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Abstract

Saltintrusionscan existwithin riversand are influenced byshapeof an estuaryand tidal and river
flows. hcoming tidal water moveinto a region of freshwater influence which can have a strong
influence on biological and geochemical properties in the water column. These features constitute a
transition zone with spatially and temporally varying dynamics. As such, it is challengmgeictly
represent these features in numerical hydrodynamic and sediment transport models. We report field
observations of the salhtrusionprocesses in the Waihou River estuary in New Zealand. Most of the
research that has been conducted thus far on the Waihou River has centred around sediment
transport, gold mining impactsyater qualityand fish populations and there is a lack of systematic
collection of vertical water property data. Measurements of water column properties (salinity,
temperature and turbidity) were taken at different tidal stagesd river flowsand used to track the
movement and characteristics of the sadtrusion. In-situ water samples were collected and used to
form a calibration for suspended sediment concentrationke salinity intrusion was observed to
intrude to 7.211.8 km (at 1 FSY upstream from the mouth of the rivefThe estuary exhibited both
mixed and stratified conditionswith a clear salt wedge shape observed for only one out of five
surveys.The salinity intrusion length appeared to be primarily controlled bytiheiver flow with a
shorter intrusion length and stronger stratification occurring for leigtiver flows.Greater turbidity

was observed within the marine water compared to fluvial waters, and turbidity was greater near the
bed implying that the primary delivery mechanism of sediment to the lower reaches of the river is
import from the offshore or intertidal marine regionldumerical hydrodynamic modelling using Delft

3D was undertaken and wampared to thefield data. While the model had previously been
calibrated for water levels and velocity in tvddmensions, the adapted 3D version of tiedel did

not accurately predict the structure or extent of the salinity intrusion. Model results uadémated

the salinity intrusion, which was attributed to owvarixing of the water column, however, the
performance improved when a lower value for tmmtal eddy diffusivity was used. This work
emphasises the need to obtain vertically resolved data sets to allow for robust calibration of numerical

models, which are commonly used in environmental management decisions.
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Chapter 1. Introduction

1.1 Background

1.1.1 Fluvial to marine transition zone

The Fluvial tdlarine TransitionZone (FMTZyccurs where a river meets the coastal ocean. The FMTZ
is adynamicregion, whichis subject to both marine and riveririercing processesThese processes
influence flows mixing, salinity structuresand sedimenttransportand deposition(Gugliotta et al.,

2017; La Croix et al., 2019Jhe MTZ can extend upstream from the river moutr up to hundreds

of kilometresin largerivers e.g. 100kms inthe Fraser River, British Columbia, western Canda
Croix & Dashtgard, 20)},%r ~400 kms irthe Fly River, Papua New Guin@zalrymple et al., 2003)
Similarly, the region of freshwater influence catso extend seawards in deltgsthus affecting
sedimentation and marine processes offshdresome casesp to hundreds of kilometrese.g.~102

km seawards of the Mekorigjiver Southeast Asigugliotta et al., 2017;0isel et al., 20D4The extent

of the area affected depends on the relative strength of titial and fluvial processeblote the FMTZ
denotes the region in which flows and processes are still affected by cyclical motion of tides; however,
the extent of the salt intrusiompriveristypicallymuchshorter.

The MTZand adjacent estuarine regiomse commonlyareas wherehumans interact strongly with

the environment Two thirds of major cities around the world are built around estuaries, modifying
and impacting the estuaries and their hydrodynamic regirffdsKeon et al., 2020)n general,
estuaries are sediment traharacterised bhwigh rates ofleposition offluvial and marine sedimest

and therefore contaira lot of nutrients and organic matter, creating a productive environmdirte

tidal influence combined wiit mixing between fresh and salt water creabdsdiverseunique habitats

and ecosystemsThese ecosystems can act as a buffer for seurges, an®l y ©6S dza SR 0 @&
surrounding communities for many purpasi@cluding transport and recreatiofBarbier et al., 2008;

Costanza et al., 1997).

1.1.2 Dynamicswithin the FMTZ

Flows within the FMTEZlose to the river moutltan fall within several classifications based on the
salinity stratification within the estuary or riveThe intrusion of the salinity landwards through an
estuary is influenced by depth and width of an estuary and river sys&atmity structures help to
define different estuary types as stratification controls the mixing of water types, salinity, sediment,
nutrients, and pollutants (McKeon et al., 2020he different regimes can b®oady classified by th

ratio of the volume of rivemput (R)to the tidal volume(V)exchanged over a tidal cycle. For larger
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values of this ratioX1), a salt wedge caflorm. As the salt wateintrudes up the river,tie freshwater
flows above the salt water as the salt water is denser than the fresh wagtawity acts on the
difference in densitiescreating a wedgéike shape(Geyer & Farmer, 198%cKeon et al., 2020;
Poggioli & HornebDevine, 2015)A strong halocline separates the freshwater layer and the saltwater
layer and acts athe interface betweerthese two layers (Kurup et al., 1998). order for the salt
wedge shape to be maintainedyd river discharge mudte strong enough to fae a strong gradient
between the two water typegnaintaining the stratificatiomgainst the tidal mixing and wind induced
turbulence (Geyer & Farmer, 198@rvavica et al., 2021t the point whena salt wedge is arrested,
the inertial and frictional forces balaadhe baroclinic pressure gradignéllowing the interfacial

structureto hold asemisteady shape (Geyer & Farmer, 1989)

Flow within thesalt wedge systenis subcriticalduring flood tides as the bottom flow is directed
landwards and thetidal flow and bathymetry interacts isuch away asto create pronounced
transient forcing of stratified flowDuring this time, the pycnocline is steady and there is little
interfacial exchange. The baroclinic pressure gradient influgttoee maximum velocity difference
during subcritical flows.During ebbing tides, thélow can be supercritical as the tidal currents
reinforce average outflow from an estuary, meaning that the flow velocity is larger than the wave
velocityas the bottom flow is directed back out to seaupercritical flow increases shear instability
which leads to considerable vertical miximgth the strengthof mixinginfluencedby bottomfriction.

As shear increases during ebb flow and the flow becomes supercritieaatt wedge shape collapses

to a mixedor partiallystratified estuary (Geyer & Farmer, 1989).

For smaller values of the ratio of river to tidal volumes, a mixed estuary may form, either partially
mixed (intermediate R/V ratiospr wellFmixed (for small R/V ratios)The partially mixed estuaries
exhibit both vertical and lateral stratification, while wetlixed estuaries only show significant later
stratification In both cases the strength of the density gradients is controlled by shear, turbulence
and vertical mixingOverall,lower river flows and strong tidal currentesult inweakly stratified

intrusions(Krvavica et al., 2021).

Salt intrusions are also connected with thetwarine turbidity maximums (ETMYhe ETM is where a
peak in suspended matter and sediments is found in mesucro, and hyper tidal estuaries
(Manning et al., 2010)hichtypically occursn brackish wateclose to the head of the salt intrusion.
Tidal conditions influence the formation of ETMS. Residual gravitation circulation dominates during
neap tides when estuaries are stratified. Horizontal tidal currents and tidal asymmetry dominate
during spring tide.Asymmetry may be caused by the bathymetry and topography of an estuary which

leads to distortion of the tidal curve. The tidal asymmetry causes transport of sediments into the

14



estuary, also known as tidal pumping. Tidal pumping is more significant than residual gravitational
circulation(Manning et al., 2010)The ETM is maintained by the interaction between tmlahping,

and sediment settling and rentrainmentduring the tidal cycle. The location of the ETM is controlled
by tidal conditionsandthe magnitude of tidal pumpingManning et al., 2010A second ETM can also
exist in the lower end of an estuary. The second ETM can be-lblemitor semipermanent and is
correlated with different trapping mechanisms, such as degper areas which trap fine sediments
during ebb tides, with spring tides gspending the deposited sediments. Sediments can also be

depositd on intertidal flats, trapping more sediments between tige&nning et al., 2010)

1.1.3 Ecological implications

The pycnocline acts as a barrier for mass transport, therefore, the bottom salt layer is isolated from
the top fresh layer and mixing between the top and bottom of the water colisvess likely toccur.

This barrier then influences the distribution of chemicals, biological variables and affects water quality.
Ecologically, e salt wedgeor intrusion can act as unique habitat for fish species and aquatic
organisms athis physicabarrier prevenseggs, larvagand juvenile fish from entering the freshieat

layer and transporting back to sea, thus, the eggs and larvae are retained within the gMictoyia
Government Department of Sustainability and Environment, 208&)ilarly, oxygen is not mixed into

the bottom layer,often resulting inanoxia in the bottom layerAdditionally, ediment can also be
transported upstream, contained within the bottom landward moving layer, carrying marine
sediments further upstream (Kurup et al., 1998histransportmay result in smothering of bottom

dwelling orgaréms, andbffect light penetration to the floarthus, affecting water quality.

1.1.4 Introduction to the Waihou River

The Waihou River is located in the North Island of New Zeafemdxample of a FMTZ within in New

Zealand can be found in the first-P® kms from the mouth of the Waihou Riv@ihename of the

2 AK2dz aGFyR&a F2NJ aFNBakK gl GSNE 2N aySgfte FT2N¥YSR
0 KS ™ dn nthe FiveravésSofficially named Waihou (Land Information New Zealand, n.d.;
Schofield, 1966). The Waihou River starts imRut and flows through the Hauraki Plains, alongside

the Kaimai ranges, ardkbouchesnto the Firth of Thame§ he estuary that exists at the Waihou river

is a river mouth estuary under category, Bdal river mouth(NIWA, 2007)Category B estuaries have

simple shapes and are subtidal. The volume of river flow is usually greater than the tidal volume

entering the estuary, therefore thesestuariesare usually well flushed. When categore&uaries
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are deep, an estuarine circulation pattern can develop, balancing the outflowing freshwater with the
inflowing seawater entraining beneath the freshwater, creating a salt wédgene et al., 2007)The
mouth of the Waihou River estuary is 700 m w{ehueder et al., 2017).

The najority of the research and past investigations on the Waihou Rivee lexamined the
suspended sediment transport and deposition (Roche2p@8d fish population studies (Fish & Game
Auckland/Waikato, 2022; NZ Fishing, n.d.) within theer, andinfluences of activities such as
goldminingand theimpacts on the river water quality and sediments (Ahmed, 2020; Clement et al.,
2017; Webster, 1995 Thereexistsomestudieswhich obtainwater property data by the Waikato
Regional Coungihowever, as ated in Schueder et al. (201#jere is a lack a$ystematic studies of

vertically resolved water property data such as salinity, temperature, and turbidity.

1.1.5 Knowledge gaps

As noted above, therexists limited knowledgeabout the characteristics and dynamics of the
intrusion ofseawater into the Waihou Rivetn particular, he variability of thevertical structure of

flows within the riveracross the full range of river flows and tidal conditionsaswell established,

for example it is unknownwhether a salt wedge exists on any ordlthe tides, or theproportion of

time in which the riveiis partially or welmixed. These data gaps need to be resolved to determine
whether a numerical model of the system should be 2D or 3D in order to accurately predict the
structure and exgént of the intrusion of marine water. Moreover, it is necessary to correctly represent
the dynamics under present forcing conditions before considering how the system may respond to

changes under climate changes scenarios.

1.1.6 Researclaim

Theprimaryaim of thisthesis is to explore and explatine dynamics of the salt intrusion within the
Waihou RiverThe workwill fill in acrucialdata gap bypresentingmeasurements of water column
properties such as temperature, depth, salinity, and turbidity/suspended sediment concentration
across a number of surveys and different conditions. The data will betaseack movement and
characteristics of the salt wedgad/or salinity intrusionalongthe Waihou RiverThe data will then

be compared tgredictions from a numerical model of the region to provide an indication of model
performance. The work will also investigate the sensitivity of model predictions to a range of

numerical parameters
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1.1.7 Thesistructure

This thesis is comprised ofé chapters thisfirst chapter starts as a general introduction to the thesis

A literature review of thestudy areais presented in Chapter 2, providing more context on gite-
specificsetting and some information from past investigations in these ar&ae.third chapter
comprisesthe field, laboratory methods and the setup of the numerical model. fOeth chapter
presents the results of the field measurements, laboratory and data analysis, and numerical model
runs.Finally, the results are discussed and summarisethapters 5and 6 respectively, along with

recommendations for avenues of future research.
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Chapter 2: Literaturereview of field site

2.1 TheFirth ofThames

The Firth of Thames (FOT) is a shallow marine ftidabembayment in the North Island of New

ZealandFigure2.1). TheFOT is about 80Km? and 35 m deep at the deepest part towards the north
end(McLeod et al., 2012 he FOT experiencesxedsemidiurnal tidesandtidal current speed are
usually less than or equal to 0.2shon the intertidal flats Opposingsouthwest and northeast winds
drive residual circulation in both clockwise and anticlockwise directionsnditberly winds create
small waves which affette intertidal mudflats. Due to the large tidal range and estuarine processes
trapping the large sediment input from the rivers, extensive intertidal mudflats have formed, with an

area of 7Gkm? and width of 5km, located in thesouthern end of the FO{Swales et al., 2015)

The Thames climate is classified as Cfb according tédppergGeiger climate classificatiavhich is
also known as an oceanic climated is humid and temperate. Thgeographic settingneans there is
generally cool summers and mildinters with a narrow temperature rangeThe average annual
rainfall for the FOTis 1,141 mm the wettest month isJuly,and the driest month is January, with
monthly averages 0148 mm and 65 mm, respectivelihe medianannual temperature is-1415°C
with amedianof ~24°Cin summerand amedianof 5-6 °Cin Augustbased orthe 19812010normal
period (Chappell, 2013).
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North Island, New Zealand Thames
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(b) putaruru  [(€) i m 5 2t R e ing : 6 km
Figure2.1: Location othe study siterelative to New Zealand Aotearda). Key towns located near
the river (Puke bridge is located at Paeroa) (b), and the Waihou River estudmya@gs from

Google Earth.

2.2 Sedimeninputinto the Firth ofThames

The FOTeceives most of its sediment from the Piako River and the Waihou River. The sediment type
coming from these rivers are fined grained terrestrial sediments that come from agricultural lands in
the Hauraki catchment which has an area 6B kn?. The sediment input into FOT creates a turbidity
gradient,with the most turbidwater in the southern area and the least turbid in the northern area
(McLeod et al., 2012Yhe Waihou River has been delivering sediment into FOT for 20,000 tesars,
Waihou and Piako Rivers delivercombined total of £90,000 t of sediment peyear (Hicks et al.,
2011)

Estuarine circulation traps the suspended sediment coming from the rivers inside th&waIEs et

al., 2007. As a result of sediment trappindet shoreline near the mouth of these rivers has been
prograding for the last 6,500 years and has a progradation rate ohher yearSwales et al., 2007)
Mangrovesstabilizesediments, enhancing mud accumulation, an expanding mangrove habitat at the
FOT and Waihou River may contribute to the progradation of the shoreline. The mangroves cover 11
km? of a forme intertidal mudflat, extending 1 km seaward of the shoreline that existed in 1Ba2.
Hauraki catchment was covered in podocdwgrdwood forests and freshwater marshes and
YEKALFGOSE FT2NBada 0STF2NB KdzYFya | NNAGSR® hy oS

Europeans arrived, there were huge amounts of deforestatiod gold mining and logging was
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common in the CoromandeDue to the land use changes arttetreduction in land cover in the

Hauraki catchmentsediment load into the FQicreased Swales et al., 2007)

The fine sediment input into the FOT creates negative impacts on organisms such adifipestn
musselswhich used to inhabit the FOT before dredge fishing from 1Pd&B removed theireef
habitat. Sinceghen, this speciesasstruggled to repopulate due to loss of habitat. The increase in
sediment has contributed to changes in sea floor type to being more muddy and degdaswater
quality. These environmental changdsave resulted in the mussels having slower growth rates and
poorer health conditions than mussels in other regions around New Zea(iuleod et al., 2012
Increase in sedimentation to the FOT rasoproduced large intertidal flats perfect fanangrove
habitat,and indeedmangroves have expanded rapidly in the FOT for the past 70 (¢arstman et

al., 2018) While mangroves do provide fish habitats and increase water quidléyresence of trees
promotes achangein the substrate from sandy to muddy which causes biodiversity loss as well as

changing of benthic communistructures(Horstman et al., 2018).

2.3 WaihouRiver andyeochemical processes

The Waihou river is 175 km long (Statistics New Zealand, 28@js fed by many tributaries from

the Kaimai ranges with a catchment area @717 knt (Waikato Regional Council, n.dThe Waihou
River begins in Poturu, where the stream is fed by ground water (Schueder et al., 2017)ivdre
starts small and water quality is good in the upper reach&eriver flows through mostly farmland
and wetland areas, angidens downstream, witimany small towns located near thizer (Figure2.1
andFigure2.2). The catchment consists of mainly pasture agdicultural (58% of total land usk)nd-

uses and some urban areas, including indigenous and planted f¢B¥¥s of total land usdh the
upper reaches of the rivdSchueder et al., 20).7Towns that are within the river catchment includes
Putruru, Te Aroha, Paeroa, Thames, Matamata, and Turua (Waikato Regional Coundhe iaver
drastically widens 10 km upstream from the mouth of the river and water quality decreases

downstream until the river eventualljows into Firth of Thames
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Figure2.2: Map of the entire Waihou Rivemap imagesourced from https://www.topomap.co.nz/

The estuary area of the river is also where the river is the deepest. The river is used for recreational
purposes such as fishing. Aquatic life such as Rainbow Trout and Whitebait can be fished during
Whitebait season from October to November at the moutt the river (Fish & Game

Auckland/Waikato, 2022). Whitebait are juvenile fish from 6 different species, also known as
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migratory galaxiidgDepartment of Conservation, n.d.). Other common aquatic species that can be

found in the Waihou Rivare eel, flounder,mullet, sharks,and snapper.

The water quality has been influencéy manyprocessessuchasuses ofsurroundingland and
activities including urban, farmland and goldmining. The gold rush during the 1860s and 70s resulted
in goldmine tailings entering the Waihouver which are potentially toxic to aquatic life. The
Ohinemuri river is a tributary that feeds into the Waihou River near Paeniing by product was
discharged straight into th&hinemuri, unrestrained from 187% the 19509Ahmed, 2019CIlement

et al., 2017 Webster, $95). Thedischar@s contained mercury cyanide, copper, zinc, manganese,
lead, and arsenic (Ahmed, 2019; Clement et al., 2081} built up along the channels as a result,
narrowing the river channel. Due the constricted channel, floods occurresjularly depositedmine

tailings into surrounding floodplains and farmland. In 1910 the government started a control
programme, reducing the use of the river as a sludge chadnalrge flood in 1907 deposited a layer

of yellowbrown mine tailings over théood plains, which contained high concentrations of metals
such as Lead (Pb), Arsenic (As), and Coppef@@ment et al., 2017By 1910 there was an estimated
2,200,000 Mg omine wastewithin the riverbed The heavy metals pose a moderate risk to aquatic
organisms, especially in the Ohinemuri River and near the Ohinemuri and Waihou confluence. The
metals are unlikely to be remobilised and transported all the way through to the FOT, unless there is

another barge flood such as the one that occurredl®07(Clement et al., 2017)

There are aquifers near the Waihou River such as aquifers TauvGmoga Sediments (21), Hinuera
Formation (25), Coromandel Volcanic (26), and Coromandel Sand (27) (GNS ScRi)dEidi0e
2.3).
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Figure2.3: Map of the North Island of New Zealand, displaying location of aquifers. Figure from GNS
Science, (221).

Many communities near the Waihou River rely on groundwater for their fresh water su(pipdy,
known boresin the vicinity are showrFigure2.4). Increased demand of this freshwater source,
especially over summer, poses a risk $altwater intrusion into the aquifers. The aquifers in the
Hauraki plains are recharged by rain fall on the Hauraki Plains (Waikato Regional Counci5e®23
level changes can cause changes in the positions of the-$adstvater interface in confined aquifers,
salt water can intrude intaquifersby lateral intrusion from the ocean, upward intrusion from deeper
saline zones ajroundwatersystems or by downwardntrusionfrom coastal waters such as estuaries

(Barlow & Reichard, 2009)
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Figure2.4: Bores located near the Waihou River (blue and white markers) retrieved on Jafiy@§28, from Wells

Aotearoa New Zealand (https://wellsnz.teurukahika.nz/wells/map).

2.4 Previous data sets and investigations

In this section we report results fromfour key studies exploring hydrodynamics, water quality,
sediment transport and morphology tfie Waihou River and surrounding floodplains. These studies
further underscore the knowledge andata gaps The report Climate changes, impacts and
implications to NZ, case study on Firth of Thames and Lower WaihoubpiMaBride et al.(2016),

aims were toimprove climate predictions, and understand and identify key steps, limitations,
responsesand options for mitigation. The report focusses on the lower Waihou River and the Firth of
Thames, using 3D hydrodynamic and sedimentation models as well as a mangrove cover model
(McBride et al., 2016). The studiiako and Waihou River estuarieDeltares, Waikato Regional
Councilpy Schueder et al(2017), is an observational study focussing on water quality in estuaries.
Both of the Waihou and Piako River esiea were experiencing water quality problems, including
high nutrients, low dissolved oxygen and botulisthe authors aimed to understand causes of these

issuedut foundthere was a lack of physicahemicaland biological data on these estuaries, such as
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density stratification, estuarine circulation and transport, primary production, and sediment transport
(Schueder et al., 2017). Therefore, the Waikato Regional Council looked to understand these
fundamentals to aid in future management efforts in imprayitne water quality. The report uses
previously published data sets on the estuayiesd continuous flow records from the Waikato
Regional Counc{5chueder et al., 2017Jhe thesisSedimentology and Hydrodynamic Trends in the
FMTZ of the Waihou Rivdly Ben Roche(2022) aimedto take quantitative measurement of sediment
deposits along the fluvial to marine transition zone (FMTZ) in the Waihou River, to lholwatud
deposition is influenced by the FMTZ, mixing, flocculation, flow speedra&.aims also included
investigating low the mud deposits are preserved in deep vs shallow channels, and the diversity of
mud facies across cross sections of the river. Roche wanted to discover if dynamically deposited mud
can be observed in a sedimentary systemd éinked to flow processes, and fifdse processesan be

used to constrain position of deposits along the FMTZ. Roche used oceanographic observations paired
with sedimentological data that was collected from the channel within the FMTZ (Rocl®, 262

thesis Distribution of mine waste along Waihou River Flood PlaiysTofeeq Ahmed(2020
investigatedfloodplain contamination due to mine wasthat entered theOhinemuriRver and Tui
Sream, which are tributaries of the Waihd@iver, during mining periods between 1895 and 1910 and

mapped metal concentrations in the Waihou river flood plain

2.4.1 Hydrodynamics

McBride et al(2016)used a 3D hydrodynamic and sediment model as well as a mangrove cover model
to investigate the consequences of climate changdhmnlower Waihou Rivemhese climate drivers
included the effects okea level riseincreases in wave height and storm surges, changes in air
temperature,rainfall,and drought frequency. In particular, in New Zealand the sea level is rising 2.14
+/- 0.47 mm per year (McBride et al., 2016), and wave height and storm surges are predicted to
increase by an aler of 1:5%.Based on BP8.5 (average of several climate models), the Waikato region
may experience an increase in average air temperaturetoup.3 °Cin the summer,a change in
average rain falby +3 % in summer and6%¢ in spring,anincreasen the occurrence dfiot days (Fax

> 25°C)from 23.6 daysyr currently to84 daysyr at the end of the centurya cecrease in cold nights
(Tmin<0°C) from 15.3 nightgr to 1.9 nightéyr at the end of the centuryand arincrease in dry days

(< Immprecipitation/day) by 510 days per yeaanincrease in 99 percentile rainfall by 80%,and
adecrease in 99percentile wind speed by-B%. Lastly, an increase in drought duration and intensity

by 2535% is also predicted (McBride et al., 2016).
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The modelling predicted thdbr sea levelises of1 m, the salinity in the Waihou River during flood
tide would extend 5 km further upstreanThe report concludes that the flow of the river does not
have mucheffect on the salinity intrusion, with the main driver being sea level ri®&eer flooding
modelling suggests that the Waihou River tidal limit would mokenGurther upstream with a 0.5 m
sea level risewhile a 1 m sea level rise suggests the tidal limit would move a further 3 km upstream
(McBrick et al., 2016).

Similarly a report by Schueder et al. (2018xploredtwo models that were built for regions that
include the Piako and Waihou Rivers. The first model is a 3D hydrodynamic model for the Firth of
Thames created by Knight and Beamsley (2013). The second mdidsussedn the water quality
section below. TheKnight and Beamsley modalsing aSemiimpilicit EuleriarLagrangian Finite
Element model code) was calibrated and found thaherallyperformed well but undespredicted

high tide and ovepredicted low tide The majority of the awrrent velocities were well predicteavith

the exception of a systematiender-predicion at around 1 m above the bedThe model did not
perform well interms of salinity predictions at the mouths of the Piako and Waihou Riweit$,
systematic ovepredictions of salinity whichlwere attributed to uncertainty with river discharge
boundary conditiongSchueder et al., 2017The report also noted a lack of observational data, in
particular, salinity, velocity profiles, and bathymetry for further upstream (Schueder et al., 2017).
More recent work by Roche (2BRshowed that for observations of av@eek duration, the salinity in

the lower estuary varied from marine to fresh over each tidal cycle, while7dtm upstream of the
mouth, the saline intrusion only reached this extentidgrspring tides and lower river flownls. terms

of velocities, peak flow speeds were seaward, with velocities decreasing landwards. Peak flow speeds
were highest during flood tides on the seaward side of the estuary (marine dominated) and were

fastest during ebb tides on the landward side of @sstuary (fluvially dominateqRoche, 202).

Roche (202) found that at13.8 km upriver from the moutttidal fluctuationswere 2.2-3.3m above
the bed, current velocities were-0.5 ms?, maximum valuesccured during storm water discharge
and the currents were influenced by the tides. &8 km upriver from the mouthtemperaturewas
16.2520.5°C, and salinityvas %9.1-9.8 PSUAt 6.4 km upriver from the mouthyater levelswere
2.33-2.55m above bed levekurrent velocities were @.6 ms?! and changed direction with the tidal
cycle outgoing speedsvere slightly faster than incoming speedst 2.7 kmupriver from the mouth,
water temperatureswere 16.8522 °C, warm water came from the FOT and coolefby 1°C)
temperatures from the fluvial watersalinity ranged from 0.80.5 PSUmaximum salinityvasduring
flood tides current velocities were @.8 ms?, andspeeds were faster during flood and slower during
ebb. At the river mouth, water leve$ were2.3-3.7 m, current velocitiesvere 0-0.6 ms?, andflood

current velocities were greater than ebb current velocities.
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2.4.2 Water qualityand contaminants

A study bySchueder et a(2017) used observations to examine water quality in the Piako and Waihou

River estuaries from 2002015.
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Figure2.5: Figure from Schuedet al. (2017), showing measurementssafinity, turbidity, total
inorganic nitrogenTN), andalgal pigment of the Waihou River estuary taken by Bill Vant 2011.
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Figure2.6: Figure from Schueder et al. (2017), showing dissolved oxygen measurements taken from

sites along the Waihou River estuary by Franklin & Smith (2014).

Thereport by Schuder et al. (2017), noted that in an early s#¢tmeasurements by Bill Vant, in 2609

2010, turbidity and algae content weffeund to beconcentrated in the maximum turbidity zone.
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Moreover, there weresignificantly low dissolved oxygen levels in sites near Turua and Warf Road
while, the upstream reachedisplayedhigh dissolved oxygerfhese data were supplemented by
measurements ofhe dissolved oxygen in the river in 200y Franklin and Smithirheauthorsfound

that dissolved oxygen levels were exceptionally low within the ETM (estuarine turbidity maximum),
and thatdissolved oxygen levels were lower during hightide compared to low tide. Average dissolved
oxygenwas continuously low throughout the summer months, even during low tide. During high
discharge events, thenwasan increase in dissolved oxygen, with a dilution in turbidity and algae, and
a decrease in temperaturavith these changes attributedlie to the mountainous environment within

the catchment, as well as the groundwater input into the riv@chueder et al., 201 Msually, tidal
ranges and tidal lengths influence the intensity of the ETM in an estuary, with long tidal ranges having
increased residence times, and larger tidal ranges reducing residence times in th&htis.could

be expected thathe Waihou River estuamyould have a weak ETM due to its short tidal length and
mesactide; however, in contrastthe reports results indicate that the ETM has low dissolved oxygen
levels, lowetthan ecologically acceptable saturations and turbidity levels over 800 NTU (Schueder et
al., 2017)Numerical modelling using WFDBexplorer model for the Hauraki Plaings conductedby
Weeber et al(2016).The resultgpredicted TN (total nitrogen) and TP (total phosphorus) loadkk,
reasonablyhigh degrees of similarity between predicted and water quality measuremeiasever,
Schueder et al. (2017) concluded that therhbdelwasnot suitable for predicting transport of water
guality constituents irthe estualy owing to the 3D nature of the flows and stratificatidioreover,

their report again emphasized that there was insufficient data to provide a more comprehensive

understanding of the estuarine system.

Ahmed(2020)investigated nme wastewithin the Waihou catchmentThe waste included metals such

as Cu, Zn, Mn, Pb, and As amderedtributaries (designated as sludge channeatéthe Waihouwriver

from 18951910 Floods washed these metabntaminantsinto surrounding farmland destroying
crops and grass paddocks, as well as destroying fish stocks down shiearaver,Ahmed(2020)
reported minimum migration downstream to the Firth of Thames as the contaminants are reduced in
the downstream flood plains.HE highly contaminated areasmainedclose to the initial sites, such

as no further tharPaeroanear the Ohinemuri river, and the output of the Tui Stream near Te Aroha
(Ahmed, 2020)Another study on heavy metal contaminants from the goldmining eraNwsbster,
(1995)collected measurements and samples in the Waihou River and tributariegestigate trace
metal contamination and transportatioWebster(1955)found that trace metals were transported
within the Waihou catchment in dissolved and particulate form. In the Ohinemuri River and Tui
Stream, trace metals wer&ransported as dissolved metal ions and complexes or as bound to

sediments.Cu, Pb, As, and Zn concentrations in sedimentshayieer in the tributaries than in the
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estuary. Mn and Cr found in the estuary is not derived from the tributafies.metals measured were
detected within theestuary, flocculation of the suspended sediments occurred due to higher pH and
salinity in the sea water than the fresh watdeaving little dissolved Fe and Mn in solutidn the

lower estuaryit wasfound that Fe, Pb, and Zn entirely and Mysand Cupartiallybound to suspended
sediments, and as the sediments flatate (aggregatednd settle to the estuary floor, the trace metal
concentration in the bed sediments increases. Therefore, most of the metals that are transported to
the estuaryremain trapped unless removed by transport of sediments out ofaseary(Webster,
1995)

2.4.3 Sediment transport and mdrplogy

McBride et al(2016 climate changgredictions for sediment transport discharging from the Waihou
River into the Firth of Thames indicate that the sediment plume stays near the mouth of the river
during calm weather, but when there are high winds, there is a greater dispersion of the sgdime

plume.

Roche (202) found that at13.8 km upriver from the mouth,uspended sediment concentrations
(SSC) were above the maximum limit of detection (5 gut reduced to 0.4 giduring the ebb tide.

The proportion of mud was greatest on the eastern bank and sand dominated the western bank. Mean
mud proportion was 44.65%Roche, 202). At 9.8 km upriver from the mouthhe mud proportion

was greatest in the mid channel bar and the base of the channel was sand dominated, the mean
proportion of mud was 47.87%Roche, 202). At 6.4 km upriver from the moutt5SC asbetween

14 and 0.5 gLreducing at the end of the flood tide. The mud proportion was greatest along channel
margins andthe western bank, while the channel base was sand dominated. The mean mud
proportion was 50.48%Roche, 202). At 2.7 km upriver from the moutt§SC exceeded measurable
values (greater than 3 .7 gland decreased to less than 0.1'gthen velocity was zero. The eastern
channel margin had the greatest proportion of mud, most of the channel base was sand dominated.
The mean proportion of mud was 36.49Roche, 202). At theriver mouth SSC exceeded maximum
values (greater than 18.6 gLbut wasmore conmon to peak around 13 ¢L.SSC decreased to 0.6 gL
twhen flow velocity was 0. The mud proportion was greatest along the southwestern channel margin,
and most of the channel base was sand dominated. The mean proportion of mud was 34.93% (Roche,

2022).

Roche discussed thaery large SSCs were observed up to 18 filid mud was observed during slack
tides. Peak mud content was found in the middle of the study area, the main mud type being thick

structure less mud, resulting from fluid mud deposition. The distribution of the muds was linked to
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hydrodynamic processes, with muds being poorly preserved in the deepest parts of the channels.
Mixing of water types at theipper estuarycontrols the flocculation of sedimentand that wasthe
main driver for sediment depositioni the lower estuary, sediment accumulation is limited by fast

current velocitie§Roche, 202).
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Chapter 3. Methodology: field measurements and

numerical nodel set up

3.1 Fieldmeasurements

Field measurements were takehring five vessel surveps the Waihou RiveiTable3.1, Figure3.1).
Surveys were taken across different tidal stages. Surveys 1 and 4 were taken during the end of the
flood tide and start of the ebb tide. For surveys 2 andh@asurements were taken on the incoming
tide, whilefor survey5, measurements were taken on the outgoing tide. For the measurements on
the incoming tide, a handheld sensor was first used at each position to verify that the progression of
the saltwater upstream was captured. The survstarted from the river mouth and a vertical profile
was taken at pproximately every 500 m, for 12 km upstream, to cover the furthest landwards
point of the salt intrusion at high tidé=ollowirg the change to ebb tidea few further measurements
were taken following the tide back towards the river mouth. e measurements taken during the
out-going tice, a similar process was followed, measurements were taken while travelling upstream
every 500 m, starting 6,000m upstream from the mouth of the river, and then once the limit of the
salt intrusion was reached, measunents were also taken while travelling back downstreahime
vertical profileswere taken with aSeabird SBE 19plus V2 SeaCaAnductivityTemperatureDepth
(CTD)Profiler, which measuredconductivity, temperature and pressure at 4 Hz sampling rat&
Campbell scientifi©BS3+ (Optical Backscatter Sensor) was attached tetCTD cag® measure
turbidity at the same sampling rateAn YSExoSond&vas alsanounted on the same cage #we CTD.

The ExoSonde measured conductivity, temperature, dissolved oxygechlpkbphylta andturbidity

at4 Hz.The instruments were lowered slowly into the watard held at the surface for a minute to

flush the CTD pump. The profilers weinen steadilylowereduntil they reached theaiverbed In-situ

water samples were also taken through a tube attached at the same vertical position as the OBS.

Locations of the casts were provided by GPS.

The insitu water samples were used to calibrate the OBS sensor to provide estimates of suspended
sedimentconcentrations.Samples werefiltered through prerinsed, dried and weighed ierofibre
glassfilters papers at 47 mm diameteFEilters were subsequently dried (overnight at 30% and
weighed to provide SSC in magfor comparison with OBS values. Calibration results are shown in the
appendix(Figure Al and Figure A2) noting that in all cases thdits of the calibration curves were

excellent (R>0.99.
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3.2 Data processing and analysis

A digitised path along the centre of the river was creatad>oogle Earthand each cast location was
mapped to the closest point on this centre path, to provide an alowey position, where 0
corresponded to the river mouth. Negative values for distance indicated locations in the main FOT,

while positive values indicated dBsices upriver.

The profilers were continuously recording measurements while in the water colDatia processing

for both CTD and ExoSonde da¢gnoved upcasts so only the downcast was retairiedta points
near the surfacedepths<1m) were removedas less than 1 m depth is where the CTD was held for
pump flushing. Similarly, data points from cases where the profiler was clearly submerged into the
bottom sediments were removed. Variables were thgearly interpolated to a regular grid at 5 cm
depth increments. Conditivity was converted to salinignd density was calculated usitige TEOS

10 toolbox(McDougall & Barker, 2011)

Figure3.1 shows the locations and times of all casts for the five surveys (white circles). While multiple
casts were occasionally taken at some sites, the sites were approximately 500 m apart. The furthest
distance upstream was around 13,000 m from the river montBanuary 2023gure3.1). The tidal

predictionswere taken froma location close tdurua.
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Table3.1: Times and dates for each field visit, including UTC time and tidal stage.

Survey measurementtime  Tidal stage Distance covered (m)
(NZ local time)

Number of

casts taken

1 19/09/22 End of flood to 0-10,000 24
12:10- 15:40 start ofebb
2 19/12/22 Incoming flood 0-8,000 27
11:20¢ 17:00 (DST,
3 18/01/23 Incoming flood 0-13,000 33
10:5517:15 (DST)
4 13/03/23 End of flood to 4,00010,000 Upriver 19
10:50¢ 14:10 (DST, start of ebb 10,0006,500 Downriver
5 27/04/23 Outgoing ebb 6,00010,000 Upriver 32
12:05-16:55 10,0004,000 Downriver
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As shownn Figure3.2, during the September field trip, casts were taken going upstream following

the flood tide, then at about @00m upstream casts were taken at the same place as the tide turned,

then a few casts were taken down stream following the ebb tide, with another cast taken near Kopu

Bridge at about #00m. During the December and January field trips, casts were taken only going

upstream with the flooding tide. During the March field trip, measurements were taken going up

stream, starting from Kopu Bridge, until reaching almost 10,000 m upstream, beltreving the

ebbing tide back downstream to about 6,700 m from theuth of the river. During the April field trip,
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casts were taken going up stream fron®@0 to 10,000 m upstreaniefore following the ebb tide

downstream taken casts from 10,000 m to aboi@@Dm upstreamof the mouthnear Kopu Bridge.

3.3 Numerical modellinaqniroduction

A hydrodynamic model using the Delft 3D FLOW software packagerovided by Dr Stephen Hunt
from the Waikato Regional Councilhe modding suite is capable of numerically modelling three
dimensional flows in water bodies such as estuaries, coastal areas, rivers andAldégnally,
modules can be used to simulate waves, sediment transport, water quality, and ecology. The model
of the Waihou uses the FLOW module, which is based on the full N&takes equations with the

shallow water approximatioapplied(Deltares systems, 2017b).

The model simulate flows and water levelsy the Waihou River from Te Aroha into the Firth of
Thamesand the lower FirthThe modelwvas developed in order to aid with monitoring of the Waihou
River. The model was initially calibrated in twbhmensions for predictions of water depths and
velocities. One of the aims of the present work was to test how well the model performed when layers

in the vertical were introduced.

3.4 Model set up

The grid and depth files were created by Dr Stephen Hunt from the Waikato Regional Council and are
shown inFigure3.3. The model uses a cartesian grid with grid cell sizes ranging from approximately
270 mby 290 min the LowerFirth of Thames, t@51m by 118 mnearthe rivermouth, to 10 m by 2

m in the upper riverThe model was set to a latitude &7.3. There were P91 grid cells in the M
direction, and 38 grid cells in the-direction, and covered a region of around 77 km in the longitude
and 23 km in the latitude. The model was changed to contain 10 sligyeas in the vertical, and the

thickness of each layer \8d. 0 % of the total water depth.
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Figure3.3: Set up of the Delft3D numerical model showing the (a) hydrodynamic grid (¢
observation points (redlable Al), and open boundaries (blue), and (b) bathymetry (relative to r

tide level).The insert in panel (a) shows a clageview of the grid near Turua.

Flows were forced at two open boundaridsiqure3.3): by time series of water levels taken from

Waikato Regional Council monitoring stationsTat Aroha and Firth of ThaméEararu). The tidal

boundary salinity was set t82 PSUwhile the river output was set to fresh water (salinity = 0).

Temperatures were set throughout the model to a uniform value (in space and time}©f Wodels
corresponded to each of the field surveys. Forcing was applied! fdays before the date of
measuremento allow aspin up periogdto 12 hours after lhe time of the lastmeasurementn the
survey(Table3.2). The time step for all of the model runs were 0.681n. The initial conditions were
water levels and salinity at 0 m andP®U respectively for all points in the model and ar@ihute

smoothing period was applied. For the spip period, model output was stored at @0inute intervals
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for the full domain, and at Xénin intervals for defined observation points (shownRigure3.3). For

24 hours of simulated time, model output was stored anbute intervals for both the full domain

and observation points.

Table3.2: Model simulations includingtart and end times. Changed parameters are horizontal eddy

viscosity (HEV), and horizontal eddy diffusivity (HED).

Model Note NZST Start NZSTEnd  HEV(mZs!) HEDm2.s?)
1 Original 2D 15/04/2015 0:00 29/04/2015 0:00 1 10
2 Original 3D 15/04/2015 0:00 22/04/2015 0:00 1 10
3 Survey 1 16/09/2022 0:00 20/09/2022 4:00 1 10
4 Survey 2 16/12/2022 0:00 20/12/2022 5:00 1 10
5 Survey 3 15/01/2023 0:00 19/01/2023 6:00 1 10
6 Survey 4 10/03/2023 0:00 14/03/2023 3:00 1 10
7 Survey 5 24/04/2023 0:00 28/04/2023 5:00 1 10
8 Survey 1 changec 19/09/2022 0:00 20/09/2022 0:00 0.1 10
9 Survey 1 changec 19/09/2022 0:00 20/09/2022 0:00 1 1
10 Survey 1 changec 19/09/2022 0:00 20/09/2022 0:00 0.1 1
11 Survey 1 changec 19/09/2022 0:00 20/09/2022 0:00 1 0.1
12 Survey 2 changec 19/12/2022 0:00 20/12/2022 0:00 1 0.1
13 Surveyd changed 13/03/2023 0:00 14/03/2023 0:00 1 1

The model used BMannin bottom roughness parameterisation with Manning coefficients of 0.03 and
0.02 m*3.s in the x and y directions, respectivedyfreeslip condition was applied and gravitational
acceleration was set 19.81 ms?2. The ackground horizontaéddyviscositywas set to a uniform value

of 1 n?.s?, andthe backgrounchorizontal eddy diffusivity set at 103t for the initial model runs
(noting that thehorizontal eddy diffusivity was later changed to 0.is#). The kackground vertical
viscosityanddiffusivities weresetto 0 m?.s*. A cycliadvection scheme for momentum@nd transport
coupled with a horizontalorester fiter were applied(Lesser et al., 2004A k-e turbulence closure

scheme was applied.
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Chapter 4. Results

4.1 Fieldobservationstidal and flow conditions during surveys

The tidal cycle is a mixed sediurnal tide due to the midatitude location of the sitewith a strong
monthly and springneap cycleFigure4.1 shows when the fieldurveyswere undertakenrelative to
thetidal cycle The September field viggurvey 1wasnotablytaken during dow neap tide,survey 4
(March) was taken during a small spring tide, wkiile other surveyswvere takenacross the spring
neap cycleSimilarly Figure4.2 shows the survey time relation to the flow and level of the Waihou
River from two different monitoring stations (locations are showfigure2.1). The Te Aroha station
is farfrom the river mouth and river flows (panel a) and the water level (panel b) at this location are
not influenced by the tideThe Puke Bridge statiamly records the river level, and is influeidey
tidal changes as it is further downstream than Te Aro8arveys 1, 4 and 5 (September, March, and
April) were taken during retavely low flows, while the measurements taken duringurvey 2
(Decembef were taken just after a relatively high flomnd survey 3Januarywas takenjust after a

relatively high iow event as the river had settled back to a cleseaverage flow

Elevation (m)

2 N

- [&)] N 6)]
T | I I
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w
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Figure4.1: Tidal elevation from September 2022 to May 2023. Red markers indicate the days that
measurements were taken at Waihou River. Tide predictions taken from LatB7d216, Longitude

175.565 between Kopu Bridge and Turua, by NIWA www.tides.owa.c
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Shorterterm flow conditions for the different surveys are shownhigures4.3to 4.7. For survey 1

the river flow recorded ifTe Aroha during the timef measurements was between 37.%.81 and

37.5 nt.s? (Figure4.3). The average flow for the day was 38.23h The water level recorded at Te
Aroha was between 7.92 m and 7.90 m and at Puke bridge the river level was between 0.48 m and
1.58 m for the duration of the surve$urvey 2Figured.4) was taken during stronger flows (between

83.5 n¥.s' and 79.4 m.s? recorded in Te Aroha with a mean flow of 83.8.%) and higher water

levels (between 9.70 m and 9.57 m and frdnb m and 1.9 m, for Te Aroha and Puke bridge,
respectively)Conditions during survey(&igure4.5) were similar to those during the first survelye

river flowsrecorded in Te Arohaere between 38.8 mis*and 38.1 M.s* (mean flow o0f41.2 n?¥.s?).

The watedevek were between 7.93 m and 7.89 m aetween0.63 m and 1.69 rfor Te Aroha and
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Puke Bridge, respectivelfor the duration of the surveyFor surveys 4 and Figures 4.6 and 4.7)
mean flows at Te Aroha were 33.2.8t and 32.3 m.s?, respectively, with peak water levels around

7.55 m at Te Aroha and 1.94 m (survey 4) and 1.48 m (survey 5) at Puke Bridge.
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4.2 Fieldobservationsdensity structure and salhtrusion

In this section, we report the kenesults from each survey, with particular emphasis on identifying

maximum extent of the salt intrusion and if a salt wedge is present.

4.2.1 Survey 1 (September 2022)

As the flood tide propagated upstream, the water column was stably stratified and predominantly
well-mixed Figure4.8), with maximum salinity, temperature and density differences between surface
and nearbed 0of3.32PSUQ.5°C, and2.6 kg.n1, respectively. The maximum salinity observed from
each cast is shown Figure4.9. From this figure we can estimate the approximate distances upstream
reached by varying salinity leve®) PSUeached 4.76 km upstream from the river mouth. R8Lbf
salinity reached 7.45 km upstream,PSUreached 8.51. The furthest measurement upstream was

taken at9.34 km upstreamandshowed a salinity value of 3.2 PSU close to the bed
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Figure4.8: Lefthand column: Profiles of (a) temperature, (c) salinity, (e) density, as a function of
distance along the river from survdy(September 202R Righthand column: Differences from the
nearsurface value (taken from the highest measurementvater column) of (b) temperature, (d)

salinity, and (f) density.
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Figure4.9: Observed salinity maximum (psu) measured at each CTD cast location for Survey 1

(September 2022). The background image is a Google Earth satellite image.

Observed salinities werat least25 PSlklose to the river mouth (distances 0fto 3500 m), density

was at least 1,02@g.n1%, and temperature at 15%, and around 10 to 25 PS@,002-1,005 kg.m?,
14.8155°Caround 3,500 m to 7500mupriver from the mouth. For distances beyond 7,500 m, all
observed salinity values were less than 10 P&nsity values were less than002 kg.nm® and
temperature values less than 184G The patterns indensity closely reflect those observed in the
salinity profiles, thus indicating that (as expected) the salinity was the primary control on the density

structure, with temperatureplaying a much smaller dynamical role.
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At the maximum distance upstream close to high tide, four casts were taken in the same location over
a period of time of an hour, as the tide was turning and showed a gradual decrease in Jailuitg (
4.10a). The profiles change slowly over time as the direction of the tide reverses. As time progresses,
there is a thinning and freshening of the salt intrusion at the bottom of the water column. depicting

the tide moving back down the river.
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Figure4.10: Salinity profiles for casts taken in the same location ~9,380m upstream from the river
mouth (a) and casts taken while travelling downstream (b), measurements taken on September 19th
2022.

The plotshown inFigure4.10b shows casts taken while travelling downstreduaring the start of the

ebb tide starting from9,371 m upstream down to 4,013 m upstream from the river moiithe ast

at 9,371 mshows a slight halocline as the difference in salinity is sthallcastat 8,282 mshows a
slightly more exaggerated halocline relativetibe castat 4,013 m andthe castat 4,013 mshows an
evenmore exaggerated halocline, althougbverall salinities aréarger (~20 PSUWear the surfack

The density profiles follow a very similar pattern to that of the salinity profiles, with observed densities
rangingfrom 1,001 to 1002 kg.n® at the furthest point upstream, and,@00-1,020 kg.n for casts

taken while travelling downstream.
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Figure4.11: Suspended sediment concentration profiles of casts taken on September 19th, 2022.

In general, suspended sediment concentrations throughout the water column were arourdi0200
mg.L?, and decreased with distance upriver (and time/tidal stage). Most profiles exhibited some depth
variability with greater sediment concentrations near the seafloor. Maximum observed
concentrations over the survey were around 1,400 mgwvthich werenearbed values closer to the

river mouth.
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Figure4.12: Suspended sediment concentration calculated from voltage 1 for casts taken in the
same location ~9,380 m upstream from the river mouth (a), and casts taken while travelling

downstream (b).

The profiles showiin for Figure4.12a show casts taken in the same location at the furthest point
upstream as the tide was turning from flood to ebb tide. There is very little difference between the
profiles, withconcentrations in the majority of the water column of around8Dmg L. The plot in
Figured.12b showsprofilesthat were taken while travelling downstream, as the tide was flowing back
out of the estuaryWhile overall sediment concentrations are relatively small, there is an observable

decrease in concentrations with distance downstream (noting that observations also change in time).

The ExoSondeneasurementstaken during survey 1 are shown Figure 4.13, which includes
measurements of pH, chlorophyll, fluorescent dissolved organic md@R€»M) and dissolved oxygen
(DO) Observed pH and chlorophyll was greater within the salinity intrusion, than in fresh water.
ConverselyfDOM wassmallerwithin the salinity intrusion than the fresh water. Observed DO was
very high during the surveyifferences between the surface and near bed were approximately 0.2,
15>g.L%, 0.5 RFU, and 3 % for pH, chlorophyll, fDOM, and DO respeckigiyed.13).
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Figure4.13: Lefthand column: Profiles of (gH, (c)chlorophyll (e)fluorescentdissolvedorganic
matter (fDOM) (g) dissolved oxygeams a function of distance along the river from surtégeptember
2022. Righthand column: Differences from the neanrface value (taken from the highest

measurement irwater column) of (b) pH, (d) chlorophyll, (f) fDOM, and (h) dissolved oxygen.

4.2.2 Survey 2[0ecembeR022)

In December, the survey followed the salt intrusion moving upstream on the incoming tide. On this
occasion, in the majority of locations, sevdfalo to four)casts were taken at the same point. Profiles

of temperature, salinity and density are shownRigure4.14, with maximum differences between
surface and the neabed 0f13.7PSU1.6°C, andL0.6kg.m? respectively In this case, a much stronger
halocline was present with almoftshwater at the surface of the water column to salt water at the
bottom, thus implying a more clearly defined salt wedgepeatcasts from the same location are
shown inFigure4.16. The Salinity intrusion can be seen in the profiles in each That first couple of
casts have relativelpw levels of salinity, while the last cast shows greater salinitiesricrease o8

PSU over 20 minuteend more exaggerated haloclines.
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However, the intrusion did not reach as far upstrea® in the first surveyFigure4.15 shows
maximum salinity for each cast measured during the December field visit and shows how far the
salinity travelled into the estuary during high tid) PSUeached 4.53 km upstream from the mouth

of the river. 5PSUreached 6.19 km upstream,ASUWreached 7.25 km and ORSUreached 7.76 km

upstream, which is the furthest measurement upstreéfigure4.15).
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Figure4.14: Lefthand column: Profiles of (a) temperature, (c) salinity, (e) density, as a function of
distance along the river from survéy(December2022). Righthand column: Differences from the
nearsurface value (taken from the highest measurementater column) of (b) temperature, (d)

salinity, and (f) density.
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Figure4.15: Points of maximum salinity measured at each site at the Waihou River, on a satellite

image from Google Earth, for the December run.

Close to theriver mouth (distances of 0 to 1,000 mpserved salinities were at least 15 Radd
observed densities werg@10kg.m?, while for distances of 1,000 to 6,500 m upriver from the mouth,
salinities and densities covered range$df5 PSland 1,000-1,010kg.nT, respectivelyFor distances
beyond7,000 m salinityvalues werebelow 5 PSland density valuesere below 1,000kg.n®. The
first 8 casts showvgignificant stratification (0 to 4,000 myoim 4,500 m to @00m, theprofiles are
presented asnixed, both salinity and density values present thifie observed temperature values
vary, from distances of 0 to 4,000 upriver from the mouth, temperature varies from-22°C with
lower temperature at the surfacerom 4,000 to 6,000 m, temperature varies from-22°C with
higher temperatures at the surface, beyond 6,00@emperature varies from 21-:82.5°C, there is no

clear pattern regarding temperature.
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Figured4.16: Salinity profiles for casts takentime same location (a)-50m, (b) 870 m, (c) 1,960 m,

(d) 3,630 m, (e) 4,545 m, (f) 5,680 m, (g) 7,270 m.
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The plots inFigure4.16 depictprofiles ofcasts that were taken in the same location as the tide was
coming into the riverin majority of the locationgthe first couple of casts have low levels of salinity,
while the last cast has increased levels of salinity relative to the first couple of thstprofiles show
the salinity gradually increasing atichsite, and the profiles gradually present more exaggerated
haloclines.The density profiles for the same casts as those showfigare4.16 follow the same
patterns as the salinity profiles. Observed densities for plots a, b, and ¢ range,H0&11010kg.m

3, 9991,005kg.m?® for plots d and f, 000-1,007kg.n for plot e and 99899.5kg.n® for plot g.

0 | 5000
Tr 1 4000
27 i <
E 3000 6‘:
5 3 | | é

Q.

o O

8 e 2000 @
4t 4 %)
5l . | 1000
6 | | | | O

0 1000 2000 3000 4000 5000 6000 7000 8000
Distance (m)

Figured.17: Suspended sediment concentration for casts taken on December 19th 2022.

Figure4.17 shows the suspended sediment concentrations observed in the profiles of the basts.
general, suspendedsediment concentratiors throughout the water column were around®-1,000
mg.L, and decreased with distance up river. Most profiles exhibdegth-variability, with greater
sediment concentrations near the beNotably, maximumobservedconcentrations observed were
around 9000 mg £ in the rear-bed valueswhich is close to the nominal value for the presence of

fluid mud
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Figure4.18: Suspended sediment concentration for casts taken in the same locatiorbQah;-(b)

870 m, (c) 1,960 m, (d) 3,630 m, () 4,545 m, (f) 5,680 m, (g) 7,270 m.

The plots irFigured4.18depict casprofilesthat were taken in the same location as the tide was coming

into the river. As the coastal water intruded further upstream, suspended sediment concentrations
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also increasedIt can be seen in majority of the plots fiigure4.18, that the bottom of the water

column hadgreaterSSC than the rest of the water column.

The ExoSondeneasurementstaken during survey 2 are shown Figure 4.19, which includes
measurements of pH, chlorophyll, fluorescent dissolved organic matter (fDOM), and dissolved oxygen
(DO).Observed pH ranged from 6 to @bserved chlorophyll was greater within the salt wedge near
the bed, than in fresh wateConverselyfDOM wassmallerwithin the salt wedge near the bed than

the fresh water. Observed D@nged from approximately 580% Differences between the surface

and near bed were approximately2, 10 >g.Lt, 3 RFU, and % for pH, chlorophyll, fDOM, and DO
respectively Figure4.19).
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Figure4.19: Lefthand column: Profiles of (g@H, (c)chlorophyll (e)fluorescentdissolvedorganic
matter (fDOM) (g) dissolved oxygeas a function of distance along the river from sur¢pecember
2022. Righthand column: Differences from the nesawrface value (taken from the highest

measurement irwater column) of (b) pH, (d) chlorophyll, (f) fDOM, and (h) dissolved oxygen.
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4.2.3 Survey 3January2023)

In January, the survey again followed the salt intrusion moving upstream on the incoming tide. Several
casts were taken at the same point in a number of locations. Profiles of temperature, salinity and
density are shown ifrigure4.20, with maximum differences between surface and the nbad of
18.15PSU.23C, andl13.52kg.nT® respectively. In this case, a strong halocline was present in the
lower estuary, while the middle to upper estuary had less defined stratification. Repeat casts are
shown inFigure4.22. The salinity intrusions can be seen in the profiles in each plot, as the later casts
have higher levels of salinity than the earlier ca3tsese field results showed the salinity intrusion
penetrating further than the rest of the field resultsigure4.21 shows maximum salinity for each cast
measured during the January field visit and shows how far the salinity travelled into the estuary during
high tide.10 PSUreaches 7.38 km upstream from the mouth of the rivef?SUreaches 8.88 km
upstream, IPSUeaches 11.87 kmpstream,and 0.1PSUeaches 12.53 km upstream with that being

the furthest measurement upstream.
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Figure4.20: Lefthand column: Profiles of (a) temperature, (c) salinity, (€) density, as a function of
distance along the river from survey 3 (January 2023). Rigindl column: Differences from the near
surface value (taken from the highest measurememwater column) of (b) temperature, (d) salinity,
and (f) density.
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Figure4.21: Points of maximum salinity measured at each site at the Waihou River, on a satellite

image from Google Earth, for the January run.

Observed salinities were lower during the January visit compared to other field visits. Near the river
mouth to distances up t0,200 m upriver from the mouth, salinities of at least 15 R®U densities

of at least 1,01Xg.m?® were observed5-10 PStand 1,004kg.nm?® from 2,000 to 1000 m upriver

from the mouth, for distancesdyond 11,000n salinities were below 5 PSlud observed density was
lower than 1,00%kg.nT3. Observed temperatures from 0 to 4,080 from the river mouth are around

20.821.£4C, fom 4,000 m onwards, temperature is around 222 2°C.
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Figure4.22: Salinity profiles for casts taken in the same location (a) 100 m, (b) 300 m, (c) 1,970 m, (d)
2,965m, (e},058 m, (f) 4,550 m, (g) 7,260 m, (h) 11,570 m.
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The plots irFigure4.22 depict casts that were taken in the same location as the tide was coming into
the river. The profiles show the salinity gradually increasing at the site, and the profiles gradually
present more exaggerated haloclind$e profilesn Figure4.22a show similar salinity,rad inFigure

4.22d the profile at 12:5&hows less of a salt wedge and more of a mixed watemwolcompared to

the profile at 12:28wvhich shows a significant halocline, although at low saliflibese patterns are

again reflected in the density profiles.
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Figure4.23: Suspended sediment concentration for casts taken on January 18th 2023.

Figure 4.23 shows the suspended sediment concentrationin. general, suspended sediment
concentrations throughout the water column were arouné@0 mg £, and decreased with distance
upriver. Majority of the profiles showed depthariability with greater sediment concentrations near

the bed, up to maximum observed values 8@ mg L.
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Figured.24: Suspended sediment concentrations for casts taken in the same location (a) 100 m, (b)

300 m, (c) 1,970 m, (d),IB5m, () 4,058 m, (f) 4,550 m, (g) 7,260 m, (h) 11,570 m.

The plots irFigure4.24 depict casts that were taken in the same location as the tide was coming into

the river. Most of the plots show the SSC increasing, as the tide was coming in. The plots also show
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that SSC tends to be of higher concentration at the bottom of the water column than the surface
which is true for all profiles besidésose shown irFigure4.24a andFigured.24b, which have a lower
SSC at the bottom of the profile than the surface. The difference however is very small and therefore

likelyinsignificant.

The ExoSondeneasurementstaken during survey 3 are shown Figure 4.25, which includes
measurements of pH, chlorophyll, fluorescent dissolved organic matter (fDOM), and dissolved oxygen
(DO). Observed pH was decreased near the rivé, 00 m) mouth compared to further upstream
(4,00012,000 m)Chlorophyll was greater within the salinity intrusion particularly near the bed, than

in fresh water.ConverselyfDOM wassmallerwithin the salinity intrusion near the bed, than the

fresh water. Observed DO ranged from&W for majority of the estuary, at 6,000 m from the river
mouth DO was >80% near the surfad@fferences between the surface and near bed were
approximately 0.2, 5g.L%, 1.5 RFU, and 2.5 % for pH, chlorophyll, fDOM, and DO respedfixglye(

4.13).
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Figure4.25: Lefthand column: Profiles of (gH, (c)chlorophyll (e)fluorescentdissolvedorganic
matter (fDOM) (g) dissolved oxygeas a function of distance along the river from sur@dyanuary
2023. Righthand column: Differences from the neanrface value (taken from the highest

measurement irwater column) of (b) pH, (d) chlorophyll, (f) fDOM, and (h) dissolved oxygen.

4.2.4 Survey 4NJarch2023)

The March survey was focussed on measurements around high tide, 1®itlasts taken on the
incoming tide, andsevencasts subsequently taken on the ebb tidéwo casts were taken at the
maximum distance travelled upstream during the March survey, as the flood tide transitioned into an

ebbing tide.

Profiles of temperature, salinity and density are showrFigures 4.26 and 4.27, with maximum
differencesduring the upstream measurementetween surface and nedred of1.36PSUQ.1°C, and
1 kg.n® respectively and during the downstream measurements, the differences we&S8 PSU,
0.02C, and2 kg.nt. In this case,he majority of the profiles of the water column during the march
measurements show the estuary as mixeith small differences between the nebpttom and near

surface salinitieas previously mentioned.
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Figure4.28 shows maximum salinity for each cast measured during the March survey and shows how
far the salinity travelled into the estuary during high tid€d PSUeached 5.35 km upstream from the
river mouth 5PSUWeached 8.74 knupstream,and 1PSUeached 9.85 km upstream with that being

the furthest measurement upstream.
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Figure4.26: Lefthand column: Profiles of (a) temperature, (c) salinity, (e) density, as a function of
distance along the river from survey (March 2023) upriver measurementsRighthand column:
Differences from the neasurface value (taken from the highest measurememviter column) of (b)

temperature, (d) salinity, and (f) density.
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Figure4.27: Lefthand column: Profiles of (a) temperature, (c) salinity, (e) density, as a function of
distance along the river from survey(March 2023)downriver measurementsRighthand column:
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65



-37.14

-37.16

-37.18

_— —_~~
-?;") v, . 7
= &
S =
= =
£ =
§ 3722 3

-37.24

-37.26

-37.28
175.52 175.54 175.56 175.58 175.6 175.62 175.64

Longitude (deg)

Figure4.28: Points of maximum salinity measured at each site at the Waihou River, on a satellite

image from Google Earth, for the March run.

For measurements taken during the upstream section of the sunlmerged salinities from distances
of 4,000 to 5,500 m from the river mou#ire around 1612 PSUobserved densities were ~1,08@.n1

3 and observed temperatures were 260G around 510 PSUJ1,0041,006kg.m® and 20.2205°C at
5,500 to 9000m upstream from the river mouth. Beyor®&000m, observed salinities are less th&n
PSU observed densities gradually decrease from 1,04 and observed temperatures were less
than 20.2C. For neasurements taken during the downstream section of the sunayserved
salinities from 6,500 t&,000m upriver from the mouth is up to 7 PSabserved densities are up to
1,004 kg.m?® and observed temperatures were 228.4C, 47 PS|J1,00%1,004kg.n? and 20.2
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20.3Caround 8,000 to 9,500 m, beyond 9,5@00bserved salinity is less than 3 P&hserved density

is less than ;001kg.m?® and observed temperature is less than 2@.2
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Figure4.29: Salinity profiles for casts taken in the same position ~9,240 m, at the furthest point

upstream, for March 13th 2023.

The profiles irFigure4.29 are taken in the same locatiat the farthest position upstream during the
March survey. The casts were taken as the tide was turning from flood toltletcastaken at 13:11
has a more exaggerated halocline, with a difference of 2.5 PSU from the surface tbedear
compared to the cast taken at 13:00 which has a difference of 1 PSU from surface to ne@héed.
density profiles for the same casts showirigured.29follow the same pattern as the salinity profiles.

Density ranges from 999.5001.5kg.n°.

As shown irFigure4.30, it is observed that the water column becomes more stratifi@od salinity

decreases during ebb tide compared to flood tide.

67



12:09 T4 11:50
1356 —£—14:02

4 6
Salinity (PSU)

()

4.5

6

Figure4.30: Salinity profiles taken in the same location (828 m, (b)~7740 m, (c) 230 m, showing
a profiles taken during flood tide (circles) and ebb tidea(tgies).

Figure4.31: Suspended sediment concentration for casts taken while travelling upstream (a), and

from casts taken while travelling downstream (b). Measurements taken on March 13th 2023.
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