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The light was changing every minute. I climbed over some huge rocks to 
get into a great position to take some surfing shots, when suddenly this 
huge cloud covered up the sun. Suddenly the beautiful light illuminating  
the waves the surfers were riding was gone. I looked to my left and noticed 
the light here. Quickly, I grabbed my stuff and setup this shot … only got 
one frame, because soon after this the light here was also gone.
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The Shape and Form 
of Sydney Harbour

Geological History

Sydney Harbour is a drowned river valley.
The Parramatta River eroded into Hawkesbury 
sandstone between 15 and 29 M years ago.
Sea level rose sharply from approximately 17 000 
years ago, filling the river valley and forming the flood 
tide delta of the Sydney Harbour estuary.

Sydney estuary is located in the Permian to Triassic 
(300-220 million years) Sydney Basin and is 
dissected into Hawkesbury Sandstone and overlying 
Ashfield Shale (Roy, 1981). The configuration of the 
Sydney estuary catchment drainage system and the 
orientation of bays and shorelines are controlled by 
geologic structure (faults and fractures).

The Parramatta River, which eroded the now Sydney 
estuary, may once have been connected to the 
Nepean River, which may later have been ‘captured’ 
by the Hawkesbury River between 15 and 29 M 
years ago (authors unpublished). During periods of 
uplift, the river eroded into bedrock forming steep-
sided banks, whereas during interglacial periods, 
sea level rose and the ‘river’ was flooded, leaving 
deep deposited sediments in the estuary.

Oscillations of sea level every 100 000 to 150 000 
years during the Quaternary were the result of global 
climate change and glaciation. However, for the 
majority of the last 135 000 years, sea level was 20 
to 70 m below the present and therefore erosion of 
estuaries is more pronounced than deposition during 
this period (Roy, 1981). Sea level started to rise 
quickly at the end of the last glacial period about 
17 000 years ago from approximately 100 m below 
present and about 25 to 30 km east of its present 
position to 25 m below today’s sea level and only 
3-5 km off the present coastline by 10 000 years 
before the present (BP). The sea advanced into the 
now drowned Sydney river valley (estuary) forming a 
flood tide delta and sediment transported by rivers 
was deposited in the upper parts of the estuary as 
fluvial deltas.

Hydrology

The East Australian Current (EAC) delivers nutrient 
poor waters (12 oC to 25 oC) to the heads of Sydney 
Harbour.
Salinity in Sydney Harbour is modified by 
precipitation, freshwater inflow and evaporation. 
During dry periods the estuary is well mixed (ocean 
salinity ~35 psu). In heavy rainfall, salinity may drop 
substantially in the top 1-2 m of water.

The poleward flowing East Australian Current (EAC) 
and its eddy field off the coast of Sydney provides 
what is generally considered a nutrient deplete 
sub-tropical water mass (Roughan and Middleton, 
2002, 2004). Current speeds offshore can be up to 
1.5 m.s−1  in as little as 65 m of water (Middleton et 
al., 1997), and water flowing past the entrance to 
the Harbour is continually being renewed. Ten km 
offshore at the 100 m isobath, oceanic temperatures 
range between 12 oC and 25 oC in February. 
Temperatures are generally more mixed in winter 
ranging between 16 oC and 20 oC in June (authors 
unpublished data), with salinity ranging from 35.2 to 
35.6 psu. The colder bottom waters during summer 
are typically the result of wind- and current-driven 
upwelling and are high in nutrient concentrations 
(Schaeffer et al., 2013). This upwelled water is a 
potential source of nutrient enrichment in the estuary.

The balance between freshwater inflow, precipitation 
and evaporation modifies salinity concentrations 
in the estuary. Rainfall in the Sydney catchment 
is characterised by dry conditions, punctuated 
by infrequent, high-precipitation events (rainfall 
> 50 mm.day−1). During dry-weather (rainfall < 5 
mm.day−1), the estuary is well-mixed (normal ocean 
salinity). A small, highly-urbanised (86 %) catchment 
and extensive impervious surfaces result in rapid 
runoff during high-precipitation events (Beck and 
Birch, 2012 a.b.). Stormwater reaching the estuary 
under these conditions forms a buoyant layer one 
to two metres thick above saline estuarine waters. 
Roughan et al. (2012; unpublished), for example, 
show salinity observations from July 2011 after 
one of the largest rainfall events recorded. Salinity 
variations at the mouth of the harbour (30–35 psu) 
were restricted to the top 4 m of the water column in 
a shallow less saline lens, below which the waters 
were well mixed. The volume of stormwater entering 
Sydney Harbour under dry, intermediate and high 
precipitation conditions is approximately 10, 30 
and 60 % of total loading respectively (Birch and 
Rochford, 2010; Lee et al., 2011). Further numerical 
modeling (Lee and Birch, 2012 unpublished data) 
showed stratification in Sydney Harbour dominated 
by fresh water discharge from Parramatta, Duck 
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and Lane Cove rivers and that spring tides and 
up-estuary winds contributed to mixing, whereas 
neap tides and down-estuary winds enhanced 
stratification.

Wind velocities recorded at an oceanic buoy 
over the coastal ocean were compared with 
measurements from within Sydney Harbour as well 
as other nearby land-based sites in Wood et al. 
(2012) from 2001 to 2005. Results showed three 
dominant wind patterns affecting Sydney Harbour. 
The strongest winds (occurring 17 % of the time) 
are from the south, although the most frequently 
observed direction was from the northeast (22 % 
of the time). The third most common wind pattern 
was from the west, occurring primarily during 
winter (18 % of the time). The diurnal sea breeze, 
determined by the land-sea-air temperature 
differential, also influences the circulation of Sydney 
Harbour (Dunsmuir et al., 2003). The northeasterly 
sea-breeze typically forms each day in summer, 
but only 40 % of the time during winter (Dunsmuir 
et al., 2003) and can extend anywhere from 2 
to 60 km inland. The effect of the sea breeze is 

greatest when synoptic forcing is weak, and can be 
accentuated when the gradient breeze is from the 
north. The oceanography of the harbour contributes 
to the complexity of the sea breeze and can have a 
channeling effect on the surface wind fields (Connor 
et al., 2003). This in turn will impact on the circulation 
under periods of higher wind speeds.
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Circulation

Circulation in Sydney Harbour is dominated by the 
tides, which are periodic and reverse every 6 hours.
Tidal flow is strongest near the northern side of the 
harbour entrance, and clockwise eddies are formed. 
Here, tidal velocities can be up to 0.25 ms-1 in surface 
waters.
Discharge volumes are around 6000 m3.s-1 near the 
heads on an ebb tide. Water age can vary between 
20 d in the main body of the harbour, to 130 d in the 
upper reaches.
We have little knowledge of how the EAC can 
interact with harbour water to influence circulation.

Circulation within Sydney Harbour is dominated 
by the tide, with some influence from prevailing 
winds. Tidal forcing is predominantly semi-diurnal 
with amplitude M2 = 0.501 m, S2 = 0.126 m, 
K1 = 0.148 m and O1 = 0.096 m (Das et al., 2000). 
Tidal velocities are periodic, reversing every 6 h 
(Roughan et al., 2012 unpublished) and vary 
considerably in magnitude both spatially and over 
a tidal period. Typically towards the mouth of the 
harbour, depth averaged tidal velocities range from 
0.1 to 0.25 m.s−1  over the spring neap cycle (in 
15 m of water; Roughan et al., 2012 unpublished). In 
the furthest branches of the estuary, both modeling 
and observations reveal velocities an order of 
magnitude lower.

Middleton et al. (1997) found that ebb flow from 
the harbour during a spring tide (range 1.6 m) is 
strongest near the northern side of the entrance 
and a clockwise eddy is formed. Repeat velocity 
transects across the mouth (Roughan et al., 2012 
unpublished) show some vertical velocity variation, 
with inflow on the southern side. Maximum velocities 
are approximately 0.25 m.s−1  in the surface waters 
at the mouth of the harbour.

Das et al. (2000) estimated discharge volumes to 
be up to 6000 m3 .s−1 across the heads, at the peak 
of the ebb tide, with more than 4000 m3.s−1  coming 
from the main branch of Port Jackson (including the 
Parramatta and Lane Cove Rivers) and less than 
1500 m3.s−1 coming from Middle Harbour. Offshore 
surveys reveal that even under dry conditions, tidal 
outflows from Sydney Harbour can extend several 
kilometres offshore (Middleton et al., 1997).

Residual flows can be produced by local wind 
forcing or lateral density gradients driven by 
variations in temperature or salinity. Within Sydney 
Harbour, the tide-induced residual circulation forms 
a number of gyres at regions of complex geometry 

and bathymetry (Das et al., 2000). This interaction of 
the tidal current with the topography could result in 
retention of organisms or pollution. While the residual 
circulation patterns were not highly sensitive to wind 
forcing, the prevailing southeasterly winds in winter 
should increase the tidal asymmetry in the estuary 
(Das et al., 2000).

Circulation patterns vary depending on the wind 
direction, which contributes to a difference in 
harbour retention and flushing. Roughan et al. 
(unpublished data) found that, under southerly 
wind forcing, flushing was a maximum near the 
mouth of Sydney Harbour with greater retention 
times under easterly and northeasterly winds. In 
the upper reaches of Sydney Harbour (Walsh Bay) 
northeasterly winds resulted in the fastest flushing 
times with southerly and easterly winds having 
a similar impact on lower flushing, and greater 
retention. Water age within the harbour was shown to 
vary from 0 to 20 d in the main body of the harbour, 
up to 130 d in the upper reaches of the Parramatta 
River. Wind forcing resulted in age anomalies of 
30 ±12 days depending on the prevailing direction, 
with the up estuary winds increasing mixing, and 
hence reducing the age of the water (Roughan et al., 
2012 unpublished).

Knowledge	Gaps

To date there have been no circulation modeling 
studies of Sydney Harbour that investigate the 
interactions between the EAC offshore, coastal 
waters and the circulation within the Sydney 
Harbour estuary itself. Previous modeling studies 
of Sydney Harbour have generally been forced at 
the entrance to the harbour (the open boundary of 
the model domain) with a simple tidal paddle, with 
no regard to circulation or hydrography eastward 
(offshore) of this boundary. Thus the more complex 
interactions of exchange with the coastal ocean, 
including oceanic nutrient injection into the estuary 
and exchange of the ebb tide plume with coastal 
waters have not been resolved. This could have 
implications for the heat, mass and nutrient budgets 
within the estuary. Furthermore there have been 
limited modeling studies investigating freshwater 
inflow. Coupling these two forcing mechanisms 
in a modeling framework would provide the basis 
for realistic hindcast and forecast scenarios and 
thus significantly improve our understanding of the 
estuarine ecosystems.
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