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Abstract

The expansion of human populations in coastal land margins has resulted in major

modifications to estuarine ecosystems. The use of numerical models as predictive

tools for assessing remediation strategies is increasing. However, parameterisation

of physical processes, developed mainly through field investigations, is necessary

for these models to be reliable and effective management tools. The physical pro-

cesses in micro-tidal diurnal tidal systems are relatively unknown and the current

study examines field measurements obtained from the upper Swan River estuary

(Western Australia), a diurnal, partially mixed system during the summer when

the freshwater discharge is negligible. The aims of the study were to characterise,

temporally and spatially, the dominant physical processes and associated sedi-

ment resuspension. Variability at three dominant time-scales were examined: 1)

sub-tidal oscillations (∼ 5 to 10 days) resulting from local and remote forcing; 2)

tidal (∼ 24 hours) due to astronomical forcing; and 3) intra-tidal (∼ 2 to 3 hours)

resulting from the interaction between tidal constituents. Circulation in estuaries

is widely accepted in the literature to be dominated, in varying proportions, by

tidal range, freshwater discharge and gravitational circulation. In the upper Swan

River estuary sub-tidal oscillations were responsible for the largest upstream dis-

placement of the salt wedge in the absence of freshwater discharge. Moreover,

these sub-tidal fluctuations in water level modified the ‘classic’ estuarine circula-

tion. The dynamics of diurnal tides are largely controlled by the tropic month,

which oscillates at a slightly different period to the lunar month, resulting in the

spring-neap tidal cycle to be sometimes different from syzygy. The phase lag

between the diurnal (O1 + K1) and semi-diurnal (M2 + S2) constituents, at the

seasonal time scale cause the maximum tidal range to be near the solstice. Over

a 24-hour tidal cycle this phase lag is manifested as an intra-tidal oscillation that

occurs on the flood tide. Turbidity events that last ∼ 1 to 2 hours occur during

the intra-tidal oscillation, but are not related to maximum shear stress predicted

from the mean flow characteristics. The increases in turbidity during the intra-

tidal oscillation is, however, correlated with the near-bed Reynolds fluxes. During
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the intra-tidal oscillation advection opposes the estuarine circulation in the near-

bed region, promoting vertical shear that results in destratification of the water

column. The turbulent mixing generated at the interface and in the near-bed

region coincide with resuspension events. Similar turbidity data have often been

disregarded and documented as being ‘spikes’ based on the premise that the mean

flow was below a critical level to resuspend sediment. Resuspension events were

not simply related to mean processes and may be controlled by turbulent instabil-

ities generated when tidal currents reverse during an intra-tidal oscillation. The

results of this study indicate that the dominant transport processes in a partially

mixed, low energy estuary are complex and do not always follow the accepted

paradigms applicable to higher energy estuaries where the majority of research

has been undertaken.
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Introduction

The expansion of human populations in coastal land margins has resulted in major

modifications to estuarine ecosystems. Increasing incidence of eutrophication has

occurred globally in response to nutrient-rich freshwater discharge from surround-

ing catchments (Cooper and Brush, 1993) and the effect on biota is frequently

expressed as blooms of phytoplankton (Hallegraef, 1993). Although phytoplank-

ton biomass is largely controlled by nutrient availability, turbidity also affects

phytoplankton growth in an estuary (Cloern, 1987). Accordingly, convergence

zones of turbidity can accumulate high algal biomass due to nutrients bound to

fine sediments (Cloern, 1996; Goosen et al., 1999), or alternatively limit primary

production by decreasing light attenuation (Kostoglidis et al., 2005). The conver-

gence zone of turbidity, or estuarine turbidity maximum, is a persistent feature

of many estuaries (Uncles and Stephens, 1993; Brenon and Le Hir, 1999) and is

typically located near the salt wedge intrusion (Burchard and Baumert, 1998).

Physical processes regulate salinity and turbidity along an estuary with the main

forcing mechanisms considered to be tidal action and freshwater discharge. Knowl-

edge of the dominant time scales at which these occur and how they modulate

horizontal and vertical mixing are fundamental for understanding the distribution

of water properties in an estuary (Prandle, 2004).

Tidal forcing regulates the frequency and quantity of ocean water that enters

an estuary, and tidal waves are often modified when the tide propagates through

an estuary. Frictional effects can produce tidal harmonics that vary with fac-

tors such as depth, shape and length of the estuary (Pugh, 1987; Prandle, 1991).

These tidal harmonics together with the primary tide result in tidal inequalities

which are controlled by the characteristics and location of an estuary (Aubrey

and Speer, 1985; van de Kreeke et al., 1997; Sharples, 2000). Barotropic forcing

includes non-tidal water level variability, i.e. sub-tidal oscillations such as conti-

nental shelf waves (Wang and Elliot, 1978) which can influence water exchange

in estuaries, particularly in regions where the amplitude of the sub-tidal oscilla-

tions are comparable with the astronomical tidal range. Further, estuaries that
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experience strong seasonality in rainfall or those where river inputs almost ceases

during the dry season may also find sub-tidal forcing to be an important forcing

mechanism. Therefore, sub-tidal oscillations cannot be disregarded as a forcing

mechanism as prolonged algal blooms have been linked to longer residence times

associated with non-tidal forcing (Vieira and Chant, 1993).

‘Classic’ estuarine circulation, i.e. gravitational circulation, is based on buoy-

ant fresh water entering from the landward end, and dense ocean water entering

in a lower layer on the seaward side (Pritchard, 1952; Hansen and Rattray, 1965).

Salinity (or density) distribution within an estuary is controlled by the vertical

and horizontal mixing between the ocean and fresh water; occurring at time scales

ranging from those of turbulent motions through to seasonal scales (Peters, 1997).

Longitudinal density gradients are generally regarded as the dominant contributor

to residual circulation and sediment transport in partially mixed estuaries (Uncles,

2002) as proposed originally by Pritchard (1952). However, Stacey et al. (2001)

showed that barotropic forcing drives changes in stratification over the flood-ebb

cycle, while Herman et al. (2004) proposed that tidal pumping, not gravitational

circulation, dominated circulation and associated sediment transport in a micro-

tidal estuary. Circulation may be influenced, in varying amounts, by barotropic

and baroclinic circulation, thus it is important to quantify the dominant transport

processes in estuaries where water quality issues are paramount.

Turbidity is a measure of the extent to which water scatters light, and is caused

almost entirely to suspended solids (Kirk, 1984). Moreover, nutrients, heavy met-

als and toxins preferentially adsorb to suspended matter. Understanding the dis-

tribution and transport of suspended matter is important in understanding water

quality issues in estuaries, and is mostly documented in terms of mean processes

(Dyer, 1997). In micro-tidal estuaries, the mass transport of suspended solids

is small (Wright et al., 1997; Hughes et al., 1998) compared with macro-tidal

estuaries (Uncles et al., 1995). Regardless of tidal range, entrainment and resus-

pension is assumed to occur when bottom shear stresses exceed a critical threshold

based on sediment characteristics. In low-energy estuaries other mechanisms can
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regulate how sediments respond to, and are transported by mean and turbulent

properties of the flow, but the physical controls are poorly understood.

Management strategies to decrease eutrophication in estuaries tend to occur

at the catchment scale, i.e. through reductions from point sources or from the

reductions from the predominant land use (NWLRA, 2000), or through increased

riparian vegetation (Heap et al., 2001). However, effects of catchment scale reme-

diation on estuarine water quality are not generally observed for many years to

decades. Several strategies, in the interim, have been used to address in-river wa-

ter quality issues. These include destratification and oxygenation, with the latter

been trialed in the Swan River (Hamilton et al., 2001; Greenop et al., 2001) and

Thames River (Whiteland, 1990). These techniques have mostly failed to achieve

their objectives of decreasing anoxia and improving water quality in the short

term (Hamilton et al., 2001) and the poor outcome can be attributed largely to

a lack of understanding of the physical processes in the system prior to choosing

an appropriate strategy.

The study described in this thesis aimed to quantify the dominant physical

processes, and how they interact and control the horizontal and vertical distri-

bution of salinity and turbidity in a low-energy, micro-tidal estuary. The focus

herein is on a diurnal estuary rather than the well studied semi-diurnal systems;

however, the results are applicable to systems with either tidal regime. In par-

ticular, this research has implications for advancing knowledge about sediment

transport processes in micro-tidal and partially mixed estuaries globally.

1.1 Overview

This thesis consists of three self-contained chapters, which outline how phys-

ical processes influence the horizontal and vertical mixing of water properties in

the upper Swan River estuary at sub-tidal, tidal and intra-tidal timescales. Chap-

ter 3 investigates physical controls at the longer time scale: sub-tidal oscillations

which have periods between 5 to 10 days. Sub-tidal oscillations were found to sig-

nificantly influence the residual salt flux at the mouth of Chesapeake Bay (Wong

and Moses-Hall, 1998), and were primarily driven by local atmospheric forcing,
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yet the response of salinity distribution further upstream in an estuary to remote

sub-tidal oscillations has not been documented. In this study, the motivation

for understanding salt wedge dynamics at a longer forcing frequency, i.e. 5 to

10 days, was initially focused at a regional level and linked to controls on water

quality, but also challenges the current paradigms pertaining to ‘classic’ estuarine

circulation. In Chapter 4, diurnal tides are characterised in terms of their dom-

inant tidal constituents. The behaviour of diurnal tides and how they influence

circulation are investigated at the seasonal, fortnightly and diurnal timescales. In

particular, the importance of tidal controls on turbidity are identified with sedi-

ment resuspension events being associated with an intra-tidal oscillation (akin to

a tidal inequality) on the flood tide. Turbulent mixing events responsible for the

transport of sediment during the flood tide are considered in Chapter 5. Evolution

of vertical currents and salinity in terms of both mean and turbulent properties

of flow during the intra-tidal oscillation are examined to gain insight into pos-

sible mechanisms controlling sediment resuspension in this low-energy, partially

stratified estuary.

In summary, the aim of this thesis is to understand the physical processes

that dominate estuarine circulation in the Swan River, with a focus on how these

processes influence salinity and turbidity, which can regulate productivity in an

estuary. The investigation of mean through to turbulent motions at the sub-tidal,

tidal and intra-tidal time scales over three consecutive years enabled detailed un-

derstanding of the physics and their controls on sediment dynamics in an estuary.
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Literature Review

2.1 Introduction

Estuaries exist between marine and freshwater systems where waters of dif-

ferent physical, chemical and biological composition meet, combine and disperse.

As such, estuaries act as a long-term sink of material, i.e. nutrients, detritus and

sediments, with high retention of material derived from the surrounding catch-

ment (Uncles et al., 1998). These large pools of sediments and nutrients stored

in bed sediments can be mobilised back into the water column by physical and

biogeochemical processes (Simenstead et al., 1994). The physical processes that

regulate the distribution of water properties, i.e. salinity, sediment, or nutrients,

through an estuary can be characterised as either baroclinic or barotropic mech-

anisms. Turbulent instabilities can be generated by either of these processes in

order for the water column to maintain quasi-stability. Circulation in estuaries is

governed by the equations of motion (Pond and Pickard, 1983), however, several

assumptions are made for flow to be characteristic of an estuary. Both lateral flow

and coriolis are assumed to be negligible, pressure is hydrostatic and turbulent

friction occurs only in the vertical direction. Flow at any depth in the longitudinal

direction can be described by (for a complete derivation see Officer, 1976; Dyer,

1997):

∂u(z)

∂t
= −g

∂ζ

∂x
− g

ρ

∫ z

0

∂ρ

∂x
dz− 1

ρ

∂τxz

∂z
(2.1.1)

where ∂u(z)
∂t

refers to the temporal acceleration at depth z, g is the acceleration

due to gravity, ∂ζ
∂x

is the longitudinal surface gradient, ρ is the density at sea

surface, ∂ρ
∂x

is the longitudinal density gradient and ∂τxz

∂z
is vertical shear stress

gradient.

Controls on barotropic, baroclinic, and turbulent processes, terms 1 to 3 on

right-hand side of Equation 2.1.1, vary between estuaries since the magnitude and

frequency of freshwater discharges, tidal regime and associated turbulent mixing

are unique for different systems. But, the response or mechanics of the fluid
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and associated transport of material will operate in a similar way for all estuarine

systems. Thus, a review of the general processes is completed, with some attention

give to specific mechanisms that are applicable to the field laboratory used - the

Swan River estuary - in this study.

2.2 Baroclinic circulation

Estuaries, by definition, have a longitudinal density gradient from the mouth

to the head of an estuary. Density variations are typically dominated by changes

in salinity, as freshwater river discharge mixes and dilutes with marine water

along the length of an estuary. This along-estuary density gradient drives an

estuarine or baroclinic circulation that was initially proposed by Pritchard (1952)

from his work in the James river. Isopycnals, or isohalines for salinity, incline

towards the surface of an estuary (Pond and Pickard, 1983) with higher density

water located towards the ocean boundary. As pressure is hydrostatic (p = ρgh)

any decrease in density, towards the river boundary, would cause, theoretically,

surface elevation (ζ) to increase in order to keep pressure constant. A decrease

in density at the seaward end of an estuary would therefore cause ζ to be lower

than mean water depth, h. This pressure difference along an estuary (see Fig. 2.1)

drives the gravitational circulation with lower density surface water flowing in a

seaward direction that is balanced by ocean water intruding along the sea bed in

an upstream direction.

This results in a two-layer residual flow with the lower density surface water

flowing seaward which is balanced by ocean water intruding in the near-bed region.

Neglecting bottom friction, Officer (1976) derived the following equation for the

vertical profile of the residual or gravitational flow (see also Dyer, 1997):

u(z) =
1

48
g
∂ρ

∂x

h3

ρNz

(
8η3 − 9η2 + 1

)
(2.2.1)

Here u(z) is the vertical deviation of the along-estuary flow from a depth-

averaged mean at depth z, i.e. the residual velocity at depth z, g is the acceleration

due to gravity, ∂ρ
∂x

is the longitudinal density gradient, Nz is eddy viscosity and η
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dx

surface z = 0

bottom z = h

OceanRiver

ρ ρ + dρ/dx

ζ

u(z)

u(z)

Figure 2.1: Schematic of baroclinic circulation in an estuary. Notation are detailed
in the text (adapted from Lewis, 1997).

is the dimensionless depth = z/h where z is vertical distance from the surface and

h is the water depth. Equation 2.2.1 implies that the magnitude of the horizontal

circulation depends on the longitudinal density gradient ∂ρ/∂x and the degree of

vertical mixing specified by Nz.

2.3 Barotropic circulation

Circulation induced by changes in the sea surface gradient is considered to be

barotropic flow and is described by the first term on the right-hand side of Equa-

tion 2.1.1. Processes that can force changes to the sea surface gradient include the

astronomical tide, atmospheric oscillations, river discharge, and isostacy produced

by horizontal density gradients. Most relevant to this study, are the mechanisms

at the at the ocean boundary that modulate water elevation at the tidal (12 and 24

hours), sub-tidal (5 to 10 days), spring-neap (fortnightly), and seasonal timescales

(Pond and Pickard, 1983). Changes in water elevation influence circulation in dif-

ferent ways, with some clear relationships existing between horizontal currents

and tidal ranges. That is, over a fortnightly modulation maximum current ve-

locities are associated with spring tides, and vice versa during neap tides (Dyer,

1997; Uncles, 2002).
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2.3.1 Diurnal tides

Diurnal tides are modulated by the changing declination angles of both the

moon and the sun (Pugh, 2004). The lunar declination varies over the tropic

month and has a period of approximately 27.2 days (Hodgkin and Di Lollo, 1958).

The orbital plane of the moon includes a sequence of maximum declination north,

minimum declination above the equator, maximum declination south, minimum

declination above the equator, and return to the maximum declination north. The

minimum and maximum declination angles are 18.5o and 28.5o, respectively. Solar

declination varies seasonally, with the maximum declination of 23.5o occurring

for the Austral summer and winter solstice (22 December and 22 June). The

minimum declination of the suns’s orbit occurs when the plane is aligned with

the equator, producing the vernal and celestial equinoxes (Pugh, 1987). Diurnal

tides dominate when the lunar and solar components are both maximal over the

annual cycle and are largest when the tropic tides coincide with the solstice, i.e.

during June and December (Hodgkin and Di Lollo, 1958; Pugh, 2004).

Tidal harmonics, or overtides, are a distortion of the astronomical tidal con-

stituents and are produced when the tidal wave propagates into shallow regions

such as coasts and estuaries. These features of the tide have received attention

in semi-diurnal systems, since sediment transport is often associated with tidal

inequalities that are generated by the interaction of tidal constituents and their

harmonics (Dyer, 1986). In a semi-diurnal tidal regime the dominant constituents

are M2 and S2, which have periods near 12 h. The M4 constituent, generated

mainly by friction, has a period of 6.21h and is the first harmonic of the M2 as-

tronomical constituent. The interaction between these constituents, M2 and M4,

sets up an asymmetry between the flood and ebb tides and when the M2 and M4

constituents are in phase, mobilisation and transport of sediment are maximal

(Pugh, 1987). In diurnal regimes the dominant tidal constituents are the O1 and

K1 with a period of 25.82 and 23.93 h, respectively, and the first harmonics of

these constituents would have a period near 12 h and a small amplitude. But,

the M2 and S2 astronomical constituents also oscillate at a similar period and
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have a greater amplitude than the diurnal harmonics. Thus, any contribution

by the diurnal harmonics would be masked by the amplitude of the semi-diurnal

astronomical constituents that oscillate at a similar period.

2.3.2 Sub-tidal oscillations

Sub-tidal oscillations have a frequency greater than the tidal cycle and there

are several sources of estuarine variability at timescales longer than the semi-

diurnal or diurnal tide. A dominant sub-tidal process is the spring-neap cycle.

Other sub-tidal oscillations are associated with changes in river discharge, hori-

zontal density gradients, the slowly varying residual circulation, and the inverse

barometer effect. Herein, sub-tidal oscillations refer to changes in the sea surface

gradient induced by remotely generated atmospheric forcing.

Energy from atmospheric forcing can modify sea surface pressure with peri-

ods of between 4 to 12 days (Wang, 2002). This sub-tidal energy can generate

oscillations in the continental shelf region that have been labelled coastal trapped

waves (CTWs). More specifically, in the absence of vertical stratification these

oscillations are identified as continental shelf waves (CSWs) which are modulated

by only by changes in the cross-shore bathymetry. CSWs propagate along the

continental shelf with the coastline on the left (right) in the southern (northern)

hemisphere. They are typically generated by the alongshore component of the

wind stress, e.g. the passage of weather system or cyclone across the sea-land

margin, which moves fluid towards the coastline (Church and Freeland, 1987).

The propagation of a CSW is due to the conservation of potential vorticity:

Ω =
ζ + f

D
(2.3.2.1)

where Ω refers to the potential vorticity, ζ is the relative vorticity, f is the

planetary vorticity and D is the water depth.

As a parcel of water moves from deep to shallow water, relative vorticity must

decrease in order to conserve potential vorticity (Equation 2.3.2.1). This results in

an enhancement of anti-clockwise (clockwise) rotation in the southern (northern)

hemisphere with the net outcome being the southward (northward) propagation of
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a CSW. A forced-CSW runs parallel with the weather system, whereas a free-CSW

is generated in a region and then propagates away.

Circulation can be modified by sub-tidal energy that is generated either locally,

i.e. from wind stress at the surface of an estuary (Wong and Wilson, 1984), or

remotely, i.e. by CSWs that propagate from some distance away (Kjerfve et

al., 1978). The influence of sub-tidal oscillations on barotropic circulation has

been documented for the east and west coast of the US (Wang and Elliot, 1978;

Walters, 1982; Valle-Levinson, 1995; Janzen and Wong, 1998), as well as for the

east coast of Australia (Provis and Radock, 1979; Craig and Holloway, 1991).

Whilst, these studies found it difficult to delineate between local and remote

sub-tidal generation mechanisms, effects of wind stress tended to be greater near

the surface with CSWs having a larger influence at depth (Wong and Wilson,

1984). Majority of the studies which have examined sub-tidal forcing have been

focused on regions adjacent to the ocean-estuary boundary, i.e. the continental

shelf and basins immediately landward of the estuary mouth with few examining

the influence within an estuary.

Barotropic forcing mechanisms not only cause changes in sea surface gradients,

but can also modulate the along-estuary density gradient, through the modifica-

tion of the salinity distribution. The excursion of salt due to tidal propagation

in micro-tidal estuaries can be up to 5 km (i.e. Chesapeake Bay, VIMS report,

2003), with longitudinal salinity gradients of approx. 2 pptkm−1 (i.e. Hawkesbury

River, Hughes et al., 1998). Changes in ∂ρ/∂x over tidal and spring-neap time

scales can strengthen and weaken residual currents in an estuary. The excursion

or displacement of salinity distribution along an estuary by sub-tidal forcing has

not, to date, been documented.

2.4 Turbulent processes in estuaries

Turbulent mixing plays an important in estuaries, where barotropic forcing

competes with baroclinic variability at a range of time and space scales. In par-

ticular, the bottom boundary layers of estuaries are not well understood, despite

their importance for entrainment and resuspension of sediments, and potentially
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nutrients, into any overlying water. The intensity of turbulence in the near-bed

region may be up to 10% of the mean flow (Dyer et al., 2004), but the turbulent

component away from the boundary becomes much less than 1%, i.e. free flow.

As the tide propagates back and forth over the bottom, energy transfer is large

and dissipated by working against the frictional forces on the bottom, producing

turbulence (Dyer, 1997). The rate at which energy is transferred at this boundary

is given by the Reynolds shear stress.

The behaviour of turbulent properties can be described by examining the val-

ues of u′ and w′, and comparing their product with instantaneous fluctuations in

turbidity. This is often done using the quadrant method (Soulsby, 1983; Heather-

shaw and Thorne, 1985; Dyer, 1995; Dyer et al., 2004) where events are classified

as bursts, sweeps, up-acceleration and down-acceleration. Bursts (u′ < 0, w′ > 0)

tend to be sporadic ejections of near-bed fluid upwards into the flow, and hence

u′w′ is negative during a burst. Sweeps (u′ > 0, w′ < 0) carry high velocity fluid

from the upper BBL downwards to the bed and also make a negative contribution.

Up-accelerations (u′ > 0, w′ > 0) and down- accelerations (u′ < 0, w′ < 0) are

weaker events but both make a positive impact on the net stress. Bursts tend

to have the largest influence on net stress, hence the process is often named the

bursting phenomenon (Heathershaw, 1974).

Development of field instrumentation in recent years has meant direct mea-

surements of Reynolds Stress and turbulent dissipation are more common (Peters,

1997). As such, turbulent mixing processes in estuaries has received greater at-

tention in recent years (West and Oduyemi, 1987; Stacey et al.,1999; Peters and

Bokhorst, 2000; Scully and Freidrichs, 2003; Sharples et al., 2003). Reynolds

stresses can vary over the tidal cycle and Stacey et al. (1999) found turbulent

energy to be confined to the lower layer when salinity stratification was strongest.

In Southampton Water, the largest contributions of Reynolds stress occur during

a tidal inequality on the ebb, when water level remains nearly constant (Ribeiro

et al., 2004). Vertical mixing associated with these tidal inequalities that are

not solely related to near-bed friction (Etemad-Shahid and Imberger, 2002), may
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have important implications for vertical, and ultimately horizontal, transport of

salt and sediment.

2.5 Sediment resuspension and transport

Estuaries are ephemeral features that have their morphology continuously

modified (Dyer, 1997). Sediments stored in an estuary can be constantly en-

trained, suspended and transported by physical processes, through either mean

and/or turbulent processes. When sediment is eroded and transported away from

the bed, nutrients bound to sediments are more readily available for use in pri-

mary production. This process is pertinent to decline in estuarine health, since

new production of phytoplankton biomass is controlled by the availability of light

energy and nutrient sources (Cloern, 1996).

Sediments transported seaward in the upper layer, from river discharge, often

settle out to the lower layer due to either flocculation or the diminishing trans-

port capacity of the river discharge. These particles can then get transported

landward due to the upstream residual flow. Thus, sediment is often trapped by

baroclinic circulation near the null point of the salt wedge particularly when near-

bed mixing is enhanced during a tidal cycle (Postma, 1961; Jay and Musiak, 1994;

Mitchell et al., 1998). Between the upper and lower layers, little mixing occurs

due to stratification, and suspended sediments remain trapped in the denser bot-

tom waters (Geyer, 1993). As the lower layer moves upstream due to baroclinic

circulation, more sediments are transported landward resulting in maximum val-

ues for turbidity. Geyer (1993) further suggests that the reduction in turbulence

due to stratification greatly enhances the trapping of suspended sediments in the

near-bed region.

Sediment entrainment and resuspension usually occurs when near-bed shear

stresses exceed a critical threshold specific to sediment size and organic content

(Soulsby, 1997; Whitehouse et al., 2000). In many estuaries, a flood-asymmetry

may be present in tidal current velocities due to the presence of overtides (Kjerfve,

1988), which can be linked to maximum mobilisation and transport of sediment

(Pugh, 1987). However, in relatively low-energy estuaries, bed shear stress from
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advection does not appreciably exceed critical thresholds for erosion of bed sed-

iments and other mechanisms such as biological mediation (Wright et al., 1997)

may be responsible for resuspension events.

The processes that regulate and modify circulation and transport of material

in low-energy, partially mixed estuary are summarised in Fig. 2.2. Whilst, lateral

effects have not been included the influence by cross-shore variations is noted, but

excluded in order to gain a comprehensive understanding of the baseline processes

prior to investigating transverse flows and transport.

Higher salinity water

 

Low salinity water  

 

Null point

of salt wedge

 
3) Near-bed turbulent

    friction or stress 
 

 

2) Barotropic forcing of 

    salt wedge motion 

 Tides ~ 24 h 

River discharge  ~ seasonal 

Weather systems ~ 5 to 10 day  

1) Baroclinic 
    circulation 

Figure 2.2: Summary of the physical processes in a partially-mixed estuary and
includes 1) baroclinic circulation, 2) barotropic processes at dominant time scales
and 3) near-bed turbulent friction (adapted from Open University, 1999).

2.6 Swan River estuary

Significant environmental health problems are prevalent in the Swan river es-

tuary. In recent years, increased phytoplankton production has occurred during

the summer months (Thompson and Hosja, 1996), as well as fish kills, cyanobac-

teria blooms (Hamilton, 2000) and an accumulation of organic matter in bed

sediments (Douglas et al., 1997). From an ecological perspective, salinity has long

been considered the “master factor” (Hodgkin, 1987) that regulates distribution

of the biogeochemistry and as such many studies have focused on the variability

of this physical parameter. The upper estuary has high nutrient levels (Chan et
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al., 2003) with a convergence zone of phytoplankton biomass (Chan and Hamil-

ton, 2001) and gilvin (Kostoglidis et al., 2005) approx. 35 km upstream over an

annual cycle. Whilst phytoplankton production has been linked to salt wedge

propagation (Thompson, 1998), the physical controls on salinity variability are

more tenuous. The chlorophyll-a maximum is associated with the 10 to 12 ppt in

the Swan River, at distances greater than 15 km upstream (Fig. 2.3), compared

to peak biomass near to the 0 to 2 ppt isohaline in the Humber-Ouse estuary

(Uncles et al., 1998). Phytoplankton convergence zones are associated with much

higher salinities than most systems (Uncles, 2002) and knowledge of the processes

and timescales that modulate salt wedge location are required to understand how

estuarine ecology is regulated.

Circulation in the lower Swan River estuary (< 15 km from the mouth of the

estuary) was first characterised by (Spencer, 1956), who defined two distinct peri-

ods: spring-autumn and winter-spring, with freshwater discharges distinguishing

the two periods. Propagation of the salt wedge upstream was documented to

occur during the Austral Spring, when winter discharge had ceased for the year.

Typically, the upper estuary had been completely flushed by this stage of the an-

nual cycle. In the lower estuary, Stephens and Imberger (1996) identified surface

freshwater flow and baroclinic circulation as the two main forcing mechanisms that

influenced salt wedge propagation. This relationship is shown in Fig. 2.4, with a

distinction made between increasing and decreasing flow. Two-dimensional mod-

elling simulations of the Swan River estuary by Kurup et al. (1998) further con-

firmed this correlation between freshwater discharge and the salt wedge position

in the estuary. A more recent field study by Hamilton et al. (2001) documented

large longitudinal variations in salinity at time scales greater than the dominant

tidal frequency, i.e. > 24 hours, in the absence of freshwater discharge, suggesting

processes other than river discharge influence changes in to the “ecological master

factor” - salinity (Hodgkin, 1987). In recent years, complete flushing of the upper

estuary is less common due to decreases in freshwater discharge over the past

30 years (due to a decrease in rainfall) and the upper estuary remains stratified
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Figure 2.3: Mapping of chlorophyll-a, salinity and nitrate from August to Decem-
ber in 1995. The open bars are salinity concentrations, closed bars are nitrate and
the solid line is chlorophyll-a (from Thompson, 1998).
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Figure 2.4: Salt wedge propagation in the Swan River estuary for increasing and
decreasing flow. Lw is the salt wedge length and z is the river depth at the null
point of the wedge (from Stephens and Imberger, 1996).

for longer periods of the annual cycle (Hamilton et al., 2000). Thus, circulation

dynamics may have altered which could have further impacts on water quality.

The nature of turbulence in the weakly stratified, lower Swan river estuary

indicated that energy dissipation rates were closer to oceanic values than other

estuaries (Etemad-Shahidi and Imberger, 2002). This was attributed to the low-

energy environment associated with a tidal range of only 0.6 m. This investigation

also noted that the turbulence was not generated solely in response to bed friction

from advection.

Investigations into the sediment dynamics of the upper Swan River estuary are

sparse, but it was hypothesised to be a convergence zone for turbidity (Hamilton

et al., 2001). The temporal resolution of the study by Hamilton et al. (2001),

however, did not allow clear delineation of a turbidity maximum zone. Their study

examined vertical profiles of turbidity over several days during a destratification

trial in the upper estuary and found turbidities in the range 10 to 75 Nephelo-
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metric Turbidity Units (NTU). Peak values were recorded in the near-bed region.

Knowledge of bed sediment types available for resuspension and transport are

limited to a handful of surficial sediment samples. These show a transition from

sand to fine mud to coarse quartz along the path from the lower to upper estuary

(Lavery et al., 2001).
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Sub-tidal variations on circulation and salinity in a
micro-tidal estuary ∗

3.1 Introduction

Freshwater discharge and changes in water level are the main forces driving

estuarine circulation (Dyer, 1997). Interactions of these forces primarily determine

the along-estuary distribution of water properties such as salinity, temperature

and nutrients in positive (when rainfall exceeds evaporation) estuaries. Residual

circulation in partially mixed estuaries is driven by changes to the longitudinal

salinity gradient (Uncles, 2002), with gravitational circulation a dominant feature

in these estuaries. However, circulation can also be modified by sub-tidal sea level

fluctuations (Wong, 2002). These sub-tidal oscillations have periods of 3 to 10

days and are particularly important in micro-tidal systems (Wang, 1979; Wong

and Wilson, 1984; Janzen and Wong, 1998) as they may be comparable in size

to the tidal range. A physical-biological coupling between sub-tidal oscillations

and water quality has been identified by Vieira and Chant (1993), who linked

extended durations of algal blooms to longer residences times associated with

sub-tidal forcing.

Sub-tidal oscillations have a frequency greater than the tidal cycle and sources

of estuarine variability at timescales longer than the semi-diurnal or diurnal tide

include the spring-neap cycle, river discharge, and the slowly varying gravitational

or estuarine circulation. Herein, sub-tidal oscillations refer to changes in the sea

surface gradient at the ocean boundary of an estuary. They may be induced by

either direct or remote wind forcing (Wang, 1979; Janzen and Wong, 1998; Wong,

2002), and the barotropic response often exceeds that due to baroclinic circulation

(Weisberg, 1976). Direct forcing is through the action of wind on the surface of an

estuary whereas remote forcing includes coastal set-up by atmospheric forcing and

waves propagating from non-local winds (Ou et al., 1981). Wind energy generated

∗Submitted to Continental Shelf Research as “Sub-tidal variations on circulation and salinity
in a micro-tidal estuary”, by J. M. O’Callaghan, C. B. Pattiaratchi and D. P. Hamilton Centre
for Water Research reference ED-1801-JOC.
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remotely is transferred from the ocean to an estuary via continental shelf waves,

which can influence local circulation (Kjerfve et al., 1978). In very shallow coastal

embayments and estuaries, direct wind forcing is capable of mixing the entire wa-

ter column and remote wind forcing is negligible. More commonly, sub-tidal water

level changes are comprised of both local and remote effects that are difficult to

separate (Wang and Elliot, 1978). This was demonstrated by Wong and Wilson

(1984) who found that sub-tidal currents in the surface layer were strongly corre-

lated with wind stress, whilst currents at depth were poorly correlated with local

winds. Contributions from barotropic forcing vary over seasonal time scales (Wal-

ters, 1982), with greater dominance of remote ocean-estuary exchanges during

times of low river discharge.

Sub-tidal oscillations occur globally along continental shelves and their coastal

margins (Tang et al., 1998; Castro and Lee, 1995). The Australian shelf region

is no exception: sub-tidal water level variations with periods of 4 to 12 days are

common (Provis and Radok, 1979). These residual water level variations are not

fully explained by the inverse barometric effect (Masselink and Hughes, 2003), and

there is a high correlation between stations many thousands of kilometres apart.

Hamon (1966) attributed this phenomenon to a travelling wave, which Church and

Freeland (1987) classified as coastal trapped waves (CTWs). The generation of a

CTW depends on changes in cross-shelf bathymetry or vertical density gradients,

or both. On the Australian coastline CTWs produce continental shelf waves

(CSWs) whose dynamics are controlled by shelf topography and are generated by

the alongshore component of the wind stress resulting in cross-shore movement

of water (Church and Freeland, 1987). CSWs are capable of propagating large

distances, e.g. 4000 km from the west to east coast of Australia (Provis and Radok,

1979). The transition of CSWs from the continental shelf to the coastal zone, i.e.

as far as shallow lagoons and estuary mouths, is well documented (Walters, 1982;

Valle-Levinson, 1995; Wong, 2002). However, the extent of propagation of a

CSW into an estuary has not been quantified and the effect of CSWs on estuarine

circulation, and biogeochemistry, has also not been fully investigated.
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As salinity is a conservative tracer, salt fluxes due to various mechanisms as

described by Hansen and Rattray (1965) have been used to quantify circulation

and mixing processes in many estuaries (Dyer, 1974; Simpson et al., 2001; Re-

strepo and Kjerfve, 2002). In partially mixed estuaries the total salt flux is usually

assumed to be a balance between river flow, gravitational circulation and diffu-

sion (Dyer, 1997; Banas et al., 2004). Sub-tidal oscillations have been found to

significantly influence the residual salt flux at the ocean-estuary boundary (Wong

and Moses-Hall, 1998), and to be primarily driven by local atmospheric forcing.

The response of salinity distributions within an estuary to remotely generated

sub-tidal oscillations has not been documented.

Using detailed measurements of velocity and density, this study examines the

sub-tidal variations in circulation and stratification in a micro-tidal estuary in

the absence of river flow. The motivation for understanding salt wedge dynamics

at this longer forcing frequency, O (10 days), is at a regional level tied to water

quality issues in an estuary, but also questions the accepted paradigms of ‘classic’

estuarine processes. In particular, the role of non-tidal barotropic forcing due

to CSWs was found to be a dominant process that modified salinity distribution

within the estuary. Further, the barotropic forcing from CSW propagation into

the estuary enhances the horizontal salinity gradient. This mechanism ultimately

magnifies the ‘classic’ estuarine circulation.

3.2 Study site

The Swan River is a partially mixed estuary that bisects the city of Perth,

Western Australia. In order to understand the physical processes of the estuary,

several studies (e.g. Spencer, 1956; Stephens and Imberger, 1996) have separated

the estuary into two regions: a lower, deeper basin and an upper, shallow estuary

(Fig. 3.1). The mean depth of the upper estuary is 3 m, however, relatively deep

holes up to 6 m occur at irregular intervals along the estuary. The width of the

upper estuary is generally less than 100 m. South-west Western Australia has

a Mediterranean climate, with hot dry summers and cool wet winters. Most of

Perth’s mean annual rainfall of 870 mm occurs between May and September. The
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catchment area of the estuary is 121,000 km2, with the majority of the discharge

(85%) from the Avon River catchment. Salinity in the Avon River is usually 2 to 4

ppt, with discharge salinity elevated above that of fresh water due to drainage into

the catchment from naturally occurring salt lakes and secondary salinisation from

land clearing (Peters and Donohue, 2001). Annual mean discharges are highly

variable, e.g., in the Avon River they were 18.2 and 2.9 m3s−1 for 2000 and 2001,

respectively.

The seaward end of the Swan River estuary is forced by semi-diurnal tides,

diurnal tides, sub-tidal oscillations (Hamilton et al., 2001). Each of these has a

signal, that is superimposed on other forcings to produce the observed water level

variations. Tides are predominantly diurnal, with a mean tidal range of 0.6 m

which takes ∼ 2.5 h to propagate from the mouth (station 1, Fig. 3.1) to the upper

estuary. On the Western Australian coast sub-tidal oscillations are characterised

by amplitudes of up to 0.5 m, with periods between 5 and 10 days (Zaker et

al., 2002). The sub-tidal band varies seasonally as oscillations are dependent on

different generation mechanisms, e.g. summer passage of low pressure systems

occurs less frequently than during winter, when they have a frequency of 5 to 7

days (Provis and Radok, 1979). The magnitude of the spring-neap cycle ranges

from 0.3 to 0.8 m, and the 14-day cycle varies seasonally, with the largest inputs

during the summer and winter solstices (Chapter 4).

Most studies of the estuary have focused on variations in salinity, tempera-

ture, and dissolved oxygen associated with seasonal freshwater discharge (Spencer,

1956; Stephens and Imberger, 1996; Kurup et al., 1998). Spencer (1956) defined

two distinct circulation periods in the lower estuary. In spring-autumn the lower

estuary becomes completely marine, with little vertical or horizontal stratification.

In winter-spring freshwater discharges into the surface layer of the lower basin as

a buoyant plume overlying the marine water. Once winter flows decrease, the

dense bottom water propagates upstream as a salt wedge, and the upper estuary

becomes stratified. Thus, surface freshwater flow and baroclinic circulation are

the two main forcing mechanisms in the lower estuary (Stephens and Imberger,



3.2. Study site 22

0         5km

N

Helena Brook

Ellen Brook

Swan River

Canning River

2 3

1

4

5

Avon River

Lower e
stu

ary
Upper e

stu
ary

115
o
50' E

32
o
00' E

Figure 3.1: Location Map of Swan River estuary, Western Australia, showing the
study stations, major tributaries and delineation of upper and lower estuary. The
stations are (1) Fremantle, (2) Burswood, (3) Ron Courtney Island, (4) Picker-
ing Park, and (5) Guildford. Inset of Western Australia shows the locations of
Geraldton, Fremantle and Albany.
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1996). Non-tidal water level variations were proposed to be important in the lon-

gitudinal distributions of salinity (Hamilton et al., 2001), however, the temporal

resolution of all studies carried out have been insufficient to directly quantify the

influence of sub-tidal oscillations on circulation and salinity distributions in the

upper estuary.

Salinity has been considered to be the “ecological master factor” (Hodgkin,

1987) and a number of studies have investigated the variability of this physical pa-

rameter in relation to the biogeochemistry. The salt wedge, as defined in Stephens

and Imberger (1996), is considered to be the intersection of the 15 ppt isohaline

with the bed. Low dissolved oxygen concentrations are associated with the salt

wedge. Kurup et al. (1998) chose the intersection of the 12 ppt isohaline with

the bed to define the salt wedge position in the upper estuary. Ecological mod-

elling of the upper estuary has shown that the region is characterised by frequent

algal blooms (Chan and Hamilton, 2001), especially in spring when freshwater

discharge is negligible and upstream propagation of the salt wedge begins.

3.3 Materials and methods

3.3.1 Data collection

Freshwater discharge and water elevation data were obtained from external

agencies for the duration of field sampling. Daily discharge data from the Avon

River stream gauge (616011) were obtained from the Water and Rivers Commis-

sion (WRC) of the Department of Environment. The WRC is responsible for

management of the estuary, and conducts weekly sampling at nine stations along

the estuary, between stations 1 and 5 used for this study (Fig. 3.1). Vertical

profiles of salinity, temperature, and dissolved oxygen, were collected at 0.5 m

intervals from surface to bed by the WRC using a Hydrolab multisonde. Salinity

profiles from their station 500 m upstream from station 2 of this study are included

here to supplement our data. Water elevations at Fremantle Harbour, Burswood,

Geraldton, Albany (station 1, 2, Geraldton and Albany, Fig. 3.1) were obtained

at 5-minute intervals for 2000 and 2001 from the Department of Planning and

Infrastructure (DPI, Western Australia).
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Experiments were conducted at upper estuary stations from days 331 to 334

(November 28 to December 1) in 2000, days 250 to 275 (September 7 to October

2), and days 345 to 365 (December 12 to 19) in 2001. Stations in the upper estu-

ary (2 to 5, Fig. 3.1) were located between 28 and 45 km from the mouth. The

first field excursion investigated the diurnal variability of salinity and the latter

excursions focused on the salinity changes induced by sub-tidal oscillations. Each

excursion included conductivity, temperature and depth (CTD) profiles at several

stations, and deployment of moored current meters. The instrument used was

an F-Probe fine scale CTD profiler that measures pressure (Paroscientific), tem-

perature (Seabird), conductivity (Seabird) and turbidity (D&A OBS-1 or Chelsea

nephelometer) sampling at 50 Hz and profiles with a drop velocity of 1 ms−1.

Salinity herein refers to the non-dimensional quantity ‘practical salinity’ units

(UNESCO, 1981). CTD transects consisted of 11 vertical profiles taken at 550

m intervals between stations 3 and 5 (Fig. 3.1). These were conducted at high

water, low water, mid-flood and mid-ebb phases for days 331 to 334 in 2000, and

once per day on the flood tide for days 346 to 353 in 2001.

An S4 InterOcean electromagnetic current meter was deployed 0.5 m from the

bed at station 2 for days 250 to 275 in 2001. It was moored in 3 m of water and

measured current speed and direction, temperature, salinity and pressure at 2 Hz.

A 1-minute average was recorded every 5 minutes. A Nortek Aquadopp 2 MHz

current profiler was bottom-mounted at station 5 in a water depth of 4.5 m from

days 342 to 365 in 2001 to measure u, v and, w current components through the

water column. Upward looking transducers on this instrument were positioned

0.15 m from the bed, with the first data bin set at 0.4 m from the bed and current

velocity profiles collected at 0.2 m intervals from 0.4 to 4.2 m above the sea bed

(ASB). A 1-minute average was also recorded every 5 minutes.

3.3.2 Analysis

Post-processing of CTD profiles was completed using CEFD, a software pack-

age for the F-Probe developed by the Centre for Water Research. This software

includes calibration factors for each of the sensors, as well as algorithms to con-
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vert conductivity to salinity. Each CTD parameter was resolved into 2 cm vertical

intervals and data were imported into Matlab for production of contour plots.

The hourly water level data were filtered using a 72-hour low-pass filter (Pugh,

1987, see Appendix A). This filter has the effect of removing periods smaller than

36 hours from the tidal time series. Harmonic analysis was performed using TIRA

(see Appendix A), for both water level and currents (Pattiaratchi and Collins,

1987), which allowed the measured tide to be described by the dominant astro-

nomical constituents and used to predict the dominant components of the astro-

nomical tide, without any influence from sub-tidal oscillations. Spectral analysis

was also performed on the data using fast fourier transform procedures (see Ap-

pendix A). Correlations between sub-tidal signals, both water level and salinity,

were determined through cross-spectral analysis and are described in Appendix

A.

3.3.3 Salt flux

Using salt as a conservative tracer, a budget of the change in mass of salt for

a particular estuarine volume can be estimated by expansion of the equation of

continuity (see Dyer, 1997). A modification of the general salt balance has been

made for different estuary types in steady-state, with horizontal advection and

vertical eddy diffusion controlling distribution of salt in partially mixed estuaries

(Dyer, 1997), and is given by:

< aus >=< a >

(
< u >< s > + < u′s′ > −K

∂ < s >

∂x

)
(3.3.3.1)

where <> is a tidally-averaged value, u is a depth-averaged value, a is cross-

sectional area, u is along-river velocity and s is salinity. u′ and s′ are the spatial

fluctuations about u and s such that u and s equal zero, and K is longitudinal

diffusivity.

The total salt flux, given by the left-hand side of Equation 3.3.3.1, represents

the physical mechanisms that contribute to the up- and down-stream movement

of salt (Hansen and Rattray, 1966). It is balanced, in partially mixed estuaries,
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Figure 3.2: Spectra of water level data (from station 1) for 2001 . The dotted
lines are aligned with the energy peaks for 3 to 12 d, 24 h and 12 h. The error
bar denotes the 95% confidence interval.

by the landward or seaward advection of salt by mean flow (term 1), gravitational

circulation (term 2), and diffusion (term 3). The first term is often referred to as

the river-flushing term (Banas et al, 2004), however, in this study, in the absence

of river flow, it is used to quantify the transport of salt by sub-tidal forcing.

The second term quantifies the extent of baroclinic, or density driven circulation,

whilst the last term encompasses several physical mechanisms, including Stokes

drift, tidal trapping, and residual of lateral flow (Banas et al., 2004). The different

terms in Equation 3.3.3.1 were estimated using S4 current and salinity data from

station 2 for days 250 to 275 in 2001. Upstream or downstream transport of salt

was calculated for each process (or term) for September 2001 using the method

described by Banas et al. (2004). A 24 h tidally-averaged value is presented for

each day of the 25-day period for each term.



3.4. Results 27

3.4 Results

3.4.1 Diurnal tidal variability

Spectral analysis of water elevation, from station 1, for 12 months shows the

dominant time scales over the annual cycle (Fig. 3.2). There were spectral peaks

at 12 h, 24 h, and a broad peak from 3 to 12 d. These peaks correspond to the

semi-diurnal, diurnal and sub-tidal forcing time scales, respectively. The sub-tidal

band of spectral energy is often referred to as the ‘weather band’ as the energy at

this frequency is closely related to atmospheric forcing. From harmonic analysis,

the amplitude of the spring-neap constituent (Msf) was small, and this cycle can

be disregarded as the source of energy for this spectral band. The contribution

of semi-diurnal, diurnal and sub-tidal bands was determined from the area under

the respective spectral energy peaks. Diurnal tides contributed 55% of the total

energy in 2001. The sub-tidal oscillations accounted for 30% and semi-diurnal

forcing contributed only 8%.

The predicted tidal curve was generated using the phase and amplitude of the

two main diurnal, O1 and K1, and semi-diurnal, M2 and S2, tidal constituents at

station 1 (Fig. 3.3a). Tides were predominantly diurnal with a mean tidal range

between a single high- and low-water of 0.5 m. The mean spring and neap tidal

ranges were 0.6 and 0.25 m, respectively. Maximum spring tidal range occurred

later in the time series near day 350. Mixed tides occurred during neap tides

closest to the Austral equinoxes (day 275) with the duration of the flood and ebb

tide being unequal. These mixed tides, or tidal inequalities, are generated by

a lag between the dominant diurnal and semi-diurnal tidal inputs (Chapter 4).

Measured water levels (Fig. 3.3b) retain some of the features of the predicted

tide, i.e. a mixed tide from days 275 to 280 and a maximum tidal range around

day 350, however, there were several occasions when the measured water levels

deviated from the predicted tide over the 3-month period.

Low-pass filtering of measured water level highlights the sub-tidal oscillations

that are present at the mouth of the estuary with periods > 36 h (Fig. 3.3c).

The largest of these sub-tidal oscillations, in the 3 month period shown, had an
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Figure 3.3: Water level from station 1 which includes (a) predicted, (b) measured,
and (c) low-pass filtered (period > 36 h) water level for days 275 to 365 in 2001.

amplitude of 0.5 m and occurred from days 314 to 318 in 2001; the magnitude was

nearly equivalent to the mean tidal range. Smaller sub-tidal oscillations of 0.18 to

0.25 m were also common. A histogram of the frequency and duration of sub-tidal

oscillations for an annual cycle (2001) were examined at station 1 (Fig. 3.4a and

b). In total, the mouth of the estuary was influenced by sub-tidal oscillations for

approx. 30%, or 108 days, of the year. This equated to 70 sub-tidal events whose

amplitudes ranged from 0.03 to 0.5 m and lasted between 0.5 and 4 days. The

mean amplitude and duration of sub-tidal oscillations was 0.28 m and 2.6 days,

respectively.

Tidal propagation of the salt wedge, indicated by the 12 isohaline, was exam-

ined through changes to salinity distribution in the upper estuary. The maximum

tidal excursion of the salt wedge due to the diurnal tide, from high to low-water,

was 1.2 km. However, the mean change in position of the salt wedge after consec-

utive tides was found to be negligible and the net upstream migration was < 100
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Figure 3.4: Histogram showing (a) magnitude and (b) duration of sub-tidal events
in 2001. The frequency of occurrence indicates the number of events for one year.
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m. Figure 3.5a and b shows the longitudinal distribution of salinity for days 346

and 347 in 2001, respectively. On both days salinity ranged from 8 to 14 through

the upper estuary, with the salt wedge located approx. 3 km from the beginning

of the transect. The quasi-stationary nature of the salt wedge after consecutive

tidal cycles was replicated from days 347 to 349 in 2001 (data not shown) and is

indicative of minimal baroclinic forcing.

3.4.2 Sub-tidal oscillations

The mouth of the Swan River estuary was forced by a number of sub-tidal

oscillations, i.e. continental shelf waves (CSWs), of size range 0.1 to 0.5 m from

days 275 to 365 in 2001 (Fig. 3.3c). Sub-tidal oscillations observed at Fremantle

correspond with sub-tidal water level changes at Geraldton and Albany (Fig. 3.6a-

c) for similar periods in 2001. For example, between days 290 and 295, an sub-tidal

increase of ∼0.5 m was observed firstly at Geraldton, then Fremantle and lastly

at Albany. It took approx. 8 h for the CSW to propagate from Geraldton to

Fremantle, and a further 12.5 h to Albany. Correlations of sub-tidal water level

variability were all greater than 0.8, despite observations being several hundred

kilometres apart.



3.4. Results 30

 Distance (km)
0 1 2 3 4 5

Distance (km)
0 1 2 3 4 5 6

D
e
p
th

 (
m

)
0

1

2

3

4

5

6

(a) (b)

Figure 3.5: Longitudinal salinity transects from station 3 to 5 for (a) day 346 and
(b) day 347 in 2001. Distance refers to the along-river distance (in km) from the
start of the transect. The 12 isohaline in bold indicates the salt wedge.
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for days 275 to 365 in 2001. Station locations are shown in Fig. 3.1.
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Figure 3.7: (a) Water level from station 1, (b) along-river current speeds where
positive and negative values are flow directed upstream and downstream, respec-
tively, and (c) salinity from station 2 for days 254 to 274 in 2001. The tidal data
(thin line) and the sub-tidal or low-pass filtered data (thick line) are shown for
each parameter. Arrows in (a) correspond to days on which salinity profiles were
collected by the WRC shown in Fig. 3.8.

September 2001

Freshwater discharge rates from the Avon River were low with a mean monthly

gauge reading of 5.7 m3s−1 for September in 2001 (data not shown). Measured

and low-pass filtered water levels from the estuary mouth were one lunar month

in duration, with nearly two spring-neap cycles from days 254 to 274 (Fig. 3.7a).

A sub-tidal water level increase of 0.3 m occurred from days 263 to 266; this

was superimposed over the neap tide. Smaller sub-tidal water level fluctuations

consisting of increases and decreases generally < 0.1 m were observed through the

month except at the end of the month where there was a water level decrease of

0.4 m.
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Figure 3.8: Vertical salinity profiles for days 254, 260, 267 and 274 in 2001. Each
profile corresponds to water elevation represented by the arrows in Fig. 3.7a.

During spring tides, current speeds were < ± 0.05 ms−1 (Fig. 3.7b), but for

neap tides speeds were up to three times higher. Regardless of tidal phase, the

maximum currents over the lunar month coincided with the occurrence of sub-

tidal oscillations. Maximum tidal current speeds were ± 0.15 ms−1 for days 261

to 262.5 and also just prior to the water level maximum on day 265.45. The low-

pass directional velocity data tended to be positive, i.e. directed into the estuary,

and contributed 30% to tidal currents for days 261 to 262.5. However, only small

sub-tidal currents of < 0.025 ms−1 were coincident with the sub-tidal water level

change near day 265.

Near-bed salinity oscillated over successive tidal cycles at all times except near

day 273, when it decreased rapidly from 14 to 6 over several hours (Fig. 3.7c).

The near-bed salinity response to sub-tidal water level changes was evident in

bottom salinity with an increase from 6.5 to 14.3 from days 264 to 267, followed

by relatively constant salinity from days 267 to 273. The constant salinity reflects

that the tip of the salt wedge had propagated upstream and the sensor was located

in a region where there was only small changes in salinity over the tidal excursion.

Salinity decreased by almost 6 on day 274 corresponding to a water level decrease

of 0.3 m. A lag of 19 h existed between a sub-tidal water level change and the

bottom salinity response.

Vertical salinity profiles on days 254, 260, 267, and 274 from station 2 (Fig. 3.8)
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Figure 3.9: Cross-correlation of low-pass filtered water level from stations 1 and
5. The shaded circle highlights the 6 h lag between station 1 and 5.

confirm that large transitions in bottom salinity occurred, coincident with the sub-

tidal water level changes (Fig. 3.7a). Day 254 had a surface mixed layer depth of

2.5 m with a salinity of 4, and salinity in the bottom waters ranged from 5 to 8. By

day 260, the surface mixed layer was elevated slightly, but by day 267 the bottom

salinity had increased from 9 to 13.5 below the halocline (which was at a depth < 2

m) and the salinity of the surface waters remained almost constant. This increase

occurred between days 260 and 267, when the 0.3 m sub-tidal event propagated

through the estuary (Fig. 3.7a). By day 274, the surface mixed layer depth was

slightly greater than 2 m, with a salinity of 2, and bottom salinity ranging from 3

to 10 over the lower 2.5 m. Compared to day 267, the whole profile has reduced

in salinity in response to both a decrease in the sub-tidal water level and a burst

of freshwater discharge (increased from 5.7 to 14.8 m3s−1 for days 272 to 274,

data not shown). Both the surface and bottom layer salinities have decreased by

∼ 2. These data indicate that the vertical stratification was strengthened when

sub-tidal oscillations forced the estuary.

December 2001

Freshwater discharge was negligible from day 302 onwards in 2001. Thus, it

can be disregarded as a forcing mechanism in the estuary during this time. At the
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Figure 3.10: Salinity transects for (a) day 348 (b) and day 352. Distance refers to
the along-river distance (in km) from the start of the transect. The 12 isohaline
is shown in bold.

ocean boundary, tides and sub-tidal oscillations modified water levels, with a non-

tidal water level increase of 0.3 m from days 344 to 347. This feature was observed

clearly at the mouth of the estuary and was attenuated only slightly (20%) within

the estuary. Sub-tidal water level between station 1 and 5 had a correlation

coefficient of 0.79 (Fig. 3.9) and the sub-tidal oscillation took approximately 6

hours to propagate between the two stations, a distance of 45 km upstream.

Between day 348 and 352, the location of the salt wedge varied by ∼2.5 km

under sub-tidal forcing (Fig. 3.10). Salinity distribution prior to the sub-tidal

event is represented by day 348 (Fig. 3.10a), as the salinity response lags sub-

tidal forcing by ∼ 1 day. On day 348, the salinity ranged from 8 to 15 between

stations 3 and 5. The longitudinal salinity gradient on day 348 was 1.1 km−1 with

the salt wedge located 3 km from station 3. After the sub-tidal event, on day 352

(Fig. 3.10b), salinity ranged from 10 and 19 over the same distance, corresponding

to a longitudinal salinity gradient of 1.5 km−1. The salt wedge was located 5.7

km from station 3 on day 352. Thus, a displacement in the salt wedge of 2.5 km
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coincided with a 0.3 m sub-tidal water level change.

Increases in depth-averaged salinity, associated with the sub-tidal oscillations,

were non-uniform between stations 3, 4 and 5 (Fig. 3.11a). At the downstream

station (station 3) an increase of 2, from 13 to 15, whereas further upstream an

increase of only 1 was measured from days 348 to 351. Density gradients were

estimated for the downstream (between station 3 and 4) and upstream (between

station 4 and 5) sections of the transect shown in Fig. 3.5 and 3.10 using depth-

averaged density (Fig. 3.11b). Initially the density gradient, ∂ρ/∂x, increased

from 3 to 8 kgm−4 between the uppermost stations, but from day 347 onwards

the gradient decreased slightly. A greater response in density occurred further

downstream as ∂ρ/∂x increased from 5 to 12 kgm−4 after day 347.

Along-river currents were low-pass filtered for days 344 to 362 which gives

the residual component of flow (Fig. 3.12a). Residual currents ranged from ±
5 cms−1 for the 18 day period and were largest near the sub-tidal event. Three

individual profiles of residual currents are shown to examine the sub-tidal controls

on gravitational circulation. Prior to the sub-tidal event on day 344 (Fig. 3.12b)

the near-bed residual currents were small; currents in the lower 2 m of the water

column were directed upstream and residual flow were mostly downstream in the

upper layer, however, a reversal of currents was observed within the surface 2 m,

most likely due to a wind event. The residual current profile immediately after

the sub-tidal event (Fig. 3.12c) had a well developed two-layered flow profile with

maximum currents at the surface and near bed of the same magnitude (∼ 5 cms−1)

but at opposite directions. The magnitude of the residual current was 25% of the

maximum surface currents (∼ 20 cms−1) recorded at this station. Subsequent to

the sub-tidal event the residual currents decreased by ∼ 50%. During this period

the depth of the flow reversal decreased by 1 m from day 344 to 351, and by a

further 0.5 m after the sub-tidal event.

Longitudinal currents at heights of 0.4 (near-bed) and 3.6 m (surface) from the

bed were subjected to spectral analysis. Energy inputs to currents were almost

equal from the tidal and sub-tidal spectral bands in the near-bed region, whereas
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5 for days 344 to 362 in 2001. Vertical profiles are included for (c) day 344, (d)
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Figure 3.13: Spectra of surface (dashed line) and near-bed (solid line) along-river
currents at station 5 for days 342 to 365 in 2001. The error bar denotes the 95%
confidence interval.

tidal energy contributed 12 times more to currents in the surface layer (Fig. 3.13).

Two main spectral energy peaks were apparent at frequencies of 1 and 11 days.

Spectral energy from the diurnal tide and sub-tidal oscillations contributed 61%

and 5% to the surface layer currents, respectively, but only 10% and 8% to currents

in the near-bed region.

3.4.3 Salt flux

The transport (or flux) of salt in the upper estuary can be characterised by

three main processes: advection, gravitational circulation and diffusion (Equa-

tion 3.3.3.1). Several limitations which pertain to the estimation of salt flux and

need to be outlined. Firstly, the salt flux balanced by the sum of three forces

(terms 1 to 3, Equation 3.3.3.1) assumes steady-state conditions in the estuary.

Secondly, that salinity concentrations were derived from a single measurement 0.5

m from the bed and not a depth-averaged mean, although maximum water depth

at station 2 was only 2.5 m. Nevertheless, Banas et al., (2004) computed similar
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Figure 3.14: (a) Sub-tidal water level and salt fluxes for three processes: (b) sub-
tidal forcing, (c) gravitational circulation and (d) diffusion for days 255 to 275 in
2001.

salt flux estimates based on these assumptions.

During September 2001, the salt flux was dominated by sub-tidal forcing at

station 2 (Fig. 3.14b-d). Although, freshwater discharge was measured during this

period (monthly mean of 5.7 m3s−1) and would contribute to the downstream flux

of salt, upstream movement of salt from days 260 to 265 had a greater influence

and resulted in an overall landward advection of salt. This coincided with sub-

tidal forcing. The gravitational circulation term was an order of magnitude smaller

than term 1. More importantly, term 2 was close to zero for most of the time,

except for when the estuary was influenced by sub-tidal oscillations. Diffusion,

the third term in the salt flux (Fig. 3.14c), was always small compared to terms

1 and 2. Despite varying diffusivity over its documented range, i.e. 200 to 1200

m2s−1 (Fischer et al., 1979), the maximum contribution to the total salt flux was,

at most, two orders of magnitude smaller than the advection term.
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3.5 Discussion

Circulation in estuaries is generally controlled by the interaction of mecha-

nisms from both the landward and seaward boundaries (e.g. baroclinic circulation

generated by mixing of marine and fresh water; Pritchard, 1952) and has been

examined at the dominant time scales for a given system (e.g. tidal, seasonal, and

annual time scales; Uncles, 2002). Forcing at the sub-tidal time scale has, more

recently been identified as a mechanism that can modify circulation (Wong and

Wilson, 1984; Wong and Moses-Hall, 1998). For the Swan River system, sub-tidal

water level variations occur frequently through an annual cycle at the mouth of the

estuary. Moreover, a high correlation exists between sub-tidal water level signals

from the mouth and upper estuary. This is because estuaries generally behave

as low-pass filters of water levels with the longer period oscillations propagating

into estuaries only a small attenuation of the signal. This study measures, for

the first time, sub-tidal oscillations propagating to the tidal extent of an estuary.

The location of the salt wedge can change substantially by sub-tidal forcing in the

upper Swan River estuary and therefore it provides an opportunity for a detailed

analysis of the dynamics of circulation and salinity under sub-tidal barotropic

forcing.

Sub-tidal oscillations propagate from north to south along the Western Aus-

tralian coastline as continental shelf waves and are generated remotely by frontal

systems and tropical cyclones. The mean amplitude of a sub-tidal event is 0.28

m and tends to last 2 to 3 days. Thus, salinity responses presented in this study

are representative of mean sub-tidal events. For all sub-tidal water level increases

there is a corresponding increase in salinity in the upper estuary with the largest

changes in the bottom salinity ranging between 4 and 7. Further, the salinity

response lags the sub-tidal water level changes by approx. 1 day. Horizontal dis-

placement of the salt wedge, either upstream or downstream, accompanies any

vertical mixing of salt. In this study, the observed migration of the salt wedge

was up to 2.5 km, however, evidence from the local management body suggests

longitudinal displacements of up to 8 km occur in the estuary in response to sub-
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tidal forcing. Ideally, a relationship between sub-tidal forcing and salinity changes

should be derived from field measurements; however, the varied salinity response

to sub-tidal events with magnitudes of 0.3 m make it difficult to parameterise,

but does suggest that the response is non-linear and that a baroclinic response is

superimposed on the barotropic forcing.

The longitudinal salinity gradient is intensified when the estuary is forced by

sub-tidal oscillations and residual currents increase to compensate during times of

greater stratification. Residual current profile is proportional to the longitudinal

density gradient and is given by (see Officer, 1976):

u(z) =
1

48
g
∂ρ

∂x

h3

ρNz

(
8η3 − 9η2 + 1

)
(3.5.1)

where u(z) is the vertical deviation of the along-estuary flow from a depth-

averaged mean at depth z, i.e. the residual velocity at depth z, g is the acceleration

due to gravity, ∂ρ
∂x

is the longitudinal density gradient, Nz is eddy viscosity and η

is the dimensionless depth = z/h where z is vertical distance from the surface and

h is the water depth.

Residual currents are approximately linear to the longitudinal density gradi-

ent and are described by Equation 2.2.1 (see Officer, 1976). Hence, an increase

in ∂ρ/∂x would see a corresponding increase in the magnitude of u(z), i.e. the

residual currents would respond to changes in salinity gradients (salinity is the

controlling parameter for density) due to either freshwater discharge or in the case

of the Swan River, sub-tidal events. Data collected during December 2001 is a

very good illustration of this process. In response to the 0.3 m sub-tidal water level

increase from day 345 to 347 (Fig. 3.12a) there was a change in the depth-averaged

salinity along the estuary and thus in the longitudinal density gradient (Fig. 3.11)

although the changes in salinity were observed after the maximum water level was

reached on day 347. For example, the salinity increase in the upper estuary was

recorded from day 347 to 351 when the sub-tidal water level was approximately

constant. The residual current profile responded to this change in longitudinal

density gradient with an increase in the magnitude of the residual currents as pre-
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dicted by equation 3.5.1. The time lag between the sub-tidal event and residual

current response indicates that although the initial forcing mechanism is gener-

ated by water set-up at the mouth of the estuary, the upper estuary response is

both barotropic and baroclinic, i.e. the barotropic forcing through the sub-tidal

water level change produced a baroclinic response reflected by the increase in the

magnitude of the residual currents resulting in the upstream propagation of the

salt-wedge (Fig. 3.10).

The location of the salt wedge, and corresponding high phytoplankton biomass

(Thompson, 1998), was thought to vary with the amount of freshwater discharge

input (Stephens and Imberger, 1996; Kurup et al., 1998). But, this study found

that sub-tidal oscillations dominate upstream propagation of the salt, even in the

presence of freshwater discharge. Also, gravitational circulation was enhanced

by sub-tidal forcing and was found to dominate salt fluxes during the spring-

bloom season. Maximum sub-tidal intrusions of the salt wedge are likely when

the upper estuary is well-mixed during late winter/ early spring. During these

sub-tidal events anoxic water can be forced further, and rapidly, upstream than

consequences for biogeochemistry in the upper estuary. This is reflected in the

response of a storm event during May 2003; storm surge coincided with the time of

the local high water producing the highest water level recorded at Fremantle. The

upstream migration of the salt wedge and the associated anoxic waters resulted

in severe fish-kills in the upper estuary (T. Rose, pers. comm.).

3.6 Concluding remarks

Circulation and salinity were examined at the tidal and sub-tidal timescales

through field measurements. The predominantly diurnal tides cause water levels

to vary by up to 0.6 m daily with the maximum tidal excursion of the salt wedge

being 1.2 km. Non-tidal barotropic forcing, i.e. the sub-tidal oscillations, which

are comparable in magnitude to the astronomical tides, influence the estuary for

30% of the year, with an average water level variation of 0.3 m. Field measure-

ments indicate that for an average-sized sub-tidal oscillation the salt wedge can

be displaced upstream by 2.5 km and bottom salinity can increase by up to 7,
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although larger changes may occur under forcing of different magnitudes. During

sub-tidal oscillations, the salt flux is dominated by the mean advective transport

term even in the presence of freshwater discharge.

A longitudinal density gradient is generated by differences in salinity between

the ocean and river boundaries, which results in a gravitational circulation; bot-

tom waters are directed upstream and surface waters are directed downstream

independent of the tidal cycle. Field data presented in this study have shown

that sub-tidal changes in water level due to remote forcing through continental

shelf waves and/or local weather conditions strengthen the longitudinal density

gradient which in turn enhance the ‘classic’ estuarine circulation. And this re-

sponse can occur either with or without a freshwater discharge from the landward

boundary. Intrusions of the salt wedge by sub-tidal oscillations during these pe-

riods can force anoxic water upstream rapidly with significant implications for

water quality.
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Dynamics of diurnal tides on sediment resuspension in a
micro-tidal estuary †

4.1 Introduction

The expansion of human populations in coastal land margins has resulted

in major modifications to estuarine ecosystems. In recent decades, there has

been higher incidence of eutrophication (Cooper and Brush, 1993) and the use

of numerical models as predictive tools for evaluating remediation strategies has

increased. Thus, understanding the complex interactions between physical mech-

anisms and how they distribute and transport sediment (Dyer, 1997), nutrients

(Peters and Donohue, 2001), and phytoplankton biomass in estuaries (Cloern,

1987) is paramount for these models to be reliable and effective management

tools. In this study, field measurements focus on a low-energy, micro-tidal estuary

as these type of systems have received less attention in the literature despite water

quality issues being as prevalent.

Tidal forcing dominates circulation in micro-tidal estuaries with maximum

currents generated by the largest tidal excursions (Uncles, 2002). Yet, evidence

of these statements in diurnally forced estuaries has mostly been restricted to

textbook theory, e.g. Pugh (1987). Diurnal tidal theory states that two aspects

of the lunar cycle modulate tidal oscillations: 1) changes in the declination angle

of the moon, i.e. the tropic month, which has a period of 27.2 days, and 2) the

influence of the moon rotating around the earth, i.e. the lunar month with a

period of 29.5 days (Pugh, 1987). Although the lunar cycles have the greater

influence on diurnal tides, the combined lunar-solar influence cannot be neglected

as the largest tidal excursions occur when inputs from both the lunar and solar

components are maximal (Hodgkin and Di Lollo, 1958).

Sediment transport, at least in estuaries with semi-diurnal tides, has been as-

sociated with tidal inequalities which are generated by the interaction of tidal

†Submitted to Journal of Geophysical Research as “Dynamics of diurnal tides on sediment
resuspension in a partially mixed estuary”, by J. M. O’Callaghan, C. B. Pattiaratchi and
D. P. Hamilton. Centre for Water Research reference ED-1802-JOC.
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constituents are their harmonics (Dyer, 1986). Tidal harmonics are a distortion

of the dominant tidal constituents with causal factors being the depth, shape and

length of an estuary. The greatest influence on mobilisation and transport of

sediment occurs when the astronomical constituent and its first harmonic are in

phase and result in the largest current velocities (Pugh, 1987). In a semi-diurnal

system, this occurs when the M2 and M4 inputs are both maximal and can be

represented by either a flood- or ebb-tidal asymmetry (Aubrey and Speer, 1985),

or as a double high water (Sharples, 2000). Unsurprisingly, mass transport of

suspended materials is relatively small in the lower-energy, micro-tidal estuaries

(Wright et al., 1992; Hughes et al., 1998) and resuspension events have often

been correlated to higher currents due to an flood-dominant asymmetry (Chesa-

peake Bay, Fugate et al., 2000). But, peaks in sediment concentration have been

documented at times when critical friction velocities were exceeded, despite low

mean current speeds (Wright et al., 1997). Sediment resuspension may not always

be related to mean processes and the validity of existing assumptions for mod-

elling and predicting sediment transport in estuaries, e.g. Prandle, 1997, must be

re-evaluated for micro-tidal estuaries.

In this study, the physical controls on sediment resuspension in a low-energy

estuary are investigated using field measurements. First, a detailed analysis of

diurnal tides is given and provides the framework for assessing the validity of

sediment transport paradigms. Field data examine the diurnal tidal behaviour and

circulation at the 24-hour and spring-neap frequency in the Swan River estuary

during 2001. Of particular relevance for sediment resuspension was the presence

of an intra-tidal oscillation, defined here as a decrease in the rate of water level

increase for a period of 2 to 3 hours, on the flood tide. Second, the spatial and

temporal sediment dynamics are documented in the upper estuary. Resuspension

events were associated with intra-tidal oscillations during the flood tide, but this

phenomena could not be explained with accepted sediment transport paradigms

as events occur when mean current velocities decrease to zero.
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4.1.1 Study site

The Swan River is a partially mixed, micro-tidal estuary, flowing through

Perth, Western Australia and discharging into the Indian ocean at Fremantle

(Fig. 4.1). The region experiences a Mediterranean climate, with dry hot summers

and wet winters: approximately 80% of mean annual rainfall of 870 mm falls in

winter to early spring (May to September). The catchment area of the estuary

is approximately 121,000 km2, with the majority of discharge (85%) from the

Avon catchment (Peters and Donohue, 2001); with a mean annual discharge of

11.5 m3s−1. Discharge salinity is elevated above freshwater, ranging between 2 to 4

ppt, due to drainage from naturally occurring salt lakes and secondary salinisation

from land clearing in the catchment.

The estuary experiences predominantly diurnal tides (Form number = 2.9;

Pugh, 1987) with a mean tidal range of 0.6 m. Contributions from the diurnal

constituents control tidal forcing due to the proximity of an M2 amphidromic

point within 300 km of the coast, which results in a small amplitude from this

semi-diurnal component. During the Austral spring/summer, low water occurs

in the morning and high water occurs in the evening, and vice versa during the

Austral autumn/winter. Tidal asymmetry is not fixed in the estuary and oscillates

between ebb- and flood- dominant phases at seasonal timescales (Ranasinghe and

Pattiaratchi, 2000). Sub-tidal forcing can modify water levels by up to 0.8 m,

which are generated by the passage of atmospheric pressure systems or tropical

cyclones that cause continental shelf waves to propagate southwards along the

Western Australian coastline (Chapter 3). Density currents are typically less

than 1 to 2 cms−1 but become amplified under sub-tidal forcing, although their

magnitudes always remain below 5 cms−1.

The Swan River estuary can be divided into a lower and upper estuary (Fig. 4.1).

The lower estuary is generally marine, i.e. salinity > 30 ppt, for most of the year

(Spencer, 1956), has a mean depth of 12 m, with a width that varies from 500

to 1500 m. The upper estuary, however, varies from well-mixed during the win-

ter months to a partially-mixed estuary from November to April when discharges
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Figure 4.1: Location map of Swan River estuary, Western Australia, showing
sampling stations, major tributaries and delineation of upper and lower estuary.
Station details are given in Table 4.1.
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cease during Spring and Summer. In recent years, annual discharges have been

decreasing and the upper estuary has remained stratified for longer periods of the

annual cycle (Hamilton et al., 2000). The upper estuary is a much shallower and

narrower system, with a mean depth of 3 m and the width generally < 100 m.

4.2 Methods and analysis

Data were collected in the upper Swan River estuary in September 2001, De-

cember 2001, and December 2002. The mean daily discharge during the mea-

surement periods was < 2 m3s−1, and was obtained from the Water and Rivers

Commission gauge Avon-Walyunga (no. 616011) located 5 km upstream from the

confluence of the Avon River and Ellen Brook (see Fig. 4.1).

Water level data were recorded at station 1a by the Department of Planning

and Infrastructure (DPI, Western Australia), with data from days 244 to 365 in

2001 analysed in this study. Additional water level data were collected at stations

2 and 5 (see Table 4.1). Harmonic analysis of water level data was undertaken to

determine the amplitude and phase of the tidal constituents (Table 4.2).

Current data at 3 m depth, in a water depth of 9 m, were obtained for station

1b from the Fremantle Port Authority (FPA). Measurements in the upper estuary

were primarily from moored instruments located at stations 2 to 5 (Fig. 4.1). The

location of sampling stations 1 to 5, including the depth and width of the estuary

for each station, is given in Table 4.1.

Current speed and direction, pressure, temperature, and salinity data were

collected at 2-min intervals from station 2 in September 2001 using an InterOcean

S4 moored 0.5 m above the sea bed (ASB). In December 2001, time series of

currents and turbidity were recorded at 2-min intervals at stations 3 and 4, at

0.5 m ASB, using two tripods that housed a current meter and a self-cleaning

nephelometer (Ridd and Larcombe, 1994). Turbidity data were used as estimate

of suspended particulate matter (SPM), based on the premise that turbidity is a

measure of the extent to which water scatters light, and is almost entirely due

to suspended sediments (Kirk, 1984). Current data from station 3 and 4 is not

available due to failure of both current meters.
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Table 4.1: Summary of data collected in 2001

Station Station
name

Distance
upstream
(km)

Mean
depth
(m)

Mean
width
(m)

Measurement Sampling
days
(2001)

1a Fremantle 0 12 n/a Water level* 273-365
1b Fremantle 1 9 500 Currents** 295-365
2 Burswood 28 2 200 Water level 255-270

Currents 255-270
3 Ron

Courtney
34 3 50 Turbidity 340-350

4 Pickering
Park

36.5 3 80 Turbidity 340-365

5 Guildford 39 2.5 50 Water level 340-365
Currents 340-365

*= data from DPI
**= data from FPA

At station 5, a Nortek Aquadopp 2 MHz acoustic Doppler current profiler

(ADCP) was mounted at the sea bed in a water depth of 4.5 m. This instrument

collected current data in 0.2 m intervals from 0.4 ASB to the surface. Currents

profiles were obtained at 2-min intervals by averaging 60 profiles. All current

meter data were rotated to along- and cross-river components by considering the

orientation of the estuary at each station. Only the along-river component is

included here as the lateral influence on currents was negligible.

Surficial bed sediments were sampled at approximately 600 m intervals along

the estuary in December 2001, from station 2 to beyond station 5, using a Van-

Veen grab sampler. The organic content of these sediments was determined by the

hydrogen peroxide method of Lewis and McConchie (1994). Particle size distribu-

tions (PSD) were completed on dried sediment samples by Commonwealth Scien-

tific and Industrial Research Organisation (CSIRO) Minerals Laboratory, Curtin,

Western Australia. Sediment samples were weighed, sieved at 500 µm and the

material < 500 µm was analysed on a Malvern Instruments laser diffraction size

analyser. The Malvern which reports sediment distributions between 2 and 500



4.3. Results 50

Table 4.2: Harmonic analysis of water level data from station 1 and 5 in 2001.

Station 1 Station 5
Period Amplitude Phase Amplitude Phase

Species Constituent (h) (cm) (o) (cm) (o)
Diurnal K1 23.93 16.6 306.3 16.4 332.9

O1 25.82 11.8 290.1 11.3 204.6
Semi-diurnal M2 12.42 5.2 292.1 4.1 295.5

S2 12.00 4.7 298.8 3.3 338.2

µm. Bed sediments were collated into three groups based on their size-frequency

distributions and these groups were then classified using the Udden-Wentworth

scale (Lewis and McConchie, 1994).

4.3 Results

4.3.1 ‘Spring-neap’ tidal variability

Four main astronomical constituents, as determined from harmonic analysis,

regulate the dynamics of diurnal tides (Table 4.2). The interaction between the

diurnal (K1 + O1) and semi-diurnal tidal (M2 + S2) constituents were recon-

structed using their amplitudes and phases for the latter part of 2001 (Fig. 4.2a).

The diurnal tide has a range of 0.6 m and the semi-diurnal tide has a range of

only 0.2 m. The tidal range for the semi-diurnal tide relates to the lunar cycle,

with maximum tidal ranges occurring at the full and new moons (at syzygy), i.e.

days 289 and 306, and minimum tidal ranges on the first and last quarter of the

lunar cycle (at quadrature), i.e. days 297 and 310 (Fig. 4.2a). Diurnal tides do

not follow the lunar cycle. For example, the full moon on day 289 corresponded

to a tidal range of only 0.2 m. Hence, in a diurnal tidal system, definitions such as

spring and neap do not always relate tidal excursion to phases of the moon, as is

the case for semi-diurnal tides. Since another classification scheme does not exist,

cycles of the diurnal tide will be denoted in single quotation marks, i.e. ‘spring’

and ‘neap’ tides, to distinguish the behaviour of diurnal tides from semi-diurnal

tides at different phases of the lunar cycle.

The resultant tidal curve (Fig. 4.2b) is the summation of the main diurnal
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and semi-diurnal constituents, and represents the predicted tide for station 1a.

The combined diurnal, K1 + O1, and semi-diurnal, M2 + S2, inputs oscillate

at a frequency of 13.63 and 14.77 days, respectively. This phase difference, of

1.14 days, between the two tidal signals modulates the resultant tide over an

annual cycle. The diurnal and semi-diurnal tides are in phase during the solstice,

resulting in maximum spring tidal range, and are out of phase at the equinox,

resulting in minimum spring tidal range. This is illustrated in Fig. 4.2 where,

close to the summer solstice (day 351), the diurnal and semi-diurnal tides are in

phase thereby maximising the sum of semi-diurnal and diurnal components. Over

the 3-month period from day 273 to 365 in 2001, the tidal range increased from

0.6 to 0.9 m as the orbital plane of the moon oscillated from a minimum to a

maximum declination angle. Mixed tides occur during ‘neap’ tides closest to the

equinox (day 275) with two high and low-waters commonly observed over a tidal

cycle.

The combined lunar-solar cycles caused a variable response in currents, both

seasonally and throughout the estuary, over the ‘spring-neap’ cycle. Currents at

station 1b cover two 7-day periods, for a ‘spring’ to ‘neap’ transition, closest to

the equinox and the solstice, respectively (Fig. 4.3). Over the 7-day period from

day 295 to 302, nearest to the equinox, current speeds decreased by ∼ 50%. The

slight ebb-asymmetry weakened as the duration of the flood and ebb tides became

almost identical in response to the mixed diurnal tide. For the 7-day ‘spring-neap’

transition from days 350 to 357, nearest to the solstice, the maximum current

speeds also decreased by ∼ 50% from the ‘spring’ to the ‘neap’ tides, but the

ebb-dominant asymmetry persisted nearest to the solstice (Fig. 4.3b). Maximum

current speeds on the ebb tide were reached near to mid-ebb, whereas on the flood

tide much greater variability was noted. Currents were initially half those on the

ebb tide, but 2 h after low water (LW) current speeds decreased slightly for a

period of 1 to 2 h. For the latter part of the flood tide current speeds increased

again, and had magnitudes between 60 to 75% of the ebb currents. This intra-

tidal behaviour on the flood tide was accentuated nearest to the Austral summer
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Figure 4.2: (a) Diurnal and semi-diurnal inputs to the tide from day 273 (October
1) to day 365 (December 31), 2001 and (b) Water level from the summation of
the diurnal and semi-diurnal constituents. Phases of the moon are included above
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Figure 4.4: (a) Water level and (b) current magnitude from station 2 for days 256
to 264 in 2001.

solstice and the full moon on day 350 (see Fig. 4.2). Maximum current speeds

increased from the equinox to the solstice ‘spring-neap’ transitions, corresponding

to a greater mean tidal range as the sun made the transition from minimum to

maximum declination angle.

Tidal excursion did not always regulate the hydrodynamics, as documented by

an atypical current response to the ‘spring-neap’ cycle at station 2 in September

2001. Water level (Fig. 4.4a) and current data (Fig. 4.4b) are shown for a 7-day

transition from ‘spring’ to ‘neap’, for day 256 to 263. The tide was initially diurnal

and had a range of 0.6 m; it then became mixed towards the ‘neap’ period and

tidal range decreased to < 0.2 m. Higher currents would have been expected to

occur closer to the ‘spring’ tide; however, current speeds were small (< 0.05 ms−1)

over the first half of the ‘spring-neap’ cycle. Current speeds during the ‘neap’ tide

were up to three times higher than those observed on the ‘spring’ tide. During this

period, the frequency of the tide changed from diurnal during the ‘spring’ tides

to mixed semi-diurnal during ‘neap’ tides. Hence, the length of the flood and ebb
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Figure 4.5: Percentage of attenuation for the four main tidal constituents from
the mouth of the estuary (station 1a) to 36 km (station 3) upstream.

tides was reduced from 12 to 6 hours. Although the tidal prism decreased due

to the smaller tidal range, the reduction in tidal period by one-half appeared to

have a greater influence on currents. It is also possible that topographic features

at this location, which is much wider and shallower than any other in the upper

estuary, may have had an additional influence.

4.3.2 The diurnal tide

The amplitude of the diurnal tide is dominated by the contribution from

the principal luni-solar constituent, K1, with smaller inputs from the principal

lunar,O1, and semi-diurnal constituents. Attenuation of all four constituents oc-

curs predominantly in the lower estuary. Figure 4.5 summarises the attenuation

of each constituent between stations, assuming that the oceanic boundary of Fre-

mantle represents 100% of tidal amplitude. The diurnal constituents in the upper

estuary were 85% of the amplitude of station 1a, whilst the semidiurnal con-

stituents M2 and S2 were reduced to 60% and 75%, respectively, of the boundary

input. The relative contributions, from each constituent, to the resultant tide

were preserved from the mouth to the upper estuary. Further, there is a phase

lag of c. three hours between stations 1a and 5 (Fig. 4.6).
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Figure 4.7: Vertical current profiles for a 25-hour period from station 5 on day
349 in 2001. LW = low water, HW = high water, LW+3 h = low water plus 3
hours, and LW+5 h = low water plus 5 hours. The shaded area highlights the
current response during the intra-tidal oscillation.

4.3.3 Intra-tidal oscillations

At the diurnal frequency, an intra-tidal oscillation was observed in the resul-

tant tide in the lower and upper estuary (Fig. 4.6). Generation of the intra-tidal

oscillation was predicted using individual tidal curves of the four main astronom-

ical constituents, O1, K1, M2 and S2. It was found that all constituents were

required to reproduce the intra-tidal oscillation.

The intra-tidal oscillation on the flood tide has a strong influence on the cur-

rents within the estuary. As an example, the along-river vertical current profiles

collected at station 5 on day 349 (Fig. 4.7) indicate that, towards the end of the

ebb tide prior to LW, current speeds were directed downstream and the speed

increased from 0.05 ms−1 near the bed to 0.2 ms−1 near the surface. Only on

the ebb tide were current profiles logarithmic. From LW-3 h to LW, the vertical

current profile became two-layered, with flow reversing and flowing upstream in

the lower 1.8 m and currents in the upper water column flowing downstream. By

contrast, currents at LW+1 h and LW+2 h were more uniform vertically, with

speeds ∼ 0.2 ms−1 from bed to surface. During the intra-tidal oscillation on the
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Figure 4.8: (a) Water level and (b) along-river currents at 0.6 (dashed line) and
3.8 m (solid line) ASB at station 5 for day 349, 2001. Positive and negative values
are currents directed downstream and upstream, respectively. The shaded area
highlights the current response during the intra-tidal oscillation.

flood tide, LW+3 h (Fig. 4.7), currents in the lower 2 m of the water column

decreased and were almost stationary for approximately 2 to 3 hours. Five hours

after low water (LW+5 h, Fig. 4.7) current speeds increase again to similar speeds

prior to the intra-tidal oscillation, and vertical profiles become more uniform.

Time series at two heights above the bed, 0.6 and 3.8 m, were extracted from the

vertical profiles of Fig. 4.7 to examine more closely the current response to the

intra-tidal oscillation (Fig. 4.8). Currents at both heights converged towards zero

at low-water (349.42). Subsequently, current speeds increased to 0.15 ms−1 and

were directed upstream until the intra-tidal oscillation around day 349.5. At this

time currents decreased at both heights in the water column until the water level

increased again near day 349.6. Thus, the intra-tidal event caused current speeds

to decrease for ∼ 2 to 3 hours. Further, these currents were small (< 0.05 ms−1)

and characteristic of an intra-tidal oscillation in the upper estuary.

4.3.4 Sediment availability

Over a longitudinal distance of 20 km, grain size distribution of surficial bed

sediments were highly variable, with sediment sizes ranging from 6 to 1200 µm.
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Three sediment groups can be identified on the basis of particle size distributions

(PSD) for the 34 samples (Fig. 4.9). Group 1 sediments were found downstream

of station 3 and were mostly bi-modal sandy muds with modes at 25 and 700 µm.

Group 2 sediments, between stations 3 and 5, were a bi-modal sandy mud sand

with modes at 10 and 700 µm. In this group almost 80% of sediments were < 63

µm and the consistency can be considered firm, i.e. well compacted (Annandale,

1995). Group 3 sediments occurred upstream of station 5 and were mostly uni-

modal coarse sands as only 20% of sediments were sized < 125 µm. The single

mode for group 3 was near 700 µm. Median grain sizes, d50, for half of the sediment

samples are shown in Fig. 4.10. The organic content of the samples was highest

between stations 3 and 5 (Fig. 4.10), where samples were nearly 10% organic

matter by dry weight. Upstream of the study region organic content was < 3%

and downstream it ranged from 3 to 7 %. Near station 4, where the majority of

turbidity data were collected, sediments tended to be sandy muds with an organic

content of between 6 and 10%.

4.3.5 Turbidity in the upper estuary

Repetitive peaks in turbidity on the flood tide dominate the ‘spring-neap’ cycle

at station 4 (Fig. 4.11a). Turbidity ranged from 10 to 280 Nephelometric Turbidity

Units (NTU) over the 14-day cycle. Initially, there was a ‘spring’ tide from day 347

to 350 and then a ‘neap’ tide from day 357 to 360. Turbidity peaks were maximum

at 280 NTU, which lasted for around 2 h during the ‘spring’ tide. Aside from these

peaks, turbidities ranged from between 25 to 50 NTU when tidal excursions were

greatest. Turbidity tended to be low, below 50 NTU, throughout the ‘neap’ tide,

with one exception of 0.5 h on the ebb tide of day 358, when turbidity reached 260

NTU. An examination of just three days during the ‘spring’ tide, from day 348 to

350, verifies the recurrent nature of the turbidity peaks. (Fig. 4.11b). Expansion

of the turbidity data showed that there are actually three smaller peaks, within

the 2 h period, at LW, LW+2 h and, LW+3.2 h. Turbidities remained above 170

NTU for each separate peak. Actual timing of turbidity events varied slightly

each day; this was also evident for the intra-tidal oscillations. Also, the excursion



4.3. Results 60

V
o
lu

m
e
 %

 u
n
d
e
rs

iz
e (a)

0

20

40

60

80

100

V
o

lu
m

e
 %

 u
n

d
e

rs
iz

e (b)

0.01 0.1 1 10 100 1000
Size (µm)

V
o
lu

m
e
 %

 u
n
d
e
rs

iz
e

10000

0

20

40

60

80

100

(c)

0

20

40

60

80

100

Figure 4.9: Surficial sediment groups for the upper estuary represented by (a)
group 1, (b) group 2 and, (c) group 3.
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Figure 4.10: Median grain size (continuous line) and organic content (dashed line)
of surficial bed sediments from 28 to 47 km upstream.

of water level for the 2 to 3 h period was not uniform during the three days. On

day 349 and 350 turbidity peaks were also observed some 6 to 8 h after LW.

Water samples were collected at 0.5 m ASB during an intra-tidal oscillation, so

that turbidity could be related to particulate concentrations, but as SPM samples

were not obtained at the same time as turbidity data, a true calibration was not

possible. However, it is worthwhile to include here to give an indication of SPM

concentrations during an intra-tidal oscillation. SPM values ranged from 40 to 55

mgL−1 in the near-bed region, at station 4. Maximum SPM concentrations were

obtained at the lowest water level of the intra-tidal oscillation, i.e. LW +2 h, and

corresponded to the lowest organic content of the samples. Organic content was

inversely related to sediment concentration, with maximum SPM concentrations

corresponding to a minimum organic content of 34%. This high organic content

of SPM, compared to < 10% for bed sediments, can be attributed to phytoplank-

ton in suspension (Cloern, 1987), although chlorophyll-a concentrations were not

determined in this study.

Turbidity events on the flood tide were not isolated to at station 4. Recur-
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Figure 4.11: Water level (station 5) and turbidity (station 4) for (a) days 345 to
360 and (b) subset of data in (a), days 347 to 350 in 2001.
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Figure 4.12: Turbidity at station 3 for days 347 to 350 in 2001. The shaded boxes
highlight when the intra-tidal oscillation occurs on the flood tide.

rent peaks were evident further downstream, at station 3, for days 348 to 350

(Fig. 4.12). Whilst the turbidity range was significantly lower, from 0 to 14 NTU,

a single peak of 4 NTU was documented approximately 1.5 to 2 h after LW on

each day. A second slightly larger peak of between 7 and 13 NTU occurred later

in the flood tide. Acoustic backscatter was used as an indirect estimate of turbid-

ity, since accurate concentration estimates can be made from the acoustic returns

(Thorne et al., 1991). Backscatter data were not calibrated to SPM. Acoustic

peaks in backscatter were also evident at station 5 (Fig. 4.13), with peaks > 130

dB between 349.6 to 349.66 and 349.7 to 349.88, i.e. at LW+5 h and LW+7 h.

Bed shear stress was calculated using the universal von-Karman-Prandtl ‘law-

of-the-wall’ equation. This method may underestimate shear stress if flow is not

uni-directional, but was used here as it is commonly used in numerical models

(Burchard and Bolding, 2002; Wang, 2002). The von-Karman-Prandtl equation

is given by:

u(z) =
u∗

K
ln(

z

zo

) (4.3.5.1)

where, u(z) is the mean horizontal velocity at height z, u* is the friction

velocity, K is von Karmans constant (0.41) and zo is the roughness length. The

friction velocity and roughness length were deduced from linear regression of u(z)

versus ln(z) in the lower 1 m of the water column, where u* is slope × K and zo
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Figure 4.13: (a) Water level, (b) acoustic backscatter in dB and (c) shear stress
at station 5 for day 349 in 2001. The thick line in (b) is the 130 dB contour. The
horizontal lines in (c) indicate when current behaviour was logarithmic.

is the intercept. Solid bars in Fig. 4.13c indicate when the correlation coefficient

from the linear regression for an individual profile was greater than 0.9. Bed shear

stress, τo, was then obtained using the relationship τo=ρu2
∗ (ρ is the density of

water and ∼ 1007 kgm−3). Shear stress, τo, at 1 m from the bed ranged between

0 and 0.038 Nm−2 for day 349 (Fig. 4.13c). The critical erosion threshold, τcr,

was estimated to be 0.55 Nm−2 using methods outlined in Mitchener and Torfs

(1996) and a bulk sediment density of 1150 kgm−3. This appears too high when

compared to values documented in Wright et al., (1997), who estimated τcr to

range between 0.08 to 0.12 Nm−2 in Chesapeake Bay. Regardless of the τcr, either

estimated for this study or from the literature, there was no instance over the

tidal cycle when bed shear stresses were exceeded.
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4.4 Discussion

One of the purposes of this paper was to examine the dynamics of a diurnally

dominated system. The available literature about semi-diurnal tides was initially

used to understand variability in this estuary by assuming a half-frequency for

tides and circulation. It became apparent quickly that this approach was unac-

ceptable and detailed analysis of the diurnal tides were completed to understand

the variability of field observations. The other aim was to evaluate and classify

turbidity events in this low-energy estuary. Hamilton et al. (2001) documented

high turbidities in the near-bed region of the upper Swan River, but were un-

able to resolve the timing and mechanism, such as advection or resuspension,

that regulated turbidity. Tidal analysis and the hydrodynamic response at the

‘spring-neap’ and tidal frequency provides the framework for assessing the physical

controls on sediment dynamics.

4.4.1 Behaviour of the diurnal tide

In all tidal systems, the two main diurnal (K1 + O1) and semi-diurnal (M2

+ S2) constituents oscillate at different frequencies, which results in a phase lag

between them. When contributions from the latter dominate, the resultant tidal

signal is characterised by the spring-neap cycle which is fixed to the lunar cycle

(Pugh, 1987). But, in diurnal tides the tropic month modulates the resultant tide

and variations in tidal range (i.e. the ‘spring-neap’ cycle) are not always associated

with szyzgy and quadrature of the moon. Implications for circulation are mostly

as expected with low tidal currents coincident with a tidal range of only 0.2 m

and vice versa. A seasonal signal is superimposed on the ‘spring-neap’ cycle, with

the frequency of currents during the flood and ebb tide almost doubling close to

the equinox and the currents become semi-diurnal (Fig 4.3).

The intra-tidal oscillation at the 24-hour timescale is akin to a tidal inequal-

ity such as the double high-water in Southampton Water (Sharples, 2000) or the

double low-water along the Dutch coast (Pugh, 2004). One major difference of

the intra-tidal oscillations is that it is generated by interactions between the diur-

nal and semi-diurnal constituents, rather than from locally derived diurnal tidal
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harmonics. Hence, it is not fixed in time (as is the case for a particular location in

semi-diurnal estuaries, Aubrey and Speer, 1985). Harmonics of the diurnal tide re

small and become masked by the main semi-diurnal constituents which oscillate

at a similar frequency and the magnitude of the intra-tidal oscillations is regulated

by the seasonality of the astronomical inputs. The amplitude of the intra-tidal os-

cillation is largest near the Austral summer solstice, when tidal range is maximal

and diurnal tides occur for the ‘spring-neap’ cycle. A decrease in vertical currents

for up to several hours is characteristic during an intra-tidal oscillation.

4.4.2 Sediment resuspension events?

Periods of high turbidity that occur once per tidal cycle can be an indicator

of advection rather than suspension. As acoustic backscatter decreases monoton-

ically away from the bed (Fig. 4.13) it seems unlikely that peaks are caused by

a turbid water parcel passing instrument, but to dismiss this mechanism veloci-

ties were transformed into a displacement plot. By assuming that flow near the

mooring location was similar to that measured by the ADCP the displacement of

a water parcel was estimated using near-bed currents. The water parcel did not

return to its starting point after a tidal cycle and net displacement is non-zero.

Advection was dismissed as being responsible for the recurrent turbidity peaks

that occur on successive flood tides in the upper Swan River estuary.

Bed shear stress remain below a critical erosion threshold over the tidal cycle.

Despite the very small values, sediment peaks do lag maximum shear stresses by

between 2 and 3 hours. Is this evidence of an erosion lag with bed sediments

taking time to respond to current changes? Similar observations made by van

der Ham et al. (2001) from the Ems/Dollard estuary in The Netherlands are

akin to those in this study. They found that during the flood tide the onset of

resuspension coincided with near-bed velocity decreases and subsequent increases

over a period of ∼ 2 hours associated with a reversal in the rate of change of

water level. The increase in suspended sediment concentration was attributed to

advection near a tidal flat (van der Ham et al., 2001). Erosion lags have been

linked to the presence of tidal flats (Postma, 1961; Dyer, 1995), but as the Swan



4.5. Concluding remarks 67

River does not have an inter-tidal region due to the tidal range being < 1 m, this

explanation is not applicable to the temporal difference observed here.

Elevated suspended sediment concentration under current reversal events have

been documented for Chesapeake Bay. Wright et al. (1997) observed that phys-

ically induced sediment resuspension occurred sporadically during the flood tide,

but that resuspension was coincident with changes in near-bed currents. Near-

bed currents were observed to cycle through a period of acceleration, deceleration

and acceleration over a period of about 6 minutes that was attributed to, in the

absence of a pressure signal, a ‘baroclinic surge of some sort’ (Wright et al., 1997).

This oscillation resulted in a large increase in suspended sediment concentration

within the lower part of the bottom boundary layer. In the Swan River, a similar

baroclinic surge during an intra-tidal oscillation could produce vertical instabil-

ities from unstable straining (Simpson et al., 1990). Vertical shear in Fig. 4.7

indicate two-layer dynamics during these events, but without density information

this idea cannot be explored further here. It is reassuring that field and laboratory

measurements do show that vertical current reversals can generate turbulent insta-

bilities in the water column which are capable of sediment resuspension (Kawanisi

and Yokosi, 2001).

Spurious turbidity events not related to mean flow have often been regarded

as erroneous, however, the repeated nature in time and space indicate a recurrent

mechanism and in the Swan River it seems likely that this mechanism is related to

an intra-tidal oscillation on the flood tide. The physical controls on resuspension

may be not specific to just this estuary, and similar signals are likely to occur in

other low-energy systems. Improved understanding of these physical mechanisms

must incorporate turbulent instabilities due to density effects during the intra-

tidal oscillation, as well as a simple oscillatory flow model, which has been the

focus of recent work by the authors.

4.5 Concluding remarks

1. Diurnally dominated systems differ from semi-diurnal estuaries at the ‘spring-

neap’ cycle and tidal timescale. Firstly, tidal frequency of ‘spring-neap’ cy-
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cles is not fixed for the year, i.e. close to the vernal equinox the tide had a

diurnal frequency during ‘spring’ tides, but had a semi-diurnal frequency for

the corresponding ‘neap’ tides. Secondly, and somewhat more importantly

for sediment transport, an intra-tidal oscillation, is a recurrent feature on

the flood tide. The intra-tidal oscillation was defined as a decrease in the

rate of water level increase during the period low to high water over a period

of 2 to 3 hours and is not fixed in time.

2. Due to a tidal range of 0.6 m tidal currents generated are less than 0.1 ms−1

in the near-bed region. These velocities are not theoretically sufficiently

large enough to initiate erosion of the sandy muds under mean conditions.

Despite this, turbidity events of up to 250 NTU do occur during the flood

tide at three locations in the upper estuary. These resuspension events are

coincident with intra-tidal oscillations and could not be explained by mean

processes.
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The role of intra-tidal oscillations on sediment
resuspension in a partially mixed estuary ‡

5.1 Introduction

Understanding the mixing processes that lead to increases in turbidity, is a key

element in the development of predictive models on which management strategies

for estuaries are based (Rippeth et al., 2001). Entrainment and resuspension

of bed sediments occurs at times when near-bed shear stresses exceed a critical

threshold of erosion, τcr, for a particular sediment size and composition (Dyer,

1986). Shear stresses, τ , are mostly determined from mean currents in the outer

part of the boundary layer, i.e. ‘law-of-the-wall’, with sediment resuspension

largely controlled by stronger tidal currents (Fugate et al., 2000). These assump-

tions are valid in high-energy environments where the majority of research has

been undertaken (Uncles, 2002), however, controls on sediment resuspension in

low-energy estuaries may not always be related to mean processes. Turbidity

events have been documented at times when shear stress estimated from the mean

flow did not appreciably exceed critical thresholds of erosion for characteristic bed

sediments (Wright et al., 1997; Chapter 4).

Turbulent mixing plays an important role in estuaries, where barotropic forcing

competes with baroclinic variability at a range of timescales, however, it has only

been in recent years that in-situ measurements of turbulent processes has become

possible (Peters, 1997). Improved field instrumentation is now capable of resolving

dissipation of turbulence in a more reliable and affordable manner, which has

prompted more investigations into understanding the role of turbulent processes

in estuarine dynamics (West and Oduyemmi, 1987; Stacey et al., 1999; Peters

and Bokhorst, 2000; Sharples et al., 2003). The role of near-bed turbulence for

sediment resuspension has also become evident in stratified systems (Kawanisi

and Yokosi, 1997; Scully and Freidrichs, 2003).

‡Will be submitted to Journal of Physical Oceanography as “The role of intra-tidal oscillations
on sediment resuspension in a partially mixed estuary ”, by J. M. O’Callaghan and C. B.
Pattiaratchi. Centre for Water Research reference ED-1803-JOC.
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The vertical mixing of a particle in the water column, whether it be phy-

toplankton, organic matter, nutrients or sediment (Simpson et al., 1990), can

be suppressed to the lower layer of an estuary by stratification (Geyer, 1993;

Trowbridge et al., 1999). Changes in shear by advection can also regulate the

stratification over a tidal cycle, i.e. tidal straining (Simpson et al., 1990), with

stratification eroded by turbulent dissipation during the flood tide (Stacey et al.,

1999; Simpson et al., 2000). Turbulence generated by near-bed friction is widely

documented to vary over the tidal (Stacey et al., 1999) and spring-neap cycles (Pe-

ters, 1997). Evidence of intra-tidal mixing is less common. A study by Ribeiro et

al. (2004) have measured, in Southampton Water, large Reynolds stresses during

the tidal inequality on the ebb tide. Vertical mixing associated with these tidal

inequalities may not solely be related to near-bed friction (Etemad-Shahid and

Imberger, 2002), which has implications for vertical, and ultimately horizontal,

transport of salt and sediment.

In estuaries, spurious turbidity data have been disregarded and considered

to be errors or ‘spikes’ based on the premise that the mean flow was below a

critical level to resuspend sediment (Wright et al., 2001). Whilst, other studies

(Kawanisi and Yokoshi, 1997; van der Ham, et al., 2001) have identified turbulent

fluxes, both vertical and horizontal, of sediment without being able to identify

the controlling mechanism. To date, no documentation exists that investigates

the possible relationship between mean and turbulent controls on resuspension,

despite recommendations in van der Ham et al. (2001) that future studies inves-

tigate both processes, not just one or the other in isolation.

This study focuses on identifying the mechanisms responsible for sediment re-

suspension during the intra-tidal oscillations that are recurring features on the

flood tide (Fig. 5.1). Field measurements of the mean and turbulent properties

of flow, including micro-structure profiles, were undertaken to try and address

these questions. Two mixing events were identified that coincided with periods

of high suspended sediment concentrations. The development of shear by advec-

tion is proposed to generate unstable density profiles that promotes overturning
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Figure 5.1: Water level and turbidity in the upper estuary for days 347 to 350 in
2001.

and destratification of the water column. The evolution of vertical currents and

salinity were examined during the flood tide, particularly during the intra-tidal

oscillation, to understand the relationship between mean and turbulent processes

that influence sediment resuspension.

5.2 Methods

The experiment discussed in this paper was carried out at Pickering Park from

18 to 20 December 2002 in a straight, narrow section of the upper Swan River

estuary (Fig. 5.2). The site was chosen so as to minimise the effects of lateral

flows and to examine mean and turbulent processes in a region characterised by

turbidity events (Chapter 4).

The timing of the study was chosen to coincide with the Austral summer

solstice and spring tide as the interaction of these two oscillations produces a

maximal tidal range. The experiment covers a 42 h period from days 352.6 to

354.2, 18 to 20 December, in 2002. Freshwater discharge was negligible for the
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Perth

32

Figure 5.2: Location Map of Pickering Park, Swan River estuary, Western Aus-
tralia. Pickering Park is indicated by 2. The inset shows instrument sites loca-
tions A, B and C for the field experiment during December in 2002.
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duration of the experiment. The observed wind conditions were calm on days 352

and 353, but by the end of the flood tide on day 353, strong north-easterly winds

were directed along this section of the upper estuary. Data affected by wind from

353.9 onwards have been disregarded and the dataset herein will focus around the

flood tide on day 353, from 10 to 22 h.

5.2.1 Location

Pickering Park is situated in the upper Swan River estuary approx. 40 km

from the mouth of the estuary. This section of the estuary is oriented northeast

to southwest and represent upstream and downstream directions, respectively.

Mean water depth is 3 m and the width is < 100 m. The estuary experiences a

diurnal tide, which is a standing wave that propagates to the tidal limit some ∼ 55

km from the mouth of the estuary. Intra-tidal oscillations occur on the flood tide

and are generated by the interaction of the four main astronomical constituents

(Chapter 4). The magnitude of the intra-tidal oscillations is largest when tidal

range is maximum, i.e. when lunar and solar declination cycles are in-phase at

the solstice.

Bed sediments at Pickering Park are bi-modal sandy muds, with modes at 10

and 500 µm. Organic content of these bed sediments is near 10%, and increases

to 30% when particles became suspended in the water column. Turbidity ranges

from 10 to 250 Nephelometric Turbidity Units (NTU) in the upper estuary, with

Hamilton et al. (2001) observing peak near-bed values of 75 NTU, however, in

Chapter 4 peak turbidities of up 250 NTU were documented during the flood tide.

5.2.2 Experiment setup

Measurements of the mean and turbulent properties of flow and turbidity were

made at three sites (A, B and C, Fig. 5.2) near Pickering Park. The most down-

stream sampling was at site A where a Nortek Aquadopp 2 MHz current profiler

was bottom-mounted in a water depth of 3.5 m to measure vertical currents. Up-

ward looking transducers on this instrument were positioned 0.15 m from the bed,

with the first data bin to be 0.4 m from the bed. Current velocity profiles were

collected in 0.3 m bins from 0.4 to 3.6 m above the bed (ASB). Currents were
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sampled continuously at 5 second intervals for the 42 h period. All current meter

data were rotated to along- and cross-river components by considering the orien-

tation of the estuary at each station. Only the along-river component is included

here as the lateral influence on currents was negligible.

At site B, turbulent properties of flow and turbidity data were measured using

an autonomous tripod that was deployed for 42 h from days 353 to 354. This

tripod was mounted with a Nortek 6 MHz Vector and Chelsea nephelometer. The

Vector is an acoustic current meter that measures three components of flow (u,

v, w) at a frequency of 8 Hz that allows instantaneous currents to be resolved for

turbulence. The Vector samples a discrete volume of water, with a diameter and

height of 15 mm at approx. 15 cm below the sensor head and sampled 0.25 m

ASB in this experiment. The analog channel of the Vector housed, and powered,

the nephelometer that sampled turbidity at a frequency of 1 Hz. Pressure data

were also sampled at 1 Hz. All parameters were burst-sampled with 18-minute

bursts being logged to internal memory every 30 minutes.

At site C, a 5 m vessel was anchored in the middle of the estuary. An RD

Instruments (RDI) 1200 kHz acoustic Doppler current profiler (ADCP) equipped

with ‘mode 12’ was side-mounted on the vessel. Mode 12 is an operational mode

that allows RDI’s ADCPs to measure flows in shallow sites with improved accu-

racy. Each ping consists of a sequence of sub-pings, that are averaged to calculate

a more precise estimate of the Doppler shift. Mode 12 is most accurate for small

bins when the heading of the instrument is steady (RDI, 2003). The ADCP trans-

ducers were facing downwards and vertical current profiles were obtained at 0.08

m intervals from surface to bed, i.e. at depths of 0.4 to 4.2 m. Vertical currents

were sampled at 4 Hz, with a 1-minute average recorded every 5 minutes. The

sub-ping sampling frequency was also 4 Hz.

Vertical profiles of temperature, temperature gradient, and conductivity, were

collected at site C every 10 minutes on the flood tide, of day 353, using a

conductivity-temperature (C-T) microstructure profiler. The C-T profiler was

released at the surface, and allowed to free fall to the bed at a nominal rate of 0.1
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m−1. Protruding from the front of the profiler were the sensors, which comprised

of two combined four-electrode C-T sensors. The profiler was also equipped with

a pressure sensor for measuring the depth of the profiler. The resolution of the

temperature, conductivity, and pressure sensors were 6×10−4 oC, 2×10−2 Sm−1,

and 2×10−2 m, respectively. The C-T profiler was calibrated immediately before

the experiment.

5.2.3 Analysis

Bed shear stress, τ , was determined both indirectly and directly for comparison

between methods. The former is characterised by estimates of turbulent kinetic

energy (Dyer et al., 2004) and the latter method computes bed shear stress directly

as the Reynolds stresses (Soulsby, 1983).

E =
1

2
(u′2 + v′2 + w′2) (5.2.3.1)

τ = 0.19ρE (5.2.3.2)

τ = u′w′ (5.2.3.3)

where u′, v′ and w′ refer to the turbulent fluctuations of u (east-west compo-

nent), v (north-south component), and w (vertical component). ρ is the density

of water.

Turbulent kinetic energy (TKE) is given by Equation 5.2.3.1 which can be

converted to bed shear stress, τ , using Equation 5.2.3.2. Reynolds stresses were

computed directly using the 8 Hz current data (from the Vector), where data were

resolved into turbulent fluctuations by detrending the time series and removing the

mean velocity for each burst. The vertical and horizontal turbulent components,

u′ and w′, were combined to determine a mean shear stress (Equation 5.2.3.3) for

each 18-minute burst (Soulsby, 1980). This method is more sensitive to instrument

orientation than shear stress determined using TKE (Dyer et al., 2004).

The Reynolds flux combines the instantaneous vertical or horizontal compo-

nent of flow with instantaneous turbidity, i.e. w′c′ or u′c′, in a similar way as
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Figure 5.3: Water level (thin line) and gradient water level (thick line) over the
flood tide on day 353. The horizontal dotted line indicates zero-crossing for the
time derivative of water level and the shaded area highlights the timing of the
intra-tidal oscillation.

Reynolds stresses. When averaged, the Reynolds fluxes represent the horizontal

and vertical turbulent transport of suspended sediment (van der Ham et al., 2001;

Dyer et al., 2004). As the sampling frequency of instantaneous flow and turbidity

was slightly different, 8 Hz compared to 1 Hz; flow data were averaged to 1 Hz to

determine the mean Reynolds flux for each burst.

The gradient Richardson (Rig) number quantifies the relationship between the

stabilsing effect of stratification and destabilising effect of vertical current shear

(Dyer, 1997; Lewis, 1997) and is given by:

Rig = −g

ρ

δρ
δz

( δu
δz

)2 + ( δv
δz

)2
(5.2.3.4)

where g refers to the acceleration due to gravity, ∂ρ
∂z

is the vertical density

gradient, ρ is the density of water, δu
δz

and δv
δz

are the vertical shear in the east-

west and north-south directions, respectively.

Whilst most authors authors cite a Rig of 0.25 to be the critical threshold for

generating turbulent instabilities, there is some conjecture in the literature about

use of this non-dimensional parameter. Peters (1997) and Williams et al. (2004)

associated Rig < 0.25 with higher rates of vertical mixing, however, Trowbridge

et al. (1999) documented mixing to occur for the reverse situation, i.e. Rig >

0.25. To clarify, this study characterised the transition from laminar to turbulent

instabilities at a Rig ∼ 0.25, with entrainment occurring at the density interface
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Figure 5.4: Contour of acoustic backscatter for the flood tide on day 353.

when Rig > 0.25 and turbulent diffusion when Rig < 0.25 (Dyer, 1997). Vertical

stratification was obtained using density profiles from the C-T microstructure (bin

size = 0.001 m) and shear from vertical current profiles from the RDI (bin size

= 0.08 m). Vertical profiles of Rig were obtained by averaging density profiles to

0.08 m intervals, these data were then averaged to 0.4 m bins.

5.3 Results

Water level covers an ebb and flood tide which includes an intra-tidal oscil-

lation from 12:30 to 14:27 h on day 353 (Fig. 5.3). The tide ebbed from 00:00

to 10:00 h, with low-water (LW) occurring at 10:18 h. The intra-tidal oscillation

began at 12:30 h, ∼ 2.5 h after LW; water level decreased for 2 h until 14:27 h,

delineating the end of the intra-tidal oscillation. Water level increased for the

remainder of the flood tide until high-water (HW) at 23:00 h. The water level

gradient, dζ/dt, for the same day overlies ebb-flood cycle (Fig. 5.3). The change

in dζ/dt over the ebb tide tended to decrease monotonically until near LW, at

which time the gradient reached zero. Much greater variability in dζ/dt occurred

during the flood tide with both increases and decreases in the water level gradient.

5.3.1 The flood tide

Turbidity

Acoustic backscatter was used as an indicator of turbidity, since accurate esti-

mates of sediment concentration can be made from the acoustic returns (Thorne
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Figure 5.5: Contour of along-river currents on the flood tide. Positive and negative
values are currents directed upstream and downstream, respectively.

et al., 1991). Two notable turbidity events at ∼ 12:00 and 18:00 h were observed

that had magnitudes of acoustic backscatter near 80 dB at both times (Fig. 5.4).

Elevated turbidity near 12:00 h, implied by the backscatter, occurred at mid-

depths of the water column between 1.7 and 3 m whereas later in the flood tide

the higher turbidity concentrations were located in the near-bed region.

Currents

Vertical current distribution currents varied from logarithmic to weakly flood-

ing currents to strongly two-layered flow during early parts of the flood tide

(Fig. 5.5). For a period of 40 minutes near 11:00 h, a sub-surface maxima (1.2 m

from the bed) dominated the vertical current profile with speeds of 0.2 ms−1 in

the upstream direction. At the same time weak near-bed currents of 0.05 ms−1

flowed out of the estuary. By 12:00 h currents were vertically uniform, with speeds

near 0.1 ms−1 and directed upstream. For 1.5 h, from 12:00 to 13:30 h, advection

resulted in a two-layered vertical profile with the lower 0.5 m flowing downstream

with speeds of 0.05 ms−1 and the upper 3 m directed upstream with speeds of 0.15

ms−1. After this, weaker vertical currents were directed upstream from 14:27 until

17:45 h. In the latter part of the flood tide near-bed current speeds dominated,

with speeds of almost 0.2 ms−1 directed upstream in the lower 1.5 m.

A closer examination of current response to the intra-tidal oscillation was made

at 2.6 and 3.6 m in the water column (Fig. 5.6). Trends highlighted by the time
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Figure 5.6: Along-river currents at the sub-surface (2.65 m - thin line) and near-
bed (3.6 m - thick line) on day 353, in 2002. The horizontal dashed line indicates
zero-crossing between upstream and downstream flow.

series are similar to vertical current profiles, i.e. maximum currents initially occur

away from the bed and around 12:30 h near-bed currents flow downstream. But,

a reversal of maximum currents is clearly documented in Fig. 5.6 twice between

14:30 and 16:00 h when near-bed currents are actually faster than those in the

overlying water column. After 16:00 h near-bed currents increased to a maximum

of almost 0.2 ms−1 and were 1.5 times faster than the sub-surface currents until

18:00 h. At this time near-bed and sub-surface currents were more closely aligned

in behaviour, with a lag of ∼ 0.5 h between them.

Salinity

A sharp halocline occurred between 3 and 3.5 m from 12:30 to 14:27 h on

day 353 (Fig. 5.7) and salinity stratification was greatest during that 2 h period.

Around LW the top-to-bottom salinity differences (∆S) were 3 and during the

intra-tidal oscillation ∆S increased to a flood tide maximum of 3.5. Destratifi-

cation of the water column occurred from 13:30 h onwards and ∆S decreased to

0.3 for several hours. Well-mixed conditions persisted for ∼ 1.5 h, from 14:30 to

16:00 h, after which time bottom salinity increased and ∆S increased to 0.9.

Vertical profiles of along-river currents combined with the vertical salinity

distribution highlight critical periods that shear and stratification may influence

vertical mixing (Fig. 5.8a-j). At 13:27 h the halocline delineated flow properties

and was located approx. 1 m from the bed (Fig. 5.8c); above the halocline currents
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Figure 5.7: Contours of salinity over the flood tide on day 353.

were directed upstream at 0.1 ms−1 and below the halocline currents were weaker

and flowed downstream. An hour later (14:27 h, Fig. 5.8d) vertical currents and

salinity were essentially uniform, which suggests that vertical mixing occurred in

this short time frame. In this 1 h period the water column changed from stratified

to well-mixed conditions. The water column remained well-mixed until 16:21 h,

after this time both the bottom salinity and currents increased again. Maximum

currents for the flood tide occurred in the near-bed region at 18:10 h (Fig. 5.8h),

with the current minimum now being sub-surface; a complete reverse to Fig. 5.8b.

Shear stresses and fluxes

Estimates of shear stress, τ , from mean velocities followed closely the current

time series, however, values of τ were very small and remained below 0.05 Nm−2

(data not shown). Estimates of τ from the Reynolds stress and TKE methods

ranged from ranged from -0.5 to 3 Nm−2 (Fig. 5.9) and covers the flood tide period.

A critical threshold, τcr, for active turbulence, hence erosion, was proposed by

Dyer et al., (2004) to be 1 Nm−2 and is included in (Fig. 5.9). For the Reynolds



5.3. Results 81

 0 0.1 0.2

0

1

2

3

4

14 16 18

a) 1050 b) 1208 c) 1327 d) 1427 e) 1528

u

S

u (ms-1)

f) 1621 g) 1730 h) 1810 i) 1829 j) 2011

S

0

1

2

3

4

 0 0.1 0.2  0 0.1 0.2  0 0.1 0.2  0 0.1 0.2

14 16 18 14 16 18 14 16 18 14 16 18

D
e

p
th

 (
m

)
D

e
p

th
 (

m
)
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Figure 5.9: TKE shear stress (thin line) and Reynolds stress (thick line) over
the flood tide. The horizontal dashed line is the critical threshold, τcr for active
turbulence (1 Nm−2, Dyer et al., 2004).

method, τ only exceeded the critical threshold near 18:00 h for ∼ 2.5 h. Erosion

of sediments based on estimates using the TKE method would have occurred

between 10 to 11:30 h, near the end of the intra-tidal oscillation, and from 18 h

onwards.

Turbulent energy is comprised of bursts, sweeps, and upward or downward

accelerations and by using quadrant analysis the behaviour of turbulence can be

characterised (Heathershaw and Thorne, 1985). This analysis is often called the

‘bursting phenomenon’ as data points that lie in the ‘burst’ quadrant (-ve u′,

+ve w′) contribute the largest amount of turbulent energy up and away from the

measurement location, which has implications for sediment fluxes (Soulsby, 1983).

The other three quadrants represent a sweep motion (+ve u′, -ve w′) whereby a

parcel of water is transferred downwards and towards the instrument or bed, and

an upward (+ve u′, +ve w′) and downward (-ve u′, -ve w′) acceleration. A value for

each 18-minute burst average, over the 42 h sampling period were included collated

on a quadrant plot (Fig. 5.10). Around 75% of data fell into the top left quadrant

– the burst quadrant – and nearly half of these bursts occurred on the flood tide

∼ 7 hours after LW (denoted by + points in Fig. 5.10). Sweeps contributed 10%

to turbulent energy, and the remaining 15% came from the combined upward

and downward interactions. The bursts dominated the exchange of turbulent

momentum over the 42 hour period, especially on the flood tide. It should be
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Figure 5.10: Quadrant plot of the horizontal and vertical turbulent deviations of
velocity at site B in 2002. + denotes u′ > -0.02 ms−1 and w′ > 0.02 ms−1. ∗
denotes u′ < -0.02 ms−1 and w′ < 0.02 ms−1.

noted that as the instrument sampled 0.25 m from the bed, any turbulence away

from this near-bed region would not be captured by this analysis.

The Reynolds fluxes in the vertical and horizontal had comparable ranges

(Fig. 5.11), although the largest overall fluxes did occur in the vertical direction

from 16:00 21:00 h. Maximum fluxes were positive and indicate that an up-

ward moving fluid parcel contained relatively high turbidity during this period.

Interestingly, early in the flood tide, and at c. 14:00 h negative Reynolds fluxes

were observed, suggesting that moderate turbidity concentrations were transferred

downwards towards the bed. The ratio of horizontal and vertical fluxes, u′c′/w′c′,

was slightly greater than 1 in the early flood and increased to 3.5 later in the

flood (near 18:00 h). Thus a transition from turbulence generated at mid-depth

to near-bed turbulence is evident from changes in the horizontal/vertical flux ratio

over the flood tide (van der Ham et al., 2001).
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Figure 5.11: Turbulent fluxes of turbidity in the (a) horizontal, u′c′, and (b)
vertical, w′c′, direction for the flood tide on day 353. The horizontal dashed line
in (a) and (b) is the zero-crossing for horizontal and vertical fluxes.
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Figure 5.12: Contours of Rig for the flood tide on day 353. The transition from
laminar to turbulent instabilities occurs at Rig = 0.25

Turbulent mixing

Two mixing events were identified from the gradient Richardson number (Rig)

during the flood tide (Fig. 5.12). The first event occurred from LW until the end of

the intra-tidal oscillation and the second event was around 18 h. Rig ranged from

0 to 0.3 for the first event, with Rig exceeding 0.25 near the density interface, i.e.

near 3 m at 13:30 h. Rig values decreased until 14 h, decaying towards the bed.

Values remained below 0.25, ranging from 0.1 to 0.2, during the second event,

with a maximum Rig at 18:50 h also occurring at 3 m. Between 14:27 and 17:00

h the water column was considered to be neutral as Rig ∼ 0. During this 2.5 h

period well-mixed conditions persisted and vertical shear was weak (Fig. 5.13).

Notable features in shear occurred around the intra-tidal oscillation from 12:00 to

14:30 h.

The evolution of vertical stratification and resultant vertical mixing due to the

intra-tidal oscillation was examined using microstructure profiles of σt and micro-

scale temperature gradients (Fig. 5.14a-h). Large changes in the temperature
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Figure 5.13: Contours of shear squared for the flood tide on day 353.

gradient over small vertical distances indicates turbulent mixing in these profiles

(Lemckert et al., 2004). Initially on the flood tide (Fig. 5.14a), stratification

over the pycnocline, from 2.3 and 3 m depth, was moderate with ∆σt across the

pycnocline near 1.0 kgm−3. Weak turbulent mixing of < ± 5 oCm−1 occurred

in this region and in the surface layer, with the latter mixing likely to be the

result of instabilites in temperature by surface heating. The beginning of the

intra-tidal oscillation was delineated by vertical profiles at 13:27 h (Fig. 5.14c and

d) that showed a sharp pycnocline and a ∆σt of 1.8 kgm−3, almost double the

stratification from early in the flood tide. Unstable density within the pycnocline,

i.e. a higher density parcel of water overlying less dense water, promoted more

energetic mixing with dT/dz at three times higher (± 15 oCm−1) at 0.5 m from the

bed. One hour later (Fig. 5.14e and f), the water column was almost homogenous

from the surface to within 0.4 m of the bed. The lower 0.4 m was unstable in

density and turbulent mixing was evident, with associated temperature gradients

increasing from ± 18 oCm−1 in the near-bed region. Later in the flood tide, some
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Figure 5.14: Vertical profiles of σt at (a) 10:50 h, (c) 13:27 h, (e) 14:27 h and (g)
20:11 h and profiles of gradient temperature at corresponding times are shown in
(b), (d), (f) and (h), respectively. N.B. values of σt and dT/dz are different for
(a) to (h) to preserve the features of each profile.

7 to 8 h after the intra-tidal oscillation, the density and dT/dz profiles (Fig. 5.14g

and h) showed moderate stratification (∆σt < 1.0 kgm−3) and weak temperature

gradients akin to those from the start of the flood tide.

5.4 Discussion and concluding remarks

Tidal controls on sediment resuspension and transport are mostly documented

in terms of mean processes, however, in low-energy estuaries mean currents are

often too weak to erode and resuspend bed sediments. Other processes may mod-

ify flow which in turn regulate entrainment and resuspension of sediment, e.g.

biological mediation (Wright et al., 1997) or internal solitary waves (Bogucki et

al., 1997) were proposed to explain turbidity ‘spikes’ in the respective datasets.

Greater attention has been given to sediment resuspension associated with tidal

inequalities (Aubrey and Speer, 1985; van de Kreeke et al., 1997), since maxi-

mum current velocities, capable of eroding larger and more sediment, occur when
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the tidal constituents and its first harmonic are in-phase. Little is known, how-

ever, about how these types of intra-tidal oscillations modify the salinity and/or

velocity structure in an estuary. The diurnal tidal regime in the Swan River es-

tuary therefore provides an opportunity to understand these mechanisms better

and explain the physical controls on resuspension events that are not related to

maximum velocities.

The behaviour of salinity and currents is complex with stratification initially

being intensified on the flood tide. At this time vertical profiles were similar to

those documented from other estuaries, i.e. logarithmic and sub-surface maxima

at mid-depths (Geyer and Farmer, 1989; Cudaback and Jay, 2001). Several hours

into the flood tide a two-layer flow from advection occurs, but surface and bot-

tom currents flow in the reverse direction to the gravitational circulation. This

response is not dissimilar to the theory of tidal straining (Simpson et al., 1990)

where interactions between advection and stratification promote turbulent mixing.

But, in this case vertical shear on the mid-flood tide is significant. Conceptually,

this leads to a faster, more dense fluid parcel overlying a slower, less dense fluid

parcel that Neph and Geyer (1996) called overstraining. In reality, density around

the pycnocline is unstable (Fig. 5.14c) and turbulent mixing or overturning will

occur to maintain the dynamic stability of the water column. Field measurements

corroborate this theory with a transition from laminar to turbulent instabilities

at 1 to 2 m from the bed early in the flood tide; turbulent mixing was sufficiently

energetic since resuspension was documented at the same time, although organic

material trapped in the pycnocline would also contribute to the sediment peaks.

Increases in Reynolds stresses and w′c′ near 16:00 h are also consistent with the

remnants of overturning.

Vertical shear on the flood tide is maximum several hours after low water

and is coincident with the intra-tidal oscillation. Can this oscillation, which is

essentially a drop in the barotropic pressure gradient, produce these two-layer

dynamics on the flood tide that seem counter-intuitive to estuarine dynamics?

In the Ems/Dollard estuary sharp changes in water level gradient resulted in the
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turbulent exchange of sediments. As the gradient water level varied at least 4

times it is possible that a similar response would in occur in the Swan River, but

the linking mechanism remains unknown. It is postulated that the changing wa-

ter level during the intra-tidal oscillation is most likely associated with oscillating

bottom boundary layer (BBL) processes that can generate vertical turbulent in-

stabilities. Field measurements obtained from a seiche-induced oscillation in Lake

Alpnach (Switzerland) indicated that, within the oscillating BBL, the form of the

near-bottom current profiles were significantly different to those obtained from the

‘law-of-the-wall’ and near-bed turbulent dissipation rates also increased (Lorke et

al., 2002). These authors demonstrated that the observed velocity profiles with

the BBL were similar to that obtained from the Stokes’ oscillatory BBL theory.

This resulted in differential horizontal transport in the BBL of water of different

density which produced unstable vertical stratification and hence provided addi-

tional turbulent kinetic energy for vertical mixing (Lorke et al., 2002). Vertical

profiles from the Swan River (Fig. 5.8) do show a distinct velocity maximum at

approx. 1 m from the bed as described by Stokes’ theory, but without being able

to correctly assign a forcing frequency to the intra-tidal oscillation as well as a

turbulence closure model to test this hypothesis, this remains outside the scope

of the present study

In the latter part of the flood tide large near-bed Reynolds stress exceed the

erosion threshold. Further, active turbulence in the vertical direction results in

an upward flux of sediment for up to 6 hours. Turbulent mixing is evident for

a sustained period when salinity stratification is weak due to overturning, which

allows sediment to be transported higher into the water column than would be

possible earlier in the flood tide. It is unclear why near-bed currents are so high in

the late flood tide, but may be associated with continuous changes in the gradient

water level and the currents must increase to maintain continuity of momentum

over the tidal cycle thus both mixing events would be regulated by the intra-tidal

changes in water level.

Controls on sediment resuspension in this low-energy estuary are from inter-
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facial mixing at mid-depths and bed generated TKE. Changes in vertical currents

regulated by intra-tidal oscillations are the physical catalysts of turbulent insta-

bilities, destratification and sediment resuspension during the flood tide. This

study related the behaviour of turbulence to mean properties of tidal flow, and

ultimately established a relationship between these and sediment resuspension.

This process is applicable to all estuaries that experience intra-tidal oscillations

such as tidal inequalities, and a re-examination of available datasets should iden-

tify a similar mechanism between advection and stratification in other low-energy

systems.
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Conclusions

6.1 Summary

Understanding how the physical processes influence horizontal and vertical

mixing of water properties is essential for successful management of water quality

in estuaries. Conceptually, circulation in partially mixed estuaries is considered to

be a balance between freshwater discharge, barotropic tidal forcing at the estuary

mouth and baroclinic forcing due to density gradients within the estuary. The

combination of these main processes results in a residual circulation, which regu-

lates the distribution of salt and turbidity within an estuary. However, in reality

interactions between baroclinic and barotropic processes are far more complex.

This is particularly true for low-energy systems where early models of circulation

(Pritchard, 1952) and sediment transport (Postma, 1961) do not capture all of

physical processes operating in an estuary (Wright et al., 1997; Herman et al.,

2004). The diurnal tidal regime of the Swan River is characterised as a partially

mixed, low-energy estuary and was used as a field laboratory in which to extend

the knowledge of processes controlling sediment transport in these types of sys-

tems. Field investigations were completed at the sub-tidal, tidal and intra-tidal

timescales.

In Chapter 3 changes in the along-estuary salinity gradients under sub-tidal

forcing were investigated, since these oscillations influence the estuary for at least

30% of an annual cycle. Further, the magnitudes of the tidal and sub-tidal inputs

to water level are comparable. The modification of water level by sub-tidal forcing

is highly correlated from the ocean-estuary boundary to the tidal extent of the

estuary. These sub-tidal oscillations dominated the salt fluxes and caused the salt

wedge to be displaced by ∼ 2.5 km along the estuary for an average-sized event

(of 0.3 m). Further, this barotopic forcing enhanced the along-estuary density

gradient that resulted in a baroclinic response by intensifying the residual circu-

lation. The intrusion of the salt wedge during late winter to early spring would

force anoxic water upstream more rapidly than by tidal oscillations and a higher
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concentrations and greater frequency of algal blooms and fish kills are a likely

consequence of these sub-tidal oscillations.

A qualitative account of the diurnal tides was completed in Chapter 4, for the

first time, for south-western Australian estuaries. The behaviour of the diurnal

tide was decomposed to its simplest form and was found to be dominated by the

interaction of the two main diurnal and semi-diurnal astronomical constituents.

A phase lag between the diurnal and semi-diurnal oscillations produces a seasonal

variability in the ‘spring-neap’ cycles with the tidal frequency doubling near the

equinoxes. More importantly, at least in terms of sediment transport, a tidal

inequality – an intra-tidal oscillation – was identified as a characteristic feature

at the tidal timescale. Elevated turbidities were evident despite thresholds of

mean shear stress not being exceeded. This chapter emphasises that caution is

required when determining sediment transport rates based only on the magnitude

of tidal currents. In this case, resuspension would have been underestimated, or

not accounted for in numerical model outputs based on existing sediment transport

assumptions. Spurious turbidity events, similar to that documented in this study,

have often been disregarded as ‘real’ events, however, intra-tidal oscillations may

control resuspension in other systems.

Finally, a relationship between shear generated by advection, destratification,

and turbulent mixing was proposed to regulate sediment resuspension in the upper

estuary. In Chapter 5 changes in vertical current structure over the flood tide were

shown to be controlled by intra-tidal water level changes that lead to increased

vertical shear at the beginning of an intr-tidal oscillation. Advection on the flood

tide opposed residual circulation in the near-bed region that promoted shear.

Accordingly, vertical density profiles became unstable and an overturning event

was evident from enhanced vertical mixing at the interface. The evolution of

currents can be likened to velocity profiles obtained from the Stokes’ oscillatory

bottom boundary layer that is set up by the changes to gradient water level

from the presence of an intra-tidal oscillation on the flood tide. The turbulent

instabilities generated at the interface and in the near-bed region coincided with
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resuspension events. The former event would not have been predicted using a

numerical model as in-situ circulation and sediment transport processes are not

fully understood in these low-energy systems, especially the interactions between

mean and turbulent processes. In this thesis, a relationship between the behaviour

of turbulence to mean properties of tidal flow was established, and ultimately

linked to vertical transport of sediment. Moreover, sediment resuspension by this

intra-tidal oscillation has not previously been documented, yet is expected to

occur in other systems with tidal inequalities. The diurnal tidal regime in this

estuary allowed this relationship to be more easily identified.

6.2 Future work

In this thesis, physical controls on salinity and turbidity differed from pre-

vious investigations in this system and from process studies in other partially

mixed estuaries. In particular, the identification of intra-tidal oscillation and

their associated mixing. Therefore the most obvious area for future work would

to quantity the intensity of turbulent mixing generated by the intra-tidal oscil-

lations. A combined field and numerical effort would be required to document

each aspect of this process. In conjunction with more field observations a simple

numerical model, i.e. a box model, that only simulates tidal forcing would also be

useful to gain better knowledge of the interaction between ‘reverse’ shear due to

advection and destratification. Ideally this mechanism would be incorporated into

the turbulence schemes commonly used estuarine models, i.e. GETM (Burchard

and Bolding, 2002) or ELCOM (Hodges, 2000) once the mixing generation mech-

anisms were better understood. If the control of vertical mixing is established

to be the increases and decreases in gradient water within the tidal timescale,

then a similar response would be expected by sub-tidal forcing. That is, greater

turbulent mixing due to oscillating water level from sub-tidal forcing and it is

likely sediment resuspension would be linked to this mixing. This could lead to

a substantial landward displacement of not only salinity under sub-tidal forcing,

but potentially increase landward transport of sediment, further aiding infilling of

the estuary.
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108APPENDIX A

Data analysis

A.1 Harmonic analysis of tides

Tidal curves vary from location to location, however, they all have periodic

oscillation which can be described by a particular amplitude and frequency or

period. A common way to determine these parameters unique to each location

is by harmonic analysis. This is based on the assumption that a tidal curve can

be represented by a finite number of harmonic terms (Pugh, 1987; Pugh, 2004).

Thus, the tidal curve or periodic oscillation takes on the following for n terms:

Hncos(ωnt− gn) (A.1.1)

where Hn refers to the amplitude, ωn is the angular speed and is related to

period, Tn, by 2π/ωn, gn is the phase lag and t is time.

The amplitude and frequency of the tidal has specific characteristics for each

location, however, ωn does not and is determined by expanding the Equilibrium

Tide into simple harmonic terms and has the general form:

ωn = iaω1 + ibω2 + icω3 + idω4 + ieω5 + ifω6 (A.1.2)

where ia to if are small integers, usually in the range of -2 to +2 (Pugh, 2004)

and ω1 refers to the angular speed of mean lunar day, 14.4921, ω2 is the sidereal

month, 0.5490, ω3 is the tropical year, 0.0411, ω4 is the moon’s perigee, 0.0411,

ω5 is the regression of moon’s nodes, 0.0046, and ω6 is the perihelion, ∼ 0. The

units of angular speed are in degrees per unit time. The last three terms in

Equation A.1.2 cannot be resolved independently for a typical 1 year analysis,

since these terms have periods greater than 1 year, i.e. 8.85, 18.61 and 20,942

years, respectively. Therefore, tweaking factors are included for amplitude and

phase in the periodic tidal curve (Equation A.1.1) to account for the long term

variability of these species.

The unknown parameters of a tidal curve are only the amplitude and phase

(Hn and gn), which are determined by harmonic analysis of the tidal function:



A.2. Low-pass filtering 109

T(t) = Zo +
∑
N

Hnfncos[ωnt− gn + (Vn + un)] (A.1.3)

where Zo refers to the mean sea level which changes quite slowly, fn and un

are adjustment factors, Vn is the Equilibrium phase angle and is typically taken

for the Greenwich Meridian. Fitting of the tidal function to water level for a

particular location is iterated until the difference between them is smaller than

the square of the residuals (Pugh, 2004). Harmonic analysis was performed using

TIRA.

A.2 Low-pass filtering

Figure A.1: Characteristics of three low-pass filters applied to hourly values (from
Pugh, 1987).

The Doodson filter is a low-pass filter designed to damp out tides of diurnal

frequencies or greater using hourly observations, or data averaged to hourly values

(Pugh, 1987). It is a symmetrical filter designed to eliminate phase shifts in the

filtered values and is given by:

XF(t) = FoX(t) +
m∑

m=1

Fm[X(t + m) + X(t + m)] (A.2.1)
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where XF(t) refers to the filtered value, Fo and Fm are the factors applied

to hourly values and specific values apply to the Xo, 72-hour and 168-hour filters

that are detailed in (Pugh, 1987) and m is the half-life for each filter. The 72-hour

filter was used in this study as it is efficient in minimising data loss near the cutoff

frequencies. The 72-hour filter has m = 36 hours and removes data with a period

greater than this frequency. It has a sharp cut-off just below the diurnal tidal

band which is shown by the amplitude response (2) in Fig. A.1.

A.3 Spectral analysis

Spectral analysis was performed on water level and current data. Time series

data were transformed to the frequency domain using a fast fourier transform

(FFT) to identify the dominant signals which may be buried in noisy time series

data (Emery and Thomson, 2001). The FFT used to transform a function from

the time domain, x(t), to the frequency domain, X(f), is given by:

X(f) =
N∑

j=1

x(t)ω
−(j−1)(f−1)
N (A.3.1)

where ωN = e(−2πi)/N. N refers to the number of observation and π is 3.1416.

Data in the frequency domain were linearly detrended and tapered using a

Cosine (also known as Tukey) window, w(t), to improved the estimates of the

power spectrum, Sx(f).

w(t) =

{
1
2
[1 + cos( πt

M
)] t ≤ M

0 t > M
(A.3.2)

Sx(f) = |X(f)2| = X∗(f)X(f) (A.3.3)

where X∗(f) is the complex conjugate of frequency function and M is the

maximum lag.
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A.4 Cross-correlation

A correlation between two random time series, x(t) and y(t), can be determined

using a cross-correlation function, Rxy:

Rxy(r∆t) =
1

N− r

N−r∑
j=1

xjyj+r (A.4.1)

where r refers to the lag number from 0, 1, 2, .., M (maximum lag number),

∆t is the time interval between observations and N is the number of observations.


