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ii. 

SUMMARY 

The Swan River is a south-west Australian estuary which undergoes a distinct seasonal 

stratification cycle. The bottom topography of the estuary is dominated by two sills; a 

relatively deep basin separates a shallow (5m) sill close to the ocean entrance and a 

shallower (2m) secondary sill situated adjacent to the city of Perth. Due to the ever 

increasing nutrient loading of the system, algal blooms are being experienced. A n 

intensive investigation into the hydrodynamics of the estuary was thus performed with 

the aim of understanding the physical processes which occur. The seasonal variability 

of the stratification has been documented with regular C-T-D-DO transects which were 

used to piece together an overview of the dynamics. The estuarine dynamics were 

classified into a gravitational overflow produced by the winter rains, a salt wedge 

condition governed by both discharge and topographic constraints, tidal dynamics 

which influences the degree of flushing, and the roles of the sills which control fluid 

exchange between the estuary and the ocean and control the propagation of the salt 

wedge and the gravitational overflow. The dynamics of the deep basin were 

documented in greater detail during intensive summer and winter experiments. A 

broad variety of internal features including lee waves, undular bores, and basin scale 

seiching were observed over a tidal cycle. A one-dimensional, three layered 

analytical model was constructed to predict the basin response. 
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1.0 Introduction 

1. 

1.1 The S w a n River Estuary 

The Swan River is located in the south-west comer of Australia (figure 1.1). The area 

around the estuary represents the major population centre of the state of Western 

Australia; the city of Perth was first colonised by Europeans in 1829 and has since grown 

to a city of over 1.4 million people in 1994. 

Figure 1.1 Location of the Swan River Estuary 

The estuary is a very attractive waterway and provides a picturesque foreground to the 

city setting. The uses of the estuary have a diversified range including recreation, 

fishing, boating, swimming and picnicking. A major portion of urban storm water is 

also received by the river. Although little heavy industry discharges into estuary, it does 

receive a considerable quantity of water which contains pollutants from the surrounding 
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urban areas on which some light industry and vast areas of cleared and fertilised 

agricultural land are located. 

1.2 Pollution problems 

Over the past years, nutrients from surface runoff and groundwater have entered the 

estuary. These are derived from the leaching of domestic gardens, septic systems, and 

waste disposal sites through sandy soils which have extremely poor nutrient retention 

capacities. The continuous input of large quantities of nutrients over many years has 

meant that the water nutrient levels are sufficient for the Swan to be classified as relatively 

eutrophic. Several investigations also provide evidence that nutrient levels within the 

estuary are as high as the neighbouring Peel-Harvey estuarine system. However, in the 

past, no significant or detrimental algal blooms have been experienced, and the estuary 

has remained ecologically healthy. 

In recent years, the increasingly frequent occurrence of algal blooms, particularly in 

spring and throughout summer, leads to the conclusion that nutrient loading of the Swan 

estuarine system would appear to be close to the estuary's assimilative capacity. 

Assimilative capacity is defined as the measure of the ability of an ecosystem to 

accommodate the total input of contaminants without unacceptable environmental impact. 

The contaminants entering the Swan include synthetic materials, natural toxic substances 

such as heavy metals and biostimulants, or nutrients which promote primary production. 

Toxic substances are manageable by applying containment procedures and water quality 

procedures based on previous case studies. The management of nutrients is however, 

quite difficult, as they arise from diffuse sources, and hence are not easily contained. 

Nutrients are not bioaccumulated as are toxic substances by plants and animals, but are 

rapidly absorbed by plants and in-turn by animals as biostimulants. Unlike many 

estuaries, the Swan River does not input sediment into the sea. The length of the estuary 

(~60km) and the continuous variation in depth results in sediment being deposited in the 

main basins. This is a particularly important process considering that if nutrients are 

chemically attached to the sediments, they will remain in these basins of the estuary 

unless flushed out. 

The population of Perth is expected to double by the year 2030, with a major growth area 

for new development in the north-eastern corridor along the river. M u c h of this land has 

a high water table with poorly drained soils implying that the area will require substantial 

surface and subsurface drainage systems to be constructed which will ultimately feed into 

the Swan. The potential for increasing the nutrient loading of the Swan estuary beyond 

its assimilative capacity is thus significant. 
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1.3 Project objectives 

In order to ensure that Perth's urban growth does not lead to the nutrient assimilative 

capacity of the estuary being exceeded, an accurate understanding of the physical, 

chemical and biological processes within the estuary is required. This would provide a 

broad understanding of the structure and function of the estuary and enable composite 

models to be constructed, which can in turn estimate the nutrient assimilative capacity. It 

was not the aim of this project to fulfil all of the above objectives, rather than to detail one 

part of the multitude of tasks involved. 

The aim of the work produced in this thesis was to carry out research into the water 

circulation, flushing and mixing characteristics of the estuary under the seasonal 

variability of climatic conditions. O f particular interest is the deep basin of the estuary 

where the majority of the active tidal influence occurs; as such, it is the most dynamic part 

of the estuary. The interaction of the tidal inflow with the winter freshwater discharge 

was also an important event to examine, as was the role of the channel topography. 

To examine these events, an intensive campaign was carried out consisting of field data 

measurements and analysis over an annual cycle. The period of the study was from 

December 1991 to November 1992. Sufficient data was to be accrued in order to provide 

a preliminary assessment and understanding of the major physical processes involved, 

and enable future models of the estuarine system to be calibrated. 

1.4 Presentation format 

The following content of this document is arranged into five major sections. 

Section 2 is a literature review containing a description of the estuary, the climatology of 

the region, factors affecting water levels within the estuary, hydrological features, details 

of the few previous investigations, and a description of some other local and international 

salt wedge estuaries and their associated physical processes. 

Section 3 contains details of the equipment and procedures used to collect the data, where 

and when the data was collected, and how it was processed. 

Section 4 deals with the seasonal variability of the estuary; the major content of this 

section forms the basis of a research paper submitted for publication in the Australian 

Journal of Marine and Freshwater Research. Selected parts of this section were also 

presented at the 6th International Conference on Physics of Estuaries and Coastal Seas 

(PECS'92) in December 1992. 
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Section 5 examines in greater detail the response of the deep or main basin of the estuary 

on an intertidal time-scale. This section also forms the basis of a research paper 

submitted for publication in the Australian Journal of Marine and Freshwater Research. 

In section 6, the overall conclusions made from the study are presented with several ideas 

suggested for alleviating the problems encountered. Recommendations for future 

research in this field are also suggested. 

Finally, appendix A describes the implications of the physical dynamics determined in the 

previous sections on the biological processes that occur within the estuary. 



2.0 Literature Review 

5. 

2.1 Introduction 

Although the Swan River estuary plays such a dominant role in the functions of the 

city of Perth, only a basic understanding of the important processes which control the 

ecosystem exist. Several early investigations have provided valuable information, but 

have also been hampered by a lack of sophisticated sampling equipment, thus limiting 

the scope of these studies. The following section of this document details much of this 

early work with particular emphasis placed on hydrodynamic processes. 

2.2 Geomorphology 

The Swan River is located in the south-west comer of Western Australia and forms the 

nucleus around which Perth has evolved. The river has a free connection with the sea 

and experiences considerable freshwater discharge from land drainage; as such, it has 

the status of an estuary. The main catchment regions include those of the Swan-Avon 

and Canning rivers (figure 2.1), of which the former represents the primary freshwater 

input to the system. 

The Avon river emerges on the east of the Darling Scarp (375m above sea level) and is 

progressively joined by numerous streams and tributaries including the Dale and 

Mortlock rivers as it winds its way to Northam (95km north-east of Perth). From this 

point, the Avon descends the Darling Range and becomes the Swan at the confluence 

of Wooroloo Brook; the Swan is then renewed by a steep descent of 130m in 80km 

from near Toodyay to the coastal plain, approximately 300km from its origin. 

The estuarine section of the river extends 50km from the Middle Swan Bridge through 

a narrow winding channel which enters a submerged valley, then flowing over a 

relatively shallow sill into Fremantle Harbour where exchanges with the Indian Ocean 

occur. A number of major tributaries feed the estuary including Ellen Brook, Helena 

River and Canning River, which is also considered estuarine to Kent St. Weir. 

However, the Helena and Canning rivers are dammed at Mundaring Weir and Canning 

D a m respectively. The Avon catchment represents an area of approximately 

120,000km2 whilst the Swan coastal plain catchment region totals 20,000km2. 

Several distinct features can be identified with the estuarine section of the river. At the 

mouth, Fremantle Harbour has been dredged to 13m. A sill of depth 5 m and average 
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FREMANTLE 

Figure 2.1 The Swan River Estuary catchment region 

width 250m extends from Fremantle Traffic Bridge to Preston Point, where the 

channel begins to deepen reaching depths of 17m in Blackwall Reach (figure 2.2). A 

sand bar extends approximately 1km out from Point Walter which protrudes the 

surface during many low tides. Adjacent to the west of this spit lies Mosman Bay, 

where the deepest part of the river is located (21m). The main channel then opens up 

into the basin which averages a width of approximately 2km before contracting to a 

narrow channel 200m wide below the Narrows Bridge. 

A secondary sill is formed by the wide expanse of water directly opposite the city 

(Perth Water); depths rarely exceed 0.6m here except in the dredged boating channels 

which are 1.5m deep. The river then contracts and is divided briefly into two channels 

by Heirisson Island before it continues to meander upstream in a channel of decreasing 

width to Middle Swan Bridge. The depth in the upper reaches is usually 2-3m 



punctuated by relatively deep hollows of 5-6m, some of which are the result of 

previous dredging operations. 

Meadow St, 
Bridge W Helena River 

Pickering Park , 

I I I I 1 

0 2 4km 
SCALE 

Figure 2.2 The Swan River Estuary - hydrological features 

2.3 Climatology 

The climatology of the Swan-Canning estuary is dictated by its geographical location. 

Perth is situated at a latitude of 31° 57' S and its location on the western side of the 

continent classifies the climatic type as Mediterranean (Sale and Sale, 1981). 

The essential feature of all Mediterranean regions is a winter rainfall, summer drought 

regime. Averages over the past 95 years of rainfall (figure 2.3) show an annual total 

of 869mm, 7 0 % of which occurs from M a y to August. The region is also 

characterised by abundant sunshine, intensive in summer because of a lack of cloud 

and water vapour in the atmosphere; the winters are also sunny with the wet periods of 

relatively short duration (table 2.1). Summers are naturally hot while winters are mild. 
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The summer regime is controlled by the presence of sub-tropical high pressure 

systems consisting of warm, dry subsiding air within or tropical continental air masses 

moving towards the equator from an easterly direction. This results in the 

development of an easterly breeze which blows during the night and the early part of 

the day, usually replaced in the afternoon by a south-westerly wind of greater velocity. 

Winter rainfall is produced by maritime air masses and onshore westerly winds; as 

sub-polar low pressure systems move equatorwards during this period, a conflict zone 

occurs between the two, resulting in frontal rainfall associated with cyclonic storms as 

well as orographic rainfall from the onshore flow of air across the Darling Ranges. 

u 

2 

I 

S 
•a 
OS 

F M A M J A S O N D 

Figure 2.3 Characteristics of the Perth climate (95 year average) 
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Month 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Average 
Pressure 
(hPa) 

1012.4 

1012.8 

1015.2 

1017.4 

1017.9 

1017.8 

1018.9 

1019.1 

1018.8 

1017.1 

1015.2 

1013.6 

Evaporation 

(mm) 

251 

216 

192 

121 

83 

62 

63 

79 

105 

153 

190 

230 

Average 
Sunshine 
hrs/day 

10.6 

10.0 

8.9 

7.3 

6.0 

4.9 

5.4 

6.3 

7.2 

8.4 

9.8 

10.6 

Wind 
Daily Avg 
(km/h) 

17.5 

17.2 

16.2 

13.7 

13.5 

13.5 

14.2 

15.1 

15.1 

16.1 

17.2 

17.7 

Cloud Data 
(days/month) 

Clear 

15.6 

14.0 

13.4 

8.2 

6.2 

4.9 

4.8 

6.6 

7.4 

8.5 

9.7 

13.4 

Cloudy 

2.4 

2.4 

2.9 

5.4 

6.0 

7.8 

6.6 

5.0 

4.6 

3.8 

3.3 ! 

2.5 

Table 2.1 Perth climatic information 

2.4 Variations of water level 

The level of the water within the Swan-Canning estuary is subject to constant variation 

due to two main factors including: 

(i) tidal influences 

(ii) meteorological and hydrological forces. 

The daily tidal range at Fremantle is small in comparison with other locations, hence 

meteorological and hydrological forces can produce sea level changes of the same 

order of magnitude as the tides. Each of these influences has been shown to play an 

important role in the hydrodynamics of the estuary, hence are discussed in some detail 

below. 

2.4.1 The-tidal regime 

Tides are formed by the combined gravitational forces of the moon and sun attracting 

the water of the oceans, setting up oscillations. Tidal flows at a particular location are 

dependant on many factors including the extent of the oscillations, the physiography of 

the ocean floor, the shape of the surrounding coastlines and the size of the ocean basin 

(Pugh, 1987). 

The tides at Fremantle are a mixture of diurnal and semi-diurnal types. Diurnal tides 

predominate during the summer and winter months; the result of the plane of the 
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moon's orbit being located near its maximum declination to the earth's equator. The 

average m a x i m u m tidal range is 0.6m; with one high tide and one low tide 

approximately every 12 hours. Periods of semi-diurnal tides are also observed near 

zero lunar declination, with two high tides and two low tides at about 6 hour intervals 

(Hodgkin and DiLollo, 1958). These tides exhibit greatly reduced amplitudes; their 

occurrence coincides with the autumn and spring seasons. A gradual change occurs 

between zero and maximum lunar declinations, with tides of a mixed transitional 

regime occurring over a period of 1 to 2 days. 

Lewis and Pattiaratchi (1989) analysed tidal records from 1988 to 1989 from which 

they defined the major diurnal and semi-diurnal tidal constituents (table 2.2). 

Examination of the phase shifts indicated that from Fremantle, the tide may be 

considered as a progressive wave which propagates into the estuary, with an 

approximate 2.5 to 3 hour time lag between the ocean entrance and the Barrack Street 

Jetty. Much of this lag occurs in the lower 5km of the estuary, as the incoming tide 

takes around 1 to 1.5 hours to propagate from Fremantle Fishing Boat Harbour to Pier 

21. The tide then takes approximately 1 hour to round the sharp corner at Preston 

Point before a rapid propagation (5 to 30 minutes) to Barrack St, where the levels are 

approximately 8 5 % of those at Fremantle. 

Location Ki 

Amplitude Phase 

(m) (o) 

Oi 

Amplitude Phase 

(m) (o) 

M 2 

Amplitude Phase 

(m) (o) 

-s2 
Amplitude Phase 

(m) (») 

Fishing Boat 0.161 302° 0.122 289° 0.056 292° 0.050 296° 
Harbour 

Pier 21 Jetty 0.134 322° 0.102 305° 0.042 316° 0.031 325° 
(Downstream) 

Fuelling Jetty 0.137 336° 0.101 319° 0.036 349° 0.028 350° 
(Upstream) 

Barrack St Jetty 0.138 337° 0.103 326° 0.037 354° 0.032 CP 

Table 2.2 Major tidal constituents (from Lewis and Pattiaratchi, 1989) 

2.4.2 Meteorological and hydrological forces 

Water level variations due to the tidal influence have a maximum range of 0.6m. 

However, recorded levels indicate much larger variations of up to l m can occur. This 

discrepancy can be explained by meteorological and hydrological forces which 
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produce changes in sea level of the same order of magnitude as the tidal range. 

Hodgkin and DiLollo (1958) suggested that these forces include winds, changes in air 

pressure and variations in the density of the water. 

The effect of winds which blow the water onto or away from the shore obviously 

depends on their strength and direction. Winds blowing offshore tend to cause a 

decrease in water level, while onshore winds act the opposite way. Curlewis (1915) 

hypothesised that the exceptional heights often reached by tides in the winter months 

was almost solely due to the banking of water against the coastline. Surface gravity 

waves reaching the coastline are a combination of swell developed in the Indian and 

Southern oceans and locally generated wind waves (Pattiaratchi and Imberger, 1992), 

although a large proportion of their energy is dissipated on reefs and offshore islands. 

Southward propagating disturbances known as continental shelf waves generated by 

surface winds associated with meso-scale weather systems regularly pass over the 

continental shelf region (Hamon, 1966; Allison and Grassia, 1979; Tuck et al., 1980). 

Provis and Radok (1979) showed from the analysis of sea level data along the west 

and southern coasts of Australia that these waves can cause variations of up to 0.5m 

occurring over a period of around 5-6 days. 

Water level variations have also been shown to coincide with the passage of 

atmospheric pressure systems (Bennett, 1939; Robinson, 1990). This produces a 

phenomena known as the inverse barometer effect which implies that high barometric 

pressure tends to lower sea level and visa versa. However; this method provides only 

an approximation as sea level is influenced by pressure over a considerable area of the 

ocean, rather than a particular place. 

Complex interactions between the ocean and the atmosphere in the tropical Pacific 

Ocean result in El Nino-Southern Oscillation (ENSO) events which are shown by 

Philander (1990) to be associated with climate and environmental anomalies around the 

world. Pattiaratchi and Buchan (1991) have shown that each E N S O event during the 

period 1897 to 1990 is associated with a transient decrease in the annual mean sea level 

at Fremantle, locally reflected in the strength of the Leeuwin Current. Patullo et al 

(1955) attributed the marked seasonal shift in sea level to variations of the sea water 

density, particularly due to temperature fluctuations; Hodgkin and DiLollo (1958) and 

Pattiaratchi and Buchan (1991) showed that the mean annual sea level at Fremantle has 

an amplitude of up to 0.2m associated with seasonal changes in the Leeuwin Current. 

Although the Leeuwin Current is a perennial event, it exhibits a strong seasonality with 

stronger flows, and hence maximum sea levels, occurring during the winter months 

due to the higher alongshore (northerly) wind stress. 
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Classification of the Swan estuary is difficult as it is not typecast into any of the 

classical definitions. Rochford (1951) provided a survey of Australian estuarine 

types, concluding that those of south-western Australia are dominated by poorly 

developed tidal oscillations and a limited rainfall regime. Stommel and Farmer (1952) 

classified estuaries into four types: 

(i) non-stratified systems with intense vertical mixing 

(ii) weakly stratified systems with a reasonable efficiency of vertical mixing 

(iii) highly stratified systems with weakly defined mixing 

(iv) salt-wedge systems. 

Imberger (1976) defined a partially stratified estuary as one which possess a quite 

definite longitudinal salinity gradient, but only a very weak vertical or transverse 

salinity structure. Field data from the Harvey estuary 80km south of Perth during the 

spring-summer-autumn period of 1974-75 (figure 2.4) showed a distinct horizontal 

salinity gradient exists throughout this period. Predicted and measured values showed 

that variations with depth were indeed small. Such a situation is typical of the Swan 

over the summer months (Spencer, 1956; Jack, 1977; Hodgkin, 1987), although it 

may fall into any one of the of the four categories of Stommel and Farmer (1952) at 

some point during the seasonal cycle. 
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Figure 2.4 Average salinity gradient in the Harvey estuary (from Imberger, 1976) 
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A scheme developed by Scott and Imberger (1988) classifies an estuary into three 

stratification regimes based on the estuarine Reynolds number Ren and saline Prandtl 

number Prs. The three regimes are: 

unstratified 

partially stratified 

strongly stratified 

where a is the aspect ratio. 

Ree < 1 

1 < Rep > -M&-
Prsa 

Prsa 

Field data analysed by van Senden (1991) showed that for both summer and winter 

situations (table 2.3), the Swan may be classified as a strongly stratified estuary 

according to the criteria of Scott and Imberger (1988). 

Parameter 

L 

B 

H 

AS 

P 
Kz 

KS 

Derived parameters 

« - ! 

*-£ 
LBK? 

ccPrs 

Description 

Longitudinal length 

Width 

depth 

Longitudinal salinity 
difference (over L) 

Saline expansion coefficient 

Vertical eddy diffusivity 

Diffusion coefficient for salt 

Aspect ratio 

Saline Prandtl number 

Estuarine Reynolds number 

Typica 
Summer 

104m 

100 m 

2m 

15ppt 

4.7 x IO"4 pprl 

10-5 m 2 s-1 

1.5 x 10-9 m 2 s"1 

10-2 ^ 

7x103 

2x104. 

70 

lvalue 
Winter 

104m 

100 m 

2m 

3ppt 

4.7 x IO"6 ppf1 

5 x 10-5 m 2 s-
1 

1.5 x IO-9 m 2 s-1 

IO"2 

3x104 

170 

300 

Table 2.3 Primary variables for estuarine classification scheme and typical values 

for the Upper Swan River (from van Senden, 1991). 
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2.5.1 Previous investigations 

Little intensive work has been performed on the hydrodynamics of the estuary in the 

past. The most notable investigation was that of Spencer (1956) who analysed the 

results of sampling programs from 1944 to 1954. Part of the program consisted of 

monthly sampling from the surface and bottom of the river from 1944 to 1952. A 

more intensive survey was carried out between 1953 and 1954 by Rochford and 

Spencer (1953,1955 and 1956) which concentrated on the lower basin region; weekly 

sampling at 2 m intervals were performed. 

Jack (1977) described the results of a program of monitoring undertaken for the period 

July 1974 to July 1975. The study was aimed at confirming the circulation cycle of 

Spencer (1956) and explaining mass mortalities of fish during this period. Sampling 

was performed at surface, intermediate and bottom depths during arbitrarily selected 

periods. 

Silberstein (1979) also tried to confirm Spencer's hypothesis but equipment difficulties 

only allowed the documentation of the winter part of the cycle. Long term series of 

data based on quarterly and limited monthly sampling throughout the estuary are 

available from the Waterways Commission and the Chemistry Centre (formerly the 

Government Chemical Laboratories), some of which was used by van Senden (1991) 

to explain the mixing characteristics in the upper reaches of the river. 

Reviews of previous and recent work are given in Gentilli (1969), Thurlow et al 

(1986) and John (1987), although they largely concentrate on biological processes. 

Hodgkin (1987) summarised previous work in an overview of the hydrology of the 

estuary. 

2.5.2 Circulation cycle 

Spencer (1956) proposed a seasonal circulation cycle from which the majority of 

following investigations were based. The details of this cycle, based on the data 

collected between 1944 and 1954, are summarised in figure 2.5, and show several 

distinct features. 

(A) During winter, a discharging layer of fresh water flows over the top of more 

saline basin water. If the depth of this discharging layer exceeds the depth of the sill at 

Fremantle (5m), tidal flushing is restricted and may even be eliminated. As a result, 

the subsurface waters become deoxygenated, which Jack (1977) attributed the large 

fish mortality rates to. 

(B) As the intensity of the discharge decreases, the depth of the surface layer near the 

sill is reduced by the entry of the ocean water. Considerable mixing occurs at the 
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interface; in this mixed zone the density is less than that of the bottom waters resulting 

in an upstream propagation at intermediate depths. 

(C) As the marine component of the mixed zone increases at the expense of the 

freshwater component, the water cascades into the deeper part of the basin, pushing 

the deoxygenated water further upstream. The development of internal waves causing 

a further reduction in the depth of the surface layer was also hypothesised. 

(D) The lower basin becomes completely marine dominated with a negligible 

contribution of freshwater input. No intensive studies of the summer circulation 

partem have yet been made. 
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Figure 2.5 The recovery cycle within the Swan River basin (after Spencer, 1956). 

Jack (1977) confirmed the descriptions of Spencer (1956), although sampling 

frequency was limited by the objectives of the project. However, this investigation 

included observations of the upper estuary hydrology (upstream of the Narrows 

Bridge), an area which Spencer (1956) had failed to address. The stratification in 

upstream areas was found to be both thermal and saline, either form resulting in 

lowered bottom dissolved oxygen values (figure 2.6). 
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and (b) Garrat Road Bridge (from Jack, 1977). 
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Silberstein (1979) showed the development of stratification in winter (figure 2.7), but 

was unable to document the recovery cycle. 

C**\ 

S-

to-

lS 

?o-

t 2 33b < 

^ \ 
s 

5 1 

34.6% 

S 

to 

10 n 

IS 

13 

Sutlon 

IS 

.33.4 

/ \.34.0 

ZOHrA 
Saitnlly Prollla 29 I 3 / 79 

1 2 3 3b 4 5 > 

35JX 

1 10 11 13 

Sl.tlon 

15 

MS 

J \J«.0 

"-C7 
S.llnlly PrMII. 12 / 4 / 7S 

1 2 33b 4 JJ s 1 2 33b 4 

-*-̂  
Sj.Ilf.lty Pro III • %\ / 6 / 79 

~~~7" 
Salinity Ptolli. 21 I t I la 

^7-*- T 7 ^ 
Salinity Proiiu 1 2 / 7 / 7 9 Salinity Prolll* 2S / T / 79 

Figure 2.7 Salinity contours of the Swan River basin (from Silberstein, 1979). 

The importance of the salt wedge behaviour of the estuary was highlighted by 

Hodgkin (1987). Periods of zero or minimal stteamflow during the summer/autumn 

months result in a saline intrusion propagating upstream (figure 2.8). Subsequent 

winter rainfall causes the majority of the salt water to be flushed downstream, although 

this process rarely completely flushes the denser water from the deeper holes of the 

river (van Senden, 1991). 

http://Sj.Ilf.lty
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Figure 2.8 Surface salinity (ppt) in the Swan River estuary, 1969-1970 (from 

Hodgkin, 1987) 

2.5.3 Mixing characteristics 

Mixing within the estuary plays an important role in the hydrodynamics of the system. 

Its influence on the recovery cycle within the lower basin is largely unknown, and in 

the upper reaches of the river, is an important mechanism for replacing waters trapped 

in deeper holes. Three common mixing processes have been identified in various 

estuarine systems. These include barotropically induced tidal advection from the 

seaward end of the system which may combine with topographical undulations to 

cause both horizontal and vertical mixing and associated shear instabilities. From the 

opposite direction, freshwater discharge from the river similarly aids the mixing 

process, and depending on its intensity, may completely flush an estuary. The effect 

of wind which blows over the water surface is well documented in coastal and 

estuarine environments (Csanady, 1982; Gill, 1982), where energy and momentum 

from the wind field are transferred into the surface zone. The extent of mixing 

obviously depends on the strength and direction of the wind. 

Van Senden (1991) examined the mixing processes in the upper reaches of the Swan 

River concluding that under normal conditions, wind mixing is confined to a shallow 

surface layer; using the results of Armfield and Debbler (1992), he put forward a 

hypothesis on the purging of deeper holes by tidal and freshwater flows, although the 

details of such processes are not well understood. 
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A distinct feature of many estuarine systems is the development of pronounced salt 

wedge structures which in many cases, play an important role in the distribution of 

biological variables and their effect on water quality. A 'salt wedge' occurs in an 

estuary when river discharge is adequate to maintain a strong gradient between fresh 

and salt water against the mixing tendency of the tide and wind induced turbulence 

(Geyer and Farmer, 1989) It was shown previously that with the decrease in river 

flow in spring, the progression of a salinity gradient into the upper reaches of the 

Swan River occurs (Hodgkin, 1987). 

A vast body of literature exists which describe the essential features of salt wedge 

systems (Dronkers and van Leussen, 1988; Hamilton and MacDonald, 1980; Dyer, 

1973; Keulegan, 1966; Ippen, 1966) although the controls governing these saline 

intrusions vary greatly for individual estuarine systems. A salt wedge advance usually 

takes place as a gravity current which is a primarily horizontal flow that may be 

generated by a density difference of only a few percent (Simpson, 1987). A salt 

wedge may also occur on several time-scales depending on the nature of the controls. 

2.6.1 South west Australian estuaries 

The south-west region of Australia contains several estuarine systems where salt 

wedge dynamics are an essential feature of the physical processes. Their location 

within only a few hundred kilometres of each other results in much the same climatic 

patterns predominating each system. As a result, the development of an intense 

salinity stratification under the influence of freshwater discharge is a common 

occurrence. In most cases, a shallow sill separates a deep basin from either the sea or 

an inlet of the sea. Such systems include the Murray River in the Peel-Harvey Inlet, 

the Collie River in the Leschenault Inlet, the Blackwood River in the Hardy Inlet, the 

Frankland River in Nornalup Inlet (as well as the inlet itself), the Denmark River in 

Wilson's Inlet, and the King and Kalgan Rivers which enter King George Sound 

(Spencer, 1956). 

Of these, the dynamics of only two south-west Australian estuaries have been 

documented in any detail. The Murray River in the Peel-Harvey Inlet (70 k m south of 

Perth) is such a system; past investigations (D'Adamo, 1983; Lukatelich and 

M c C o m b , 1983) have found it to undergo a seasonal stratification cycle. This estuary 

has an average depth of only 2 m interrupted by many scour depressions and as such, 

does not exhibit a pronounced sill structure such as in the Swan. D'Adamo and 

Lukatelich (1985) showed that two dominant parameters govern the propagation of a 

salt wedge initiated in the Peel Inlet; the density difference between this saline water 

and the freshwater outflow of the Murray River, and the strength of the river 
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discharge. D'Adamo and Imberger (1989) calculated the response of the estuary to 

wind mixing as being of a patchy and localised nature due to the degree of 

topographical sheltering along the river banks. The consequence of this patchy mixing 

is the formation of intrusions of mixed fluid beneath adjacent unmixed surface waters, 

driven by the resulting horizontal density gradients. 

Another well documented south-west Australian estuary is the Blackwood River in the 

Hardy Inlet, 270km south of Perth. Agnew et al (1976) provided a comprehensive 

study of the physical characteristics from March 1974 to February 1975 as part of an 

overall program to estimate the effects of dredge mining within the Hardy Inlet. The 

little previous work was summarised by Hodgkin (1976). 

The dynamics of the Blackwood estuary were found to fall into three regimes 

depending on the streamflow, given the tidal climate. The first regime is the 'summer 

condition' where the estuary is essentially marine during low streamflows; a 

freshwater inflow at the head is sufficient to maintain a fresh layer at the upstream end. 

The upstream dynamics of the estuary were subsequently characterised by strong 

stratification from freshwater at the surface to sea water at the bottom with a distinct 

halocline separating the two. The second regime is a 'salt wedge condition' which 

represents a summer to winter transition state where flows are large enough to push 

the salt water in the estuary out towards the mouth. Salt water penetration was shown 

to occur over much of the tidal cycle; the intruding wedge strongly influenced by the 

bottom topography. During flood tides, salt water would spill over submerged sills, 

however during the ebb phase, the bottom flow was found to be blocked by these sills 

resulting in the development of high shears causing mixing and subsequent 

development of an intermediate density fluid. O n the following flood tide, this fluid 

would intrude upstream forming a continuous subsurface jet which travelled distances 

of almost 10km. The third regime is the 'winter condition' where for the highest river 

discharges, the estuary is completely flushed of salt; a fully turbulent flow with 

vigorous vertical mixing results in the whole volume of the estuary being exchanged in 

a time scale of 2 days. 

2.6.2 Circulation and mixing processes dominant on tidal time-scales 

A common factor of south-west Australian estuaries is a very small tidal range, 

resulting in the predominant excursion of salt wedge structures over a seasonal time-

scale. Large scale oscillations of salt wedges on a time-scale corresponding to the tidal 

period have been observed in many estuaries around the world. 

An estuarine system where a distinct salt wedge propagation occurs over a tidal cycle 

is the Venice Lagoon which was recently investigated by Imberger (1991). The 

m a x i m u m tidal range was typically less than lm. Examination of the seasonal 
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dynamical patterns revealed that the flow in the canal systems was found to be a 

mixture of barotropic and baroclinic types; the tidal phase and density differences 

within the canals determining the degree of baroclinicity. A very distinct difference 

between flood and ebb tides was observed, with rising tides exhibiting a 

predominantly frontal free flow whereas during ebb tides, numerous fronts and 

gravitational overflows were documented. The tidal shear in the strongly stratified 

canal regions was found to be of the same order as the barotropic mean flow. 

On a larger scale, the Fraser River estuary, British Columbia has a substantial 

freshwater discharge O O O O n r V 1 ) as well as large amplitude tides (2.5 - 4.0 m ) . It's 

main channel has an average depth of 10m with some pools as deep as 18m. Geyer 

and Farmer (1989) monitored this system during a variety of tidal and run-off 

conditions between 1978 and 1983. A salt wedge was found to develop and vary 

considerably in position and vertical structure through the tidal cycle due to the 

interaction of the tidal flow with the density driven motion of the salt wedge. During 

the ebb tide, the saline layer was completely driven out of the estuary (figure 2.9a) and 

a sharp near-vertical front separated the saline water from the fresh outflow. The front 

was speculated to represent an internal hydraulic control section corresponding to the 

change from subcritical conditions inside the estuary to supercritical flow in the plume. 

This control section vanished during the flood tide as the salinity front propagated into 

the estuary (figure 2.9b) although sharp changes in the halocline elevation at 4.5 and 

7km were the result of the hydraulic response to bathymetric variations. 

At the end of the flood stage the wedge is 'arrested', where the baroclinic pressure 

gradient at the front balances the stagnation pressure of the outflowing fresh water 

(figure 2.9c). The interface became quite sharp with an almost horizontal tilt over the 

estuary. During the strong ebb flow (figure 2.9d), the wedge structure collapses with 

the isohalines tending to follow the bottom contour. The difference in flow character 

between flood and ebb was attributed to a transition between subcritical and 

supercritical internal Froude numbers during respective tides. 

Based on the measurements performed in the Fraser River, Geyer and Smith (1987) 

proposed a simple model for mixing in stratified shear flows applicable to estuaries 

and other environments with a dominant mean shear. The principle mechanism of 

vertical exchange within the halocline was found to be due to shear instability when 

during ebb tides, the bottom friction tends to increase the shear between the near-

surface and near-bottom flows by retarding the outflow of the bottom layers. As the 

shear increases, instabilities occur on the halocline (figure 2.10) leading to mixing 

between the upper and lower layers (Geyer and Farmer, 1989). These instabilities are 

known as Kelvin-Helmholtz instabilities (Thorpe, 1973; Corcos and Sherman, 1976; 

Simpson, 1982) that entrain water into the halocline from above and below, ultimately 
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broadening the interfacial zone. Kelvin-Helmholtz instabilities were shown to occur 

when the gradient Richardson number falls below its critical value of 0.25 (Miles and 

Howard, 1964). 
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Figure 2.9 Salinity sections in the Fraser estuary during different phases of the tide 

(from Geyer and Fanner, 1989) 
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Figure 2.10 Echo sounding transects during the ebb, when the interfacial structure 

breaks down (from Geyer and Farmer, 1989) 

2.6.3 Topographic influences 

Many estuaries throughout the world exhibit pronounced sill structures near the ocean 

entrance immediately downstream of deep basins. The interaction of tidal currents and 

river discharge with topography usually produces flow regimes which are important in 

terms of flushing and mixing characteristics within an estuary. The study of stratified 

flow over an obstacle has been examined by numerous investigators using various 

techniques ranging from theoretical evaluations to laboratory and field studies. 

The dominant mixing processes in the Duwamish River estuary, Seattle (Partch and 

Smith, 1978) were seen to be topographically induced. The Duwamish Waterway is 

classified as a salt wedge estuary; the channel consists of long straight reaches 

connected by short bends. Turbulent mixing through the density interface was shown 

to be highly time dependant with the most intense mixing occurring during the ebb. 

These intense mixing periods are characterised by a rapid increase in the turbulent 

kinetic energy, the formation of a thick surface mixed layer accompanied by the 

downward erosion of the homogeneous bottom layer (figure 2.11), and also by the 

lack of strong shears in the mixing region. Gardner and Smith (1978) further 

examined the longitudinal structure of these mixing events showing that a sharp 

change in river depth is responsible for triggering the hydraulic jump, with the 

continued turbulence caused by the breaking of long internal waves unable to travel 

upstream against the current. 
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(a) 

(b) 

(c ) 

Figure 2.11 Data from the Duwamish Estuary (from Partch and Smith, 1978) 

The tidal interaction of a stratified flow over a sill was also documented by Farmer and 

Smith (1980) in Knight Inlet, British Columbia. Knight Inlet is a 102km long fjord 

with a maximum depth of 500m and two sills, the innermost of which is 6 3 m deep. 

Large tidal ranges (3 to 5m) result in tidal currents greater than 0.8m/s occurring over 

the sill. A broad variety of flows were observed over the sill which appeared to fit into 

two general classes, those involving the formation of internal lee wave trains and those 

associated with a single large isohaline depression beyond the sill. The flows were 

described on the basis of a Froude number dependence; for flows critical or 

supercritical with respect to all internal modes, an internal hydraulic jump occurs. 

Typical summer conditions resulted in flow that is subcritical with respect to the lowest 

mode but supercritical with respect to higher modes; the interaction results in a massive 

mode 2 lee wave or jump accompanied by instabilities up to 50m high (figure 2.12). 

Well defined trains of lee waves were also observed during moderate ebb tides; as the 

tidal flow slackened, these waves evolved into upstream travelling internal bores or 

surges. Reports of a similar event were made by Ziegenbein (1969) in the Strait of 

Gibraltar where the surface manifestation of an internal undular bore was associated 

with the release of energy caused by the deformation of the interface downstream of 

the sill on ebb tide. The bore was subsequently seen to evolve into a series of internal 

waves which propagated upstream on the slackening tide. 
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Figure 2.12 Acoustic image of a mode 2 lee wave formed during ebb tide in 

Knight Inlet (from Farmer and Smith, 1980). Flow from right to left. 

The importance of sill dynamics was dealt with by Farmer and Armi (1986) who used 

a steady state analysis to examine the two-way exchange of two fluids of differing 

densities over sill structures. The flow regimes examined were subject to a barotropic 

forcing (ie both layers move horizontally with the same velocity sufficiently far 

upstream and downstream of the sill); it was shown that the control at the sill crest acts 

primarily through the deeper, denser layer into which the sill protrudes with only 

indirect control of the surface layer, resulting in asymmetrical flows. The interaction 

between barotropic forcing and the baroclinic effect was shown to be non-linear; weak 

barotropic forcing resulted in a two layer flow over the sill whilst a strong barotropic 

forcing produced a one layer flow over the sill for part of the tidal cycle (figure 2.13). 

A series of numerical experiments by Valle-Levinson and Wilson (1994) produced 

results which agreed with the steady two-layer hydraulics theory of Farmer and Armi 

(1986). 

Laboratory experiments by Baines (1984,1987) examined phenomena that occurred 

upstream from a sill on a simulated ebb tide generated by towing an obstacle through a 

two-layer stratified fluid. The phenomena observed included upstream undular and 

turbulent bores, bores with zero energy loss, rarefactions (a disturbance that grows in 

length as the leading part of the disturbance travels faster than the trailing part), and 

downstream hydraulic drops and jumps (figure 2.14). Bores occurred because of 

nonlinear steepening when the layer containing the obstacle was thinner than the upper 

layer, whilst rarefactions occurred when the lower layer thickness was comparable or 

greater than that of the upper layer. Lawrence (1993) showed both theoretically and 

exr^rimentally that such upstream disturbances are the result of flow passing from 

being internally subcritical to being internally supercritical at a control located just 

upstream of the start of the obstacle. 
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Figure 2.13 Sketches of the interface positions as a function of barotropic flow 

(from Farmer and Armi 1986). 

Max worthy (1979) also performed laboratory experiments in which a three-

dimensional topographic model was harmonically towed back and forth through a two-

layer fluid in order to simulate tidal flow over a sill. A n internal wave, with a 

horizontal scale of the order of the width of the sill downstream slope, developed in 

the lee of the sill as the tidal flow increased. W h e n the tidal flow relaxed, this wave 

left the sill travelling upstream and disintegrating into a number of high frequency 

solitary waves. The experiments of Valle-Levinson and Wilson (1994) also showed 

the formation of internal waves downstream of the sill during ebb tides; these waves 

propagated seaward aided by the barotropic flow. The amplitude of the internal waves 

became greater with increased barotropic forcing. 
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Figure 2.14 Flow types observed upstream from an obstacle (from Barnes, 1984) 
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3.0 Data collection and processing 

3.1 Introduction 

Data for this project was collected from several sources. Field measurements were 

based on data collected from a fine-scale profiler whilst tidal data, streamflow and 

climatic details were provided from external sources. The following section of this 

document detail the equipment used for gathering data, how and when data was 

collected, and the methods used for processing. 

3.2 T h e fine-scale profiler 

The fine-scale profiler (F Probe) is an 'intelligent' profiler developed by the Centre for 

Environmental Fluid Dynamics at the University of Western Australia (Schwartz et al, 

1993). The profiler is part of a system designed to provide rapid acquisition and real 

time display of data (figure 3.1). This instrument supports a suite of sensors for the 

measurement of the following water properties : 

• depth 

• temperature 

• conductivity 

• dissolved oxygen 

• pH. 

All the sensors are mounted directly onto the profiler, which is designed for operation 

in three modes. In profiling mode, the instrument is released to free-fall vertically 

through the water column with buoyancy floats on the instrument controlling the rate 

of descent. The instrument may also be used in tow mode, where it is towed along a 

transect at a constant depth, or in Yo-Yo mode, where the instrument is alternately 

raised and lowered through the water column as it is towed along a given transect. 

Only the vertical profiling mode was used in this study. 

The control software, FPEXEC, is an integrated data acquisition and processing 

environment through which the user sets up configuration files that specify the 

required data collection and processing procedure. The system allows the user to 

adjust the rate of sampling (up to 50 Hz), select the parameters (or channels) to be 

measured, derive water properties such as salinity and density, and enhance the raw 

data through signal sharpening and filtering The system software also allows the 

direct integration of position coordinates into data files thereby providing accurate 
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position control. Position fixing is provided by a portable satellite Global Positioning 

System which gives accurate three-dimensional positioning data at very low cost at any 

location provided there is satellite availability. 

Photograph: Jorg Imberger 

Figure 3.1 The fine-scale profiler ready for deployment 

Data from the profiler is transmitted to the surface as a stream of packets, each packet 

containing one value from each sensor with a time stamp. The raw signals are 

converted into real units by an IBM-compatible 386 laptop computer on board the 

support boat. 
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High-quality commercially available sensors have been combined on board the 

instrument to allow the very accurate measurement of a range of water properties. The 

profiler is fitted with modular SeaBird temperature, conductivity, dissolved oxygen 

and p H sensors and a Paroscientific depth sensor. All these sensors have been 

selected for their accuracy and stability. 

3.2.1 Conductivity sensor 

Conductivity is measured using a SeaBird conductivity sensor, model SBE-4. The 

output from the conductivity sensor is a sine-wave of amplitude 0.7 volts R M S . Its 

frequency range is 3 kHz to 11 k H z over the conductivity range 0 to 6 Siemens per 

metre (Sm'l).The absolute accuracy of the conductivity sensor is better than 0.001 

Sm~l. The flow through sensing element is a glass tube (cell) with 3 internal platinum 

electrodes. The resistance measured between the centre electrode and end electrode 

pair is determined by the cell geometry and the specific conductance (conductivity) of 

the fluid within the cell. A submersible pump is used to increase the rate at which 

water passes through the sensor, thereby improving the response time of the cell to 

0.085s for a 0.5m/s drop speed. The sensor was spot checked against another similar 

standard sensor prior to each field experiment. 

3.2.2 Temperature sensor 

Temperature is measured using a SeaBird oceanographic thermometer, model SBE-3. 

The output from the temperature sensor is a sine-wave of amplitude 0.7 volts R M S . 

Its frequency range is 6 kHz to 12 k H z over a temperature range of -1 °C to 31 °C 

respectively. Absolute accuracy of the temperature sensor is better than 0.01 °C, and 

resolution is better than 0.001 °C, with a response time of 0.085s. The sensing 

element is a glass-coated thermistor bead, pressure protected by a stainless steel tube. 

The sensor was spot checked against another similar standard sensor prior to each field 

experiment. 

3.2.3 Pressure sensor 

The depth of the profiler below the water surface is measured using a Paroscientific 

Digiquartz pressure transducer, model 8060 D.S. The transducer has a range of 0 to 

60 metres of water, defining the maximum working depth. For deeper operation, a 

pressure sensor with a larger range is required. The output signal is a nominal square-

wave of amplitude 4 volts peak-to-peak. The full-scale frequency range is 36 kHz to 

40 kHz. Sensor calibration accuracy is typically better than 0.2%, while resolution is 

determined by the particular frequency counter used. In this case, resolution is less 

than 1 m m . The sensor consists of a sealed pressure case fabricated from stainless 

steel which houses a pressure transducer in a protective shock mount. Performance is 
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achieved through the use of a special quartz crystal resonator whose frequency of 

oscillation varies with pressure induced stress. The pressure communicates with the 

transducer input via an internal, flexible, oil filled line. The sensor was spot checked 

against another similar standard sensor prior to each field experiment. 

3.2.4 Dissolved oxygen sensor 

Dissolved oxygen is measured using a SeaBird sensor (model SBE-13) which uses a 

'Beckman' polarographic element. A manifold provides active pumping of water past 

the sensor membrane which reduces errors caused by oxygen depletion, minimises 

variation of the response time, and reduces exposure to biofouling. The submersible 

pump is used in parallel with the conductivity sensor. The computed response time of 

the sensor is 2 seconds to 6 3 % of actual oxygen level. The absolute accuracy of the 

dissolved oxygen sensor is estimated at 0.1 ml/1. The resolution of the computed 

dissolved oxygen measurement is 0.01 ml/1. Calibration of the sensor was performed 

on various occasions using solutions of air-saturated water and sodium sulfite. 

3.2.5 pH sensor 

pH is measured using a SeaBird sensor (model SBE-18). The output from the pH 

sensor is a voltage linearly proportional to p H (nominally 0 to 5 volts for p H ranging 

from 0 to 14). The sensor uses a pressure balanced glass electrode /Ag/AgCl reference 

p H probe which produces a high level p H dependant output voltage. The absolute 

accuracy of the p H sensor is 0.1 p H units with a computed response time of 1 second 

to 6 3 % of actual p H level. Calibration of the sensor against precision buffer solutions 

was performed prior to several field experiments. 

3.3 Tidal records 

Tides were recorded at four locations within the estuary over the study period. The 

Department of Marine and Harbours operated tide gauges at Fremantle Fishing Boat 

Harbour and Barrack Street Jetty 20km upstream of the river mouth (figure 3.2). 

These gauges provide quarter hourly readings recorded by means of a pressure 

sensing unit that responds to changes in pressure head due to fluctuations of river 

level. Data is stored on a punch-card system. The FrernantleJ?ort Authority provided 

data from a gauge in Fremantle Harbour near the mouth of the river whilst tides at 

Meadow Street Bridge (upstream of the Helena River tributary) were provided by the 

Water Authority of Western Australia (figure 3.2). These gauges provide continuous 

readings recorded on revolving clock controlled charts responding to changes in water 

level of a float operated instrument. 
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Figure 3.2 Sampling sites and tide gauge locations 

3.4 Streamflow records 

Streamflow was recorded at two locations, Walyunga National Park on the Swan 

River some 75km from the mouth, .and on Ellen Brook, 6 k m upstream of the 

confluence with the Swan River. The total streamflow entering the study area was 

derived by the addition of these two sources. Although not an absolute quantitative 

measure of the streamflow, it provided qualitative figures from which certain 

observations could be based. 

The Water Authority of Western Australia provided the operation of these gauging 

stations and the processing of the data. Gauging stations consist of a 'control' facility 

to regulate the water levels at the site and a water level recorder (figure 3.3). 

Translation of the record into flow data is made by defining a stage/discharge 

relationship by means of a rating curve; rating curves are built up by taking numerous 

discharge measurements throughout the range of flows and plotting discharge against 

water level. B y measuring the cross-sectional area of the control and the average 

velocity through the section, the discharge can be determined and a rating curve 

constructed. 
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Figure 3.3 Principle elements of a gauging station (from the Public Works 

Department of Western Australia; 1984) 

The gauging station at Walyunga National Park consists of an L&S servo manometer 

and continuous graphical recorder. A rock bar is used for low flow control, a 

constriction for medium flow control, and a channel for high flow for control. At 

Ellen Brook, a float operated continuous L & S graphical recorder measures the water 

levels, with a V shaped triangular profile weir as the control. 

3.5 Climatic information 

Climatic data and weather patterns during the study period were recorded at hourly 

intervals at Perth Airport by the Bureau of Meteorology. This data includes 

temperature, rainfall, wind speed and direction, evaporation, humidity and barometric 

pressure measurements. Daily summary figures of these quantities can be found in 

Stephens (1993); greater detail of these records can be obtained from the Bureau of 

Meteorology permanent record. 

3.6 Sampling locations and procedure 

Field data measurements were performed by profiling at 23 locations on the Swan and 

Canning rivers (figure 3.2), chosen to coincide with those of the previous 

investigations of Spencer (1956), Jack (1977) and Silberstein (1979), with additional 

sites added to provide a comprehensive picture. Sampling sites were named to 

represent their longitudinal distance from the river mouth; for example, SW101 is a 

site located 10.1km upstream of the mouth of the Swan River. A global position 

fixing system (GPS) and adequate land marking ensured that the same sampling sites 

were located each time (table 3.1). During the study period, sampling was carried out 

on 27 separate days representing a total of 42 transects of the estuary. The periods of 

field experiments are given in table 3.2. 
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Sampling 

Station 
SWOOO 

SW027 

SW037 

SW055 

SW063 

SW076 

SW088 

SW101 

SW120 

SW141 

SW158 

SW190 

SW225 

SW262 

SW303 

SW333 

SW354 

SW372 

SW389 

CA11 

CA39 

CA58 

CA89 

Walyunga 

Ellen 
Brook 

Depth 

(m) 
14.8 

8.1 

10.2 

13.5 

12.2 

17.0 

20.8 

13.9 

13.8 

14.9 

6.7 

4.0 

4.0 

4.0 

5.0 

2.1 

4.8 

5.2 

4.0 

6.5 

3.1 

4.5 

1.8 

Flow 
gauging 
Flow 
gauging 

GPS Location 

3-80-365 E 
50-6452-753 N 
3-82-250 E 

50-6454-267 N 
3-83-049 E 

50-6455-243 N 
3-83-463 E 

50-6456-359 N 
3-84-061 E 

50-6455-895 N 
3-84-975 E 

50-6456-732 N 
3-84-335 E 

50-6457-741 N 
3-84-735 E 

50-6458-436 N 
3-86-967 E 

50-6458-288 N 
3-89-552 E 

50-6458-639 N 
3-89-696 E 

50-6460-261 N 
3-90-874 E 

50-6463-073 N 
3-94-409 E 

50-6463-011 N 
3-94-595 E 

50-6465-648 N 
3-96-940 E 

50-6464-312 N 
3-97-579 E 

50-6466-610 N 
3-99-605 E 

50-6466-949 N 
4-00-717 E 

50-6467-573 N 
4-01-718 E 

50-6468-752 N 
3-91-693 E 

50-6457-820 N 
3-92-147 E 

50-6455-190 N 
3-93-526E 

50-6455-540 N 
3-95-872 E 

50-6456-504 N 
6-48-620 E 

50-4116-600 N 
6-48-660 E 

50-4075-000 N 

Landmark Features 

Fremantle Harbour, opposite green 
lighthouse on south mole. j 
Fremantle Traffic Bridge, downstream side 
next to south jetty. 
Pier 21, upstream of red spit post. 

Preston Point, under power lines close to 
north bank. 
Point Roe (East Fremantle Yacht Club), next 
to red spit post. 
Blackwall Reach (opposite Chidley Point). 

Mosman Bay, in front of Clough's house on 
west bank. 
Point Resolution, 150m downstream of red 
spit post marking Point Walter sandbar. 
Armstrong Spit, opposite Sunset old peoples 
home on north bank. 
Melville Water, opposite Applecross Jetty 
cross reference: green spit post. 
Pelican Point, off red spit post in main 
channel. 
Narrows Bridge, approximately 5 0 m 
downstream of bridge in middle of channel. 
Causeway Bridge, upstream side in line with 
garbage bin on east bank. 
St. Annes Buoy, 20m south of red spit post. 

Hardey Park, opposite most downstream red 
brick house before Sandringham Hotel. 
Garrat Road Bridge, 10m upstream of the 
bridge. 
Claughton Reserve, past Redcliffe Bridge in 
line with red spit post opposite boat ramp. 
Sandy Beach Reserve, 10m of south sheared 
sand bank. 
Pickering Park, near overhead power lines 
opposite boy scout jetty. 
Canning Bridge, opposite Raffles Hotel in 
middle of channel. 
Mount Henry Bridge, 20m downstream of 
bridge in middle of channel. 
Salter Point, 15m upstream of green spit 
post, cross reference red spit post. 
Shelley Bridge, 300m before bridge, 50m 
before overhead power lines in main channel. 

Table 3.1 Sampling site information 
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Date 

17th December, 1991 
16th January, 1992 

28th January, 1992 

29th January, 1992 
27th February, 1992 

28th February, 1992 
22nd April, 1992 

28th May, 1992 
12th June, 1992 

16fh June, 1992 

17th June, 1992 
18th June, 1992 
19th June, 1992 
22nd June, 1992 
25th June, 1992 
1st July, 1992 
8th July, 1992 
9th July, 1992 
13th July, 1992 
14th July, 1992 
28th July, 1992 

29th July, 1992 

24th August, 1992 
9th September, 1992 

9th October, 1992 
29th October, 1992 

26th November, 1992 

Julian Date 

91351 
92016 

92028 

92029 
92058 

92059 
92113 

92149 
92164 

92168 

92169 
92170 
92171 
92174 
92177 
92183 
92190 
92191 
92195 
92196 
92210 

92211 

92237 
92253 
92283 
92303 
92331 

Transect 

start time 
0811 
0539 
1238 
2109 
0633 
1220 
1943 
0602 
0549 
1224 
1856 
0542 
0601 
1127 
1546 
0738 
0708 
1222 
0902 
1410 
0940 
1135 
1050 
1149 
0649 
0937 
1825 
0737 
1906 
0846 
1800 
2030 

0037 
0340 
0639 
0958 
1330 

0619 
0751 
0835 
0829 
0721 

Transect 

finish time 
1235 
1018 
1552 
2230t 
1003 
1522 
2038t 
0856 
1017 
1545 
2014t 
0912 
0939 
1400* 
1757* 
0938t 
1030 
1550 
1213 
1707 
1025# 

1444 
1439 
1538 
0846t 
1333 
2232 
1112 
2237 
1206 
1944t 
22211 
0227t 
05211 
0813t 
1246t 
1501t 
0954 
1119 
1223 
1212 
1109 

Fremantle tide 

stage 
Low tide 
Low tide 
Rising tide 
High tide 
Low tide 
Rising tide 
High tide 
Low tide 
Low tide 
Rising tide 
High tide 
Low tide 
Rising tide 
High tide 
Ebbing tide 
High tide 
High tide 
Ebbing tide 
High tide 
Ebbing tide 
High tide 
Rising tide 
High tide 
High tide 
Ebbing tide 
High tide 
Low tide 
High tide 
Low tide 
High tide 
Low tide 
Rising tide 
Rising tide 
Rising tide 
Rising tide 
High tide 
Ebbing tide 

High tide 
High tide 
High tide 
Low tide 
Low tide 

f Lower basin transect only 

* no transect of Canning River was performed 

# transect incomplete 

Table 3.2 Data collection periods 
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Sampling was performed by allowing the F Probe to drop freely through the water 

column. The rate of descent was controlled using detachable floats; drop speeds in the 

range 0.2 - 0.5m/s were most commonly employed in order to optimise the response 

time of the oxygen sensor. Before deployment, the probe was powered for 2 minutes 

in order to allow time for the oxygen sensor to polarise. 

3.7 Data processing 

The field data was processed on a UNIX based computer system at the Centre for 

Water Research allowing for rapid processing and presentation of results. Several 

steps were performed by a semi-automated processing routine in order to provide the 

data in the correct format. These steps are listed as follows: 

(i) conversion of raw data files to correct system format 

(ii) deletion of spurious values from the data set 

(iii) filtering the data to improve the response signals 

(iv) lagging corrections to account for varying sensor response times 

(v) presenting the data in engineering units such as salinity and density 

(vi) producing profiles and contour plots. 

Steps (iii) and (iv) were performed using the results of Vollmer (1991) who carried out 

dynamic testing of the F Probe sensors in the laboratory. Due to the results of this 

investigation, the performance of the already fast responding conductivity and 

temperature sensors were improved by using digital recursive first order filters 

(sharpening filters) operating in the time domain. This technique reduced the response 

times of the sensors by approximately 5 0 % with simultaneous attenuation of the noise 

signal. The responses of both sensors were then matched in order to obtain 'spike-

free' values of corrected parameters such as salinity and density; this operation 

involved sharpening and lagging the temperature signal and smoothing the 

conductivity signal. Temperature was filtered using an 80/15 low pass one-way filter 

whilst conductivity was filtered using a 0/15 low pass one-way filter. A 17Hz two-

way Brickwall filter was then applied to both signals with the temperature data lagged 

to match the conductivity response. 

The slow responding dissolved oxygen sensor signal was sharpened using a triple 

cascade 0/100 two way filter and the data lagged by two seconds thus reducing the 

response time from 6 seconds to 2 seconds. Temperature, conductivity and raw 

dissolved oxygen signals were then matched to obtain a 'spike-free' signal of 

dissolved oxygen concentration. The slow response p H sensor was not investigated 

in any detail by Vollmer (1991) so its signal was left unaltered. The routine for 

processing dissolved oxygen and p H data was developed by Reed (1992). 
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Depth profiles of salinity, temperature, dissolved oxygen and p H were constructed for 

each deployment of the profiler and are presented in a complete data report of the study 

period (Stephens, 1993). Contour plots utilising information gained from profiles 

along each transect form the basis of the presented data in the following sections. A 

complete set of contour plots are also given in the data report (Stephens, 1993). 
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4.0 The seasonal variability 

4.1 Introduction 

The Swan River is located in the south-west comer of Western Australia and forms the 

nucleus around which the city of Perth has evolved. The river has a free connection 

with the sea and experiences a seasonal freshwater discharge from land drainage; as 

such, it has the status of an estuary. The catchment region represents an area of 

approximately 140,000km^ to the north and east of Perth; the river has its origin 375m 

above sea level on the Darling Scarp. 

Several distinct features can be identified in the estuarine section of the river (figure 

4.1). Near the mouth, a shallow (5m) sill controls the exchange with the ocean, 

moving upstream the estuary forms a deep (17m) relatively narrow trough which 

opens into a very wide shallow basin (this area is referred to as the deep or main 

basin). A secondary sill (2m deep) is formed by the wide expanse of water between 

the Narrows and Causeway bridges, the river then contracts and continues to meander 

upstream; the depth in the upper reaches is usually 2-3m punctuated by relatively deep 

hollows of 5-6m (this area is referred to as the upper estuary or upper reaches). The 

importance of the two sills should be noted as they play an integral part in the 

hydrodynamics of the estuary. 

Over the past years, nutrients from surface runoff and groundwater have entered the 

estuary. These are derived from the leaching of domestic gardens, septic systems and 

waste disposal sites through sandy soils which have extremely poor nutrient retention 

capacities. Some light industry and vast areas of cleared fertilised agricultural land 

contribute to this input (John, 1987; Thurlow et al, 1986). Several investigations 

provide evidence that nutrient levels within the estuary are as high as those of the 

neighbouring Peel-Harvey estuarine system, sufficient enough for it to be classified as 

eutrophic. In the past, the estuary has remained ecologically healthy, however in 

recent years, several factors including significant algal blooms have led to the 

suggestion that nutrient loading of the system has almost exceeded its ability to 

accommodate the input of further contaminants without an unacceptable environmental 

impact (assimilative capacity). With the population of Perth expected to double over 

the next 30 years, a serious investigation into the hydrodynamics of the system was 

required in order to fully understand and predict the circulation, flushing and mixing 

mechanisms involved, with an aim of providing accommodating engineering solutions 

to future problems. 
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Figure 4.1 The Swan River Estuary: hydrological features and sampling sites 

Little previous work has been carried out in this area; most modern investigations 

follow the work of Spencer (1956) who proposed a seasonal circulation cycle based 

on the results of an intensive sampling program from 1951 to 1954. The details of this 

cycle are summarised in figure 4.2. In winter, a freshwater layer flows over the top of 

the more saline basin water (figure 4.2a). If the depth of the freshwater discharge 

exceeds the depth of the sill near the mouth, tidal flushing is severely restricted and 

may even be eliminated. Jack (1977) analysed data from July 1974 to July 1975, with 

particular emphasis on de-oxygenation of bottom waters due to this heavy winter 

salinity stratification. Silberstein (1979) also presented salinity, temperature and 

dissolved oxygen data documenting the onset of stratification during winter. As the 

intensity of the discharge decreases (figure 4.2b), the depth of the surface layer near 

the sill is reduced by the entry of ocean water leading to a region of mixing between 

marine and freshwater over the sill. As the marine component of the mixed region 

increases (figure 4.2c), the denser water cascades into the deeper part of the basin, 

pushing deoxygenated water further upstream. Finally, the deep basin becomes 
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completely marine dominated (figure 4.2d), with a negligible contribution of 

freshwater input. 
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Figure 4.2 The seasonal dynamical cycle (from Spencer, 1956) 

During the present study, the seasonal variability of the estuary has been documented 

with regular C-T-D-DO transects (table 3.2), whilst during certain critical inter-tidal 

periods, profiles revealed the control flow over the sill and the circulation within the 

deep basin and the upper reaches of the estuary. Field data measurements were 

performed by profiling at 23 locations on the Swan and Canning rivers (figure 4.1), 

chosen to coincide with those of the previous investigations of Spencer (1956), Jack 

(1977) and Silberstein (1979), with additional sites added to provide a comprehensive 

picture. Sampling sites were named to represent their longitudinal distance from the 

river mouth; for example, SW101 is a site located 10.1km upstream of the mouth of 

the Swan River. A global position fixing system (GPS) and adequate land marking 

ensured that the same sampling sites were located each time. Data was collected with 

the Centre for Water Research's fine-scale profiler (F-probe) which samples depth, 

temperature, conductivity, p H and dissolved oxygen at 1 c m intervals (Schwartz et al, 

1993). 

Data presented consists of salinity and temperature measurements which identify the 

physical dynamics of the estuary, with some dissolved oxygen data included to 
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highlight certain aspects of the physical processes. A n investigation of the biological 

processes over the same sampling period is given by Reed (1992). 

4.2 The tidal regime, weather patterns and streamflow 

Tides were recorded at three locations within the estuary over the study period 

including Fremantle Harbour near the mouth of the river, Barrack Street Jetty at the 20 

k m mark, and Meadow Street Bridge upstream of the Helena River tributary. Each 

transect was based on the# stage of the tide at Fremantle; from Fremantle, the tide may 

be considered as a progressive wave which propagates into the estuary, with an 

approximate 2.5 to 3 hour time lag between the ocean entrance and the Barrack Street 

Jetty. Lewis and Pattiaratchi (1989) showed much of this lag occurs in the lower 5km 

of the estuary, as the incoming tide takes around 1 to 1.5 hours to propagate from 

Fremantle Fishing Boat Harbour to Pier 21. The tide then takes approximately 1 hour 

to round the sharp corner at Preston Point before a rapid propagation (5 to 30 minutes) 

to Barrack St, where the levels are approximately 8 5 % of those at Fremantle. 

During the sampling period, a mixture of diurnal and semi-diurnal tides were 

observed. Diurnal tides predominated during the summer and winter months; a 

reflection of the plane of the moon's orbit being located near its maximum declination 

to the Earth's equator. The average maximum tidal range was 0.6m; the period of each 

successive high and low tide was approximately 12 hours. Periods of semi-diurnal 

tides were also observed during zero lunar declination, with two high tides and two 

low tides of much reduced amplitudes at about 6 hour intervals. Their occurrence 

coincided with the autumn and spring seasons. 

The climatology of the Swan-Canning estuary is dictated by its geographical location. 

Perth is situated at a latitude of 31° 57' S and its location on the western side of the 

continent classifies the climatic type as Mediterranean (Sale and Sale, 1981). The 

essential feature of all Mediterranean regions is a winter rainfall, summer drought 

regime. Long term averages of rainfall give an annual total of 869mm, 7 0 % of which 

occurs from M a y to August. The region is also characterised by abundant sunshine, 

intensive in summer because of a lack of cloud and water vapour in the atmosphere; 

the winters are also sunny with the wet periods of relatively short duration . Summers 

are naturally hot while winters are mild. 

The study period generally followed this trend with a few exceptions. A highly 

unseasonal rainfall event occurred on February 9th, 1992 when 120.6mm of rainfall 

was recorded. The heavy rains associated with winter did not begin till mid-June, 

however they extended later than normal to mid-September. Streamflow was recorded 
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at two locations, Walyunga National Park on the Swan River some 75km from the 

mouth, and on Ellen Brook, 6km upstream of the confluence with the Swan River. 

The total streamflow entering the study area was derived by the addition of these two 

sources (figure 4.3). Although not an absolute quantitative measure of the 

streamflow, it provided qualitative figures from which certain observations could be 

based. Additional inflow occurs from the Canning and Helena rivers which are 

dammed at Canning D a m and Mundaring Weir respectively. N o flow data is recorded 

for these inflows, hence their relative magnitude to the total streamflow was unknown. 

S w a n River Hydrograph 

91325 to 92340 

j^ 5 0 i • • • ' , . . i , . , i i ... i ... i ... i ... i ... i i ... i ... i ,. , 

91325 92040 92120 92200 92280 92340 

Julian Date 

Figure 4.3 Swan River hydrograph. The arrows indicate days on which sampling 
was performed. 

4.3 Summer-autumn dynamics 

The first C-T-D field measurements were taken on 91351 (December 17th, 1991) 

when a single transect was made along the Swan and Canning rivers. Streamflow 

records (figure 4.3) indicate very little freshwater input into the system even though 

November and December recorded higher than average rainfall. The tidal activity had 

— been dominated by diurnal tides over the past month. 

The salinity contours (figure 4.4) highlighted pronounced but weak vertical 

stratification in the main basin and in the upper estuary; the upper estuary also 

exhibited a well defined longitudinal stratification of nearly 20 pss. At the 40 k m mark, 

remnants of the previous winter freshwater runoff still existed. The tidal record shows 

that the transect was performed just after the beginning of the flood tide with incoming 
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ocean water moving as a uniform front up to and over the sill at Fremantle. A vertical 

cascading of saline water into the basin over the sill was indicated by the downward 

tilting of the 32 and 34 pss isohalines; such a plunging effect may set up an appreciable 

shear in the water column. A similar mechanism is illustrated by the temperature 

contours shown in figure 4.5; although temperature was a tracer, salinity completely 

dominated the density of the water. Such a plunging mechanism is similar to that 

postulated by Spencer (1956; figure 4.2b), but as w e will see later, the mechanisms 

deviate more and more as the tidal cycle proceeds. 

Figure 4.4 Salinity contours for 91351 (low tide). The inset shows the tidal 

elevations measured at Fremantle before, during and after the transect. 

The arrow on the tidal diagram indicates the stage of the tide when 

each transect was initiated. 

The dynamics of the Canning River (figure 4.6) can be likened to the upper reaches of 

the Swan; the isohalines over the length of the upper reaches of the Swan exhibited a 

relative uniform tilt of approximately 1 in 1500, whilst in the Canning River, a slope 

of 1 in 2000 was observed. As w e shall see later, the incoming tide causes a vertical 

straightening of the isohalines as the tidal cycle progresses. The difference in tilt 

angles stem from the fact that the profiles taken in the upper Swan were performed at a 

slightly later stage of the flood tide, hence these isohalines had more time to straighten 

toward the vertical. 
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Figure 4.5 Temperature contours for 91351 (low tide) 
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Figure 4.6 Canning River salinity contours for 91351 (low tide) 

The progression of the seasonal dynamical process, and of significant importance, the 

inter-tidal dynamics of the estuary, were investigated in greater detail approximately 

one month later. Data were collected on three transects on 92016 (January 16th, 

1992); the first at a similar tidal phase to 91351, another during peak flood, and finally 

a third transect of reduced length just after high tide. The most noticeable difference to 

the previous picture of 91351 was the substantial break-up of stratification in the deep 
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basin of the estuary (figure 4.7a). Again, ocean water was seen to move in as a 

vertical front (figures 4.7a,b & c) as it propagated over the sill. Of note is the large 

downward vertical excursion of the 34 pss isohaline at the 16 k m mark (figures 4.7a to 

b), which contradicts the corresponding upstream movement of the 32 pss isohaline in 

the same region. This phenomena was attributed to a tidally forced basin scale 

seiching which is discussed in greater detail in section 5. 

92016 SWAN RIVER ESTUARy Salinity (pss) 

Figure 4.7(a) Salinity contours for 92016 (low tide) 

Comparison of figure 4.4 and figure 4.7a showed that decreased river flow combined 

with longitudinal mixing in the upper reaches of the Swan had increased the overall 

salinity by 4 pss at the 40 k m mark. The sloping isohalines at low tide (figure 4.7a) 

became almost vertical by the time data shown in figure 4.7b was collected, with little 

movement of water at the base of the channel. Similar baroclinic adjustments of 

diminished magnitude were observed in the Canning River. 

Further analysis of the tidal dynamics were performed on 92028 and 92029 (January 

28th and 29th, 1992). In addition to the three similar transects of 92016, a fourth 

transect was performed on the following low tide the next day, thus capturing a full 

tidal cycle. The estuary had become more saline with the entire main basin (figure 

4.8a) now completely marine dominated. However, the overall structure remained 

similar. The overall salinity at the 40 k m mark had again increased by 4 pss (figures 
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Figure 4.7(b) Salinity contours for 92016 (rising tide) 
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Figure 4.7(c) Salinity contours for 92016 (high tide) 
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Figure 4.8(a) Salinity contours for 92028 (low tide) 

4.7a & 4.8a), this time over a time scale of only 12 days (compared with 30 days from 

91351 to 92016). This may be attributed to the complete absence of streamflow due to 

the summer drought. A continuation of this trend (ie no more freshwater input), 

would have resulted in the entire study area becoming marine dominated by early 

April. In reality however, influences such as reduced magnitude semi-diurnal tides 

and unseasonal rainfall often make this event a rarity. The transect shown at low tide 

the following day (figure 4.8b) shows a return to an almost identical structure depicted 

in figure 4.8a; looking back on a more global time-scale of 12 days revealed a similar 

structure with a slow but gradual increase in salinity of the system. Thus the summer 

dynamics of the estuarine system have been well established and documented. 

The onset of autumn usually results in the first significant rainfall contributing to river 

flow. Data collected at high tide on 92113 (April 22nd, 1992) showed the completely 

marine dominated deep basin (figure 4.9) exhibiting the same structure as in previous 

records. The isohalines in the upper reaches of the Swan reflected a very strong tilting 

(they are almost horizontal), due to the high discharge of freshwater that occurred on 

92040 (figure 4.3). However, salinities corresponding to freshwater runoff (~ 4 to 8 

pss) are not evident due to the effect of tidal advection and mixing further upstream. 
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Figure 4.8(b) Salinity contours for 92029 (low tide) 
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Figure 4.9 Salinity contours for 92113 (high tide) 
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The dissolved oxygen contours presented for 92113 were typical of the summer 

months. The deep basin was essentially well oxygenated during the first transect taken 

during the mid-flood tidal phase (figure 4.10a), with little if any decline in values with 

depth. This was attributed to the lack of stratification facilitating vertical exchange of 

oxygen from the surface waters. However, a significant longitudinal gradient across 

the length of the main basin waters upstream of the 10km mark was evident. Ocean 

water, noted for its high oxygen content, was seen to propagate into the deep basin 

(figure 4.10b); longitudinal mixing with the less saturated waters upstream resulted in 

a general increase in values across the basin. In the upper reaches, a zone of surface 

supersaturated water was located at the 15km mark (figure 4.10a); such zones were 

commonly experienced throughout the summer. Species of dinoflagellate blooms 

which produce oxygen during the day via increased photosynthetic rates 

corresponding to increased light intensity are largely responsible for the supersaturated 

values; subsequent overnight respiration causes a return to anoxic conditions in the 

bottom waters in the early morning (Reed, 1992). The upstream movement of the 

bloom on the rising tide was evident (figure 4.10b). 

92113 SWAN RIVER ESTUARy DISSOLVED OXYGEN A% Sat) 

Figure 4.10(a) Dissolved oxygen contours for 92113 (rising tide) 
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Figure 4.10(b) Dissolved oxygen contours for 92113 (high tide) 

4.4 Establishment of winter stratification 

Data collected over this period highlights the mechanism in which a freshwater 

discharge layer was established over the top of the previously saline water, thus 

radically changing the hydrodynamics of the estuarine system. Both April and M a y 

had much lower than average rainfall readings, which was reflected in the streamflow 

data (figure 4.3). 

The beginning of the heavy rainfall was documented by two transects performed on 

92164 (June 12th, 1992). The contours of the Canning River best highlight the 

beginning of the freshwater influx. The first transect (figure 4.1 la) taken at high tide 

exhibited a typical summer salinity structure. W h e n the second transect was 

performed during the ebbing tide (figure 4.1 lb), a definite frontal structure beginning 

at the 5 k m mark reflected the head of the fresher water inflow. It was seen 

throughout the following data that the response time of the Canning River to physical 

influences was much shorter than for the Swan, which showed a much reduced 

freshwater influx at this stage (figure 4.12). 
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Figure 4.11(a) Canning River salinity contours for 92164 (high tide) 
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Figure 4.11(b) Canning River salinity contours for 92164 (ebbing tide) 

The dynamics of the freshwater overflow were documented by regular sampling over 

the following weeks. T w o transects were performed on 92168 (June 16th, 1992) after 

continued heavy rainfall. The first transect (figure 4.13 a) taken at high tide showed 

continued evidence of fresh water; in general, the water in the upper reaches had 

become less saline with a net deepening of the halocline, of which the isohalines had a 

slope of approximately 1 in 10000. A broad front representing the head of the 

overflow was located between the 19 and 25 k m marks. The main basin still showed a 

similar structure to the previous picture although a smaller tidal range during this 

survey had resulted in a smaller volume of ocean water filling-up the deep basin. 

Another transect performed 5 hours later during peak ebb (figure 4.13b) showed 

deepening of the freshwater layer to about 2 m between the 35 and 40km marks. The 

halocline was now much sharper with the isohalines almost horizontal exhibiting a tilt 

of 1 in 32000; a similar scenario of this gravitational overflow was documented by 

Imberger (1991) in the Venice Lagoon. 



52. 

20.0 

0.0000 10.0 20.0 
DISEttCE (km) 

30.0 40.0 

Figure 4.12 Salinity contours for 92164 (ebbing tide). The 'X' represents the 
surface position of the 20 pss isohaline used to track the movement 
of the overflow downstream. 
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Figure 4.13(a) Salinity contours for 92168 (high tide) 
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Figure 4.13(b) Salinity contours for 92168 (ebbing tide) 

The first appearance of stratification in the deep basin (figure 4.14) was observed on 

92170 (June 18th, 1992). Comparing the position of the 20 pss isohaline from the 

previous record of 92168 (figure 4.13a) showed a downstream surface movement of 

only 4 k m in just over 50 hours. A significant contribution to the now quite 

substantial stratification in the deep basin must therefore have been produced from the 

Canning River. 

To date, wind strengths before and during the days that sampling was performed on 

have been fairly low, thus reducing wind mixing to a minor influence. The combined 

effects of wind mixing and increased flow on the physical structure of the estuary was 

illustrated on 92183 (July 1st, 1992). The isohalines in the main basin (figure 4.15) 

exhibited an almost vertical structure to a depth of 3.5m due to exceptionally strong 

south-westerly winds with gusts of up to 50 knots experienced the previous night and 

the day before. Significantly increased streamflow (figure 4.3) had forced basin water 

towards the mouth and was also responsible for the increased depth of the isohalines. 

The entire channel upstream of the Perth sill was now completely flushed with 

freshwater; the oxygen contours (figure 4.16) indicate that the freshwater discharge 

consisted of highly oxygenated water. 
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Figure 4.14 Salinity contours for 92170 (high tide) 
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Figure 4.15 Salinity contours for 92183 (high tide) 
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Figure 4.16 Dissolved oxygen contours for 92183 (high tide) 

A frontal formation observed near the mouth of the Canning River (figure 4.17) 

represents the head of the overflow into the main basin. Considerable deepening of the 

halocline was observed although it did not show the effects of wind mixing as the 

narrow channel of the Canning is well sheltered by many houses and trees lining the 

banks. The channel had not been completely flushed with freshwater indicating that 

the streamflow of the Canning must be less than that of the Swan; a reflection of the 

size of the respective catchment areas. 
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Figure 4.17 Canning River salinity contours for 92183 (high tide) 
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T w o transects performed on 92190 and 92191 (July 8th and 9th, 1992) examined the 

variation of the dynamics at opposite tidal phases. The first transect, performed on a 

low tide (figure 4.18), showed the freshwater layer had overflown the length of the 

deep basin to a depth of almost 2m, with an interesting event occurring at the 4 k m 

mark where the isohalines rapidly converged towards the surface. The second transect 

performed at high tide the following day (figure 4.19) again provided evidence of the 

frontal structure formed near the mouth, but it was now located further upstream. The 

isohalines of the main basin had been tilted toward the vertical. During the subsequent 

ebbing phase, a return to the condition of 92190 (figure 4.18) could be expected. The 

barotropic ebbing motion allows water to propagate out towards the ocean, surface 

waters moving with considerably quicker velocity. The result was a stretching of the 

previously sharp front until the freshwater has completely overflown the outflowing 

salt water leading to the more horizontal stratification shown at the end of the ebbing 

phase (figure 4.18). 

Figure 4.18 Salinity contours for 92190 (low tide) 

The final transect presented in this section marks the peak of the winter stratification 

during the most intense river discharge of the study period (figure 4.3). The transect 

was collected on 92253 (September 9th, 1992), again at high tide, and is depicted in 

figure 4.20. The freshwater layer had deepened considerably to almost 4 m over the 

deep basin; a sharp front formed at the 5 k m mark indicates the point where the 
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Figure 4.19 Salinity contours for 92191 (high tide) 
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Figure 4.20 Salinity contours for 92253 (high tide) 
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barotropic tidal forcing opposed the barotropically forced runoff over the sill. Small 

amplitude semidiurnal tides were prevalent since the last data was collected, the impact 

was a reduced flushing of the deep basin with very little oxygen rich ocean water 

passing over the sill (figure 4.21). The combination of reduced flushing with the 

impact of biochemical and sediment oxygen demand of the estuary (Reed, 1992) 

resulted in the dramatic decline in oxygen content of the deeper waters between the 10 

and 16 k m marks. For the first time, the Canning River (figure 4.22) exhibited a 

completely flushed freshwater structure. 

DISSOLVED OXYGEN) J[% Sat) 92253 SWAN RIVER ESTUARy 

Figure 4.21 Dissolved oxygen contours for 92253 (high tide) 

CANNING RIVER 

Figure 4.22 Canning River salinity contours for 92253 (high tide) 
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4.5 Overflow discharge dynamics 

The advent of the freshwater inflow plays an important role in the circulation and 

dynamics of the estuary. Winter river discharge often leads to a rapid flushing of the 

upper reaches, removing nutrients and chemicals that may have been stored in 

sediments over the summer-autumn period. Subsiding discharge at the end of the rainy 

season also provides the avenue for large quantities of nutrients present in upstream 

catchment areas to enter the estuary resulting in the recommencement of biological 

growth. 

Freshwater first appeared in the study area on 92164 (figure 4.12) corresponding to a 

rise in flow rate to over 5 x IO5 m3/day (figure 4.3). The position of the freshwater 

front is marked by an 'X' in figures 4.12, 4.13a, 4.13b, and 4.14. Simpson and 

Britter (1979) gave an expression for the propagation velocity of an overflowing 

density current as 

u = kVFh", (4.1) 

where k = f(h,z), 

h is the depth of the front behind the roller, 

z is the total depth of the water column, 

and g' is the density anomaly given by 

g' = 

Lock exchange experiments by Simpson and Britter (1979) show that k decreases with 

increasing fractional depth from about 1.3 at h/z«0.05 to about 0.75 at h/z=0.3. In 

order to take into account the variable width of the channel as the overflow progressed 

downstream, we introduce the two-dimensional discharge 

q = uh . (4.3) 

Combining (4.1) and (4.3) gives an appropriate expression for the velocity of the 

overflowing density current as 

u = (kVqf. (4.4) 

P2 - Pi 

P2 
g (4.2) 
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Table 4.1 compares the predicted velocities (up) from (4.4) with those calculated from 

the isohaline movements in the field data (um) from the time the freshwater overflow 

first appeared in the study area until the upper reaches had been completely flushed. 

Juhan 

Date 

92164b 

92168a 

92168b 

92170 

92174 

Figure 

No. 

4.12 

4.13a 

4.13b 

4.14 

-

Position of 

front 

(km from mouth) 

27.94 

21.51 

19.73 

17.53 

15.34 

h 

(m) 

1.15 

0.63 

0.56 

0.28 

0.70 

z 

(m) 

3.95 

1.83 

2.67 

4.37 

5.63 

g' 
(m/s2) 

0.080 

0.097 

0.104 

0.137 

0.140 

q 
(m2/s) 

0.028 

0.031 

0.019 

0.017 

0.011 

(m/s) 

-

0.019 

0.100 

0.014 

0.006 

Up 

(m/s) 

0.104 

0.114 

0.116 

0.157 

0.121 

Up/Um 

-

6.00 

1.16 

11.21 

20.17 

Table 4.1 

During ebb tide on 92168 (figures 4.13a and 4.13b), the predicted and measured 

velocities are almost the same implying that the gravitational overflow component is 

solely responsible for the outflow and that the tidal advection is negligible in 

comparison. However, this is not the case; measurements by Lemckert (1994; 

unpublished data) showed that tidal advection in this region is of the order O.lm/s 

during summer when there is an absence of freshwater inflow. The discrepancy must 

therefore be explained by some retardation factor. During this period (figures 4.13a to 

4.13b), the freshwater front passed over the Perth sill. Obviously, the sill plays an 

important role in restricting the progress of the gravity current resulting in the 

difference between the measured and predicted velocities. This point will be taken up 

later where it will be shown that the influence of bottom topography plays an important 

role in the discharge dynamics. 

Apart from the ebb tide situation of 92168 described above, it can be seen from the 

ratio up/u m (table 4.1) that the predicted velocities consistently overestimate the 

measured velocities. This is largely due to the fact that the measured velocities in most 

cases were calculated over several tidal cycles. In reality, the effect of the flood tide 

would be to retard and perhaps even force the gravitational overflow upstream over 

part of the tidal cycle, resulting in an underestimate of the measured velocity. The tidal 

forcing also becomes stronger closer to the ocean, hence the increase in Up/um as the 

overflow progresses downstream. 

The formation of several frontal structures within the initial overflow (figure 4.12) 

similar to those described by Garvine (1984), Luketina and Imberger (1987), Chen 

(1980) and Imberger (1991) were also observed. Such frontogenesis was likely to 
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have been caused by the irregularity in discharge intensity; each front travels with a 

different velocity and represents a significant change in discharge rates. 

4.6 Hydraulic Controls 

The role of hydraulic controls is an important consideration when evaluating the 

dynamical processes of an estuary. Hydraulic controls occur as a result of undulations 

in river bathymetry or width, the result of which may cause the regime of fluid flow to 

change from a tranquil nature to more turbulent cases (subcritical to supercritical flow), 

or vice versa. Such transformations often lead to density fronts, internal hydraulic 

jumps or undular bores (Largier, 1992; Geyer and Farmer, 1989; Farmer and Armi, 

1986) which are in turn important mechanisms for mixing processes. 

The most significant control observed in the data presented to date is the shallow 2m 

deep sill underlying Perth Water extending from the 20 to 22 k m marks. The very 

slow downstream progression of the gravitational freshwater discharge (figures 4.13a 

and 4.14) is attributed to the restrictive nature of the sill. Several investigations have 

dealt with the two-way exchange of two fluids of differing densities over sill structures 

(Farmer and Armi, 1986; Armi, 1986; Chao and Paluszkiewicz, 1991). Farmer and 

Armi (1986) used a steady state analysis to show that a sill acts as an internal hydraulic 

control and discuss a full range of flow types with barotropic forcing components (ie 

strong inflow, two-way exchange, strong outflow). These flow types are presented in 

figure 4.23 and are discussed further below. In summary, control at the sill crest was 

shown to act primarily through the deeper, denser layer into which the sill projects 

with only indirect control of the surface layer, thus resulting in asymmetrical flows. 

Largier (1992) extended this work by representing the barotropic forcing component 

as an inflow Froude number Fo2 where 

F0
2 = ^V, (4.5) 

g ho 

uo represents the barotropic flow velocity, 

g' is given by (4.2), 

and ho is the depth at the sill crest. 

Control at the sill is via a composite Froude number 

G2 = Fi2 + F2
2 (4.6) 
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where F^u^/g'hi is the densimetric Froude number for layer i, uj is the velocity of 

layer i, and hi the depth of layer i. 

Figure 4.23 Density exchange flow over a sill as defined by Farmer and Armi, 

1986 (redrawn from Largier, 1992) 

Sketches of the local interface positions as a function of barotropic flow are given in 

figure 4.23. The arrowheads within each sketch indicate the direction and magnitude 

of the flow in each layer with motionless layers shaded. Layer Froude numbers and 

composite Froude numbers are indicated below each sketch. Figures 4.23(a)-(c) 

indicate a barotropic forcing from right to left (such as river discharge and/or ebb tide); 

the strength of the forcing is given by the magnitude of Fo2 and is classified according 

to Farmer and Armi (1986) at the left of the figures. Figure 4.23(d) highlights the 

situation when the barotropic component is zero (ie no river discharge at slack tide), 

and figures 4.23(e)-(i) show the cases for barotropic forcing from left to right (such as 

during flood tide). 
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As shown in the previous section, the first freshwater discharge entered the estuary as 

a gravitational overflowing layer or density current. W h e n the head of this current 

overflowed the sill, the interface shoaled in response to the decreasing water depth, 

highlighted by the surface convergence of the isohalines downstream of the sill (figure 

4; 14). During flood tide, the depth averaged tidal velocity in the vicinity of the Perth 

sill is of the order 0.1 m/s (Lemckert, 1994; unpublished data). Utilising the density 

data at station S W 2 2 5 (table 4.2) on 92170, (4.5) gives F0
2 = 0.05 which implies a 

'moderate' barotropic flow with two layer exchange over the sill (Farmer and Armi, 

1986); the internal hydraulic transition from upstream subcritical conditions to 

downstream supercritical conditions defined by (4.6) results in the interface shoaling 

over the sill (figure 4.23e). Further shoaling downstream of the sill is the result of the 

downstream control where the channel enters the deep, wide basin. Chao and 

Paluszkiewicz (1991) showed that upstream of the sill, downward mixing is induced 

by the upper layer flow convergence and subsequent lower layer flow divergence 

(figure 4.24), rendering the flow more subcritical. Such an effect represents an 

important mechanism for the rapid vertical mixing that occurred in the lee of the sill 

causing the downward erosion of the interface (during the period represented by 

figures 4.13a, 4.13b and 4.14), until the upper reaches of the river had been 

completely flushed with fresh water (figure 4.15). 

Juhan Date 

92170 

92190 

92191 

92253 

Figure No. 

4.14 

4.18 

4.19 

4.20 

Sampling 

Station 

S W 2 2 5 

S W 0 3 7 

S W 0 3 7 

S W 0 3 7 

Depth averaged 

velocity uo (m/s) 

0.10* 

0.25+ 

0.48f 

_ 

g' 

(m/s2) 

0.135 

0.126 

0.149 

0.162 

F 0
2 

0.05 

0.11 

0.34 

_ 

* Lemckert (1994) 

t Lewis and Pattiaratchi (1989) 

Table 4.2 

The Fremantle sill also acts as another internal hydraulic control section. The 

isohalines near the 4 k m mark rapidly converge towards the surface (figures 4.18, 

4.19, and 4.20); the location of the convergence corresponds with the position of the 

sill. Extensive velocity measurements in this region (Lewis and Pattiaratchi, 1989) 

combined with the data collected in this study can be used to calculate the inflow 

Froude number given by (4.5). Three types of exchange flow regimes classified by 
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Farmer and Armi (1986) were identified occurring during the winter runoff. At low 

tide on 92190 (figure 4.18), F0
2 = 0.11 (table 4.2) which suggests the situation given 

by figure 4.23e. Thus the first regime is the case where simultaneous two way 

exchange occurs during flood tide; the freshwater overflowing layer shoals over the 

sill in a manner described at the Perth sill. This event highlights a critical transition 

point within the estuary where the composite Froude number is close to unity. A 

similar situation was documented by Geyer and Farmer (1989) at the mouth of the 

Fraser River estuary, British Columbia where the channel expands into the sea. Tidal 

flow over topography in such conditions may lead to the formation of certain features 

in an estuarine system; cases of hydraulic jumps have been observed in the Duwamish 

River Estuary, Seattle (Partch and Smith, 1978) and the Knight Inlet, British 

Columbia (Farmer and Smith, 1980). 

Figure 24 Schematic sketch of mixing induced by flow over a sill (from Chao and 

Paluszkiewicz, 1991) 
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During the subsequent flood cycle, the tidal flood velocity increases resulting in a 

value of F 0
2 = 0.34 (table 4.2) just before high tide (figure 4.19). For such a 

situation, Farmer and Armi (1986) show that the freshwater outflow is arrested (figure 

4.23g), and the dense inflow subducts below the ambient estuarine water. A plunge 

line, projected on the surface in the form of foam lines was observed in several such 

instances, and is similar to observations reviewed by Largier (1992) in several 

estuaries worldwide. 

The third regime occurs when tidal forcing is weak and the river outflow is strong; 

such is the case when reduced amplitude semi-diurnal tides coincide with continuos 

heavy rainfall. During 92253, no 34pss water was shown to have intruded into the 

deep basin (figure 4.20) confirming that tidal flushing of the deep basin had been 

prevented. Although weak, the barotropic tidal forcing was of sufficient magnitude to 

partially suppress the freshwater overflow forming a front at the 3 k m mark. None of 

the components of figure 4.23 exactly depict the situation given by figure 4.20. The 

closest representation is given by figure 4.23b; for such a situation to occur, the 

bottom layer Froude number F2 2 = 0 and the barotropic inflow Froude number 

associated with the freshwater overflow Fo2 > 1 which implies the freshwater outflow 

velocity UQ must satisfy the condition that UQ ̂  0.85. 

4.7 T h e recovery cycle 

Spencer (1956) describes the recovery cycle as the 'sequence of events responsible for 

the ultimate establishment of homogeneous conditions which characterise the summer 

period'. The data collected in this study over this period highlights the recovery of the 

estuarine system to a similar dynamical situation of 91351 when the present study was 

initiated. 

A transect performed on 92283 (October 9th, 1992) at high tide reflected the changing 

conditions within the main basin (figure 4.25). At the Fremantle sill, the isohalines 

rapidly converged towards the surface but are horizontal downstream of the sill with 

reduced salinities, indicating that the freshwater discharge still had sufficient buoyancy 

to allow it to overflow the incoming tide. In the deep basin, the entire isohaline 

structure had been shifted toward the surface with evidence of a gentle longitudinal 

stratification across the length of the basin above the halocline. The Canning River 

(figure 4.26) also showed an overall increase in salinity, although had not recovered to 

the same degree evidenced in other situations during the winter. This was attributed to 

the poor range of the semi-diurnal tides which were of insufficient magnitude to force 

the saline intrusion into the Canning. A gradual return to higher oxygen values in the 
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susceptible part of the lower basin of the Swan (figure 4.27) had occurred as the 

diminished depth of the halocline allowed tidal flushing over the Fremantle sill to 

recommence, and oxygen transport from the surface waters to depth encountered less 

of a barrier. 

I 92283 SWAJN RIVER ESTUARy Salinity (pss) 
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Figure 4.25 Salinity contours for 92283 (high tide) 

• 
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Figure 4.26 Canning River salinity contours for 92283 (high tide) 

The final transect of the study was performed on 92331 (November 26th, 1992) at low 

tide (figure 4.28). The halocline in the main basin observed in figure 4.25 had almost 
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Figure 4.27 Dissolved contours for 92283 (high tide) 
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Figure 4.28 Salinity contours for 92331 (low tide) 
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been destroyed with water below a depth of 5 m exhibiting salinities greater than 32 

pss. The distinct longitudinal stratification above the halocline in the main basin had 

now intruded upstream of the Perth sill due to the completely diminished streamflow. 

The return to abundance of greater magnitude diurnal tides was highlighted by the 

overall increase in oxygen content of the deep basin (figure 4.29) as a result of the 

increased tidal flushing. Zones of supersaturated water at the 26 and 37km marks 

indicate the location of algae blooms thriving on nutrients washed into the upper 

reaches of the estuary by the late winter rains. 

0.0000 10.0 20.0 30.0 40.0 
DISTANCE (km) 

Figure 4.29 Dissolved oxygen contours for 92331 (low tide) 

The major controlling factor in the recovery cycle is the intensity of river discharge. 

Before complete recovery began after 92253, periods of semi-recovery were observed 

in the data due to lapses in discharge intensity between significant rainfall events. In 

such cases, streamflow records (figure 4.3) indicate that the daily flow rate had 

dropped below 25 x IO5 m3/day. This figure may be used as a qualitative guide as to 

when the tidal influence begins to dominate over the freshwater outflow. However, 

these semi-recovery events occurred during mid-winter when well developed diurnal 

tides were in abundance. For recovery to begin in spring when more poorly 

developed semi-diurnal tides existed, the discharge intensity would have to be 
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significantly less than 25 x IO5 m3/day. The intrusion of saline water into the upper 

reaches over the Perth sill is controlled in a similar manner. 

4.8 Salt wedge dynamics 

A distinct feature of many estuarine systems is the development of pronounced salt 

wedge structures which play an important role in the distribution of biological 

variables and their effect on water quality. A 'salt wedge' occurs in an estuary when 

river discharge is adequate to maintain a strong gradient between fresh and salt water 

against the mixing tendency of the tide and wind induced turbulence (Geyer and 

Farmer, 1989). A vast body of literature describes the essential features of salt wedge 

systems (Hinwood, 1994; Dronkers and van Leussen, 1988; Hamilton and 

MacDonald, 1980; Dyer, 1973; Keulegan, 1966; Ippen, 1966) although the controls 

governing these saline intrusions vary greatly for individual estuarine systems. 

The Swan-Canning estuarine system exhibited a salt wedge behaviour throughout the 

annual study period. W h e n sampling was initiated on 91351 (figure 4.4), a distinct 

salinity intrusion was evident in the upper reaches. The leading edge of the wedge 

(defined here as the position of the 15pss isohaline at the surface) was located as far 

upstream as the 26km mark due to the lack of freshwater input from the head of the 

estuary. One month later (figure 4.7a), the wedge had moved a further 5km upstream, 

a time-averaged propagation velocity of approximately 1.9 x 10~3m/s. During the 

summer, the saline advance upstream was driven only by the baroclinic pressure 

gradient with no opposing discharge component. The barotropic tidal forcing served 

only to move the wedge to-and-fro over the tidal cycle (figures 4.7a, 4.7b, 4.8a and 

4.8b). The unusually heavy rainfall event of 92040 temporarily halted the seasonal 

advance when the sudden burst of discharge (figure 4.3) eroded and flushed the 

salinity structure further downstream. The maximum upstream penetration of the 

wedge during this study was observed to be 35km although past observations have 

noted this intrusion up to 60km upstream (John, 1987). 

With the onset of winter, the salt wedge began to be slowly flushed downstream, 

corresponding to an increase in river discharge to approximately 2 x 105 m3/day. A 

rise in discharge to 20 x IO5 m3/day completely flushed the salt wedge from the upper 

reaches. Over the following months, the salt wedge was confined to the deep basin 

and as seen in the previous section, intruded upstream on a seasonal time-scale only if 

the flowrate fell below 25 x 105 m3/day. It has been noted that during this and 

previous investigations that the sub-surface waters of the deep basin remain salty 

throughout the whole year. Thus further analysis of the salt wedge dynamics in this 
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section ignore the deep basin waters below a depth of 5m. The deep basin became 

isolated from tidal intrusion around 92253 (figure 4.20), corresponding to a discharge 

in excess of 145 x 105 m3/day. At no stage was the saline structure seen to be 

completely flushed out of the river mouth; such an event might only have occurred for 

strong river flows at the end of ebb tide when the barotropic ebbing motion assists the 

freshwater outflow. The 92190 data (figure 4.18) highlights this mechanism where 

the salt wedge had been flushed to the 1.5km mark, although the discharge intensity 

was not quite strong enough to completely flush the channel. Saline intrusion into the 

upper reaches did not re-commence until 92303 when the discharge had dropped 

below 5 x 105 m3/day suggesting that the wedge encountered a greater barrier to enter 

the upper reaches than to leave it. This effect is attributed to the Perth sill which acts 

as a control to upstream penetration of the salt wedge by blocking the underflowing, 

denser water. 

The prediction of the position of a salt wedge in an estuary is of value in many 

estuarine management practices. The most comprehensive work in this area was 

performed by Keulegan (1966) who used laboratory experimental results to derive the 

following expression: 

If=6(^){2Fu)i ( 

where Ly, is the length of the salt wedge, 

z is the river depth at the wedge toe, 

g' is given by (4.2), 

v is the kinematic viscosity, 

and Fu is the upstream Froude number given by 

F.—£= (4-8) 

where q is the river discharge per unit width. 

Hinwood (1994) used Keulegan's (1966) laboratory data but included effects of the 

non-uniformity of the velocity profiles and entrainment from the lower layer into the 

upper layer (discussed further below) giving the expression: 

mIa1(l+e)V„ + a2e
2ri(l+e)(if = l (4.9) 

where Z Q is the depth of the wedge at the ocean, 
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and 

ai, a2 are kinetic energy correction factors, 

e is an entrainment factor. 

Field data highlighting the length of the salt wedge in the Swan River during this study 

as well as data from two other well documented south-west Australian estuaries are 

plotted in figure 4.30 as a function of upstream Froude number Fu, along with the 

predictions of Keulegan (1966) and Hinwood (1994). It is evident that the Swan 

River data falls into two distinct groupings; 'increasing flow' and 'decreasing flow'. 

The 'increasing flow' data can be approximated by the predictions of Hinwood 

(1994), however the 'decreasing flow' data follows a different trend to which a 'line 

of best fit' has been drawn. 
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Figure 4.30 Salt wedge propagation in three south-west Australian estuaries 

The Murray River in the Peel-Harvey Inlet (70km south of Perth) is a relatively 

shallow estuary with a tidal influence that extends approximately 26km upstream 

(D'Adamo and Lukatelich, 1985). The Murray River data (figure 4.30) shows a lot of 

scatter but is best described as having a similar trend to the Swan 'increasing flow' 

data. Another south-west Australian estuary is that of the Blackwood River in the 

Hardy Inlet (approximately 270km south of Perth) which also exhibits an entrance sill 

(Agnew et al , 1976). The tidal influence extends 42km upstream with the river 

experiencing significantly higher average annual discharge than the Swan (1057 x IO6 
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m3/year compared with 465 x IO6 m3/year). The Blackwood 'decreasing flow' data 

follows a similar trend to the Swan 'decreasing flow' data whilst the Blackwood 

'increasing flow' data can also be approximated by the predictions of Hinwood 

(1994). 

The difference between the 'increasing' and 'decreasing flow' data is due to a 

hysteresis effect which Agnew et al., (1976) attributed to the interaction of the wedge 

with bottom topography. For the 'decreasing flow' case and during ebb tide, 

outflowing water from the Blackwood would undergo differential mixing over the sills 

underlying the estuary mouth and the lagoon, forming an intermediate density fluid. 

During the subsequent flood tide, this fluid would spill over the sill and advect 

upstream as a mid-depth jet; the level of the jet gradually decreasing as the tide rose 

and the salinity of the inflowing water increased, until eventually the salt wedge 

propagation along the bottom of the channel was re-established. A similar mechanism 

was postulated by Spencer (1956) for the entrance sill of the Swan River, the process 

of which is examined in detail in section 5. However for the 'increasing flow' case, 

the nature of the bottom topography is such that the sill slopes are not as steep on the 

upstream sides (for both the Swan and the Blackwood), and so do not provide as 

much of a barrier to freshwater flushing of the wedge downstream. The Murray River 

does not contain any significant topographical features hence there is little difference 

between 'increasing' and 'decreasing flow' cases. As such, the predictive equation of 

Hinwood (1994) is better suited to the 'increasing flow' cases of the Swan and the 

Blackwood and all flow cases of the Murray in which the bottom topography more 

closely resembles the uniform channel used by Keulegan (1966) in his laboratory 

experiments. 

It is clearly evident from figure 4.30 that (4.9) better predicts the 'increasing flow' data 

than (4.7), thus justifying the work of Hinwood (1994) who showed that entrainment 

reduces the density difference between the layers causing a small net upstream velocity 

in the lower layer which may then cease to be negligible. The scatter within the 

individual data sets for each estuary are due to several factors. Both (4.7) and (4.9) 

are predictive laws based on ideal conditions similar to those in which Keulegan's 

(1966) laboratory experiments were performed. In reality however, the parameters p 

and q are not constant and thus needed to be averaged. The variations in depth along 

the channel of the Swan River may also add to the discrepancies, particularly when the 

salt wedge is in the deep basin. However, non-dimensionalising the wedge length 

with the depth minimises the errors. Even though each of the three estuaries exhibit 

topographical similarities (ie entrance sills immediately downstream of relatively deep 

basins in the Swan and Blackwood), the topography of each estuary is sufficiently 

different from the other to cause the slight offset of each of the data sets in figure 4.30. 
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It should also be taken into account that both Keulegan's (1966) and Hinwood's 

(1994) results are based on test data in which the Froude numbers were of 1 to 3 

orders of magnitude higher than those of the field data presented in figure 4.30. 

We have shown above that the dynamics of the salt wedge in the Swan River over a 

seasonal time-scale were controlled by certain limits of river discharge quantified 

above, and by the roles of the sills which fix the depths of two-way exchange flow. 

The tidal forcing component can be assumed to have little if any net effect over 

seasonal time-scales, however small diurnal oscillations corresponding to the tidal 

frequency do occur. These oscillations partly account for the scatter of the data points 

about the lines in figure 4.30 which were constructed from data obtained at different 

stages of the tidal cycle. Such diurnal oscillations were documented during the flood 

phase of 92016 (figures 4.7a and 4.7b), the isohalines were seen to straighten in 

response to the baroclinic forcing; substantial shear confined isohaline movement at the 

base of the channel. At the end of the ebb phase on 92029 (figure 4.8b), a return to 

almost identical conditions of the previous day (figure 4.8a) were observed. 

Large scale oscillations of a salt wedge on a tidal time-scale have been observed in 

many estuaries that experience a greater tidal range. These include the Mississippi 

River (Wright, 1971), the Duwamish River Estuary in Seattle (Partch and Smith, 

1978; Gardner and Smith, 1978) and the Fraser River Estuary in British Columbia 

(Geyer and Farmer, 1989). The later exhibits a substantial freshwater discharge (3000 

m3/s) coupled with large amplitude tides (2.5-4m), which result in a well defined 

wedge shaped intrusion of saline water moving into the estuary with advance speeds 

of up to 0.7m/s. Such systems possess completely different length and time scales to 

the south-west Australian estuaries, hence are not readily comparable. 

4.9. S u m m a r y 

A documentation of the circulation and flushing mechanisms of the Swan River 

Estuary has been achieved. The hydrodynamics of the system were seen to change 

radically over seasonal time-scales in response to the climatic extremes experienced in 

Perth. The estuarine dynamics m a y be classified as gravitational overflow, sill 

control, tidal dynamics and salt wedge propagation. 

The beginning of winter results in the advent of freshwater inflow from the head of the 

estuary. The freshwater progresses downstream as a gravitational overflow, however 

its rate of progression is restricted by the Perth sill. The Fremantle sill was shown to 

act as another internal hydraulic control; three different flow regimes including 

simultaneous two-way exchange flow, arrested freshwater outflow, and tidal blocking 
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were observed during different stages of the winter runoff. The barotropic tide plays a 

major role in the recovery of the estuarine system over the spring/summer period. The 

importance between diurnal and semi-diurnal tides determines the time-scale over 

which the deep basin and the upper reaches of the river are flushed with oxygen rich 

ocean water. The propagation of the salt wedge in the Swan River was shown to be a 

balance between the induced baroclinic pressure gradient and the retardation induced 

by the opposing streamflow. Its position could be predicted by the law of Hinwood 

(1994) as the wedge was flushed downstream, however its upstream propagation in 

summer when the discharge was decreasing was restricted by the Perth sill. 

The major problems associated with the estuary can be traced to the effect of the sill 

underlying Perth Water. Late spring and summer water quality problems occur as a 

result of the lack of water movement in the upper reaches due to diminished freshwater 

outflow and/or restricted tidal flushing. The Fremantle sill rarely prevents tidal 

intrusion from the ocean. Such an event is only experienced when prolonged periods 

of intense rainfall occur, and will usually be only of a relatively short duration. 
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5.0 Intertidal Motions Within the Deep Basin 

5.1 Introduction 

Many estuaries throughout the world exhibit pronounced sill structures near the ocean 

entrance immediately downstream of deep basins. The interaction of tidal currents and 

river discharge with topography usually produces flow regimes which are important in 

terms of flushing and mixing characteristics within an estuary. The study of stratified 

flow over an obstacle has been examined by numerous investigators using various 

techniques ranging from theoretical evaluations to laboratory and field studies. 

The importance of sill dynamics was dealt with by Farmer and Armi (1986) who 

examined the two-way exchange of two fluids of differing densities over sill 

structures. The flow regimes examined were subject to a barotropic forcing (ie both 

layers move horizontally with the same velocity sufficiently far upstream and 

downstream of the sill); it was shown that the control at the sill crest acts primarily 

through the deeper, denser layer into which the sill protrudes with only indirect control 

of the surface layer, resulting in asymmetrical flows. The interaction between 

barotropic forcing and the baroclinic effect was shown to be non-linear; weak 

barotropic forcing resulted in a two layer flow over the sill whilst a strong barotropic 

forcing produced a one layer flow over the sill for part of the tidal cycle. A series of 

numerical experiments by Valle-Levinson and Wilson (1994) produced results which 

agreed with the steady two-layer hydraulics theory of Farmer and Armi (1986). In 

section 4, the flow types associated with the sill control observed in the Swan River 

were classified as either simultaneous two-way exchange flow, arrested freshwater 

outflow and tidal blocking. In this paper w e examine the details of the processes 

involved and their role in the circulation and mixing mechanisms of the deep basin. 

The flow of a stratified fluid over topography has been shown to generate internal 

waves of tidal frequency (Rattray, 1960). M any investigators have dealt with this 

topic which is reviewed by LeBlond and Mysak (1978). More recent field research 

has revealed the existence of high frequency internal wave trains (Farmer and Smith, 

1980) in addition to the sinusoidal waves of tidal frequency-. Maxworthy (1979) 

performed laboratory experiments in which a three-dimensional topographic model 

was harmonically towed back and forth through a two-layer fluid in order to simulate 

tidal flow over a sill. A n internal wave, with a horizontal scale of the order of the 

width of the sill downstream slope, developed in the lee of the sill as the tidal flow 

increased. W h e n the tidal flow relaxed, this wave left the sill travelling upstream and 
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disintegrating into a number of high frequency solitary waves. The experiments of 

Valle-Levinson and Wilson (1994) also showed the formation of internal waves 

downstream of the sill during ebb tides; these waves propagated seaward aided by the 

barotropic flow. The amplitude of the internal waves became greater with increased 

barotropic forcing. 

Spectacular field observations of tidal interaction with bottom topography were made 

by Farmer and Smith (1980) in the Knight Inlet, British Columbia. Depending on the 

degree of stratification, the sill geometry and the strength of the tidal forcing, these 

observations revealed the presence of lee waves or hydraulic jumps which were 

described on the basis of a Froude number (Fj) dependence relating the barotropic tidal 

velocity to the long internal wave speed over the sill crest (Fj2=Ui2/g'hi is the 

densimetric Froude number for layer i, Ui is the velocity of layer i, g' is the reduced 

gravity proportional to the density anomaly between the upper and lower layer (Ap) 

and equals gAp/p, and hi the depth of layer i). In summary, when the flow was 

supercritical with respect to all internal modes (ie Fi>l, F2>1), a mode 1 hydraulic 

jump was formed in the lee of the sill. For flows where 1 > Fi > 0.8, F2 > 2, a mode 

2 hydraulic jump occurred. Well defined trains of lee waves were also observed 

during moderate ebb tides; as the tidal flow slackened, these waves evolved into 

upstream travelling internal bores or surges. Reports of a similar event were made by 

Ziegenbein (1969) in the Strait of Gibraltar where the surface manifestation of an 

internal undular bore was associated with the release of energy caused by the 

deformation of the interface downstream of the sill on ebb tide. The bore was 

subsequently seen to evolve into a series of internal waves which propagated upstream 

on the slackening tide. 

Laboratory experiments by Baines (1984, 1987) examined phenomena that occurred 

upstream from a sill on a simulated ebb tide generated by towing an obstacle through a 

two-layer stratified fluid. The phenomena observed included upstream undular and 

turbulent bores, bores with zero energy loss, rarefactions (a disturbance that grows in 

length as the leading part of the disturbance travels faster than the trailing part), and 

downstream hydraulic jumps. Bores occurred because of nonlinear steepening when 

the layer containing the obstacle was thinner than the upper layer, whilst rarefactions 

occurred when the lower layer thickness was comparable or greater than that of the 

upper layer. Lawrence (1993) showed both theoretically andTexperimentally that such 

upstream disturbances are the result of flow passing from being internally subcritical to 

being internally supercritical at a control located just upstream of the start of the 

obstacle. 

Another important feature of many enclosed water bodies are multi-modal basin scale 

oscillations. The extensive literature on this topic deals mainly with wind-generated 
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internal seiches in lakes where a surface wind stress deepens the isopycnal surface at 

the downwind side (Wedderburn, 1912; Mortimer, 1952, 1953; Heaps and 

Ramsbottom, 1966; Monismith, 1986; Stevens and Imberger, 1991). Many analytical 

techniques have been developed to compute the eigenfrequencies of basins. Spigel 

and Imberger (1980) used a two-layer stratification model to show that the surface 

mixed layer deepens rapidly as a result of shear production of turbulent kinetic energy. 

Monismith (1985) applied the modal decomposition technique of Lighthill (1969) and 

Csanady (1972) to solve the case of an n -layer stratification for a wind stress varying 

arbitrarily in time; an n layered fluid has only n -1 baroclinic modes and one uni-nodal 

barotropic mode. For a three layer system, the first baroclinic mode tilts both 

interfaces in the same direction, while the second baroclinic mode causes the interfaces 

to tilt in opposite directions (Monismith, 1985). 

The deep basin of the Swan River estuary integrates many of the features discussed 

above. The basin provides the main avenue from which exchange between the estuary 

and the ocean take place which has important implications, particularly in the 

distribution of nutrients which enter the system mainly through the upstream reaches 

of the river. The majority of the active tidal influence occurs in this basin and as such, 

it is the most dynamic part of the estuary. The need for a clear understanding of the 

circulation, flushing and mixing mechanisms was essential in order to provide 

information for future modelling of the estuarine system. 

5.2. Intertidal dynamics 

The intertidal circulation patterns within the deep basin of the Swan River Estuary 

were examined on numerous occasions throughout the study. The following 

circulatory dynamics are presented for two different hydrodynamic regimes, the 

summer condition where there is little evidence of stratification, and the winter 

condition where freshwater discharge stratifies the estuary. 

5.2.1 Summer dynamics 

Three intertidal transects of the estuary were performed on 92016 (January 16th, 

1992) over_a flood tide (figure 5.1). A relatively large tidal range of 0.87m resulted in 

a large volume of ocean water entering the estuary during the flood cycle. The first 

transect (figure 5.2a) was gathered at low tide and showed a very weak stratification of 

the lower basin. Salinities corresponding to seawater completely dominate except in 

the region upstream of the 15km mark where the impact of a salt wedge intrusion 

(section 4) resulted in a longitudinal salinity gradient extending upstream. A relatively 

large feature (marked 'L' on the figure) is located at the 8km mark in the lee of the sill. 
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Tide Data 
January 15, 16 and 17, 1992 
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Figure 5.1 Tide data and transect times for the summer experiment on 92016 
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Figure 5.2(a) 92016 Transect 1 salinity contours. The triangular marks on the x-

axis indicate the sites where vertical profiles were performed. 
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The second transect (figure 5.3a) was performed midway through the flood cycle 

(figure 5.1) and showed that ocean water had propagated over the sill and into the 

estuary forming a vertical front. The filling of the basin from the seaward side was 

compensated by the gradual rise and upstream movement of the isohalines in the 

upstream end of the basin. However, an anomaly to this trend, which is of particular 

interest, were the large downward excursions of the 33, 33.5, 34 and 34.5pss 

isohalines in the region between the 14 and 19km marks. The dissolved oxygen 

contours during the first transect in this region show quite low oxygen values in the 

deeper part of the water column (figure 5.2b). By the time the second transect was 

performed, the same region had been substantially oxygenated (figure 5.3b) 

suggesting the movement of oxygen rich surface waters to depth. The oxygen 

contours also reveal that the inflowing ocean water had a high oxygen content and 

confirmed the propagation into the basin in the same manner as indicated by the 

salinity contours. The longitudinal oxygen gradient that existed between the 12 and 

16km marks (figure 5.2b) weakened as the tidal cycle progressed (figure 5.3b). 

Figure 5.2(b) 92016 Transect 1 dissolved oxygen contours 

The final transect (figure 5.4) performed just after high tide (figure 5.1) showed that 

ocean water now completely dominated more than half of the basin. However, the 

vertical nature of the isohalines representing seawater intrusion had not been 

maintained which indicate that seawater had plunged to depth over the sill and was 

now filling the basin as a gravitational current along the bottom of the estuary. 
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Figure 5.3(a) 92016 Transect 2 salinity contours 
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Figure 5.3(b) 92016 Transect 2 dissolved oxygen contours. 
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Figure 5.4 92016 Transect 3 salinity contours 

5.2.2 Winter dynamics 

A more intensive survey of the estuary was conducted on 92210 and 92211 (July 28th 

and 29th, 1992) when seven transects were performed over a tidal cycle (figure 5.5). 

The tidal range was 0.80m, once again significantly above average. The timing of the 

survey coincided with the period of winter discharge leading to a freshwater layer 

overflow of the deep basin water. O n this occasion, the discharge intensity was not 

great enough to prevent a tidal intrusion entering the basin so a well defined circulation 

pattern was established. Several selected transects describing the circulation are 

presented below. 

The first transect (figure 5.6) was gathered at low water whilst the tide was still ebbing 

(figure 5.5). The most striking difference from the summer dynamics was the 

significant increase in vertical stratification throughout the basin due to the influence of 

freshwater discharge. A distinct halocline had formed at a depth of about 2m. The 

low discharge rate was indicated by the combination of high salinities and almost 

vertical isohalines above the halocline in the region between the 8 and 19 k m marks. 

Greater discharges were shown to produce a more horizontal isohaline structure above 

the halocline coupled with much reduced salinities corresponding to fresh water 
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(section 4). At the 5km mark, undulations of the isohalines in the halocline were 

observed in front of the sill (marked by an 'X' on the figure). 

Tide Data 
July 28 and 29, 1992 
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Figure 5.5 Tide data and transect times for the summer experiment on 92210/92211 
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Figure 5.6 92210 Transect 1 salinity contours. 
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The second transect is not presented here. A third transect (figure 5.7) was performed 

on the rising tide (figure 5.5), approximately six and a half hours after the first. The 

30pss isohaline had propagated upstream to a position over the sill. Continued rainfall 

during the period leading up to the survey and during the previous transects led to an 

increase in river discharge. The increased discharge first appeared in the study area 

between the first and third transects (figures 5.6 and 5.7), and is indicated by the slight 

downstream movement of the isohalines above the halocline between the 4 and the 19 

k m marks. A n example of a tidal intrusion front (Largier, 1992) where the buoyant 

overflow opposes the barotropic tidal forcing was highlighted by the compression of 

the isohalines over the sill (figure 5.7). At this stage, the uniform, upstream advection 

of ocean water past the sill and into the deep basin was blocked by the buoyant 

overflow, and now began to cascade over the sill to depth. Small oscillations of the 

lower part of the interface occurred between the 10 and 15km marks (marked by an 

'X' in figure 5.7). Downstream of the sill, the freshwater appeared to propagate into 

the ocean as a gravitational surface buoyant plume. 

10.0 
DISTANCE (km) 

15.0 20.0 

Figure 5.7 92211 Transect 3 salinity contours. 

The fourth transect is also not presented here. A fifth transect (figure 5.8) taken 

during a later stage of the flood tide (figure 5.5) revealed that the tidal intrusion front 

had moved further upstream to between the 4 and 6 k m marks. Increased tidal forcing 

at this stage of the tidal cycle led to the freshwater overflow being arrested; the 
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isohalines downstream of the sill exhibit an increased salinity due to the lack of 

freshwater influence. A gradual rise in the halocline within the basin during the flood 

cycle highlights the compensation for the filling of the basin from the seaward end. 

Contradictory to this, and similar to the summer regime, the 33pss isohaline at the 

1.4km mark exhibited a 0.5m downward excursion (marked by an 'S' in the figure). 

Oscillations of the lower part of the interface in the lee of the sill are also evident at the 

7.5km mark (marked by an T in figure 5.8). 

Figure 5.8 92211 Transect 5 salinity contours. 

The sixth transect (figure 5.9) was performed at high tide highlighting the maximum 

penetration of ocean water into the basin. The 33, 33.5, 34 and 34.5 isohalines 

marking the tidal front exhibited a much greater tilt than at any other part of the tidal 

cycle; the significance of such an event indicates that the intrusion of dense water was 

now limited to a bottom wedge with the plunge point occurring at the 3 k m mark, 

downstream of the sill crest. Lower interfacial oscillations continued to be evident 

(again marked by an T in figure 5.9). 

A final transect (figure 5.10) was performed during the ebb tide (figure 5.5) which 

resulted in a return to an almost identical structure during the ebb documented on the 

first transect (figure 5.6). The barotropic ebbing motion allows water to propagate out 

towards the ocean, surface waters moving more rapidly due to the added gravitational 
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Figure 5.10 92211 Transect 7 salinity contours. 
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forcing. The result was a stretching of the previously sharp front until the freshwater 

has completely overflown the outflowing saltwater leading to the more horizontal 

stratification within the basin observed at this stage of the ebbing phase. Once again, 

undulations of the interface in front of the sill were observed (marked by an 'X' in the 

figure). 

5.3. Circulatory features and sill dynamics 

The sill dynamics are highUghted by a time series of salinity measurements constructed 

from data obtained during the winter experiment. The salinity time series at station 

S W 0 3 7 (at the sill) and station S W 0 5 5 (just upstream of the sill) are presented in 

figures 5.11a and 5.11b respectively. At the beginning of flood tide (t=1800), the 

near surface isohalines at both stations are almost horizontal. During the early stages 

of the flood tide (t=1900 to t=0200), the vertical stratification over the sill proceeded to 

be broken up (figure 5.1 la). However, the vertical stratification was maintained in the 

upstream surface waters, but the stratification strengthened at depth (figure 5.11b; 

marked by a T ) . T w o theories on the cause of the deepening of the stratification m a y 

be advanced. However due to the limited resolution of the data presented here, w e 

cannot conclusively prove which is the more appropriate. 

The first theory was postulated by Spencer (1956) who described the interaction 

between the surface layer and the incoming marine water over the sill region as 

producing an intermediate density fluid ('sill' water) which is advected upstream at an 

intermediate depth causing the deeper stratification. Alternatively, it is assumed that 

the incoming tide simply advects fluid upstream with litde vertical mixing occurring 

over the sill. Initially, fluid downstream of the sill has a density intermediate to that of 

the overlying freshwater and the consistently saline deep basin waters. It follows that 

upstream advection of the 'sill' water during the early flood tide results in its intrusion 

into the deep basin at an intermediate depth, spreading the interface and deepening the 

stratification (figure 5.1 lb at t=0100; marked by the T ) . 

At a later stage of the flood tide (t=0200 to t=0900), the marine component over the sill 

was seen to increase (figure 5.11a), leading to a subsequent rise in salinity of the 

upstream subsurface waters at t=0400 (figure 5.1 lb). It is at this point that the denser 

marine water plunges into the deeper parts of the basin indicated by the tilting of the 

isohalines from the situation depicted in figure 5.8 to that of figure 5.9. Further 

upstream intrusion of dense water is thus limited to a bottom wedge. The upstream 

extent to which ocean water penetrates is limited; the salinity time series at station 
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S W 1 0 1 (figure 5.12) showed that no 34pss water had been observed at this point at 

any stage of the tidal cycle. 
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Figure 5.11 Salinity time series at (a) station S W 0 3 7 and (b) station SW055. The 

triangular markers on the x-axis indicate the times when vertical 

profiles were performed. 

The increase in salinity over the sill with the flood tide (t=1900 to t=0900; figure 

5.1 la) was due to the return of higher salinity seawater into the estuary. As the flood 

cycle progresses, the vertical stratification diminishes; the stronger barotropic tidal 
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forcing preventing further freshwater outflow from occurring. The sill dynamics were 

investigated in section 4 during various stages of the winter discharge by applying the 

results of Farmer and Armi (1986). O n the occasion presented here, the barotropic 

tidal forcing produces an inflow Froude number of 0.93; calculated by estimating the 

velocity given by the movement of the 34 pss isohaline between the fourth and the fifth 

transects, and by utilising the profile data at station SW037. According to Farmer and 

Armi (1986), such a condition results in the freshwater outflow being blocked, and the 

saltwater plunging below the freshwater at some point downstream of the sill crest 

(consistent with the field data observations given in figure 5.9). 

0 Q ^2211 SWAN RIVER ESTUARY , SWlQjl Salinity (pss) 

1800 2000 0100 0600 1100 1600 

Time 

L, •+• H 
Hood tide Ebb tide 

Figure 5.12 Salinity time series at station S W 1 0 1 

During ebb tide (t=1000 to t=1500), the previously vertical isohalines became more 

horizontal near the surface (figure 5.11a) as the gravitational overflow was re

established. The barotropic ebbing motion allows water to propagate out towards the 

ocean, surface waters moving with a greater velocity. The result was a stretching of 

the previously sharp front (figure 5.9) until the freshwater had overflown the 
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outflowing salt water leading to the more horizontal stratification shown mid-way 

through the ebb phase (figure 5.10). 

Of great interest are the undulations of the interface observed in many of the transects 

throughout the tidal cycle. The most prominent of these were what appear to be 

undular bores observed upstream of the sill during ebb tides (figures 5.6 and 5.10; 

marked by an 'X'). These bores are similar to those observed by Baines (1984,1987) 

in laboratory experiments, which were due to critical conditions upstream of the sill 

(Lawrence, 1993). Although no velocity data was collected during this study, we 

have used the extensive velocity measurements of Lewis and Pattiaratchi (1989) for 

similar a tidal range and stratification conditions, to approximate the composite Froude 

number (G2 = Fi2 + F22; Farmer and Armi, 1986) over the sill. Utilising the profile 

data at SW037 gives G 2 > 1 for both ebb tide transects (table 5.1), indicating that the 

flow is supercritical over the sill. 

Transect 1 

(figure 5.6) 

Transect 7 

(figure 5.10) 

Station 

SW037 

SW101 

SW037 

SW101 

?' 

0.0146 

0.1364 

0.0290 

0.1390 

ui«U2 

0.80t 

0.35* 

o.so1" 

0.35* 

Fl2 

14.51 

0.36 

11.03 

0.44 

F22 

21.77 

0.08 

7.36 

0.08 

G 2 

36.28 

0.44 

18.39 

0,52 

Flow type 

Supercritical 

Subcritical 

Supercritical 

Subcritical 

t From Lewis and Pattiaratchi (1989) 

* Estimated from the present study data 

Table 5.1 

An estimate of the upstream ebb velocity was made by tracking the movement of the 

13pss isohaline (from figure 5.9 to figure 5.10). The surface layer velocity ui ~ 

0.35m/s and we will assume U2 ~ 0.35m/s also, although in reality it would be lower 

as the surface overflow is aided by the gravitational component. Utilising the profile 

data at SW101 gives G 2 < 1 for both transects (table 5.1), indicating that the upstream 

conditions were subcritical. Hence, at some point between SW101 and the sill, the 

flow becomes critical; the critical point most likely occurring just upstream of the sill 

where the undular bore was observed. During the early part of the flood tide, the 

small undulations of the lower part of the interface (marked by an 'X' in figure 5.7) 

may be associated with the bore leaving the sill and travelling upstream with the help 

of the reversed tidal flow (Ziegenbein, 1969; Maxworthy, 1979). 
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The formation of lee waves during the flood tide was also evident during both the 

summer (figure 5.2a) and the winter (figure 5.8) surveys. The lee waves observed 

here during peak flood tide (figure 5.8), those observed by Farmer and Smith (1980) 

in the Knight Inlet, and those observed in Maxworthy's (1979) experiments all have a 

horizontal scale of the order of the width of the sill lee slope. As the flood tide 

slackened, the amplitude of the lee waves diminished (figure 5.9), but did not travel 

downstream as was the case in Knight Inlet (Farmer and Smith, 1980). It is thought 

that the strong tidal front formed over the sill (figure 5.9) at this stage of the tidal cycle 

restricts such downstream propagation in the Swan River. Further upstream, the 

salinity time series data for station SW101 (figure 5.12) distinctly shows internal wave 

activity throughout the tidal cycle. The amplitude of the wave in this case was 0.67m 

with a period of approximately 17 hours. Obviously, these are not the high frequency 

solitary waves observed by Maxworthy (1979) but are more like sinusoidal waves of 

tidal frequency (Rattray, 1960; LeBlond and Mysak, 1978). 

5.4. Basin scale motions 

One particularly interesting feature of the field data gathered throughout this program 

was the regular observation of large vertical water movements in the upstream side of 

the basin. The downward excursions of the isohalines between the 14 and 19km 

marks (figures 5.3a and 5.8) goes against the trend of the basin filling up with 

seawater from the flood tide in which case, the observed phenomenon may be 

attributed as basin scale seiching. Further evidence that this motion is a seiche was 

provided by the dissolved oxygen contours of the summer regime. During the first 

transect, the region in question shows relatively-low oxygen values (figure 5.2b) but 

by the time the second transect was performed, this region had been substantially re-

oxygenated (figure 5.3b), suggesting that the seiching motion had brought oxygen rich 

surface waters to depth. 

The influence of wind shearing in the Swan River was assumed to be negligible. The 

narrow channel between S W 0 0 0 and S W 0 8 8 (figure 4.1) is well sheltered; high winds 

were only observed to set up significantly large amplitude surface waves upstream of 

S W 0 8 8 where the basin becomes relatively wide. Thus, the possibility of a wind 

generated seiche is minimal. Regular observations of this event independent of wind 

conditions also suggest that the generation mechanism is from another source. It was 

hypothesised that the tidal regime sets up these basin scale oscillations. 

The response of the deep basin of the Swan River Estuary was examined analytically 

using a three-layered stratification model. This analysis follows a similar model 
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developed by Monismith (1985) who presented a solution for the response of a 

rectangular, n layered, stratified lake to an arbitrarily time varying wind stress. The 

main difference lies in the forcing mechanism; the kinematic surface shear stress used 

by Monismith (1985) was replaced by a sinusoidal variation of water level to each 

layer representing tidal forcing. 

The study area was modelled as a rectangular box containing a three layer 

stratification, the geometry of which is given in figure 5.13. The box represents the 

area between the two sills, which act as end walls. Tidal forcing of the system is 

assumed to produce two primary responses; deflections of each interface (denoted by 

£l, £2 and £3), and an induced gradient of the water level within each layer (rn, rj2 

and rj3) across the length of the box. 
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Figure 5.13 Schematic diagram of the three layer deep basin model 

Assuming H/L«l (ie advective terms are negligible) and that the pressure is 

hydrostatic, the conservation of momentum equations for each layer derived from the 

geometry given in figure 5.13 are represented as 
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where uj is the average velocity of the i* layer; i = 1,2,3 

£j is the j * interface deflection; j = 1,2,3 

rjj(x,t) is the induced tidal elevation of the j * layer, 

g is gravitational acceleration, 

and Aij = 

0 

P2-P1 

Po 

P2-P1 

Po 

0 

0 

P3-P2 

Po 

with pi, p2, P3 representing the densities of layers 1,2 and 3 respectively 

and po some reference density. 

Similarly, the equations for conservation of mass applied to each layer can be written 

as 

where Bij = 

r 1 
hi-r|i 

0 

0 

dui _ B 

Gb7 

-,1 ° 1 
hi-rii 

1 1 
h2-Tl2 h2-Tl2 

0 ul 

h3-T|3 

J~dt 1J o\ 

and Cij = 

0 

0 

0 

1 
hi-Th 

0 

0 

(5 

0 

1 
h2-Tj2 

0 

with hi, h 2 and I13 representing the depths of the respective layers. 

The set of partial differential equations given by (5.1) and (5.2) are coupled but may 

be solved using the following transformations. Consider a vector ami and a constant 

Pm such that 

ami(Aij - p m By) = 0 . (5.3) 

Multiplying (5.1) and (5.2) by ami and defining the transformed variables as follows: 

ami ̂  = Q m , (5.4a) 

arai By Cj = ^ m , (5-4b) 

ami Cij Tlj = T m , (5.4c) 

ami By Tlj = F m , (5.4d) 
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gives 
dQm_ oR dnm R d¥m 
~cF--g P m"rJx-'g P m~r}x" (5'5a) 

dQm_ ditm d T m 

"^r-""rjr+"3r- (5-5b) 

Q m represents the modal transports or velocities, 7tm the modal pressure perturbations 

and hence interfacial deflections, with Tm and Fm the modal forcing functions. 

Combination of (5.5a) and (5.5b) yields 

^•(8U^ = -feW&t-(8W& (5.6) 

For (5.3) to be correct requires 

I Ay - Pm By | = 0 . (5.7) 

Pm represents the eigenvalue with ami the eigenvector associated with Pm. Lighthill 

(1969) showed that there will be n distinct eigenvalues and corresponding 

eigenvectors, where n is the number of layers in the model; for the three layer case 

(n=3). Csanady (1982) gave the expressions for the reduction of (5.3) which 

Monismith (1985) applied to the three layer system; the result of which produces 

expressions for the speed of propagation of the m * -mode disturbances 

C m = V ^ P m (5.8) 

and the m * -mode seiche period 

tm = ̂  • (5-9) 
*̂ m 

The model assumes that the boundaries are solid with no flux transfer across them. 

Furthermore, the initial conditions assume stationarity throughout the box. Solving 

(5.6) for the boundary conditions Ui(0,t)=0 and Ui(L,t)=0 and initial conditions 

uj(x,0)=0 and Q(x,0)=0 gives the following expressions for the modal transports Qm 

and the pressure perturbations 7^: 
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oo 

Qm=£Rmsin(riax) 
n=l lL I 

sinM sin MM 
^TUff\f)^^tf-{ff\^(f-). 

(5.10) 

where 

R - ( pp+l16 a™ (Cij+Bij) g Pm A 7t2 

LP2 

L is the basin length scale, 

A is the tidal amplitude, 

and P is the tidal period, 

n m = £[Xn(t) + Yn(t)] cos ( m * 
n=l V L 

(5.11) 

where 

Xn(t) = -
R m . L F 

and Yn(t) = 

4n7C gpn 

Mil 

COS (¥) 
IPlf, (2nt\l L==[cos(ViRrW)-

5.5 Application to field data 

The application of the three layer model to the deep basin of the Swan River estuary is 

described in this section. A profile taken at station SWI01 (the midpoint of the box) 

during the fifth transect of the winter experiment (figure 5.14) was taken as a 

representation of the vertical density structure of the study area. The profile was 

idealised as a three layer system, with the approximated values of density and depth 

for each layer also given in figure 5.14. The basin length scale was estimated as 

L=12km and it is assumed that the bottom slope (typically < 1°) has negligible 

influence as a forcing mechanism. 
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Figure 5.14 Density profile recorded at station SW101 during transect 5, 92211. 

Values for the idealised three layer structure used in the analytical model are included. 

The tidal forcing component was applied as a line source acting uniformly over the 

depth of one wall (x=0) of the box. In order to best approximate the tidal record given 

by figure 5.5, the forcing was varied both sinusoidally as a function of time, and also 

as a spatial gradient of water level across the box to account for the' lag in levels 

between Fremantle Harbour and Barrack Street Jetty. The following expression was 

derived: 

r)(x,t) = -0.4 cos (2&) + 0.8 - 7.5E-6x . (5.12) 

Solving the generalised eigenvalue problem given by (5.7) and applying (5.4a) gives 

the relative velocity distributions for each mode of response (figure 5.15). The 

distributions for the baroclinic modes are similar to those of Monismith (1985) for the 

Wellington Reservoir data set (Imberger, 1985). The m * mode seiche periods given 

by (5.9) are: 

ti = 0.56 hours, 

t2 = 13.92 hours, 
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t3 = 25.33 hours; 

it is immediately obvious that the third mode exhibits a period similar to that of the tidal 

forcing. The period of the internal wave travelling along the halocline observed from 

the field data (figure 5.12a) was 17 hours. However the period of the first internal 

mode given by the model is only 13.92 hours suggesting an improper parameterisation 

of the geometry. 

h2 

h3 

0.0 0.1 

Velocity for Barotropic Mode 

(a) 

0.0 0.1 

Velocity for Mode 2 

(b) 

-0.1 0.0 0.1 

Velocity for Mode 3 

(c) 

Figure 5.15 Velocity distributions for the first three modes of response 

The extent to which the response of the deep basin could be attributed to baroclinic 

motions generated by tidal forcing is now examined. Solving (5.10) at point x=0.5L 

in space gives solutions for the combined mode layer velocities and interfacial shear 

(figure 5.16). The motions in each layer are dominated by the third mode response 

(25 hour period), but relative to the other layers, the third layer velocity is negligible. 

The magnitude of the upper layer velocity is a factor of 1.5 less than those measured 

by Lewis and Pattiaratchi (1989). The greatest velocities in both the upper and middle 

layers occur slightly later than peak flood tide conditions showing that a close 

correlation exists between the forcing and the response. As a result, the peak 

interfacial shear corresponds with the same period. 
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LAYER VELOCITIES AND SHEAR at x = 0.5L 

-0.2' • ' ' ' ' 
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TIME (hrs) 
Figure 5.16 Combined mode layer velocities and interfacial shear at x=0.5L 

Solutions for the interfacial deflections were obtained by solving (5.11) and are plotted 

as a function of time at the point x=0.9L (figure 5.17a) and as a function of distance 

along the basin (figure 5.17b) midway through the tidal cycle (high tide). Both 

interfaces oscillate about the midpoint of the basin; the periods of oscillation for the 

second and third interfaces are 23 hours and 15 hours respectively. The two interfaces 

tilt in opposite directions from each other at different instances in time (figure 5.17a), 

again showing that the third mode response is dominant. As such, internal seiching 

events can be localised over the depth. 

Field data only showed the effects of seiching at the upstream side of the basin which 

is probably due to the fact that the sill dynamics at the left wall are associated with 

other events that may disguise evidence of the seiching motion here. Observations 

from field data obtained during the winter experiment show a 0.5m downward 

excursion of the 33pss isohaline (figures 5.7 and 5.8) at a position corresponding to 

x=0.9L used in the model. This event corresponds with the shaded region in figure 

5.17a where both interfaces are seen to be downwardly displaced by approximately 

0.1m. The spatial variation over the length of the basin show that the largest 

deflections of approximately 0.4m occur at the end walls for successive upward and 

downward oscillations of the second interface about the midpoint. 
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Figure 5.17(a) Interfacial deflections at x=0.9L as a function of time 
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DISTANCE (km) 

Figure 5.17(b) Interfacial deflections at t=10 hours as a function of distance 
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It is seen above that the model underestimates the magnitude of the baroclinic motions 

which occur. However, the generation mechanism via tidal forcing (ie the periodic 

filling and draining of the basin from the seaward side) was certainly shown to be 

valid. The model does not take into account several factors, namely the influence of 

freshwater input from the upstream side, the role of the sill which was seen to generate 

internal waves, and the effects of bends or sharp corners such as those at Preston 

Point and Freshwater Bay (figure 4.1). It is also probable that the seiching motions 

may occur out of phase with the tide leading to a dampening effect. 

5.6 S u m m a r y 

Several intertidal transects performed in both the summer and winter seasons enabled 

the circulation and response of the deep basin of the Swan River estuary to be 

documented. The well defined circulation pattern and the deep basin response 

included significant internal wave activity set up by tidal interaction with the sill 

control, and supported by the stratification produced by the winter freshwater 

overflow. 

The degree of flushing and the extent of the circulation of fluid within the deep basin 

over a tidal cycle was shown to be highly dependant on the tidal range (section 4). 

During flood tide, seawater is advected over the sill and initially intrudes into the deep 

basin at an intermediate depth. At a later stage of the flood cycle when the salt water 

component over the sill increases, the denser seawater plunges down the sill leeward 

slope below the ambient estuarine water; the plunge point is highlighted by a distinct 

tidal intrusion front. Once in the deepest part of the basin, fluid progresses upstream 

as a bottom wedge along the rising slope. During ebb tide, the tidal front collapses as 

the gravitational overflow is re-established. 

A broad variety of responses were also observed over the tidal cycle. During peak 

flood tide, a relatively large lee wave with a horizontal scale of the order of the width 

of the sill lee slope was formed. The change from subcritical conditions within the 

basin to supercritical flow over the sill during ebb tide resulted in an undular bore 

formed upstream of the sill. As the ebb flow slackened, the bore left the sill and 

travelled upstream. The layout of the deep basin also provides an ideal setup for 

tidally forced seiching provided the conditions are suitable. Such seiching, as 

predicted by the three layer model, can transfer large quantities of water over large 

displacements, thus greatly aiding the mixing process. 
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6.1 Introduction 

In concluding this work, a summary of the physical dynamics of the Swan River 

Estuary is presented below with some ideas for practical engineering solutions 

suggested for current and possible future problems. Recommendations for further 

research are also presented here. 

6.2 S u m m a r y 

A documentation of the circulation and flushing mechanisms of the Swan River 

Estuary has been achieved. Several intertidal transects performed in both the summer 

and winter seasons enabled the circulation and response of the deep basin to be 

documented in detail. The hydrodynamics of the estuarine system were seen to change 

radically over seasonal time-scales in response to the climatic extremes experienced in 

Perth. The seasonal estuarine dynamics were classified as gravitational overflow, sill 

control, tidal dynamics and salt wedge propagation. 

The beginning of winter results in the advent of freshwater inflow from the head of the 

estuary. The freshwater progresses downstream as a gravitational overflow, however 

its rate of progression is restricted by the Perth sill. The Fremantle sill was shown to 

act as another internal hydraulic control; three different flow regimes including 

simultaneous two-way exchange flow, arrested freshwater outflow, and tidal blocking 

were observed during different stages of the winter runoff. The barotropic tide plays a 

major role in the recovery of the estuarine system over the spring/summer period. The 

importance between diurnal and semi-diurnal tides determines the time-scale over 

which the deep basin and the upper reaches of the river are flushed with oxygen rich 

ocean water. During flood tide, seawater is advected over the sill and initially intrudes 

into the deep basin at an intermediate depth. At a later stage of the flood cycle when 

the salt water component over the sill increases, the denser seawater plunges down the 

sill leeward slope below the ambient estuarine water, the plunge point is highlighted by 

a distinct tidal intrusion front. Once in the deepest part of the basin, fluid progresses 

upstream as a bottom wedge along the rising slope, but due to the small tidal range, 

oxygen rich ocean water never intruded further than 15km upstream. During ebb tide, 

the tidal front collapses as the gravitational overflow is re-established. 
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The well defined circulation pattern and the deep basin response included significant 

internal wave activity set up by tidal interaction with the sill control, and supported by 

the stratification produced by the winter freshwater overflow. A broad variety of 

responses were observed over the tidal cycle. During peak flood tide, a relatively large 

lee wave with a horizontal scale of the order of the width of the sill lee slope was 

formed. The change from subcritical conditions within the basin to supercritical flow 

over the sill during ebb tide resulted in an undular bore formed upstream of the sill. 

As the ebb flow slackened, the bore left the sill and travelled upstream. The layout of 

the deep basin also provides an ideal setup for tidally forced seiching provided the 

conditions are suitable. Such seiching, as predicted by the three layer model, can 

transfer large quantities of water over large displacements, thus greatly aiding the 

mixing process. 

The propagation of the salt wedge in the Swan River was shown to be a balance 

between the induced baroclinic pressure gradient and the retardation induced by the 

opposing streamflow, however its upstream propagation in summer when the 

discharge was decreasing was restricted by the Perth sill. The salt wedge excursion 

occurs mainly over seasonal time-scales although small diurnal oscillations 

corresponding to the tidal frequency were observed. 

The major problems associated with the estuary can be linked to the limited tidal range 

and the topographical constraints of the estuary. The small amplitude diurnal tides 

provide a limited flushing of the deep basin; when periods of even smaller amplitude 

semi-diurnal tides occur, tidal flushing diminishes even further. The Fremantle sill 

rarely prevents total tidal intrusion from the ocean. Such an event is only experienced 

when prolonged periods of intense rainfall occur which deepen the stratification in the 

main basin, and will usually be only of a relatively short duration. Upstream water 

quality problems can be traced to the effect of the Perth sill. Late spring and summer 

algae blooms occur as a result of increased nutrient concentrations and high 

temperatures combined with the lack of water movement in the upper reaches due to 

diminished freshwater outflow and/or restricted tidal flushing. The Perth sill was also 

shown to retard the gravitational overflow of freshwater during winter. 

Possible solutions to these problems could be to dredge the Perth sill which may 

provide a greater tidal flushing of the upper reaches, and also allow a quicker 'flush' 

with the first winter rains. A n alternative method of preventing nutrient build-up in the 

upper reaches would be to have a steady flow of water through the river over the 

whole year. This may be provided by constructing upstream flow control dams which 

may also serve to restrict winter flowrates in order to prevent excessive stratification of 

the deep basin occurring in winter. Tidal flushing of the whole estuary could also be 

improved by providing an alternate, shorter length channel from the estuary to the 
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ocean, thus allowing a greater volume of ocean water to enter the estuary during a tidal 

cycle. 

It is not within the scope of this document to provide design criteria for the above 

ideas. Considerable research into the feasibility and success of such solutions in terms 

of economic viability and social and environmental impact would be required before 

any implementation could be considered. 

6.3 Further research 

During the course of this study, a complete documentation of the circulation and 

flushing mechanisms of the Swan River Estuary has been achieved. However, this 

investigation has also revealed several interesting and important events that could be 

better documented in order to broaden our knowledge of the hydrodynamics of the 

estuary. 

During this study, there was an absence of good velocity measurements that could be 

matched with the C-T-D-DO data. It would be useful for future investigations to have 

a good indication of the velocity fields throughout the estuary, particularly in the 

regions over the sills. The mixing processes within the estuary were also not 

examined in great detail due to the limited resolution of the data collected. 

Microstructure scale measurements in the vicinity of the Fremantle sill would be 

extremely useful in clarifying the sill dynamics. 

Another important event which was revealed but not fully documented was the tidally 

forced seiche. A continuous data log by a series of conductivity/thermistor chains 

placed along the length of the deep basin would better reveal details of such internal 

events. The need for a multi-disciplinary sampling strategy is necessary and would go 

a long way towards furthering our knowledge of the estuary. Finally, the production 

of composite models to estimate nutrient assimilative capacity would enable the 

nutrient status of the estuary to be evaluated. 
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Appendix A: Physical-biological interaction 

A.l Introduction 

Unpolluted coastal, estuarine and freshwater environments throughout the world are 

becoming an increasingly limited resource, largely due to the demands of an ever 

increasing global population. Key management strategies are usually required in order 

to both identify the problems involved and provide accommodating solutions. Often, 

investigating the problem involves many facets - each requiring a certain degree of 

specialisation. Although not yet on an uncontrollable scale, the problems afflicting the 

Swan River estuary are a combination of physical, chemical and biological influences. 

In the preceding sections, a broad understanding of the physical processes has been 

achieved. In order to examine the various scenarios that occur within the estuary over 

a seasonal time-scale, the implications of the physical dynamics on the biological 

processes must be dealt with. 

A.2 Algal problems 

Most of the present day problems associated with the Swan River stem from the 

increased nutrient loading of the estuary, leading to the formation of algal blooms 

(John, 19872). Bloom forming algae can discolour the water, provide a poor food 

source for aquatic animals such as zooplankton and fish, and can often synthesise 

compounds that give an undesirable taste and odour to the water. They may also 

produce a range of toxins that kill wildlife and farm animals, as well as endanger 

human health (Vincent, 1993). 

However, algae are an important life-support system of a water mass which generate 

oxygen and capture solar energy to produce biomass which in turn is a food source for 

higher trophic levels. The growth rate of algae depends on light intensity, nutrients 

and temperature whilst losses to an algal population may occur from grazing by 

zooplankton or by sinking to deeper regions of the water column where there is 

insufficient light for photosynthesis. Algal blooms develop as the result of_an 

imbalance between growth and loss processes (Raven et al, 1987). Early-indications 

of algal blooms are changes to water colour and clarity. Of greater significance in the 

long-term is the influence of blooms on the oxygen dynamics of a water mass, where 

severe de-oxygenation may be associated with the collapse and bacterial 

decomposition of the algal biomass (Reed, 1992; Vincent, 1989; Soulsby, et al, 

1985). 
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A.3 Physical-biological interaction 

The physical dynamics of the estuary documented in the previous sections contribute 

significantly to the overall function of the system. The seasonal estuarine dynamics 

were classified in the previous sections into gravitational overflow, salt wedge 

propagation, tidal dynamics, and the roles of the sills - some of which are inter realted. 

In this section, the interaction between the physical and biological processes is 

discussed within the following categories: 

(i) tidal dynamics 

(ii) freshwater influx 

(iii) topographical constraints. 

A.3.1 Tidal dynamics 

The movement of water into and out of the estuary from the ocean serves to circulate 

and renew the water mass. However, the tidal effect was seen to be limited, and 

diminishes with increasing distance upstream. 

The relatively shallow and reef enclosed Perth coastal waters contain marine 

phytoplankton (Pearce et al.., 1985) which produce abundant oxygen as a result of 

photosynthesis. In summer, during flood tide, high salinity (34 to 36 pss) ocean 

water was advected into the estuary (figures 4.7a, b and c), resulting in the entire deep 

basin being significantly oxygenated (figures A.la, b and c). Further photosynthetic 

Figure A.l(a) Dissolved oxygen contours for 92016 (low tide) 
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activity of the phytoplankton during sunlight hours often resulted in pockets of oxygen 

supersaturated water near the surface (Reed, 1992). The rise/fall in oxygen content of 

the deep basin occurred on a diurnal time-scale corresponding to the diurnal tidal 

period coupled with the daylight/darkness hours. A good example is the oxygen 

picture of 92029 at low tide (figure A.2b) which showed a return to almost identical 

conditions of the previous day (figure A.2a) had occurred. However in winter, when 

the flood tide cycle corresponded with the hours of darkness and hence phytoplankton 

respiration, the oxygen content of the surface waters desaturated whilst the subsurface 

waters showed little change in oxygen content (figures A.3a, b and c). 

The extent of re-oxygenation of the deep basin is highly dependant on the tidal range. 

Throughout the whole year, all of the oxygen pictures exhibit a declining longitudinal 

gradient near the right wall (between the 10 and 16km marks). This gradient was due 

to the limited flushing range of the tide; water in this region experiences longer 

residence times and gradually loses its oxygen content due to the biochemical oxygen 

demand (BOD) and sediment oxygen demand (SOD) of the basin. The gradient is 

most pronounced and oxygen levels near their lowest during autumn and spring 

(figures 4.21 and 4.27), coinciding with periods of reduced amplitude semidiurnal 

tides which had a very limited effect in flushing the deep basin. 

Figure A.2(a) Dissolved oxygen contours for 92028 (low tide) 
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It follows that the tidal dynamics in the shallower upper reaches of the estuary are also 

limited; filling of the basin from the seaward side induces a net upstream advection of 

water, however no high salinity ocean water ever penetrated further upstream than the 

15km mark. Tidal inflow did however influence the stratification in the upper reaches 

which has important implications for biological variables. For example, the sloping 

isohalines at low tide on 92016 (figure 4.7a) became almost vertical (figure 4.7b) due 

to the tidally forced baroclinic advection. In the presence of dinoflagellate blooms 

experienced on 92016 (Reed, 1992), the break-up of vertical stratification facilitated 

vertical exchange of oxygen between the saturated surface layer and the de-oxygenated 

bottom waters (figures A.la and b). Subsequently during ebb tide and overnight 

respiration, the stratified conditions return causing oxygen depletion in the subsurface 

waters. 

Additionally, the absence of freshwater overflow and strong winds in summer results 

in a lack of water movement which promotes migration of some dinoflagellate species 

throughout the upper reaches of the river. However, migration may be limited by both 

diurnal and seasonal salinity and temperature variations, and depends strongly on the 

tolerances of the species involved. 

A.3.2 Freshwater influx 

The main effect of the winter freshwater overflow is to vertically stratify the estuary. 

As seen in section 4, the estuary was stratified in stages; the initial freshwater influx at 

the beginning of winter stratified the upper reaches, the stratification then extended 

into the deep basin, the upper reaches were eventually completely flushed by 

freshwater, and the halocline in the deep basin deepened. 

The effect of the initial freshwater influx in stratifying the upper reaches resulted in the 

bottom waters becoming sealed from the surface (figure 4.13a). As a result, vertical 

exchange of oxygen was severely limited with the bottom waters becoming 

deoxygenated (figure A.4). The increased flow rate of the surface waters is not 

conducive to phytoplankton activity with these species n o w being flushed 

downstream. The faster moving surface waters also serve to absorb oxygen from the 

atmosphere more rapidly than the previous near-stagnant conditions. 

Extension of the stratification into the deep basin had little impact on the dissolved 

oxygen levels as tidal flushing still occurred. Only when the combined effect of the 

stratification deepening and its interaction with the Fremantle sill occurs, is there any 

significant long term decline of oxygen levels in the deep basin (discussed further 

later). 
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Figure A.4 Dissolved oxygen contours for 92168 (high tide) 

Complete flushing of the upper reaches of the river with freshwater (figure 4.15) has 

the effect of transporting some biological species into the main basin. The encounter 

of these species with an environment of greater salinity is often sufficient for their 

demise. For the species that remained in the upper estuary, no significant diurnal 

changes were evident, indicating minimal photosynthetic activity occurred, most likely 

due to the then unfavourable conditions (lower water temperatures, reduced solar 

intensity, greater water movements). As a result, the waters of the upper reaches 

exhibited a uniform oxygen concentration of 90-95% saturation for the rest of the 

winter period (figures 4.16, 4.21 and 4.27). 

Another impact associated with the freshwater influx is the transport of nutrients from 

surrounding catchment areas into the estuary. In winter, these nutrients may be 

flushed straight through the upper reaches by the freshwater discharge with little 

deposition in the sediments. However, at the end of winter when the discharge 

subsides, the nutrients will be deposited due to the lower water velocities. If the rainy 

season finishes unusually late when the temperatures are higher, the conditions are 

favourable for rapid algal re-growth quickly re-establishing the large diurnal extremes 

in oxygen content of the shallower upstream waters due to photosynthesis/respiration 

(figure 4.29). Similarly, abnormally high rainfall events (such as occurred on 
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February 9, 1992) can have the same effect, and also support the upstream migration 

of some diatom species (Reed, 1992). 

A.3.3 Topographical constraints 

The bottom topography of the estuary was shown to have a significant impact on the 

physical processes. The biology of the deep basin in winter is largely dependant on 

the role of the Fremantie sill combined with the depth of the discharging freshwater. 

W h e n the depth of the discharging layer is less than the depth of the sill, normal tidal 

flushing occurs resulting in the renewal of the deep basin waters. However, when the 

depth of the discharging layer approaches the depth of the sill, as it did on 92253 

(figure 4.20), tidal flushing is blocked and the deep basin waters are not renewed by 

oxygen rich ocean water. Oxygen consumption due to B O D and S O D continue and 

the longer residence period results in the deep basin waters becoming de-oxygenated 

below the halocline (figure 4.21). 

The lack of tidal penetration into the upper reaches of the estuary can largely be 

attributed to the sill overlying Perth Water. The shallow nature of this sill prevents the 

passage of more saline and oxygen rich ocean water into the upper reaches, and 

restricts the flushing of nutrients from the upper reaches. As such, damaging and 

problem causing biological growth occurs in reaches upstream of the Perth sill, with 

no alleviation available until the advent of flushing associated with winter rainfall. 
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Appendix B: Notation 

The following symbols are used in this document: 

A tidal amplitude 
Aij> Bij> C y transformation matrices for the itn mode and j m layer 

ai, a2 kinetic energy correction factors 

ami eigenvector associated with p m 

C m m m mode propagation speed 

e entrainment factor 

Fi densimetric Froude number for layer i 

F m modal forcing function 

Fo barotropic inflow Froude number 

F u upstream Froude number 

G composite Froude number 

g gravitational acceleration (9.81m/s2) 

g' density anomaly 

h depth of the freshwater front 

hi depth of layer i 

h 0 depth at sill crest 

k fractional depth dependant constant 

L basin length scale 

L w salt wedge length 

P tidal period 

Q m modal transports or velocities 

q discharge (two-dimensional) 

T m modal forcing function 

tm r n m mode seiche period 

u gravity current velocity 

ui velocity of layer i 

u m measured frontal velocity 

uo barotropic flow velocity 

up predicted frontal velocity 

z total depth of the water column 

zo salt wedge depth at the ocean 

P m eigenvalues representing effective depths 

r)j induced tidal elevation of the j m layer 

v kinematic viscosity 

Ilm modal pressure perturbations 

pi density of the i m layer 

Ci deflection of the j m layer interface j u trtSij^OFl 


