the wave setip in changindhe beach groundwater seepage line is more significant at
the low tide than high tide in both summer and winter patterns.

Results of thisChaptersuggest a potential morphological feedback loop, where
morphology influences the seepage line both througeséffects and seip effects,
which drive lower and higher beachface volume, which influence morphology.
Furthermore, SM, which was used in the statistical analysis, was not good
representation for the location of rips and surfzone morphology changes.irAl
modeling Section inland groundwater table and wave-gptwere assumed to be
varied between 1 and 4 and between 0 and emetgarding lack of field data in
Muriwai beach. In nexChaptes, the numerical model will be applied Ngarunui
beach usig field experiment to obtain the key componemikich might force the
change in the groundwater seepage line across the beachface and provide a better

understanding of the interaction between water table and morphology.

In this Chapter aonedimensionalinear Boussinesq equation was used to predict
the beach groundwater behaviour.Ghapter6, thetwo-dimensionalmodel will be
developed based on both linear and-finear Boussinesq equation to study the effect
of nortlineaiity of the aquafer depth arftydraulic conductivity, which both were
remained constant in linear form. The equation will be solved in both alongshore and
crossshore direction to consider the effect of alongshore groundwater flow in the

model.
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4.1 Introduction

Monitoring beach changes througine time has been is of essential interest to
coastal engineers because it underpins definitions of coastal hazard zones. One of the
cheapesand automated approaches for beach observation is video imagery (Smith
and Bryan, 2007). Videbased techniques can be used to determine the location of
the shoreline and sand bars (Lippmann and Holman, 1989, 1990) and to extract the
wet-dry boundary aass the beachfacéHisman et al., 20)1 Shoreline can be
determined as the bright narrow part of the shore break, which can be defined using
time-averagedvideo images. This technique is based on the difference between the
colour or contrast of the dryasd, and the wet sand (Plant and Holman, 1997;
Aarninkhof et al., 2003). There are several different approaches to the shoreline
mapping method using video imagewhich were described inChapter 2.
Additionally the wetdry boundary can be found usitime-averagedmages, and this
line has been shown to be closely associated with groundwater seepage face
(Huisman et al., 2011).

Although shoreline detecting from video images has been widely studied, most of
these works have been focused on usimg-averag@dimages. Furthermore, there is
not much work on extracting the groundwater seepage line from video images on
gently sloping dissipative beaches. In this study the images taken b¥(Gawndeo
system at Ngarunui beach were used to extract the shoretir@undwater seepage
line. Every halfhour during daylight conditions, an -@ite computer collects a
shapshot image, ame-averagedmage and a variance image, which described in
Chapter2. Time-averagedmages were used to extract the groundwateraggepne
at Ngarunui beach. Furthermore, beach shorelines were extracted from variance
images and then compared with the surveyed data to evaluate the accuracy of using

variance images in shoreline detecting.
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4.2 Field data

4.2.1 Site description

As it descibed in the firstChapter Ngarunui beach is a dissipative beach, located
near Raglan on the west coast. The beach is approximately 1.8 km length, and is
almost 4 km soutlwest of Raglan townHigure4.1). There is a steep dune to the east
of the beach. Taohe north, the beach turns into Whaingaroa Harbour. Ngarunui is a
black sandy beach with an average slope of 1:70 (Huisman et al., 2011). The spring
tide ranges between 2 and 3 m and neap tide i$.8.51 (Walters et al., 2001).
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Figure4.1 Location of the Ngarunui beach on the west coast of the North Island
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4.2.2 Video images

Raglan Beach has been monitored since August 2007 by eEGamdeo system
owned by Waikato Regional Council and operated by NIWA (Algar et al.,
2008). The video unit includes a Lumenera LE 375 7.7 mm color CCD video camera
with a 25.5 mm fixedocaktlength lens (Huisman et al., 2011). Cameras are located
on top of the hill at the south of the beach at 94 m above mean sea levelh&fery
hour during daytime, the camera system takes a snapshot image and prépaes a
averagedand a variance image. The difference betwi#®e-averagedand variance
images is that variance images are produced from the standard deviation -of a 10
minute sequence of images, whilene-averaged Timex) images are the tirmaean
of the same sequence of images. As variance images show the areas of greatest
change, they have been mainly used to define the surfzone and thelacbavaves
break. In this papahe application of these type of images in extracting shoreline is
describedFigure4-2 (upperpanel) shows Raglan video cameras (Camera A and B)
located on the top of the Bryant home at Ngarunui beach. Lpavezls showime-

averagedmages provided atigh tide and low tide.

pcC
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Raglan B Raglan A

Figure4.2  Upper panel: Video cameras placed on the top of the home at
Ngarunui beach. Lowepanels: Time-averagedvideo images at Ngarunui Beach at

high tide and low tide
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4.2.3 Survey data

The beach surveys were carried out by Dirk Immenga (UoW) using the RTK GPS
mounted on a quad bike recording points every 5 metres. The first survey was carried
out in 8th November 2010 between 5:10 pm and 6:10 pm around low tide time. An
alongshore extent of almost 650 m was surveyed. Alongshore surveyed lines were 15
to 20 m apart from each other and they cover the area between dune toe to the
shoreline. The second survey was conducted by CIliff Hart (NIWA) in 9th November
2010 between 7:00 pand 9:30 pm (Guedes, 2010).
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Figure4.3  Left panel: Surveyracks (Guedes, 2010). Right panel: Surface map

obtained from the beach surveys.
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4.3. Methods

Rectified time-averagedimages and variance ages collected on the™8of
November 2010 were used to detect the groundwater seepad&Wifel) and the
shoreline (SL), respectively. Extracted shorelines were then compared with the
surveyed data to evaluate the accuracy of the extracting methodimboting and
outgoing tide. In the sampling day, the tide elevation increased-ftd@h m (at 6:10
am) to 1.51 m (at 11:40 am) and then decreasetl.5® m (at 5:40 pm). Every half
an hour between 7:10 am and 3:40 pm (daylight tinteheaveragedgnda variance

image were collected.

P



Chapter 4: TheJse ofthe Mdeolmagery toExtract theGroundwaterSeepage.ine and
Shoreline at NgarunuBeach

4.3.1 Extracting Seepage line frontime-averagedimages

In order to extract the wiadry boundary, known here #se seepage line, the RGB
(Red Greern Blue) time-averagedimages (9 images during incoming tide and 9
images during outgoing tide) were converted iH®V (Hue-SaturatiorValue-space)
using the Matlab function called rgb2hsv. This algorithm calculates the Wilwaes (
the maximum of the red, green, and blue intensities at each pixel (Smith, 1978).
Value (V) was found to be one of the most accurate measurenvemitsh detected
the wetdry boundary in all tested weather conditions (Huisman et al., 2011). Hence,
the value was used as the threshold to differentiate between the dry and wet sand.

For each of th time-averagedmages, two alongshore lines were defined (one
across the ocean and one across the dry beachface). These lines force the processing
software to stop searching for the groundwater outcropping points in areas that rarely
include the seepag@é (e.g. dune grasses or far offshore). Between these lines, the
processing software extracts the valMgi each row in the selected image with 1m
space interval. The seepage line detection algorithm starts searching from the
boundary line across thee#ch and finds the first pixel of the selected image, where
the value (V) is greater than a threshold value. In this study the threshold set as 0.6.
The above process was repeated for all rows of the selected image with 1m space
interval between rowszigure 4.4 shows an example of the extracting the seepage line
from time-averagedmages taken at Ngarunui beach. Panel A shows the variation of
the Value(V) in a single row of pixels from #ime-averagedmage (696400 Northing
in New Zeal andNgaedo@aeodinDné) DaTam 6 hvhwas hol d
used to determine the location of the groundwater seepage line. This threshold was
chosen by a trial and error process of extracting the seepage line from different
images taken in different times during outgpand incoming tidelt means that the
seepage line can be find aVawhichis 60% ofV of the dry beach and 40% Wfof
the sea. Panel B shows the selected pixel on the image where was considered as the

groundwater outcropping point or seepage exittpo
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4.3.2 Extracting Shore line from Variance images

As it described irChapter2, thetime-averagedmages have been widely used to
extract the shoreline. In this study the variance images were used to extract the
shoreline and test the accuracy of these imagedetecting shoreline in a gently
sloping dissipative beach. This is becausdithe-averagedhoreline is not generally
detectable on the background of black sand. To detect the line from the variance
images, the intensityl was calculated as the amge of the red, green, and blue
pixel intensities of a RGB variance image. Intensity was found to be one of the most
accurate measurements in algorithms to detect the shoreline (Plant et al., 2007).

For each of the variance images, two alongshore line® wefined, as is
described in the previouSection These lines force the processing software to stop
searching for the shoreline points in areas where rarely include shoreline. Between
these lines, the processing software extracts the interiity ad row in the
selected image with intervals of 1m spacing. The shoreline detection algorithm starts
searching from the boundary line across the beach and finds thevgucttintensity
drops after reaching the first maximum. The above process was reforaa#igixel
rows of the imagefigure4.5 shows an example of the extracting the shoreline from a
variance image taken at Ngarunui beach. Panel A shows the variation of the intensity
(D) in a single row of pixels from a variance image. The thresholdséhe sharp
drop after the first maximum of the intensity, which is shown in this panel. Panel B
shows the selected pixel on the image where was considered as the shoreline. The
shoreling whichwas extracted from this algorithm was considered to bavbeage
position of the shoreline, so another shorelines can be expected more landward than
this position, especially at low tide. The threshold for extracting the average position
of the shoreline was obtained by a trial and error process of extractirshoheline
from different images taken in different times during outgoing and incoming tide.
Although as it will be discussed in the Discussion, this threshold cannot precisely

predict actual shoreline at the low tide.
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4.4. Results

4.4.1 Groundwater seepage line detected at Ngarunui beach

The method described fBection4.3.1 wa used to extract the seepage line from
time-averagedimages at Ngarunui beach. In each image, the processing software
extracts the groundwater seepage point in each pixel row of the image with 1m
spaced intervals between rows. The results were then sadoading a moving
average smoothing algorithm. Smoothing removes the effect of people or driftwood
on the beach. This process was repeated for different imadésh were provided
every 30 minutes. Nineme-averagedmages between 7:10 am and 11:10 amngu
incoming tide and nine images between 11:40 am and 3:40 pm during outgoing tide
were used.Figures 4.6 and 4.7 show th&éme-averagedimages and detected
groundwater seepage lines (yellow lines) during incoming and outgoing tid& on 8

November 2010taNgarunui beach.
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Figure4.6  Detected groundwater seepage lines (yellow lines) trmmeaveraged

video images at Ngarunui beach during rising tide on 08/11/2010
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Figure4.7  Detected groundwater seepage lines (yellow lines) trmmeaveraged

video images at Ngarunui beach during falling tide on 08/11/2010
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4.4.2 Shoreline detected at Ngarunui beach

The method described iSection4.3.2 was used to detect the shoreline from
variance images at Ngarunui beach. The results were smoothed using a-moving
average smoothing algorithm. This process was repeated for different jmémges
were provided every 30 minutes. Nine variance imdgseen 7:10 am and 11:10
am during incoming tide and nine variance images between 11:40 am and 3:40 pm
during outgoing tide were useBigures 4.8 and 4.9 show the variance images and
detected shorelines (red lines) during incoming and outgoing tidé" dto8ember
2010 at Ngarunui beach.
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Figure 4.8 Detected shorelines (red lines) from variance video images at

Ngarunui beach during rising tide on 08/11/2010
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4.4.3 Decoupling betweerthe groundwater seepage line anthe shoreline

Decoupling between the shadred and the seepage line at Ngarunui beach was
studied using extracted lines from video imagegures 4.10 and 4.11 show how the
groundwater seepage line was decoupled from the shoreline during the incoming and
outgoing tide respectivelyAccording to tese figures, at high tide, the groundwater
seepage line was just located a few metres onshore of the shoradime4.10 last
panel andFigure 4.11 first panel).During falling tide, as the beach drains more
slowly than the tide falls, the groundwatexepage face will appear between the
shoreline §1) and the groundwater seepage lIGA\(SL) because of the groundwater
exfiltration. Around the low tide the seepage face width reaches to its maximum
because of the decoupling betwetinand GWSL(Figure4.10first panel and-igure
4.11 last panel)

The process described here was based on the seepage line extractethdrom
averagediideo images and shoreline extracted from variance imag&hdpter6 of
this thesis, the groundwater seepage line along gaeudui beach will be determined
using a numerical model based on the Boussinesq equation and decoupling between
the calculated seepage line and the fledded shoreline (according to the tide level at
the beach) will be discussed more.
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Figure4.10 Decoupling between the groundwater seepage line extracted from
time-averagedimages (black line) and the shoreline detected from variance images
(red line) during rising tide on"8November 2010. The surface map obgsdirirom

the beach surveys carried out dfi &d 9" November Guedes, 2010) is also shown in

the background.
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Figure4.11 Decoupling between the groundwater seepage line extracted from
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the background.
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4. 5. Discussion

As described in thi€haptey the groundwater seepage line can be extracted from
time-averagedmages using the valu®&) of theHSV(Hue-SaturatiorValue) images.
Huisman et al. (2011) showed that the -t boundary, which called seepage line,
could be found using théme-averagedmages. Although their threshold was not
same as th& threshold which | found in this study. My results showed that the
seepage line was located at a pixel (on a row of an image) Whexaches to 0.6.

This thresha was found by a try and error process using a-‘nadge of differenv.
Although Huisman et al. (2011) found that the threshold between 0.4 and 0.45 could
be used for extracting seepage line. The threshold chosen in this study leads to more
accurate segme line rather than the threshold in previous study, according to the
video images taken at the beach. For example with the thréglodld.4, the seepage

line locates almost 80 metre landward of my chosen seepag€iljueg4.4 A). This
position is intoe of the duneHigure4.4 B), whichis unlikely possible, because the

selected image was taken almo&Hours after low tide.

As described inChapter2 and early in thisChapter many studies have been
carried out on extracting shoreline fraime-aveagedimages (e.g. Lippmann and
Holman, 1989, 1990; Plant and Holman, 1997; Aarninkhof et al., 2003; Plant et al.,
2007; Smith and Bryan, 2007; Huisman et al., 2011). These studies have mostly
focused on the difference between the colour and contrast difyhand wet sand. In
this study, the use of variance images in detecting shoreline was tested. To determine
the accuracy of the shoreline detecting method, the extracted shoreline was compared
with the beach survey. Two surface maps were obtained ustngdolour Matlab
code on detected shorelines (section 4.4.2) during the incoming and outgoing tide.
Figure4.12 (Panel A) shows the surface map obtained from the beach surveys carried
out on & and 9" October 2010 (Guedes, 2010). Panel B and C préisemalculated
surfaces map based on detected shorelines during the rising tide and falling tide,
respectively. Comparison between three panels show that the algorithm used in

detecting shorelines from variance images is not very precise at low tide. The
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elevation contours (blue areas in panels B and C) indicate that in both incoming and
outgoing tide, the variance images could not work well in predicting low tide
shoreline, which is consistent to the recent findaygSimarro et al. (2015)-igure

4.13 ale® shows the difference between the surveyed surface map and calculated
surface map (based on detected shorelines) during incoming and outgoing tide. In
both panels, extracted shorelines from variance images are shown. During the
incoming tide, the shorel@is located mostly seaward at low tide (black thick line in
Panel A) and moves landward as tide rises. Shorelines are more-spaelyd near
between low tide and mid tide compared to between mid tide and high tide. This is
because the intertidal beaclo® is steeper in upper beach than the lower beach. In
the outgoing tide (Panel B) the shoreline is located most landward (high tide
shoreline at 11:40 am) and moves seaward with falling tide. The same pattern could
be seen here, as tide covers narrowea an upper intertidal area rather than lower

area.

The figure indicates that the beach surfastich was determined using the
extracted shorelines from video images, are different from the surveyed beach. In the
incoming tide (Panel A) the elevation dfet calculated beach surface is lower than
the surveyed beach surface in some part of the beach. The difference is as great as 0.6
m in the southern and northern parts of the beach. In the middle parts of the beach,
the calculated beach surface is highantkthe surveyed beach surface (updté m).

In the outgoing tide (Panel B) the calculated beach surface is always higher than the
surveyed beach surface. TH#ference isbetween 0 andl.2 m. Both panels show

that the difference between the survey datd the video based data is much lower in
upper intertidal beach than lower part of the beach indicating that the video extracting
algorithm works better at high tide rather than low titlee difference between the
beach survey and the calculated beacfase based on the extracted shorelines could
be either caused by the inaccuracy of the syrwéychwas carried out in'8and &
November 2010 or the extracting method to obtain shorelines from variance video

images.
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Figure4.12 Panel A: Surface map obtained from the beach surveys. Panel B:
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incoming tide. Panel C: Calculated surface map during outgoing tide.
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Figure4.14 also shows the error of the shoreline extracting method. In this figure,
dots indicate the difference between the elevation of the surveyed beach and extracted
shoreline in the same position. It was meaduat different times between high tide
and almost low tide (red for incoming tide and blue for outgoing tide). The solid lines
also show the average error. The average error of shoreline extracting technique is
between-0.1 and 0.25 metre in incoming éichnd betweer0.25 and-0.8 metre in
outgoing tide.As described inSection 4.3.2, the extracted shorelines using my
algorithm on variance images was considered to be the average position of the
shoreline, so another shorelines can be expected more la@htvea this position,
especially at low tidelt can be concluded that according the survey data, the
algorithm of extracting shoreline from variance images could be-dependent
algorithm. It means that in a dissipative sandy beach like Ngarunui btech,
shoreline detecting method is more precise at high tide rather than lo\8ititearo
et al. (2015) noted that Ngarunui Beach is an unusual case regarding it is very
dissipative beach with black sand, and this situation may explain why shorelines
detecting algorithmusingtime-averagedmages did not work in all cases. Hhalso
explained that variance images were found useful to extract shoreline, but the method

did not precisely work when remp happened in the groundwater seepage face area.

0.6

0.4} i H
02
0

-0.2

Error (m)

0.4}

086

-0.81

-1

- L 1 L : 1 L L L
T -1 -0.5 0 0.5 1 15 2
Ticde Elevation (amsl)

Figure4.14 The error of the extracting shoreline method from variance video

images at Ngarunui beach.
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Decoupling between the beach groundwater seepageGWeL) and shoreline
(SD was studied carefully usingdlextractedsSWIs fromtime-averagedmages and
the detecte®Ls from variance images taken at NgaruBaach.During rising tide,
the infiltration from the tidal wave causes the water table rise, although beach
groundwater level increases much more quitkhn rising tideComparing panels of
figure 4.10 already indicate that it happens in Ngarunui béemleverin the next
Chapter this issuewill be tested using groundwater level recorded Bglinst
piezometerdeployed in the beach. Thimay causes thgroundwater seepage line
decouples from the shoreline more quickly on the lower part gespintertidal
beachface) rather than the steepeper part of the beach profile (Figure 4.10). On
high tide,there is not much decoupling between the groundveatepage line and the
shoreline, which supports previous studies (e.g. Li et al.,, 1997; Turner, 1998;
Huisman et al., 2011). In this case, the groundwater seepage line is located a few
metres onshore of the shoreline. During falling tide, the groundweatpage line
starts to decouple again from the shoreline. As the bdxashs more slowly than the
tide falls, the groundwater seepage face appears betweeBlLthad the GWSL
because of the groundwater exfiltration. Same as the incomingrtitlee outging
tide, groundwater seepage line decouples from the shoreline more slowly on the
upper part gteegr intertidal beachface) rather than the less steep lower part of the
beachface (Figure 4.11This decoupling process shows tiNgarunui Beach fills
more rapidly than tide rise and drains more slowly than tide falls. As it mentioned,
this issue was studied precisely usimy field data collected from theSolinst
piezometes, and manual water det®rs at Ngarunui Beach in September 2013 (next
Chaptey.

Another important finding of this study is how the seepage f&#¢ Width is
greater or less along the beach. Figure 4.15 show&W8Lextracted fromtime-
averagedmages andsL detected from variance images at 7:10 am (1.5 hours after
the low tide) and 110 (almost at high tide). The left panel show the decoupling
betweenGWSLandSL 1.5 hours aftethelow tide. It clearly presents that the seepage
face width is much greater in north and middle of the beach rather than south part.
The field work carried ot in September 2013, which is explained in the @hdpter

TC
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helped to understand the alongshore variation of the groundwater seepage line. The
study area is shown in the panels. As it will be describ&hapter5, three transects

was chosen to studydlgroundwater level and wave data using different instruments.
The first transect in north, the second in the middle and the third transect in the south
of the study area are also shown in Figure 4idure 4.16 also shows photo taken at
Ngarunui Beach talow tide. The lower panel shows that the southern part of the
beach (left side of the photo) has much less seepage face width rather than the north

part.
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Figure4.15 Deoupling betweerGWSLextracted frontime-averagedmages and

SL detected from variance images (left panel at low tide and right panel at high tide).
The rectangular shows the study area for the field work and dass iindicate three
transects Chapterb).

According to the field data, the beach hydraulic conductivity is much higher in the
south than the middle and north of the study area. The intertidal beachface is also
steeper in south than other parfshe beak (Chapter5). A steeper beach profile and
higher hydraulic conductivity are two important factors in decreasing the
groundwater exit point elevation and shortening the seepage fade awidiss the

south of the beach (As it described @hapter3 and will be explained more in
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Chapter6). Transect 3 in south of the beach located in the part of the beach with rip
currents. The rips can be seentime-averagedmages (e.g. Figure 4.4Jhe rip
current in south of the beach may have an effect on loweringrthendwater exit

point and shortening the seepage face width.

The decoupling between tl&WSLand SL will be discussed more iG@haptes 6
using the field datéChapter 5and a numerical model based on tle-dimensional

linear andhon-linearBoussinesegquation

Figure4.16 Photo taken on 15th August 2015 at 4pm (at low tide) at Ngarunui
Beach. Upper panel shows a panorama view of the beach. Lower panel shows the

study area.
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5.1 Introduction

This Chapterdescribes three days fieldwork carried outNgarunuibeach in
September 2013. This workcluded a beach survey, groundwater seepage line
survey, beach groundwater measurements, groundwater table measuremmht be
the beach dune and wave data collection in the swash zone. Beach survey data and
groundwater measurements were used as input data to the numerical model (next
Chaptey. Beach seepage line observations were also used for numerical model

calibration ando compare with model results.

As it described in théirst Chapter Ngarunuibeach is a dissipative beach, located
near Raglan on the North Island. The study area is a part of the beach located 200 m
northeast of the Raglan surf club and extended apmately 400 m in alongshore
direction. Three transects, which are almost 150 m apart from each other were

defined along the beacRki@ure5.1).

Transect T1 (northern), T2 and T3 (southern) are represented by the green, red and
blue lines respectively inFigure 5.1. On 17 September 2013, twdolinst
piezometersvere deployed in each transect. ThesepeaometergSHT, andSLTin
Figure5.1) were located at the high and low tide positions and measured the variation
of beach groundwater elevation automaiticevery 10 seconds for 48 hours. Oi"18
September, manual groundwater measuring was done using dipwells located between
high tide and low tideSolinst piezometerd~urthermore, to obtain the wave height
and direction, threADVswere deployed in the sash zone (black dots Figure5.1).

To predict the long term variation of the water table, the ISD station, which consisted
of a piezometer buried behind the dune, was also #segdre (5.2) shows a profile

schematic of the crosshore transect and deptx instruments.

y n
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Figure5.1  Upper panel: Studied area on the rectifighe-averagedmage. High

tide and low tideSolinst piezometerare shown with squares (e.g. TISHT, T1SLT).

Circles and dashed <cir cl,eTdD7.sBlackwdrclesi pwel | s

indicate ADVs (e.g. TLADV). Yellow square shows the ISD station. Threeshoyes
transects (T1, T2 and T3) and approximate shoreline at high tide and low tide are
also shown. Lower panel: photo takenNigarunuibeach, showing three transects

(from right to left: T1, T2 and T3).
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Figure52 A schematic crosshore transect showing the relative position of
deployed instruments along each of the 3 transects. ISD-teyng water table
recorder (only one ISD behind the dune). SHT: The high Sidknst piezonter,
which was a piezometer located at high tide, measuring gimog beach
groundwater variations). SLT: The low tidBolinst piezometerwhich was a
piezometer located at low tide. ADV: The Acoustic Doppler Velocimetechwas a
device deployed in sh zone for measuring wave characteristics. D1, 2, etc:

Dipwells for manual groundwater detection.
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5.2 Field data

5.2.1 Survey data

The beach survey was carried out o' Hid 19' September 2013 using GPS
laser scanner. An alongshore distance of atnd®0 m was surveyed. Alongshore
surveyed lines were 20 m apart and they covered the area between dune edges and the
shoreline. Crosshore surveyed lines were approximately 20 to 25 m apart and
covered the area of three transeé¢igire 5.3). The groundater seepage line was
surveyedour times on Wednesday #&ndThursday 19, between mid tide and low
tide, using a GPS laser scanneigre5.4). The survey data were then rotated-anti
clockwise to convert the data from the northewsting to alongsite-crossshore
system. Some of the photos taken it #hd 19" September 2013, when the full
beach survey an@WSLdetecting were done, are shown in the Appendik A
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Figure5.3  Survey data from NgarunBeach, 18 and 19 September 2013
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5.2.2 Sediment sampling and hydraulic conductivity

Sediment samples were collected ori" Beptember at Ngarunui Beach. Eight
samples were colléed along each transect. Samples were analyzed in the laboratory
for particle distribution (using a Malvern mastersizer) from which porosity and
hydraulic conductivity were calculated. Hydraulic conductivity was obtained using
KozenyCarman formula (1956)This equation is one of the most widely accepted
estimations for hydraulic conductivity of medium sands with average grain sizes of
less than 3 mniOdong, 2007)

o L — — (Eq.5.1)
where,” is flow densiy, g is gravity acceleration, is dynamic viscosity andiois
the grain diameter for which 10% of the samisidiner, respectivelyPorosity ()
wasalsocalculatedrom Vukovic and Soro (1992) (Odong, 20QEq. 3.4b).

Although the chosenhydraulic ©nductivity in Muriwai Beach was calculated
based on the Krumbein and Monk formula (1942) (Eg. 3.4a) (estimated by Robinson,
2004), in NgarunuBeachthe KozenyCarman formula (1956) (Eqg. 5.1) was used to
calculate the hydraulic conductivity in the dunedahe beachface. The estimated
hydraulic conductivity by Krumbein and Monk formula has shown to be ineffective
especially in dune sands. In the other hand, KoZesaynan formula works well in
estimating the hydraulic conductivity in both beachface and dands (Lopez et al.,
2015).The value oK estimated by Equation 5.1 was then applied in the numerical
model to obtain the groundwater profile starting under beach dune and outcropping

the beachface.

Figure 5.5 shows three transect profiles and the vamiabf the hydraulic
conductivity in each of them. It shows that Ngarunui beachthe sediment
permeability of the lower beachface is always bigger than permeability of the upper
beachface and duneBurthermore, south of the beach (indicated with tran3gc
generally has much greater hydraulic conductivity than the middle and north of the
beach.

yp
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Figure55  Upper panel: location of sediment samples along the three transects.

Lower panel: sediment hydraalconductivity variation along the three transects
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5.3 Methods, instrument data and results

5.3.1 ISD deployment and longterm water table variation

The ISD station wasituatedin the swale behind the duneear the first transect
(Figure5.1, upper pael). The location was selected in order to minimize the effect of
tidal and wave variations on groundwater measurements, and so shouhdeasiyre
the effects of passing weather patterns. The station consisted of a two metre tube with
a sensor at the om connected to ISD logging station. Some of the photos taken
from 27" August and % September 2013 during the ISD deployment are shown in
the Appendix A2. The ISD station recorded the water table over three months
(September, October and November 200®viding the longeterm variation of the
water table needed to cemntualize the experimenfigure 5.6 shows that the beach
water table raged between 4.6 and 5.3 metréhe graph shows that when the water
level is above 5.1 m, the behaviafrthefollowing rainfall is different than when it
is below 5.1 m. So at lower levels of the water table, there is a rapid rise in water
level during a rain event. When the rain stops, the water drain away through the
ground, producing a emacteristic hydrogrdpcurverapidly rising leading edge and
exponentially decaying trailing edgelowever, at high water table levels, the rain
cannot infiltrate into the ground and floods the swale. If there is sufficient water, it
breaches the low point at the far end o fhicture, forming a channel to the beach
and rapidly draining off the surface water. Due to wind blown sand, the channel gets
blocked up again. So there is a rapidly rising leading edge as the rain falls. This
continues to rise as the surface floods, th there is a rapid fall when the channel
forms and drains the surface water away. Then the ISD records the exponential decay
as the ground water drains through the dune to the beach.
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5.3.2 Solinstpiezometersdeployment and shortterm beachgroundwater

variation

As described irBection5.1, three crosshore transectsave defined in the studied
area. Along each transect, tw®olinst piezometersvere deployed (one at the
elevation ofthe high tide,namedSHT, and one at the elevation thie low tide named
SLT, Figure5.1). On the 1% September, holes were dug at theldgment locations
within which 150 cm and 75 cm length tubes were placedSHT and SLT
respectively, at the bottom of which the sensors were placed. Some of the photos

taken frompiezometersleployment are presented in Appendib3A

These sixpiezometersrecorded the beach groundwater variation betweéh 18
September at 00:00 and™8t 16:00. The time interval of recording was 10 seconds,
giving 14,400 groundwater values over 40 hours for eacbiezometer Raw

piezometersdata were then converted the erattable depth using the simple

formulas:
O 0 O ® (Eg.5.2a)
O ©Oa Oa (Eq.5.2b)
O O © (Eg.5.2¢c)
"OGpg Of ©O (Eqg.5.2d)

where string lengthL(, the beach surface elevatidaly), the elevation of top of the
tube El) were measwed. The barometric pressur®) was measured at the site
using the sampling interval as thmezometerdata ¥K;). Using these data, the
groundwater depth) and consequently the groundwater elevation of mean sea level
(GWE) were calculated every 10cands for a 40 hour time periogigure5.7 shows

the schematic of theiezometerdeployed in the beachFigure 5.8 shows the
groundwater variation recorded by the three high tide and two lovpigd@meters
Unfortunately the low tidgpiezometersn thethird transect failed to record, because

of sand infiltrating the pipe.
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Figure5.7  Schematic of th8olinst piezometetteployed in Ngarunui Beach. The
brown line is the beach surface and the blue lineasents the water table. Symbols

are the same as used in ER.
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Figure58  Shortterm beach groundwater variation measured by 8winst

piezometers The three upper lines represent measurements flmmhigh tide

locations on each transect (T1SHT, T2SHT, and T3SHT) and the two lower lines

show measurements at the low tide locations (T1SLT and T2SLT). The thicker black

line shows tide variation. The daylight hours during the experiment (18 afid 19
Sepember 2013) are indicated in tffigure.
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5.3.3 Dipwells and manual beachgroundwater level detecting

During the outgoing tide in both days, the groundwater level was measured
manually using water detectors lowered into the dipwells. After high tide, the
groundwvater level was measured following the tide seaward so that the number of
sampling points and their spatial coverage seaward increased withltim@pendix
A-4 photos of measuring beach groundwater level within the dipwells and their

location are shown.

Figure 5.9 shows the location of dipwells in both Northiggsting coordinate
system (GPS laser scanner coordinates) and alongstos® shore system (rotated
coordinate system). Measured groundwater elevation in dipwells are also presented in
this figure The dipwell data was then applied to calibrate the numerical model (next
Chaptey using comparison between the calculated groundwater profiles and the

measuring data.
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5.3.4 ADV deployment and wave data

Along each transect, an Acoustic Doppler Velocimet®\() was deployed in the
swash zone. Th&DV was placed a few metres offshore of the low t®idinst
piezometel(SLT). InstallingADVsalong the three transects was difficult as Ai®/
was placed in the low tide area and the time when this part of the beach was not
covered by waves and swash was limited. For installingAD¥, a hole was dug
close to theSLTin each transect. A tube was then inserted into the hole to prevent
wet sand emfring the hole. TheADV and its metal frame were inserted and the
surrounding tube was removed. To ensure the stability of the frame, it was secured by
four anchors with strong metal chains {43) extending outwards from the arms of
the frame. The chainsnd anchors were then buried Appendibb Ahows photos of

the installation.

The threeADVs recorded wave data between13eptember at 2 pm and 19
September at 4 pm, giving 50 hours continuous data. A aver age inte
sampling (Burst) was set 80 minutes giving 100 bursts in total. Within eachsbu
the ADVs recorded the wavaduced velocity in alongshore and cross shore
directions Uw andVw) and pressureP) for 20 minutes. It did not record any data for
the rest of the time (10 minutes)ar8pling frequency was set to 4 Hz giving 4800
samples P, Uw, andVw) in each burst. Furthermore, mean pressure and average of

velocities were calculated each burst.

Figures 5.10, 5.11 and5.12 show and example of the wave data measured by
ADVs along tranects 1, 2 and 3 respectively at high tide and aroundtioid In
these figures panel A shows the water depth variation over 20 minutaB\of
recording duringone burst. It changes between 1.2 and 2.2 metres (above mean sea
level) at high tide in all trasects, however transect 1 has higher elevation than 2 and
transect 2 is slightly higher than 3. Panel B showswvilaaeinduced velocies varies
between-100 and 100 cm/s approximately. Panel C shows that the slosswave
induced veloci (Uw) is geneally greater than alongshore velocib) in transect 1

and smaller thaNw in transects 2. In transect 3 they almost vary in the same range. It

o
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indicates that wave is faster and stronger in esbgse direction in the first transect,
while in the secaoth transectshewaveinduced velocit is much bigger in alongshore
direction. The different shapes of dot clouds (Figures S1® Panel C) could be
caused by the different orientation of the shoreline with respect to the incoming wave.
Unfortunately theectified image (Figure 5.1) does not provide sufficient information

for describing this issue.

To show how power of the wave signal is distributed over the different
frequencies, the power spectral dens®sD of the wave was studied®SD was
obtainedusing autocorrelation function in Fourier series of the wave signal (the
square of the Fourier transform module, divided by the integration tiRfel
describes at which frequencies wave energy dominates and at which frequencies it is
less important. Pan@® (of figures5.10.1, 5.11.1 and5.12.1) show that the wave is
always much stronger in low frequencies (less than 0.2 Hz) than high frequencies
(bigger than 0.2 Hz).
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Figure5.13 shows the variation of the modified power spectral tefBSD for
different frequencies over all bursts. The wave energy distribution in transect 3 (panel
D) shows different pattern in comparison with other two transects (panels B and C).
The existence of the rip in the third transect probably causes ttesrpdifference. It
also shows thatigh energywaves occur at high tide at battcident(0.05-0.12 Hz)
and infragravity (<0.05 Hz) frequency ranges. It also indicates that in the first day

(18" September) waves are stronger that the second déy (19
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Figure5.13 Panel A: Tide variation in 18and 19" September 2013 at Ngarunui
Beach. Panels B, C and D: Variation of the modified power spectral density (PSD)
versus different wave frequencies over all ADV bursts along trane@sand 3

respectively.

Figure 5.14 shows the variation of the tot5D versusADV burst for all three
ADVs The totalPSDwas defined as the summation of the modifRSD values of
each frequency in one specific burst. In this figld®D of the wave isstudied
separately in terms of incident wave and infragravity wéaniagravity waves are

waves whichforced by difference interactions in the wave frequency and have lower

Py
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frequencies than incident waves. The frequencies of infragravity waves aretetwe
0.005 and 0.05 Hz, and the frequencies of incident waves are greater than 0.05 Hz. In
figure 5.14, thethreshold of 0.05 Hz was used to differentiate infragravity waves from
incident wavesThis figure shows that in general, transects 1 is more infeteby
incident waves than transects 2 and 3. The existence of rip may cause less effect of
incident wave on transect 3. However transect 3 is more affected by infragravity

waves.
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Figure5.14 Panel A: Tide variation in 18and 19" September 2013 &garunui
beach. Panels B and C: Variation of the modified power spectral density (total PSD

values) over ADV bursts for infragravity and incident waves.

Furthermore, mean pressure and average of velocities of each burst were
calculated. Figurés.15 shows the variation of the averag®V pressure (water
depth) and variation of therossshore and alongshoreraveinduced velocies
versus timeTransect 3 showgmller water elevationADV pressure) than other two
transects. The figure also indicates that, in general, alongshore velocity is much

bigger in transects 2 and 3 than transect 1.
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5.4 Discussion

To study the groundwateGiV) behavior at Ngarunui Beach, the variation of the
groundwater level was measured us8ainst piezometerand manual dipwells for 2
days in September 2013. Figlsd6 shows the locain of dipwells, the elevation of
the measure@W in them, the location of the high tide and low tmlezometerand

the changes in the recordéiVlevel alongthe thredransects.

The GW elevation varies between 1.8 and 2.3 metre above the mean sea level
high tideSolinst piezometer8BSHTO (upper hor i z o nandaclearly i ne
shows the effect of beach discharge and dewatering within a tidal cycle. Previous
studies showed that the beach groundwater fluctuates with tideD{ggan, 1964;

Eliot and Clark, 1986, 1988; Hegge and Masselink, 199&ner, 1993;Li et al.,
1999;Nielsen, 1999; Horn, 2006]he keachface acts as amlinearfilter and make

the beach groundwater level increase rapidly and decrease slowly in comparison with
the tice variation. The delay time for groundwater response to tide cowdfnzan
minutes to hours (WeixaqnGuo, 1997; Horn, 2002, 2006).

Our results show that ti&W level dropsmoreslowly than tide drops, so tHew
is decoupled and exits at a higher elevat#st low tide, theGW level does not reach
to its minimum elevation and keeps decreasing for a few hours within the incoming
portion of the tidal signal. There is a delay of 4 to 5 hours between low tide and the
minimum in GW elevation When the tide tus) the GW continues to fall, and
converges towards the rising tidal elevation. When they finally converge at the same
elevation, theGW is coupled with the tide and rises with only a minor lag until the
high tide(Figures5.8 and5.16).

Our results indica that Ngarunui Beach fills more easily than it drains. This
finding is also supports previous studiggich indicated that the rate of the rising
groundwater is considerably greater than the rate of the drop due to the gravitation
force (e.g. Hegge et.afl991; Horn, 2006).
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Figure5.16 Instrument deployment results. Upper horizontal line shows the high

tide Solinst piezometemsnd lower line shows the low tigeezometersThe black line
presents tide @a and circles indicates the location of dipwells and groundwater

elevation measured in them. (Panel A, B and C: transects 1, 2 and 3 respectively).

The lowtide Solinst piezometera/ere located in the lower part of the beachface
near to the low water sheline. Variation of the groundwater kvin low tide
piezometersiSLTO (| ower hori zont al ' ine in two
with the tide variation. There is only a small difference betweerstievater level
and tide level, which seems be caused by the effect of the waveggtas the
piezometerecords the actual water level, which includes tide level plus waugset
At the low tide, the difference is greater than high tide and reaches up to 40 cm
(Figure 5.8). This difference caliinot be the saip effect (this is justified in more
detail with a seup calculation for Ngarunui beach in the next Chapter). AD¥
water depth variation (Figure 5.15) also shows this difference at low tide. The
difference may be due to an imprecisaenstanding of the location of the low tide
piezometerand ADVs The crosshore location of the low tidpiezometerswere

selected according to the shoreline shown in the video images. This work was done
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before instrument installation in the beach,Sgdinst piezometerpositions may not
exactly be at the same low tide elevation. SLTs AbY/s were probably located
more onshore than the true location of the low tide waterline across the beach. This
can make the water level measured by the instrument&rtghn the actual tide

level plus seup.

Manual water detection in the dipwellsircles in Figure 5.16) alsshows how
groundwaterlevel changes during time cross the beach. In a specific -slfuse
location,GW elevation declines with tide fall anddreases with tide rise. The rate of
fall and rise are the same as the patternSi@mst piezometersGW level in upper
dipwells (circles located in croshore location less than 200) increase rapidly and
decrease slowly in comparison with the tide véora In fact, GW elevation variation
is much smaller than the tidal elevation changes. In a constant @kivehas a

descending trend in crosbore direction (which is weknown).

Figure5.17 shows the variation of the beach groundwater elevation venses
along the three transects. Regarding the duration time of the recorded d&ay the
variation was studied during outgoing tide and then incoming tide in the first day of
the field work (panels A, B and C, low tide marked with a vertical dashed Gme).
the second day (¥&September 2013), this study included only the falling tide (panels
D, E and F). This figure indicates that the groundwater elevatianeases the

crossshore direction (up to down in all panels).

The GW decreases very slowly spared to the rate at which the tide falls. This
variation is shown in panels A, B and C betwddr00 am and 2:50 pm in the first
day and panels D, E and F betweeh30 am and 3:25 pm in the second day.
Groundwateelevation in dipwells continued to dease for few hours after low tide
according to the delay between the low tide and the minimuG\Vdélevation (after
2:50 pm in the first day).
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Figure5.17 Variation of the beach groundwater elevatianeg@asured in dipwells

and gridded) versus time in three transects. Black horizontal lines show the location
of theSolinst piezometeand black dots indicates the dipwell locations. Panels A, B
and C shows the results in the first field work!{Bptembe2013) in transects 1, 2

and 3 respectively. Panels D, E and F presents results from the second field work

(19" September 2013) along the three transects.

Another analysis was carried out to investigate how the measured groundwater
elevation depended otihe morphology. It was done by subtracting the @/
matrix collected.The gridding processes (the results of which isGhv& matrix for
each specific transect) includes all groundwater elevation measured in dipwells and
groundwater level calculated bye high tide and low tidé&olinst piezometers
Panels A and C show ti&W elevation difference between transects 1 and 2, on the
first and second day respectively. Panels B and D also indicat®\Whdifference
between transects 2 and 3, on these two daygeneral the difference between the
beach groundwater elevation in transects 1 and 2 is greater than the difference

between transects 2 and 3.
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Figure5.18 Difference between the groundwater elevati@tweenwo transects
Panel A, C: between transects 1 and 2 in the first and second day respectively. Panel

B, D: between transects 2 and 3 in these two days.

It could be concluded that transect 1 in the north part of the beach shows highest
groundwateelevation over most of the tidal cycle. Transect 3 in the south part of the
study area has a lower groundwater level than transect 2 on the lower part of the
beach, but a higher level than transect 2 on the higher part of the beach. Assuming
that the coatinate system is absolutely perpendicular to the shoreline, this shows that
there is a depression in the groundwater tablechis likely between transects 2 and
3. Such a dip in the groundwater table could also be caused by the beach being
indented atransect 2, or transect 2 have higher hydraulic conductivity, or a steeper
slope. The reverse in this pattern at low tide could be caused by a surf zone effect
such as the influence of rip currents. FigbiEs5B shows that the offshore currents on

the inconing tide at transect 2 are greater than at transects 1 and 3, and there are more
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infragravity waves at transects 1 and 3 (Figar&4B). These may cause higher
groundwater level at transect 2 on the lower part of the beach.

These preliminarypbservatios of the difference in groundwater level across the
beach will be studied in more depth usintyva-dimensionahumerical model in the
next Chapter The beach survey data and inland water table will be used to force the
numerical model. The groundwater page line detected on the beach and the

measured groundwater elevation will be also used tfie model calibration.
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Chapter6: The Use of the 2D Boussinesq Equation to Analyse the Groundwater Seepage
Line on Ngarunui Beach

6.1 Introduction

As it described in ChapteFwo, the Boussinesq equatiora simplified form of
Laplace's equatiorgan be used to analyze the seepage line movement across the
beachfacend predict thesurface of the beach groundwater table (e.g. Parlange et al.,
1984; Nielsen, 1990; Turner et al997; Baird et al., 1998; Raubenheimer et al.,
1999; Li et al., 2002a; Li et al., 2006). Most of the previous works focused on the
onedimensionaBoussinesq equation. Moreover, some of the approaches neglect the
sloping beachface, the decoupling betwe&e groundwater seepage line and
shoreline, the hydraulic conductivity variation across the beach andtHeeaity
effect (e.g. Baird and Horn, 1996; Jeng et al., 2005). For example, Nielsen (1990)
used an analytical solution to the Boussinesq equatidnstressed the importance of
the hydraulic conductivity. He assumed that Heachfaceslope was constant and
showed the groundwater table fluctuations became negligible with increasing the
shoreward distanceHowever, Baird and Horn (1996) noted that B | sneodeb s
neglected the decoupling between the groundwater seepage line and the shoreline.
Following previous works, Baird et al. (1998) showed that the groundwater flow
could be explained by thenedimensionaBoussinesqg equation. Raubenheimer et al
(1999) also worked on both the linear armHtinear onedimensional Boussinesq
equation and showed that under their model assumptions, the horizontal flows on a
beach are usually much larger than vertical flows. Li et al. (2002) presented a two
dimensimal approximation of the linear Boussinesq equation and predicted the tide
induced beach groundwater fluctuations over a rhythmic shoreline. Recently, Jeng et
al. (2005) also applied 2D approximation for determining the tideduced
groundwater changes & sloping sandy beach. They showed that the beach slope and
the rhythmic coastline are important in predicting {ildduced beach groundwater
changes. Li et al(2006) also used th&D form of the Boussinesq equati@m
horizontal crosshore and along®re directions)showing that their model was

sensitive to the ratio d€/Sy.

MYy
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In the third chapter a onedimensionalnumerical model based othe linear
Boussinesq formulavas presented to study tled#fect of the beach properties and
seaward water levalonditions on changing the groundwater seepage line across the
Muriwai beach profiles. Due to the lack of the field data at Murilvesich the inland
groundwatetable was assumed to vary between 1 and 3 metres above the mean sea
level and it was used aset upper boundary of the model. The hydraulic conductivity
and beach slope were extracted from the previous field work carried out by Robinson
(2004). An approximation of wave sgp was also done using wave significant
height reported in previous studiéBryan et al., 2007). Finally the model result,
which includedgroundwaterexit point elevation, was compared with the surveyed
groundwater seepage line on"Beb. and 28 Aug. 2003 (the field data was part of

Robinsonds master Y¥).hesis, Waikato Universi

In this chapter, the Boussinesq equation is used again to understand the
groundwater seepage line changes across the Ngarunui beachface and study the effect
of the inshore and offshore factors on changing the groundwater exit point. The
strengths of tb model described in this chapter rather than ltbelinear model

presented in chapt8rare outlined as below:

1 Using atwo-dimensionalapproximation of the Boussinesq equation in a
precise fine mesh grid consisting of creé®re and alongshore surveyihaja.

1 Solving both linear and on-linear form of the Boussinesq equation and
compare the model results with surveyed seepage line to study the effect ofithe n
lineaity of the aquifer depth and hydraulic conductivity on Boussinesq equation
results.

1 Using comprehensivdield experiment, which is described in Chapferas

model input data and assistance in the calibration method.
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6.2 Field data

6.2.1 Beach surveying data and groundwater table measurement

As described in Chaptes, the beach survey was carriedt on 18 and 19
September 2013 using GPS laser scanner. The study area of 400 by 400 metre was
selected to cover an area between the dunes and surfzone. The survey data were
rotated by 22 degrees awtockwise to convert the data from the northeagting
coordinate system to an alongshoress shore system. The beach was then imesh
gridded with 1 natre alongshore and cross shore intervas=gg/=1 m) using
MATLAB code. Figure 6.1 shows the beach mesh grid and the location of the three
transects andleployed instruments. The first transect (T1) was selected at 365 m
north of the datum point and the second and the third transects (T2 and T3) were
located at 215 m and 86 m in the alongshore direction. Along each transect, two
Solinst piezometerand oneADV were deployed to measure the beach groundwater
variation and wave height, respectively. As it described before, an ISD was located in
behind the dune between T1 and T2 to measure thetdéomg variation of the
groundwater table (Figures 5.1 and 5.2he manual groundwater measuring was
done at different times between the high and low tide. The groundwater seepage line
was measured by walking along it using the RGRS four times in the first and
second measuring days (l&nd 19 September 2013), vith is described in
previous chapter. These observed data were used to compare with the numerical

modelling results.
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Elevation (m)

Alongshore (m)

201
Cross-Shore (m)

Figure6.1  Mesh grid of beach surface elevation at Ngarunui Beach. Transects 1,
2 and 3 are shown with green (top), red and blue (bottom) lines respectively. A black
diamond in dune shows the ISD location. Along each transectirtties show the

high tide and low tideSolinst piezometer§SHT, SLT), the hexagrams indicate the
ADVs and the squares show the location of dipwells for manual groundwater

measurement.
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6.2.2 Tide and Wave data

An appropriate tide was selected fronaili Bay tide gage database (provided by
Waikato Regional Council). Two time periods were considered: A) on the first day
(18", the outgoing tide between 8 am and 3 pm and then the incoming tide between
3 pm and 9 pm; B) on the second day)19he outging tide between 9 am and 3
pm. The significant wave height was provided from the NIWA wave hindcast model
(output point Nol152) and the wave -sgt calculated using the Bowen formula
(Bowen et al., 1968), which is described in Chapter 3. Figure 6.2 sthewmsde,
significant wave height and wave sgt variation over the measuring days.

T I [ |
150 i i —Tide

Significant Wave Height
+ Wave Set-UP

0.5+

.....
.............................................................

Elevation (m)

-0.5-

Second day
Outgoing tide

First day
Incoming tide

First day
Outgoing tide

e ————

| | | | L
0 5 10 15 20 25 30 35 40

Time (hour) elapsed since 12 am on 18/09/2013

Figure6.2  Variation of tide, significant wave height and wavegeon 18' and
19" of September 2013.
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6.3 Methods

As describedn the third chapter, Baird et al. (1998) showed that the groundwater
flow could be explained by éonedimensionaBoussinesq equation (E§.1). The
assumption of applying this equation is that the Dupaichheimer (BF)
approximation explains the groundwater flow. Thd-@pproximation assumes that
the groundwater flow is horizontal and changesthe hydraulic head with
groundwater depth are negligible. In this case, the surface slope of the groundwater
table is assumed to be relatively small (e.g. Kirkham, 1Ba&itd et al., 1998 The

two-dimensionaform of the linear Boussinesq equation is@ws:

_ 8 _ _ (Eq. 6.1)

where Q= "Q(x, y, t)is the groundwater elevation, is the hydraulic conductivity of
the beach)Y ds the specific yield (also described as a dimensionlessneder called
porosity), O is the averagedquifer thicknesspis horizontal crosshore distancep

is horizontal alongshore distance and time.

The ron-linearform of theBoussinesq equatid2D form) can be described as:
— —— 00— 00— (Eq. 6.2)

In all numericalcalculationsthe discrete approximation is used to solve the partial
differential equation(PDE). In this approach, the results are calculated at a finite
number of points in the phigal domain. In this study, the mesh is the set of beach
locations (nodes) where the discrete approach is complitedext sections, the
numerical model based on bd@b linear and on-linear Boussinesq equation will be

described.
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6.3.1 Numerical Model basedon Linear Boussinesq equation

In order to solvetwo-dimensionallinear Boussinesq equation (Eq. 6.E)JCS
(forward time, central space) scheme was used. In this numerical scheme, the first
order forward difference in timeée(. 6.3) and theecond ordecentral difference in

space (Eg. 6.4) were applied.

— S W (Eg. 6.3)

— L eV (Eq. 6.4)
h h h LNy,

—_ v € Yw

where, the"s%ois groundwaterelevation in node @Q at time step ob. "(%Qpis the
elevation in the same node at the next time stepp . ’K%)pﬁ’f%gpﬁ'(%p@nd
"(%pﬁgﬁre groundwater elevation in adjacent nodes at time stépéo¥o , ¢ Yo
and £ Yo are computational error$/e and Y are the local distance between

adjacent nodes in crostore and alongshore space retipely, andYo is the time

difference between adjacent time steps.

With applyingthesetwo equations in equation 6.1, tR&@ CSapproximation of the

linear Boussinesq equation can be written as follows:

(o S o A I I S S (Eq. 6.5)

vy 8
=y

whereY0 is local distance ierossshore and alongshore directiodfdEYox=Yd)
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6.3.2 Numerical Model based on Mn-linear Boussinesq equation

In the same waws in the linear modeETCSscheme was also used to solve the
non-linear 2D Boussinesq equation. However, in this numerical scheme, the first
order forward difference in timeEQ. 6.3) and the firsbrder central difference in
space (Eqg. 6.6)ere applied

Combining Equations 6.3 and 6.6 with Equation 6.2;RmME€Sapproximation of

the rontlinearBoussinesq equation can bettan as follows.
% - Y % o0
(ST T T T

Yo p
%o Yo
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6.3.3 Using Numerical Model in Ngarunui Beach

As described previouslyhe study area was 400 by 400 metres. Using a 1 m space
interval, a 400 by 400 matrix was defined as the initial matrix, which consisted of
160000 nodedrigure 6.3 shows a schematic of nodedusethe modelin order to
solve the numerical model, boundary conditions were required. The upper boundary
condition was set to the water table elevation behind the dune, where tide variation
has little effect on the groundwater table (ISD data, Sedi@il). The lower
boundary condition was also set to the water level, which consist of the tide elevation
and the wave setp (Section 6.2.2). The sediment hydraulic conductivity and
porosity were also estimated using the sediment grain size (sectiop Hl&2ime
interval (time difference between each time steps) was finalized after performing a
sensitivity analysis based on the convergence modettl{s@ext Section). In the first
time step {=0), the groundwater elevation was set to the initial vdluéhe next time
step, groundwater elevation was calculated in all 260000 nodes using the ISD water
table WT) and tide elevation plus wave sgi. Hence, the upper and lower
boundaries varied with time during model calculation at different time stepsde
it possible to use the exact value of the inland water table and offshore water level in
the model. The rest of input parameté¥k, ¥t, K, SyandD in the linear model; and
YL, ¥t, andSyin the ron-linear model) were constant during the single run over all
time steps. In facat each time step, the elevation of every single node was calculated
based on the elevation at this nodel adjacent nodes at previous time step; using

Equation (6.5) and (6.7) in the linear arawlinearmodel respectively.

The difference between the linear andmfinear Boussinesq equation can be
described as theonlineaity effect of the groundwater elation and hydraulic
conductivity. In the linear form, the numerical model solves Equation 6.5 with
constant value of the hydraulic conductivity (the averagé¢ of the beach sediment)
at all nodes, while theam-linearmodel solves Equation 6.7 with flifentK values at
each node. In this case, beach sediment hydraulic conductivity, which was measured

at different locations along the three transects (Figure 5.5), were useH. niagix
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was then determined using the megliding method on th& values.This ron
lineaity effect will be described more in the Discussion.

[ WLt

friy

R\

Figure6.3  Schematic figure of nodes used in i@ and 2D numerical model
(upper and lower panels, respectivelylhe green line/area shows the initial
condition of the numerical model. Right and left blue lines/parallelograms e

upper and lower boundary conditions respectively.
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6.4 Sensitivity of the numerical model to involved factors

To study the effect of adjustable parameters in the model, including the time
interval between each time stéYt), the hydraulicconductivity K), the inland water
table VT) and the wave setp (SU) on changing the calculated groundwater profile,
a sensitivity analysis was done along these transects using Equations 6.5 and 6.7
on the beach megjrid. In each analysis, the set of adjustapégameters were
considered to be constant and one factor was changed to study its influence on the

model result. This included 28 different runs of the linear amdinear models.

6.4.1 Sensitivity of the model to the time interval ¥t)

To study thesensitivityof the model to the time interva¥t), both the linear and
non-linear models were run using differebft (dt) and constant values &f (or aK
matrix in the n-linearform), WT andS-U. Figure 6.4 shows the effect of chargin
dt on the groundwater profile and stability of the model along transect two. The other
transects also show the same pattern. Decre¥sislightly changes the groundwater
profile and increases the calculation accuracy; however it increases the number of
time steps and the model run time. On the other hand, incredissayes time but
causegnstability of the explicit finitedifference schemeThe divergence of results
starts wherYt equals to 360 and 60 seconds in the linear and ahdimear model
respectively. TheYt of 1 second which leads to the convergence of results and
optimum accuracy and run time, was selected as the time difference between time

steps in both linear andnlinearmodels.
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6.4.2 Sensitivity of the model to the hydraulic conductivity K)

To study the sensitivity of the model to the beach sediment hydraulic conductivity
(K), both the linear andonlinear models were run using differekt(or K matrix in
the ron-linear form) and constant values &, WT and SU. Figure 6.5 shows the
effect of changing the hydraulic conductivity on the groundwater profile and stability
of the model. The groundwater profile shape slightly changes with hydraulic
conductivity in both the linear andnlinear models. he Figure indicates that the
groundwater exit point elevation decreases with increasing the hydraulic

conductivity.

My results also show that increasing the hydraulic conductivity may cause
instability of the explicit finitedifference schemand stop themodel run. This is
shown in Figure 6.5 (panel B) whef is doubled. However this change in the
hydraulic conductivity does not cause the results to diverge in the linear model (panel
A). The reason is the role of th€in solving Equations 6.5 (linear) ar&d7 (ron-
linean. In the linear model, changes kh(average hydraulic conductivity of beach
sediment) vary the Courant number) (directly, while in the on-linear model
hydraulic conductivity of each node is considered. This causesothinear model
be more sensitivéo the hydraulic conductivityrather than linear model. It also
differentiates between the effect ¥f and K on converging the an-linear model

results whichwill be described more in the Discussion.
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6.4.3 Sensitivity of the model to the inland water table\(VT)

To study the sensitivity of the model to the upper boundary condition ritaed
beach water table), both linear andniinear models were run using differeNy/T
and constant values &ft, K and SU. Figure 6.6 shows the effect of changing the
inland groundwater table on the groundwater profile and the exit point elevation. The
groundwater profile shape changes dramatically with changing the inland water table
in both the linear andam-linear models. The Figure indicates that the groundwater
exit point elevation increases with increasing the inland water, tablieh has been
shown previously. This increment is up to 55 cm (in linear model) and 40 cnorgin n

linearmodel) with 150 cm rise in upper water table elevation.

This indicates that changing the upper boundary condition of model, has a major
effect on the groundwater exibint elevation and the location of the seepage line.
The rise in the exit point elevation is bigger for hwgater tableslevation rather than

low inlandwater table
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Figure6.6  Sensitivity of the lineamodel (A) and an-linear model (B) to inland
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6.4.4 Sensitivity of the model to the wave satp (S-U)

To study the sensitivity of the model to the lower boundary condition (wave set
up), both linear and an-linear models were run using diffeveSU and constant
values of¥t, K andWT. Figure 6.7 shows the effect of changing the waveigain
the groundwater profile and exit point elevation. The groundwater profile shape
changes with changing the wave-gptin both the linear andon-linear models. The
Figure indicates that the groundwater exit point elevation increases with increasing
the wave setip. This increment is up to 28 cm (in linear model) and 20 cmafn n
linear model) with a 20 cm rise in the lower boundary condition. This inescHtat
changing the lower boundary condition of model affects the groundwater exit point

elevation and location of the seepage line.
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6.5 Numerical modeling results

6.5.1 Groundwater exit point and extent of the seepage face

As it described in Section 6.3, the numerical model was developed based on the
FTCS (forward time, central space) scheme to solve Boussinesq equatiathin b
linear and on-linearforms (Eq. 6.1 and 6.2 respectively). TRECSapproximation
of the linear and on-linear Boussinesq equation (Eq. 6.5 and 6.7 respectively) were
then solved using a megjnid consisting 160000 nodes. This process was repeated
for all time steps, calculating the groundwater profile at every 5 metres in the
alongshore direction. The model results were then compared with groundwater survey
data. In each alongshore location, the intersection of the final groundwater profile
(groundwagr profile calculated in the last time step) with beach profile was defined
as the groundwater exit poirG\MEP). Figures 6.8 and 6.9 show the variation of the
groundwater exit point elevation along the three transébts blue line in the Figure
shows tle tide variation on the ¥Band 19 of September 2013. The red line
indicates the calculated groundwater exit point using the numerical ifffogiete 6.8
for linear model and Figure 6.9 for ndinear model) This was calculated between 8
am and 8 pm othe first measuring day covering the outgoing and incoming tide and
between 9 am and 3 pm on the second day including the outgoing tide. The black
squares show the surveyed groundwater elevation in different times. These data were

obtained from the groundater seepage line survey (previdilligapter).

Figure 6.8 shows that there is not much difference between the elevation of the
exit point(calculated by the linear modelipd the tide elevation between the high tide
and mid tidein the outgoing tide. It meanthat there is not decoupling betweha
shoreline §L) andthe groundwater seepage liné\(VSL). Decoupling starts from mid
tide and difference between the elevatiolsbbndGWSLreaches a maximum at low
tide. Panel A shows that during the incomingetithe pattern is same as the outgoing

tide (no decoupling between mid tide and high tide). Reversely, Panels B and C show
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that decoupling continues to rise during incoming tide, which is unlikely to happen as
described in the Discussion.

Figure 6.9 showshat there is not decoupling between tireundwater seepage
line (calculated by the linear model) and ghereline between high tide and mid tide,
either in the outgoing tide or incoming tide. Decoupling starts fiteemid tide and
difference between #helevation ofSL and GWSLreaches to the maximum at low

tide. This decoupling process will be described in the Discussion.

Figures 6.10 and 6.11 also present the variation of the seepag8faweedth (the
crossshore distance between the groundwatérpoint and the shoreline) during the
time. In linear model (Figure 6.10), along transect 1 (Panel B), the seepage face was
only extended for few hours around the low tide, while in transects 2 and 3 (C and D)
it can be seen during the incoming tide, vhig unlikely to happen. In theon-linear
model (Figure 6.11), in all three transects, the seepage face width increases when tide
falls and decreases when the tide rises. The maximum seepage face width of 80, 100
and 50 metre were obtained in transect® &nd 3 respectively, from themlinear

model around the low tide.
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6.5.2 Comparisonbetween the numerical model results and surveyed

groundwater seepage line

To study the accuracy of thmodel based oBoussinesq equation, the calculated
seepage line was compared with the surveyed groundwater seepage line at fou
different times during the measuring days. The measurements included seepage line
trackingusing a GPS laser scanner. It was not possible to survey the groundwater
seepage line during the outgoing tide, as the day time was limited, hence,
measurements we done during the incoming tide. Figures 6.12 and 6.13 show that
both linear and on-linear model results are compatible with the surveyed data
between high tide and mid tide. Therdinearmodel shows better results rather than

linear model after the mditide.

Figure6.12 Comparison between the surveyed groundwater seepagéskhd
line) and linear model results (dots). Panel A: First day($@ptember 2013), Panel
B: Second day (19September 2()





















































































