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Foreword

The Climate Futures for Tasmania research project is the key source of information for the
Tasmanian Government’s Climate Change Strategy. A number of the outputs from the project
will have long-term strategic implications for emergency management and local government
planning in Tasmania.

The outputs from the Extreme Tide and Sea-Level Events Technical Report will be helpful in
supporting evidence-based policy and decision-making for the management of Tasmanian
coasts. This scientific report uses the most comprehensive and current scientific methods
available for the evaluation of sea-level extremes and the projection of their changes in response
to rising greenhouse gases. It is a pleasure to see how these new projections of extreme sea levels
have already been used by policy makers with other research products from the Climate Futures
for Tasmania project. An example of this is the development of coastal inundation models

that estimate the likelihood of inundation by extreme events in selected vulnerable regions
around Tasmania. This work undertaken by the Blue Wren Group and the Antarctic Climate &
Ecosystems Cooperative Research Centre (ACE) combined both the LiDAR (Light Detection and
Ranging) Dataset and the extreme sea-level results - the subject of this report.

This unique and leading research will enable the Tasmanian Government to work in
partnership with stakeholders to assist communities around the State to adapt to climate
change and minimise the adverse effects of extreme sea levels. The extreme weather
events around the country in 2011 highlighted the importance of this project. No longer
can we assume that we are immune from the damaging impacts of extreme weather
events. Tasmanian communities can prepare for these events by obtaining a high-level
understanding of the impacts of climate change.

This report, led by Dr Kathleen Mcinnes and her team from CSIRO and ACE, has provided the
underlying science. The outputs from this report are strong and robust and the research can
be directly applied in decision-making.

The report has passed the rigours of an external scientific review. | appreciate the efforts

of the respected scientists who provided their expertise and time to confirm the research
outcomes. In particular, | thank Professor Keith Thompson (Dalhousie University, Canada),
Dr Ivan Haigh (University of Western Australia) and Dr AS Unnikrishnan (National Institute of
Oceanography, India).

Tasmanian communities will benefit from this Extreme Tide and Sea-Level Events report from
the Climate Futures for Tasmania research project. All those involved in the project are to be
congratulated for their valuable contribution to emergency management in Tasmania.
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Executive Summary

Rising sea levels are a consequence of a warming climate and will be felt most acutely during extreme sea-level
events brought about by the combination of storm surges and high tides which may cause coastal inundation
and erosion.

The purpose of this study has been to investigate the causes of extreme sea levels and evaluate their return periods for late
20th century conditions along the Tasmanian coast. These data provide a basis for estimating the impact of rising sea levels
on the extreme sea-level return periods and of estimating land at risk from inundation due to projected future sea levels.

Storm surges on the southeast coast of Tasmania are typically less than a metre in height and are mainly caused
when cold fronts cross the region.

Tide-gauge records show that storm surges on the southeast coast of Tasmania attain maximum heights of typically
less than a metre and the weather systems most commonly responsible for generating elevated sea levels at these
locations are the west to east moving cold frontal systems associated with low pressure centres situated to the
south of Tasmania. While such systems were also the cause of elevated sea levels on the Tasmanian north coast, the
largest storm-surge events there occurred when a low pressure centre was situated to the west of Tasmania or Bass
Strait and brought strong northerly winds to this coastline.

The high correlation between storm surges on the Tasmanian coast with those on the mainland coast means that
information about Tasmanian storm surges can be obtained by combining Tasmanian tide-gauge information
with that from the mainland coast.

The high correlation between storm surges on the Tasmanian and Victorian coasts meant that a more efficient
modelling approach, previously applied to the Victorian coast, could be used to evaluate storm-surge return levels
for the Tasmanian coast. In this, a population of extreme sea-level generating weather events was identified from
a limited number of long tide-gauge records and each of the events modelled with a hydrodynamic model forced
with archived wind and pressure patterns. The peak residual sea levels from each event were then statistically
analysed to obtain event probabilities. This modelling indicated that the highest storm-surges occurred on the
southeastern coastline of Tasmania and storm surges were lowest on the northern Tasmanian coast.

New estimates of one-in-100-year sea levels for Tasmania have been developed.

Tide prediction models are used to generate probability distributions of tide height. The tidal range was largest

on the Tasmanian north coast and smallest on the southwest coast. Tide height probability distributions were
developed and combined with storm surges to yield return periods of storm tide (the total sea level arising from the
combination of a storm surge and tide). The one-in-100-year sea levels for Hobart, Georgetown, Burnie and Spring
Bay were estimated to be 1.29, 2.00, 1.92 and 0.99 m relative to Australian Height Datum (AHD) respectively.

Projected future changes in wind speed were found to have a negligible effect on future storm surges.

Changes in wind speed are not projected to significantly affect storm surge. The effect on storm surges of wind
speed changes was investigated by adjusting the winds in each event by the wind changes in the 2080 to 2099
climate relative to the 1980 to 1999 climate. The changes were found to vary from no change to negligible reduction
in storm tide height around the Tasmanian coast. Further investigation is needed to understand the role of wind
changes on the Tasmanian coast results presented here, but are beyond the scope of the current project.

By 2100 projected sea-level rise will mean that a 100-year event based on late 20th century conditions will occur
between 15-100 times more often.

By 2030 a 100-year event based on late 20th century conditions will occur around twice to 10 times more often (i.e.
about once every 10 to 50 years) if sea-level rise follows the upper end of the IPCC (2007) projected range. By 2090,
a 100-year event based on late 20th century conditions will occur as frequently as once every five years and up to
several times a year if the high-end projections for sea-level rise eventuate.
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1 Introduction

Sea levels have been rising at an increasing rate since
the early 1800s. The average rate of sea-level rise
over the 20th century of 1.7 + 0.5 mm yr' (Bindoff
et al 2007) has led to a change in the frequency of
extreme events. Over the period 1993-2006, mean
sea-level trends based on both reconstructed sea-
level (Church and White 2006) and satellite altimetry
have increased to 3.3 + 0.4 mm yr'. This rate of
increase is consistent with the upper envelope of the
Intergovernmental Panel on Climate Change (IPCC)
sea-level projections (Rahmstorf et al. 2007), which is
associated with a globally averaged sea-level increase
of 0.82 m by 2100 (Hunter 2010). The IPCC concluded
that extreme high water levels associated with storm
surges have undergone a likely increasing trend
across the globe during the 20th century (Bindoff et
al 2007). Recent studies have found that these trends
appear to be driven largely by trends in mean sea
level rather than changes in storminess (Menendez
and Woodworth 2010; Woodworth et al 2011). These
observed and projected changes in sea level pose
threats for coastal settlements that have developed
during the period of relatively stable sea levels of the
previous two millennia (Jansen et al 2007).

Sea-level rise will be felt most acutely during severe
storm events when strong winds and lower than
normal atmospheric pressure drive storm surges and
high waves. Impacts of these events will be greatest
when they occur at high tide. Such events can cause
inundation of low lying coastal terrain, severe erosion
and wave overtopping.

In recent years, concern over the potential adverse
impacts of rising sea levels has seen a number of
programs and initiatives undertaken by various
levels of government to develop information
about future coastal vulnerability to climate
change. In Tasmania, the Department of Primary
Industries, Parks, Water and Environment (DPIPWE)
commissioned a ‘first pass’ mapping of Tasmanian
shorelines vulnerable to storm-surge flooding and
erosion of sandy shorelines (Sharples, 2006). The
Sharples study developed a coastal geomorphic
line map in a Geographic Information System
framework called ‘the Smartline’ Each line segment
of the Smartline contained information on a range
of shoreline characteristics that facilitated an
assessment of coastal vulnerability due to erosion. To
support the assessment of risk to communities from
coastal inundation the Climate Futures for Tasmania
project also supported the acquisition of airborne
LiDAR surveys along four selected coastal regions

of Tasmania including extensive coastal regions
around Storm Bay and D’Entrecasteaux Channel, the
Tamar Estuary and North West Coast, Great Oyster
Bay including Swansea and Coles Bay and Binnalong
Bay including St Helens on the east coast. These data
have subsequently been used in combination with
storm tide data developed in this project to evaluate
vulnerable coastal land for the Tasmania Planning
Commission (Mount et al 2010).

This report describes the development of spatial
maps of extreme sea level associated with particular
recurrence intervals along the Tasmanian coast under
climate conditions of the late 20th century using the
dynamical modelling of storm surge and a statistical
combination of surge and tidal information as
described in Mclnnes et al (2009a, b, ¢). Some aspects
of the storm-surge responses on the northern side
of the Bass Strait are also considered since they are
important to storm surges around Tasmania. These
maps provide a basis for the investigation of the
possible impacts of future climate change due to
sea-level rise and changes in weather conditions
and will provide information for subsequent coastal
assessments around Tasmania.

The remainder of this report is structured as
follows. The following section describes the nature
of extreme sea levels around Tasmania and the
weather conditions most commonly responsible
for elevated sea levels. Section 3 describes the
modelling approach used in this study and Section
4 discusses future climate scenarios. Modelling
results are discussed in section 5 and conclusions are
summarised in Section 6.
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About the project

Climate Futures for Tasmania is the Tasmanian
Government’s most important source of climate
change data at a local scale. It is a key part of
Tasmania’s climate change strategy as stated in the
Tasmanian Framework for Action on Climate Change
and is supported by the Commonwealth Environment
Research Facilities as a significant project.

The project used a group of global climate models
to simulate the Tasmanian climate. The project is
unique in Australia: it was designed from conception
to understand and integrate the impacts of climate
change on Tasmania’s weather, water catchments,
agriculture and climate extremes, including
aspects of sea level, floods and wind damage. In
addition, through complementary research projects
supported by the project, new assessments were
made of the impacts of climate change on coastal
processes, biosecurity and energy production, and
the development of tools to deliver climate change
information to infrastructure asset managers and
local government.

As a consequence of this wide scope, Climate
Futures for Tasmania is an interdisciplinary and multi
institutional collaboration of twelve core participating
partners (both state and national organisations). The
project was driven by the information requirements
of end users and local communities.

The Climate Futures for Tasmania project
complements climate analysis and projections done
at the continental scale for the Fourth Assessment
Report from the Intergovernmental Panel on Climate
Change, at the national scale in the Climate Change
in Australia Report and data tool, as well as work
done in the south-east Australia region in the South
Eastern Australia Climate Initiative. The work also
complements projections done specifically on water
availability and irrigation in Tasmania by the Tasmania
Sustainable Yields Project.
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2 Background

Coastal sea levels vary on different timescales due
to different physical forcing. Astronomical tides
cause sea-level variations on a range of timescales
ranging from sub-daily (high and low tides), through
fortnightly (spring and neap tides) to annual and
longer timescales. Low pressure and strong winds
associated with severe weather events can cause
fluctuations in coastal sea levels which are commonly
called storm surges. Associated with storm surges
are wind driven waves which can also contribute
to elevated sea levels through wave setup. These
various contributions are illustrated in Figure 1.
Variations in mean sea level also occur on seasonal
and inter-annual time scales, the most significant
contribution to inter-annual variations in sea levels
around Australia being due to the El Nifio Southern
Oscillation (e.g. Church et al 2006). Superimposed
on these variations are the long term increases in
sea level due to global warming (Church and White,
2006). The focus of this study is the contribution of
storm surges and astronomical tides to extreme sea
levels which are referred to as storm tides. Although
wave breaking can further elevate sea levels through
wave setup and wave runup, these processes are not
considered in the present study. This section discusses
the meteorological contributions to sea levels, which
are identified in tide-gauge records after the removal
of the astronomical tides. These contributions are
referred to in this report as non-tidal residuals or in
more extreme cases, storm surges.

Wind Waves

Sea-level extremes may also be affected by
nonlocal coastal variations hundreds to thousands
of kilometres away. In Tasmania, storm surges are
influenced by those variations occurring in Bass Strait
and the Victorian coast. Consequently, consideration
of the occurrence of extremes around Tasmania
must also take into account the effects from further
afield. This is particularly important for testing and
validating the storm-surge simulations and the
methods used here to project the changes in extreme
sea level for Tasmania. It is for these reasons that we
also consider parts of Victoria as well as Tasmania in
this report. A recent investigation of extreme sea
levels on the Victorian coast found that the non-tidal
component of the measured sea levels was highly
correlated between pairs of tide gauges along this
coastline (Mclnnes et al 2009b). This finding led to the
development of an efficient approach to modelling
extreme sea levels to develop spatially continuous
maps of sea level associated with particular return
periods. The reason for the high correlation was
that the synoptic weather systems responsible for
elevated sea levels were mainly frontal systems,
which are a large scale feature of the climatology of
this region, particularly in the winter months and
therefore affect a large stretch of coastline when
they occur. This section investigates to what extent
this link exists for Tasmanian sea-level extremes and
whether the modelling approach applied previously
to Victoria can also be applied to Tasmania.

Storm Surge

Mean Sea Level

Tidal Range

Figure 1: Schematic illustrating the contributions to coastal sea levels. Extreme sea levels comprise some combination
of storm surge and astronomical tide which are modelled in this study and are often referred to as a storm tide. Note
that a storm tide can comprise a large surge in combination with a small or even negative tide or a moderate surge

in combination with a particularly high tide. Sea levels may be further amplified at the coast due to wave breaking
processes such as wave setup and runup, however these processes are not considered in this study.
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2.1 Relationship between Tasmanian
and Victorian Sea-level Extremes

The sea-level records from several tide gauges
located along the Victorian and Tasmanian coast
were selected to investigate the correlation in sea
levels between pairs of gauges. Data was selected
from eight tide-gauge records, four from the Victorian
coast (Portland, Lorne, Point Lonsdale and Lakes
Entrance) and four from the Tasmanian coast (Burnie,
George Town, Spring Bay and Hobart) (see Figure 2
for locations). These records were selected from a
larger set of available tide gauges because together
they spanned the coastlines of Victoria and Tasmania
and they also contained more than 10 years of data.

There are two commonly used methods of deriving
approximations to the meteorological component
of sea-level variability from hourly tide-gauge
observations. Numerical filters can be applied to the

observed sea levels to remove tidal signals or sea-level
residuals can be obtained by subtracting predicted
tide heights. The second method however was found
to be problematic for the two Victorian stations of
Lorne and Stony Point during episodes of elevated sea
level (Mclnnes and Hubbert 2003). During episodes
of strong southwesterly winds, when elevated coastal
sea levels generally occurred, the residuals obtained
by subtracting out the predicted tide contained a
pronounced oscillatory signal that was attributed to
contamination by the astronomical tide. During strong
wind events it appears that a slight phase shift occurs
in the tides and this is not removed when tide heights,
predicted using tide constants from long tidal records,
are subtracted from the measured sea levels. This is
illustrated in Figure 3 which compares the method
of subtracting the predicted tide and the filtering
method, based on Godin (1972), at Portland, Lorne
and Stony Point on the Victorian coast and Burnie on
the north Tasmanian coast (see Figure 2 for locations).

Point Lonsdale
(]

Portland

Granville
Harbour

@
Lakes Entrance

@
Lorne Stony Point

Burnie ®© ®

George Town

® Spring Bay
Hobart

Figure 2: Tide gauge locations referred to in the report.
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The two methods produce comparable results at
Portland whereas the method of subtracting the
predicted tides does not lead to complete removal
of the tidal signal at the three central Bass Strait
locations of Lorne, Stony Point and Burnie. The issue
of the non-linear interaction of tides and surge is
discussed more broadly by Horsburgh and Wilson
(2007). For the purpose of identifying candidate
events for subsequent hydrodynamic modelling, the
method of subtracting the predicted tides was not
considered suitable and so the filtering method of
Godin (1972) was used instead. Although the filtering
method may eliminate some of the surge variability
resulting in a smoother varying curve than the tide
subtraction method, the generation of sea-level

Portland

residuals is for the purpose of selecting candidate
events for later modelling and so will not influence
the modelled results in any way.

After applying the method of Godin (1972) to remove
sea-level variations due to astronomical tides, a
time series containing the maximum daily residual
sea levels was then developed. Figure 4 provides an
example of the daily maximum residual sea levels for
the years 1994 and 2002. In Figure 4a, the particularly
long-lived event that occurred in May 1994 and the
shorter lived event that occurred in early November
1994 were the subject of more detailed examination
in Mclnnes and Hubbert (2003) and Mclnnes et al
(2009¢). The northern Tasmanian locations both show

1.5
1.0 1
0.5
0.0
-0.5
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Figure 3: Figures showing total sea level (cyan) and residuals calculated by subtracting the predicted tide (blue) and residuals
obtained by filtering out the tidal signal (red). At Portland, the tide subtraction and filtering methods yield similar results, however
within Bass Strait at Lorne, Stony Point and Burnie, a residual of the tide remains due to a shift in the phase of the tides which can
be seen to occur during episodes when the weather conditions cause higher than normal residual sea levels.
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higher than normal residuals during the May event
although of smaller magnitude. The November event,
while represented by a spike in the non-tidal residuals
at Portland, Lorne, Spring Bay and Hobart is extremely
weak at Burnie and George Town. Similarly in 2002,
there is a signature of a long-lived event in June at all
gauges shown whereas a shorter-lived event in early
December is not seen at Burnie (Figure 4b).

Daily Maximum Se

From the record of daily maximum residuals,
correlations between respective pairs of time series
were calculated and are presented in Table 1. For the
gauges along the Victorian coastline the correlations
are high between Portland and Lorne (0.97) but
diminish further eastward along the coast, with the
daily maximum sea-level residuals between Lakes
Entrance and Portland having a correlation of only 0.59.

a-Level Residuals (m) for 1994

Portland

Lorne

Point Lonsdale
Lakes Entrance
Burnie

George Town
Spring Bay

Hobart

Height

19 110 111 112

Portland

Lorne

Point Lonsdale

Burnie

Spring Bay

Hobart

Height
(m)

Figure 4: Daily maximum sea-level residuals for (a) 1994 an
levels were not available for 2002.

1/7
Date

178 19 1/10 1/11 112

d (b) 2002. Note that Lakes Entrance and George Town sea
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Location | Portland | Lorne Point Lakes Burnie George- | Hobart Spring

P (L) Lonsdale | Entrance | (B) Town (G) | (H) Bay (SB)
(PL) (LE)

1.00 0.97 0.85 0.56 0.79 0.77 0.80 0.80
L 0.97 1.00 0.97 0.68 0.86 0.87 0.86 0.82
PL 0.85 0.97 1.00 0.63 0.63 0.82 0.85 0.72
LE 0.59 0.68 0.63 1.00 0.41 0.63 0.69 0.62
B 0.79 0.86 0.63 0.41 1.00 0.70 0.64 0.73
G 0.77 0.90 0.82 0.63 0.70 1.00 0.71 0.83
H 0.80 0.87 0.72 0.62 0.64 0.71 1.00 0.98
SB 0.80 0.88 0.85 0.69 0.73 0.83 0.98 1.00

Table 1: Correlation coefficients of daily maximum sea-level residuals between pairs of tide gauge locations. All

correlations are significant at the 95% confidence level.

Along the Tasmanian coast, Burnie is most highly
correlated with Lorne (0.86) followed by Portland
(0.79), both located on the western Victorian coast.
George Town is most highly correlated with Lorne
(0.90) followed by Spring Bay on the Tasmanian east
coast (0.83). Hobart is most highly correlated with
Spring Bay (0.98) followed by Lorne (0.87) and is most
weakly correlated with Lakes Entrance (0.62), George
Town (0.77) and Burnie (0.79).

These data show that sea-level residuals at Hobart
and Spring Bay are more highly correlated with those
in western and central Victoria than those on the
northern Tasmanian coast. Sea-level residuals at Lakes
Entrance and northern Tasmania generally exhibit
the lowest correlations with each other and other
gauges indicating the possible influence of different
types of meteorological forcing on sea-level residuals
at these locations. It suggests that the approach used
in McInnes et al (2004b,c), in which a population of
extreme events is selected for modelling on the basis
of a small number of representative sea-level records,
can be used in the present study with the inclusion of
additional tide gauges on the Tasmanian coast.

2.2 Synoptic weather events associated
with extreme sea levels

The synoptic weather patterns associated with high
sea-level residuals along the Victorian coast were
investigated in Mclnnes et al (2005) and along the
northern Tasmanian coast in Mclnnes et al (2009a)
using the Kirchhofer (1973) correlation-based
pattern-typing technique described in Yarnal (1993).
In this method, fields of gridded numerical data are

grouped on the basis of similar spatial structures (that
is highs and lows in similar positions) using Pearson
product-moment correlations. Relevant results from
those studies are summarised here.

On theVictorian coastline, McInnes et al (2005) applied
synoptic typing to the mean sea-level pressure
patterns on days in which sea-level residuals exceeded
0.4 m at Stony Point and Lakes Entrance, representing
the western and eastern coastlines respectively. The
threshold was chosen to obtain around 180 events
in each record. Because a 38 year record was used
for Lakes Entrance whereas only a 12 year record was
used for Stony Point, this threshold represented the
top 1.5% and 5% of events respectively.

In the western half of the state, high sea-level residuals
were found in over 99% of cases to be associated with
the weather patterns shown in Figure 5a-c, which
represent the eastward travelling cold fronts usually
associated with a low pressure system at latitudes
south of Tasmania. Winds during these events are
generally northwesterly ahead of the front and
southwesterly to southerly behind. These weather
patterns also accounted for high sea-level residuals at
Lakes Entrance in about 70% of cases. The remaining
high sea-level days at Lakes Entrance were associated
with a low pressure system situated in the south-west
of Tasmania (Figure 5d), which brings southerly winds
to the eastern Victorian coast.

The synoptic weather conditions from the days
on which the highest 80 daily maximum sea-level
residuals occurred at Burnie between 1993 and 2003
were investigated in Mclnnes et al (2009a). Over
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Figure 5: Synoptic weather conditions leading to elevated sea levels on the west coast of Tasmania and the Victorian coast, but

lower sea levels on the north and east coast of Tasmania.

Figure 6: Synoptic weather conditions leading to elevated sea levels on the north coast of Tasmania, but lower or slightly

elevated sea levels on west and east coast of Tasmania and Victoria.

85% of the days identified were associated with
the patterns shown in Figures 6a and 6b. The first
synoptic type accounted for 63% of the patterns on
high sea-level days and consisted of a low pressure
centre to the southwest of Tasmania bringing
northwesterly winds across Bass Strait. This pattern
often preceded the arrival of a cold front. The second
synoptic pattern accounted for 22% of the high sea-
level days and consisted of a depression located
at Tasmanian latitudes to the west of Tasmania

bringing northwesterly to northeasterly winds to the
northern Tasmanian coast. The third pattern (Figure
6¢) is typical of the conditions that occur in the latter
stages of the passage of a front when it has moved
eastwards into the Tasman Sea. This pattern was
associated with 14% of high residual days.
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2.3 Extreme sea-level event selection

The results in the previous two sections indicate the
relationship between sea-level records along the
Tasmanian and Victorian coasts. The correlations
between Hobart and Spring Bay and the western half
of the Victorian coastline are higher than correlations
from gauges on the northern Tasmanian coast with
other locations. An examination of the synoptic
conditions indicates that frontal systems are a major
cause of elevated sea levels along both coastlines,
although the northern Tasmanian events are more
influenced by frontal lows that are situated to the
west of Tasmania.

The aim of this study is to use hydrodynamic modelling
to generate spatially continuous information about
extreme sea-level residuals from which the typical
severity and frequency, commonly expressed in return
periods or Average Recurrence Intervals (ARIs), can be
estimated using extreme-value statistical analysis. This
can be accomplished by simulating the residual (non-
tidal) sea levels over a continuous interval of time,
thereby yielding a record from which extreme residual
sea levels can be selected for statistical analysis.
However, a computationally more efficient approach is
to model only the extreme events. The high coherence
of the residual sea levels between tide gauges in this
region suggests that the identification of events at a
small number of locations will satisfactorily identify
the extreme events at all coastal locations around
Tasmania and therefore this computationally efficient
approach is adopted in this study.

The tide-gauge records from Portland, Point Lonsdale,
Lakes Entrance, George Town and Hobart were used
to select a population of high residual events for
hydrodynamic model simulation. This is because
they contained relatively long and complete tide-
gauge records that spanned the region of interest
and reflected the range of meteorological forcing
responsible for extreme sea levels in the region.
Gaps in the record were filled using data from other
highly correlated tide-gauge records following the
procedure described in Mclnnes et al (2009b). Events
were selected on the basis of up and down-crossing
of a residual sea-level threshold. The thresholds used
for each tide gauge were selected to ensure that at
least two events occurred at each location per year
for the subsequent statistical analysis. The thresholds
for Portland, Point Lonsdale, Lakes Entrance, George
Town and Hobart were 0.21, 0.26, 0.22, 0.19 and 0.22
respectively. As expected from the highly-correlated

residual sea levels shown in Table 1, there was
considerable overlap in the events selected from the
different gauges. The overlapping events identified
from the different tide gauges were combined
into a single set of events spanning the earliest
commencement time to the latest completion
time. A population of 417 events was selected from
approximately 38 years of tide-gauge data from
1964-2002 . This relates to around 11 events per year.
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3 Methodology

Following Mclnnes et al (2009b, c), storm tide return
levels are developed from separately-evaluated
probability distributions of storm-surge heights and
tide heights using an approach based on the Joint
Probability Method (JPM) (Pugh and Vassie 1980;
Tawn and Vassie 1989) as described in McInnes et al
(2009b). The procedure for developing spatial maps of
both surge and tide data is illustrated in Figure 7. After
selecting a population of the most severe storm-surge
events in the historical record, each event is simulated
with a hydrodynamic model and the highest sea level
attained ateach gridpointinthe computational domain
is stored for subsequent statistical analysis. For tides,
amplitudes and phases of the main tide constituents
are interpolated to the same computational grid as
used for storm-surge modelling and a tide prediction
model is then used to predict tides and calculate tide
height frequency distributions.

3.1 Hydrodynamic model

The model used in this study is the two-dimensional
hydrodynamic model, GCOM2D. This model solves
the depth-averaged hydrodynamic equations
for currents and sea levels. Details of the model
formulation can be found in Hubbert and Mclnnes
(1999). The model was set up over two regions
shown in Figure 8. The grid defining the outer region,
spanning much of southeastern Australia, had 5 km
resolution while the inner grid over Tasmania and
Bass Strait had 1 km resolution. Hourly sea-level
heights and currents, simulated on the 5 km grid,
were applied as lateral boundary conditions on the
1 km grid.

3.2 Data sources and model
performance

Topographic and bathymetric data for the 5 km grid
were obtained from the AUSLIG 9 second Digital
Elevation Model (Geoscience Australia, 2008) and
the Geoscience Australia (formerly AGSO) 30 second
bathymetry data set. On the 1 km grid the 3 arc-
second (~90 m) Shuttle Radar Topography Mission
data was used over land from CGIAR-CSI (2008).

The simulation of storm surges requires that the
hydrodynamic model be forced with near-surface
winds (typically at 10 m above the surface) and sea
surface pressure. There are two available sources of
atmospheric reanalyses for the period from which
the severe residual events from 1964 to 2002 were
selected. The U.S. National Centers for Environmental
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Storm surge

Simulate storm Extreme value
Select storm-surge : i .
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hydrodynamic to evaluate
gauge records o~
model surge probabilities

Combine surge
and tide using 4 Storm
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Figure 7: Schematic illustrating modelling approach used in this study.
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Figure 8: The two regions over which hydrodynamic simulations were performed. The outer region represents a 5 km
horizontal resolution grid which was used to provide boundary conditions for the smaller grid centred over Tasmania
and Bass Strait at 1 km resolution.
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Prediction (NCEP) reanalyses (Kalnay et al 1996) and
the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA40 reanalyses (Uppala et al
2005). For NCEP, wind fields at 10 m above the surface
were available on a 1.875 degree x1.875 degree
global grid and the mean sea-level pressure fields
were available on a 2.5 degree x2.5 degree global grid
every 6 hours from 1948 onwards. For ERA40 wind
and pressure data was available on a 2.5 degree x2.5
degree global grid from 1957 to 2002.

Both sets of atmospheric data were assessed in terms
of their suitability for use as atmospheric forcing in the
current study.Wind and pressure data were compared
with hourly measured wind and pressure at Portland,
Burnie and Spring Bay obtained from Bureau of

12 13 14 15

Meteorology (2011) for approximately a 9 year
period. Figure 9 summarises the agreement between
measured data and simulations in the form of a Taylor
diagram (Taylor 2000). A Taylor diagram represents,
on a single figure, three quantities commonly used
in the comparison of pairs of data series; correlation
coefficient, normalised root mean square error, and
normalised standard deviation. A perfect correlation
between the model and observed time series would
yield a point lying on the x-axis at the position of the
open circle. A normalised standard deviation less
than (greater than) 1 indicates a modelled time series
that is smoother (noisier) than the observations. In
terms of location, highest agreement is seen between
reanalysis data and measurements at Portland while
lowest agreement is seen at Burnie. For each location,

NCEP portland
NCEP burnie
NCEP springb
ERA-40 portland
ERA-40 burnie
ERA-40 springb

>eoem pon

Correlation

0.95

0.99

00 01 02 03 04 05 06 07 08 09 10 11

00 01 02 03 04 05 06 0.7 08 09 1.0 11 1.2 13 14 15
Standard Deviation (Normalised model/obs)

Figure 9: Taylor diagram representing agreement between time series of measured and reanalysis wind speed at Portland,
Burnie and Spring Bay for both NCEP (red) and ERA40 (blue) reanalysis products. The radial co-ordinate gives the magnitude of
total standard deviation, normalised by the observed value, and the angular co-ordinate gives the correlation with observations.
The distance between the observed and modelled point is proportional to the RMS model error. The wind speed varies in
amplitude between these three locations, and thus each time series has been normalised. Perfect correlation between the
reanalysis winds (NCEP or ERA) and the observed winds would place these points on the horizontal axis. No correlation between
the reanalysis and observed winds would place the points on the vertical axis. The distance from the origin indicates the
difference in strength between the reanalysis and observed winds. For example, the NCEP Portland winds (red square) have
almost the same signal variance as the observed winds (ie almost 1.0 on radial axis) with a correlation with the observed wind
field of 0.6 and a RMS model error of 0.9. This can be contrasted with the ERA-40 wind field which is biased to a low level of
variability compared with the observed winds, but still has a correlation of 0.5 and a RMS model error of 0.85.
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ERA-40 data indicates closer overall agreement with
measurements at all locations, exhibiting higher
correlations and lower standard deviations and RMS
errors compared to the NCEP data. On the basis of this
comparison, ERA-40 reanalysis data were selected as
forcing for the subsequent modelling in this study. To
be applied to GCOM2D, the data were interpolated
spatially to the hydrodynamic model grids.

The performance of the hydrodynamic model was
assessed by carrying out month-long simulations
from which performance statistics could be
evaluated. On the basis of the time series of daily
maximum residuals compiled in Section 2, the
months of May 1994, November 1994, September
1999 and June 2002 were selected as months in
which high sea-level residual events occurred, and so
were selected for simulation. Figure 10 and Figure 11
compare the time series at five tide gauge locations
around Victoria and Tasmania for November 1994
and September 1999 respectively. These indicate
that the model reasonably reproduces the major
residual peaks, although there is a tendency for
the model to overestimate the smaller amplitude
events and some phase errors are evident between
simulated and observed peaks towards the end of the
month, particularly at Spring Bay and Burnie. Figure
12 summarises the model performance in a Taylor
diagram over the four-month-long simulations.
The closest agreement between simulations and
observations is seen at Stony Point and Portland, all
of which have the highest correlation and lowest RMS
error and a normalised standard deviation closest
to 1. The poorest agreement is seen at Burnie and
George Town.

As discussed earlier, the preferred approach to use in
this study is to model the surges and tides separately
and statistically combine the two to evaluate extreme
sea levels. However, coastal currents induced by
astronomical tides and meteorological forcing
can interact non-linearly such that the sea-level
heights obtained from the combined forcing of
tides and meteorology does not equal the height
of tides and meteorology derived separately, and
subsequently summed together. This non-linear
interaction is generally strongest over broad and
shallow continental shelves, where the retarding
effect of bottom friction more effectively influences
the currents because of the large fluctuation in
the ratio of current speed to water depth. This has
been noted around the UK coast (eg Horsburgh
and Wilson 2007) and the northwest Atlantic

(Bernier and Thompson 2006). To determine the
importance of non-linear effects, an additional two
sets of month-long simulations were conducted.
In the first, both tidal and meteorological forcing
were applied to the model simulation yielding time
series of sea-level height. Tidal forcing was applied
to the hydrodynamical model by predicting the tide
height on the lateral boundaries of the model grid
using tide constituents from the Australian Bureau
of Meteorology’s National Tidal Centre regional tide
model (James Chittleborough, pers. comm.) that
were available on a 5'x5' lat/long grid over Australia’s
surrounding oceans. The second set of simulations
contained tide forcing only, producing a time series of
sea-level heights. Subtracting the tide only simulation
from the simulation with both meteorological and
tide forcing yields a time series of sea-level residuals
that explicitly includes the contributions from the
interactions of tidal and meteorological forcing.
These were compared with the time series from a
third simulation, with meteorological forcing only,
at several locations around Tasmania and found to
show close agreement, as illustrated in Figure 13
for Spring Bay. The similarity between the two time
series indicates that the separate treatment of tides
and surge in this study is valid along this coastline.

3.3 Storm-surge simulations and
probabilities

For the purposes of evaluating storm-surge
probabilities, the population of sea-level events
identified in Section 2.3 was simulated, and the peak
sea level at each grid point from each simulation was
stored for later analysis. Since the population of events
identified in the tide-gauge records represented only
a 38 year period, extreme-value statistical methods
were applied to evaluate probabilities of events rarer
than those seen in the observational record.

Two commonly used distributions for extremes data
are described in Coles (2001). The first of these is the
Generalised Extreme Value distribution (GEV), which
is applied by dividing a time series of data into equal
time intervals (usually yearly time intervals), selecting
the maximum data value for each time interval and
fitting the distribution to the set of maximum values
(@ block maxima approach). The second of these is
the Generalised Pareto Distribution (GPD), which is
fitted to a sample of values in a data set that exceed
a chosen high threshold (a points-over-threshold
approach). The suitability of these approaches was
investigated by Mclnnes et al (2009b). It was found
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Figure 10: Comparison of sea-level residuals calculated by filtering astronomical tides from the measured sea levels at
the tide gauges indicated (blue dashed curve) and modelled residuals (red curve) obtained by forcing the hydrodynamic
model with the ERA-40 reanalysis data for November 1994.
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Figure 11: Comparison of sea-level residuals calculated by filtering astronomical tides from the measured sea levels at

the tide gauges indicated (blue dashed curve) and modelled residuals obtained by forcing the hydrodynamic model with
the ERA-40 reanalysis data for September 1999.
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Figure 12: Taylor diagram representing agreement between time series of sea-level residuals derived from observations
and model simulations. See caption of Figure 9 for an example on the interpretation of points on a Taylor diagram.
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Figure 13: Time series representing agreement between time series of model sea levels obtained from meteorological
forcing only and those obtained from tide only simulations subtracted from tide and meteorological forcing.
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that the application of the GPD was problematic
because of the difficulty in automating the process
of selecting an appropriate threshold for the sample
of extreme values to be fitted. On the other hand,
the GEV approach, while easier to apply, is wasteful
of information when more than one extreme value
occursin each year. A variation on the GEV approach is
the rlargest GEV approach (see Coles 2001), in which
the r largest values per year are used in the fitting
procedure. This approach was adopted in the present
study. Goodness-of-fit diagnostic diagrams (see
Coles 2001) were generated and inspected for a well-
distributed sample of locations in each model grid
for r values ranging from one to six. It was concluded
that goodness-of-fit statistics were maximised when
the six largest events per year were selected and so
this method was employed in the present study.

3.4 Tide probabilities

The periodic behaviour of the tides at a particular
location can be determined from a set of constants
referred to as tidal constituents. These provide
the phase and amplitude of variations in the tide-
producing forces. Knowledge of these constants
allows tidal behaviour to be predicted and tide height

L

M2 S2

K1 o1

J

frequency distributions suitable for input to the JPM to
be generated. For the purpose of developing spatial
maps of tide height, tide constants for the four leading
semi-diurnal tide constants (M2, S2, N2, K2) and the
four leading diurnal constants (O1, P1, Q1, K1) were
obtained from the Australian Bureau of Meteorology’s
National Tidal Centre regional tide model (James
Chittleborough, pers. comm.) on a 5 degree x 5 degree
lat/long grid over Australia’s surrounding oceans
(Figure 14). These were interpolated to the 1 km
Tasmanian grid. For each ocean grid point, the tidal
model of Foreman (1977) was used to predict the
tides every 15 minutes over an 18.6 year period. The
predicted tide heights were then binned to produce a
tide-height frequency distribution. Figure 15 compares
tide-height frequency distributions and cumulative
frequency distributions obtained from predicting the
tides using the eight constituents from the National
Tidal Centre tidal model with those predicted using
a larger range of tide constants published in the
Australian Tide Tables (2007). Figure 15 demonstrates
the difference in tidal characteristics around the
Tasmanian coast. For example, the marked bi-modal
distribution at Burnie results from this location having
a semi-diurnal tidal range (two high tides and two
low tides per day). The distribution of tide heights at

N2 K2

Amplitude (m)

P1 Q1

Phase-z (deg)

Figure 14: Amplitudes and phases of the leading semi-diurnal tide constituents (top two rows) and diurnal tide
constituents (bottom two rows) used to develop tide height frequency distributions.
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Granville Harbour on the other hand is representative
of this location having a diurnal tidal range (one high
and one low tide per day).

3.5 Evaluation of storm tide return
periods

Pugh and Vassie (1980) describe an approach,
commonly referred to as the JPM, for combining
the probability distributions of tide and storm-surge
to estimate return periods of the combination of
the two. The approach used in this study is similar
to the Revised Probability Approach described by
Tawn and Vassie (1989) in that the surge distribution
is represented by fitting the modelled surges to a
GEV distribution. This allows the evaluation of return
periods for observed extremes and the extrapolation
to longer return periods and larger extremes than
those represented in the historical record. The
combination of the two probability distributions
is achieved by randomly sampling a population of
tide and surge values from storm-surge and tide
probability distributions estimated following the
method described in the previous two sections, and
summing them to develop a population of storm-tide-
heights. Return periods for storm tide heights were
estimated by ranking the sampled storm tides from
largest to smallest and assigning the return period to
the event height according to R=N/r, where Ris the
return level, N is the number of random samples and
ris the rank of the event. To estimate the uncertainty
in the storm tide estimates, 200 sets of 10,000 storm
tides were sampled and each set of 10,000 storm
tides was ranked from largest to smallest. From the
200 values associated with each rank (highest, second
highest and so on), the mean was taken to represent
the best estimate storm tide height, and the standard
deviation was taken to represent the uncertainty
associated with the random sampling.

For the purposes of validating the results of the
modelling approach for generating storm tide return
periods, extreme-water return periods are also
calculated by fitting a GEV to a set of extreme total
water levels selected from tide-gauge observations.
Extreme sea-level events were selected from
approximately 20 years of data from Spring Bay
and 34 years of data from Burnie, George Town
and Hobart. The data was filtered to remove low-
frequency oscillations such as seasonal and longer
period oscillations and detrended to remove the
effect of sea-level rise. Event peaks were declustered
by ensuring a separation between peaks of at least
48 hours. Goodness-of-fit diagnostic diagrams (Coles,

2001) were generated for r values ranging from one
to six highest events per year and the goodness-of-fit
statistics were found to be maximised when the two
largest events per year were selected. The results of
these calculations are given in Table 2.

3.6 Estimation of uncertainties

In addition to the uncertainty in storm tide return
levels due to the random sampling of tide and surge
heights, three other significant types of uncertainty
were taken into account. These were the uncertainty
due to imperfections in the representations of storm
surges by the hydrodynamic model (including
the model itself and the atmospheric forcing
conditions), the uncertainty due to imperfections
in the representation of tides by the tide prediction
model and tidal constituent data, and the uncertainty
associated with the statistical fits to the extreme
surge heights.

We derived 95% confidence intervals in estimated
storm tide return levels that accounted for these
potential sources of error (see Table 2). Standard
errors were estimated for each identified uncertainty
and combined using DX=V(£(DX)?), where k=1, N
represents the sources of uncertainty. For storm
surges, errors between modelled and observed
surge peaks were estimated at each location and
ranged from +£0.08 m across all surge peaks at all
locations. It is assumed that 95% of the errors for the
modelled storm surges fall within £0.08 m and hence
0.08 m corresponds to 1.96 standard errors and so
one standard error is 0.04 m. For each tide gauge, a
standard error was obtained by calculating the root-
mean-square difference between the model and
gauge derived tide heights and these ranged from
0.05-0.07 m. Next we divide the 95% confidence limits
on the statistical estimates for storm-surge return
levels by 1.96 and add the resulting standard errors
to the formula. Finally we incorporate the standard
errors estimated for the joint probability sampling of
tide and surge heights and use the combined error
formula to evaluate a standard error for the storm
tide return levels. These standard errors are reported
in Table 2 for current climate storm tide estimates.
We expect the same modelling and statistical fitting
uncertainties to be broadly applicable to the storm-
tides calculated for each individual future climate
scenario considered.
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Sea Level Rise (m) for
given year, for A2 emissions scenarios

(Naki¢enovi¢ and Swart 2000)

2030 2070 2090

Return Return Return 95%

Period | Level (obs) | Level (model) | 5% 95% 5% 95% 5% 95% | +wind

(years) (m) (m) 0.047 | 0.139 | 0.142 | 0.401 | 0.203 | 0.588 | 0.588

Stanley* 10 1.72 £0.08| 1.77 1.86 1.86 2.26 1.92 2.31 2.30
20 1.77 £0.08| 1.81 1.90 1.91 2.31 1.97 2.35 2.35

50 1.81 £0.08| 1.86 1.95 1.95 2.35 2.01 240 2.39

100 1.84 £0.08| 1.89 1.98 1.98 2.38 2.04 243 242

Burnie 10 1.84 £0.02 1.80 +0.07| 1.85 1.94 1.94 2.34 2.00 2.39 2.38
20 1.86 +0.03 1.85 £0.08| 1.89 1.99 1.99 2.39 2.05 2.44 242

50 1.87 £0.03 1.90 £0.08| 1.94 2.03 2.04 244 210 2.48 247

100 1.88 £0.04 1.92 +0.08| 1.97 2.06 2.07 2.46 213 2.51 2.50

Devonport* 10 1.82 £0.08| 1.86 1.95 1.96 2.36 2.02 2.40 2.39
20 1.86 +0.08| 1.91 2.00 2.00 2.40 2.06 2.45 2.44

50 1.91 £0.08| 1.96 2.05 2.05 2.45 2.11 2.50 2.49

100 1.94 £0.08| 1.99 2.08 2.08 2.48 214 2.53 2.52

George Town 10 1.89 £0.03 1.87 £0.09| 1.92 2.01 2.02 2.41 2.08 2.46 245
20 1.91 £0.04 1.92 +0.10| 1.97 2.06 2.07 2.46 213 2.51 2.50

50 1.94 +£0.05 1.97 £0.10| 2.02 2.1 2.12 2.51 2.18 2.56 2.55

100 1.96 £0.07 2.00 £0.11| 2.05 214 2.15 2.54 2.21 2.59 2.58

Bicheno* 10 0.93 £0.07| 0.93 1.02 1.02 1.42 1.08 1.47 1.46
20 0.97 £0.07| 0.96 1.05 1.06 1.45 1.12 1.50 1.50

50 1.01 £0.07| 1.00 1.09 1.09 1.49 1.15 1.54 1.54

100 1.04 £0.07| 1.02 1.11 1.11 1.51 1.17 1.56 1.56

Spring Bay 10 0.99 £0.04 0.89 £0.07| 0.93 1.03 1.03 1.43 1.09 1.47 1.47
20 1.01 £0.05 0.92 £0.07| 0.97 1.06 1.07 1.46 1.13 1.51 1.51

50 1.04 £0.07 0.96 £0.07| 1.01 1.10 1.10 1.50 1.16 1.55 1.55

100 1.05 £0.08 0.99 £0.07| 1.03 1.13 1.13 1.53 1.19 1.57 1.58

Hobart 10 1.12 £0.05 1.14 £0.08| 1.19 1.28 1.29 1.68 1.35 1.73 1.73
20 1.16 +£0.07 1.20 £0.09| 1.24 1.33 1.34 1.74 1.40 1.78 1.78

50 1.21 £0.09 1.25 £0.10| 1.30 1.39 1.40 1.79 1.46 1.84 1.83

100 1.24 £0.11 1.29 £0.11| 1.34 1.43 1.43 1.83 1.50 1.88 1.87

Granville 10 0.70 £0.07| 0.75 0.84 0.84 1.24 0.91 1.29 1.29
Harbour* 20 0.73 £0.07| 0.78 0.87 0.87 1.27 0.93 1.32 1.32
50 0.76 £0.07| 0.81 0.90 0.90 1.30 0.96 1.35 1.35

100 0.78 £0.08| 0.83 0.92 0.92 1.32 0.98 1.37 1.37

Table 2: Storm tide return periods for various locations around the Tasmanian coast evaluated on the basis of modelled extreme
sea levels and with the projected range of A2 sea-level rise scenarios for 2030, 2070 and 2090. The final column includes both
sea-level rise and wind speed change simulated by the GFDLCM 2.0 model. Sea levels are relative to Australian Height Datum

(AHD) except at locations indicated by * where they are relative to mean sea level.
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4 Future climate conditions

The impact of future extreme sea-level events will
increase as mean sea-level rises. However, changes
in the characteristics of extreme sea-level events may
also change with changing meteorological forcing.
In this section, an investigation of the changes to
extreme events due to both wind speed changes and
mean sea-level rise is undertaken.

4.1 Changes to wind speed

Storm-surge events tend to occur most commonly
as a result of the winds associated with the passage
of mid-latitude low pressure systems and their
associated cold fronts. The Climate Futures for
Tasmania simulations that downscaled the CSIRO-
MK 3.5, GFDL 2.0 and GFDL 2.1 GCMs over Australia
at around 50 km resolution (see Corney et al 2010
and McGregor and Dix 2008 for details of the
model simulations) were investigated by Hemer et
al (2010). In general the average change between
1981-2000 and 2081-2100 in east-west and north-
south component wind was small for all models
at Tasmanian latitudes. Between 40 degrees S and
45 degrees S at 150 degrees E, the mean westerly
wind component strengthened by around 0.6-0.8
ms™' and this change was marginally larger in the
Climate Futures for Tasmania simulation forced by
the GFDL2.0 GCM. Therefore this simulation was
selected as the basis for investigating changes to
winds and storm-surge-induced extreme sea levels.
Windroses for climate model winds over 1981-
2000 and 2081-2100 for summer (DJF) and winter
(JJA), are shown in Figure 16, at selected locations.
In summer, southerly to easterly component
winds undergo an increase in frequency whereas
westerly to southwesterly winds mostly undergo
a decrease in frequency. In winter, southwesterly
winds undergo a decrease while westerly and
northwesterly winds undergo an increase. On the
coast of mainland Australia during summer there
is an increase in southerly and southeasterly winds
and a decrease in southwesterly and westerly winds,
while in winter there is an increase in northerly and
northwesterly winds and a decrease in westerly and
southwesterly winds.

The approach used to investigate the effect of wind
speed changes on storm surges was to apply the
changes in wind from 1981-2000 to 2081-2100 in
the climate model to the observed winds used to
force the storm-surge model. We refer to this method
as the ‘baseline perturbation method’ to develop
future projections. An alternative approach is the

direct method in which the climate model winds
are applied as forcing over historical and future time
periods and the differences between the simulations
of the two periods are calculated. Hemer et al (2010)
applied both the baseline perturbation method
and the direct method, the latter implemented
both with and without bias correction applied to
the winds, to develop projections of wave climate
over eastern Australia. The three methods yielded
broadly consistent changes in wave climate despite
differences in the representation of present and
future wave climates resulting from all three methods.
The application of the direct method was beyond
the scope of the present study because it required
carrying out continuous multi-year simulations
whereas the baseline perturbation technique
required only that the pre-selected events identified
in the historical record be adjusted to represent
future winds. A downside of this approach is that it
does not capture potential changes in frequency
of storm-surge generating systems, only intensity
changes to those events already identified. However,
in the r-largest GEV approach used to analyse the
storm-surge peaks where a constant number of
events (r-events) per year are selected for analysis,
a change in frequency could, in fact, only alter the
extreme value fit to the population of events through
a change to the magnitude of the r-largest events.

The differences in winds were calculated using the
bivariate quantile adjustment procedure described
by Hemer et al (2010) in which a joint probability
distribution of the differences in eastward (u)
and northward (v) wind components is evaluated
between the 1981-2000 and 2081-2100 intervals
and these differences used to adjust the observed
winds. The procedure involves distributing, for each
season, the u component winds into percentile
bands and then within each percentile band of u,
distributing v into percentile bands. A matrix of
percentile differences between the time periods is
then calculated. These changes are then applied
to the events selected in Section 2.3 by adjusting
the ERA40 winds into percentile bins for u and v for
each season and applying the seasonal percentile
differences. These adjusted winds were then used to
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Figure 16: Histograms showing wind speeds for summer and winter over the 1981-2000 and 2081-2100 period from the
Climate Futures for Tasmania simulations forced with the GFDLCM 2.0 model under the A2 scenario at the locations indicated.
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4.2 Future sea-level rise

Using a number of emissions scenarios (Naki¢enovic¢
and Swart 2000) the IPCC (2007) developed a range
of plausible sea-level rise projections for 2090-2099,
relative to 1980-1999. The simulations projected
a rise of 0.23-0.51 m with an additional 0.1-0.2 m
allowance for possible future dynamical changes
in ice flow. These values have been interpolated by
Hunter (2010) to the intervening decades of the 20th
century. For consistency with the scenario used to
force the Climate Futures for Tasmania simulation
from which wind speed projections were obtained
for 2081-2100 relative to 1981-2000, we consider the
A2 (high emission scenario) sea-level rise scenarios
for 2090 relative to 1990. The projected range of sea-
level rise allowing for the additional rapid response
of the ice sheets, is 0.20-0.59 m. For comparison
of the relative response of projected wind speed
changes and sea-level rise we take the upper limit
of this range, rounded to 0.6 m to be consistent
with our choosing of the simulation with the largest
wind speed response. However, we also consider
the impact of the full range of projected sea-level
rise from Hunter (2010) for the A2 scenario for 2030
(0.05-0.14 m) and 2070 (0.14-0.40 m) as well as 2090
without consideration of wind speed change.
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5 Results

5.1 Current climate

Figure 17a and Figure 17b show the 99th percentile
height associated with the modelled storm-surge
and the tide-height distribution. Storm surges are
relatively small and range from 0.2-0.4 m around the
coastline in the north of the state. Larger values up to
0.7 m occur along the southeast coastline. In contrast,
tide heights show a range of up to 1.6 m along the
north coast, 0.5-0.7 m on the east coast and 0.4-0.5
m on the west coast of Tasmania. Strong tide height
gradients occur in the northeast and northwest of
the state. The estimated one-in-100 year storm tide
height is shown in Figure 18. The highest values of
between 1.9 and 2.0 m occur on the Tasmanian north
coast, owing to the large tidal range within Bass
Strait. The larger storm surges found to occur along
Tasmania’s southeast coast contribute to one-in-100-
year ARl storm tides of 1.2to 1.4 m.

Table 2 (page 28) presents values for a selection
of locations and their estimated uncertainties.
Comparison of the modelled return periods with
those obtained by fitting a GEV to available data
reveals that the modelled and observed return

periods show reasonably close agreement with the
modelled values generally within about 0.04 m of
the values estimated from the tide-gauge data. The
exception is Spring Bay for which modelling values
appear to be lower by a larger amount. The reasons
for this are uncertain but may relate to the shorter
record for Spring Bay.

00010203040506070808101112131415161.718182021

Figure 17: (a) 99th percentile surge height and (b) 99th
percentile tide height (units are m and relative to mean
sea level).

Figure 18: One-in-100 year storm tide height around
Tasmania (units are m and relative to mean sea level).
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5.2 Future climate conditions

Figure 19 shows the ARIs for storm tides at several
locations around the Tasmanian coast evaluated on
the basis of late 20th century conditions and for 2030
and 2090, relative to the late 20th century values.
The results are based on high-end estimates of sea-
level rise for the A2 emissions scenario reported in
Hunter (2010). These show that a sea-level height
that is likely to be exceeded on average once every
100 years in Hobart may be exceeded every 10 to 20
years by 2030 and more frequently than once every
five years by 2090. In George Town a sea-level height
that is likely to be exceeded on average once every
100 years may be exceeded every 10 to 30 years by
2030 and more frequently than once every five years
by 2090. The values for selected locations and return
periods are also presented in Table 2.

As can be seen in Figure 19 and Table 2, changes in
wind speed have a negligible effect on storm tide
return periods, demonstrating mainly no change or
slight decrease in sea level. While seeming somewhat
contrary to the wind change results, this appears to
occur because winds in the future climate undergo
increasing strength and frequency in some wind
speed and direction classes but these are being
cancelled out by decreasing strength and frequency
in others (for example an increase in strong westerlies
and northwesterlies and a decrease in southerlies and
southwesterlies in winter at points around Tasmania).
Furthermore, there is a tendency for weakening
winds particularly from the west and southwest along
the coastline of mainland Australia. Previous studies
have demonstrated that the storm-surge magnitude
along the Victorian coast is strongly influenced by the
storm-surge response further westward as the storm
surge propagates as a wind-forced coastally trapped
wave (e.g. Mclnnes and Hubbert 2003). A weakening
of the storm surge in this region due to decreases in
wind strength may be influencing the overall storm-
surge response along the Tasmanian coast despite
the strengthening of local winds in some direction
classes. A more comprehensive investigation of the
results found here is beyond the scope of the current
study but will be investigated further in future work.
Future sea-level rise on the other hand will increase
the frequency of extreme sea-level events. With sea-
level rise, a given water level will be exceeded more
frequently since progressively less severe conditions
will be required to exceed that water level threshold.
By 2030, under a low end sea-level rise scenario, the

sea levels associated with a one-in-100 year event
will more than double in frequency while under the
high end sea-level rise scenario, they will increase by
a factor of 10 or more (Figure 19).
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Figure 19: Return period curves at several locations around Tasmania. (Sea levels are AHD except for Stanley and

Granville Harbour where

they are relative to mean sea level).
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6 Summary and Conclusions

Rising mean sea levels will be felt most acutely
through the occurrence of extreme sea-level events
such as those caused by storm surges. To provide a
basis for investigating the impacts of future sea-level
rise, the main objective of this study was to evaluate
return periods of extreme sea levels around the
Tasmanian coast under late 20th century conditions.
An investigation of the changes in storm tides due to
wind and sea-level changes was also carried out.

The causes of storm surges were investigated and
it was found that west to east moving cold frontal
systems associated with a low pressure centre to the
south of Tasmania were the main cause of elevated
sea levels on the southeastern coastline. On the
northern Tasmanian coastline an increase in the non-
tidal component of the sea level was found to be
most commonly associated with a low pressure centre
located to the west of Tasmania or in Bass Strait, which
causes strong northerly winds on this coastline.

The methodology used to evaluate storm tide return
periods exploited the finding that extreme sea levels
along the Tasmanian coast are highly correlated with
those on the southern mainland coast so that events
in a small number of tide-gauge records of several
decades in length could be used to identify extreme
sea-level events that have affected the Tasmanian
coast over this time. These events were then
hydrodynamically modelled to generate spatially
continuous data on the sea-level height resulting
from surges from which surge probabilities could
be estimated. Tide-height distributions were also
generated spatially by predicting tides using spatial
information on the major tide constituents. These
were combined with the storm surges using a JPM
and return levels estimated.

Storm surges were found to be largest on the
southeast coast of Tasmania and smallest on
the northern Tasmanian coast. Storm tides, the
combination of surges and tides, on the other hand
were largest on the north Tasmanian coast owing to
the large tidal range. The effect on storm surges of
wind speed changes simulated by one of the Climate
Futures for Tasmania model simulations (GFDLCM 2.0)
was investigated by adjusting the winds in each event
by the wind changes in the 2080-2099 climate relative
to the 1980-1999 climate. The changes were found to
vary from little change to minor reduction in storm
tide height around the Tasmanian coast. Further
investigation is warranted to understand the role of

wind changes along the southern Australian coast
on the Tasmanian coast results presented here but is
beyond the scope of the current project. Projected
sea-level rise by 2030 will mean that a one-in-100
year event based on late 20th century conditions
will occur at least as frequently as a once every 50
years and may occur as frequently as once every 10
years if sea-level rise follows the upper end of the
IPCC (2007) projected range. By 2090, the impact
of the IPCC (2007) projected range of sea-level rise
will mean that a one-in-100 year event based on late
20th century conditions will occur as frequently as
once every two to six years depending on location
for the low end value of sea-level rise and will occur
more than once per year if the high end sea-level
rise projections eventuate.
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Rights of the simulations for any purpose, including a commercial purpose.

Climate Futures for Tasmania is possible with support through funding and research of a consortium of state and national partners.
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funding and research of a consortium of state and national partners.
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