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EXECUTIVE SUMMARY

A suspended sediment transport model was set up
situ observations collectdmbtween 19/4/21and17/5/21 Four sedimengrain sizefractions were

modelled two cohesivdsilt) sedimengrain sizefractions,and two norcohesive (sandjediment

grain sizdractions.Characteristics of theggain sizefractions were selected based on a sensitivity
analysisandthe matchof modelled suspended sedimémthe magnitude and temporal patterns

recorded at the obsation stationsSuspendedan-cohesivegrain sizefractions reflect localcurrent

strengths at the sgeneasuregdwhereas cohesivgrain sizefractiorns areadvected longr distances by

the ebbing or flooding currents.

Sediment loading was inpat the feshwater discharge poinisingloading scenarios provided by the
Bay of Plenty Regional Counclhediment loadingvasconverted to a concentration and discharge,
and input into the model as a cohesive sedirgrih sizefraction.Modelscenarios were run for 1
yearin blocks of 3 monthsusing the environmental conditions (discharge, wind, tides) from 2014 as
a basecase scenarid.oading €enarios consisted of contemporary, natural, RCP45 and RCP85
conditions A 7-daymodelfiwarm um period prior to each of th8-monthblocks was discarded.

Suspended sediment concentrations in the Harbour were dominated by resuspension of sediments
from the seabedyith the freshwater inputsnly contributing a small fractioof the total Sand eroded
andwas theraccreted around the complex higlegrergy entrance regioRiner (cohesivekediment
fractions accumulated preferentialljupper intertidatlepths and in the upper (farthest from the
entrance) regions of the Harbour. Sheegions ha muchlonger residence timeand saohesive
sediment has time to settle out of suspension before the tidal currents cantfEnoi®m the

estuary Net accumulation ratasere quantified as thehange between the initial and final bedels
divided by thetime periodof the simulationSome areas of the Harbour (such as chansktsyed no
appreciable sediment accumulation but ratieersistentlyeroded which contributed additional
suspended sedimetat themodeldomain

Linear increases isedimentoadingbetween scenariasaused linear increasenisediment
accumulatiorwithin the model domairHowever, the total amounf sedimenticcumulated within

the grid was muckmallerthan the total amount of sediment delivered to the Harbous.i3tlue to
neterosionof some regions withithe grid. To isolate the relative contribution of new versus
resuspended sediment, accumulation was linexthapolated to determine accumulation under zero
sedimentoading. The baseline accumulation wasrtihemoved from each of tsedimentoading
scenarios to providan estimate of new catchmedrived accumulatiorThis analysis suggests that
currently 3 times as much sediment accumulates in the harbour relative to (paeEalropeah
conditions (147 kt/year versu$.47 kt/yea}, which could potentially increase ta5and 6 times as
much under the RCP45 and 85 scenarios respectively.

The main limitation of the modelas lack of knowledge of the parameters needed to set up the

sediment modednd irsufficient spatiallyresolved suspended sediment calibration ttatketermine

which settings were most appropriatee$tissues are extremely commnd generally unresolved)

in sediment modelling in morphologicalbpmplex mixed grain size estuarids B &hi wa Har bour
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1. INTRODUCTION

Water quality and sedi ment de leiennereagingiationalo New Ze s
importanceLand use changes across catchments over the last centutyelesvaccompanied with
elevatedsediment loading into coastal watarsd a decline ibiodiversity and ecological value

(Thrush et al., 2004)n the Bay of Plenty Regiomvherethe underlying geologys easily erodible

the delivery of sediment intgensitivereceiving environments such aisers, lakes and estuarissa

broad managemenhallenggVale et al., 2021 National policy aroundbuildingand implementing

water quality and sedimentation limhasrecentlybeenintroducedunder theNZ Freshwater Policy

Statement (2020)Regional authorities have therefore bé&esked to manage land use and activities

affecting freshwateras well as its effects on receiving environmeiitis hagenewedthe urgency to
betterunderstandhe dynamicprocesses occurringithin coastal and estuarine systems.

In &hiwa Harbour, dcd M Ubri communitieshave lived andharvested fronthe estuaryfor centuries

and it is an important mahinga kai (food gathering place) for shellfish and seafood (Morrison 2007;
PaulBurke et al., 2018)owever the traditional, greetipped mussel speci¢sk u k u  ®ermmak I t ai ,
canaliculug among other shellfishave struggled to maintatheir existence and thrive in the once
abundant f ood b ®3grieettal., 201.8PagdBurke et al.( 2022Rdducing
suspended sedi ment catchmandand inciedsing understdnding aald awar@ness
through the exercise of kaitiakitanguardianship) forms part of the sustainable management actions
outlined intheeeh i wa Hstratelyyo(BOPRC, 2014nd freshwater management framework

(BOPRC, 201k

Under ¢anging climate and hydmmeteorological conditions predicted over dmningdecades
understanding fundamental processesh as transport and exchang@ows occurring within
estuariesvill be of increasingmportarce &2h i Waasbouris one example where increased suspended
sediment loads duringxtremestorm events may have detrimental impaateugh thesmothering of
fauna, reduced water quality, and elevated nutrient |d2atk( 2005MacKenzie, 2013 Vale et al.,
2021) Theassociatedolour offiner terrestriaderivedsedimentssuch asnudsandclays, caralso

be enough teubstantially diministthe light quality in estuaries (Cussioli et al., 202Q)rge scale

single events may therefore be problematjoase depsited the sedimentan be revorked through
internal processes over time

Predicted sea level rise associated with climate chisreyeactive area of research avill also

impact estuarine environmenkdowever, this may not affect all coastagionsuniformly (Levy et

al., 2020)andthe coastal response to sea level ngididargely depend oithe unique sediment inputs
andbathymetric conditionef a particularestuary(Rahdariaret al., 2022)To help understand the

past, present and future sedimentatioggiiwa Harbour,arecent and ceumrent sediment study by

La Croix (2022 investigated sediment accumulation raied characteristidhroughvibro-coring of
intertidal regions. Althougho rate could be achieved through radionuctidéing a high level of
bioturbation and mixing through the cores were obserMViedle recently, Bruce (2023) used
radiocarbon dating of marine shells and-dgpth modelling to constragediment accumulation est
over longer timescalesdnturies temillennia). However, this work was challenged by the incomplete
nature of the sedimentary record in &hiwa Har bou

The Bay of Plenty Regionald@ncil (BoPRC)together with lgal iwi groups havemadeefforts to
redwce sediment loads over the yetmough measures suchedensive riparian fencing, which has
been established along major streams ,BOPBC.ri ver s
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2014.The6 cur r endhis wat khasrbee@efimed for the year 2014 due to the work

covered in theehiwa strategyZ014) and the objective in theoncil coastal plan that states

fsedi ment accumul ation in harbours and estuari es
minimised and recdred over time compared to 2014 legels ( Par kerscoma)0 22 p

Landcare ResearcM@naaki Whenughaverecently provided catchment sediment modelling on

erosion and suspended sediment loads across the region for a range of land cover, erosion,mitigatio

and climate change scenarios (Vale et al 20Mis hasincludedthe modeling of mean annual
suspended sedi ment | oads to a dail ywhchime step fc
intended for the coupled use with a hydrodynaméciel of the hrbour(Vale et al., 2021).

The University of Waikato wathereforecommissioned bBoPRCto develop a hydrodynamic model
to help in the understanding of sedimerthangevithin géhiwa Harbouyand toassessediment
transport& accumulatiorunderdifferent loading and climate change scenaridsisis intended to
provide the council with much needed information on setiinigs of sediment loads to achieve
moderately healthy benthic macrofaunal communities in the haamolsupport the imementation

of the New Zealand National Policy statement for Freshwaterdgement 2020 (NPEM).

Theobjectivedor this projectwereto:

1. Set upahydrodynamic and sediment transport mddekeh i wa  Hizatrideabbwatel to

measurements obtained from the field (water levels, current velocities/directions, suspended

sediment concentrations).

Provide theaxurrent statéconditions for the harbour (based on the year 2014)

Assess sediment transport and accumulation rategwlitaHarbour

4. Model sedimentloadingnder &écur 6aat wsdpiedicedcclinate dhange
scenarios

w N

2. STUDY SITE

Situated on th&lorth Islandof New Zealandegeh i wa Hsaan éstarine lagoaovering an area
of 264 km? (Figure 1). The harbour is enclosed o barrier sand sgtand is largelyntertidal with
83% of its area being exposed sand and mud flats at low tide (Park., 2806liurnal tical currents
(springneap tidal range of 1162.5m) underpin thenain exchange process with the océddal
scouring and channelization of flows occur throughout the harldiich can be highly dynamic
toward the harbougntranceWind-wavesaround the shallow fringes of the harbailgsooccur and
can be steep and abpy, reacling heights of up to 0.5 (Richmond1977).This internal wave
climate is directly driven by theredominant wind directigrwhichcan varybetweemmorewesterly
or northerlyflow patternsdepending on thEl Nifio/La Nifia phases of the El Nif@outhern
Oscilation (ENSO) (Richmond., 1984ulian., 2006)The annual average rainfall+4300 mnper
year with the wettest months in win{@happell., 2013)although climate events can be quite
extreme and episodic especially when influenced byibMa Nifia phases
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Legend

Pacific Ocean @ Sediment release points (SRPs)
@ Freshwater discharge
¢ Water level sensor
O Aquadopp and OBS

dyster Farm N
Awaraputuna
o Site6

Burma

Waiotane

Wainui

Nukuhou

Figure 1: Field site including deployment locations athe location of stream inflowgbackground image is
from SentineR satellite data).

Freshwater input into the harbdarelatively small and dominated by the Nukuhou Riveichhas
been gauged since 2011 alrdins 60% of the harbour catchment (BOPRC., 2aidh average flow
rate of1.68m%s (maxmum recordeds 55.6 nt/s). Other snaller streams flowing into the harbour
includethe AwaraputunaBurma RoadWaiotane, Wainui, Oukai, and KutareteeamgFigure J).
The catchmendrea (171 kif) hasregionsof steep topographwith native forest but alskarge areas
of production forestnandpasturewhich are used for dairy farming horticultuard lifestyle blocks
(BOPRC., 2014)Catchments across the Bay of Plenty region are prone to muli@i@® processes
such as shallow landslides, earthflow, gully and satfieiosionas well as streambank erosion
(Beetham 2012, Vale et al., 2028h i wa Hsaatsdsorounded by steep cliffsmprising
approximately 12.5% of the coastline (S. Park, pgsim.),which are made up of easily erodible
sedimentangtrata

Thegeology surroundingeh i wa  Hsaof rédatively youngvolcanic origin, withmultiple faults
dissectingstratiformsedimentaryocks andephragRichmond et al., 1984). The composition of
sediment in the upper harbour is dominated by volcanic glassice fragmenisand feldsparThe
lower harbour isnorerich in quartz and feldsp&Richmond et al., 1984, La Croix 2022parge scale
events such as earthquakes, volcanic eruptaorgstsunamis hawvasoprovided stepwise changes in
sediment budgets to the RangitaikiiBta which together with the Motu Rivgrovidea sediment
supplyto the sand spitst the harbour entrandy offshorelittoral drift (Robinson., 2012)0Ongoing
monitoring work done by #81BOPRC in the harbotmas showrsediment graisize distributions that
are finer / muddiein the upper harbour reachi@sgure 2). Thioverall grain size distribution within



12

the harbour is supported byrveysconducted by the National Institute of Waséead Atmosphere
(NIWA; Bulmer., 2022), illustrating a higheroportion ofmud in the channels of the uppegstern
Harbourregion (Figure 3)La Croix (2022)also showed that the intertidal perimeter and upper
reaches of the Harbour are characterisetingsediments (Figure 4These regions of thedtbour
compriseclast supported calgjravel, sands and silts (rippbe bioturbated, andthrough time these
sediments have becomweuddier (La Croix., 2022).

Land use in the catchment of the harboamsists o#41% pasture, 21% indigenous foresid 16%

exotic plantation (BoPRC, 2018). Most of the streams in the catchment have been fenced. Although
monitored nutrient levels are low, intertidal benthic habitat is not in good condition because of the
influence of mud (BoPRC, 2018]hree faults run nortsouth one to the west through Ohope (the
Ohope Fault), one down the centre of the Harbour (Waimana Fault, running just east of Uretara
Island) and one to the east down the WaieRilver (Waikaremoan&ault) (Healy and De Lange,

2014).

Figure 2: Particle size distributioomap provided by the Bay of Plenty Regio@auncil.
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Figure 3: Percentage mudistribution provided by Richard Bulmefpers. comm. 2022)

Figure 4: Mean grain size map reproduced from La Croix (2028)modifiedrom Richmond et al., (1984)

3. METHODS

3.1 Field data collection and processing

3.1.1 Hydrodynamic data processing

Hydrodynamic datawereo | | ect ed on 5 separate 6Nortek Aquad:
deployed by scientific divers in the main harbour channels andrsarnelslpcations shown in

Figure 1) for a dmonth period between the 19/4/R21 7 / 5/ 2 1rtek A AJu @Nopp 6 vel oci t
wereconverted teeastnorthrup (ENU) coordinates and burstveraged every 4 minutes with data

points being removed when the sensors were out of the water (all instruments were submerged at ~2

m depth or greater during deploymeniistrument orientation/heading was checked and corrected

with field measured orientation/headialgservations. Pressure data weoé corrected for local
atmospheric variations over the deployment perio
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temperaturesensor was also used to measure water levels and the timing of tides in the upper reaches
of the harbour (Figure 1). This was placed at a stage heightrofadbove the mud flat with bed level

and instrument pressure being corrected to local watel (in m). This included hourly variations in
atmospheric pressure (sourced from Whakatane, NIWA CLIFLO, 2022) being subtracted from the
sensor data, which was fully exposed at low tide. All data and timestamps from instruments were
interpolated with mdelled d&a timestamps for calibration.

3.1.2 Sediment calibration

Al'l of theadppNdr ttehkatAguer e depl oyed in the harb
Scientificb optical backscatter sensor ssu¢dOBS3+) .
in voltage/counts on the Aquadopp instrumewess used to estimate the suspended sediment

concentrations (SS@g/L) in the water column. OBS3+ sensors emit infrared light into the water

column and measure the backscattered light intensity refl&otmdhe suspension of particles.

Previous investigations have successfully used linear regression to convert measured light intensity

counts to SSOnfig/L) using labbased methods to calibrate instruments with sediments from the field
(MacDonald, 2009; Lostt, 2017).

Figure 5: Photcs of calibrationset up. (Left panel) The calibration tank showing the OBS (the back cable with
clamps is the OBS3+) and stirring mechanism (metal post). (Right panel) The filtration system.

The OBS+ sensors used during the field deployment were calibrated in the laboratory using a
mixture of native sediments collected through extensive grab sampling across the intertidal regions of
&hi wa HlarCioig, 2022). A 60L capacity dark bucket was usétl a stirring rod to ensure

that sediment that was added to the bucket wasmigétd and kept in suspension for as long as

possible. Care was taken on the positioning of the stiméthe OBS3+ sensors (Figlreleft

panel) to not produce excessiwngbbles or swash which may interfere with backscatter readings.
Sediment samples from intertidal areas near each individual sensor deployment were mixed and
sieved using a 62.5 e€m mesh. A dummy OBS3+ sensc
surveylaptop to roughly estimate the range which was observed in the field and how much sediment
to expect to add. Thisnsuredhat sediment was added in a continuous stepwise manner. Five water
samples were collected from start to finish for each sensorhwbigered the range of counts
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measured in the field. Each grab sample was manually logged and timestamped while the instrument
was recording continuously. The water samples were then filtered using Whatman glass microfiber
filters (GF/C diameter 47 mm). [Eérs were previously prepared by being dried for 24 hrs atC105

and weighed. A known concentration of sample (200ml) was washed through teenfiltedistilled

water (Figure 5 right panel), dried in the oven for 24 hours at IDand weighed agaio talculate
SSC as the mass/volunmed/L).

The measured SS@hich was derived from the native sediment lab samplas plotted against the

OBS3+ voltage/counts to create a regressione for calibration. Figure iustrates the high?r

values (all over 0.97), fitting coefficients and confidence bounds across all sensors and indicates that a
good calibration between SS@d/L) and instrument voltage/counts was achieved. The fitting
coefficients were then applied in a regression modeath of the 5 OBS3+ data obtained over the

field deployment period to achieve high resolution and dynamic in field SSC concentnatighks (
(Appendix 5).
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Figure 6: Results of laboratorgediment calibrationThe fitting coefficient andsquare are noted on each
panel.
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3.2 Model setup

The modelling framework used for this study was the Del#RRDW model, which is opesource

software provided by Deltares. These modelsetbeen well established across a growing number of
studies and are freely available, with a large international base of users. The governing equations used
in the Delft 3DFLOW model and associated modules are described in further detail in Deltares

(2017, 2018) and Lesser et a2004. Essentially the model solves the unsteady shallow water

equations and was developed specifically for regional studies, and thus can be applied in lakes,
estuaries, shalw s e as, and raiboupewe bave channo usela 2Dvdeptileraged

model, mainly due to the shallow, mixed nature of the harbour (deg@h~2m), the small

freshwater inpuaindthe benefit of requiring lowezomputational demand and greater simulation
efficiency. The major stages for setting and running the numerical models included:

ASetting up model grid and bathymetry

AForcing the model hydrodynamics with tides (at open boundaries), river discharge (at closed
boundary points) and winds (tinvarying across the model grid)

Acalibraton to observed field water levels, current speeds and directions.

Asediment transport model calibration to field data using various sediment calibration
parameters and variations in sediment type (coarse sand, silt, fine mud etc)

ATimeseries ofiver and stream inputs into the harbour

AScenario testing using variations in the specified hydrodynamic forcings and sediment inputs
3.3 Bathymetric grid setup

Due to the spatially varyi ndarzon chultighy datm soices bat hy me
were used when creating the bathymetric grid for the model domain. This included LiDAR (Light
Detection and Ranging) data (2015) created from the Bay of Plentlgitiad elevation model

(Figure 7 for detailed intertidal topography. To capture thihpaetry of the dynamic channels at

the harbour mouth, Bay of Plenty Regional council commissioned Discovery Marine Limited (DML)
to conduct a detailed single beam survey between-8rd @f June 2021 (Figui®. This was

combined with detailed boat sugvdata (RTK and Multibeam) in the channels of the harbour by the
University of Waikato (Dean Sandwell ahtegan Raiapa) in 2019 (Figurg ®INZ hydrological

Chart NZ 542 and LINZ Bay of Plenty depth contours and sounding points (2020) were used for
offshare regions of the domain. All data sources were converted from their respective datums and
corrected to mean sea level. This resulted in an interpolated bathymetry used for calibration and the
hydrodynamic model (Figur0A).
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Figure7:Li DAR map of @&hi wa Harbour, created from the Bay

download from Land Information New Zealand.

A 2D hydrodynamic model was created with a single domai 20 m rectilinear mesh gridrigure

10B). This resolution was chosen to resolve the complex channels, islands ssiusurme

constrictions within the harbour and included a total of 128,242 grid elements. The three open ocean
boundaries were set close enough to the coast to eaptiebb jet and return flow out of the harbour
entrance (~2.3 km offshore) but not far enough to capture detailed offshore oceanic processes (may be
nested to coarser oceanic modelling in future estuarine / shelf work). Grid cells ovginipareas

ard around the coastal perimeter were included for sea level rise and inundation modelling scenarios.
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3.3 Model boundary timeseries preparatiand forcing

3.3.1Wind, streaminflows and sediment input data

Wind speed and direction can often have an influence on circulation patterns, especially in shallow
estuaries. Wind speed and wind direction timeseries were created from weather information extracted
from the Bay of Plenty Environmental data portal (20&Xphope spit golf course (ML293777) for
simulation years after 2015 and Edgecumbe (JL671469) for years prior to 2015. These timeseries
were input as hourly data which was applied uniformly across the whole domain.
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Figure 11: Catchment map used in SedNetNZ modelling by Manaaki Wheiguad 8 inVale et al., 2021)

Freshwater discharge inputs to the model were defined as cell points to cover all the major streams
and catchment watersheds feeding into the harbour (Figure 1 &HjuiThe BOPRC has one
continuous flow monitoring site at Nukuh&iver which provides high frequency discharge rates

(m¥s). Due to the sparse flow data from other significant streams and the similarities in rainfall across
catchmentsthe Nukuhou flowmonitoring site was used as a proxy to estimate the flows of all the

major streams entering the harbour. The annual average flow and flood fs¢p(edicted from a

NIWA/ CLUES modelling study (Collins and Semad®avies., 2015) as well as spot measuents

from BoPRC (2016) helped set the appropriate scaling factor and ensure predicted values were within
a sensible range of flow rates. Figugillustrates an example of the flow timeseries generated using
this method, with the full outputs for alldhmajor streams (includirthe Awaraputuna, Burma Road,
Waiotane, Wainui, Oukai, and Kutaresteeam} presented in Appendix 2

Sediment loading values into the model were derived from SedNet NZ modelling work carried out by
Manaaki Whenua (Vale et al., 2021). Thisrkc al cul at ed t he @&hi wd) daily s
across 3&h i wa Hrdlowb and catchment areas based pigue NZ segment numbers (Figure

12), andincluded erosion processes, landslides, and earthflow movements over each of the watershed
areas. Due to the large numinéinflows modelled across thearbour catchment region@s shown

and numbered in Figurellwere aggregated for the hydrodynamic simulations (Tablderp we

assume that very small catchments shown in Figure 11, were essentially similar to direct cliff supply.
There is no simple functionality in Delft3D to model actual cliff loading. Se#ugment loading was

input asstream and river inputs asdhaller catchment pointsidiffuse cliff erosiom input points

based on that watershed area. For example, ID 15 and 16 provided @difiglerosion discharge

point for the SED7 input. Loadisgvere converted from t ddyo an input concentration for the
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model in kg/miby dividing the loading by the relative daily stream flow raté&gn Forficliff

erosiom input points, a trickle discharge rate of 0.0¥swas appliedso that the suspended sediment
multiplied by the discharge would equal to the correct loadihgsecliff points were irput intothe
channels of the model (Figure 1) maitdymake sure thdahedischarge was connected properly into

the modeldrying and flooding of cellsan strand points that are really shallow and at the edge of the
domair). Although these cliff erosion points most likely providing an underestimated, viadioes

give sane idea of the other diffuse process providing sediment into the estuary. These diffuse inputs
are traditionally difficult and challenging to include in hydrodynamic modelling yet may provide
important unknown contributions. Different sediment loading ispeere used for different model
scenarios which included, (1) contemporary state (calibration runs and 2014 contemporary scenarios)
(2) natural statand @) climate change scenarios (median RCP 45 and 8= emtliry).
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Figure 12 Example of discharge timeserifes Wainui stream (all other plots are in Appendix 2).

Delfd3D models sediment transparttwo different ways depending on whether the sediment is
cohesive ononcohesive. It can model multiple fractions, but each fraction modelled increases
computation timesignificantly. Based on the field calibration (see below), we elected to use 2
cohesive fractions and two n@ohesive fractions. The two cohesive fracsiceflect the combined
effect of resuspended legacy sediments in the harbour, and any new sediment introduced into the
model at discharge point®Non-cohesive sediment is modelled by setjrgameters such asedian
grain diameter and bed densifihe citical bed shear stress for erosion is calculated internally from
thegrain size Conversely, theohesive fraiton is modelled by setting the fresh and saline settling
velocity, the critical bed shear stress for erosiond the critical bed shear stress for deposition, bed
densityand the erosion parametetfhiese are very difficult to measure, and instead, we used the
match between observed and the modelled suspended sedameantrations to infer the optimal
settingsfor these The result was tasea saline settling velocity @f.00015 cm/s fothe first mud
fraction (which waslsothe one used to model sediment loading), and Q.@é@'s for the second

mud fraction, which was used to model the accumulation of weeyskdiment in the upper reaches of
the model domainWhen sediment is deposited in an estuary by fluvial input, tidal asymmetry and
settling lags tend to sort the sedimanbving the finest fractions to the innermost estuary, and the
coarser fractionseawardThis was also the setting which best approximated the calibration data
(discussed in more detail below).

Table1: Aggregated sediment loading points (stream, river, cliff erosion) for model inpetocation of these
points are shown in Figure Not e 6 c | is fo lenaerveryssmall cabichments, wherlel discharge
points have been modelled using a trickle feed discharge oh@#/6{see text for more detail)



Name ID Input Type
Awaraputuna 1 stream
BurmaRd 2,3 stream
Waiotane 4 stream
Wainui stream  5,6,7 stream
SED5 8 cliff erosion
Oukai 9,10,11,12,13,14 stream
SED7 15,16 cliff erosion
Nukuhou 17,18 river

SED9 19,20,21 cliff erosion
Kutarere 22,23 stream
SED11 24,25,26,27 cliff erosion
SED12 28,29,30 cliff erosion
SED13 31 cliff erosion
SED14 32,33,34,35 cliff erosion
SED15 36,37 cliff erosion
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3.3.2 Tichl Ocean Boundaries

The open ocean boundary was forced using the 13 main harmonimtidétuents (M2, S2, N2, K1,

01, Q1, L2, P1, MU2, T2, K2, NU2, 2N2) derived from the NIWA tide forecaster model (Walters et

al., 2001). These were applied as an amplitude and phase at the corners of the outer open boundaries
as astronomic forcing, with ¢hmodel recreating the water level at this boundary from these

constituents depending on the period over which the model is run. A ThietaHeman time lag of

120 minutes was applied to the rigiile open boundary running perpendicular to the coastline.

3.4 Tidal model calibration and verification

The hydrodynamic model calibration process first involved test runs with default bottom roughness
coefficients the Chézyparametérand verification of the bathymetry, which was done by comparing
model output of water level and current sensors. This initially involved a check of the timing and
tidal amplitudes of water levels to confirm that the channels were well captured in the Poaalsi.
defined channels ambor interpolation can block the tidal wave from reaching areas in the model
domain.Checking of bathymetry in areas of steep gradients and where data interpolations occurred
was undertaken. Additional smoothing was applied in areas to ensure hydrodgoatimgity and

that water was able to flow freely. The flow of stream inputs across intertidal areas also needed to be
manually channelled out to ensure water would connect between the discharge point and the main
channels. These are often dynamic meandeshannels, however for some stream points in this
model a simplified channelisation was performed.

Once initial tidal and water level behaviour was verifeeguite of uniform Chézy values

(75,65,55,45) were applied to give a first idea about how tighreessffectsthe current speeds and
behaviour of the model. Higher values provide less friction and increase water flows, whereas lower
values provide more friction and therefore a slower water flow. From here a detailed calibration was
undertaken whicinvolved creating and adjusting a spatially varying Chézy bottom roughness map
(Appendix 1). This was created by attributing depth values varying over channels and intertidal areas
with associated Chézy values. Deeper offshore regions and channelsahael af 80 70 while

shallow and intertidal mud flat areas had values ranging frara®®ith mangrove and elevated

vegetated areas reducing to below 40 to 1. The final roughness map chosen for calibration was the one
which resulted in the best overall dahtion statistics across all measurements. The improved model



calibration of higher Chézy values (less friction) on the mudileety demonstrates an interesting
sheet flow effect with the tides which occimanuddy environments (Hortsmanal., 2021)

Other parameters used in calibration of the final model were the horizontal eddy viscosity (set to 1
m?/s), gravity (9.81 mA, density (1025 kg/f) and the timestep which was 0.2 (min). Field

observations recorded with Aquadopp and logger sensorshemmonthlong deployment (19/4/21

17/5/21) were used to calibrate the current speeds (Figure 13), directions (Figure 14) and water levels
(Figure

Table2: Summary of calibration statistics. MAE: Mean absolute error; RMSE: Root mean square error; BSS
Brier skill score (equations are provided in Appendix T)h e

15). An

overview of
t o A gategody@cross all parameters (Table 2). These were done using standard model skill tests
(described further in Appendix 1).
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Figure 13: An example section of the current speed calibration at each site. The red line is the observations,
and the blue line is the model output at each Siis 3 and 4 were buried by sediment early in the deployment.
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The full deployment period is showntlre Appendid, (Figure Al: Observed speed (red) and modelled speed
(blue) at the siteshown in
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Figure 14: An example section of the current direction calibration at each site. The red line is the observations
and the blue line is the model output at each site. The full deployment period is shown in the Appendix
(Figure A2: Observed direction (red) and modelled direction (blue) at the sites shown in
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Figure 15: An example section of the water level calibration at each site. The red line is the observations and
the blue line is the model output at each site. The full deployment period is shown in the App{€iglixe
A3: Observed waterlevel (red) and modelled waterlevel (blue) at the sites shown in
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3.6 Sediment modelalibration and sensitivity

There were multiple stages and a wide range of parameters involved in setting up the calibrated
sediment transport model. Having high resolution and continuous suspended sediment concentrations
(SSCmg/L) measured by the 5 calibrated OBS3+ sensors prowidéghly valuable and somewhat

unigue advantage in the calibration procedure. Measuremesgsgliaient texture blya Croix(2022)

BoPRC and Richard Bulmer (pers. comm. 20&#prmed the sediment types to input in the model as

an initial bed sediment agposition. This initial sediment composition was assigned coarse sand in

the offshore region and entrance, coarser sand and mud in the southern channel and multiple layers of
mud layers in the upper reaches and tidal flats of the harbour (Figur8ugended sediment

concentration was highly sensitive to the relative distribution of each of these sediment fractions. The
sandier fractions responded to local current speeds, so maximum suspended sediment occurred when
the maximum flood and ebb currents ated at each site. Conversely, mud could get advected long
distances, so maximum suspended mud concentrations at a site, were associated with the arrival time
of mud either inland (for ebbing tide) or seaward (for flooding tide) of a site. Figure 17 ahows

example of suspended sediment extracted from the model plotted at the 4 sites shown in Figure 16.
For example, mud was dominate at site 4 on outgoing tides and fine sand dominate on incoming tides
at site 2 (Fgure 17). To assess model performancedifierent compositions for each individual site

were summed (total SSC) and then compared to the B§L)(measured in the field until the best

match in tidal timing and concentration was achieved.
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Figure 16: Initial bed sediment compositi@mowing the distribution of the 4 sediment types used in the model

(fine sand, coarse sand and two mud fractiofifle area with mud fraction 2 also includes mud fraction 1. The

area with coarse sand occurs everywhere ingti@. The fine sand occurs in the area marked fine sand and the
area marked coarse sand. The circled numbers correspond to the location where the example timeseries plotted
in Figure 17 are extracted (where 1 is the top panel and 4 is the bottom panel).
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A sensitivity analysis was conducted to test the effect of different parameters on the totagdJC (
result. A suite of model runs witthanges (increase/decrease) to different parameter values was
prepared and analysed. This resulted in an output at each site. The full deploymeah values

with standard deviations and relative changes for each site including the difference froesathe m
measured SSQAng/L) over the calibration period (Figure 18). The setup of parameters used for these
runs are shown in Table 3. This included variable settling velocities, critical bed shear for erosion,
dry bed density, specific density, and the dddibf norrcohesive sediments (D50). Stream inputs of
sediments had relatively little effect on the calibration with orders of magnitude increases required to
have any significant effect on concentrations at the calibration sites. This demonstratedrtiet in
processes and the type/timing of sediment being advected within the harbour had the biggest
influences on concentrations over the calibration period. The best model assessed from the sensitivity
tests resulted in Model G, which was used as thefbasiee sediment transport model. Figure 19

shows the comparison between this model setup and the measured S9@pegthe calibration

period. A good agreement between the modelled and observed datasets was achieved, providing
confidence for further ndel scenarios and sediment simulations. Waves were not included for this
study; however, it is likely they would also influence the observed concentrations.
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Figure 17: Example timeseries of the 4 fractions of sediment used mablel. The panels correspond to the
locations plotted irFigure 16: Initial bed sediment compositi@mowing the distribution of the 4 sediment types
used in the model (fine sand, coarse sand and two mud fractidmsprea with mud fraction 2 also includes

mud fraction 1. The area with coarse sand occurs everywhere gritheThe fine sand occurs in the area

marked fine sand and the area marked coarse sand. The circled numbers correspond to the location where the
example timeseries plottedkigure 17 are extracted (where 1 is the top panel and 4 is the bottom panil).

the top panel corresponding to site 1.
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Figure 18 The results of sensitively analysis. Panel A: The difference between the mean model output and the
mean of the observations at each site. Panel B: The difference between the standard deviation of the model
output and the standd deviation of the observations at each site. Panel C: The blue bars correspond to the
difference between mean model output and mean observations over all sites, averaged over all 5 sites (the mean
of the values shown in Panel A). The red bars correspmiite difference of the standard deviation of model

output and the standard deviation of the observations over all 5 sites (the mean of the values shown in Panel B).



28

Table3: Set up of model runs used f@nsitivity runs.

Base A y B C D E F G H | J K L M N [e] P Q R
Model Settings
reference density for hindered settling | 1600 1600 1600 | 1600 1600 | 1600 1600 | 1600 1600 | 1600 1600 | 1600 1600 1600 1600
specific density 2650 2650 2650 | 2650 2650 | 2650 2650 | 2650 2650 | 2650 2650 | 2650 2650 2650 2650
dry bed density 500 500 500 1000 1500 | 500 500 500 500 500 500 500 1000 500 500
freshsettling velocity 0.1 0.1 0.1 0.1 0.1 0.15 005 | 0.1 0.1 0.1 0.1 0.1 0.15 0.1 0.1
salinesettling velocity 0.1 0.1 0.1 0.1 0.1 0.1 0.1 015 005 | 01 0.1 0.15 0.1 0.15 0.2
critical bed shear for erosion 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.05 015 0.15 0.1 0.15 0.2
Non Cohesive
D50 350 450 550 350 350 350 350 350 350 350 350 350 350 550 550
Average FIELD
Suspaded
Sediment fng/L)
Site 1 MEAN 24.6 33.7 34.1 34.4 51.0 67.2 33.7 33.7 29.0 45.0 45.0 29.0 29.0 33.2 226 185 16.7 227 18.6 16.8
STDev | 13.6 12.8 13.1 13.4 16.8 228 | 12.8 12.8 12.6 147 | 147 126 12.6 12.0 12.2 12.3 12.4 12.3 12.4 12.6
Site 2 MEAN 245 36.4 375 385 52.6 68.2 36.4 36.4 32.3 46.3 46.3 32.3 323 34.9 271 23.0 211 276 235 216
STDev | 12.6 19.8 211 222 | 207 228 | 19.8 19.8 198 213 | 213  19.8 19.8 17.6 21.2 20.7 204 21.8 21.3 21.0
Site 3 MEAN 43.3 325 33.9 35.0 44.7 56.5 325 325 29.4 39.7 39.7 29.4 29.4 30.2 25.9 226 211 265 232 216
STDev | 23.9 20.9 225 239 | 207 229 | 209 20.9 209 216 | 216 209 20.9 18.2 23.8 23.7 23.7 245 245 245
Site 4 MEAN 49.7 436 39.2 34.7 58.3 71.4 43.6 43.6 40.2 50.7 50.7 40.2 40.2 44.1 253 21.9 203 239 20.4 18.8
STDev | 32.5 42.9 36.6 309 | 524 618 | 42.9 429 | 420 453 | 453 420 42.0 43.9 26.2 24.7 23.9 24.3 22.6 21.9
Site 5 MEAN 23.0 36.0 35.0 33.8 58.6 79.3 36.0 36.0 31.1 47.0 47.0 31.1 311 35.6 19.0 133 105 18.6 129 10.2
STDev | 14.6 18.4 17.1 156 | 244 309 | 184 18.4 176 217 | 217 17.6 17.6 18.0 12.1 10.8 10.0 11.6 10.3 95
Differences
between model
and data (ng/L)
Site 1 MEAN 9.1 9.4 9.7 26.4 426 9.1 9.1 4.4 20.4 20.4 4.4 4.4 8.6 -2.0 6.1 -8.0 -1.9 -6.0 7.8
STDev 0.8 05 0.3 3.2 9.2 0.8 0.8 11 1.1 11 1.1 11 -1.6 1.4 1.4 1.2 1.3 1.3 1.1
Site 2 MEAN 11.9 13.0 14.0 28.1 43.7 11.9 11.9 77 21.8 21.8 77 7.7 10.3 2.6 -15 3.4 3.1 -1.0 2.9
STDev 7.1 85 9.6 8.0 102 | 71 7.1 7.1 8.7 8.7 7.1 7.1 4.9 8.6 8.1 7.8 9.1 8.7 8.4
Site 3 MEAN -10.7 -9.4 8.2 14 13.2 -10.7  -10.7 | -139  -36 3.6 139 | -139 -13.0 -17.3 -20.7 -22.2 -16.8 -20.1 -21.6
STDev 3.0 1.4 0.0 3.2 -1.0 3.0 3.0 3.0 23 2.3 3.0 3.0 5.7 0.1 0.2 0.2 0.6 0.6 0.6
Site 4 MEAN -6.1 -10.5 -150 | 8.6 21.7 6.1 6.1 9.5 1.0 1.0 9.5 9.5 5.6 -24.4 -27.8 -29.4 -25.8 -29.3 -30.9
STDev 10.5 41 16 199 294 | 105 105 | 95 128 | 128 95 9.5 11.4 6.2 7.8 85 8.2 9.8 -10.5
Site 5 MEAN 13.0 12.0 10.8 35.6 56.3 13.0 13.0 8.1 24.0 24.0 8.1 8.1 12.6 -4.1 9.8 -12.5 -4.4 -10.1 -12.9
STDev 3.8 2.4 1.0 9.8 162 | 3.8 3.8 2.9 7.1 7.1 2.9 2.9 3.4 25 3.8 -4.6 3.0 -4.3 5.1
MEAN 3.4 2.9 2.2 20.0 355 34 34 0.6 12.7 12.7 0.6 0.6 2.6 -9.0 -13.2 -15.1 -9.2 -13.3 -15.2
Average
STDev 3.5 2.6 17 7.6 12.8 35 35 3.1 5.5 5.5 3.1 3.1 2.5 -0.3 -1.0 -1.4 -0.6 -1.2 -1.6
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Figure 19: Comparisorbetween the best model (modelsBe Table Band the suspended sediment
observations, for the period at the beginning of the deployment, when the tide is between neap and spring, and
there are no wind waves (the same period used to calculagtatigtics presented in Tablg.3
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3.7 Calculation of flushing times

Flushing tines inseh i wa Hagene baltulated by seeding a passive neutrally buoyant conservative
tracer, with a concentration of 1 gfithe initial amount is arbitrary) across all grid cells in the model.
Two scenarios were run, one with no river discharge anthenwith river discharge. The tracer

content of water coming at river discharge points and at the open boundary were set to zero. As
mixing occurs across the model domain the tracer dilutes and is shown in the flushed out of the cells.
The flushing rates calculated by fitting an exponential curve to the dilution of the tracer for each cell
and measuring the time it takes to fall below a threshold concentration of 0.37 in dalin&

flushing time). A high flushing rate means that the estuary isflualhed, with a low flushing time.

3.8 Sourcesink and harbour tracer analysis

To assess the sediment retention (trapping efficiency and what is lost to open coast) and whether there
are any other significant contributions from within the harbour, seditreerking and tracer analysis
wereperformed. Source sink analysis runs used a constant value of 150akgass all discharge

points (streams and cliff erosion points) for sediment tracking throughout the harbour. A high value
was assigned to allow a ngopractical scale for analysing the footprint of sediment throughout the
harbour(using observed concentrations resulted in suspended sediment levels that were close to the
minimum detectable in the modelhe bed characteristievere set tsolid, so thathere was no
resuspensioote that results are indicative only becatiesediment dynamics degkon the total
sediment in each sediment. For example, the degree to which sediments settles in one grid cell will
depend on the total concentration afiggent in that cell (both new and resuspended), and artificially
removing one fraction will also affect how the other fractiehaves.The sourcesink analysiswvas

carried out over the entire calibration period (19/4/2%7/5/4/21).This sediment was putusingthe

same characteristiesall other runs, and was tracked using the cohesive sediment transport module
(so it include sediment settling andeetrainment from the bday tidal currents

To better understand hydrodynamanductivity in the estuary, passivader release experiments

from different regions were also conducted by splitting the harbour into nine arbitrary zones based on
constriction points and characsgits (Appendix 4, Figure A2This was conducted ascamplement

to the cohesive sediment transport modelling used in the ssimcanalysis and the scenario

modelling A uniform concentration of 1 gihwas released across all cells within each individual

region separately where all other areas were segta®. To control for the different areas and

volumes of the defined swiegions, tracer was normalised to the initial tracer mass at the time of
release by multiplying region area, volume, and tracer concentration. Tracer loss for each region into
otherareas of the harbour was calculated as the tracer mass at each time step divided by the initial
tracer mass. We assumed that no mass returns to the system from outside thelowtamy

(constant input of 0m®). Although this was a neutrally buoyaninservative tracer and does not

account fomprocesses such astting velocities of sedimentst does provide important infoation

on water mass movement amansport from one area of the harbour to another, complimenting

further sediment investigationResults for these investigations arevided in Appendix 4.

3.5 Loading scenarios

Loading scenarios were undertaken for a contemporary current state (based on the year 2014) and
climate change altered states. All these scenarios were randgrearusing four 3monthly blocks
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Firstly, the contemporary state was modelled using wind and river flow forcing from the year 2014,
including sediment loads acquired frdanaaki Whenud#Vale et al., 2021). Climate scenarios were
done for midcentury (2050) nder RCP45 and RCP85igure20 shows theidtribution of loading

for the whole dataset, compared to the distribution of loading for one year.

Sediments werextracted after a-day stabilisation period. Average suspended sediments, and net
accumulationates were calculated for each fraction, Hreltwo mud and two sand fractions were
combined to make a total cohesive and totalcamesive accumulation in each of thet®20 metre

grid cells. The morphological adjustment was turned off for all runer(son and accretion

occurred, but they were not fed back into the hydrodynamic model). This mainly makes a difference
in thedynamic harbour entrance area, where the sand fraction moves around-tideletdita, and

along the open coast boundariesjchittan cause instabilities to develop.
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Figure 20: Top panel: Distribution of sediment loading to the Harbfarrall years1990-2020. Bottom panel:
Distribution of sediment loading for 2014 reference year.

In addition, the accumulation of mud waesmmed across the domain to compare different areas of the
Harbour(these areas are shown in Figure. Z7hese were also summed at each depth increment
that, for example, sub and intertidal deposition coulddpepared.
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Figure 21: Showing the areas within the harbour where mud accumulation rates were stionreach
scenariq to allow a detailed comparison

4. RESULTS

4.1 Spatial variations

Hydrodynanic model results show thatlal currents are strong in@hnels and much weaker in

intertidal areas (Figure 22a). Residual circulation patterns shovatband the entrance, flooding and
ebbing currents can take different pathways, creailties around the flood and ebb tiddtate(as

is common in all barrieenclosed estuariesfhe NukuhaoStreamchannel is ebb dominant, and the

flow converges into the channel draining the western arbour, which is alslmetitiant.The main
channel into the harbour is flood dominant, whiombined with the western channel, form a
clockwise eddyln contrasto the western channel, the eastern channel is nalargys flood

dominant. The tidal currents also control the flushing time of the ha(bmure 23) and there are

strong spatial v@ations in the flushing tide, with the@estern part of the harbour having flushing

times that are-80 days. Conversely the eastern channels andukehouStreamchannel has a

flushing time of 13 days. The very long flushing time of the western chanisddecause of all the
islands and constricted channels, and also because the main entrance has migrated to its most easterly
position. Presumably, at some point in gle®logi@l past,the spit may have breached which case
western flushing would hauygeen much more effective. This poorly flushed region corresponds to the
area ofmuddy channels shown in Figure 3.
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Figure 22: Modelled hydrodynamic conditions during the calibration period. A: The mean speed calculated at
each model grid cell. B: The residual current vectors plotted on top of the bathyfé&trger version of this

panel is provided iM\ppendix3 C: The tidal range (the elevation of high tide minus the elevation of the lowest
low tide at each grid cell in the model). This is equivalent to the maximum inundation depth in intertidal
regions. Land areas in all panels are plotted white.
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Figure 23: Flushing time at each grid cell. Flushing time is calculated as the inverse of the decay rate of tracer
seeded in the model at each grid cell prior to running the model for the calibration period. A: Without
including river am stream discharge. B: Including river and stream dischdtige main difference is a

reduction of the flushing time (~ 2 days) in the westerrestibary (near the Burma, Waiotane and Wainui
streams, Figure 1)

Suspended sediment characteristics (Figure 24) reflect the strength of tidal currents, agdestesire

in harbour channels. Sand is mostly suspended around the harbour entrance because it is only in this
region that currents are above the entrainmeastiold for sand. Although the currents are strong
enough to entrain mud in the entrance region, there is no mud there to entrain, and so the only mud in
the model has been advected by the tidal currents from areas landward (ebbing currents) and seaward
(flooding currents) of each grid cell. The model was very sensitive to where the mud was placed.
More mud in the landward part of the domain makes the sediment transpddralstant, and more
seaward makes the sediment transport more fitmodinant. The alnpt and unnatural boundary in

the model between the areas with mud and the areas with no mud caused unnatural patterns in the
erosionaccretion (net accumulation) of sediment in channels. These havenbhsked from Figure

26¢. Sand eroded and accreteduarbthe dynamic entrance area with no net pattern, and mud
accumulated on the intertidal flats.
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Figure 24: Average suspended sediment concentration over the calibration period, using the bé& (sede
Table 2). The sand fraction includes both the coarse and fine sand fractions, and the mud fraction includes both
mud fractions (see the initidistribution inFigure 16.
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Figure 25: Maps ofaveragesuspended sediment flux (the length of arrows show the relative size of the flux, and
the orientation show thdirection of the flux)A larger version of panel C is providéd Appendix3. The red

arrows on the bottom panel show the point where the fésitions from net importing to net exporting. The
background colour shows the bathymetry. Model runs are for the calibrations time period using Model G from
Table 2.
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Figure 26: Spatial distribution of sediment accumulation or erosion, relative to the initial bed storgke
2014 calibration run (the duration of the deployment periddi}ial bed stores are calculated after a spin up
time of 13 tidal cycles (about 7 daysptH that in panel Gerosion/accretion in channels and offshore is not
shown. This is becauseme of the channel areasd@ mud in the initial set up (Figure 16 shows the initial
distribution of bed texture), and so mud cannot be eroded in these areas.

4.1 Sediment dading scenarios

In this Section, we present the results ofdgbdimentoading scenarios. The changes to loading were
run with 2014 as the baselihgdrodynamicconditions and each with a total duration of year. The
differences irsuspended sediment aadcumulation were plottedr each of these scenariedative
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to the & Nat,agddférahce enapih ditferelmcasdetween scenaaossmall, and it is
difficult to see the differences clearljhe differences are small because the climatic conditions are
the same for every run, the only differences are the loading condgioth$oading was generally

very small To better highlight the differencesg havealso summethe cohesive fractionas a
function of depth, subivided into different regions of the harboliihese areas are shown in Figure
21and summarised in Table(#r the cohesive sediment fractions)

Prior to interpreting the differengaots, it is useful toprovide a clearer understanding of the summed
dataandFi gure 27 shows the distributi Guspeaded t hes e
sediment increases generally with dethd when summed across the grid, is greater in the deeper
channels. This is becaue currents are generally higher in channels, which refiagrssediment in
suspension. Also finer sediments are advected over long disthncesytertidal areasito channels.
Sediments settle where the currents are lowes$grgbto settle in the intertidal regions and get eroded
from channelsFigure 27c and d shows erosion in deeper areas and accumulation in intertidal regions,
which is particularly evident whesccumulations is summed over thesgions (d). In the deep part

of the grid offshore (not shown in the Figure), sediment eroded from the estuary is deposited offshore,
and advectedut of the model at the open boundariEggure 27 also shows that sedint tends to
accumulaten upper reaches of the harbollote that there is very little of the active model grid

above 1m relative to MS{thefar-right panel shows the number of grid cells with this elevation in the
model) and so there is little accumtitan here.
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Figure 27: Output from the yealong Natural loading condition model, for the two cohesive fractions only
(added together)a) Averagesuspended sediment concentratireach grid cellb) Averageaccumulation at
each grid cell. ¥ Total suspended sediment concentration @amh subregion of the grid) Total

vV a
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accumulation oveeach subregion of the gridThe far right panel indicates the number of grid cells at each
elevation.

Figures 2831 showthe difference maps between scenandsere the differences have been avatage

for year. Suspended mud tends to be higher in the channels compared to the Natural state, and also
accumulates in the channel and high intertidal a®asd is not dischargéato the model by the

rivers, so all changes occurring in the model are caused by sand remobilising from the bed and
moving around the channels. Since the hydrodynamics are identical between runs, differences are
closeto the resolution of the modahd ae due to small instabilities, and the effect of mud on sand
resuspension. In general, the differesioetween scenarios are not great enough to be highlight well
with these difference maps.
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Average Suspended Mud Difference
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Figure 28 Comparison of suspendetuddifferences between all scenarios (relative to the Natural scenario).
Results are run with the 2014 hydrodynamic conditions for a year and averaged. Blue (negative) means that
Natural scenario is greater.
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6Average Suspended Sand Difference
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Figure 29: Comparison of suspended sand differences between all scenarios (relative to the d¢anamab).
Results areun with the 2014 hydrodynamic conditidios a year and averagedlue(negative)means that

Natural scerrio is greater Note that the changes are very small scale compared to the mud changes, and are
likely below the resolution of the model.
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Figure 30: Comparison occumulated mudifferences between all scenarios (relative to the Natural
scenario). Results arain with the 2014 hydrodynamic conditicios a year and averagedlue (negative)
means that Natural scenario is greater.
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means that Natural scenariogseater.Note that the changes are very small scale compared to the mud

changesand are likely below the resolution of the model (and the reason they are noisy).
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Figure 32 Comparison ofediment accumulation (sand and mdiferences between all scenarios (relative to
the Natural scenario). Results arenrwith the 2014 hydrodynamic conditidias a year and averagedlue
(negative) means that Natural scenario is greater.
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In general, mud suspension and accumulation was more affected by changes to hydrodynamic conditions than
loading changes, except when the loading occurred in an extreme event. This is shown in Figure 33, where we
have summed the accumulation that occuimezhch area of the harbour over a welstcumulation and

suspended sediment timeseries in each grid cell varies strongly over a tidal cycles (as shown in the calibration
datasetaind in Figure 1) and so care was taken to sum integral tidal perediment varied a lot witlweekly
changes to the tidal range and wind conditions over the year, and these were more a driver of accumulation
patterns then changes to the freshwater loading into the estuary. In Figure 33 (right panels), the accumulation
rates hae been normalised by the tidal variations on the outer boundary, in omttol forthe tidal

variations in the accuuhation rates. It is only the very large event (which is well beyond the normal distribution
of events for the whole loading datagettted as lines in the left panel), that shows a substantial harbour
response.
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Figure 33 In thesepanek, theweeklyaveragel mud accumulation for each region, and for each scenario
plottedas a function of the average loading for that same week (so each scenario provides 52 points). In the
right panel, the mud accumulation has been normalised by the variation of tidal hieilgatauter boundary

for that weekas much of the variation in accumulation in the Harbour is because of speiag variations to
resuspensiaiaccretion within the harbouiThe background lines in the left panel representiity

distribution of the whle (20year) loading datast.
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The channel draining the intertidal mud flats in the upper region of the harbour trap much of the new sediment
delivered into the model, and these differexioerease between natural, contemporary, RCP45 and RCP85,

with thebiggest difference@atural and contemporary, and between contemporary and the two RCP scenarios
(which are quite similar). The greatest difference is in the western part of the grid, where more sediment is
trapped on the high intertidal.
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Figure 34: Relative difference iaveragesuspendediud(a); total suspended mud (c) average accumulated
mud (d) total accumulated mud for the inner region of the grid.
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Figure 35: Relative difference in averaguspended mud (a); total suspended mud (c) average accumulated
mud (d) total accumulated mud for tivesternregion of the grid.



47

a:ASS Mud 1b:\Dc;ItaSS (tot) Mud . c:AAcc Mud 4 d:AAcc(tot) Mud 4 Points
T T T T T T T T T
05 1 05F 1 05F 1 05
or or 1 [ o
E
£.05F 1 05F 1 -05F 1 -05F 1
a
o
a
1F :1 aF i “F :( 1F i
151 4 -15F 1 -15F 4 5F §
Contemp
RCP45
RCP85
_2 1 1 _2 1 1 _2 1 1 '2 1 1
-0.06 -0.04 -0.02 0 -10 5 0 03 -02 -01 0 60 40 20 0
(kg/m3) (t/m) (kg/m2) (t)

Figure 36: Relative difference in average suspended mud (a); total suspended raudrége accumulated
mud (d) total accumulated mud for theddleregion of the grid.
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Figure 37: Relative difference in average suspended mud (a); total suspended mud (c) average accumulated
mud (d) total accumulated mud for teasternregion of the grid.
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As a final comparison between scenarios, the total accumulation rates were summed in each of th
areaqshown in Figure 21)and also in the intertidal areas (for latter mud oahg the results are
provided in Table 4This was to see what percentage of the sediment loading in the model was
trapped within the model domain, and what fraction wasttothe open ocean. Unfortunately, in all
cases, the modebnsistenthost sediment to the open oceadaspite new sediment being introduced

at discharge point3he model was therefore not in equilibrium piieven though there was a long
warm up peid). Prior studies show that it can take many years for the model to approach
equilibrium, and the equilibrium depends strongly on the number of grainsizes used and their spatial
distribution in the initial set up. Although wmdertook extensive calibran, it clearly did not lead to

an equilibrium model, and this is a limitation of the study.

To control for natural losses of sediment from the domain, the accumulation ratdis@ate

extrapolated to determine the likely accumulation at zero loatirgé 6 noned row in Tab
accumul ation rate was then removed from the tota
for natur al | osso. It is then possible to concl U

times that of the natal state, and this could increase to 5.5 and 6 times under RCP45 and RCP85
respectivelyEven with this correction, only a small fraction is retained in the model do#siatihe
moment, the concentration at the open ocean boundary is set.ttnzewlit/, the sediment lost at

the outer boundary might be brought back into the mwitbla change in the tide. The improve this,
the model would need to be nested within a much larger grid (which would also increase the
computation time).
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Table4:The total mud and sand accumulated in each region of the modé€kbadn in Figure 21)The intertidal areas (30.8m) is represented

separately, which is above the depth of the channels that show strong mud accumudetion.Ws mar ked énoned represent the
trapping over all the runs, plotted as a function of loading. This is was done as an attempt to correct for the lossmff fsedirthe domain that
occurs with natural conditions and no loadifthe domain is not in equilibrium and looses sediment to the open ocean).
Actual Difference Input Actual
load
Inshore | Offshore | West | Middle | East Upper | Inshore | Offshore | West | Middle | East | Upper Total Corrected | Inner Upper
Domain | for Domain Domain
natural Corrected | Corrected
loss
MUD kt/yr kt/yr
Natural -14.5 11.3 3.3 -6.6 -13.7 10.2 Postive(red) means natural smaller 11 -3.22 0.47 0.47 0.45
Contemp | -13.5 11.3 34 -6.5 -12.9 11.2 1.00 0.00 0.16 0.05 0.79 0.95 36 -2.21 1.47 1.47 1.40
RCP45 -12.4 11.3 3.6 -6.5 -12.0 12.2 2.11 0.00 0.38 0.09 1.64 2.01 62 -1.10 2.58 2.58 2.46
RCP85 -12.2 11.3 3.7 -6.5 -11.9 12.4 2.31 0.00 0.42 0.10 1.80 2.20 67 -0.90 2.78 2.78 2.65
None -15.0 11.3 9.8 0 -3.68
Intertidal
MUD
Natural 245 0.1 6.4 7.7 9.7 10.6 Postive(red) means natural smaller 11 24.59 0.16 0.16 0.15
Contemp | 24.9 0.1 6.5 7.7 9.9 10.9 0.33 0.00 0.14 0.02 0.17 0.31 36 24.91 0.48 0.48 0.46
RCP45 25.2 0.1 6.7 7.7 10.1 11.3 0.70 0.00 0.33 0.03 0.33 | 0.66 62 25.28 0.85 0.85 0.81
RCP85 25.3 0.1 6.7 7.7 10.1 11.3 0.76 0.00 0.37 0.04 0.36 | 0.73 67 25.35 0.92 0.92 0.88
None 24.4 10.5 0 24.43
SAND kt/yr
Natural -0.8 -1.7 -05 131 -65.6 -7.6 Note difference are very small 0 -8.45 -8.45
Contemp | -0.8 7.7 05 131  -65.6 76 | 0.00 0.00 0.00 0.00 0.00 - 0 -8.45  -8.45
RCP45 -0.8 -1.7 0.5 131 -65.6 -7.6 0.01 0.00 0.00 0.00 0.00 0.00 0 -8.44 -8.44
RCP85 -0.8 1.7 -0.5 13.1 -65.6 -7.6 0.01 0.00 0.00 0.00 0.00 0.00 0 -8.44 -8.44

near
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Finally, Figure 38 shows the soursimk analysis (the passive tracer analysis is shown in Appendix
4). Thisshowgshear ea of influence of each fr e.dNotevhat er
the scale of accumulation is several orders of magnitude srie@hoseshown with the models

that included resuspension (even though the loading was increasedachtiyrfat these scenarios).
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Figure 38 The average suspended sediment concentration over the calibration time (Model G in Table 2) from
sediment arising from the river and stream discharge only. The bed resuspension has been turned off in these
runs. Although the scales are the same, notetttegt are much lower than the sediment concentrations show in
Figure 24: Average suspended sediment concentration over the calibration period, using the bé€ (sede

Table 2). The sand fraction includes both the coarse and fine sand fractions, and the mud fraction includes both
mud fractions (see the initidistribution inFigure 16. The location of discharge points is given in Figure 1,

and markedvith a magenta circle in each panel.

5. SUMMARY AND CONCLUSIONS

A hydrodynamic modelling study was undertaken to better understand sediment exchange within
&hi wa Hadtbassess sediment transport aoclmulation under different loading and
climate change scenarios.

- Modelling demonstrated the complex patterns of adveeissociatedavith the tide and how
different types of sediment are suspended and transported with incoming tides (fine sands)
and with outgoing tides (muds and silts).

- Strengthof the studywere the continuous higiesolution SSCrg/L) field measurements to
calibrake and assess sediment dynamiicis notcommon among other modelling sediment

di

S
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studies at this scate determine whether realistic suspended sediment transport patterns are
predicted

Stream and river input of sediment into the harbour over the siolagiriods were small
anddid notdrive changes in SSQr(g/L) significantly.However, increases sediment

loading between scenarios caused increase in accumulation within the model domain (there
was a linear relationship).

A limitation of the studyis that extreme flows were not modellexspecially for the climate
change scenariok.is likely that rainfall patterns and wind will become more extréme
mid-centurybutthe sediment loadinign models usettydrometeorological conditionsdm

2014.

The 2.4 year contains a usualprgeevent. Weekly analysis shows that this particular event
could make a significant change to accumulation thtesighout the domairThis suggests

that legacy sediment loads delivereddneoff extreme event may be reworkever time to

be deposited around the harbour with the tide and internal processes.

Sensitivity tests showed importance of internal parameters on sediment dynamics in the
harbour such as the settling rate, erosion rate and critical erosion threstildpanh
importantly, the initial distribution of sediments in the domain.

Waves and resuspension could also add to trapping and resuspé&hisiavas not modelled
because of the difficulty of setting a whole new suite of parameters associated with wave
mobilization.

Maps show sand accumulation and dynamics around the harbour entrance and mud
accumulation in the middle tidal flats and upper regidvasumulation in the harbowould
double with climate change, abd up 5.5 or 6 timegreater thamatural levels.

Accumulation is particularly concentrated in the upper reaches of the estuary (far from the
entrance).

Flushing times show that the upper region is a sink region with longer flushing times whereas
the sothern region of the harbour is well flushed with the oc&ae. areaslominated by

mud contenhave long flushing time and areathataresandietave more rapiflushing

times.

Sediment tracking from streams aamd mi n or ¢ ochffp erosienshowdttie i
distribution throughout the harboiir.C|1 i f f 6 er osi on was used to
of small catchments with no clear freshwater discharge into the model.

Tracer experiments demonstrated water mass movement between different harbosir region
and showed which regions exchange more with ocean. WatetteddukuhouRiver region

for exampleends up in the southern muddy sediuary area or the middle part of the

harbour.

Accumulation rates in upper regions and erosigdhaharbouentranei modellingshows

how tides scour the channels and deposit sedimémtertidal flat regions.

A limitation with the modelling is the timescalaadresolutioni it is difficult to model and
captureyears ofcontinuous data to understand the accumulatgponses to dynamic events
and longer timescale process.

In terms of management, it is clear that the ugpetherrregions are zones where any input
of muddy sediment from the land will accumulate and sdtt&etohigher residence times.



52

6. ACKNOW LEDGEMENTS

This research was funded by Bay of Plenty Regional Cowrraifessor Kura PaBurke N g U t i
Awa) provided expert local advice on Harbour dynanaicd assisted with planning aappropriate
placing of mooringsWe thank Chris Morcom, Andrew La Croix, Rex Fairweather, Joe Butterworth,
and the boat skipper for their help in deploying instruments. Zhanchao Shao provided-2entinel
satellite imagery.

7. REFERENCES

Beetham RD 2012. Ohope Beach landslide of 18 Juhg&. ZBNS Science Report 2011/46.

BOPRC 2014&h i wa HratdgyoStrategic Policy Publication 2015/02. Retrieved from
https://cdn.boprc.govt.nz/media/610368/ohimaxbourstrategyrefreshee014 final-web.pdf

BOPRC 2015. Bay of Plenty Regional Freshwdanagement Framework 2015 Retrieved from
https://cdn.boprc.govt.nz/media/445979AuHyplenty-regionatfreshwatermanagemeframework
2015web.pdf

Bulmer, R. Research Scientigilational institute of water and atmosphere (NIWA), New Zealand,
O0Per sommuniCc2a0R2. ond

Bruce, D., 20235 e di ment ati on and geochemi s unpypliskedd &&hi wa
M.Sc. (Research) thesis, Earth and Environmental Sciences, University of Waikato, 102 pp

Chappell, P.R., 2013. The climate and weather of the Bay of Plenty, National institute of water and
atmosphere (NIWA), New Zealand, 3rd edition.

Collins, D., SemaderDavies, A., 2015. Water resource impacts of forest pasture conversion in the
Ohiwa Harbour catchment, National institute of water and atmosphere (NIWA), New Zealand.

Cussioli, M. C., Seeger, D., Pratt, D. R., Bryan, K. R., Bischof, K., de Lange, W.&Rilditch, C.
A. (2020). Spectral differences in the underwater light regime caused by sediment types in New
Zealand estuaries: implications for seagrass photosynthesiM&@aw Letters, 40(2), 21225.

Deltares. (2017) User ManuabWater Quality (\érsion: 5.06), versatile water quality modelling in
1D, 2D or 3D systems including physical, (bio)chemical and biological processes. Deltares.

Deltares. (2018a). User Manual DelftFhOW (Version: 3.15). Deltares.

Healy, T. and de Lange, W., 2014. Relidpiof geomorphic indicators of littoral drift: Examples
from the Bay of Plenty, New Zealand. Journal of Coastal Research, 30(31801
https://doi.org/10.2112/JCOASTRHS12-00069.1.

Horstman, E. M., Bryan, K. R., & Mullarney, J. C. (2021). Drag Ve, tidal asymmetry and tidal
range changes in a mangrove creek system. Earth surface processes and landforms, 468461828

H

La Croi x, 202 2, Recent and Historical Sedi ment at

Harbour, New Zealand, EnvironmahResearch Institute Report No. 156. Client report prepared for
the Bay of Plenty Regional Council, University of Waikato. 47 pp.



53

Levy, R., Naish, T., Bell, R., Golledge, N., Clarke, L., Garner, G., ... & Vargo, L. (2020). Te tai pari o
AotearodFutures ea | ev el ri se around New Zeal andés dynan
Level Rise: What to Look for in the Future, 4.

Lesser, G. R., Roelvink, J. V., van Kester, J. T. M., & Stelling, G. S. (2004). Development and
validation of a thre@limensionamorphological model. Coastal engineering, 53)8883915.

Lovett, N. J. (2017). Sediment transport in the Firth of Thames mangrove forest, New Zealand
(Thesis, Master of Science (MSc)). The University of Waikato, Hamilton, New Zealand. Retrieved
from https://hdl.handle.net/10289/11568

MacDonald, I. T. (2009). Flocculation of Fine Sediment in Turbulent Flows. thesis, University of
Auckland

Morrison B. 2007.@mnanagement : case studies involving | oca
Wellington, New Zealnd: Local Government New Zealand.

NIWA 2022. CliFlo: NIWA's National Climate Database on the Web.

NZ Government, 2020. National Policy Statement for Freshwater Management 2020, Ministry for the
Environment, 70 pp.

Park, S., 2005. Environmental quality@hiwa Harbouii 2005, Bay of Plenty Regional Council,
Whakatane, New Zealand.

PaulBurke, K., NgarimeCameron, R., Paul, W., Burke, J., Cameron, K., O'Brien, T., & Bluett, C.

(2022). Nga tohu o te taiao: Observing signs of the natural world to identfiaseaerabundance as

a detriment to shellfish survival inBoPRCin BoPRC, 2018, State of Environmeggtifiar wa Har bour
and Catchment 2018, BoPRC Environmental Publication 2018/8, 99 pp.

Healy, T. and de Lange, W., 2014. Reliability of geomorphic indicafidigoral drift: Examples
from the Bay of Plenty, New Zealand. Journal of Coastal Research, 30(31801
https://doi.org/10.2112/JCOASTRH$12-00069.1.

La Croi x, 2022, Recent and Historical Sedi ment at
Harbou, New Zealand, Environmental Research Institute Report No. 156. Client report prepared for
the Bay of Plenty Regional Council, University of Waikato. 47 pp.

Richmond, B.M., Nelson, C. S., Healy, T.R., 1984. Sedimentology and evolution of Ohiwa Harbour,
Aotearoa/New Zealand. New Zealand Sociology, 37(1);2185B

PaulBur k e, K., Bur ke, J ., Te Tpokorehe Resource Me
(2018) . Using MUor i knowl edge to assist under st a
&h i masbour, Aotearoa New Zealand. a barimepounded estuarine lagoon in the Bay of Plenty,

New Zealand Journal of Marine and Freshwater Research, 52(4)556428:461478.

Rahdarian, A., Bryan, K. R., & Van Der Wegen, M. On the influence of antecexephology on
development of equilibrium bathymetry in estuaries past and future. Journal of Geophysical Research:
Earth Surface, e2022JF006621.

Richmond, B. (1977). Geomorphology and Modern Sediments of Ohiwa Harbour, Bay of Plenty,
New Zealand (Doctoralissertation, University of Waikato).



54

Ri chmond, B. M. , Nel son, C. S. ., Heal vy, T. R. , 19 84
Aotearoa/New Zealand. New Zealand Sociology, 37(1);2185B

Robinson, B.J., 2012. Hydrodynamic impacts of tectonicsehigtoric Ohiwa Harbour, North Island,
New Zealand, University of Waikato, Hamilton, New Zealand, 111 pp.

Thrush, S. F., Hewitt, J. E., Cummings, V. J., Ellis, J. I., Hatton, C., Lohrer, A., & Norkko, A. J. F. I.
E. (2004). Muddy waters: elevating sedimigiut to coastal and estuarine habitats. Frontiers in
Ecology and the Environment, 2(6), 2906.

Vale, S., Smith, H. Neverman, A., Herzig, A., (2021) Application of SedNetltZerosion

mitigation and climate change scenarios and temporal disaggregation in the Bay of Plenty Region,
Manaaki Whenua Landcare Research contract to Bay of Plenty Regional Council, Report Number,
LC4002.



55

8. APPENDIX 1

Statisticalanalyses (bias, accuracy, and skill) were based on Sutherland et al. (2004). Bias was

determined following the equation:

S ¢ , \ ALy AR
OQOJIB W a0 o

where Y is the model results, X is the measured data, J is the number of predictions and miservati

occurring at the same time and location. Angular brackets represent the mean.

Accuracy was determined by the Mean Absolute Error (MAE) and by the root mean square error

(RMSE):
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where straight brackets represent the absolute value of the errors.
Brier skill scorewas calculated using the following equation:

0 YYp 3

where B is the average of measured data.

The classification based on BSS scarges from bad to excellent according to Sutherland et

al. (2004):

BSS score Classification
BSS <0.0 bad

0.0>BSS <0.1 poor

0.1>BSS <0.2 reasonable/fair
0.2>BSS <0.5 good

0.5>BSS <1.0 excellent
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Figure Al: Observed speed (red) and modelled speed (blue) at theslstes inFigure 1: Field site including
deployment locations arntielocation of stream inflowgackground image is from Sentirzkatellite data).
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Figure A2: Observed direction (red) and modelled direction (blue) at the sites shdwigure 1: Field site
including deployment locations atigelocation of stream inflowébackground image is from Sentifizl
satellite data).
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Figure A3: Observed waterlevel (red) and modelled waterlevel (blue) at the sites sh&vwguia 1: Field site
including deployment locations atige location of stream inflowgbackground image is from Sentiiz|
satellite data).
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Figure A5: Spatially varying bottom roughness map (Chézy) used for model calibration.
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