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Abstract

Most of thew o r Imedadties are located in estuarine regions suipgarbmmercial ports.
Such locations are subject to sedimentagind requiredredging to maintaiactivities

Liverpool Bay, northwest UK, is a region of freshwater influence and hypertidal conditgets
to demonstrate the impact lodiroclinicitywhen consideringedimentisposal. Although tidal
currents dominate the timarying current and onshosedimenmovement, baroclinic
processes cause dd¥er residual circulation that influences the lontggm sedimentransport.
A nested modelling system is applied to accurately simulate the circulation dtiniregz month
period.The hydrodynamic model is validated using coadtgkovations, and a Lagrangian
particle tracking model is used to determine the pathwaysedlilnenmixtures representative
of locally dredged material: a mix of 70% silt and 30% medium sand and a mix of 50% fine sand
and 50% medium sand. Sediments ateduced at 3 active disposal siteghin the Mersey
Estuaryin 2 different quantities§00and1500 Tonnes)Following release the majority (83% or
more) of theparticlesremain within the estuamgue to baroclinic influenceHowever, particles

able toleave follow 2 distinct pathwaysrhich primarilydependon the sediment grain size
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Typically the finer sediment moves north and ¢barseisediment westUndersolelybarotropic
conditions larger sediment volumes (up to 5 times more) can tleawestuaryn a diffuse plume
movingnorth. This demonstrates the necessity of considéangclinic influencesvenwithin a

hypertidal region with low frestaterinflow for accurate particle tracking

Keywords:POLCOMS; Baroclinic circulation; Sedent dynamicsParticle tracking; Estuarine

modelling; Mersey Estuary

1. Introduction

Management of estuarine systems requiresotigh understanding of continued engineenng

the longterm sediment dynamicsNith a widespreadeed to maintainavigation channels

issues relatedto sediment disposal ants environmental impactarise(Mitchell and Uncles,

2013). Dynamics inregions of freshwater influenege dominated by the competition between
mixing from tides, winds and waves and the #tiaig impact of freshwater and heat (Souza and
Simpson, 1997). In coastal regions with strong horizontal density gradreatactionof the
density gradientwith the sheared tidal currerdeneratsa process known as tidal straining
(Simpson et al., 1990). This interaction results in periodic variations in stratification which
influence mixing, dispersion and sediment transport (Jay and Musiak, 1994). Recent numerical
studies suggest that baroclimffects (i.e. tidal straining and density driven circulation) control
thesuspended particulateansport and pathways (Burchard et 2008; Spahn et al., 2009;
Pietrzak et g, 2011; Souza and Lane, 201¥)ften, numerical models are employtd

undestand the sedimenynamicswithin estuary systems informdecision and policy makers

(Schuttelaarset al., 2013 The Mersey Estuarwhich hossthe port of Liverpoqglis used here



as an example to assess the impact of baroclinic processeafirapratransport.This estuaryis
within a hyperti@l region of freshwater influencél¢warth and Palmer, 20}, which provides a
challenging case study to demonstrate the importance of accurate model setupate

sediment transport pathways for mixed sedite€l he capability to simulate sediment pathways
with high accuracy is of importance for ports worldwidimce2 2 of t he 32 wor |l dos
(e.g, Shanghai, Rotterdam, Hamburg, Antwerp, New Yaire located in estuari¢Ross, 1995)
and 14 of the 17 recognised global megacities (with over10 million inhabitants) are within
coastal regions (Sekovski et al., 2012hderstandingreshwater influencen sediment

pathwayss critical for the management alredging disposal sitesd/or mgr port

developments, as in the case of Measvlakte2 extension of the port of RotterdaBoth

baroclinic and barotropic conditions are investigated, where barotropic conditions refer to the
circulation caused by a gradient in the water elevation armthnic circulation is that driven by
gradients in density, caused by the salinity and temperature fields. In this study the estuary is
represented as three main regions (Fig. 1)inther estuary, The Narrows at the mouth and the
outer estuary that eamids into Liverpool BayThe aimof this researclks to show the extreme
impact of freshwater influenceven when river inflow is low and tidal flows are energetic,
thesediment pathwaysot only withinanestuarybut also along adjacent coastsand

nearshore region

The Mersey Estuary, situated in the northwest UK, resides in a haeavdgised and
industrialised river catchmenf approximatelys000 knf with a population of over 5 million
people.t is heavily managed due ggEonomic and esironmental importancéor the regionin

addition to the natural habitatee Mersey also suppomsajor manufacturing centresndustrial



dischargehashistorically contributed to high levelsf contaminard, which mayemainstoredin
the sedimentargecord(Ridgway et al., 2012); reelease potentially having harmful

environmental impact

With the planned regeneration of redundant dack.iverpool and Birkenhead there is a need to
understand the potential transport pathways for dregiged To identify if sediments remain
within the estuary following disposal within the systestenario spoitlepositsare investigated

to produce plausible sediment pathways for this estulng increase in disposal at three
existing sitegFig. 1)in the Merseys modelledo identifythe suspended sedimetmansport
pathways over & monthperiod It is of interest to ascertain if the sediment will contribute to the
build-up of the existing sand and mud flats within the estuary or increase the need to dredge
navigation channelsA typical three month period (JanuaryMarch 2008)s simulated to

explore the transport pathways over thediumtermwhen the river influence varies between
high and low flow ratesThree sediment classéslt, fine sand and mediusand are

investigated, considering different sediment mixes and vawieeposit The study aims to

identify both the particle tracksid sediment sinks for the disposed material.

To have confidence in the results thedelledcirculation and densitfields are validated over
theperiodusing nearshore observations within Liverpool Bay. Previous naggdicationto the
neighbouring Dee Estuary for the period February to March 2008Iteasly proverhis model
to be accurate inlaypertidalestuarine systerfBolafios et al., 20)3Sediment transport studies
in the tidallyydominant(RamirezMendozaet al, 2014 and riverdominant Amoudry et al.,

2014 channels of the Dee Estuary have demonstrated the rdodpébility in accurately



hindcasing suspended sediment concentrations during this study pEadaerparticle tracking
studies (Lane, 200%.ane and Prandle, 20pBave alscompared well with observed sediment

concentrationg the Mersey

Following an introduction to the case stutljjnamics (Section 2) the modelling results (Section
3) showthat anly asmall percentage of particles are dbkeve the estuargiong 2 pathways
dependant on the sediment grain sRagticlesthatremain within the estuary accumulate close
to the shorahes in the inner regiofter a discussion of the result (Sectionift)s conclued
(Section 5) that the limitation sediment loss from the estuarypismarily due to baroclinic
influence on the residual circulation. The coarse and fine transpbwag becoming
identifiable due to the influence of grain size on the tuagying position in the vertically
sheared baroclinic water colunmeglecting theéhreedimensionabaroclinic structure of the
water columneven under the tidally energetic cdrahs consideredeads to drastically
different model resultdHere, under barotropic conditions the majority of sediment thee

estuary as a diffuse plume traveling north along the coast.

2. The study area and conditions

The model used considdtseregionknown as Liverpool Baywhichlinkslocal estuary
dynamicgto the eastern Irish SéRlater and Grenville, 2010)his larger aredas been
considered because it is importantépturethe dynamics in the outer estuary and further
offshore to model the sediment regime (Spearman et al., Z0@jnean spring tidal range is
8.27 m at Liverpool Gladstone dock @tonal Tidal and Sea Level Facility,lISLF:

http://www.ntslf.org) and the sbng tidal currentsvithin the baycan reacii m/son spring tides



(Krivtsov et al., 2008)Theaverageotal freshwateinput into Liverpool Bay is 22 m’/s from
the Mersey, Dee and Ribble estuaries (Krivtsov et al., 200®) river Merseyontributesa
mean discharge &7.26m°/s andhas al0% exceedanocealueof 80.1m%s, using observations
between 186 and 20D attheinland Mersey at Westgauge (grid referenc®J628883National

River Flow Archive, NRFA:http://www.ceh.ac.uk/data/nrfa/index.hdxirhis gauge is the

closes availablegaugeto the upper estuary.

2.1.Liverpool Bay and the Mersey Estuary

Liverpool Bay (NW Englandkig. 2 is ashallow(< 50 m)coastal seafluenced by

stratification and strong tidal mixin@he sediment within the bay is mainly medium or fine

sand, forming sandbanks, which are exposed during low water elevations, and localised gravel
outcrops (Thomas et al., 200ft)experiences strong tidal mixing, occasional large storms (surge
and waves) and freshwater influence, which causes periodic stratification (Howarth and Palmer,
2011). The current residuals, and therefore sediment pathways, within the bay respond to the
topography, diverging north and south at Formby Point (Plater and Grenville, Z0i&)yuter

Mersey channehat extends into the baypmplicates theoastakediment dynamics, with a net
offshoredrift against the general onshore trend across théfyeand Blott, 2010, Fig. 2).

Although the instantaneous sediment transport is related to the fast tidal currents, which typically
align eastwest(Fig. 2), the density driven flow ialsoimportant, influencing the weak Igrterm
residual causing a deptlarying northsouth flux(Souza and Lane, 2013)hedepth variatiorof

the residual flow must be consideredtasnfluence omasedimengparticlemovingvertically

through the water column will changéth depthand may evernever® due to thevertically

sheared flowstructurein the bay(Palmer and Polton, 20LJAdditionallyit is as important to
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consider a mix ofediment classds capture th&ariability in settlingand resuspensiomates

which will influence the net transport pathwggouza and Lane, 2013).

The Mersey is one of three large estuary systems within LiverpodhBaglmost completely
dries at low water spring tide (Prandle, 2000)e inner estuary has extensive intertidal banks,
consisting of mudbanks close to the gime and sandbanks in the low water chaniiéle
estuarymouth is 1.5 km wide with fast 2 m/s currents (Lane, 20p3Vaves greater thahm
have been observed within the lalpse to Site A, Fig. S)ith a 10% exceedance in winter and
2% exceedance in summer (Draper and Blakey, 196@)ically the largest waves aoéthe
orderof 5 m (Wolf et al., 2011)The river flow varies from 25 200 ni/s. Although te ratio of
river flow to the tidal discharge wame is 0.0)(Prandle and Lane, 20Q6)suallyindicating
well-mixed conditiors, at certain states of the tidad in certain locationgsartial stratification is
observedBowden and Gilligan, 197 Brandle and Lan006). Over the pastenturymarine
sedimentas accretedt a steady rate of ~1million¥gr (Lane, 2005)Since 1977 it is thought
the estuaringolumehas stabilised at a new dynamguéibrium (Blott at al., 2006), with
changes mainly occurring within the intéstal regions othe inner estuary (Lane, 2004).
Althoughcontinueddredging activity prevents complete stabilisat{Biott et al., 2006)Annual
dredging peaked around volumes of 10 million tonnes in the first half of theet@ury,

reducing to 1 million tonnes withbaut 10% of material being deposited within the estuary

towards the end of the century (Prandle, 2000).



2.2.Conditions in 2008

The period January to March has been considered because it has periods of both high and low
river discharge compared withe longterm climate(Fig. 3). The mean residence time of a

water particle in Liverpool Bay is 103 days and the flushing time of a scalar property is 136 days
(Phelps et al., 2013). This 91 day period should therefore give a good representation aitsedime
pathways within the baybservediver flow (Fig. 3) is used within the modelling systeifoy a

gauge withanavailableadjustment factor to account for additiodalwnstreanfreshwater input

from thecatchmen{seeMarsh and Sanderson, 2Q0Bhis period also allows multiple spring

neap cycles to be considered (Fig) enabling the influence of the tidal residual to influence the
particle movement. Since some of the largest astronomical tides occur in March the most
extreme conditions influencirtge particle movements have been considered. Although a
number of large wave events occur during this study period,-a@vent interaction has not

been considered to optimise the mdslebomputational efficiency. This is acceptable since wave
impact isminimal in the Mersey due to the restricted (narrow) channel at the mouth and
surrounding sand flats, which dissipate the wave en@igjt et al., 2006) The model takeinto
account the influence of atmospheric forcing, thus any storm surge andlfmad circulation is

included During this period 3 largetorm events occysurge levels >1.5 nkig. 4b).

3. The modelling system

Even under hypertidal regimes, estuaries can be subjected to significant baedidoigand
will thus require full threelimensonal baroclinic models to undertakemerical predictionghe
time-varyingwater columrstructurebeingasimportantas the residual circulatido determine

sediment pathways (Spearman et al., 200W)s is the case for several estuaries in Liverpool



Bay such as the Dee Estuary (Bolafios et al., 2013) and tiseWEstuary (e.g., Bowden and
Gilligan, 197). We apply the Proudman Oceanographic Laboratory Coastal Ocean Modelling
System (POLCOMS) for this gpication to the Mersey Estuaryhe model setup considers the

threedimensionabarocliniccirculation and particle trackin@ouza and Lane, 2013)

3.1.Hydrodynamic model

The POLCOMS is based on a full thvénensional barocliniocean circulation model, which is
formulated in spherical polar terrain followiregordinates. Thaydrodynamic component solves
thethreedimensionalhydrostatic, Boussinesqg equations of motion separated into-kepihg
and depthindependent partfetails of the governing equations and of the numerical
implementation are presented in Holt and James (2001) and are not repeat€drheltent
stresses and fluxes aredelledvia coupling to th&eneral Ocean Turbulence model (GOTM,
Umlauf et al., 200pand we employthe-0 ¢l osure scheme with stabil
the seconabrder model of Canuto et al. (200The POLCOMS is designed to resolve sharp
density gradientsia the implementation of aiétewiseParabolicM ethodscheme foradvective
terms €.g.,Jonesand Davies1996) while wetting and drying algorithms are employed to

reproduce the vast int¢éidal areas in Liverpool Bagnd the Mersey Estuary

3.2.Particle tracking methods

Lagragian particle tracking algorithms areailable as part of the POLCOMS modelling suit
An initial application to the Mersdyas beemlescribed in detail by Lane (2009hese
algorithmstrack the position of particles followirtheintegration in time of particle motion. The

particles can movkorizontally as a result of advection from the thd@aensional circulation



and vertically due to settling and diffusive processes. The motioningsinbm turbulent
diffusion isonly considered in the vertical direction and is modaligidg arandomwalk
approach(Fischer et a).1979, following which the vertical displacement length due to diffusion

(Lg) is relatedo thevertical eddy diffusivity coefficientk,):

0 CL wo

with the time steppt

Any movement above the surface or belowlibd is reflected back into the domain by a
reduced distance due to consideration of a bounce coeffidiethie sediment bed, arosion
source ternfor fine particleso’Y , follows a simple assumpticihat does not require a critical
stresqLavelle a Mofjeld, 1987)andit is insteadsolelyrelated to the currerfitiction velocity,
¥, with a coefficiento = 0.1kgsni*, adopted fot.agrangiarmodels by Lane (2005). Within the
model each particle is given a representative mass. The potential esasitmulatedfor each
surface particleverytime stepandsummedovertime until the erosionthresholdof the
(representativeparticle masss ether reached or exceedetdihe particle is then released at a

height depending on the diffusion at that time

Settling of particles employs constamtd uniformvalues for the sediment fall velocity. This
implies that processdsading to variable settlingatesuch as flocculation and hindered settling
are not considered in the modEhe representative particle is deposited when the height of the
particle above the bead less than the distance required for the particle to settle within the model
time step The representative particle then remains stationary on the bed unless the erosi

threshold is again met asitesting locationf-or particles that experiencénarizontal
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displacementtat exceeds the distance to the model boundary within a tpgtke particle is
removed from the computation and cannot return into the model dd&nage. the model

boundaries are at some distance from the particle release sites particles lost at the boundary
during a tidal excursion are likely to have been las tb their net transport towards the

boundary relatively soon after their loss. This does introduce some error due to the slightly early

loss of particles from the domain.

3.3.Model setup

The POLCOMS has been ingphented within Liverpool Bay usingramerical domainvith a
resolution of~180m in the horizontal and 10 vertical sigma leweithin the water columiFig.

5). The bathymetry consists of digiéid hydrographic charts combined with LIDAR and
multibeam dataAcross the bay the depttscreas from 50 m offshore to the shoreliria.order

to capture the vertical structure of density across the domain, freshwater river input, surface
heating andhe offshoretemperature and salinipyrofilesare all explicitly taken into account in
the model ipplementation. Theiverpool Bay numerical domain is therefore driven by lateral

offshoreboundary conditions for elevation, deptairying currents, temperature and salinity.

These lateral boundary conditiosse based on a oiveay nesting approadbllowing which the
values at the Liverpool Bay northern and western boundaries are extracted from numerical
simulations of the full Irish Sea (at nautical mile resolutieh8 kn). In turn this model is
forced with dailyaveraged temperature and salitfabundary conditions from the pre
operaional Coastal Observatory (COBS&})antic Margin Model(O'Neill et al, 2012jnd hourly

tide-surge conditions from the operational Continental Self surge miekhér, 200D
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Freshwater river input is implemedtender the assumption that the river temperature is in
equilibriumwith the inland atmospheric temperature at the river sources. In the absence of
observediver temperature, it is assumed that the land is quick to respond to surface heating
influencing he river flow. This enables a seasonal river temperature to be included within the
model, such that the freshwater is cooler than the coastal ocean during winter, with an increasing
trend in temperature during the study peri@en though this may not Iperfectly accuratehe
resulting discrepancy in river temperature would remaliativelysmall in the periodrom

January to March, and would have a negligible impact on the density structure in comparison
with the effect of salinityn Liverpool Bay and its estuarid3aily averaged river discharge

from the Environmental Agency, V@EH, specifythefreshwaterflow rateinto the modelThe

river water is imposed with PSUat the point of input in the upper reaches of the estudiines.

water very quickly mixes to form brackish water over a few grid cells.

Atmospheric forcing is providealt 3 hourlyintervalsfrom the UK Met Office operational
Mesoscat model hindcasat ~12km horizontal resolution. The properties used to simulate the
surface momentum, salt and heat fluxes are: wind velocity, atmospheric pressure, atmospheric

temperature, cloud cover, precipitation and relative humidity.

To spin up the density fields within the study region the IrishnS&delis spun up for 3 months
prior to the study period’lhe smaller domain of Liverpool Bay is warm starfiesn initial
conditionsgenerated fronthe COBSpre-operational modelling suithis system has been

running since November 2007, using climatological rivers across the Irish Sea. The Liverpool
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Bay model is then run for 1 month before the study period (Dece2fb@r to enable the coastal
density structure to reach a new equilibriwith themorerealistic river forcing.Waveshave

not been considered within this studyenable the model simulation time to remain minimal.
Theirinfluence is negligible withithe Merseyestuaryitself, howeverwave resuspensiand
circulation may influence the particle movement within the outer estuary and thHEhmy

simulation therefore represents the net transport pathways for calm current dominant conditions.
For this application th&ull simulation(including spirup time) of 4 months on 256 cluster nodes

requires one day of retime.

3.4.Model validation

The POLCOMS system has been applied tumber of coastal and shelf sea applications and
extensively validated. mon-exhaustivdist of studies include:olt andJames (2001), Holt et al.
(2005) and Holt and Proctor (2008) for a northwest European continental shelf application;
Young and Holt (2007) for an Irish Sea application. Recently, af@gblution application in
Liverpool Bay has been validated agaifisid measurements in the Destiaryfor depth
averaged current86lanos et al., 2013glevations and the vertical structure of the major axis

currents (Amoudry et al2014).

The particle tracking model strongly depends on the quality of velocity fioediand we
present herermthervalidation of the predictive power of POLCOMS in Liverpool Bay for both
depth-averaged currents and depidrying velocitiesTo that end we use field data at two

locations in Liverpool Baysites A and BFig. 5, which were part of the Irish Sea Observatory
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(Howarth and Palmer, 201Ilhe comparison between model predictions and observations is

donefor the period January to March 2008.

Thequality of the hydrodynamic predictions is assessad number of stattical parameters
the Root Mean Squared Er@gMSH and the index of agreemdii) as defined by Willmott

(1981) Definingthe mean value as
o £ o6
0

thetwo statistical parameters are written as

In these definitiond\ is the number of data points withertemporal sequencs data K) ata
single locationP represents the numerically predicted values@tige observed valueé. value

of 1 forD corresponds to perfect agreement, and O to complete disagreement.

In Liverpool Bay in general and at both sites used for molsérvation comparison, the major
component for currents is eagest, ad values reach in excess of 1 nif®m the statists
presented in dblel, depthaveraged and deptharyingcurrentscan be considered to el
predicted by the model for the three morithaestigatedJanuary, February anddvtch 2008).

At the Liverpool tide gauge (Gladstone Dock) the total water etgvatso validates well.
Compared with thenaximum9.87 m tidal range during this study period the Hpuotal water

elevations havanRMSEof 0.21 m and ® of 1.0Q
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4. The scenarios investigated

We modeM scenariogo investigate théehaviour of 2 sediment mixes a2differentdisposal
tonnagesinder realistic conditionsA 5" scenario is then simulated witharybaroclinic
influence (no density gradients) to see how important the baroiifhuenceis over time.The
samethree disposdites, which are already in use for maintenance dredgiegjsed in each
simulation. The sediment classe®l fractionspplied are thosestimated asepresentativef
the estuaryn the absence afetailedparticle size distributiomformation In each scenario the
particles are released from the start of the simulation (06'0@riuary 2008)which isthe start
of the ebb tide. At this time theodelleddepthraveragd current through the narrows wa5
m/s which is14% of the peak1.79 m/s) modelled dep#wveragedidal flow during thisstudy
period The tide continued to ebb féhours following the release of the particles. The initial
tidal range wag.45m, just larger than a mean neap tide (4.29 m, NTSLR¢ smulationthen

ran fora 3 monthhindcast periodo track the pathwaysver a moderate time period

4.1.Sediment classes

In the absence ofgpticle size distributions/e consider three different sediment classes: silt, fine
sand and medium santhe principal difference between these classes is the value of the
constant settling velocity employed. We use here a settling rate of 1 mm/s for silt, 9 mm/s for
fine sand, and 3.5 cm/s for medium sand. Based on the van Rijn (1993) formulation for settling
velocity, the selected settling rate values correspond to silt of approximately 30 to 50 micron
diameter depending on the density, and to sands of approximately 100 and 25Qraiceder.

Setting rates a8.5mm/s (spring tides) and 8.0m/s (Neap tides) ave been derivefiiom
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suspended particulate matierthe narrows corresponding to particles ot&89 micron
diameter(Lane, 2004). The values applied here are therefore realistic for the studiveoea.
sediment configurationwerethenarbitrarily chosenone combining 70% silt with 30% medium

sand, and the second @qual split between fine and medium sands.

4.2.Dredged spoil disposal method

All particles are introduced at the bed over an area representative of thexiktiegdisposal
sites(Fig. 5). Thepercentage dhe totalvolume deposéd at each sitél, 2 and 3, Fig. )lin this
studywas 33.13%23.47%and 43.40%Between 2000 and 2010 the total volumes of annual
dredged spoiand the deposit ratios between sites have beenvaeble;although typically a
greater tonnage has been deposited at sithi8.volumeis represented by a number of particles
representing the sediment class ratios abtiveach scenario the particles at each site are
appliedevenly across the siteems to represent the sediment nhixcases with a few remaining

particles, these were added at the centre of the site.

The initial simulation considered 10000 particles eac¢h wirepresentative mass ok§0giving

a total disposal volume of 50®nnes.The number of particles walsenincreased to 30000, the
representative mass remaining at 50kg, giving 1500 Tonnes of sedifrfestmethod of

increased tonnage represents an increase in the thickness of the sediment deposits at the bed. The
surfa@ layers providing a sheltering to the layers below, increasing the time period to erode the
sediments. In reality this could be achievemtigh increased deposition at one time or by

reducing the area of deposition. Tdygpliedtonnage ionly a fractionof the annual maintenance

dredgingthat actually occurred in 200Blowever in the absence of sediment disposal volumes,
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representative of the new dock development, these scenarios indicate the potential gathways

different deposition methods.

5. Resuls

For each of thé scenarioghe final position of the particles is presentedgachindividual

disposal sitesThe domains used to identify the final position of the particles for analysis are
given in Figure 5The particles are separategsediment fraction to clearly identify tHi@al
positionof each particle class from the 3 sourded-igures 6 to 9 the western extent of the
Liverpool domain has been cropped to focus on the region in which the particleslimeve
sediment volume aspercentage of the total initial deposit of each sediment class at each site is

tabulated to show:

() The volume that has left theverpool Bay (cell 11 a and)lmodeldomain through
northerly drift.

(i) The volume that has drifted north of Formby P¢irtitude > 53.55°) but remains
within Liverpool Bay.

(i) The volume that remain within the Mersey Estuary (Latitude < 83Zand8Longitude >
-3.04°).

(iv) The volume that have migrated furthgrestuary (Latitude < 53.39° & Longitude->
2.85°).

(v) The volume of partlesclose tothe WirralandLiverpool shorelines within the Mersey

Estuary.
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(vi) The volume of particles that are still suspended within the water column at the final

model time step (31March 23:30).

5.1.500 Tonne 70:30 mix

After ~7 days thesilt particles have begun to travel north along the English ¢bast6a, c, e)
These particlesnter the Ribble Estuary and interact withdynamics slowing their net
migration northSomesilt particles are still suspended within the water column agnideof the
simulation but many are deposited along the English cddmt majority ofooth particle classes
remainwithin the inner estuarglose to the shorelines (Fig. &-ines seem to favour the Wirral
shore and coarse grains the Liverpool sli@eble 2) Particles from each site are present in the

upper estuary (Tab with regions defined in Fig.)%t the end of the simulation

5.2.500 Tonne 50:50 mix

The coarse(50:50)sediment mix takes a little longer to beggavingthe estuary and travel
north (<10 day$. Within the second month tlparticles are more mobile on the spring tides and
over the full simulation do ridravelasfar offshore as the fine mix (scenafid). It is clearly
thefine sandraction (Fig.7) that extend$urthest along the English coast, especially from the
site nearest the estuary mouthiverpool is thefavoured estuary shorelin®r bothfine and

medium sandractions(Table3).

5.3.1500 Tonne 70:30 mix
Increasing the number of particlgsom 1000to 3000)has little effect on how long it takes the

particles to leave the Mersey and begin to travel ndttre particles travel further offshore and
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also towards the Welsh coast and the Dee Estuary by the end of the simulation, especially from
the finesandfraction deposited close to the estuary mouth @)igAn increase in the number of
particles lost through the north boundaryted thodel domaiis seen (Tabld). However the

majority remain within the estuarwith the finesand close to the Wirral shore and tinedium
sandgowards the Liverpool showes previously seeifhe larger number of particlesso

increasd the number still mobile @ahe end of the simulation.

5.4.1500 Tonne 50:50 mix

Increasing the number of particles in the co@8e50)mix scenario has little influence on the
time it takes the particles to leave the estuary. It just increases the number lethéngnaet of
the northerly drift The increasg numbers of particles leaving the estuary still rencéose to the
coast and do not spread offshofiene finesandparticles dominate the volume in the offshore
domain (Fig9), but bothfine and medium sarnfdactionshave the majority of particles in the
inner estuary (Tablg, with regionsdefined in Fig5), with slightly more towards the Liverpool

shoreline.

5.5.Barotropic simulation 1500 Tonne 50:50 mix

The 50:50 sediment mix for 3000 particles has beeamnelated undesolelybarotropic

conditions (Fig. 10). The conditions represented in the boundary forcintidaresurge, river

flow rate, wind and pressurBlo temperature or salinity gradismreconsidered so a constant
density field occurs across the domain. It is clear that the residual circulation due to ba#soclinic
(density gradients) within Liverpool Bayas a major influence on the sediment dynamics. The

loss of particles from the Mersettary is considerably reduced due to the baroclinic
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circulation (Table 6). Under barotropic conditions alone (Figtitid) dispersion in the

horizontal createa diffuse plume of fine san@vhichmoves north within the nearshore region of
the coast, wite the medium sand generally remains within the main low water channel in the
outer part of the estuary. This simulation was repeated without any river flow (bracketed values
in Table 6) creatingninimal difference(some of which will be due to the randavalk of the

particles) suggesting the net loss is dominated bytited residual circulation

6. Discussion

The differentbaroclinicscenariogsub sectiorb.1-5.4) present similar overall traport

pathways. The majority (88 <) of each sediment class deposited at each locagionins

within the Merse\Estuary It is clear that the net offshore movement of particles is constrained
within the main channel. Once at the offshore end ofatvevaterchannel the particles are able
to disperseand become influenced by the residual circulation of the Payicle constraint

within the low waterhie channel prevents the particles experiencing the coastal drift back
towardsthe estuary mouth (Slye, 1966; Pye and Blott, 201Byom offshorethefine particles
aretransported back onshore in the diverging circulation at Formby, Rdiete they are

typically incorporated into the northerbpastafflow. Theparticles are transportewbrth by the
resicdual curreninto the Ribble estry before continuing to travel nortwith a few leaving the
model domainThis northerly flow fronthe Ribbleis not captured in Fige2, suggesting a
larger area of influence is required to understand the sediment sources and sinks within this
coastakell. Work by Jones and Davies (2007) suggests a northerly costal flow north of the
Ribble and also highlighthe complexy of the recirculating tidal residual within the outer

Mersey Estuary and Liverpool Bay. Hetlegtransport pathwaywithin Liverpool Baydepicted
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in Figure 2 argenerallyfollowed and the westerly drift of the medium sand may in fact be
sediment trapped within the counter clockwise recirculation or a slow offshore drift. A detailed
map of the longerm (at least annual) batwgcally influenced residual circulation is required to

provide more details in this region

By the end of the simulated (3 month) period the particles remaining within the domain have
generally settled to the bed and are within the inner part of greeyl Estuary-However,some
particlesremainmobiletowardsthe end of the simulationithin the bayduring the faster current
flows, at spring tidesuggesting that the particles will continuerioveuntil they settle in areas
where the m@mum currents are unable testespend them from the hedlthough the majority

of the particles are on the bed this does not mean they could not be resuspenstednbg\ar

to continue along their sediment pailine particlesemaining within the esarytendto settle
towards the shorelines of the estudnyresponse to the complicated transverse residual
circulation within the estuary (Bowen and Sharaf El Din, 126BYyger percentage of sittoves
towards the Wirral shore, while sand moves towahe Liverpool shorélhis is most likely in
response to thiateralthreedimensionatesidual circulation within the estuaisew particles
havemoved towards the estuary head from their initial disposal site locHi®ngt transport is
generally tovards the estuary moutf.he accumulation of sediment close to the shorelines
suggests there is a risk that the sediment could increassgtieedmaintenance dredging of the
docks whileintertidal banks may be nourishethdnavigation channels are likely to reméess
affected Particles that leave the estuanputh travelling offshoréend to remain in th@ow
water)channelwithin the outer estuaryHowever, if they leave the channel they more frequently

become incorporatl intoa net northerly flow within Liverpool Bay and slowly travel north out
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of the domain. In few cases the particles continue to move westerly offshore, slowly migrating
south. The fine particles are able to spread over the greateswatieparticles disposed atite 1
beingmorelikely to leave the estuaryThe scenarios with@arse sediment mixoosefewer
particles offshore and to the surrounding coakis is likely to be related to tlestuarine
circulation, transporting particles in tt@ver water column towards the upper estuary and
particles in the upper water column offshdlewever the 250micron sand is present in all
scenariosas the coarse fractiohhesimilarity in thetransport pathwaythereforesuggestit is

the quantityof the sediment that influences if a significant amount can escape the estuary.

Souza and Lane (2013) demonstidiew sediment deposits offshdrem Formby Pointeturn

to theMerseyestuary dueo baroclinic processeSimilarly we show the importance of the
baroclinicinfluence on the residual circulatiomreducing sediment loss from the estuary. A
comparison of Table 6 withable5 shows that under realistic conditions over 88%auh
sedimentlassremairs within the Mersey, less than 1% of the fine sand particles leave the
domain andip to3% of thefine sandparticles move north of Formby Poui¢pending on their
deposit site within the estuaryhen baroclinicity is not considered the resultsdaaenatically
different.Up to 64% of the fine sasdnd 12% of the medium sandn leave the Mersey.
Approximately 11% of the fine sand leaves the domain and the medium sand is now also able to
leave the domain (< 7%). Up to 26% of the sediments within @askare found to travel north

of Formby Poinunder barotropic conditiongo avoid the computational cost of using depth
varyingthreedimensionalmodelling systems in energetic regimes where the water is suspected
to be wellmixed e.g., the hypertidalonditions of Liverpool Baybaroclinicity maybe ignored

in research studie®Ve show here how important it is to consider the weak residual baroclinic
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circulationevenin hypertidal conditions as transport pathways are strongly altered and may
influencemanagement decisioridnder solely barotropic conditiomsmore dispersed sediment
plume, particularly for fine sands, is modelled, while consideration of baroclinicity (density
gradients) createsdistinctsediment pathways propagating from the estt@mards the north

and west in relation to the sediment grain si&iso the facthatbaroclinicity acts to reduce
sediment loss from the estuary means disposal site location is important. It is shown that with
increased distance into the estuary thdilik®d of the spoil remaining within the estuary

increases.

The influence of baroclinicity is much greater on the fine sand compared witiretliamsand.

This is due to the fine sand being more easilgpended, thus spending more time at higher
elevatons within the water columithe barotropic simulation represents a homogenous water
column, with the residual flow being dominated by the tide. The results suggest the barotropic
residual isdlominated by the eastest tidal excursion and a northerly flalue to more elliptic

flood flow vector pattern andhorerectilinear ebb flow Tidally strairinduced periodic
stratification within Liverpool Bay generates da¥er water column during the ebb tide

(Simpson et al., 1990Puring periods ostratification a Aayer system forms consisting of a
surface flow north away from the Welsh coast and a weaker bottom flow towards the Welsh
Coast. During timesfanixed water conditions during the flood tide dhd initial stages of the

ebb tide the flov is eastwest aligned (towards and away from the English coast) with increasing
current velocity towards the surface (Palmer and Polton, 2011). This studyrsleoisn sand
particles tend to be mainly influerttby the lower water column flow, which is aleer with

dominated eastvest movement in the baly the lower water columrhe residuatirculationis
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towards the wesdue to barotropic conditions atmlvards the souttiue to baroclinic influence
Within the estuaryhe return flow of the gravitatiohairculationcounteracts the barotropic
residual towards the estuary mouginer particles are able to be resuspended to higher levels
within the water column more frequently and take longer to settle from these elegaiiwas
influenced by the fasteurface currents. This layer had@minanteastwest movementith
northerly baroclinic induced flow the bayanda surface outflow due to the gravitational
circulationwithin the estuaryDue to the divergent flow dynamics at Formby point 2 district
particle class transport pathways form. The fine sand and silt are daymedth so become
incorporated within the onshore pathway that turns northerly along the coast. The coaise sand
influenced by a weaker southerly flow so remain relativeiynfluenced and are not

incorporated within the onshore transport pathways, but remain under the influereenairth

low water channel with slow offshore migrationThis highlights the need to correctly represent
the sediment mix for management pugmausing a single (median) grain size will determine the
particles resuspension and settling properties withiheg& water column and not capture the
different behaviour of the particles within the nibhe ratio of the mix is also important. In each
simulationcoarsesand isalwaysconsidered athe coarse fraction. The ratio has an influence of
theerodability from the bed due to a differestirface sediment layeleptts and surface layer
erodability due to variable grain sizgusingslower orfaser releaseates from the disposal site

It also limits the number of particles withirsanulation;fewer particles therefore depict the

dominant pathway for a fixed time period.

It is suggested thdine sandand siltreleased within the main chanmélthe Mersewwill tend to

combine with the northerlgoastakediment drifwithin the bayif it leaves the estuary, while
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coarse sand is likely to remain within the estuary or within the low water channel of the outer
esuary. Over long period, beyond those considered here, a few coarse sediment particles may
drift in a in a southwest direction.epositswith W;s of 5 mm/s or greater, Souza and Lane,
2013)offshorewithin thebay are more likely to follow the sediment pa#tys in Figure 2

causingthem toreturn to the estuary.

The increase imitial depositvolume(number ofparticles) enabled more particles tollow the
offshorepathwaysthe fine particles tending to move noatlong the coasind the coarse west
remahing within the vicinity of the outer estuary (Figs. ©). This westerly movement is not
captured in Figure 2, suggestinmgre detail is required in mapping tbieculation within the
bay.Increasingparticle numbers slightly reduced thercentagef depositedoarticlesfollowing
theeachtransport pathway§lable 2i 5). This minimal reduction could be a consequence of the
random walk within the particle tracking, but the fdatboth sediment mixes show a reduction
suggest it is most likely ancreased tonnage prolonging the total erosime for the deposit

due toanincreasedwumber of particle layers. Thielay inreleasesuggests increasing the

deposit thickness on the bed (reduced area of deposit or increased volume deposited at an
instance)could decrease the rate at which the sediment is redistributed from the site compared
with drip feedinga deposit over time. However, the change in rate is likely to be smakitnd

have little influence on theuchlongerterm transport.

In eachscenario the particlaserereleasedluringebb tide. After a few tidal cycles the net
transporipathways became evideReleasing the particles at different times within the tidal

flow (slack watermid or maximum ebb/flood flomay slow the net tranept, but only by the
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net movement during thatitial (full or partial) tidal cycleDelay to the net lon¢germ transport
would be of the ordeof days Although the particles movement may vanyelation to the
conditions at the time of dispostig lorg-term transpornwill be moredependent on the residual
circulation, due to tidal and density driven residuadsich will be fairly consistent over the
long-term The main factor that could modify the transport pathways within the bay and outer
estuary ighe longterm wave driven circulation and consequence of wave resuspension events

relative to the flow direction.

7. Conclusions

This UK case study has demonstrated the importance of considering freshwater inflow to
understand sediment pathwayshin estuarine systemsVery different pathways have been
simulated under barotropic and baroclinic conditions @évehistidally energetic region of low
freshwater inflowThis finding is important to accurately identify sediment pathways and sink

for the management of dredging activity not only locally buhanymajor ports worldwide.

Using a nested modelling system and realistic forgogential sediment pathways for sediment
disposal within the Mersey estudrgivebeen identified.A small percentage of fine particles (<
12%) are able to drift north along the English coast with a few leaving the Liverpool Bay coastal
cell (11 a and b). When deposited in larger quantities a small percentage of coarse sediment is
also found to leave thmainestuary (<17%)remaining generally within the outer low water
channel of the Mersey, but a slevestwardmigrationtowards the Welsh coaistalso evident

Initially the sediment follows a pathway out of the estuary via the main navigation channel,

whereit is then influenced by the residual flow within the bay. This typically moves sediment
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back onshore before diverging at Formby Point. The simulated fine particles follow the path of
the northerly drift interacting with the Ribble Estuary before contmuaiorth. The coarse

fraction continues to move west from the end of the main channel. The particles remaining

within the estuary accumulate close to the shorelines in the inner region, potentially increasing
the required maintenance dredging within tbeks. The deposits close to the Mersey Narrows

have greater tendency to become transported offshore than those from the disposal sites situated
with greater distance into the inner estuditye importance of correctly representing

baroclinicity within an aergetic region of freshwater influence and the sediment classes (settling
velocity and fraction ratio) under influence of a baroclinic regime has thus been ssiogrihe

Mersey as a case study

Although the particles experience a large excursion during a single tide, especially spring tide,
the net transport caused by tidal flow asymmetry and barocliniciy (Bolafios et al., 2013) is more
important in influencing the net transporhese results siothe importance of the baroclinicity
within this hypertidal regionThe tidally strairinduced periodic stratification creates a

temporary Zayer structure within the water column generatpgosingflows perpendicular to

the main tidal axisThis shoriterm dominance in baroclinic circulation limits sediment loss from
the estuary and promotes offshore transport towards the estuary. If this weak residual is not
consideredinaccurataliffuse sediment fluxes are likely to resulBifferent sediment clags

spend different proportions of time at varying levels within the degatkingshearediow. This
causes different sediment classes to follow distinct pathways highlighting the error that can occur
when using the median sediment size to represent reedichents.Further case studies are now

required to determine if these findings can be generalised to all hypertidal refvesak
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freshwater influencd=or management purposes the main conclugmmis regional study are

as follows:

() In the scenarios at least 83%nd often morepf each sediment clagemains within
the Mersey estuary, typically becoming deposited close to the inner estuary shorelines.

(i) It is possible for sediment from all thretudysites tobecomereleasednto thebay.
However, sediment depositetbse to the Mersey Narrows is more likely to migrate
offshore.

(i) The fine particles deposited are able to move north along the English coastvefio
very few leave the Liverpool Bay regiovithin the three month study

(iv) Thecoarse particles when present in large volumes are able to leave the estuary and
slowly move westpotentiallytowards the Welsh coast.

(v) Increasing the sedimembnnageinsignificantly slowed the release of particlé®m
the disposal siteeducing the sedhent loss from the estuary within this time period

(vi) The particle transport pathwag/influenced by the residual circulation within the main
channelwhich feeds into the diverging coastal circulation at Formby Point.

(vii) Depositing sediment in the offshoestuary away from the main channel npagduce
very different transport pathways.

(viii) There is a risk that maintenance dredging of the docks will need to increase in
response tadditional spoil, sincghe migration of disposed sedimesgems to be

towards theshorelines of thener estuary.
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Fig. 5. The nested modeébmains (left), with depth below mean tidal level shown for the
Liverpool Bay domain (right). The positions laierpool tide gauge (TG) and tliged
moorings at Site A and B, used to validate the local model, are markediuie circle
and blackcros®sfor the respective instruments, while solid lines mark sub regions

to identify the particle positions at the end of the model simulation.
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Fig. 6. The position of thailt (Ws = 1 mm/s, left column) anchediumsand(Ws = 35 mm/s,

right column)particlesat the last model time step {8Warch 23:30¥ollowing a 500

Tonne deposit of a respective 70:30 mix of silt and medium. Sdredfirst row depicts

particles from station 1, the second from 2 and the third from 3. The disposal site

locationismar ked
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Fig. 7. The position of the fineand(W; = 9 mm/s, left column) anthedium sandWs = 35
mm/s, right columnparticlesat the last model time step {8Warch 23:30¥ollowing a
500 Tonne deposit of a respective 50:50 mix of fine aadiam sandsThe first row
depicts particles from station 1, the second from 2 and the third from 3. The disposal

site |l ocation is marked with a 6+6.
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