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1. INTRODUCTION 

1.1 Overview 

Minora Resources N.L. are presently assessing the feasibility of 
exploration drilling operations in Exmouth Gulf, at the two locations, 
Whalebone Prospect and Rivoli Prospect (see figures 1.1 and 1.2). 
Drilling would take place between November 1988 and February 1989. 
LeProvost, Semeniuk and Chalmer have been engaged to prepare a Stage 2 
Notice of Intent. As part of the Notice of Intent, contingency plans 
for oil spills must be made, due to the environmentally sensitive 
nature of many areas both within and immediately outside the Gulf. 
Steedman Limited were subcontracted to consider what possible oil 
spill trajectories could occur. 

This report considers the best available information and, as far as 
practical, estimates the most likely trajectory paths. The method 
adopted is one of considering "worst case" scenarios rather than 
following a complete probabilistic approach. 

Recent studies on continental shelves and coastal waters have shown 
the dominant role of winds and weather systems in forcing the motion 
of these waters. In particular, wind effects are well recognised as a 
major factor in oil slick motion (Murray, 1982). Weather systems of 
nearly all sizes and time scales may have strong effects on oil slick 
movement and oil dispersal. Currents driven by these systems are 
influenced by the surface wind stress and the rotation of the Earth, 
which causes them to veer to the left of the wind (in the southern 
hemisphere). Near the shore in shallow water, these effects are 
constrained by the coast, forcing the flow to be approximately 
parallel to the coast. 

In the near field region of an oil spill, tidal currents are also of 
importance. On the North West Shelf the'large semi-diurnal tidal 
range (Australian National Tide Tables 1988, 1987) produces very 
strong tidal currents. These currents are controlled in Exmouth Gulf 
area by the irregular coastline, islands and reef systems and.the 
variable bathymetry. 

Modelling of oil spill movement has only recently progressed beyond an 
elementary stage. In open waters, away from the coast, many effective 
models still utilise empirical rules to predict oil movement. many 
are based on using the "3% of the wind speed" rule for surface 
currents. More complex models which realistically incorporate 
evaporation, surface tension and turbulent mixing have yet to be fully 
developed (Murray, 1982). Additional and more difficult problems 
occur near the coastal boundaries, which are usually the important 
areas of environmental concern. 

The detail of the advanced oil spill models cannot reasonably be 
incorporated for the Exmouth Gulf region, as many of the parameters 
are completely unknown. Consequently some simplification must be 
made. In this study it is assumed that the oil travels with the ocean 
coastal currents, the oil slick is conservative (i.e. no loss through 
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evaporation or chemical transformation), both the horizontal and 
vertical turbulent diffusive processes may be neglected, and the wind 
driven and tidal currents dominate the oil slick transport through the 
coastal waters. In general these assumptions will lead to an over-
estimate of the distance of travel of the slick, since the slick tends 
to maintain the same direction as, but lower speed than, the 
underlying water (Loucks and Laurence, 1971). 

Meteorological and physical oceanographic data in the area are limited 
and no systematic surveys of surface circulation patterns suitable for 
oil spill travel estimates have been undertaken. However, information 
shows that wind driven circulation and tidal currents will dominate 
the trajectory of any oil spill from the proposed well locations in 
Exmouth Gulf. 

1.2 Report Format 

Chapters 2 and 3 of this report are concerned with the meteorological 
and oceanographic characteristics of the development area, addressing 
both the ambient and extreme conditions typical of the area. 
particular attention is directed at the nature of the surface winds 
which drive the coastal circulation. Measured data provide estimates 
of the wind distribution for the period of interest, November to 
April. 

Chapter 4 describes the numerical circulation models used to predict 
the wind and tide-driven currents in the Exmouth Gulf area. 
Chapter 5 describes the oil spill model which uses the currents 
provided by the circulation models to estimate maximum oil spill 
envelopes for particular scenarios of wind and tide. The report is 
concluded in chapter 6. 

1.3 Scope of Work 

The scope of work for this study is summarised as follows: 

to provide a description of the wind and oceanographic 
characteristics for the region around the proposed well 
locations sufficient to estimate the oil spill trajectories; 

generate surface currents from measured Exmouth Gulf winds 
using shallow-water linear numerical models; 

estimate selected oil spill trajectory envelopes due to the 
action of wind and tide; 

prepare a report detailing the techniques applied, results and 
conclusions of the study. 

2 
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2. WINDS 

2.1 Synoptic Scale Meteorology 

The normal wind regime over the study area is controlled largely by 
the northward/southward movement of the Subtropical High Pressure 
Belt, which is a series of discrete anticyclones which encircles the 
hemisphere. These high pressure cells are continuously moving 
(throughout the year) from west to east across the southern regions of 
Australia. 

In winter, the axis of the anticyclonic belt lies across the 
Australian continent between 250  to 300S. In summer the axis moves 
south of the Australian continent and lies between 350S to 400S. 
Figure 2.1 shows the typical winter and summer synoptic situations and 
the positions of the Subtropical High Pressure Belt. 

With the Subtropical High Pressure Belt lying between 350S and 400S in 
the summer, intense solar heating over the north of continental 
Australia causes a zone of low pressure to develop. On average this 
semi-permanent low pressure area is centred inland from the north-west 
coast of Australia and has a trough running roughly parallel to the 
coast. over the northern part of Western Australia surface winds are 
generally westerly as a transequatorial monsoon flow develops in 
response to this low pressure area. 

2.2 Available Surface wind Data 

Recorded wind speed and direction data and statistics are available 
from the Bureau of Meteorology archives for several locations about 
Exmouth Gulf. Details of the available data are shown in table 2.1. 

The records for Learmonth (Met. Office) and Exmouth (Navy Alpha) were 
obtained from the Bureau to compile the most representative database 
for the region of interest. As shown in table 2.1, three hourly 
records are available for both locations. Approximately 6 years of 
data were obtained for Navy Alpha, and almost 11 years of data for 
Learmonth (up to the end of 1985). The data resolution is : wind 
speed, 1 knot (0.5 m s'); and wind direction, 22.5 degrees. 

Analysis of these data was undertaken to determine some climatic 
characteristics for the region. Firstly, wind speed and direction 
occurrence statistics were calculated for all the complete November to 
April periods contained in the data sets. They are shown in matrix 
form in tables 2.2 and 2.3 for Learmonth and Exmouth respectively. 
Matrices for each month between November and April are given in 
appendix A. 

The results show that winds are generally stronger at Exmouth Navy 
Alpha (e.g. the 10% exceedence wind speeds at Exmouth Navy Alpha and 
Learmonth are approximately 11 m s and 9 in s', respectively). At 
both stations, wind directions range mainly between the south, south-
west and west octants. Predominant octants differ however - south-
west at Learmonth and south at Exmouth. 

3 
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Persistence analysis was also carried out for the two locations in 
order to provide an indication of variation of wind conditions in the 
shorter term. Tables 2.4 and 2.5 show the combined persistence and 
exceedence matrices for Learmonth and Exmouth respectively for the 
months of interest. Results show, for example that wind speed exceed 
10 In s' for periods of 1 day or more for 0.7% and 1.7% of the time at 
Learmonth and Exmouth Navy Alpha respectively. 

In terms of application to the proposed well locations, Whalebone and 
Rivoli Prospects, it is considered the wind statistics from Exmouth 
Navy Alpha should be used. There are several reasons for this: 

the Navy Alpha station is closer to the sites of interest, 

the Navy Alpha station is closer to the water and therefore 
more representative of the marine environment, 

wind speeds at the Navy Alpha station are generally greater 
than those at Learmonth, adding a degree of conservatism, and 

in terms of data quality and frequency, there is no reason to 
prefer one data set over the other. 

2.3 Ambient Wind Conditions 

A description of the seasonal characteristics follows. The period of 
interest spans the months November, 1988 to April, 1989. Most of this 
period falls in the summer season, excepting April which will most 
likely be a transition month. 

Suuizr Season (October to March): 

In summer, Exmouth Gulf is south-west of the mean low pressure area 
over northern Australia. The winds in the area during summer are from 
the south and south-west and are recirculated continental air which 
moves seawards to the south of the heat low, then is recirculated over 
the area of interest towards the Australian mainland. The term 
pseudo-monsoon (Gentilli, 1971) has been used to describe the 
situation. 

The semi-permanent heat low over north-western Australia controls the 
air flow over the area. In general, air will flow into this low 
pressure area (with a general clockwise circulation). This results in 
a south and south-westerly flow of air over Exmouth Gulf. Wind speeds 
will typically range between 2 and 10 In s and occasionally reach. 
15ms'. 

Often this air mass has travelled over warm tropical waters, and 
therefore may be moist and unstable. This flow is the dominant 
feature during summer. It is occasionally interrupted by a period of 
easterly winds associated with a particularly intense high pressure 
cell in the Subtropical High Pressure Belt, or by a period of variable 
but often strong winds associated with the passage of a tropical 
cyclone. 
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The sea breeze effect in the area often results in stronger southerly 
winds during the afternoon (see below). 

Winter Season (May to August): 

During the winter period, Exmouth Gulf lies on the northern periphery 
of the high pressure cells. As winds flow outwards from the high 
pressure cell in an anticlockwise direction, the area of interest is 
dominated by a flow of easterly and south-easterly air. Successive 
high pressure cells separated by cols (relatively low pressure area 
between two high pressure cells) and troughs do little to disturb the 
direction of the outflow as they move eastward, but they can have a 
marked effect on the speed of the winds. The wind speed increases in 
response to increasing pressure gradient, and decreases as the 
pressure gradient relaxes. These south-east trades are cool and dry 
winds originating over continental Australia. 

Intensification of the pressure gradients, generally caused by an 
intense high pressure system in the Great Australian Bight area, 
results in easterly gales. 

Transition months (April and September): 

During each of these transition months, the heat low is transitory 
instead of semi-permanent and the air flow in the area depends on the 
dominant pressure feature, i.e. either the heat low or the subtropical 
high pressure belt. During these periods both summer (S, SW) and 
winter (S, SE, E) air flows may be expected. 

The change from summer to winter conditions is generally quite sharp 
with only a short transition period. 

Sea Breezes 

Superimposed upon the synoptic winds are local winds, particularly 
land and sea breezes. 

During the summer months in particular, and generally throughout the 
year, the differential heating and cooling of the sea and land during 
the daily cycle results in local sea breezes (sea to land) in the 
afternoon and land breezes (land to sea) overnight. 

In the Exmouth Gulf area a two stage sea breeze often occurs. 
Initially a local sea breeze will set in from the Gulf itself and 
later in the day the general west coast sea breeze (southerly) will 
override the local breeze. 

2.4. Extreme Wind Conditions 

There are four types of storms which occur in the area. Storms are 
short term transient events whose effects are generally limited to 
periods of up to several days, but they are capable of producing 
extreme wind speeds and wave heights compared with ambient conditions 
(e.g. Gentilli, 1971). 

5 
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The types of storms, their principal months of occurrence, typical 
wind speeds and durations, extreme wind speeds and directions are 
summarised in table 2.6. A description of the storm types is given 
below. 

Tropical Cyclones: 

Tropical cyclone is the general term for a cyclone that originates 
over the tropical oceans. At maturity, the tropical cyclone is one of 
the most intense storms. Torrential rainfall is often associated with 
the storms. 

Climatic Surveys (e.g. U.S. Navy, 1976; Gentilli, 1971) show that 
tropical cyclones (Hurricanes) form a distinct population of storms, 
which produce the most extreme wind speeds in the region. Gomes and 
Vickery (1976), Southern and Scott (1976), Holland (1980), and 
Lourensz (1981) have discussed the nature, the important 
characteristics and the occurrence of these storms about the 
Australian continent. 

Tropical cyclones occur in the summer period and form south of the 
equator in the eastern Indian Ocean area, and the Timor and Arafura 
seas. Figure 2.2a shows the typical influence of a tropical cyclone 
on the surface pressure chart. Cyclone tracks show most of the storms 
pass the area of interest heading west, south-west or south (e.g. 
figure 2.3). Figure 2.4 (from Lourensz, 1981) shows the decadal 
frequency of occurrence of tropical cyclones in 50  lat./long. 
'squares' in the period July 1959 to June 1980 (all months). From 
these satellite based data Lourensz (1981) estimates the frequency of 
occurrence of these storms in the Exmouth Gulf area is 15 storms per 
decade (i.e. 1.5 storms per annum). 

The life cycle of tropical cyclones usually progresses through four 
stages of developnent, namely: 

tropical low pressure area; 
tropical cyclone where the winds exceed 7 m s'; 
severe tropical cyclone where the winds exceed 33 In 

dissipating, or weakening storm. 

in the Exmouth area nearly all storms are either in the tropical 
cyclone or severe tropical cyclone stage. 

Trade wind Surge: 

In Exmouth Gulf, storm winds which are caused by strong pressure 
gradients, occur in the winter as a result of surges in the south-
easterly wind regime. The normal moderate winds will strengthen to 
about 12 to 16 In 1  and extreme wind speeds up to 30 m s may occur. 
The storms are the result of an intense high pressure cell in the 
Subtropical High Pressure Belt passing to the east across the southern 
portion of Western Australia (figure 2.2b). Typically these, surges 
last 3 to 5 days. 
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Squalls are associated with thunderstorms occurring in the summer 
period. The squall results from the strong downdrafts in the 
cumulonimbus cloud. They are of relatively short duration and are 
usually accompanied by heavy rain, lightning and thunder. In some 
cases, squalls are associated with cumulonimbus clouds of only a few 
kilometres in diameter. In such cases, the strong winds are usually 
15 to 25 m s' and of approximately one half hour duration. 

In other, less frequent cases, the cumulonimbus clouds may cover a 
considerably greater area occasionally forming into lines of 100 to 
200 km in length and 20 to 40 km in width. In these cases, the winds 
associated with the squalls may be in excess of 20 m s for several 
hours, and in extreme cases may reach 25 to 35 in s with 
instantaneous gusts up to 45 or 50 m s'. The high wind velocities in 
the squalls present a danger to operations, but they are of 
insufficient duration to be of major importance to surface current 
movements. 

Tornadoes and Water Spouts: 

Tornadoes and water spouts occur in the area associated with 
thunderstorm activity and tropical cyclones of the sunmer season. No 
reported information exists on their frequency of occurrence or 
intensity. In general very high winds (say 50 m s) could be 
expected. As these events are of fairly short duration, and affect 
only a very localised area, they do not generate surface currents of 
any consequence. 

2.5 Light Wind Conditions 

Light winds are defined as those winds which are less than 5 in s and 
correspond to a Beaufort Force 3 or less, generating slight to 
moderate seas. Light wind conditions may occur at any time during the 
year. 

Statistics contained in tables 2.2 and 2.3 show that winds less than 5 
in s' occur in the November to April period for approximately 40% and 
36% of the time on average at Learmonth and Navy Alpha respectively. 
Variations on a monthly basis are significant (see appendix A). 
Percentage occurrences of light winds at Learmonth range between 30 
and 63% and at Exmouth Navy Alpha they range between 30 and 41%. At 
both locations, light winds occur for less than 40% of the time during 
the months November through February. 

Light wind conditions can persist for 48 hours or more for up to 19% 
and 24% of the time at Learmonth and Navy Alpha respectively. 
Detailed persistence statistics for these two locations are contained 
in tables 2.4 and 2.5. 

During light wind periods, the surface wind currents will become less 
significant and the tidal and ocean drift currents will dominate the 
water movement. 

7 
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3. OCEANOGRAPHY 

3.1 Currents 

No systematic study of the circulation in Exmouth Gulf exists and 
general knowledge of the water movement in these areas is limited 
(White, 1975). Results from studies of other coastal embayments, 
suggest that several types of current regimes will be operating within 
Exmouth Gulf. This section attempts to draw together the available 
data and theory to describe the water movement in the Gulf. 

Limited measurements have been taken in the Gulf region (e.g. RAN, 
1952; R.K. Steedman & Associates, 1982). These measurements are not 
of sufficient duration or close enough to the sites of interest to 
characterise the current regime. 

The currents can be divided into several classes and they are listed 
in order of speed magnitude as follows: 

tidal; 
wind driven circulation; 
Indian Ocean circulation (across the Gulf entrance); 
thermohaline. 

Details of these divisions are discussed below. The exact nature of 
each of these currents is complex and in reality they interact with 
each other (e.g. non-linearities are discussed by Fofonoff, 1962 and 
Krauss, 1973). In order to arrive at some estimates of the broad 
current pattern for engineering and environmental considerations, some 
simplifications are necessary. Without entering into the analysis of 
the full equations of motion (e.g. Fofonoff, 1962) we assume that the 
current systems are simply superimposed. 

Tidal currents: 

The tidal currents are the most significant instantaneous current 
component of the area (RAN, 1954). Velocities greater than 0.65 in 
(1.3 knots) have been recorded at the spring tide within Exmouth Gulf 
(RAN, 1954). These currents enter and leave the Gulf in the north-
west, between North West Cape and the Muiron Islands. 

The magnitude of the tidal velocity can be roughly estimated by 
considering Exmouth Gulf as a rectangular basin of uniform depth and 
breadth. As described by R.K. Steedman & Associates (1978), results 
compare favourably with measured values of 0.65 in s. 

Numerical modelling (see section 4) of the tidally-driven circulation 
in Exmouth Gulf shows comparable values for the currents. Modelled 
spring tidal currents range up to 0.7 m s near Whalebone Prospect 
and 0.5 in 	near Rivoli Prospect. Currents at neap tides are 
estimated to range up to 0.3 in s' and 0.15 in s at the two 
respective locations. Modelling also shows that the tidal currents 
flow slightly east of north during ebbs and west of south during flood 
tide at the sites of interest. As we move further north to North West 
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Cape and beyond, the direction of the tidal flow changes to 
accommodate the Muiron Islands. Flood and ebb tides flow to east-
south-east and west-north-west between the Cape and Muiron Islands. 

The semi-diurnal nature of the tides in this region cause a total of 
two flood and two ebb tide speed peaks on most days. 

Wind-Driven Circulation: 

In general terms, the wind applies a surface stress to the ocean 
surface which is proportional to the square of the wind speed, forcing 
movement of the surface layers. The balance between the Coriolis 
force, inertia, pressure gradient, surface and bottom stress controls 
the wind-driven circulation. 

In the absence of detailed measurements, numerical modelling has been 
undertaken in order to estimate the wind-driven circulation at the 
sites of interest and in the surrounding Gulf waters. Details of the 
modelling techniques used are described in section 4 and also 
appendices B and C. modelling indicates that surface currents between 
0.05 m s and 0.4 m s' can be expected for 10 m s' wind speeds at 
the sites of interest. The range of speeds quoted accounts for the 
differing circulation patterns induced by different wind directions. 
Current speeds will also vary in the local region about the sites of 
interest (see section 4). For storm conditions, wind-driven currents 
can be substantially larger. For example, under the influence of 
tropical cyclone wind speeds of up to 30 to 40 m s', wind-driven 
surface currents may reach 1 m s' in the region of interest. 

Longshore Drift Resulting from Indian Ocean Circulation: 

Little quantitative data is available on the longshore drift resulting 
from the Indian Ocean circulation impinging on the continental shelf 
adjacent Exmouth Gulf. The U.S. Navy Marine Climatic Atlas (U.S. 
Navy, 1976) indicates a south-westerly flow (up to 0.4 m _1)  in the 
period January to September, and a reversal for the balance of the 
year. No other published data is available to estimate the Indian 
Ocean circulation. For most of the year, the longshore current flows 
into the Gulf from the north-east and across the entrance to North 
West Cape (U.S. Navy, 1976). 

It is anticipated that a north-easterly Indian Ocean flow will have 
little effect on the mean circulation inside the Gulf, mainly 
affecting the circulation at the entrance, whereas a south-westerly 
flow will penetrate into the Gulf down the east coast. In the region 
of interest, it is estimated the current components resulting from 
Indian Ocean circulation are in the range 0 to 0.1 m 

The influx of Indian Ocean water into the Gulf is important for the 
maintenance of the existing water quality and is thought to follow a 
clockwise pattern. At Whalebone and Rivoli Prospects it is estimated 
that very little east-west component exists and mainly a northward 
flowing component of the longshore Indian Ocean circulation is 
present. 



STE EDMAN LIMITED 

The rnohal me Circulation: 

variations in salinity and temperature of the water mass in Exmouth 
Gulf can cause what is known as thermohaline circulation. As 
discussed by R.K. Steedman & Associates (1978) factors such as the 
temperature and salinity gradients, precipitation, evaporation and 
coefficients of eddy diffusivity will influence the nature of this 
circulation. It was estimated by R.K. Steedman & Associates (1978) 
that magnitudes of the induced therinohaline circulation will be less 
than 0.01 m s', and it is not considered further. 

3.2 Waves 

The orientation and extent of Exmouth Gulf has a significant effect 
upon the waves within the Gulf. In most directions the fetch is 
limited by the surrounding coast. The longest fetch is to the north 
(figure 1.2). 

An examination of the wind statistics for Learmonth and Exmouth Navy 
Alpha (tables 2.2 and 2.3) for the period of interest show that 
northerly winds are relatively infrequent (i.e. 3.6% and 3.3% of the 
time during the November to April period respectively). Consequently 
the fetch for sea wave generation is generally limited to the 
dimensions of Exmouth Gulf. 

In the absence of measured wave data in the Gulf, the wind generated 
wave climate has been estimated using the empirical Sverdrup Munk 
Bretschneider (SMB) relationship (Bretschneider, 1966; CERC, 1984). 
Significant wave height and period occurrence matrices are shown in 
tables 3.1 and 3.2 for Whalebone and Rivoli Prospects, for the 
November to April period. Significant wave heights and periods are 
estimated to be generally less than 1 m and 5 seconds. 

Swell waves do not commonly propagate into the Western half of the 
Gulf as it is unusual for swell to be generated to the north or north-
east of the Gulf. The exception is during tropical cyclones. 

waves will be significantly larger during strong storm events, in 
particular, tropical cyclones. Previous studies (Steedman and 
Russell, 1986) suggest that tropical cyclones may generate wind waves 
up to 2 In and swell waves up to 4 or 5 m which will propagate into the 
Gulf. 

3.3 Water Levels 

Longer period water level variations (i.e. periods greater than 1 
hour) are the combination of several environmental phenomena, 
including the astronomical tides, atmospheric pressure variations and 
shelf waves. 

By far the most significant component is the astronomical tide. 
Astronomical tide heights in the North West Australian shelf region 
are well known (Easton, 1970; Holloway, 1983; Department of Marine and 

10 



STEEDMAN LIMITED 

Harbours, personal communications 1986; Australian National Tide 
Tables 1988, 1987; and various measurement programmes undertaken for 
companies working in the area, e.g. R.K. Steedman & Associates, 1982; 
Steedman Limited, 1987). In Exmouth Gulf, two standard ports exist, 
at Point Murat and at Learmonth (figure 1.2). 

The tides in Exmouth Gulf are characteristically semi-diurnal with a 
small diurnal inequality. This is caused by the dominance of the 
principal lunar (1.12)  and principal solar (S2 ) constituents. Tidal 
range increases towards the head of the Gulf. 

At Point Murat, the mean spring range is 1.7 m while at Learmonth, it 
is 2.1 m. Tide measurements undertaken by the Department of Marine 
and Harbours at Badjirrajirra Creek (figure 1.2) indicated a mean 
spring range of 2.0 m. Values of the major tidal constituents 1.12,  S21  
01, K1, are given in table 4.1 for the above three locations. Times 
and elevations for daily high and low tides for the two standard ports 
can be obtained from the Australian National Tide Tables 1988 (1987). 

Long term variations, such as the seasonal astronomical variations in 
mean sea level, occur in the area. The mean level in the months March 
to June is approximately 0.1 m above the annual mean sea level. For 
the months August to November, the mean level is approximately 0.1 m 
below the annual mean sea level. 

Astronomical tides at Whalebone Prospect location will be similar to 
those at Point Murat. At Rivoli Prospect, the character of the 
astronomical tides will lie between those of Point Murat and 
Learmonth. This is borne out by results from the tidally-driven 
numerical circulation model that was run for Exmouth Gulf (see section 
4). 

Meteorological effects on water levels are two-fold. Water level 
variations can be caused by atnpspheric pressure variations and also 
by wind forcing. Variations due to atmospheric pressure are generally 
small - a 5 nib fluctuation would result in a water level change of 
approximately 0.05 m. The inverse barometer effect, as it is known, 
is more important in the case of tropical cyclones, where central 
pressure reductions of up to 50 to 100 nib can cause water levels to 
rise by 0.5 to 1.0 m. 

water level variations due to wind forcing are also generally small in 
Exmouth Gulf. They depend on the balance of forces such as surface 
wind stress, bottom stress, Coriolis force, inertia and pressure 
gradient. 

Numerical modelling shows (section 4) water level differences over the 
width of the gulf are about 0.05 m for a 10 m s wind (easterly or 
westerly). Again, this effect is more important during the stronger 
wind forcing associated with storms. For example, numerical modelling 
has shown (Steedman and Russell, 1986) that known cyclones have surges 
of up to 0.4 m for wind speeds up to 35 In s' at Exmouth (similar 
results would be expected at Rivoli Prospect and Whalebone Prospect). 

11 
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Shelf waves cause water level variations at the coastline of 0.1 to 
0.5 m over periods of 5 to 30 days (Provis and Radok, 1979; Holloway 
et al., 1981). The variations are unpredictable and their cause is 
not known. 

Other shelf waves have been related to tropical cyclones (Fandry et 
a]., 1984). 

12 
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4. NUMERICAL CIRCULATION MODELS 

4.1 Selection 

The subject of coastal circulation is well developed, both 
theoretically and experimentally (e.g. see texts by Csanady, 1982; 
Nihoul, 1979 and 1982; Bowden, 1983). Theoretical models, based on 
the equations of motion, have been related to observed currents, sea 
level variations and water properties. Parameters such as average 
current movement and water levels can be estimated within reasonable 
bounds of error. 

The dynamics of the shallow coastal waters in Exmouth Gulf and 
environs are generally poorly observed and understood. By contrast, 
the tidal water level elevations at the coastal stations are 
reasonably well known. 

Observations suggest that both wind-driven circulation and tidal 
motion will dominate the water movement, and hence any oil spill 
transport. 

As a first approximation, it was judged that a linear vertically 
integrated numerical model would best simulate tidal movement in this 
area. This type of model has been applied to a variety of locations 
along the North West Shelf and coastline (e.g. Mills, 1985; Steedman 
and Russell, 1986; Steedman Limited, 1986; Andrewartha, 1987). The 
main source of friction to tidal flow is via the bottom stress and 
hence a depth-integrated model should define, reasonably well, surface 
currents due to tides. 

This is not the case for wind-driven flow where both surface and 
bottom stress are important. Hence it was decided the appropriate 
model should have the capability of describing the vertical structure 
through the water column, in particular the surface layer currents. 

The models chosen for this study therefore, are a depth-integrated 
(Heaps, 

1969; Fandr), 1982), and a 112.5D" model for wind-driven cases, as 
described in appendix C (Jelesnianski, 1970; Fandry, 1983). 

The latter is able to model currents at any given depth. However, to 
produce time-varying currents at several grid points, as required for 
tracking oil spills, requires enormous computing time and storage 
resources. As this was not practical the model could only be run with 
uniform wind fields, constant in time, to produce steady-state current 
fields. Thus, the wind cases to be studied needed to be represented 
in terms of a constant wind strength from a given direction. 

To model tide-plus-wind driven cases it was decided to superimpose the 
surface currents predicted by the wind-only 2.5D model onto the tidal 
currents predicted by the 2D model. This procedure is at worst 
conservative since at times of strong tidal currents, the effect of 
the wind stress is probably diminished (Provis and Lennon, 1983). 

13 
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The circulation models require as input a digitised gridded bathymetry 
plus coastline, and a specification of the open boundary conditions. 
The details of these requirements plus calibration of the 2D model are 
given in the following three sections. 

The role of the circulation models was to provide a time varying 
surface current, for different case studies (section 4.5), to be used 
as input to the oil spill trajectory model (chapter 5). 

4.2 Model Grid and Bathymetry 

Bathymetric and grid data were already available for the region of 
interest from a previous modelling study (Steedman and Russell, 1986). 
As these data satisfied the requirements of this study (i.e. the 
spatial resolution is adequate and the region of interest is covered), 
they formed the basis of the bathynietry and grid for this study. 

The uniform grid chosen for use with the numerical circulation models 
is shown in figure 4.1. Each of the grid points shown represents a 
point where both depth and surface elevation are defined (see appendix 
B). 

The grid contains 23 x 36 points in which the x and y grid spacings 
are given by & - y 3.15 km. The 3.15 km grid spacing is unable to 
resolve the fine coastal and island detail, and so judgements were 
made as to how to represent the coastline and islands. 

The depth at each grid point was originally estimated to the nearest 1 
metre using available charts. Most information was gained from chart 
AJJS 744. In assigning grid depths from chart estimates, a value of 
approximately 2 m was added to adjust the Chart Datum values to mean 
sea level (MSL), as required by the model. 

Bathymetry contours relative to MSL, used by the circulation models, 
are plotted in figure 4.2. 

4.3 open Boundary Conditions 

To complete the integration of the equations of motion, the open sea 
boundary conditions need to be specified. The boundary conditions are 
described in more detail in appendix B. It should be noted that the 
full dynamical equations cannot be solved on the boundaries. The open 
boundary conditions represent the best available estimate of what 
actually occurs at these boundaries, however the results within one or 
two grid points of these boundaries may not be accurate. 

In the case of tide-only flow, the tidal surface elevations are 
specified at all grid points along the open boundaries, at each time 
step. This procedure serves a dual role by also providing the tidal 
forcing for the model.. 

In the case of wind-driven flow, the boundary values of surface 
elevation and current flow are initialized to be zero, and then 
various options may be chosen to specify the normal flow across the 
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boundaries as the model run progresses. For this study, appropriate 
boundary conditions for wind-only driven flow were found to be zero-
normal-flow-gradient on the northern boundaries, and the radiation 
condition on the west and east boundary. 

For the model area being considered here it was decided that only the 
4 major constituents M2, S2 , K1  and O would be needed to adequately 
represent the tide. The model requires as input the amplitudes and 
phases of these 4 constituents at the open boundary corners. The 
values used were based on previous modelling work (Steedman and 
Russell, 1986). 

In setting these tidal constants, reference was made to published 
values from several different sources, for various nearby locations. 
The Australian National Tide Tables 1988 (1987) provides the constants 
for coastal ports and some offshore locations i.e. Norwegian Bay, 
Point Murat, L1earmonth, Serrurier Island and Onslow. Schwiderski 
(1979, 1981a, 1981b, 1981c) provided estimates at six nearby 
locations, while further information was gained from measurements made 
by Department of Marine and Harbours (personal communications, 1986) 
at Badjirrajirra Creek. 

The tidal constants gained from the above sources are listed in table 
4.1. While those of K1  and 01  are reasonably uniform across the 
region, the constants for ; and S2  vary considerably. One reason for 
this is the fact that the constants have all been derived from 
different lengths of tide data. The tide tables do not specify source 
data lengths. In many cases these would have been too short to 
accurately resolve all constituents. 

The variability of the constants is also indicative of the dynamics of 
the tides in and around. Exmouth Gulf. This included the substantial 
amplification of the M2  and S2  amplitudes towards the head of the 
Gulf. The complex variations in the tidal constants preclude accurate 
estimation of constants for the open boundary grid points. 

The technique chosen was to subjectively weigh up all the data in 
table 4.1 and hence manually estimate constants for the 4 corners of 
the model grid. The constants at intermediate grid points on open 
boundaries were then obtained by linear interpolation. Amplitudes 
were chosen principally from those for Point Murat, Learmonth, 
Serrurier Island and Onslow whilst phases were estimated from all the 
available data. The tidal constants estimated for the 4 corners of 
the grid are given in table 4.2. 

4.4 2D model Calibration 

Following specification of the bathymetry and open boundary 
conditions, certain other parameters need to be specified to run the 
models (see appendix B). These parameters have been chosen as 
follows:- 

Time step 	 (at) - 40 sec 
Bottom friction coefficient (k) - 0.003. 
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Other studies suggest that the bottom friction coefficient may be 
better represented as varying over the grid (Ramming and Kowalik, 
1980; Andrewartha, 1987), however there is insufficient data to assess 
the importance of a variable bottom friction coefficient. 

Available data for calibration of the 2.5D model (used to generate 
surface wind-driven currents) is non-existent in Exmouth Gulf. 
Calibration of the 2D model (used to generate tidal currents) was 
limited as there is only dath at three locations within the model 
domain, and the tidal current and height information at each location 
is insufficient. 

Comparison of predicted and modelled tide heights for Exmouth Gulf is 
described by Steedman and Russell (1986) and is not repeated here. 
The results show that tide heights and phases compare very well. 

Velocities of 0.65 m s and greater reported by the RAN (1954) at 
spring tides compare reasonably well with modelled spring tidal 
currents (see figure 4.3 and the more detailed description of the 
modelled tidal currents in section 4.5) which range up to 0.7 m s. 
It has to be remembered that the modelled tidal currents are depth 
averaged, whilst the observed values do not necessarily correspond to 
the depth average value. Vertical variation in the tidal currents is 
not large, however, so the discrepancy should not be significant. 

4.5 Model Results 

This section provides examples of surface elevations, depth-integrated 
currents and surface currents predicted by the numerical circulation 
models for input to the oil spill model described in chapter 5. For 
tide and wind-driven flow, the examples include time history output at 
specific locations, current vectors at all grid points and contours of 
surface elevation across the grid. 

2D Circulation Model Results 

The periods chosen to represent the extreme types of tidal flow found 
near the two proposed well locations in Exmouth Gulf and thus to be 
used for the tide-driven model runs are as follows: 

Spring tides : 0000 21.11.88 to 0000 27.11.88 
Neap tides 	: 0000 31.10.88 to 0000 06.11.88. 

Six days were chosen for each run because the circulation model 
requires 48 hours to 'warm-up' and the oil spill model requires 96 
hours of current data for advection of the oil (see section 5.2). 

Figures 4.3 and 4.4 contain examples of depth-averaged currents and 
surface elevations from spring tidal forcing, and figures 4.5 and 4.6 
present those for neap tidal forcing. Maximum current speeds are 
attained approximately midway between high and low spring water. This 
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maximum speed varies considerably across the grid due to the islands 
and changes in depth. Maximum depth-averaged tidal currents are 
predicted to be approximately 0.7 m s' in the region of interest. 

2.5D Circulation model Results 

As mentioned in section 4.1, computer constraints restricted running 
of the 2.5D circulation model to the steady state case, using a wind 
field both constant in time, and uniform across the grid. Because we 
are only modelling 'worst case' scenarios here, rather than pursuing a 
probablistic approach which would take into account the frequency of 
occurrence of all wind patterns it was decided to model 8 wind cases. 

Reference to measured wind data (tables 2.2 to 2.5 and appendix A) 
shows that at Barrow Island the wind seldom blows for any length of 
time above 10 m s' (except during the storms mentioned in section 2.4 
and which are not being considered here). Wind speeds greater than 
10 m s -1  at Exmouth Navy Alpha only persist for more than 24 hours 
for 1.7% of the time. During the period November to April, winds are 
predominantly southerly, south-westerly or westerly. 

On the basis of the above information the 8 cases for study were 
chosen to be simply a 10 m s wind blowing from the cardinal 
directions north, north-east, east, south-east, south, south-west, 
west and north-west. 

Apart from the model parameters given in section 4.4, and the open 
boundary conditions described in section 4.3, there remains one input 
parameter which needs to be specified to run the 2.5D model in a wind-
driven mode. That parameter is the wind drag coefficient which, for a 
10 m s wind, was chosen to be (see appendix B): 

Wind drag coefficient (cd) = 1.2 x 10. 

The 2.5D model was run for 65 hours to ensure the steady state value 
was attained for each of the 8 cases described above. The current 
vector fields at hour 65 were determined for a depth of -1.0 m. The 
results for the 8 cases are given in figure 4.7 and 4.8. In open 
waters, the surface currents would be expected to flow to the left of 
the wind (in the southern hemisphere). However, the Gulf topography 
places additional constraints on the flow, with the result that the 
surface currents flow generally to the right of the wind. They 
generally vary in magnitude from 0.2 to 1.0 m s'. Typically the 
currents are at least 3% of the wind speed (0.3 m _1)  or larger. 

Note that the near-shore surface currents predicted by the 2.5D model 
are subject to the constraints described in the following section. 

4.6 Coastal Boundary Flow 

It is worthwhile examining the flow at the coastal boundaries in more 
detail. 

The coastal boundary conditions of the numerical model (appendix B) 
simply assume there is zero normal depth-averaged flow at the coast. 
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Of course this condition does not accurately represent this region, 
where both wind-driven surface currents and ocean wave drift can bring 
pollutants ashore. 

Csanady (1982) summarises the so-called Ekman adjustment drift theory 
which describes both the horizontal and vertical structure of the flow 
at the coastal boundary. Figure 4.9 shows the cross-shore and 
longshore current structure close to the coast for a cross-shore wind. 
The flow in the y direction may be either onshore or offshore. The 
Coriolis force (southern hemisphere) will left turn the current from 
the wind, and hence develop the surface longshore component. In both 
the cross and longshore directions the mass balance is achieved by an 
opposite bottom flow. Similarly, a longshore wind will induce an 
onshore or offshore surface flow with a bottom counter flow (figure 
4.10). 

Clearly the vertically-integrated model does not describe this 
structure. However, the vertically-integrated 2D model should be 
reasonably accurate at distances greater than one or two grid points 
from the coast. 

Also, the 2.5D model is not accurate in a narrow region close to the 
coast (see appendix C, section 1.5). 
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5. ESTIMATION OF OIL SPILL ENVELOPES 

5.1 Oil Spill Movement 

The transportation processes of oil in coastal regimes have been well 
summarised, e.g. Hunter (1980) and Murray (1982). Generally the 
transport of oil at, or near, the sea surface is governed by: 

(i) 	tidal, wind-driven and drift currents of the water mass, 

locaijeed wind-driven notion at the air-sea interface, which 
may be caused by such mechanisms as surface gravity waves and 
the direction of the surface wind stress on the oil patch; 

spreading and mixing processes, such as surface tension, 
surface wave activity, horizontal turbulence; 

loss of oil constituents through evaporation, chemical change 
or some biological degradation. 

The mean position, or centre of mass, of the patch is controlled by 
(i) and (ii), while the spreading is controlled by (iii) and (iv). 

From the conservation of mass, the average vertically-integrated 
transport equation describing the distribution of the oil is given by 

a2C  at+Uax 	 (5.1) ay x2 3y2  
where 

c is the concentration of the oil (kg m); 

K is the horizontal eddy diffusivity (assumed isotropic); 

Q represents any source or sink terms; 

and u, v, are the vertically-averaged velocities. 

These variables may be scaled using 

c*_c/C 	
11 

(x*,y*) - (x/L, y/T) 
(5.2) 

(u*,v*) - (W1.I, v/U) 

t*_t/r 

where L is the characteristic horizontal dimension (taken here as the 
length of the tidal excursion), U is the characteristic velocity, C is 
the average concentration, and T is the time scale of interest. 
Substituting (5.2) into (5.1) gives the non-dimensional equation 
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td 3c* 	ac* 	ac 	32 Ca 	82 C* 

+ 
Tat* 	3x* 	aya 	ax2* 	2* 

(5.3) 

where the Peclet number Pe = UL/K is a measure of the relative 
importance of advection to diffusion, and the diffusive time scale is 
td - L2 /K. Increasing the eddy diffusivity decreases the Peclet 
number. 

The magnitude of the appropriate scaling parameters will govern the 
relative importance of advection to diffusion. 

For short distances about the source, e.g. one tidal excursion: 

	

Let L 	= 10 kin, the length of the tidal excursion, 

	

T 	= 0.5 x 105  eec, time of one tidal cycle, 

	

U 	= 0.3 in s, average tidal speed (figures 4.3 and 4.5), 

	

K 	= 10 in2  5 1, see Okubo (1974), 

then, Pe = 300 and advection clearly dominates diffusion (right hand 
side of equation (5.3)). 

For larger distances within the scale of the model which might be 
covered by drift currents 

say L =50km 

and U =0.O5ms' 

then P = 106 sec 

K 	= 50 in2  s', Okubo (1974), 

then, Pe = 50 and hence advection would still dominate. 

For very large distances and lower current speeds, the Peclet number 
reduces even further and diffusion begins to dominate advection. 
However, that is not the case with this study where short to moderate 
distances are appropriate. 

Therefore it is reasonable as a first approximation near the source to 
neglect the diffusive terms in the transport equation, and ass.une a 
time-dependent advection scheme only. In addition the difficulties in 
parameterising the other spreading terms (items iii and iv above), and 
the difficulty of describing the flow against the coastline (section 
4.6), would lead to unavoidable gross simplifications. 

It is now assumed that advection only will be carried out by a 
superposition of the time-dependent tidal currents for spring and neap 
tides (section 4.5) with the steady-state wind-driven currents 
(section 4.5). 
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5.2 Oil Spill Model 

The position p of the centre of mass of a patch of oil at time t, 
after being released from p0  at the time t0 , is given by the integral 

it 
t 

p(t) - p0 
 +

w(p(t),r)dt 	 (5.4) 
o  

where 
p0  -p(t0 ) 

P(t) - (x(t), y(t)) 	 (5.5) 

p(t),t) - (u(p(t),t), v(p(t),t)) 

where x and y are the excursion positions and u and v are the x and y 
components of water velocity. 

To simulate the advection of patches or 'particles' with the oil spill 
model, a new particle is released from p0  at discrete time intervals 
AT. Each particle is advected every time step of the circulation 
model, At, by the value of the current velocity determined by the 
circulation model for that grid location. By this method, equation 
(5.4) is approximated by: 

N-i 
P(t) =p0  + 	 (p,t) At 	 (5.6) 

i-o 

where o(p,t) is the velocity of the particle at location 
p - p(t) at time t 	to  + iAt, and N is the number of time steps 
from t0  to t. 

The distance travelled by a particle along its trajectory, after time 
t, is given by the line integral 

P(t) 

X(t) = f ds 	 (5.7) 

p0 

where ds is arc length. 

Equation (5.7) can be rewritten as an ordinary integral in time as 

(t) -J 	x()2  + y'(r)2]¼dt 
- 	

to 

f [U(p(-r),t)2+V(p(.T),.r)2 Pd-r - 
(5.8) 
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Equation (5.8) is approximated by the oil spill model as: 

N-1 
X(t) = 	[u(p1  ,t1 )2  + v(p1, t1  ) Y'At 	. 	(5.9) 

i=O 

oil spill envelopes are required for release times of 6, 12, 24 and 48 
hours. The problem could therefore be phrased as "where could an oil 
patch find itself after 6, 12, 24 or 48 hours from release?" 

To this end, the model was allowed to 'warm up' for T1  hours with no 
advection, and then particles were released at intervals of AT hours 
for a further T2  hours (i.e. T2/AT particles were released during each 
run). 

The model was then allowed to run for a further 48 hours to allow the 
last particle to advect for the maximum release time of 48 hours. 
Total run time for each case was therefore T1  + T2  + 48 hours. 

By allowing the release of several particles over a period T2, the 
combined trajectories of all these particles produces an envelope 
which encompasses all possible scenarios for oil released at any time 
over the period T2. Thus, period T2  should be chosen at least greater 
than one tidal cycle. 

To define the envelope area, the position of each particle is recorded 
each time a new particle is released. Thus, points along each 
trajectory are resolved to within a time of AT. 

It should be noted that particle positions were recorded as fractions 
of the main model grid and that velocities were interpolated to give 
the appropriate value for those particle positions. 

Note also that although T2/AT particles are released from the source, 
and there exist therefore the same number of trajectories to plot, the 
entire length of each trajectory is not plotted. The actual amount 
plotted depends on the release time defining the particular envelope 
of concern i.e. 6, 12, 24 or 48 hours. 

For example, consider the first particle to be released at the 
beginning of time T2. The trajectory of this particle continues to 
develop up to time T2  + 48. However, only the 6 hours closest to the 
source should be plotted for the 6 hour envelope, and only the first 
12 hours for the 12 hour envelope etc. Thus the only entire 
trajectory to be plotted is that of the last particle to be released 
and then only for the 48 hour envelope. Figure 5.1 is a schematic 
diagram showing how much of each trajectory is plotted. 

For the maximum release time of 48 hours, the corresponding envelope 
can contain several thousand points. To avoid plotting such a densely 
packed set of points, the oil spill area was subdivided into a fine 
grid, and only 1 point plotted per envelope cell if the envelope ever 
traversed that cell. Thus each envelope area is an 'evenly-shaded' 
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plot which defines all possible areas through which an oil spill could 
have travelled. A given oil spill, released for any duration within 
time T2  of the particular case study should therefore be confined 
within the shaded area, but will not necessarily span the entire area. 

5.3 Model Results 

Model input parameters described in the previous section were chosen 
to be: 

Particle release coords., (x0 , y0 ) 

for Whalebone Prospect 
	

= (6.0, 25.0) 
for Rivoli Prospect 
	

= (6.0, 20.5) 
Particle advection interval 
	

At = 40 sec 
Particle release interval, 	AT = 0.5 hours 
Model 'warm-up' period, 	T1  = 48 hours 
Particle release duration, 	T2  - 48 hours 
No. of envelope cells per grid cell - 5. 

The release period T2  was chosen to be 48 hours since this encompasses 
4 tidal cycles, and also provides for a sufficient number of releases 
(96) to ensure a good spread of trajectory points for plotting. 

Eighteen simulation runs were carried out for currents corresponding 
to spring tides only, neap tides only, plus each of these 2 cases 
acting coincidently with the 8 wind cases described in section 4.5. 
Envelopes showing the maximum extent of an oil spill given by the 
model for spill durations of 6, 12, 24 and 48 hours, for each of the 
18 case studies are given in figures 5.2 to 5.19 for Whalebone 
Prospect and figures 5.20 to 5.37 for Rivoli Prospect. A description 
of the results for each location follows. 

Whalebone Prospect 

In the case of spring tides only, figure 5.2 shows that the envelope 
is somewhat elliptical in shape due to the oscillatory nature of the 
current flow. Since the principal axis of the current ellipse changes 
from a NNE-SSW alignment south of Whalebone Prospect to NNW-SSE in the 
mouth of the Gulf, the envelope is distorted from a true ellipse. The 
length of the envelope is about 25 km in length after 48 hours, 
compared with a length of 14 km for the neap tide only case (figure 
5.3). 

For the tide-plus-wind simulations, the wind component is seen to 
dominate the movement of the oil spill. This is particularly the case 
where the wind-driven current is parallel to, and hence masks, the 
tidal oscillations. In such instances the envelopes are long and 
narrow and drawn out in the direction of the wind-driven currents 
(e.g. see figures 5.18 and 5.19).. 

In the case where the wind-driven current is directed at an angle to 
the tidal currents, the result is a distorted envelope with 'bulges' 
due to the tidal oscillations. This behaviour is shown in figures 5.6 
and 5.8 for spring tides acting with westerly and northerly winds 
respectively. Overall, spring tide-plus-wind situations produce 
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broader envelopes than neap tide-plus-wind situations. Envelope 
lengths are comparable for a given release duration. These lengths 
depend somewhat on wind direction, but range from approximately 6 to 
20 km for 6 hour releases, to 30 to 45 km for 24 hour releases. The 
envelopes either encounter land or extend beyond the model boundaries 
within 48 hours. Note that these distances relate to a sustained wind 
of 10 m s over the given period. 

Envelopes for the northerly, north-easterly and easterly winds affect 
the coastline from Exmouth to North West Cape and beyond, i.e. Exmouth 
to North West Cape, Bundegi reefs to the Cape and beyond, and Point 
Murat to the Cape respectively (see figures 5.4 to 5.9). 

For the south-easterly, southerly and south-westerly winds the 
envelopes exit the Gulf to the north between the Cape and the Muiron 
Islands, to the north-east and to the east-north-east (see figures 
5.10 to 5.15). Envelopes for the westerly and north-westerly winds 
intersect the coastline from Tent Point to the south and from Point 
Lefroy to Gales Bay, respectively (see figures 5.16 to 5.19). 

The envelopes show that all of the coastline in Exmouth Gulf is at 
risk in the event of an oil spill from the proposed Whalebone Prospect 
well location. The time taken for oil to travel to the coastline 
under sustained 10 m s winds varies from about 6 hours for Exmouth 
to North West Cape to somewhat more than 24 hours for the north-
eastern coast and almost 48 hours to the head of the Gulf (e.g. Gales 
Bay). 

Several conmients are relevant to these results. Firstly, they apply 
to constant wind directions, whereas in reality the wind directions 
change daily (refer to section 2), with small variations over shorter 
time scales (i.e. minutes). Secondly, only the eight cardinal 
directions are represented. For intermediate directions, the 
envelopes will cover different parts of the Gulf (e.g. for a wind 
direction of south-south-east, the envelope would quite likely affect 
the Muiron Islands. 

It should be noted that several islands and reefs, especially on the 
eastern and north-eastern side of the Gulf are too small to be 
represented by the model grid. Also there are a number of islands 
beyond the north-eastern boundary of the grid. All of these areas 
would be at risk for specific wind directions, particularly 
southerlies, south-westerlies and westerlies. 

In the case where envelopes intersect the coastline, no further 
movement (i.e. along the coast) is predicted. Although such movement 
will likely occur in reality, the models used do not account for the 
currents very close to the coast that cause this effect (see section 
4.6). It should also be noted that currents within one or two grid 
points of the boundaries may not be accurate as the full dynamical 
equations cannot be solved on the boundaries. The open boundary 
conditions (appendix B) represent the best available estimate of what 
actually occurs at the boundaries. 
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Rivoli Prospect 

The general coninents made about the results for Whalebone Prospect 
also apply to the results for Rivoli Prospect. 

For spring and neap tides only, figures 5.20 and 5.21 again show 
envelopes that are ellipical in shape. However, because Rivoli 
Prospect is further into the Gulf than Whalebone prospect, the 
ellipses are nearly straight lines aligned NNE—SSW with alnost no 
minor axis. The envelope lengths after 48 hours are about 15 km and 
10 km for spring and neap tides, respectively. 

Figures 5.22 to 5.27 show that envelopes for the northerly, north-
easterly and easterly winds intersect the coastline in the vicinity of 
Exmouth, between Exmouth and Bundegi Reefs and between Bundegi Reefs 
and Point Murat. 

For the south-easterly and southerly winds, figures 5.28 to 5.31 show 
that the envelopes exit the gulf to the north between North West Cape 
and the Muirons and the north-east respectively. The envelope for the 
south-east wind does just intersect the coastline near Point Murat. 

Envelopes for the south-westerly, westerly and north-westerly winds 
affect the coastline between Locker Point and Tent Point, near Hope 
Point, and from Point Lefroy to Gales Bay, respectively(see figures 
532 to 5.37). 

The envelopes indicate that for sustained wind speeds of 10 m s, oil 
could travel from the proposed Rivoli Prospect well location to almost 
any point of the Gulf coastline or the Muiron Islands in about 24 
hours. It would take a little longer to reach the head of the Gulf. 
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CONCLUSIONS 

The following conclusions are drawn: 

For Exmouth Gulf, some of the ambient climatology is reasonably 
well known, from land and coastal observations and measurements 
including winds and water levels. Other aspects, such as wave 
climate and water currents have not been measured systematically 
and are not well known. In the absence of measurements, numerical 
modelling of the wind driven and tidal currents provides the best 
estimates of the Gulf circulation which will transport any oil 
spill away from the exploration well sites. 

Both vertically integrated (2D) and depth-dependent (2.5D) 
numerical circulation models have been applied to Exmouth Gulf. 
The 2D model was used to consider tidally-driven time varying 
currents, while the 2.5D model was used to provide wind-driven 
currents under a constant wind speed. 

There is inadequate current meter and water level data for Exmouth 
Gulf to properly calibrate the models. However the limited 
observations compare favourably with model output (i.e. tide 
constituents are within 5% and tidal currents are within 10%). 
The models have also been used at other locations, including the 
North West Shelf, where measurements have shown good agreement 
with modelled output. It is considered that these models provide 
the best available estimates of the important currents for oil 
spill modelling in Exmouth Gulf. 

The oil spill model used makes several assumptions. It is assumed 
that no oil is lost through evaporation, or chemical, or physical 
degradation, and that the oil moves with the surface currents. 
Horizontal diffusion of the oil patches is shown to be 
insignificant compared with advection so it is omitted. In 
addition, near-shore drift along the coastline induced by waves 
and beach slope has not been modelled. Although these effects 
could be modelled, they would add considerable complexity to the 
models. It is not considered that the results of this study would 
be significantly improved by the additional modelling. 

A total of eighteen oil spill scenarios were studied, for each of 
the two proposed well locations, Whalebone and Rivoli Prospects. 
These included spring and neap tide only cases, as well as each of 
these tides acting concurrently with a steady 10 m s wind from 
each of the eight cardinal wind directions (north, north-east, 
east, south-east, south, south-west, west and north-west). For 
each of the 36 scenarios, the envelopes of the maximum oil 
excursion distance in 6, 12, 24 and 48 hours were determined. 
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Generally, for the tide only cases, the oil spill envelopes were 
confined to elliptical regions lying NNE-SSW, with much less 
spreading occurring along the minor axis of the ellipse for Rivoli 
Prospect than for Whalebone Prospect due to the unidirectionality 
of the currents there. Maximum excursions under tides only were 
predicted as 25 km about Whalebone Prospect and 15 km about Rivoli 
Prospect. 

For the combined wind and tidally driven cases, the envelopes are 
drawn out in a long shape which reflects the predominant influence 
of the wind-driven currents. These envelopes are broader for 
spring tides, may reach 20 km width depending on the wind 
direction with the main axis of the tidal ellipse. 

These envelopes also indicate that most of the Exmouth Gulf 
coastline would be at risk in under 48 hours in the event of an 
oil spill from either location, assuming sustained wind speeds of 
10 m s' were experienced. It should be noted that wind speeds 
only exceed 10 m s' for periods of more than 1 day for 1.7% of 
the time during the November to April period, so the modelled oil 
spill travel times to the coastline are less than what could be 
expected under most wind conditions. When evaluating these 
results, the assumptions made in the oil spill model should also 
be borne in mind (refer in particular to item 3 and 4 above). 

The times taken for the oil spill trajectories from the two 
locations to intersect the coastline vary slightly. The main 
differences occur along the east and south coastline where 
envelopes from Rivoli Prospect reach most coastal points in 24 
hours or less, while it takes them a little longer from Whalebone 
Prospect (in the order of 30 hours or less). 

Due to the proximity of the proposed well locations to the west 
coast of the Gulf, oil spills will take less time to reach this 
coastline (e.g. about 6 hours under sustained 10 m s' northerly, 
north-easterly or easterly winds) than the eastern and southern 
coastlines. However, the low occurrence of winds from directions 
other than the south, south-west or west sectors (a total of 24.% 
over the November to April period) means that the coastline from 
Giralia Bay in the head of the Gulf to North West Cape (the west 
side of the Gulf) is much less likely to be affected than other 
parts of the Gulf. 

The most likely direction for oil spill travel is towards the 
north-east under a southerly wind (with a probability of about 
35%), exiting the Gulf between the Muiron Islands and Locker 
Point. Under a sustained 10 m s wind, the oil would take 24 
hours or more to reach the Muirons, the main coastline (in the 
vicinity of Locker Point) or any intermediate islands (such as 
Serrurier Island). 
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Measurement 
Station 

Latitude 
(S) 

Longitude 
(E) 

Anemometer 
height AGL 

(m) 

Measurement 
period 

Measurement 
type 

Data 
frequency 
(obs/day) 

Viaming Head 21°49' 114006' unknown 1913-1967 Manual 2 

(lighthouse) 

Exmouth 21056' 114007' unknown 1967-1975 Synchrotach 2 

Composite anemometer 

Exmouth 21049 114010' 10 1971-1976 Synchrotach 8 

Navy Alpha anemometer 

Learmonth 22014' 114005' 10 1975-1988 Dines 8 

Met. Office anemometer 

Learmonth 22020' 114003' 10 1968-1971 Synchrotach 2 

Navy Charlie anemometer 

Onslow 21040' 114007' 10 1940-1975 Dines 8 

Met. Office anemometer 

Onslow 21038' 115006' 10 1975-1988 Esterline 2 

Post Office anemometer 

Table 2.1 Wind data available in the Exmouth Gulf region. 
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JOB NO. 769 LOCATION: 	LEARMONTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 	22 14' 	30" S 	LONGITUDE: 114 	5' 36" 	E 
ELEV AND: ELEV AOL: 10.0 	M. 

PERIOD: NOVEMBER - APRIL, 	1975/76 TO 84/85 

WIND SPEED (M/S) 

0.1 2.1 4.1 	6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO 	TO TO TO TO AND 
2.0 4.0 6.0 	8.0 10.0 12.0 14.0 OVER 

N .4 1.0 1.2 	.8 .2 .1 3.6 

NE .3 1.3 2.9 	1.9 .7 .2 .1 .1 7.6 
D 
I 	E .4 2.0 3.1 	.9 .2 .1 6.7 
R 
E 	SE .3 1.0 1.2 	.6 .3 .1 3.6 
C 
T 	S .8 2.5 3.6 	3.5 1.4 .3 12.2 
I 
O 	SW 1.8 6.6 11.8 	15.1 8.9 2.3 .3 46.8 
N 

W .8 2.0 3.1 	4.7 2.2 .5 13.3 

NW .2 .5 .4 	.5 .1 1.8 

TOTALS 5.0 16.8 27.2 	28.1 14.0 3.7 .5 .2 

OCCURRENCE OF CALMS 4.3% 

STATISTICAL SUMMARY 

14496 DATA POINTS USED 

MEAN 
	

MAX 	 S.D. 
U - COMP 	 1.7 	 -17.0 	 •3.6 
V - COMP 	 2.9 
	

18.5 	 4.0 
WIND SPEED 	 5.8 
	

20.6 	 2.5 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S <= 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table 2.2 Wind speed and direction percentage occurrence matrix for 
Learnnth Meteorological Office. Data covers the inths 
November to April for 1975/76 to 1984/85. 
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JOB NO. 769 LOCATION: EXMOUTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 	21 49' 	0" S LONGITUDE: 114 10' 0" 	5 
ELEV AHD: ELEV AGL: 10.0 	M. 

PERIOD: NOVEMBER - APRIL, 1972/73 TO 1975/76 

WIND SPEED (M/S) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N .9 1.0 .8 .3 .1 .2 3.3 

NE .2 1.2 1.6 1.0 .4 .3 .1 .2 4.8 
D 
I 	5 .1 .7 .8 .8 .4 .4 .2 .2 3.6 
R 
E 	SE .2 1.3 2.2 1.0 .2 .3 .2 .1 5.4 
C 
T 	S .5 2.6 6.5 8.7 7.4 6.1 2.3 .5 34.7 
I 
O 	SW .9 3.8 4.3 4.2 2.0 1.8 .3 17.4 
N 

W .8 2.3 2.8 4.4 3.1 1.4 .3 .1 15.3 

NW .2 1.1 1.7 2.9 .9 .2 .1 .1 7.1 

TOTALS 3.0 13.9 	20.9 23.6 14.8 10.5 3.4 1.4 

OCCURRENCE OF CALMS 8.5% 

STATISTICAL SUMMARY 

5066 DATA POINTS USED 

MEAN 	 MAX 	 S.D. 
U - COMP 	 1.2 	 -26.1 	 4.2 
V - COMP 	 3.5 	 -31.3 	 5.1 
WIND SPEED 	 6.8 	 33.9 	 3.2 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S <= 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table 2.3 Wind speed and direction percentage occurrence matrix for 
Exmouth Navy Alpha station. Data covers the months November to 
April for 1972/73 to 1975/76. 

a 



Wind speed persistence exceedence 

Location LEARMONTH 
Latitude : 	22 	14' 	30" 

g 2C Longitude : 	114 	5' 	36" 
m Data period NOVEMBER - APRIL, 	1975/76 TO 1984/85 

PlO ffl 

i-JO 
wI ,- 	o Percent Duration 

OtQ rn 
rn 
0I 

of Hours duration Days duration 
zi 

Ui 0 0 M/S > 	6 >12 >18 >24 	>30 >36 : 	> 	2 	> 	4 	> 	6 	> 	8 	>10 >12 	TOTAL 
r t 

HOURS 
CA 

C) 0 rim m => 	2.00 90.0 88.4 83.6 77.8 	75.0 73.6 68.2 	50.9 	36.8 	30.2 	19.9 15.8 	39168 
o • => 	4.00 71.5 63.9 52.9 45.5 	42.8 39.9 33.9 	16.8 	6.7 	2.3 31083 

=> 	6.00 41.4 30.0 21.7 14.8 	12.4 10.8 6.5 	.9 	.4 17991 
=> 	8.00 13.9 7.0 3.3 1.6 	1.1 .8 6033 

OD =>10.00 2.5 1.1 .6 .4 	.3 .2 1098 
Al x =>12.00 .4 .2 .2 .1 	.1 159 

C) =>14.00 .2 .1 .1 .1 78 

1 
CD 	CD =>20.00 0 

=>22.00 0 
CD =>24.00 0 

h =>26.00 0 
=28.00 0 rP =>30.00 0 

pl 
(no 

'1 



Wind speed persistence excoedence 

Location EXMOUTH 
Latitude : 	21 	49' 0" 
Longitud. : 	114 	10' 0" 
Data p.riod NOVEMBER - APRIL, 	1972/73 TO 1975/76 

Percent Duration 

Hours duration Days duration 

N/S > 	6 >12 >18 >24 	>30 >36 : 	> 	2 	> 	4 > 	6 	> 	8 	>10 >12 	TOTAL 
HOURS 

> 	2.00 88.9 87.5 82.8 74.2 	68.9 67.2 56.3 	29.2 14.2 	5.0 	1.4 15402 > 	4.00 74.9 67.7 55.2 45.2 	41.4 37.9 31.0 	11.6 2.7 12984 => 	6.00 52.8 38.7 27.6 21.7 	17.9 15.8 11.5 	1.4 9153 => 	8.00 27.2 15.8 8.5 5.6 	4.6 3.0 2.5 4710 =>10.00 12.2 5.7 2.8 1.7 	1.3 .7 .3 2121 >12.00 3.2 1.5 1.0 .8 	.8 .3 561 
>14.00 .9 .6 .5 .4 	.3 .3 153 
>16.00 .5 .4 .3 .3 	.2 .2 93 
>18.00 .3 .2 .2 51 
>20.00 .2 .2 .1 30 
>22.00 .1 .1 24 

=24.00 .1 .1 15 =>26.00 .1 .1 12 =>28.00 .1 .1 12 >30.00 .1 9 

Cl) 
-4 
m 
m 
C 

z 

-4 
m 
C 
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Typical 
Wind 

Direction 

Storm 	Principal 	Typical Wind 	Typical 
Type 	Months of 	Speed and 	Extreme 

Occurrence 	Duration 	Wind Speeds 

Tropical November - 15 - 30 m s' 	30 - 50 m s' 
Cyclone 	April 	4 - 16 hours 

Trade May- 	10-15ms' 20-30ms' 
Wind 	September 	24 - 72 hours 
Surge 

All directions 
(dependent on 
eye location) 

South-east 

Squalls November- 15-25ms' 25-30ms' 
April 	1 - 2 hours 

Tornadoes November - unknown but 	Unknown, but 
April 	say 40 m s' 	say 50 m s' 

1 - 5 minutes 

All directions 

All directions 

Table 2.6 Storm types, estimated principal nnths of occurrence and 
typical wind speeds and directions. 
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WAVE PERIOD VS. WAVE HEIGHT 
PERCENTAGE OCCURRENCE MATRIX 

PREPARED FOR: LEPROVOST SENEIIUK 8 CHALNER 
COMPUTED BY : STEEDNAX LIMITED 

	

LOCATION 	: WRALEROJE PROSPECT 	EAT: 21 51 0
76 
 S. LONG: 114 13 0 E. WATER DEPTH: 	20.0 N. 

PERIOD 	: NOVEMBER TO APRIL. 1972/73 TO 1975/ 

WAVE PERIOD (SEC) 
WAVE HEIGHT + O+ 1+ 2-+ 3-+ 4-+ 5-, 6-+ 7-. 8-+ 9+ 10+ 11+ 12-. 13-. 14-. 15-. 16-+ 17-, 18+ 19-. 20-. + TOTAL 
(N.) 

	

.0-.1 	+159+ 	26+ 	+ 	+ 	
+ ....................................... 

++++++ 	+ 	+ 
.......................................... 	
++++++ 	167 

	

.1-.2 	+ + 72+ + + + + + + + + + + + + + + + + + + 	 72 

	

.2-.3 	+ + 56+ 34+ + + + + + + + + + + + + + + + + + + 	90 .3-.4+ 	+ 	+101+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	101 .4-.5 

	

4 + + 87+ + + + + + + + + + + + + + + + + + + 	$7 

	

.5-.6 	+ + + 69+ + + + + + + + + + + + + + + + + + + 	69 

	

.6- .7 	+ 	+ 	+ 	8+ 45+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	6 	+ 	52 

	

.7-.$ 	+ + + + 38+ + + + + + + + + + + + + + + + + + 	3$ 

	

.$-.9 	+ + + + 54+ + + + + + + + + + + + + + + + + + 	54 

	

.9-1.0 	+ + + + 22+ + + + + + + + + + + + + + + + + + 	22 

	

1.0-1.1 	+ + + + 47+ + + + + + + + + + + + + + + + + , 	47 

	

1.1-1.2 	+ + + + + 17+ + + + + + + + + + + + + + + + + 	17 

	

1.2-1.3 	+ + + + + 34+ + + + + + + + + + + + + + + + + 	34 

	

1.3-1.4 	+ + + + + 15+ + + + + + + + + + 4 + + + + + + 	15 

	

1.4-1.5 	+ + + + + 17+ + + + + + + + + + + + + + + + + 	17 

	

1.5-1.6 	+ + + + 4 11+ + + + + + + + + + + 4 + + + + + 	11 

	

1.6-1.7 + + + + + 4+ + + + + + + + + + + + + + + + + 	4 

	

1.7-1.6 + + + 4 + 1+ 3+ + + 4 + + + + + + + + + + 4 + 	3 

	

1.6-1.9 + + + 4 + + 2+ + + + + + + + + + + + + + + + 	2 

	

1.9-2.0 + + + + + + 1+ + + 4 + + + + + + + + + + + + 	1 

	

2.0-, + + + 4 + + 1+ 1+ + + + + + + + + + + + + + + 	2 

	

TOTALS 	159 156 299 206 99 7 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EXCEEDANCE 1000 767 611 312 106 7 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

NO. OF DATA POINTS - 	5800. 
PERCENTAGE CALM 	- 	7.4 

ROTE!: WIND DATA FROM EXMOUTR 

U. 
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WAVE PERIOD VS. WAVE HEIGHT 
PERCENTAGE OCCURRENCE MATRIX 

PREPARED FOR: LEPROVOST SENENIUK & CHALIIER 
COMPUTED BY : STEEDNAN LIMITED 

	

LOCATION 	: RIVOLI PROSPECT 	LAT: 21 59' 0' S. LONG: 114 13' 0 B. WATER DEPTH: 	20.0 N. 
PERIOD 	: NOVEMBER TO APRIL, 1972/73 TO 1975/76 

WAVE PERIOD (SEC) 
WAVE HEIGHT + 0—+ 1—i. 2—. 3—+ 4—s S—+ 6—i. 7—+ 9—i. B—+ 10—i. 11+ 12—+ 13—s 14—+ 15—i. 16—i. 17—. 19—. 19—i. 20—i. + TOTAL 
(N.) 

	

.0—.1 	+155+ 27+ + + + + + + + + + + + + + + + + + + + 	181 

	

.1—.2 	+ + 66. + + + + + + + + + + + + + + + + + + + 	66 

	

.2—.3 	+ + 33+ 45+ + + + + + + + + + + + + + + + p + + 	is 

	

.3—.4 	+ + + 95+ + + + + + + + + + + + + + + + p + + 	is 

	

.4—.5 	+ 	+ 	+106. 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	106 

	

.5—.6 	+ + + 73+ 1+ + + S + + + + + + . + + + + + + + 	75 

	

.6—.7 	+ + + 3+ 67+ + + + + + + + + + + + + + + + + + 	7 

	

.7—.8 	+ + + + 60+ + + + + + + + + + + + + + + + + + 	60 

	

.8—.9 	+ + + + 33+ + + + + + + + + + + + + + + + + p 	33 

	

.9-1.0 	+ + + + 49+ + + + + + + + + + + + + + + + + + 	49 

	

1.0-1.1 	+ + + + 39+ + + + + + + + + + + + + + + + + + 	39 

	

1.1-1.2 	+ + + + 1+ 16+ + + + + + + + + + + + + + + + + 	17 

	

1.2-1.3 	+ + + + + 23+ + + + + + + + + + + + S + + + + 	25 

	

1.3-1.4 	+ + + + + 13+. + + + + + + + + + + + + + + + + 	15 
1.4-1.5 + + + + + 8+ + + + + + + + + + + + + + + + ,. 

	

1.5-1.6 	+ 	+ 	+ 	+ 	+ 3+ 	+ 	+ 	+ 	+ 	+ 	+ 	S 	+ 	+ 	+ 	+ 	+ 	+ - + 	+ 	+ 	 3 

	

1.6-1.7 	+ p + + + 2+ + + + + + + + + + + + + + + + + 	2 

	

1.7-1.9 	+ + + + + + 1+ + + + + + + + + + + + + + + + 	1 

	

1.9-1.9 	+ + + + + + 1+ + + + + + + + + + + + + + + + 	1 

	

1.9-2.0 	+ + + + + + 1+ + + + + + + + + + + + + + + + 	1 

	

2.0—. + + + + + + 2+ 1+ 1+ + + + + + + + + + + + + + 	3 

	

TOTALS 	155 123 322 248 70 4 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

EXCEEDANCE 1000 771 646 324 73 6 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

HO. OP DATA POINTS - 	3800. 

	

PERCENTAGE CALM 	• 	7.4 

NOTES: WIND DATA FROM IXMOVTN 
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Location 	Latitude Longitude 	Reference M2 
A 
(a) 

g 
(dog) 

S2  
A 
(a) 

g 
(dog) 

A 
(a) 

g 
(dog) 

01 
A 
(a) 

g 
(deg) 

Norwegian Bay 22034 113042' 	MiTT 0.30 280 0.17 354 0.19 280 0.12 279 
Point Murat 210491  114011' 0.49 314 0.27 26 0.18 302 0.13 281 
Learaonth 22011' 114005' 0.66 312 0.36 24 0.19 292 0.14 281 
S.rruri.r Island 21036' 114041,  0.48 290 0.26 5 0.18 288 0.12 269 
Onslow 21038' 115006,  0.57 300 0.30 11 0.19 298 0.12 283 

- 21000' 113000' 	SCh. 0.40 281 0.19 341 0.18 286 0.13 270 
- 21000' 114000 0.46 286 0.23 344 0.19 287 0.14 270 
- 21000' 115000' 0.55 291 0.28 346 0.19 288 0.14 269 
- 21000' 116000,  0.71. 292 0.44 349 0.20 288 0.14 272 
- 220001  1130001 0.35 282 0.17 341 0.18 286 0.13 271 
- 23000' 113000' 0.31 282 0.16 341 0.18 287 0.13 272 

Badjirrajirra 220071  114005' 	DMH 0.66 312 0.35 27 0.22 298 0.14 279 

Note: MITT Australian National Tide Tables 1988 	(1987) 

Sch. Scbwiderski 	(1979, 1981a, 1981b, 	1981c) 
DM11 Departaent of Marine and Harbours (1986) 

Table 4.1 Tidal constants for several locations in the vicinity of the 
nde1 grid. 
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Location 	142 	 S2 	 K1 	01  
A g A g A g A g 
(m) (deg) (m) (deg) (m) (deg) 	(m) (deg) 

SW Corner 0.44 312 0.22 26 0.17 300 0.13 279 

NW Corner 0.35 287 0.18 350 0.16 288 0.12 272 

NE Corner 0.48 290 0.23 0 0.17 288 0.12 271 

SE Corner 0.53 302 0.26 20 0.18 295 0.14 282 

Table 4.2 Estimated harmonic constants for the model corners, used to 
provide tidal forcing along the open sea boundaries. 
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Figure 1.1 Location diagram showing the position of Exiuth Gulf on the 
North West Shelf. 
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Figure 1.2 Location diagram showing the position of Whalebone and Rivoli 
Prospects in Exnuth Gulf. 
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(a) 	Typical Winter synoptic charts, June 1 and 7, 1981 

(b) 	Typical Summer synoptic charts, January 6 and 28, 1981 

Figure 2.1 Typical sr and winter synoptic situations over north-
western Australia. 
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tropical cyclone Mabel, January 18 and 19, 1981 

trade wind surge example, May 19 and 20, 1982. 

Figure 2.2 Surface synoptic charts showing typical conditions of (a) a 
tropical cyclone and (b) a pressure gradient storm affecting 
Exnuth Gulf. 
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Figure 2.3 Example of tropical cyclone tracks, July 1973 to 1974 (from 
Lourenz, 1981). 
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Figure 2.4 Average decadel incidence of tropical cyclones in 50  squares 
(all ucnths) July 1959 to June 1980 (from Lourenz, 1981). 
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MODEL GRID AND COASTLINE 
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Figure 4.1 Grid and coastline used with the numerical circulation model. 
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Figure 4.2 Ctours of digitized bathymetry used with the nunrical 
circulation ndel. The digitized 'real' coastline is also 
shown. 
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Figure 4.4 Spring tidal surface elevation contours, at 3 hourly intervals 
predicted by the 2D circulation ndel. Hour 84 corresponds to 
1200 24.11.88 and contour interval is 0.05 m. 
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Figure 4.5 Neap tidal depth-average currents, at 3 hourly intervals, 
predicted by the 2D circulation idel. Hour 73 corresponds to 
0100 3.11.88. 
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Figure 4.6 Neap tidal surface elevation contours, at 3 hourly intervals, 
predicted by the 2D circulation nxdel. Hour 73 corresponds to 
0100 3.11.88 and contour interval is 0.05 m. 
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Figure 4.7 Surface currents predicted by the 2.5D circulation model for a 
steady 10 m s' wind f rota the 

north 
north-east 
east 
south-east. 
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Figure 4.8 Surface currents predicted by the 2.5D circulation model for a 
steady 10 in s' wind from the 

south 
south-west 

(C) west 
(d) north-west. 
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Figure 4.9 Schematic representation of the depth structure of currents 
forced by cross-shore winds (adapted from Csanady, 1982). The 
x direction is long-shore. 
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Figure 4.10 Schematic representation of the depth structure of currents 
forced by long-shore winds (adapted from Csanady, 1982). The 
y direction is cross-shore. 
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A sloping line represents the trajectory of a particle 
released at a time given by its intersection with the 
time axis. Shown are the trajectories of the first and 
last particles released. 

These lines represent the maximum excursions of particles 
for 6, 12, 24 & 48 release times. ie  they indicate the 
the upper bound on the number of particles to be plotted 
for that particular envelope. 

The length of a vertical section is proportional to the 
number of particles released at that time. It remains 
unchanged after time T1 +T2  

The shaded area reprsents the 12 hr release envelope 

T+ J+ 48 

Figure 5.1 Schematic diagram of oil spill trajectory. 
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Figure 5.2 Oil spill envelopes for release times of 6, 12, 24 and 48 hours 
for the case of spring tides only for Whalebone Prospect. 
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Figure 5.3 Oil spill envelopes for release times of 6, 12, 24 and 48 hours 
for the case of neap tides only for Whalebone Prospect. 
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Figure 5.4 Oil spill envelopes for release tines of 6, 12, 24 and 48 hours 
for the case of a 10 m s northerly wind during spring tides 
for Whalebone Prospect. 
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Figure 5.5 Oil spill envelopes for release times of 6, 12, 24 and 48 hours 
for the case of a 10 m s northerly wind during neap tides for 
Whalebone Prospect. 
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Figure 5.6 Oil spill envelopes for release times of 6, 12, 24 and 48 hours 
for the case of a 10 in s' north-easterly wind during spring 
tides for Whalebone Prospect. 
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Figure 5.7 Oil spill envelopes for release tines of 6, 12, 24 and 48 hours 
for the case of a 10 in .1  north-easterly wind during neap 
tide! for Whalebone Prospect. 
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Figure 5.8 Oil spill envelopes for release times of 6, 12, 24 and 48 hours 
for the case of a 10 In s' easterly wind during spring tides 
for Whalebone Prospect. 



STEEDMAN LIMITED 

Figure 5.9 Oil spill envelopes for release times of 6, 12, 24 and 48 hours 
for the case of a 10 m s' easterly wind during neap tides for 
Whalebone Prospect. 



STEEDMAN LIMITED 

Figure 5.10 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s' south-easterly wind during 
spring tides for Whalebone Prospect. 
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Figure 5.11 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s7l  south-easterly wind during 
neap tides for Whalebone Prospect. 
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Figure 5.12 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s' southerly wind during 
spring tides for Whalebone Prospect. 
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Figure 5.13 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s southerly wind during 
neap tides for Whalebone Prospect. 
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Figure 5.14 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s south—westerly wind during 
spring tides for Whalebone Prospect. 
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Figure 5.15 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 in 1 south—westerly wind during 
neap tides for Whalebone Prospect. 
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Figure 5.16 Oil spill envelopes for release tines of 6, 12, 24 and 48 
hours for the case of a 10 m 1 westerly wind during 
spring tides for Whalebone Prospect. 
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Figure 5.17 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 in s westerly wind during 
neap tides for Whalebone Prospect. 
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Figure 5.18 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 in s north-westerly wind during 
spring tides for Whalebone Prospect. 
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Figure 5.19 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 ru s north-westerly wind during 
neap tides for Whalebone Prospect. 
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Figure 5.20 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of spring tides only for Rivoli Prospect. 
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Figure 5.21 Oil spill envélópes for release times of 6, 12,24 and 48 
hours for the case of neap tides only for Rivoli Prospect. 
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Figure 5.22 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s northerly wind during spring 
tide! for Rivoli Prospect. 
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Figure 5.23 Oil spill envelopes for release tines of 6, 12, 24 and 48 
hours for the case of a 10 In s northerly wind during neap 
tides for Rivoli Prospect. 
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Figure 5.24 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s north-easterly wind during 
spring tides for Rivoli Prospect. 
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Figure 5.25 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s north-easterly wind during 
neap tides for Rivoli Prospect. 
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Figure 5.26 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 in s' easterly wind during spring 
tides for Rivoli Prospect. 
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Figure 5.27 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s easterly wind during neap 
tides for Rivoli Prospect. 
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Figure 5.28 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s  south-easterly wind during 
spring tides for Rivoli Prospect. 
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Figure 5.29 Oil spill envelopes for release tines of 6, 12, 24 and 48 
hours for the case of a 10 m s' south-easterly wind during 
neap tides for Rivoli Prospect. 
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Figure 5.30 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of alO m s' southerly wind during 
spring tides for Rivoli Prospect. 
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Figure 5.31 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 in s southerly wind during 
neap tides for Rivoli Prospect. 
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Figure 5.32 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m 1 south-westerly wind during 
spring tides for Rivoli Prospect. 
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Figure 5.33 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s' south-westerly wind during 
neap tides for Rivoli Prospect. 
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Figure 5.34 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s westerly wind during 
spring tides for Rivoli Prospect. 
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Figure 5.35 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 in s' westerly wind during 
neap tides for Rivoli Prospect. 
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Figure 5.36 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s north-westerly wind during 
spring tides for Rivoli Prospect. 
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Figure 5.37 Oil spill envelopes for release times of 6, 12, 24 and 48 
hours for the case of a 10 m s' north-westerly wind during 
neap tides for Rivoli Prospect. 
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Appendix A 

Average Monthly Wind Speed and 

Direction Percentage Occurrence Matrices 

for Learmonth Meteorological Office and 

Exmouth Navy Alpha for the nnths November through April 
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JOB NO. 769 	 LOCATION: LEARMONTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 	22 	14' 	30" 	S LONGITUDE: 	114 	5' 36" 	B 
ELEV AND: ELEV AGL: 10.0 	M. 

PERIOD: 	NOVEMBER (1975 TO 1984) 

WIND SPEED (M/S) 

0.1 	2.1 	4.1 6.1 	8.1 10.1 12.1 	14.1 TOTALS TO 	TO 	TO TO 	TO TO TO 	AND 
2.0 	4.0 	6.0 8.0 	10.0 12.0 14.0 	OVER 

N 	.1 	.3 	.5 .7 .1 1.8 

NE 	.2 	.6 	1.6 1.1 	.6 .1 4.2 D 
I 	E 	.3 	1.1 	2.4 .6 	.1 4.5 R 
B 	SE 	.2 	.7 	1.0 .5 	.5 2.8 C 
T 	S 	.5 	2.1 	3.6 4.8 	2.8 .6 14.4 I 
O 	SW 	1.7 	5.3 	13.4 20.1 	14.1 3.0 .2 57.8 N 

W 	.5 	1.1 	1.7 4.2 	2.9 .3 10.7 

NW 	 .3 	.4 .3 1.1 

TOTALS 	3.5 	11.5 	24.6 32.3 	20.9 4.3 .2 	.0 

OCCURRENCE OF CALMS 	2.8% 

STATISTICAL SUMMARY 

2399 DATA POINTS USED 

- MEAN MAX S.D. U - COMP 2.2 10.4 3.3 V - COMP 4.0 11.4 3.6 WIND SPEED 6.3 13.9 2.3 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 	< S 	<= 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 

3. - DATA SAMPLE INTERVAL IS 180 MINUTES 
4. 	U - COMP- IS +'VE EAST, V - COMP IS +'VE NORTH 
S. DATA SAMPLED 	0-2100 

- 	
Table A.1 Wind speed and direction percentage occurrence matrix for 

• - Learmonth Meteorological Office. Data spans the month November 
for the years 1975 to 1984. 
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JOB NO. 769 	 LOCATION: LEARMONTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 22 14' 30" S 	LONGITUDE: 114 5' 36" E 
ELEV AND: 	 ELEV AOL: 10.0 M. 

PERIOD: 	DECEMBER (1975 TO 1984) 

WIND SPEED (M/S) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N .3 .6 .8 .3 .1 2.1 

NE .2 .8 1.9 1.5 .4 4.7 
D 
I 	E .1 1.3 2.7 .5 .1 .1 4.7 
R 
E 	SE .4 .6 .9 .6 .2 2.7 
C 
V 	S .6 1.9 3.1 4.3 1.7 .4 .1 12.1 
I 
O 	SW .8 4.9 12.0 19.0 13.6 4.4 .6 55.3 
N 

W .4 2.0 2.8 5.4 3.3 .5 14.5 

NW .1 .5 .3 .4 .1 1.4 

TOTALS 2.8 12.6 24.5 32.0 19.5 5.5 .7 .0 

OCCURRENCE OF CALMS 2.4% 

STATISTICAL SUMMARY 

2478 DATA POINTS USED 

MEAN 	 MAX 	 S.D. 
U - COMP 	 2.4 	 -11.8 	 3.3 
V - COMP 	 3.9 	 12.9 	 3.7 
WIND SPEED 	 6.4 	 13.4 	 2.4 

I 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S (- 2.0,ETC 
DIRECTION GROUPS 22.5 BEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table A.2 Wind speed and direction percentage occurrence matrix for 
Learmonth Meteorological Office. Data spans the month December 
for the years 1975 to 1984. 
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JOB NO. 769 	 LOCATION: LEARMONTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 22 14' 30" S 	LONGITUDE: 114 5' 36" E 
ELEV AHD: 	 ELEV AGL: 10.0 N. 

PERIOD: 	JANUARY (1976 TO 1985) 

WIND SPEED (M/S) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N .3 1.1 1.1 1.2 .2 .1 4.1 

NE .4 1.2 3.5 2.6 .8 .2 .1 .2 8.9 
D 
I 	E .3 1.3 2.5 .6 .1 .1 4.9 
R 
E 	SE .2 .8 .9 .6 .1 .1 2.7 
C 
T 	5 .6 1.5 3.0 3.0 1.7 .3 10.2 
I 
O 	SW 1.1 3.1 9.0 18.6 12.5 3.5 .8 48.8 
N 

W .3 1.8 2.9 5.6 2.5 1.3 .1 14.5 

NW .2 .6 .4 .8 .2 2.3 

TOTALS 3.3 11.5 23.4 33.1 18.0 5.5 1.1 .4 

OCCURRENCE OP CALMS 3.7% 

STATISTICAL SUMMARY 

2479 DATA POINTS USED 

MEAN 	 MAX 	 S.D. 
U - COMP 	 2.3 	 -17.0 	 3.7 
V - COMP 	 3.1 	 -15.7 	 44 
WIND SPEED 	 6.4 	 18.0 	 2.5 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S <= 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table A.3 Wind speed and direction percentage occurrence matrix for 
Learmonth Meteorological Office. Data spans the month January 
for the years 1976 to 1985. 
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JOB NO. 769 	 LOCATION: LEARMONTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 22 14' 30" S 	LONGITUDE: 114 5' 36" E 
ELEV AND: 	 ELEV AGL: 10.0 M. 

PERIOD: 	FEBRUARY (1976 TO 1985) 

WIND SPEED (MIS) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N .2 1.1 1.5 1.0 .5 .1 4.5 

NE .2 1.4 3.4 2.1 .8 .4 .2 .2 8.8 
D 
I 	E .4 2.3 3.8 1.5 .6 .2 8.9 
R 
E 	SE .3 1.1 .9 .4 .2 .1 3.0 
C 
T 	S .8 2.2 3.6 2.6 .5 .4 10.0 
I 
O 	SW .9 5.3 10.8 12.9 6.6 1.5 .1 38.0 
N 

W .7 2.4 5.2 7.5 3.5 1.0 20.2 

NW .3 .6 .7 .8 .2 2.6 

TOTALS 3.8 16.1 29.9 28.7 12.9 3.6 .6 .3 

OCCURRENCE OF CALMS 4.0% 

STATISTICAL SUMMARY 

2264 DATA POINTS USED 

MEAN 	 MAX 	 S.D. 
U - COMP 	 1.8 	 -14.2 	 4.0 
V - COMP 	 2.0 	 -14.9 	 4.1 
WIND SPEED 	 5.8 	 17.0 	 2.4 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 	S < 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table A.4 Wind speed and direction percentage occurrence matrix for 
Learmonth Meteorological Office. Data spans the unth February 
for the years 1976 to 1985. 
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JOB NO. 769 	 LOCATION: LEARMONTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 22 14' 30" S 	LONGITUDE: 114 5' 36" E 
ELEV AND: 	 ELEV AGL: 10.0 M. 

PERIOD: 	MARCH (1976 TO 1985) 

WIND SPEED (M/S) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N .6 1.4 1.5 .8 .2 .2 

NE .4 1.9 3.3 2.4 .7 .2 
D 
I 	E .4 2.2 3.5 1.0 .3 .2 
R 
E 	SE .5 1.5 1.7 .6 .3 .1 
C 
T 	S .8 2.6 4.2 3.7 1.1 .4 
I 
O 	SW 2.2 8.3 12.3 12.9 5.0 1.2 
N 

W 1.0 2.3 3.1 3.9 1.0 

NW .2 .4 .4 .5 

TOTALS 6.2 20.5 30.0 25.8 8.6 2.3 

OCCURRENCE OF CALMS 5.5% 

STATISTICAL SUMMARY 

2480 DATA POINTS USED 

MEAN 
U - COMP 	 1.0 
V - COMP 	 2.3 
WIND SPEED 	 5.3 

NOTE: 

	

.1 	 4.8 

	

.2 	.3 	9.3 

7.7 

4.7 

	

.1 	12.9 

42.0 

	

.1 	 11.3 

1.7 

	

.5 	.4 

	

MAX 	 S.D. 

	

14.7 	 3.4 

	

18.5 	 4.1 

	

20.6 	 2.5 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S < 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table A.5 Wind speed and direction percentage occurrence matrix for 
Learmonth Meteorological Office. Data spans the nnth March for 
the years 1976 to 1985. 
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JOB NO. 769 	 LOCATION: LEARMONTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 22 14' 30" S 	LONGITUDE: 114 5' 36" E 
ELEV AHD: 	 EL.EV AGL: 10.0 M. 

PERIOD: 	APRIL (1976 TO 1985) 

WIND SPEED (M/S) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N .5 1.7 1.5 .6 .2 4.5 

NE .5 2.3 3.6 2.0 .8 .5 9.8 
D 
I 	E .7 3.9 3.7 1.0 .3 .3 9.8 
R 
E 	SE .6 1.5 1.9 1.1 .4 5.6 
C 
T 	5 1.8 4.6 4.0 2.8 .4 13.6 
I 
O 	SW 4.1 12.6 13.2 6.8 1.5 .1 38.4 
N 

W 1.8 2.1 3.0 1.9 .1 8.9 

NW .4 .4 .4 .3 1.5 

TOTALS 10.6 29.1 31.2 16.5 3.8 .9 .0 .0 

OCCURRENCE OF CALMS 7.8% 

STATISTICAL SUMMARY 

2396 DATA POINTS USED 

MEAN 
	 MAX 	 S.D. 

U - COMP 	 .3 	 -12.9 	 3.0 
V - COMP 	 1.6 	 -10.4 	 3.4 
WIND SPEED 	 4.4 
	

14.4 	 2.1 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S < 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table A.6 Wind speed and direction percentage occurrence matrix for 
Learmonth Meteorological Office. Data spans the month Jpril for 
the years 1976 to 1985. 
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JOB NO. 769 LOCATION: EXMOUTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 	21 49' 	0" S LONGITUDE: 114 10' 0" 	B 
ELEV AND: ELEV AOL: 10.0 	M. 

PERIOD: NOVEMBER (1972 TO 1975) 

WIND SPEED (MIS) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N .4 .4 .7 .1 1.5 

NE .1 .5 .4 .4 .1 .1 1.5 
D 
I 	B 1.0 .6 1.5 
R 
E 	SE .5 1.0 1.4 .6 .1 .1 3.7 
C 
T 	S .1 2.1 5.4 9.2 10.4 7.6 4.8 1.3 40.8 
I 
O 	SW 1.1 4.0 4.8 5.8 3.2 3.2 .5 22.6 
N 

W 1.1 2.4 2.4 4.9 3.9 .8 .1 15.6 

NW .2 .6 1.2 2.0 1.0 .1 5.1 

TOTALS 3.1 11.9 16.4 23.6 18.7 11.9 5.5 1.4 

OCCURRENCE OF CALMS 7.5% 

STATISTICAL SUMMARY 

840 DATA POINTS USED 

MEAN 	 MAX 
U - COMP 	 1.6 	 11.9 
V - COMP 	 5.1 	 16.4 
WIND SPEED 	 7.3 	 16.4 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S <= 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

S.D. 
3.5 
4.7 
3.2 

Table A.7 Wind speed and direction percentage occurrence matrix for 
Exmouth Navy Alpha station. Data spans the nnth November for 
the years 1972 to 1975. 
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JOB NO. 	769 LOCATION: EXMOUTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 	21 49' 	0 S 	LONGITUDE: 114 	10' 0" 	E 
ELEV AHD: ELEV AOL: 10.0 M. 

PERIOD: 	DECEMBER (1972 	TO 1975) 

WIND SPEED (M/S) 

0.1 2.1 4.1 	6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO 	TO TO TO TO AND 
2.0 4.0 6.0 	8.0 10.0 12.0 14.0 OVER 

N 1.0 1.0 	.2 .3 .1 2.8 

NE 	.1 .6 1.5 	.9 .1 3.2 
D 
I 	E 	.1 .5 .7 	.5 .1 .2 .1 .1 2.3 
R 
E 	SE 	.1 .8 1.5 	.8 .1 3.3 
C 
T 	S 	.5 2.8 4.7 	8.9 8.4 9.8 3.2 .7 38.9 
I 
O 	SW 	.5 3.2 3.2 	4.7 2.4 1.5 15.6 
N 

W 	.7 2.2 2.5 	6.7 4.3 2.3 .2 .2 19.1 

NW 	.2 1.3 1.0 	2.6 .8 6.0 

TOTALS 	2.2 12.3 16.2 	25.3 16.6 13.8 3.6 1.2 

OCCURRENCE OF CALMS 8.8% 

STATISTICAL SUMMARY 

868 DATA POINTS USED 

MEAN 	 MAX 	 S.D. 
U - COMP 	 1.8 	 -14.4 	 3.9 
V - COMP 	 4.3 	 -20.9 	 4.9 
WIND SPEED 	 7.2 	 22.6 	 3.1 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S < 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table A.8 Wind speed and direction percentage occurrence matrix for 
Exmouth Navy Alpha station. Data spans the nnth December for 
the years 1972 to 1975. 
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JOB NO. 	769 LOCATION: EXMOUTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 	21 	49' 	0" S LONGITUDE: 114 10' 0" 	B 
ELEV AHD: EL.EV AGL: 10.0 	M. 

PERIOD: 	JANUARY 	(1973 TO 	1976) 

WIND SPEED (M/S) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N 1.3 .8 1.3 .2 .2 .6 4.4 

NE .5 .7 .6 .2 .1 .3 2.4 

D 
I 	E .5 .5 .8 .2 .5 2.4 

R 
E 	SE 1.8 2.1 1.0 .3 .1 .1 .2 5.8 

C 
T 	5 	.5 2.6 4.6 7.0 5.6 4.4 1.8 .2 26.8 

I 
O 	SW 	1.2 4.1 5.8 5.0 2.5 2.6 .8 .1 22.1 

N 
W 	.7 3.1 3.5 3.1 5.2 2.8 .8 19.1 

NW 	.1 .7 1.4 3.9 1.8 .9 8.9 

TOTALS 	2.4 14.6 19.2 22.7 16.2 11.2 3.6 2.0 

OCCURRENCE OF CALMS 8.1% 

STATISTICAL SUMMARY 

868 DATA POINTS USED 

MEAN 	 MAX 	 S.D. 

U - COMP 	 2.2 	 -20.4 	 4.5 

V - COMP 	 3.1 	 -21.8 	 5.1 

WIND SPEED 	 7.0 	 23.6 	 3.4 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 	5 < 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table A.9 Wind speed and direction percentage occurrence matrix for 
Exmouth Navy Alpha station. Data spans the month January for 
the years 1973 to 1976. 
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JOB NO. 769 	 LOCATION: EXMOUTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 21 49' 0" S 	LONGITUDE: 114 10' 0" 5 
ELEV AND: 	 ELEV AGL: 10.0 H. 

PERIOD: 	FEBRUARY (1973 TO 1976) 

WIND SPEED (MIS) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N .1 .4 1.5 1.1 .5 .4 4.0 

NE .4 1.4 2.0 .6 .4 .3 5.0 
D 
I 	E .3 .5 .5 .1 .3 .3 .3 2.1 
R 
E 	SE .1 .9 2.1 .6 .1 3.9 
C 
T 	S .6 3.0 6.3 6.2 6.1 4.9 2.1 .4 29.6 
I 
O 	SW .5 2.6 3.9 3.9 2.0 1.9 .6 15.5 
N - 

W 1.1 2.4 3.9 4.5 3.3 2.0 .5 .6 18.4 

NW .3 1.6 2.3 4.0 1.4 .4 .3 10.2 

TOTALS 3.2 12.6 22.6 21.6 13.9 9.1 3.9 2.1 

OCCURRENCE OF CALMS 11.1% 

STATISTICAL SUMMARY 

793 DATA POINTS USED 

MEAN 	 MAX 	 S.D. 
U - COMP 	 2.0 	 19.0 	 4.4 
V - COMP 	 2.9 	 -18.0 	 5.2 
WIND SPEED 	 6.9 	 19.5 	 3.3 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S (- 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table A.lO Wind speed and direction percentage occurrence matrix for 
Exinouth Navy Alpha station. Data spans the month February for 
the years 1973 to 1976. 
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JOB NO. 769 LOCATION: EXMOUTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 	21 49' 	0" S LONGITUDE: 	114 	10' 0" 	E 
ELEV AHD: ELEV AOL: 10.0 	M. 

PERIOD: MARCH (1973 	TO 1976) 

WIND SPEED (M/S) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N 1.3 1.6 .8 .3 .1 .1 4.3 

NE .2 1.6 2.5 2.2 1.0 .8 .1 .3 8.9 
D 
I 	5 .1 1.3 1.5 1.6 1.4 1.6 .5 .3 8.3 
R 
E 	SE .3 1.3 2.5 1.8 .1 .3 .2 .2 6.9 
C 
V 	S .9 2.2 8.2 7.7 6.5 3.7 .5 29.7 
I 
O 	SW .8 4.3 3.4 1.7 1.0 1.0 .1 12.4 
N 

U .9 2.3 2.2 4.5 1.0 .5 .1 11.6 

NW .2 1.0 2.7 3.6 .1 .1 .2 8.0 

TOTALS 3.6 15.3 	24.6 24.0 11.6 8.2 1.5 1.3 

OCCURRENCE OF CALMS 9.9% 

STATISTICAL SUMMARY 

865 DATA POINTS USED 

MEAN 	 MAX 	 S.D. 
U - COMP 	 -.1 	 -26.1 	 4.6 
V - COMP 	 2.0 	 -31.3 	 5.3 
WIND SPEED 	 6.4 	 33.9 	 3.4 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 	S < 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 
DATA SAMPLED 	0-2100 

Table A.11 Wind speed and direction percentage occurrence matrix for 
Exmouth Navy Alpha station. Data spans the ncnth March for the 
years 1973 to 1976. 
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JOB NO. 769 LOCATION: EXMOUTH 

WIND SPEED-DIRECTION PERCENTAGE OCCURRENCE MATRIX 

LATITUDE: 	21 49' 	0" S LONGITUDE: 114 	10' 0" 	E 
ELEV AND: ELEV AGL: 10.0 	M. 

PERIOD: APRIL (1973 TO 1976) 

WIND SPEED (M/S) 

0.1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 TOTALS 
TO TO TO TO TO TO TO AND 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 OVER 

N .1 1.3 .8 .4 .2 2.9 

NE .2 2.6 2.3 1.1 .5 .5 .2 7.5 
D 
I 	E .1 .8 1.2 1.1 .6 .5 .2 4.6 
R 
E 	SE .2 1.9 3.4 1.3 .5 1.1 .5 8.9 
C 
T 	S .6 3.0 9.7 13.0 7.7 5.9 1.6 .6 42.1 
I 
O 	SW 1.7 4.3 4.7 4.0 1.0 .6 16.2 
N 

W .6 1.2 2.3 2.5 1.0 .1 7.7 

NW .2 1.2 1.9 1.1 .1 4.6 

TOTALS 3.8 16.5 26.3 24.4 11.5 8.7 2.5 .6 

OCCURRENCE OF CALMS 5.6% 

STATISTICAL SUMMARY 

832 DATA POINTS USED 

MEAN 	 MAX 	 S.D. 
U - COMP 	 -.2 	 -13.4 	 3.5 
V - COMP 	 3.7 	 15.4 	 4.6 
WIND SPEED 	 6.3 	 15.4 	 2.8 

NOTE: 

SPEEDS IN GROUP 0.1 TO 2.0 IMPLIES 0.0 < S <= 2.0,ETC 
DIRECTION GROUPS 22.5 DEG EITHER SIDE OF SPECIFIED DIRECTION 
DATA SAMPLE INTERVAL IS 180 MINUTES 
U - COMP IS +'VE EAST, V - COMP IS +'VE NORTH 

S. DATA SAMPLED 	0-2100 

Table A.12 Wind speed and direction percentage occurrence matrix for 
Exmouth Navy Alpha station. Data spans the month April for the 
years 1973 to 1976. 
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Appendix B 

Theory of Wind and Tide Driven Depth-averaged 

Coastal Circulation 
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Bi 	WATER LEVEL AND OCEAN CURRENT MODELS 

B1.1 Introduction 

The subject of coastal circulation and water levels is well 
developed, both theoretically and experimentally (e.g. Csanady, 
1982). The theoretical models, based on the equations of fluid 
motion, have been related to observed currents, sea level 
variations and water properties. Quantitative parameters such as 
average current movement and water levels can be estimated within 
reasonable bounds of error. 
Numerical coastal water level and circulation models allowing for 
time varying wind forcing, irregular coastlines, variable 
bathymetry and various flows (mass transport m3 	1) associated 
with changes of sea levels about the model boundaries are in 
regular use. The models fall into two main classes: vertically 
integrated, two-dimensional (2-D) models, and three-dimensional 
(3-D) models. The two-dimensional models generally have a 
homogeneous water density field (barotropic motion, e.g. 
Leendertse, 1970; Flather, 1979; Heaps, 1969; Fandry, 1982; 
Steedman and Craig, 1983; Davies, 1985). Water levels and 
vertically integrated currents are calculated by these models. 

Three-dimensional models may have a homogeneous water density 
field (e.g. Heaps, 1974; Forristall, 1974; Fandry, 1983), or be 
inhomogeneous with stratification (i.e. baroclinic, e.g. 
Leendertse et al. 1973). The water levels, and currents may also 
be calculated by these models. 

In general the vertically integrated model produces first order 
estimates of the mean currents and water levels (at relatively 
small costs). The more specialized 3-D models may be used where 
there is adequate data (to test the model) and large fast 
computers. 

The following addresses the theory of 2-D numerical models. 

B1.2 The Equations of Motion 

The linear depth integrated equations of a homogeneous ocean on an 
f-plane and written in Cartesian coordinates (e.g. Heaps, 1969; 
Csanady, 1982) are 

an/at + 3(Hu)/3x + a(Hv)/ay = 0 	 ,(B1.1) 

2 	21/2 
au/at - fv = -ap/ax - ku(u + v ) 	/H + T x /(pH) ,(B1.2) 

av/at + fu = -ap/ay - kv(u 2 
	2 1/2 
+ v ) 	/H + T 

y 
 /(pH) ,(B1.3) 
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where x and y are horizontal coordinates; t is time; p is the 
pressure; u and v are components of depth averaged flow corresponding 
to x and y; the total water depth H = h+T1, where n is elevation of 
the sea surface and h is the undisturbed depth; f is the Coriolis 
parameter, assumed constant; g is gravitational acceleration; p  is 
density of water; k is the coefficient of quadratic bottom friction 
and takes a value of 0.003; and T and Ty  are components of wind 
stress corresponding to x and y. 

The depth averaged currents u and v are defined by 

Ti 	 Ti 
u = 1/H f u'dz , 	v = 1/H f v'dz 

-h 	 -h 

where u' and v' are the horizontal components of current at the depth 
z from the sea surface whose equilibrium position is taken as z = 0. 

B1.3 Model Assumptions 

The following assumptions have been made in deriving equations (B1.1) 
to (B1.3): 

hydrostatic balance is maintained in the vertical direction; 

horizontal shear stresses are, negligible; 

non-linear advective terms in the horizontal momentum 
equations are negligible; 

the fluid density is horizontally uniform; 

bottom friction is related directly to the component of depth 
averaged velocity; 

the variation of the boundary at the coast, with changes in 
the tidal elevation, will be of negligible importance. 

Assumptions (iii) and (iv) are regarded as the most questionable, but 
may be justified under the following circumstances. In the absence 
of shallow water regions within the basin the non linear advective 
terms usually make only small contributions to the dynamics (Heaps, 
1969). In open coastal situations without river outfalls and ground 
water inflows the densities may be reasonably uniform. Unless 
observations show otherwise it is assumed these horizontal density 
gradients are negligible and do not contribute to the pressure 
gradients. 

B2 	ATMOSPHERIC FORCING PND BOTTOM FRICTION 

B2.1 Atmospheric Forcing 

The surface atmospheric pressure forcing enters the equations of 
motion (B1.2) and (B1.3) through the terms p/x and ap/ay. The 
water column pressure p is the sum of two parts 

p = pg (h-f-il) + p 
a 
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one caused by the disturbance of the water level T by the storm, and 
the second caused by changes in the atmospheric pressure a For 
small scale storms such as tropical cyclones pa  often is calculated 
at each grid point across the model for each change in position of 
the tropical cyclone with respect to the model grid. In the present 
applications it is assumed that p is constant across the model and 
therefore does not enter the driving forces. 

The mean surface wind stress components Tx  and Ty  (B1.2 and B1.3) are 
given by 

T =c p 
x d a 10' 10 	' 	 (B2.1) 

t =c p  (V Iv 
y d a lo' 10 	

(B2.2) 

where cd  is an empirical drag coefficient, pa  the density of air, and 
U10  and V10  are the wind velocity components at 10 m above mean sea 
level, in the x and y directions respectively. Note the wind stress 
axis convention is also positive to the east and north. The 
magnitude of the wind speed Js101 2  = 20 + V 0  

The drag coefficient Cd is reasonably well understood at wind speeds 
<20 m s 1  and for long fetch conditions (e.g. Wu, 1969, 1980, 1981; 
Smith and Banke, 1975; Smith, 1980; Large and Pond, 1982). Even so, 
there is considerable variation in the magnitude of Cd for a given 
wind speed. 

Figure B1.1 shows the range of Cd from various determinations. At a 
given wind speed of say 15 m s the Cd may vary from about 

	

1.4 x 10 	to 2.0 x 10 3, which will greatly influence the model 
results. Further, most of these estimates have been determined for 
extra-tropical cyclonic conditions of the North Atlantic. 

Estimates of Cd at higher wind speeds (Wu, 1980) and under the fetch 
conditions associated with tropical cyclones are not available. It 
remains to be seen whether the disintegrated air/sea surface with 
intensive breaking and spray can still be described by the roughness 
length. 

It is assumed Wu's (1980) wind stress coefficient to be the most 
applicable. In a slightly modified form, this becomes 

	

-3 	 -1 
(0.8 + 0.065 U10) x 10 	, 	1 < U10 	20 m S 

	

= 	 (B2.3) 
Cd 

2.1 x 10 3 
	 U10  > 20 m s -1  
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3 

 

(after EBAPS 1965) 

(1969) 

WU (1980) 
SMITH & BANKE (1975) 

:m (1979) 

IAE & PD (1982) 

0 	 10 	 20 	 30 	 40 	 50 

WIND SPEED Uio ('S) 

Figure B1.1 Different relationships for variations of drag coefficient 
with wind velocity. 
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where we have limited the Cd at larger wind speeds due to the change 
in nature of the sea surface (cf. Wu, 1969). 

The wind stress is input to each model grid point using equations 
(B2.1) and (B2.2). 

B2.2 Bottom Friction 

Bottom friction was incorporated in the numerical circulation model 
by using a quadratic bottom friction law as in equations (B1.2) and 
(B1.3). This form is well accepted in the literature (Heaps, 1969; 
Fandry, 1982) but a range of values for the bottom friction 
coefficient have been found by various authors (see table B2.1). In 
the absence of data it is usual to set the bottom friction 
coefficient at a constant value of k = 0.003. 

B3 	BOUNDARY CONDITIONS 

To complete the integration of the equations of motion the tidal 
conditions and the coastal and open sea boundary conditions must be 
specified at the coastal boundaries. 

B3.1 Closed or Coastal Boundary 

The normal component of depth averaged flow is zero, i.e. 

v.n=0, 

where ii is the unit normal vector and V is the velocity vector. 

B3.2 open Boundaries - Wind Driven Flow 

The problem of the open boundary conditions under wind driven flow 
has received much attention (for a summary, see Fandry, 1981 and 
1982), but still remains a difficulty with these models. For purely 
wind-driven flow, the initial condition 

11=0, v = 0 , att=0 

is set and continuity of flow is used to determine the normal flow 
across the boundaries. Once the elevation is prescribed along an 
open boundary, continuity may be used to determine the normal flow 
across the boundary. 

Alternatively, other boundary conditions are easily implemented, for 
example a radiation condition given by 

U = v'gh 11 

or zero normal flow gradient across an open boundary. 
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Range of 	 Water 
Mean Value 	Values 	Location 	Depth 	 Reference 
k x 10 	k x 103 	 (m) 

	

2.4 	1.60 - 3.00 	Irish Sea 

	

1.8 	0.57 - 2.04 Wharf Bay 
Anglesey 

2.6 

	

2.6 	 - 	Irish Sea 

	

2.5 	 - 	North Sea 

	

5.0 	 - 	North Sea 

3.3 

	

1.96 - 3.35 	- 

	

4.80 - 10.50 	0ff North 
	

90 

3.3 - 4.4 California 90  

Taylor (1918) 

Bowden & Fairbain (1952) 

Heaps (1978) 

Heaps & Jones (1979) 

Flather (1979) 

Davies (1985) 

Ramming & Kowalik (1980) 

Johns (1983) 

Grant, Williams & Glenn 
(1984) 

Grant, Williams & Glenn 
(1984) 

Table B2.1 	A range of values for the bottom friction coefficient, k, to 
be used in the quadratic bottom friction term of the numerical 
circulation model. 
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B4 	NUMERICAL PROCEDURE 

B4.1 Finite Difference Scheme 

The equations (31.1) to (31.3) are integrated over the model region 
using an explicit Arakawa C type finite differencing scheme (with 
forward time and central space differences) in which three types of 
grid points exist (Mesinger and Arakawa, 1976). A basic mesh element 
consists of a rectangle of dimensions Ax, Ay in the x and y 
directions respectively, with points at which u is evaluated are 
denoted by + at the midpoint of the y-directed sides, points at 
which v is evaluated are denoted by x at the midpoint of the x-
directed sides and the points at which rj is evaluated are denoted by 
o in the centre (figure 34.1). Each element of the finite difference 
network is identified by pairs of integers i,j corresponding to the 
coordinates x, y respectively. All the variables corresponding to 
the ijth element are denoted by the subscript ij, e.g Tljj 

The land and open sea boundaries of the model are traced out on the 
grid approximately as closely as possible to those of the region of 
interest. The coastal- sea under consideration is then covered by a 
rectangular array of elements i = 1, n and j = 1, m (e.g. Fandry, 
1981). Only those variables within the boundary are calculated. 

B4.2 Finite Difference Equations 

Equations (B1.1•) to (B1.3) may be approximated as: 

-TI 
1J 
(t)]/At = 

13 	 - 

-[d. 
13 	1 
(t)u. 3 (t) -d i-lj (t) -u i-lj (t)]/Ax 	- 

- 	 (B4.1) 

[u. (t+At)-u. (t)]/At = 

fvij (t)_kujj (t+At)[u j (t)+v j (t)]V2/d jj (t+At) 

-g [.~1.t-*-At)-..(t+t)]/Ax+t.x 
	

i 
/pd (t-+-At), 	 (B4.2) 

11 	i 

and 

	

[v. (t+At)-v. (t)]/At = 	 • 	 - 

- 	• • 	• 1] 	 13 

	

- 	
- 	 -ft. .(t+At)-kv. .(t+At)[u?.(t+At)+v?.(t)]1"2/e. .(t+At) 

13 	 1J 	1J 	 1] 	 13 

	

- - 	 • - 

-g t)-n..(t+At)}/Ay+t./pe..(t+At) , 	 (B4.3) 
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_r x 

vu _ I  

+ + + 

-r 

interior grid network; the depths hi3 are located the nij 
points and the lines represent the model grid. 

I n 13 U 
13 
	23 U 23 	I 

n33 

X-0X0 

I'12 

+v11 	 j•1-21 	 +v31 

I "ii 	ii 	I T121 	U21 	I '31 

0 

bottom left hand corner showing the boundaries; the 
depths hij are located at the nij  points, i,j= 1,2,3. 

Figure B4.1 	The staggered grid geometry for the finite difference scheme 
(used by 2DWT.FLOW). 
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where 

d =0.5(H i-H ) 

	

13 	 ij 	i+lj 

e. 13 = 0.5 (H
ij  + Hij+1 ) 

H. =h +r 

	

13 	13 	13 

v. . = 	[H. . (v. . + v. . 	) + H. 	. (v. + v. 	. 	)]/4H. 

	

13 	1] 13 ij-1 	i+lj i+lj i+lj-1 	ij 

u. . = 	[H. . (u. . + u. 	.) + H. . 	(u. 

	

13 	13 13 	i-lj 	ij+1 	+1 + ui-lj+1 )]/4 H. 13 

and At is the time increment. 

Together with the appropriate boundary conditions, equations (B4.1) 
to (B4.3) represent an explicit system which, taken in the above 
order, may be solved to determine T1, Ujj, vj 	r espectively at time 
ti-At from known values at the earlief time t, thereby advancing the 
solution one time step. The iterative procedure is carried out for 
the desired number of time steps starting from an inital state of 
rest represented by the initial conditions 

n. . (0) =u. . (0) = v. . (0) = 0 

	

13 	13 	13 

B4.3 Open Boundary Conditions for Tidal Flow 

When the elevation is prescribed along an open boundary the 
continuity equation may be used to determine the normal flow across 
the boundary. For example, along an open western boundary, the 
normal component of transport across the boundary may take the form 

	

u 
13 
. 	

2j 
(ti-At) = u (t) + (Ax/Ay) [v 

2j 
 (t) - v 

2j-1 
 (t)] 

+ (Ax/At) [112.  (ti-At) - 

B4.4 Open Boundary Conditions for Wind Driven Flow 

For wind driven flow the surface elevation is set to zero. 

For the radiation boundary condition, the normal flow across a 
boundary takes the form, e.g. for an open western boundary: 

u1 .(t+At) = -[0.5g(h 11  +h 	 1 1 /2 
2j 	2 (t))i 	ri2(t) 
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For zero normal flow on a western boundary, the condition takes the 
form 

u 
1j 
 (t+At) = u (t) 

B4.5 Stability Condition - Time Step, At 

The time step At has to be chosen according to the Courant-
Freidricks-Levy stability criterion given by 

At < min.(Ax,Ay) (2g h 	
)12 

max 
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Jppendix C 

Extension of Depth-Averaged Circulation 

to Include Vertical Structure 
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C1.1 Introduction 

Appendix B describes the theory of 2-D coastal circulation developed 
by Heaps (1969) and implemented by Fandry (1982). A numerical model, 
2DWT.FLOW, based on that technique has been written by Andrewartha and 
Steedman (1987). Following several other authors, Fandry (1983) has 
extended the 2-D concept to include vertical structure by combining it 
with an analytical solution of the Ekman equations, to provide time 
dependent flow at any selected depth in terms of a convolution 
integral over the sea surface slope and wind stress. 

The following is a description of the theory described by Fandry 
(1983) and used in 3DWT.FLOW. 

C1.2 Equations of Motion 

The linearized, 3-D equations of motion for homogeneous, hydrostatic 
flow on an f-plane are: 

U - - fv - - -g an  + 	v (Cl .1) 

aV + fu= an + i_(v ..!.) 	 (Cl .2) 

U v aw = 0 (C1.3) 
3z 

where t is time; x and y the horizontal and z the vertical 
coordinates, respectively; u,v and w the corresponding velocity 
components; n the sea-surface elevation; f is the Coriolis parameter; 
g the gravitational acceleration; and V the coefficient of vertical 
eddy viscosity. 

The depth -integrated versions of the equations are given by equations 
B1.1 to B1.3. 

C1.3 Vertical Structure 

Following Jelesnianski (1970), equations C1.1 and C1.2 are written in 
complex form, 

+ ( — V ifq = -4> z' 9z 

where q = u + iv 

(Cl .4) 

(Cl .5) 

= g(
an  .- + 	an +! (.E + i •2-) 	 . 	(Cl .6) p 

In this treatment, V is assumed to be constant with depth, thus 
providing equation B1.4 with a simple solution. More complicated 
solutions have been derived but are not treated here. 
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For evaluation of the eddy viscosity, Fandry uses an expression 
similar to that of Bowden (1967), i.e. 

V = ke 	h(u2  + v2)/2 

where u and v are readily obtained from the depth-integrated 
calculations and k is the bottom drag coefficient. 

The following boundary conditions are applied: 

q = 0 	at 	t = 0 	 (C1.7) 

V - 	= I 	at 	z = 0 	 (Cl .8) 

q = 0 	at 	z = -h 	 (C1.9) 

where I = 1x + j T is the complex form of the wind stress. 
5 	5 	5 

The numerical solution of the depth-integrated equations provides the 
history of the sea-surface slope, cf(t) at each point of a finite-
difference grid. The solution of equation C1.4, together with the 
boundary conditions C1.7 to C1.9, becomes 

2 !   .]  
q(z,t) = h I cos[(n + 2 
	

(t - T) 
h 

n=0 	 0 	 (n+--) it/h 

ST 

e 
n dT 	(C1.10) 

	

where S = -if - V(n +. )2 712/h2 	. 	 (Cl .11) 

The complex velocity in equation C1.10 is seen to consist of two 
parts: the first term is due to the wind stress and represents the 
'drift current', the second term is due to the sea-surface slope and 
represents the 'slope current'. 

The infinite series in equation C1.10 is uniformly and absolutely 
convergent and allows the interchange of summation and integration, a 
step which is implemented in the following section which details the 
numerical calculation of equation. C1.1O. 

C1.4 Numerical Calculation of the Complex Velocity 

The wind stress term in equation C1.10 can be integrated by parts as 

t 	 ST 
n 

f T(t - T)e 	dT 
0 
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ST 	 ST n 	it 	t n 3t - e 	 I 
- 	 •t (t-T) 	- 	

e 
s 	aT S 

(t-T )dT 
n 

	

0 	0 	n 

1 S n t 	 t STaT 
= - [e 	T (0) - T (t)] - - f e 	(t-T)th 

n 	 nO 	aT 

Equation C1.10 then becomes, 

00 	 St 2 	 1 	rz, 	1 q(z,t) 	cos[ n + 	 [e 	T (0) - t (t)] = 	 -) -i { — n=0 	 n 

	

t 	aT 
+ 	f 	[ 	(-l)'  t'(t-t) 	

S n 
T 

- s 0 	n 	 (n-r)ir/h 	
dt 

Changing variable, t' = t - T, gives 

00 	 St 2 1 itz r 1 cos[(n-+') j -J t S 
— e n 1 (0) -1 (t)] 

n=0 	 n 	S 	 S 

	

t 	3t 
S 1  a + f [ •;--- ;- 	(-1)" 	s (t-t') 

	

e 	dt'} 
0 	n 	 (n4) it/h 

Interchange summation and integration, and separate out the time-
varying term gives 

00 	 St 
ç. 	 1 itz 1 	n q(z,t) = 

2 
j 	L cos [n + 	) 	- e 	T (0) - T (t)] 

S 	 S 	 S n=0 	 n 

t CO 

liz 	s 
aT (t') 	n 

1  I I 	cos[ (n + 	) 	t. 	at, - 0 n=0 	 n 	 (n-F') 

s (t-t') 
e n 	dt' 	(C1.12) 

The first term above is due to the wind stress at time = 0 and 
time = t and may therefore be calculated independently of the 
numerical time-stepping ioop. 

The second term is the convolution integral of the wind stress and 
surface slope terms. 
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For the numerical implementation of equation C1.12 put 

= (n +-i-) - 	 (C1.13) 

Then, 

1 	- 	1 

Sn 	if+vc2 
n 	

(cl.14) 
= 	(V c2  - if)/Q 

n 	n 

where= 	-[v2c + f2] 

Therefore, 

S t 	-Vc2t 
e 	= e 	

r 	R1  - iR2] / Q 	, 	 (C1.15) 

where 	R = (Vc2  cosft - f sinft) 
1 	n 

R = (f cosft + vc2  sinft) 2 	 n 

Also, 

s (t-t') 	 -vc2(t-t') 
e n 
	= {cosf(t-t') - i sinf(t-t')] e 

which implies 

	

s (t-t') 	 -vc2(t-t') 
1 	fl 	r 	 1 	 fl 
- e 	= 	

- 
is ] e 

S 	 I 

n 

where 	S = (Vc2  cosf(t-t') - f sinf(t-tt))/Q 1 	n 	 n 

= (f cosf(t-t') + vc2 siflf(t_t'))/Qn 

and 

n 	5 	 3T 
s 	(t-t') T 	 x 	y 	3T y 	3t

x 
 )] + s - ) + i(S - - - e 	 = 	 2 t' 	1 3t' 	2 

n 
-vc2(t-t' n 
e 	 . 	(C1.16) 
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Also, on substitution of equation C1.6, 

e s 
	(t-t') 
n 	(_1)fl 4(t') = 	n g {(ri cosf(t-t ') + ri sinf(t-t')) 

C 

	

n 	 n 

+ 	(r 
y 	 x 
cosf(t-t') - r sinf(t-t'))] 

-v 2  (t-t') 
e 	

n 	 (C1.17) 

an 	 n a 
where 	 Ti =, fl x ax 

Substitution of equations C1.14 to C1.17 into C1.12 leads to the final 
expanded equation 

q(z,t) = 

00 cos(c z) 	 -vc2t 
2 	' 	n 	{[R1TX(o) + R 	 n 2T'(0)] e 	- [vc2 TX(t) + fT'(t)] hL 	Q n 

n=O 	n 

-vc2t 
+ i([R1T'(0) - R 	

1 TX(0)je 	fl - [vc2  t(t) - fT'(t)])} 2   

00 	 Vc2(tt') 	x 
2 1t 	 n 	 aT  
- 	cos(c z)e 	 {[s1 --- + s2 jr--] + h 	 n 	ats 

o n=O 

n 
- (-1) g 

In cosf(t-t') + n sinf(t-t')] 
C 	X 	 y n 

+1([S a ' 
	 ____ 

	

at 	(-1) 1 	 g 
In 

cosf(t-t') - n sinf(t-t')])}dt' 	(C1.18) 
1 at' - S2 	- 

n 

Upon numerical calculation of q(z,t) the x-component of velocity at 
depth z and time t is given by the real component of q, while the y-
component of velocity is given by the imaginary component. 

C1.5 Properties of the Solution 

The solution given by equation C1.10 does not in general satisfy 
physical boundary conditions along a coastline. That is, the normal 
component of the depth-dependent currents is not constrained to be 
zero. This problem could be overcome by including a horizontal 
viscosity, however, in the simplified solution given here, the 
results are deemed valid only outside a narrow region adjacent to the 
coast. 
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Another property of the solution is that the vertical current profile 
at a given time, is determined by the past history of the wind field 
and the sea-surface scope. However, the exponential term in equation 
C1.10 ensures that past events beyond a certain limit do not 
contribute to any significant extent. This limit is given 
approximately by T = 4h2/vir2  
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