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Sea-level Rise

John Church, Neil White, John Hunter, Kathleen McInnes, Peter Cowell and Siobhan O’Farrell

Most Australians live near the sea, with all of the
state capitals being located on the coast. The
modern ‘sea change’ phenomena is seeing even
more people moving to the coast, leading to rapidly
growing populations in such areas as the Gold and
Sunshine Coasts in South-East Queensland, and
the northern New South Wales coastal region.
Chen and McAneney (2006) estimate that about
half of Australia’s population lives within 7 km of
the coast, with as many as 30%, or about six mil-
lion people, within 2 km of the coast. They also
estimate about 6% of Australian addresses are situ-
ated within 3 km of shorelines in areas with eleva-
tions below 5 m above mean sea level.

The coastal margins are intimately affected by
the level of the sea, which varies over a wide range
of time scales. Sea level is influenced by ocean
waves, twice-daily and daily tides, meteorological
fluctuations over days to weeks, and seasonal,
inter-annual, decadal and multi-decadal varia-
tions. Superimposed on these variations, there has
been an overall rise at a rate of just less than
2 mm per year in global mean sea level during the
20th century. This rise was caused predominantly
by rising global temperatures (Bindoff et al. 2007;
IPCC 2007). Coastal vulnerability is affected by an
increase in ocean volume causing a rise in globally
averaged sea level, redistribution of ocean mass
associated with changing climate and by vertical
movement of the land. There are large-scale verti-
cal motions of the Earth’s crust associated with
past and ongoing changes of surface loads on the
earth (glacial isostatic adjustment) and local tec-
tonic motions (particularly subsidence) in some
coastal regions. The combination of these effects
causes the sea level to rise relative to the land (‘rela-
tive sea-level rise’).

The impacts of sea-level rise include coastal
inundation and erosion, higher waves at the coast,
and salt water intrusion into estuaries, wetlands
and aquifers. In some regions, beaches and coastal
wetlands become squeezed between the hard bar-
rier of coastal developments and the landward
migration of the coastline. If not protected in some
way, the natural environment may be lost. Virtu-
ally all of these impacts are felt most acutely during
extreme high sea-level events and storms (storm
surges) when substantial inundation of low lying
areas and rapid coastal erosion can occur. Much of
Australia’s (and the world’s) coastal development
over decades and centuries has occurred during a
period of stable sea levels, with little concern for
any potential changes in future sea levels. With sea
levels now beginning to rise as one component of
anthropogenic climate change, both coastal infra-
structure and some of Australia’s iconic coastal
environments are threatened.

Global mean sea-level change

Historical rates of global sea-level change

Globally, the sea level has varied by more than 120
metres over glacial/interglacial cycles. At the time
of the last interglacial, the sea level is thought to
have been 4 to 6 metres above present day level,
with a significant contribution coming from a par-
tial deglaciation of Greenland (Stirling et al. 1998;
Overpeck et al. 2006). At that time, temperatures
over Greenland are estimated to have been several
degrees warmer than today’s values (Otto-Bleisner
et al. 2006), and perhaps similar to temperatures
projected for the end of the 21st century (IPCC
2007). For roughly the 100,000 years following the
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last interglacial, sea level fell by over 120 metres as
major ice sheets were formed in northern America,
Europe and Asia and the Antarctic ice sheet grew.
From the last glacial maximum about 20 thousand
years ago until about 7000 years ago, sea level rose
by over 120 metres at an average rate of about 10
mm per year (1 metre per century), with peak rates
as high as 40 mm per year (4 metres per century)
(Fairbanks 1989; Lambeck et al. 2002). Over the
last 7000 years, the rate of sea-level rise has been
substantially slower (Lambeck 2002). The height of
ancient Roman fish tanks built about 2000 years
ago indicate there has been little net change in sea
level between then and the start of the 19th century
(Lambeck et al. 2004).

Sediment cores collected from coastal salt
marshes in the western and eastern North Atlantic
Ocean (Donnelly et al. 2004; Gehrels et al. 2005;
Gehrels et al. 2006) indicate an increase in the rate
of sea-level rise in the 19th to early 20th century,
consistent with the few available long tide-gauge
records, the longest of which date back to about
1700 (Woodworth 1999). (This technique has
recently been applied on the east coast of Tasmania
to determine a relative sea-level curve for the past
few centuries, but the results are not yet available.)

Since 1993, there have been high-quality satel-
lite-altimeter observations of sea levels over most
of the globe (about 66°N to 66°S), allowing accu-
rate estimates of both globally averaged and
regional sea-level change. Global correlation pat-
terns (called empirical orthogonal functions) esti-
mated from the satellite altimeter record have been
combined with coastal and island tide-gauge data
(corrected for glacial isostatic adjustment) to esti-
mate globally averaged sea levels since 1870
(Church and White 2006). The results show that,
from 1870 to the present, global sea level has risen
by about 20 c¢m, at an average rate of 1.7 mm per
year during the 20th century, with an increase in
the rate of rise over this period (Figure 1). Jevre-
jeva et al. (2006) and Holgate and Woodworth
(2004) used quite different techniques to analyse
historical tide-gauge data and found quite similar
historical rates of sea-level rise. For the modern
satellite period (1993 to present), sea level has been
rising more rapidly at an average rate of a little
greater than 3 mm per year (see, for example,
Beckley et al. 2007). Note that these rates of

increase are an order of magnitude faster than the
average rate of rise over the previous several thou-
sand years.

Australian historical mean sea-level change

The oldest surviving Australian sea-level observa-
tions were made at Port Arthur, Tasmania from 1841
to 1842 (Hunter et al. 2003). They indicate that, from
1841 to 2002, local sea level rose about 14 cm relative
to the land, or about 17 cm allowing for vertical land
motion. This value is consistent with the estimate of
global sea levels from 1870 to 2001 (Figure 1).

Monthly averaged sea-level variations (Wood-
worth and Player 2003) for the period 1920 to 2000
for Australian locations (Church et al. 2006) were
compared with the sea levels estimated from a
reconstruction of sea levels (Figure 2) on a global 1°
by 1° grid using the technique of Church et al.
(2004). Note that both the observed and recon-
structed sea levels are relative sea levels; that is, they
are the height of the sea surface relative to coastal
benchmarks as required for understanding the
local impacts of sea-level rise.

The observed inter-annual sea-level variability
is strongest at locations along the north-western
and western Australian coast and southern Aus-
tralian coast. This variability is clearly related to El
Nifo-Southern Oscillation (ENSO) events and is
transmitted through the Indonesian Archipelago
from the equatorial Pacific Ocean and then anti-
clockwise around Australia, getting weaker as it
progresses. The inter-annual variability on the east
Australian coast is generally smaller in magnitude.

The observed records also show a long-term
trend of rising sea levels. This trend is well repro-
duced in the reconstructed sea levels, with two
exceptions. Firstly, the Gulf St Vincent site is a
composite record from three sites near Adelaide
(Port Adelaide Inner Harbour, Port Adelaide Outer
Harbour and Port Stanvac). Compaction of sedi-
ments with a subsequent sinking of the coastal tide
gauge is known to be occurring in this region lead-
ing to a larger relative sea-level rise (Belperio 1993).
This larger local sea-level rise is not reproduced in
the reconstructions. Secondly, the short section of
data around 1970 at Brisbane appears anomalous
compared with the reconstruction and other sea-
level time series, and is suspected to be associated
with a change in the datum of the tide gauge
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Figure 1: Sea levels from 1800 to 2100. The dotted line from 1870 to 2006 indicates the global average sea level and
the black line from 1993 to 2006 indicates the modern satellite altimeter record. The curves from 1990 to 2100 are the
IPCC 2001 projections and the bars at 2095 are the IPCC 2007 projections. The estimated local sea level (compared
with present day local sea level and corrected for land motion) at the Port Arthur (Tasmania, Australia) benchmark in
1840 (Hunter et al. 2003) is shown in grey. The error bars on these estimates are one standard deviation.

between the two segments of data (John Broadbent,
personal communication).

Also shown in Figure 2 is an estimate of the
Australian-average relative sea-level change
(excluding the anomalous Gulf St Vincent record).
When examined over the complete 80 year period,
these trends show a rise in relative sea level of about
1.2 mm per year. There are suggestions in both the
Australian mean time series and in a number of the
individual records (for example, Fremantle) that
the rate of sea-level rise was at a minimum from
the mid-1970s to the mid-1990s. This minimum in
the rate of rise occurs during the period of more
frequent, persistent and intense ENSO events, as
evidenced by the Southern Oscillation Index since
the mid-1970s (Folland et al. 2001). It is also con-
sistent with global analyses for the period 1950 to
2000, which show a global minimum in sea-level
rise in the western equatorial Pacific and in the
eastern Indian Ocean (Church et al. 2004) over this
period. It is important to note that the global anal-
ysis gives a global increase in ocean volume equiva-
lent to a sea-level rise of 1.8 mm per year over the
period 1950 to 2000 despite these regional areas of

lower rates of sea-level rise. The longer records
(Fremantle and Fort Denison), the reconstructed
sea levels and the Australian Baseline Sea Level
Monitoring Array (http://www.bom.gov.au/ocea-
nography/projects/abslmp/abslmp.shtml) suggest
that this period of low rate of rise has now passed.

The modern satellite-altimeter data indicate
that, since 1993, the rate of rise has not been uni-
form around the globe, with significantly larger
rates of rise in the western Pacific and eastern
Indian Ocean and as a consequence around much
of the Australian coastline, particularly the coast
of Western Australia. This is consistent with the
larger rates of relative sea-level rise recorded in the
tide-gauge records in the last decade or so, as dis-
cussed above, and is a result of both the variable
(time and space) pattern of sea-level rise and also
the increase in the rate of global-averaged sea-level
rise. The large rates of rise since 1993 in the west-
ern Pacific/eastern Indian Oceans are again a sig-
nature of climate variability — there was a period
of sustained El Nifo-like conditions and low sea
levels in the western Pacific at the start of the
altimeter record.
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Figure 2: Observed (with coastal tide gauges) and
reconstructed sea levels for the period 1920 to 2000.
The observed tide-gauge records are monthly average
values and can be obtained from the PSMSL website.
The Gulf St Vincent site is a composite record from three
sites. The bottom panel shows the average observed
and reconstructed sea-level record for all Australian sites
(with the exception of the Gulf St Vincent site) around
the Australian coastline. (Source: after Church et al.
2006.)

Projections of global averaged sea-level rise

The two major reasons for sea-level rise are expan-
sion of ocean waters as they warm (and an associ-
ated decrease in ocean density) and an increase in
the ocean mass, principally from land-based
sources of ice (glaciers and ice caps, and the ice
sheets of Greenland and Antarctica). Global warm-
ing from increasing greenhouse gas concentrations
is a significant driver of both contributions. The
amount of thermal expansion is non-uniform due
to the influence of ocean currents and spatial vari-
ations in ocean warming.

The Intergovernmental Panel on Climate
Change (IPCC) provides the most authoritative

information on projected sea-level change. The
IPCC Third Assessment Report (TAR) projected a
global averaged sea-level rise of 9 to 88 cm between
1990 and 2100 using the full range of IPCC green-
house gas scenarios, a range of climate models and
an additional uncertainty for land-ice changes
(Church et al. 2001). The IPCC’s Fourth Assess-
ment Report (AR4; IPCC, 2007) used a larger range
of models to project a sea-level rise of 18 to 59 cm
(with 90% confidence limits) over the period from
1980-1999 to 2090-2099 (Meehl et al. 2007). This
rise in sea level is mainly a result of thermal expan-
sion of the upper ocean and from the melting of
glaciers and ice caps. In these projections, the ice
sheets of Greenland and Antarctica together con-
tribute little to sea-level rise during the 21st cen-
tury. Increased snow fall on Antarctica partially
offsets positive sea-level contributions from other
components. However, it is recognised that current
ice sheet models are incomplete and do not allow
for a rapid dynamic response of the ice sheets, as
indicated in some recent observations. To allow for
ice sheet uncertainties, IPCC AR4 increased the
upper limit by 10 to 20 cm and stated that ‘larger
values cannot be excluded, but understanding of
these effects is too limited to assess their likelihood
or provide a best estimate or an upper bound for
sea-level rise. The end result is that the upper
values given in the IPCC TAR and AR4 projections
(Figure 1) are similar.

From the start of the IPCC projections in 1990
to 2006, observed sea level has been rising more
rapidly than the central range of the IPCC model
projections and near the upper end of the total
range of the projections (Rahmstorf et al. 2007),
suggesting that one or more of the model contribu-
tions to sea-level rise is underestimated.

Sea-level rise over the early 21Ist century has
largely been determined by past emissions of
greenhouse gases. However, sea-level projections
closer to, and beyond, 2100 are critically depend-
ent on future greenhouse gas emissions, with both
ocean thermal expansion and the ice sheets poten-
tially contributing metres over centuries for
higher emission scenarios. There is increasing
concern about the longer term contributions of
the ice sheets. For example, for the Greenland Ice
Sheet, a sustained global average temperature
increase relative to pre-industrial values of greater
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than 3.1°C (with a 90-percentile range of 1.9°C to
4.6°C) would lead to surface melt exceeding pre-
cipitation, resulting in an ongoing wastage of the
Greenland Ice Sheet for centuries and millennia
(Gregory and Huybrechts 2006), consistent with
sea levels in the last interglacial being several
metres higher than today’s value. This tempera-
ture increase could potentially be crossed late in
the 21st century if effective greenhouse gas miti-
gation measures are not adopted. A second cause
for concern is associated with the poorly under-
stood dynamic responses of the Greenland and
West Antarctic Ice Sheets, which could lead to a
significantly more rapid rate of sea-level rise than
from surface melting alone.

Projections of mean sea-level rise in the
Australian region

Sea-level rise during the 21st century is not expected
to be uniform around the globe. This is a result of
changing atmospheric conditions (in particular,
surface winds) and ocean currents (Lowe and Gre-
gory 2006). The oceans surrounding Australia are
influenced by a number of climate variability pat-
terns: for example, the El Nifio Southern Oscilla-
tion (ENSO), the Southern Annular Mode (SAM)
and the Indian Ocean Dipole. These climate varia-
tions overlay the global mean sea-level rise, result-
ing in significant regional variability in the
magnitude and trend of sea-level rise in the oceans
surrounding Australia. For example, ENSO results
in sea-level variability in the tropical Indian and
Pacific Oceans, while the SAM is a major driver of
sea-level variability in the Southern and mid-lati-
tude Indian and Pacific Oceans. The impact of cli-
mate variability results in a regionally complex
pattern of sea-level rise and variability in the Indian
and Pacific Oceans.

The strongest spatial signatures of sea-level rise
projections from 16 atmosphere-ocean models,
used for the IPCC AR4, are a minimum in the
Southern Ocean south of the Antarctic Circumpo-
lar Current, and a maximum in the Arctic Ocean
(Meehl ef al. 2007). The next strongest features are
maxima in sea-level rise at latitudes of about 30° to
40°N in the Pacific and to a lesser extent the Atlan-
tic Ocean, and at about 40° to 50°S in all of the
southern hemisphere oceans, at the poleward
extremities of the subtropical gyres. This band of

12 - Sea-level Rise

maximum sea-level rise in the southern hemi-
sphere is connected to an above average sea-level
rise (about 0.2 m above the global average) off the
east coast of Australia.

For the Australian region, the spatial pattern of
sea-level rise by 2070 was investigated for a number
of the climate models. The patterns of thermal
expansion for 17 of the AR4 models are shown in
Figure 3 for the A1B (mid-range) emissions sce-
nario (CSIRO and Bureau of Meteorology 2007).
Each model’s globally averaged thermal expansion
has been subtracted so that the diagrams represent
the regional variation of sea level either above or
below the global average sea-level rise projection.
Although there is wide variation in the amount of
projected sea-level rise, there are also similarities in
some regions. For example, in 13 of the 17 models,
the thermal expansion along the east coast of Aus-
tralia south of 30°S is positive relative to the global
average values, leading to an additional rise of
around 10 cm above the global average change.
This feature is attributed to a strengthening of the
East Australian Current, which results in the move-
ment of warmer water along the east coast and is
caused by a southward shift in wind patterns in the
21st century simulations in the models. More work
is required before there is confidence in these
regional patterns of sea-level rise.

Extreme events in the Australian
Region

Historic extreme events

Sea-level records show high and low extremes
related to both tides and meteorological effects—
the latter being generally referred to as ‘surges’.
Australia experiences a wide variation of tidal
types and magnitudes. In western and north-east-
ern Australia, the tides occur approximately once
per day (they are ‘diurnal’) while in north-west-
ern, eastern and south-eastern Australia, and in
the Great Australian Bight and Bass Strait, they
occur twice per day (they are ‘semidiurnal’). Else-
where the tides are ‘mixed’ and have both diurnal
and semidiurnal qualities. Figure 4 (Bureau of
Meteorology 2004) shows the tidal range (defined
here as twice the sum of the amplitude of the M,
S,, K, and O, tidal constituents) around Australia,
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Figure 3: Projected regional contribution of thermal expansion by 2070 to sea level relative to the globally averaged
value for each model showing the high degree of variability between models, but the general indication that rises on
the east coast of Australia may be higher by about 10 cm than the global average rise though to 2070. Calculations are
based on the sub-set of AR4 models that provided sea level data to PCMDI. Units are metres. Simulations used IPCC
Scenario SRES A1B.

indicating that the largest tides occur in northern Sea-level rise is often experienced through its
Australia (maximum range about 11 m) and in effect on extreme levels: high (flooding) sea-level
Bass Strait (maximum range about 3 m). The events getting higher, and extremes of a given
weakest tides occur off south-western Australia height becoming more frequent. Figure 5 shows the
with ranges as small as 0.7 m. effect of sea-level rise during the 20th century on
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Figure 4: Tidal range around Australia (Source: Bureau of Meteorology 2004).

extremes observed at Fremantle, Western Australia
(after Church et al. 2006). The curves indicate the
levels of extremes with a certain average recurrence
interval (defined as the average time between
exceedance events of a given height), for data prior
to 1950 (black) and after 1950 (grey) (the data starts
in 1897 and ends in 2004). The post-1950 curve has
been displaced upwards by about 0.1 m, which rep-
resents the overall sea-level rise between the two
subsets of data. This displacement caused extremes
that occurred on annual to decadal timescales to
increase their frequency of occurrence by a factor
of about three during the 20th century. A similar
factor was found for Fort Denison, Sydney, which

also has an approximately century-long record
(Church et al. 2006).

Sea-level extremes may also change as a result of
a change in the variability of sea level about the
mean. For Fremantle (and for Fort Denison,
Sydney), this effect has so far been of secondary
importance—the dominant change in extremes
being due to the rise in mean sea level. This is not,
and will not, necessarily be the case in all regions.
For example, in the North Sea, where large storm
surges are experienced, an increase in winds can
have a larger impact than mean sea-level change on
the extreme height of storm surges, at least in the
near term. Of course, for larger rises in sea level, the
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Figure 5: Changes in the average recurrence intervals
for Fremantle for the period 1897-2004 (Source: Church
et al. 2006).

change in the mean value dominates over changes
in the height of surges about this mean value.

Future changes in the frequency of extreme
events

The severity and frequency of extreme sea-level
events in the future will increase with rising sea
levels and may also change as a result of changes in
the frequency and intensity of the meteorological
drivers of storm surge. It may be seen from either
curve in Figure 5 that the sea level varies approxi-
mately logarithmically with the average recurrence
interval, indicating that the extremes approxi-
mately follow a Gumbel distribution. The increase
in the frequency of extreme high levels, caused by a
future increase in mean sea level, may be estimated
from the slope of such curves. If a sea-level rise of h
increases the frequency of occurrence by a factor r,
then, a sea-level rise of H increases the frequency of
occurrence by a factor /% (this is a consequence of
the form of Gumbel distribution), which can
become very large, even for modest increases in sea
level. Figure 6 shows the estimated increase in the
frequency of occurrence of extreme high levels,
caused by a sea-level rise of 0.1 m, for the 29 Aus-
tralian tidal records that are longer than 30 years.
This multiplying factor has a range of 1.8 — 5.8 and
a mean of 3.1, which is broadly consistent with the
20th century observations for Fremantle and Fort

Denison, Sydney (Church et al. 2006). For a mid-
range 21st century rise of mean sea level of 0.5 m
(see above), the mean multiplying factor for Aus-
tralia would therefore be 3.10-5/01 or 286, indicat-
ing that events which now happen every 10 years
would happen more than once a month in 2100.
Figure 6 shows that even larger increases in the fre-
quency of extremes would occur around Sydney,
Brisbane and in Bass Strait, with smaller increases
off the north-west and north-east coasts, and off
South Australia.

The meteorological drivers of sea-level extremes
in Australia include cyclones in the tropics north of
30°S, westerly winds associated with cold fronts
along the south coast and a combination of cyclones
of tropical and mid-latitude origin on the east and
west coasts south of 30°S. Storm surges occur more
commonly during the warmer months in the north
and during the colder months in the south. The
effect of climate change on these systems has been
summarised recently in a report by the CSIRO and
the Bureau of Meteorology (2007). Studies of tropi-
cal cyclones in the Australian region indicate a
likely increase in the number of tropical cyclones
in the more intense categories, but a possible
decrease in the total number of cyclones. They also
indicate a poleward extension of tropical cyclone
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Figure 6: Estimated multiplying factor for the increase
in the frequency of occurrence of high sea-level events
(indicated by the diameters of the discs), caused by a
sea-level rise of 0.1 m.
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tracks. For example, Leslie et al. (2007) found a
poleward shift of over 2° in latitude of the genesis
region of tropical cyclones and of the tropical
cyclone tracks. Abbs et al. (2006) found a poleward
shift of 0.7° in the tropical cyclone genesis region
across Australia and of 3° in the decay location of
cyclones on the east coast.

The projected large-scale change to wind pat-
terns that will affect the incidence of storm surges
in mid-latitude regions is one of a poleward shift of
the mid-latitude westerlies, bringing weaker winds
to the southern Australian coast to the west of
140°E during the colder months. However, increas-
ing wind speeds are more likely over the Victorian,
Tasmanian and southern NSW coasts. This is likely
to be associated with a southward extension of the
East Australian Current, which brings warmer
water further southward along the east coast and
enables a greater intensification of storm systems
in this region. In a climate model simulation in
which this pattern of EAC intensification occurs, it
was found that east coast low pressure systems with
central pressures of 990 hPa or deeper were 60%
more frequent in 2070 (McInnes ef al. 2007b).

There have been two broad approaches for eval-
uating storm-tide return levels under current and
future climates in Australia: one that is used in
tropical regions and another that is used in the
mid-latitude regions. The basis for these approaches
lies with the frequency of occurrence of the storm-
surge generating weather systems and whether the
associated storm surges have been well captured by
the tide-gauge network. In the tropics, the infre-
quency of tropical cyclones together with their
small spatial scale (of order 100 km or less), and
hence the small spatial scale of the storm surge,
means that the observational record of storm-surge
occurrence is poor. This precludes an estimation of
the storm-surge recurrence intervals from obser-
vational records. Instead, an approach in which a
hydrodynamic model is used to simulate the
cyclone-induced storm surges from synthetically
generated tropical cyclone wind and pressure fields
have typically been used (for example, Mclnnes et
al. 2003; Hardy et al. 2004). The population of syn-
thetic cyclones is derived from the characteristics
of the observed cyclones in the region of interest.
On the south coast of Australia, the methods devel-
oped to evaluate storm-surge return periods exploit

12 - Sea-level Rise

the frequency and coherence of storm-surge events
along the southern coastline. Previous studies have
shown that these events are coherent over thou-
sands of kilometres and are a response of coastal-
trapped waves to the atmospheric forcing (Church
and Freeland 1987). Therefore methods to quantify
storm-tide return periods in this region have
involved using a hydrodynamic model to simulate
an observed population of extreme sea-level events
identified in tide-gauge records ( McInnes et al.
2007a). In both approaches, statistical methods are
used to estimate storm-surge recurrence intervals
from the population of modelled events.

The effect of climate change on storm-surge
recurrence intervals has been investigated in sev-
eral studies around Australia. The tropical stud-
ies of MclInnes et al. (2003) for Cairns in northern
Queensland and Hardy et al. (2004) for a number
of locations along the Queensland coast consid-
ered an increase in mean sea level (0.25 m and 0.3
m, respectively) and a 10% increase in the inten-
sity of all cyclones. Hardy et al. also considered a
southward shift of cyclone tracks of 1.3 degrees
(about 140 km). They found that sea-level rise
provided the largest contribution to the future
increase in extreme sea levels, with cyclone inten-
sity changes and the southward movement of
tracks having a negligible impact on the height of
the 1 in 100 year storm surge. On the other hand,
Mclnnes et al. found that an increase in the inten-
sity of tropical cyclones increased the 1 in 100
year storm surge by around 0.3 m. A key differ-
ence in the two approaches is in the way tropical
cyclones were selected for the hydrodynamic
modelling. Hardy et al. use an autoregressive
model whose coefficients were derived from
observed tropical cyclones over the Coral Sea
from 1969 to 2001. McInnes et al. used extreme
value statistics fitted to cyclones dating back to
1908 to evaluate the cyclone probabilities and this
approach includes more intense cyclones than
have been observed in the last few decades
(Church et al. 2006).

Along the eastern Victorian coast, the study of
Mclnnes et al. (2007a) evaluated the possible change
to storm surge recurrence intervals by considering
the range of wind speed change in 13 climate models
over Bass Strait. Although the changes in wind
speed were found to increase in the majority of
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Figure 7: Storm-tide return-period curves for Stony
Point under the high climate-change scenarios for 2030
and 2070. Note that a high scenario comprises a high
wind-speed scenario combined with a high sea-level rise
scenario. The 1 in 100 year storm-tide height in 2070 is
around 0.7 m higher than the control value. Of this
increase, around 75 to 80% is due to sea-level rise,
while the remainder is due to wind speed increase. The
frequency of the extreme events increases in the two
scenarios shown also with the control climate 1-in-100-
year event being exceeded on average once every 30
years in 2030 and once every 5 years in 2070.

models, the response of the various models ranged
from a decrease of 5% to an increase of 10% by
2070. These low and high wind-speed changes were
applied uniformly to the wind fields for each mod-
elled storm-surge event. For a storm-surge height of
0.75 m—which represents roughly a 1 in 100 year
storm surge along much of the eastern Victorian
open coast—the wind speed changes induced water-
level changes of —0.075 m to +0.15 m (that is, twice
the percentage change in wind speed). The changes
in extreme sea levels from potential wind-speed
changes are somewhat smaller than those that can
occur from mean sea-level rise, which may be as
high as 0.49 m by 2070 in these simulations. An
example of the return periods of extreme sea level
under current and future conditions is given in
Figure 7 for Stony Point on the Victorian coast.

Coastal erosion around Australia

Factors Influencing Coastal Erosion

Geomorphic and stratigraphic evidence from field
and model investigations in Australia and else-
where, summarised in Roy et al. (1994), clearly

show massive coastal change of tens of metres in
response to sea-level variations during the last
10,000 years of the Holocene Epoch. Confidence is
gained from these studies that advanced numeri-
cal models are capable of reproducing observed
geomorphic responses to the complete range of
factors responsible for coastal change, including
effects of sea-level rise (Cowell et al. 1995, 2003;
Stolper et al. 2005). However, despite the historical
increase in mean sea level around the Australian
coast during the 20th century, other factors caus-
ing coastal erosion have to date masked any local
response to sea-level trends and it has not been
possible to unambiguously attribute an erosion
signal to sea-level rise, in the presence of other
anthropogenic activities.

Geomorphic impacts can be characterised by
changes in location of shorelines. Shoreline change
has particular significance to society through land
loss and effects of erosion on property and infra-
structure. Shoreline movements are a manifesta-
tion of horizontal and vertical translations in the
shore face due to changes in sea level, sediment
availability or geometry of the shore face (Cowell et
al. 1995). Erosion, deposition and sediment trans-
port rates generally decrease in deeper water due to
the weakening of wave motions with water depth.
(The shore face comprises the beach and bed of any
coastal water body, extending from the landward
limit of sedimentary processes associated with
wave run-up, out to the offshore limit of sediment
transport; Cowell ef al. 1999.)

The tendency for the coast to erode or accrete
depends on the combined effects of four factors:

1. agradual rise in mean sea level, which causes a
landward recession of the coast wherever it
comprises loose sediments or friable bedrock
(Roy et al. 1994)

2. changes in the magnitude of transient storm-
erosion events (Zhang et al. 2004; McInnes et
al. 2007b)

3. supply and loss of sediments from nearby
sources and sinks (List et al. 1997; Stive and
Wang 2003)

4. realignment of shorelines due to changes in
directional statistics of wave fields (Ranas-
inghe et al. 2004; Goodwin et al. 2006), which
can be expected if wave refraction patterns are
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altered by sea-level rise or there are other
changes in climate.

The first of these mechanisms may be simply
understood by consideration of the transport of
sediment by incoming ocean waves. Under equilib-
rium conditions, the shape of the shore face is gov-
erned by a balance between onshore/offshore
transport of sediment by surface waves. Under a
given level of wave activity, the shore face takes on
a particular offshore profile. If the sea level rises,
the onshore/offshore transport changes until the
shore face returns to its original profile and equi-
librium is re-established under conditions of raised
sea level. However, in this new equilibrium, the
shoreline has been moved upwards and onshore
resulting in recession of the shoreline. This mecha-
nism was formalised in a very simple way by Bruun
(1962; see following Section) and later re-formu-
lated to allow for changes in profile equilibrium
through time (for example, Cowell et al. 2006).

Generally, the most common experience of
acute coastal erosion in Australia has been associ-
ated with transient erosion due to storm events
involving high waves and abnormally high water
levels, especially when storm surges coincide with
spring tides. These conditions occurred in south-
east Australia during the strong La Nina of May—
June, 1974, and the resulting storm erosion that
caused destruction of houses at Narrabeen and
Bilgola on the Sydney coast has become a bench-
mark in coastal-hazard planning.

While dramatic property losses during such
storm events capture the attention of coastal man-
agers and the public alike, extreme storms that
have recurred historically do not represent an
increased threat. Nor are they necessarily indicative
of more serious chronic erosion problems. Coasts
recover from these transient events through the
return of sand to beaches and dunes following its
temporary displacement offshore during storms.
Only with an increase in magnitude of erosion
events will related storm impacts penetrate further
inland. Historically, Australia has generally been
free of chronic coastal erosion problems, except
where such problems were triggered by coastal
engineering. For the most part, property and infra-
structure losses associated with extreme storms to
date reflect the inappropriate development of assets

12 - Sea-level Rise

within dynamic coastal environments that were
mistakenly thought to be stable under existing and
historical conditions.

At present, the strength of non-sea-level rise fac-
tors driving erosion, and uncertainty in quantify-
ing these drivers, generally makes detection of the
sea-level rise response signal problematic. Almost
all the chronic coastal-erosion hotspots around
Australia lie in regions where alongshore sand
transport is a dominant process and the erosion is
largely due to disturbances in the alongshore trans-
port gradient or the existence of local sinks that
cause sand loss from the littoral environment. In
most cases, the disturbance to littoral transport has
been induced through coastal engineering works.

The possibility of shore-face sand supply to
beaches has further obscured the geomorphic signal
of sea-level rise over recent decades (Figure 8a). Evi-
dence for sand supply to beaches from the lower
shore face is surprisingly ubiquitous around much
of the Australian coast (Figure 8b) and is likely to
be common on most coasts with shore faces com-
prising a concave up cross-shore profile due to
onshore skewness in the amplitudes of water veloci-
ties under shoaling waves. For example, results from
geological investigations in south-east Australia
(Cowell et al. 1995) and sediment-transport model-
ling on the central Netherlands coast indicates that
sand supply from the lower shore face fully com-
pensates for the effects of significant relative sea-
level rise (Beets et al. 1992). Strong evidence of
shore-face sand supply also exists in field data from
the Columbia River littoral cell in the US north-
west Pacific (Cowell et al. 2001).

Historical coastal erosion

One of the best known examples of coastal erosion
is the result of the Tweed River entrance training
walls interrupting the alongshore sand feed from
northern NSW to the Gold Coast beaches (Boak et
al. 2001). Coastal erosion occurred immediately
following initial construction of the training walls
in the early 20th century, and again in the late
1960s when the walls were lengthened. The latter
phase occurred after massive tourist development
on the Gold Coast, so the ensuing erosion attracted
much more attention. The publicity was not enough
to prevent similar costly mistakes being made else-
where, such as in Victoria at Portland (Gourlay
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Figure 8: Sand supply for barrier progradation from the shore face: (a) modelled and measured supply from Tuncurry,
south-east Australia (Source: adapted from Cowell et al. 2003); (b) volume estimates for segments of the Australian

coast (Source: Short 2003).

1996) and Port Fairy (BMT-WBM 2007), and in
Western Australia along down-drift beaches flank-
ing Fremantle Harbour (Searle and Semeniuk
1985), the Peel Inlet at Mandurah, and the Port
Geographe marina entrance near Busselton. Such
training-wall installations interrupt alongshore
sand transport, thereby inducing positive along-
shore transport gradients on down-drift beaches,
causing systemic erosion. The walls also tend to
promote sequestration of sand by estuarine sinks,
causing sand losses from adjacent beaches.

A chronic-beach erosion history along Adelaide’s
coast is thought to have a sea-level rise component.
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However, significant uncertainties in estimates of
alongshore sand transport (Coastal Engineering
Solutions 2004) make it difficult to evaluate the
contribution of sea-level rise. As with erosion
hotspots elsewhere, erosion may be as much to do
with development having encroached too close to
the shoreline, thus interrupting littoral transport,
making it difficult to identify the response to the
sea-level rise.

Similar coastal management issues play a sig-
nificant role in beach erosion at Byron Bay in NSW.
Construction of a car park and its revetments on
the active beach in the 1960s caused a realignment



of the down-drift coast, contributing to coastal
erosion. The coastal realignment problem is com-
pounded by fluctuations in the rate of sand bypass-
ing Cape Byron. These fluctuations occur with
ENSO and longer interdecadal climate variations
that affect the wave regime, causing fluctuations in
coastal alignments (Ranasinghe et al. 2004; Good-
win et al. 2006). Coastal realignments due to engi-
neering works and climate fluctuations have been
especially significant when the transient erosion
they cause is compounded by severe storm-erosion
events. In 1974, these combined effects caused the
destruction and permanent abandonment of Shel-
tering Palms—a village immediately north of the
Brunswick River entrance-training walls on the
Byron Bay coast.

On the central and south coast of NSW, the
highly embayed coastline features and prominent
headlands extending into deep water means that
leakage of sand to adjacent beaches is negligible
(Roy and Thom 1981). Under such conditions, the
closed littoral sediment budgets eliminate the main
source of contamination in the potential geomor-
phic signal in beach response to sea-level rise. The
resulting opportunity for detection of this signal is,
however, somewhat diminished due to sand contri-
butions to beaches from the lower shore face. The
Collaroy—Narrabeen Beach in Sydney probably
represents the greatest exposure to imminent prop-
erty loss due to coastal erosion at present in Aus-
tralia (Hennecke et al. 2004). Here again, the
problem relates to coastal development of land sub-
divided almost 100 years ago on what is now known
to be the historically active beach zone. The avail-
able evidence indicates that the beach has been his-
torically stable in terms of mean-trend changes,
and that erosion episodes have been transient
throughout the historical past (Thom 1974).

Projected coastal erosion

While local disturbances and changing wave con-
ditions have been the dominant contribution to
detectable, systematic coastal change at erosion
hotspots on the Australian coast to date, sea-level
rise and changes in storms will become significant
and begin to dominate over several decades, par-
ticularly if the upper range of sea-level projections
and intensification of storms eventuate. Current
erosion hotspots will probably be the first places to
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suffer serious impact from erosion induced by
increased sea level.

Coastal recession tendencies due to sea-level
rise are the result not only of inundation but also
systematic patterns of bed erosion and sedimenta-
tion (see above). These geomorphic effects can be
expected in all marine littoral environments,
including wave-dominated and protected oceanic
settings, as well as in estuaries, coastal lakes and
wetlands. Stive (2004) demonstrated from consid-
eration of shore-face translation and sediment-
mass continuity that the rate of shoreline retreat,
cp»> can be expressed as

)

cR(h*+hd)=%L*+a&yy— —V Q)
where 9 is the rate of sea-level rise; L. and h, are
the distance and water depth defining the offshore
limits of the active zone; h; is the height of the dune
or friable cliff; Q, is the time-averaged shoreward
sediment flux into the active zone from the lower
shore face; Q_ is the alongshore sediment flux inte-
grated over L,; V is a local sediment source or sink
(such as a delta or estuary); and x and y are across-
shore and alongshore dimensions. The active zone
is the upper-shore-face region in which rates of
fluctuation in bed elevation, due to cycles of ero-
sion and deposition, are larger than the rate of sea-
level rise.

Equation 1 is general, especially if the source/
sink term, V; incorporates any changes in the max-
imum transient-erosion volume due to storms.
Such changes can be expected if systematic varia-
tion occurs in storm magnitudes and frequencies.
For the special case, in which sources, sinks, net lit-
toral transport and shore-face supply of sediments
can all be ignored, equation 1 reduces to the widely
applied Bruun Rule (Bruun 1962):

aS L~
=P 2
® 8t<h*+hd> @

Equation 2 is widely applied because of its prac-
tical simplicity, whereas equation 1 demands use of
numerical models (Cowell et al. 2006). Unfortu-
nately, the special-case conditions underpinning
equation 2 seldom arise in nature, so application of
the Bruun Rule as the sole explanation for observed
or projected changes is generally invalid. One of
the few field studies to have validated equation 2
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Figure 9: Variability of shoreface slope in equation 2
(L./h,), for five iconic beaches in south-east Australia, in
relation to water depths indicative of limiting depths of
the active zone (h.), and the slowly evolving lower
shoreface (h)) on the annual time scale (Hallermeier
1981): h. is the limiting depth of detectable changes in
bed elevation, and h, characterises the limiting depth of
significant sand movement. Although Hallermeier’s h.
has been used often to calibrate application of the
Bruun Rule, Hallermeier recommended that h, is more
appropriate in place of h. in equation 2 because
significant sand movement during a typical year makes
consequential bed-level changes possible on the multi-
decadal time scale.

demonstrated that applicability existed along
coastal tracts free of tidal-inlet effects and littoral
transport gradients, which comprised more than
30% of the US coastline studied from South Caro-
lina to Long Island NY (Zhang et al. 2004). Another
study, in which validity of equation 2 was evident,
involved dominance by strong relative sea-level rise
(Mimura and Nobuoka 1995). More generally,
under conditions of weak sea-level rise, the other
terms in equation 1 tend to dominate coastal
change (Roy et al. 1994).

These field studies also demonstrate the weak-
ness of the rule-of-thumb that ¢ is on the order of
50 to 100 times the rate of sea-level rise. For exam-
ple, variability in the reciprocal slope term charac-
terising the shore face, L./h., is illustrated in
Figure 9 and demonstrates the effect that choice of
h. has on estimates obtained via the Bruun Rule.
Taking uncertainty about choice of h, into account
gives erosion factors (L./h.) ranging from 44 to 64
for Manly, 29 to 99 for Palm Beach and only 28 to
39 for Bondi Beach (Figure 9). These factors corre-
spond poorly to the 50-100 range proposed for
coasts elsewhere (for example, Mimura and
Nobuoka 1995). On this basis, for example, the

response of Manly Beach to an increased sea level
by 2100 of 0.28—0.79 m (see above) would involve
an expected horizontal erosion distance of between
12 and 51 m. This range of estimates does not, how-
ever, take into account uncertainties at Manly
related to future changes in shore-face geometry,
effects of rock reefs, and a seawall. Application of
more appropriate simulation modelling to deal
with these uncertainties provides a probabilistic
basis for projecting coastal erosion at Manly in
response to sea-level rise and possible changes in
the wave climate (Figure 10).

The simulations upon which the Manly reces-
sion risk estimates were based take into account
the additional factors included in equation 1, but
excluded from equation 2. For example, the possi-
bility of sand supply from the shore face (Q, in
eq.1) introduces the possibility that the beach may
undergo time averaged accretion rather than reces-
sion despite sea-level rise, although the probability
that this will occur is estimated to be less than 10%
(Figure 10). Because Sydney beaches, including
Manly, are not subject to significant alongshore
transport of sand, projections of coastal recession
do not involve effects of disturbances in littoral
sediment budgets. In coastal regions subject to
these effects, described above in relation to the his-
torical erosion hotspots, erosion risk is much
greater than illustrated in Figure 9.
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Figure 10: Probability of shoreline recession by year
2100 due to climate-change impacts at Manly Beach,
Sydney, based on simulations in which model variables
were sampled from probability distributions for each of
2000 repetitions. Negative recession values imply time
averaged accretion of the coast (Source: based on
Cowell et al. 2006).
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Figure 11: Moderating effects on rate of coastal
recession due to deposition of fine sediments in a
barrier estuary under constant rates of sea-level rise:

(a) barrier rollover with no estuarine mud deposition,
for which the rate of recession is identical to the rate of
simple inundation on a sloping plane; (b) effect of mud
accumulating vertically at the same rate as sea-level rise;
and (c) comparative rates of horizontal recession of the
shore face (Source: adapted from Cowell et al. 2003).

For the next few decades, the role of estuaries,
including river mouths and lagoons, as sinks for
beach sand is unlikely to be significant. Exceptions
will exist in the vicinity of entrances that are artifi-
cially deepened for navigation. If sea levels con-
tinue to rise in subsequent centuries, the resulting
deepening of estuaries and tidal inlets will tend to
cause a progressive loss of sand to estuarine sinks
from adjacent beaches (Figure 11).

Deposition of sediments other than marine
sand (including fine sediments, such as estuarine
muds and bay-head (fluvial) delta sands; Roy, 1994)
within estuaries and coastal wetlands due to either
natural processes or artificial fill plays a significant
role in reducing the potential sink capacity of estu-
aries (Figure 11). Such sedimentation reduces the
sink volume and thus limits sand demand exerted
on the adjacent coast.

Conclusion

A substantial body of evidence indicates sea level
has risen at a significantly larger rate during the
20th century than over the previous several mil-
lennia. This is true both globally and around Aus-
tralia, with evidence coming from geological data,

12 - Sea-level Rise

in situ instrumental data and, most recently, satel-
lite-altimeter data. This rise will continue during
the 21st century and beyond because of the long
time scales associated with the deep ocean and the
ice sheets. The IPCC projections indicate a global-
averaged sea-level rise of 18 to 79 cm from 1990 to
2095, with recent observations indicating a rise
closer to the upper end of the range. In addition,
regional variations from this global averaged rise
are expected. The projected sea-level rise will
require significant adaptation.

Rising sea levels will be felt most acutely through
extreme events. The rise in mean sea level has already
led to an increase in the frequency of high sea-level
events of a given magnitude, by a factor of about
three on both the east and west coasts of Australia.
The logarithmic relationship between the height and
return period of high sea-level extreme events means
that by late in the 21st century, events that now occur
once every 10 years could be occurring once every
few weeks and the present one-in-a-hundred-year
event could occur several times a year. In addition,
the most severe high sea-level events will have a
greater impact. Again, these changes will require
significant adaptation and planning for many
regions around the Australian coastline.

Urgent and effective mitigation is required if the
world is to significantly decrease the risk of multi-
metre sea-level rise from ice-sheet contributions.
Paleogeomorphic data indicate that, when tempera-
tures were similar to those we can expect in 2100 if
efforts to mitigate greenhouse gas emissions fail,
the sea level was several metres higher than today’s.
We presently have insufficient understanding of the
response of ice sheets to both atmospheric and oce-
anic warming to determine whether such a rise
would occur over decades to centuries through a
rapid dynamic ice-sheet response, or would occur
over millennia from surface melting alone. These
rises would have major impacts on virtually all
regions of the Australian coastline.

As well as inundation from extreme events,
coastal erosion will be an important issue. To date,
erosion hot spots have occurred as a result of coastal
developments on active dune areas. While it is
likely that sea-level rise has not yet produced a
detectable impact on coastal erosion, it will become
a dominant contributor during the 21st century,
with the existing hot spots the first (and probably
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the most severely) regions to be affected. As sea
levels continue to rise, coastal erosion will be felt
more broadly along the Australian coastline.

Adaptation strategies will be required and
include (Church et al. 2007):

e accommodation through forward planning
and appropriate use of low-lying coastal regions
(for example, to ensure escape and emergency
routes are available for future flooding events,
and to increase the resilience of coastal devel-
opments and communities)

e protection via ‘hard’ measures such as sea walls
(for example, 10 million people who live below
sea level in the Netherlands are protected by
dykes and levees) and ‘soft’ measures such as
increased beach nourishment

o (planned) retreat through planning instru-
ments, such as implementation of no-build
areas or building setbacks for areas susceptible
to flooding and erosion.

Adaptation plans must not only consider modern
urban development, but also allow for the protec-
tion of historical sites, sensitive environmental areas
and ecosystems. Developing management policies
that simultaneously tackle these potentially con-
flicting goals presents a major challenge. However,
with proactive planning, we can substantially lessen
the impact of 21st century sea-level rise.
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