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EXECUTIVE SUMMARY

This report describes the probabilistic assessment of extreme ocean
water levels and inundation hazard in Torres Strait under present and
projected future climate conditions (2010, 2050 and 2100). The study
was commissioned by the Torres Strait Regional Authority though its
Land and Sea Management Unit.

The Torres Strait is a remote region having significant complexity and
diversity of geophysical parameters, low levels of reliable insitu
information and with a widespread community vulnerable to the impacts
of the sea. Although there have been many individual studies over time
into various aspects of the geomorphology, oceanography, tides and
meteorology of the region, this report has for the first time addressed the
guantification of the extreme ocean water levels that can possibly occur.
This information can now be used to perform detailed community
vulnerability mapping and risk assessments as well as forming a rational
basis for adaptation planning and assisting in the design of emergency
services. The study has also significantly improved knowledge of the
land-sea elevation datums across the various island communities and
provides estimates of the risks from extreme winds.

The analysis confirms existing community experiences of periodic
encroachment from the sea at many communities. On a 5 y average
return period, equivalent to a 20% chance in any year, five communities
are affected to some extent. The most vulnerable is Saibai, where the
modelling suggests an annual likelihood of encroachment into some
habitation areas of up to 0.5 m in depth and up to 1 m in an extreme
1000 y return period situation (a 0.1% chance in any single year or a 5%
chance over any 50 y period). The next most vulnerable is Boigu, where
the annual event is about 0.1 m depth, reaching up to 0.8 m by 1000 y
return period. This is followed by Masig, Warraber and lama. Other
communities start to become vulnerable at the most extreme 10,000 y
condition (0.01% chance in any year). This includes Erub, Hammond,
Mabauig, Moa_St_Pauls, Ngurupai, Poruma, Seisia and Waiben. The
remaining communities appear relatively free of encroachment to
current habitation ground levels in present climate conditions. In terms
of the geographic island clusters, it is the Top Western group (Saibai
and Boigu) and some Central group islands (Masig, Warraber, lama)
that are the more affected at the shorter return periods but the Inner and
Western groups are increasingly vulnerable at high return periods. In
comparison the Eastern group is the least impacted.

Future climate change considerations have included increases in mean
sea level and changes in the intensity and frequency of tropical
cyclones. For the projected future climate of 2050, the existing five
communities that are already principally affected will be further impacted

J0907-PR0O02C Xi Systems Engineering Australia Pty Ltd
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by the possible 0.3 m sea level rise. Erub is also affected then atthe 5y
return period, Hammond is increasingly vulnerable by the 25 y level and
Poruma becomes at risk around 100 y. It is likely that by 2050, five
communities (Saibai, Boigu, Warraber, lama and Masig) would be
experiencing significantly adverse impacts. Notwithstanding these
chronic incursions by the sea there would be increased stress placed on
emergency services in the event of a higher magnitude event (longer
return period) occurring.

By 2100, with a possible 0.8 m sea level rise and with increased tropical
cyclone intensities, a total of 13 sites are affected beyond the 5y level
and 11 of these sites are affected across the full return period range. It
is likely that 8 communities (Saibai, Boigu, Warraber, Masig, lama, Erub,
Poruma and Hammond) would be experiencing significantly adverse
impacts. Where retreat is likely not to be possible, such as at the low
lying islands of Saibai, Boigu, Masig, Warraber and Poruma,
communities may have to consider the viability of maintaining
permanent habitation on these islands. Again, emergency services will
come under increasing stress across the remaining communities.

The extensive analyses required for these estimates have been based
on robust numerical and statistical techniques that have been designed
to capture the principal atmospheric, astronomic and other broadscale
forcing that modulates ocean water levels in the region. In addition, the
localised impacts of tropical cyclones have been considered. Wherever
possible, the analyses have been checked and validated against reliable
measured data for winds, tides, storm surge and community impacts.

The analysis concludes that ocean water levels in the region are
dominated by the highly variable astronomical tide but that extreme
water levels are caused by often subtle combinations of relatively small
inter-annual changes in the regional ocean level, strong seasonal
variability due to the prevailing winds and occasional high energy
weather events (monsoon surges and tropical cyclones). The interplay
of these components on a range of time and space scales likely leads to
periods of both enhanced and reduced impacts of the ocean water
levels on the various communities. This would appear consistent with
community experiences during recorded history.

The results of the analyses are presented in a very comprehensive
manner, both tabular and graphical, that should permit wide ranging
application for studies into geomorphological processes, environmental
and sustainability issues, community infrastructure and emergency
services. Important advice on the interpretation of Return Period and
ARI estimates has also been provided to assist in the correct perception
of the estimated hazard probabilities. It is recommended that various
long-term geophysical data collection studies in the region be continued
and expanded to ensure reliable data is available for future studies.
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1. Introduction

This report documents analyses undertaken to provide a probabilistic
assessment of extreme ocean water levels and inundation hazard in
Torres Strait. Appendix A contains the Scope of Work.

1.1  Aims and Objectives

The purpose of the study is to quantitatively assess the risks of extreme
ocean water levels and inundation hazards in Torres Strait generally and
in particular at each of the established communities, many of which are
low-lying. With potential rises in sea level under predicted climate
change and the possibility of more intense tropical cyclones, existing
inundation risks are likely to increase and require either mitigation or
adaptation. It is also acknowledged that lower than expected water
levels can also be an issue for shipping and port activities, but these are
not specifically addressed in this study.

1.2  The Challenge

The Torres Strait is a complex ocean interface between the Coral Sea
and the Arafura Sea, with influences also emanating from the Gulf of
Carpentaria. The eastern boundary is fringed by the northern Great
Barrier Reef and the western perimeter is defined by a string of islands,
reefs, sand cays and banks stretching from Cape York to Papua New
Guinea (Figure 1-1). The area is generally shallow (<15 m) and
considered largely protected from ocean swell but there is a pronounced
seasonal current through-flow 7 westerly during the dominance of the
trade winds, and easterly during the monsoon. The principal ocean
driver in the region is known to be the astronomical tide, with tidal
ranges rapidly varying from 5 m to 4 m across the strait and high
currents (>2 m/s) in some passages, which can cause difficulties for
shipping. Although tidal data is reasonably comprehensive in some
specific areas, it is known that there is much variability in mean sea level
as a result of the seasonal influences and the tidal dynamics.
Additionally, although relatively rare, severe tropical cyclones can affect
the area.

1.3 The Communities

The Torres Strait is home to 18 island and two Northern Peninsula Area
(NPA) communities. The islands are scattered over a geographic area of
48,000 km?, from the tip of Cape York, north towards the borders of
Papua New Guinea and Indonesia (TSRA 2009).
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fearmbin Cay

Figure 1-1  The Torres Strait communities (image supplied by TSRA).

There are five traditional island clusters, reflecting various ethnic and
historical links. However, to facilitate discussion in the present study, the
communities to be addressed are treated alphabetically:

Badu Island

Boigu Island

Dauan Island

Erub (Darnley Island)

Gealug (Friday Island)

Hammond Island (also known as Kiriri)
lama (Yam Island)

Mabuiag Island

Masig (Yorke Island)

Mer (Murray Island)

Moa Island (Communities of Kubin and St Pauls)
Muralag (Prince of Wales Island)

=4 =4 A 4 A4 4 -5 -5 -4 -5 -2 -2 -°

Ngurupai (Horn Island)
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Poruma (Coconut Island)
Saibai Island
Seisia/Bamaga (mainland)
Ugar (Stephen Island)
Waiben (Thursday Island)

Warraber (Sue Island)

= =2 =4 4 - -

Of the above, the northernmost communities of Boigu and Saibai are
especially low-lying, although several other islands are also adversely
impacted by elevated ocean levels. Appendix B provides further
information regarding each of the island communities®.

1.4 Definitions

All severe weather systems are capable of producing a storm surge,
which can increase coastal and ocean water levels for periods of several
hours to days and significantly affect over 1000 km of coastline (Harper
2001). Tropical cyclones (TCs) are the most damaging storm surge
events in northern Australia but their greatest impacts are typically
limited to within 100 km of the centre, last for less than 12 hours and are
relatively rare in the Torres Strait. Meanwhile, the more common and
regular tropical monsoon can also be energetic, affect much wider areas
and persist for several days at much lower levels of impact. The
combination of these events with the astronomical tide in areas that are
low lying and susceptible to inundation can be very significant.

The storm surge (or meteorological tide), is an atmospherically forced
ocean response caused by the high surface winds and low surface
pressures associated with severe and/or persistent offshore weather
systems. An individual storm surge is measured relative to the tide level
at the time. It is generated by the combined action of the severe surface
winds (TC winds circulate clockwise around a storm centre while strong
monsoon winds tend to be more frontal in nature), generating ocean
currents, and the decreased atmospheric pressure, causing a local rise
in sea level (the so-called inverted barometer effect). When a severe TC
crosses the coast, the strong winds perpendicular to the land are
responsible for the greater proportion of the surge (also called wind
setup).

! Site names used throughout the report may sometimes alternate between the
indigenous community name (e.g. Poruma) and the historical geographic name (e.g.
Coconut Island) depending on the particular discussion context. No disrespect to
community members is intended in this regard.
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The total water level experienced at a site during the passage, say, of a
severe TC will be made up of relative contributions from a number of
different effects, as depicted in Figure 1-2. The combined or total water
level is then termed the storm tide, which is an absolute vertical level,
referenced in this report to Mean Sea Level (MSL)?. Local inundation
depths must be referenced to the land elevation and are best indicated
via mapping in situations where overland flooding is described.

It is important to appreciate the many water level components that can
comprise the total storm tide. The relative contribution of these effects
can vary throughout any given region depending on the local conditions.
With reference to Figure 1-2:

Ocean Waves i, Extreme

Figure 1-2  Water level components of an extreme storm tide.

(a) The Astronomical Tide

This is the regular periodic variation in water levels due to the
gravitational effects of the moon and sun, which can often be predicted
with generally very high accuracy at any point in time (past and present)
where sufficiently long and precise measurements are available®.

2 MSL is normally similar to Australian Height Datum (AHD) but, as discussed in
Section 9, the Torres Strait region AHD datums are still being evaluated.

® The minimum desirable period is not less than about 40 days, while many years of
data are normally required to determine so-called seasonal corrections.
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In practice, the analysis of tides often also includes non-astronomical
components that are persistent and have a fixed periodicity. This
includes components such as the radiation tide which is driven by the
daily solar cycle and the annual tide created by seasonal variations in
wind and atmospheric pressure.

The highest expected tide level at any location is termed the Highest
Astronomical Tide (HAT) and occurs theoretically once each 18.6 y
period, although at some sites tide levels similar to HAT may occur
several times per year. The variability in tidal range across the region is
significant and the tidal datums at many of the islands, which are critical
for relating sea and land elevations, have been subject to review and
assessment as part of this study (refer Section 9).

(b) Storm Surge

By some definitions, the Astorm
the expected (predicted) astronomical tide and the actual (measured)
average sea level at some point in time and space. This difference is
typically termed the Aresidual o
of non-linear interactions in some situations, the residual often does not
fully represent the incident non-astronomical wave-form.

As previously introduced, the storm surge is perhaps best referred to as
the meteorological tide because it is the combined result of atmospheric
pressure gradients and wind shear stress acting on the underlying
ocean. While these influences are universally active everywhere, and
are present at many time and space scales (e.g. refer (f) later), the
effects are significantly greater during the enhanced forcing provided by
what we might colloquially call storms.

sur g

wat e

The storm surge manifests as a l ong peri od Afwave

sustaining above-normal or below-normal water levels over a number of
hours. The wave travels with and ahead of the storm system and may
be amplified as it progresses into shallow waters or is confined by
coastal features. The magnitude of the surge can be affected by many
factors such as storm intensity, size, speed and angle of approach to the
coast and the coastal bathymetry (undersea depths). The storm surge
will add to the normally expected tide over a large area, combining to
produce the so-called fstill water leveloor SWL. This is the highest water
level at a point on the shoreline if wave action is smoothed out.

(c) Breaking Wave Setup

Severe wind fields also create abnormally high sea conditions and
extreme waves may propagate large distances from the centre of a
storm as ocean swell. As the waves enter shallower waters they refract
and steepen under the action of shoaling until their stored energy is
dissipated by wave breaking either offshore in shallow regions or at a
beach or reef. Through the continuous action of many breaking waves,
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shoreward water levels can rise above the still-water level (SWL),
creating a locally higher fimean waterlevelo ( MWL) at t he

This increase in water level after wave breaking is known as breaking
wave setup and applies to most natural beaches and reefs. Seawards of
the breaker zone there is also a region of wave setdown. Importantly,
wave setup needs some type of a vertical barrier that will act to sustain
the water level gradient that balances the incoming wave momentum.
Accordingly, wave setup generally is not expected to be significant in
river mouths or protected swampy lands. The presence of irregular (i.e.
2-D) natural banks and channels can also act to dissipate the products
of wave setup.

(d) Breaking Wave Runup

Notwithstanding wave setup, there remains some residual energy in the
form of individual waves that will generate intermittent vertical runup and
may cause localised impacts and erosion at elevations above that of the
nominated storm tide (MWL) level. These effects can only be estimated
with specific information about the land-sea interface, which may even
be changing in time as the storm tide increases in height. This would
include the slope of the shoreline, the porosity, vegetation and the
incident wave height and period.

(e) Overland inundation and wave penetration
When normally dry land becomes inundated during a severe storm tide

S h

epi sode, the sea begins to quickly f
front o, driven by the initial mo me n

setup and the local surface wind stress. This flow then reacts to the local
ground contours and the hydraulic roughness due to either natural
vegetation or housing and other infrastructure. It will continue inland until
a dynamic balance is reached between the applied hydraulic gradients
and the land surface resistance or until it becomes constrained by
el evation. As the new Astill wate
propagating front, the exact extent to which individual unbroken or
partially reformed ocean waves might further penetrate into a coastal
region will be very site specific. As the storm surge abates or the tide
reduces, an ebb flow is created which is often responsible for much of
the damage and scouring after such events.

(f) Other Effects on Sea Level

There remain other related phenomena that also have an effect on the
local ocean water level. These include annual and inter-annual
variations in the sea level caused by large scale wind-forced ocean
currents and their associated temperature changes. These
meteorological tides are relatively large contributors to sea level
variability in the Torres Strait on an annual basis. In addition, there exist
low amplitude long period shelf waves that can propagate large
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distances and affect the predicted tidal elevation over periods of several
days. Many of these effects are implicitly included in the present study to
the extent that they are represented by the 2-D barotropic modelling.

Finally, where there is a high exposure to large swell waves, the wave
setup effect can be further modul
effect is unlikely for the majority of Torres Strait communities, some may
be affected by localised stormwater and/or river runoff in specific
situations. The present study does not consider these specific effects
and nor does it consider tsunami events.
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2.

The following provides an outline of the study methodology and Figure
2-1 is a schematic of the activities that are addressed in more detail in

each section below.

Methodology Overview

Torres Strait Extreme Water Level Study
Final Report
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Figure 2-1  Methodology flowchart
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2.1  Working Hypothesis

Based on the collective experience of the Study Team, it was
gualitatively hypothesised that extreme water levels impacting Torres
Strait communities would likely be determined by, in order:

a) Frequent broadscale wind and pressure forcing (monsoon or
trade wind driven) coinciding with periods of high tides (especially
the so-called King Tides);

b) Annual remote TC influences, principally from the Gulf of
Carpentaria, that interact with monsoon surges;

c) Rare close approach TCs;

d) Inter-decadal sea level variability and increasing climate change
influences on the above (predominantly sea level rise);

e) Local bathymetry and topography affecting breaking wave setup
and runup on beaches or reefs.

These assumptions necessarily underpinned the subsequent
approaches to modelling and parameterisation of the many expected
influences on extreme water levels in the region. However, illustrations
of the appropriateness of these assumptions compared with available
data and other independent modelling are presented in support of the
adopted methodology.

The outcome from the study is a quantitative assessment of the ocean
inundation risks. The specific issues relating to each of the above study
components are described in detail in the relevant sections.

2.2 Data Assembly

This section summarises the various data sets that were assembled for
the project and notes any specific issues associated with that process.

2.2.1 Previous Regional Studies

The Torres Strait remains an essentially remote region about which
there is incomplete information on a wide range of bio-physical
parameters. Over time though, the gradually increasing number of
studies that have been conducted in or adjacent to the region have
assisted in building a degree of understanding of the meteorology and
the hydrodynamics. For example, some of the earlier work is due to the
Australian Institute of Marine Science (e.g. Wolanski et al. 1988) and
James Cook University (e.g. Bode and Mason 1995). Noting that the
Torres Strait is an important sea trade route, the latter authors also
addressed marine navigation, maritime rescue matters and sediment
issues in other studies.
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More recently CSIRO / Geoscience Australia (Saint-Cast 2008) provides
a valuable history of some previous studies and a contemporary
overview of the hydrodynamics of the region at a range of scales,
focusing on the estimation of sediment movement of importance to
assessing seagrass dieback. In particular, the updated bathymetry
collated by Geoscience Australia for use by that study (Daniell 2008)
also underpins the present investigation.

In the risk management context Arup (2006) provides an overview of
regionally relevant natural hazards and provides qualitative analysis of
risk treatments and the like. This study importantly highlighted the
significant issue of the accuracy of land and sea elevation datums
across the region, which are mostly known to have been inaccurate or
remained unstated. In particular, this made the task of providing
meaningful storm tide threat mapping especially difficult.

In terms of social and community aspects Green (2006) and Green et al.
(2009) considers the potential impacts of climate change related social
upheaval and concerns over recent sea level incursions into some
communities during periods of adverse weather coupled with King
Tides. It is also noted that instances of persistent inundation have
occurred in the past in association with strong monsoon or TC events.
For example, events in 1948 led to the subsequent relocation of
islanders from Boigu and Saibai that led to the formation of new
communities on the mainland at Bamaga and Seisia. Duce et al. (2010)
summarises a number of studies addressing the detailed
geomorphology of the region and island-specific issues of inundation
and erosion.

2.2.2 Meteorological Data

A wide variety of data and other qualitative information on the
meteorology of the area was assembled for the project. These include:

1 US National Center for Environmental Prediction (NCEP/NCAR)
reanalysed gridded surface winds and pressures, 6 hourly from 1948
onwards (e.g. Kistler et al. 2001);

1 Bureau of Meteorology (BoM) National Climate Centre (NCC)
regional site-specific long term wind and pressure datasets and
associated metadata;

1 BoM/NCC TC track dataset (as revised) and unpublished Regional
Office reports;

1 BoM LAPS (Limited Area Prediction System) modelled surface wind
and pressure fields (9 years supplied by AMC)

1 Published and unpublished meteorological discussions;
1 Systems Engineering Australia Pty Ltd proprietary TC dataset;
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1 Meteorological analyses by Mr Jeff Callaghan (BoM retired).

2.2.3 Bathymetr ic and Topographic Data

1 The publicly available Geoscience Australia bathymetric grid for the
Gulf of Papua and Northern Australia (Daniell 2006);

1 AMC/MMU composite electronic datasets comprising digitised charts
and AHS survey information;

1 TSRA-provided topographic datasets of selected communities
(comprising orthophoto, LIiDAR) plus advice on beach slopes, dune
heights, breakwater crests and the like;

1 Geomorphological study data (e.g. DERM/JCU)
1 DERM-provided land and sea datum information;

1 Maritime Safety Queensland (MSQ) local harbour information.

2.2.4 Tidal Information

1 Long term raw tidal records of sea level height in electronic format
obtained from AMSA, MSQ and BOM/NTC;

1 Tidal analyses as above, including tidal plane estimates and
predictions (ANTT and MSQ);

1 Various reports and technical papers (published and unpublished as
available).

2.2.5 Historical Storm Tide Data

1 Measured tides from AMSA and MSQ regional tide gauges;

1 BoM (Queensland) storm tide impacts database (ex J. Callaghan);
1 Published and unpublished technical sources;

1 Eye witness accounts, cultural records, photographs etc.

2.2.6 Projected Climate Change

1 CSIRO and BoM-derived statements on projected rises in sea level
and potential changes in mean and extreme winds;

1 DERM recommendations;

1 World Meteorological Organization (WMO) sponsored expert advice
on projected TC frequency and intensity;

1 WMO Intergovernmental Panel on Climate Change (IPCC)
statements as applicable.
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2.3  An Overview of the Steps in the Analyses

Following the data assembly task, which was a very significant aspect of
the present study, the analyses were undertaken in a series of steps as
illustrated further in Figure 2-1. The principal processes as reported in
the remaining report chapters are outlined here:

Chapter 3 Regional Meteorology

This considers the broadscale wind and pressure forcing that influences
water levels in Torres Strait by examining the long-term wind speed
records at specific locations and the available numerically hindcast wind
and pressure fields. TC aspects are treated in detail in Chapter 6.

The long-term site-specific wind data is analysed to determine the
regional variability of extreme conditions so that the later veracity of the
developed statistical wind models (both broadscale and TC related) can
be assessed. The suitability of the hindcast modelled surface wind and
pressure datasets are then assessed relative to the site specific data.
Such data are also used for deterministic checks of historical events.

Chapter 4 Astronomical Tides

The astronomical tide in the region is extremely complex and is the
dominant modulator of ocean water levels. Additionally, an important
element of the methodology is the ability to treat the tide as being
independent of the other ocean (weather related) processes. This is due
to the separate forcing (gravity versus atmospheric) and the very large
spatial scale of the tide, such that it is largely insensitive to local water
level variations caused by atmospheric effects.

This chapter analyses the available tide data to extract the harmonic
components of the tide and to obtain the non-astronomical water level
residuals for later statistical analysis. The bathymetric data for the region
is then utilised to construct a numerical hydrodynamic model that is
calibrated to reproduce the measured tidal data to a high level of
accuracy. Importantly, the so-called seasonal tidal constituents are
excluded in this analysis, as they are more correctly a part of the
broadscale meteorological forcing. The resulting numerical tidal model
then provides a spatially consistent representation of the tide behaviour
across the entire Torres Strait region.

Chapter 5 Modelling the Broadscale Sea Level Variability

This addresses the non-tidal ocean response on a scale that is much
larger than the local Torres Strait region and later combines that with the
tidal response. This additional hydrodynamic model utilises bathymetric
data extending into the Arafura and Coral Sea as well as the Gulf of
Carpentaria. The model is then forced with the available hindcast
meteorological data for the past 60 y to identify seasonal variability in
the ocean water levels and also to capture the broadscale TC
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influences. In addition, the inter-annual variability of the ocean levels
external to the model are represented.

This provides a baseline 60 y of broadscale water level variability across
the Torres Strait that is then used to additionally force the tidal model to
obtain a combined water level response. This modelled response is then
validated against the available tide gauge data deterministically.

To form the basis of the statistical analysis of broadscale extreme ocean
conditions, this 60 y reconstruction is then extended out to an effective
data period of over 1000 y by a random resampling of the tidal phase.
This is validated statistically by similarly resampling the measured tide
residual record (typically about a 20 y record) by the modelled tidal
phase. This shows good agreement of the modelled and measured
ocean water levels that are associated with the broadscale forcing.

Projected future climate change influences on the broadscale processes
are also considered.

Chapter 6 Tropical Cyclone Climatology

While TCs are the most energetic of the atmospheric forcings in the
tropics, they are known to be relatively rare in the immediate Torres
Strait. While their broadscale effects are deemed to have been captured
separately, it remains necessary to consider the possible effects of close
approach storms through the region.

Because of the remoteness of the region generally, and the scarcity of
observations over time, the quality of the historical TC record must be
guestioned before utilising the data in a statistical analysis. Accordingly
a review of the TC record is undertaken to identify the most likely
sources of significant error. This has resulted in a number of
adjustments being made to the TC intensity estimates in the official
Bureau of Meteorology record.

The adjusted TC data record is then statistically analysed to provide the
basis for a simulation model that is later used to enable the modelling of
wind, storm surge and wave effects. Projected future climate change
influences on TCs are also considered.

Chapter 7 Numerical Tropical Cyclone Storm Surge Modelling

The modelling of close approach TCs is considered in this Chapter.
Numerical hydrodynamic models are constructed in an analogous
manner to the broadscale forcing models but the influences of the
broadscale ocean and atmospheric forcing are ignored, as well as the
astronomical tide.

A series of scenarios are used to illustrate the potential impacts of close
approach TC events in the region and the relative effects at the various
communities due to their specific locations and exposures.

The numerical TC storm surge model is then later used as part of a
combined broadscale and local ocean forcing simulation.
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Chapter 8 Numerical Wave Modelling

In addition to the long-period ocean sea level response from tide and
weather, surface wave effects can have localised impact on water levels
through the processes of breaking wave setup and runup. Accordingly,
separate models are developed to provide estimates of surface wave
impacts due to both broadscale and local TC forcing.

Due to the considerable computational burden associated with high
resolution spectral wave modelling in a statistical context, this Chapter
describes the approach needed to enable a practical description of the
wave effects. In the TC context this involves comparisons between a full
spectral wave model and simplified fetch-limited models to justify use of
a simplified model. In the broadscale context a simplified model is
shown to perform well after adjustment of the available hindcast wind
data. Both approaches rely on the assumption that the Torres Strait
region is protected from remotely generated ocean swell.

Chapter 9 Land Elevation Datums

The lack of reliable land elevation datums in the region was a
considerable handicap to this study that significantly delayed completion
of the work and complicated the assessment of tidal data. However, the
broadscale modelling undertaken here has significantly improved this
situation by providing guidance on the tidal variability both spatially and
seasonally. This Chapter summarises the adopted land datum shifts
needed to correctly interpret the vulnerability of each of the island
communities.

Chapter 10 Deterministic Hindcast Modelling

This Chapter provides further validation of the various modelling
components by illustrating the reasonable reproduction of a number of
known historical events. Necessarily this is compromised to some extent
by the lack of measured data in many cases, but it confirms the
robustness of the methodology that underpins the statistical projections.

Chapter 11 Statistical Storm Tide Simulation Modelling

This Chapter describes the process by which the various statistical and
deterministic elements of the analyses are combined to provide a
numerical simulation of ocean water levels at all the Torres Strait
community sites over a 50,000 y period. This synthetic data record then
forms the basis of the statistical analysis that provides estimates of the
likelihood of ocean inundation on a Return Period or Average
Recurrence Interval (ARI) basis. This allows the relative ranking of
community vulnerability and a comparison with present experiences.
Projected future climate change influences on global sea level and
weather processes are also considered for the years 2050 and 2100.
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3. Regional Meteorology

The large scale meteorology of the Torres Strait region is dominated
predominantly by the influences of, inter alia:

9 The summer NW Monsoon, and
9 The winter SE Trade Winds.

The seasonality, strength and persistence of these two major influences
dictate the mean oceanic response. TCs are then capable of
intermittently influencing and interacting with these larger scale
influences during summer. The dominant regional winds play a
significant part in the cultural and economic lifestyle of the indigenous
communities and are locally named* as Kuki (NW) and Sager (SE), with
the lesser winds known as Zey (S) and Nay Gay (N).

On the larger scale, inter-annual coupled atmospheric-oceanic
influences due to the El Nifio/Southern Oscillation (ENSO) (e.g. Nicholls
1984, 1985ab, 1992) and potential inter-decadal influences such as the
Interdecadal Pacific Oscillation (IPO) (e.g. Power et al. 1999, Allan
1991) act to adjust the background conditions.

3.1  Synoptic Patterns and Winds

The Torres Strait region meteorology is dominated by the summer NW
monsoon and the winter SE Trade circulations, as summarised in Figure
3-1 and Figure 3-2. The monsoon trough typically develops in late
October and moves southwards during the summer, being located over
the Arnhem Land region in January, and then ascends once again by
April. During the monsoon trough descent and ascent periods, TCs have
an enhanced opportunity to form in the Arafura and Coral Sea.

For the remainder of the year the region is under the influence of high
pressure systems far to the south. The resulting generally persistent SE
Trade winds are illustrated in Figure 3-3 by the wind roses from
Thursday Island. These are strongest in autumn and winter.

Figure 3-4 summarises the regional seasonal wind statistics for
Thursday Island, Horn Island, Coconut Island and Willis Island (refer
Figure 3-5 for mapped locations). The latter site is far outside of the
Torres Strait region but provides a useful reference because of its
exposed open ocean location and length of record. These data are from
the BoM online data summary statistics.

* http://www.gabtitui.com.au
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Of interest again is the dominance of the SE Trades during the winter
half-year. Also of interest is the significant diurnal variation at Thursday
Island and Horn Island, which probably reflects their closer position to
the mainland and also the relatively large surrounding islands.
Meanwhile at Coconut and Willis, there is very little diurnal variability
evident, as might be expected.

Figure 3-1 Seasonal mean synoptic pressure patterns (BoM analysis
NCEP/NCAR 1979-2000).

The data record length in these site summaries varies considerably but
it is clear that the long term regional Thursday Island observation site
(Waiben), closed in February 1993, experienced the higher wind speeds
relative to nearby Horn Island (Ngurupai) and also the more north-
eastern Coconut Island (Poruma). Wind data in the immediate region is
limited to these three sites.

Notwithstanding that it is possible there is some regional enhancement
of winds near Cape York, it is argued here that the Thursday Island site
experiences topographic enhancement that almost certainly increases
the apparent wind speeds from certain directions. It may also
experience local modifications from some of the surrounding islands.
Section 8.3.1 further considers these matters in association with the use
of broadscale NCEP/NCAR winds for regional wave modelling.

Many of the regional anemometer sites experience some degradation of
exposure and in the next section attempts are made to correct for some
of the likely significant effects
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Figure 3-2  Seasonal mean synoptic wind patterns for January (top)
and July (bottom) from BoM LAPS model 1996-2008.
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Figure 3-4  Seasonal synoptic mean wind summary (BoM online data).
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3.2 Regional Extreme Wind Analyses

Although there is an insufficient record of coastal wind speeds in the
immediate region upon which to infer extreme wind statistics, the
available regional record is very valuable in assessing the broadscale
variability and providing some order of magnitude verification for the
later statistical modelling of winds that leads to estimates of extreme
water levels (refer Section 11.2).

In this section, wind data from 10 regional sites is considered. After
adjustments for station exposure, the peak 10-min mean (Vgpo) and 3-s
peak daily gusts (V3) are then analysed to estimate long term Return
Periods (or Average Recurrence Intervals ARI).

3.2.1 Regional Wind Data

The BoM stations used for the extreme wind analysis are indicated on
Figure 3-5 with site details provided in Table 3-1.

Coconut IsTAWS
- ‘ u v

Thursday Is MO

‘ Kawanyama'Alrport

Google
<

Figure 3-5 Location of BoM regional wind stations.
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Table 3-1

3-sec Peak Daily Gust Winds V3

Station Name
27022
27058
27054
27045
27042
27045
29038
28008

200283
14508

THURSDAY ISLAND MO
HORN ISLAND

COCONUT ISLAND

WEIPA AERO

WEIPA EASTERN AVE
WEIPA (combined)
KOWANYAMA AIRPORT
LOCKHART RIVER AIRPORT
WILLIS ISLAND

GOVE (combined)

Lat
deg

-10.5853
-10.5844
-10.0511
-12.6778
-12.6267
-12.6267
-15.4839
-12.7850
-16.2878
-12.2741

10-min Mean Winds (3hourly or Hourly) V600

Station Name
27022
27058
27054
27045
27042
27045
29038
28008

200283
14508

THURSDAY ISLAND MO
HORN ISLAND

COCONUT ISLAND

WEIPA AERO

WEIPA EASTERN AVE
WEIPA (combined)
KOWANYAMA AIRPORT
LOCKHART RIVER AIRPORT
WILLIS ISLAND

GOVE (combined)

®> Deemed unreliable or possible thunderstorm.

J0907-PR0O02C
Jul 2011

Lat
deg
-10.5853
-10.5844
-10.0511
-12.6778
-12.6267
-12.6267
-15.4839
-12.7850
-16.2878
-12.2741

Lon
deg
142.2100
142.2900
143.0686
141.9208
141.7475
141.8836
141.7475
143.3047
149.9652
136.8203

Lon
deg
142.2100
142.2900
143.0686
141.9208
141.7475
141.8836
141.7475
143.3047
149.9652
136.8203

Station
Ht

m MSL
57.6
4.0
3.5
18.0
20.0
18.0
9.6
18.5
8.1
51.6

Station
Ht

m MSL
57.6
4.0
35
18.0
20.0
18.0
9.6
18.5
8.1
51.6

Start

04/09/1950
11/10/1995
21/07/1988
30/10/1980
02/01/1959
02/01/1959
29/11/1965
01/01/1965
07/11/1921
02/03/1972

Start

03/09/1950
11/10/1995
20/07/1988
11/10/1995
01/01/1959
01/01/1959
28/11/1965
31/12/1964
06/11/1921
31/08/1966

20

End

28/02/1993
30/07/2009
30/07/2009
30/07/2009
28/02/1994
30/07/2009
30/07/2009
30/07/2009
30/07/2009
19/12/2006

End

28/02/1993
30/07/2009
22/08/2004
30/07/2009

28/02/1994

22/08/2004
22/08/2004
22/08/2004
14/07/2004

20/12/2006

Summary of regional wind station metadata and raw peak winds.

Span

42.5
13.8
21.0
28.8
35.2
50.6
43.7
44.6
87.8
34.8

Span

42.5
13.8
16.1
13.8
35.2
45.7
38.8
39.7
82.7
40.3

Torres Strait Extreme Water Level Study
Final Report

Raw Peak Wind

Avail Record V3 Date

% y m/s

81 34.3 30 24/02/1991
63 15.0 24 06/02/2007
28 6.0 22 21/01/2005
87 29.0 28 09/03/1996
84 31.0 32 10/01/1992
86 45.0 28 09/03/1996
21 9.4 54° 01/02/2001
60 30.0 29 09/05/1989
76 71.0 56 08/02/1957
77 27.3 32 12/03/2005

Raw Peak Wind
Avail Record V600 Date

% y m/s

73 42.0 26 19/01/1952
63 15.0 16 11/01/2009
65 17.0 17 08/03/1991
99 14.0 27 05/01/1999
25 31.0 19 02/03/1961
42 42.0 19 02/03/1961
10 38.0 40°  18/10/2003
12 39.0 21 08/03/1977
12 79.0 40 08/02/1957
60 35.0 23 11/03/2005
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In addition to these sites, data from Cape Wessel, north of Gove, was
also considered due to its exposure to the monsoon. However many
errors were uncovered® that required dismissing of this dataset. Winds
at Port Moresby were also considered but deemed to be too affected by
Papua New Guinea mainland effects. The Thursday Island Township
site was deemed unsuitable for analysis due to its location, short record
and manual observations

After considering the many gaps in the data, it can be seen in Table 3-1
that the longest wind record available in the region is for peak daily wind
gust at Weipa. This assumes that the Aero and Eastern Avenue
datasets can be merged to form a single recoverable 45 y record (refer
next section). This is closely followed by the 10-min mean wind record at
the same merged Weipa site. The Thursday Island record is the next
longest with 34.3 y for peak gusts and also 42 y for mean winds.
Lockhart River Airport then follows with 30 to 40 y of data, followed by
Gove’ with 27 to 35 y. However, Willis Island, which is the furthest
removed from the area, has the longest and best exposed record of 70
to 80vy.

The mean wind dataset is often a mixture of synoptic (3-hourly) and
hourly mean winds as a result of various changes in instrumentation and
the shift from manual to automatic operation at many sites, especially
airports. These changes unavoidably act to reduce the homogeneity of
the record in ways that cannot be readily identified or corrected.

Table 3-1 also indicates the peak raw wind speeds from each of the
datasets for reference. Willis Island, with its very long record in an area
of significant TC activity, has a peak gust of 56 ms™ and a peak mean
wind of 40 ms™. The values from the short record at Kowanyama, which
seem almost equivalent to the Willis Island values, are however deemed
unreliable (J. Callaghan, personal communication). The majority of sites
have experienced peak gusts to about 25 to 30 ms™ and peak mean
winds of about 20 to 25 ms™.

3.2.2 Adjustment of the Raw Wind Data

Before the raw station wind data is subjected to analysis for statistical
extremes, adjustments are applied in an attempt to correct each site for
unfavourable exposures so that data from the various sites can be more
usefully compared and conclusions drawn in regard to possible
climatological differences.

® These issues were referred to the BoM NT Regional Office for resolution and most of
the larger wind speed values were subsequently confirmed as erroneous. Time did not
permit incorporating the remainder of the dataset into this analysis.

" The Gove Airport record has been merged here with that from the Wallaby Beach
site.
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The WMO standard (WMO 2008) and conforming BoM guidelines seek
to ensure that all wind observing stations will measur e wi mges i n
t e r raaa height above local ground level of 10 m. On land, a basic
requirement for the siting of instrumentation is to avoid upstream
aerodynami c aénftegraindos i & n dbye WNas dn area
where the distance between the anemometer and any obstruction is at
least 10 times the height of the obstruction. However, there are many
practical matters that often work to compromise these standards and
much work remains to be done to develop appropriate wind station
calibration records (Harper 2009). Importantly though, all of the wind
stations considered here conform to the 10 m height standard.

However, for quantitative purposes (e.g. Standards Australia 2002;

Powell et al. 1996) it is also necessary to account for the directional

effects of terrain roughness changes and possible topographic effects

due to nearby hills. These latter effects should be assessed so that all
wind measurements can consistently b
terraino def i-flattadd withoa strface roeghness kieight of
approximately 0.03 m (Harper et al. 2010).

The most compromised station in the Torres Strait is unfortunately at
Thursday Island, where the Dines anemometer was located at about 60

m elevation on the ridgeline of a steep hill as shown in Figure 3-6. While
this position ensured that the sito:@e
prevailing winds, the steepness and variability of the approach slopes
makes this a very difficultpesittertra
conditions. This station was closed in 1993 and the new regional
reference station was later established adjacent to the airport on Horn

Island on flat terrain and with notably different exposure. Coconut Island,

albeit located on a small island of low elevation and in an open ocean
context, may also be influenced by the close presence of a palm fringed

sand dune ridge and azimuthally varying roughness effects. All of the

wind station sites in the immediate region have been manually assessed

for these types of exposure effects (refer Appendix C).

While it is desirable that insitu calibrations, wind tunnel modelling or
numerical modelling be undertaken to assess the wind response at a
measuring site, such sophisticated studies were outside the present
scope. Accordingly, the process of adjustment undertaken for this study
is to apply the analytical rules in Standards Australia (2002) that are
used for the design of wind-resisting structures, namely the estimation
of:

9 The terrain multiplier M;, with a typical range of 1.1 to 0.75, which
represents the effects of surface roughness changes, and

1 The topographic multiplier My, with a typical range of 1.0 to 1.7, which
represents the influence of changes in surface slope and location of
an instrument relative to the crest of a hill.
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Figure 3-6  Steep site of the former Thursday Island MO wind station.
(Google EarthE i mages)
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The factoring of M; and My values with the reference wind speed in
Aopen t yeeldg tne gite-specific estimate of the wind at the
measurement site. Accordingly, the inverse factoring will convert the

measured site wind into an esti mate
speed that is sought for comparison purposes, e.g.
V.
V.= site 1
ref Mch ( )

While Standards Australia (2002) formulae for M; and My, strictly apply to
the nominal V3 wind gust speed, they have for convenience here also
been applied to the mean Veyw wind speeds®. The adjustments
undertaken for each site are summarised in Appendix C, which shows
the regional setting of each station, an azimuthal 1 km radius wind rose
of 30 resolution and the resulting azimuthally varying M and M;, values
that have been determined using the aforementioned methodology.

3.2.3 Analysis of Station Adjusted Wind Extremes

Following the site-specific directional wind adjustments, each station
record was further analysed as follows:

T The time series were AwindowedoO usSi
the independence of event peak winds;

1 Thedataweresepar ated into -Ggombnnedoandn
Acyclonicodo classifications;

T The fAicyclonico cl assifi cT&tcanteefaswas b
estimated by the fbest track fileq refer later) was within 300 km of the
station at the time of the reading;

1 The resulting peak data were fitted to an EV Type 1 (Gumbel)
statistical distribution (Benjamin and Cornell 1970) using the Method
of Maximum Likelihood.

The results of the individual curve fits to the measured data peaks are
presented in Appendix D, while Figure 3-7 summarises the fitted
distributions for peak wind gusts and Figure 3-8 for mean winds across
the region, stratified into all-data, cyclonic-only and non-cyclonic
categories. In regard to the peak gusts, the applicable Region C regional
design wind speed from Standards Australia (2002) is also illustrated for
reference and can be seen to lie comfortably above the various
objective analyses. While these results are presented to provide a
regional overview, the interested reader should also consult the
Appendix to judge the quality of the various fits, which do vary between
sites and categories and as a function of the length of record. In
particular, the Kowanyama, Horn Island and Coconut Island results are
not presented here due to their generally very short records.

® This may tend to under-adjust the Vg9 Speeds to some extent.

J0907-PR0O02C 24 Systems Engineering Australia Pty Ltd
Jul 2010



Torres Strait

Regional Authority

Torres Strait Extreme Water Level Study

Final Report
60 —
——— Weipa V3 47y All Data e
Thursday Island V3 34 ="
50 H Lockhardt River V3 33 ',—’—
. Gove V3 29y =" ]
€ 40 || = willis Island V3 70y el
™ . o
g === AS1170.2 Region ( .- /
=} /i%
X
®
0 20—
10
0
1 10 100
Return Period y
60
=\ eipa V3 45y Cyclonic
50 -H Thursday Island V3 34.
e=| ockhardt River V3 30 /
é 40 | |——Gove V3 20y
. ——Willis Island V3 71 /
a&o) /
9 | p—1_|_|
x
8 /
o 20 /
10
0
1 10 100
Return Periody
60
—Weipa V3 45y Non-Cyclonic
50 -H Thursday Island V3 34.
e=| ockhardt River V3 30!
é 40 H e Gove V3 27.3y
Q ——Willis Island V3 71y
B
=}
a 30
x
8 —————
O ——— —r—
10
0
1 10 100
Return Periody
Figure 3-7  Statistical analysis of regional peak gust wind speeds.
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Considering the peak gust analyses, there is a very clear differentiation
between the cyclonic and non-cyclonic results for all sites. Willis Island,
with its very long record and exposed location, experiences a
significantly higher combined wind risk than the other sites. However
Thursday Island is the next highest, followed by Gove and Weipa with
essentially identical results. Although the Weipa record is longer, this
similarity with Gove may well be related to their like latitude on either
side of the Gulf of Carpentaria. The lowest combined wind risk appears
to be at Lockhart River Airport. However, when considering the non-
cyclonic analyses, there is much less variability between the sites, and
Willis Island and Thursday Island are almost identical. This could be
indicative of both being strongly influenced by the SE Trades.

Considering the mean wind analyses, the relative wind risks are similar
to the gusts but with less differentiation between the sites. Included in
these graphs are the equivalent analyses of the hindcast NCEP/NCAR
data for locations averaged at Cape Wessel, north of Gove, and centred
at Horn Island in the Torres Strait. Due to the low resolution (6 hourly
and 2) of these data they are most appropriately compared with the
non-cyclonic subset, where they can be seen to be very similar to Gove
and Weipa. This is to be expected since the reanalysis would take much
of its regional input from these sites. However, Thursday Island still lies
significantly above these curves and is higher than Willis Island.

3.2.4 Discussion

The foregoing analyses were undertaken to generally inform and
guantitatively assign wind risk throughout the region so as to better
understand the scale interactions between cyclonic and non-cyclonic
influences that influence extreme water levels.

It would appear that the Thursday Island winds are higher than others in
the immediate region. Given that these winds have already been
attenuated here to help account for topographic effects, this could be
evidence of a real broadscale atmospheric amplification related to
convergence between Cape York and Papua New Guinea. Alternatively,
the simplified Thursday Island site adjustments here may simply not be
sufficient to reliably normalise the data. Of interest, Figure 3-9 compares
adjusted daily peak 10-min winds for Thursday Island and Poruma for
the 10 years 1994 to 2004, suggesting a mean 15% increase at
Thursday Island, albeit with large scatter.

3.3  Representativeness of the Local NCEP Winds

Finally, with the preceding conclusion in mind, attention is turned to the
suitability of the broadscale NCEP/NCAR wind dataset for the regional
modelling of wave effects. For example, Figure 3-10 compares the raw
NCEP winds averaged to a point in the vicinity of Horn Island, with the
measured winds at the more exposed Poruma site for a 10 year period.
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Figure 3-9  Comparison of adjusted Thursday Island and Poruma
winds 1994 1 2004.
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Figure 3-10 Comparison of raw NCEP wind estimates vicinity Horn
Island and adjusted Poruma measured winds 1994-2004.

Both the daily mean Vg winds and the daily maximum Ve Winds are
compared. These graphs show that there is a slightly higher correlation
between the daily mean Vgoo than the daily maximum, reflecting perhaps
the difference in the 6-hourly NCEP and the 3-hourly Poruma data, but
that the NCEP estimate significantly underpredicts the Poruma wind
speeds, although the wind directions are generally reasonable. Likewise
in Figure 3-11, where two years at random are compared in a time
history context, there is a significant offset evident in the wind speed.

In order to ensure that locally-generated waves are not under-stated in
the subsequent simulation modelling, a simple linear adjustment of the
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locally-averaged NCEP winds is used to correct for the bias evident at
the Poruma site. This nominal® bias adjustment was based on the linear
best fit line of 1.0/0.72 = 1.38 for the daily mean Vgg. Section 8.3.1
further justifies the need for this adjustment by comparing estimates of
wave heights based on the raw NCEP data with those available from

independent satellite altimeter pass data.
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Figure 3-11 Comparison of time history of all raw NCEP wind and
adjusted Poruma winds for 1999 and 2000.

o Strictly the comparison should be done with the NCEP as the independent data but
the adopted adjustment is of the same order.
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4. Astronomical Tides

The Torres Strait is situated essentially at the junction of two oceans 1
the Coral Sea to the east and the Arafura Sea to the west - each with
significantly different tidal regimes as a result of the continental
separation formed by Australia, Papua New Guinea and the so-called
Maritime Continent of SE Asia. This commonly leads to situations where
the astronomical tide is approaching high water on one side of the Strait
while the other side is near low water, resulting in the generation of
steep water level gradients and strong tidal currents. Because the
Torres Strait is also shallow and partially blocked by a number of reefs
and islands, the high water level gradient generated by the tide is
focused along the chain of islands and reefs directly north of Cape York.

4.1  Analysis of Regional Tide Gauge Data

The measured tidal data in the region is the primary source of
information regarding storm tide events from both broadscale and TC
origins. It is therefore necessary to separate, as much as possible, the
periodic astronomical signal from the raw signal to obtain the estimates
of both the tidal constituents and the residual non-tidal water levels. This
was done by harmonic analysis of the water level records using software
developed by the AMC/MMU.

Long term tidal data was available for the sites listed in Table 4-1 with

their locations shown on Figure 4-1. Five of these gauges service the
navigational needs in the area, pr ov
masters via the Australian Maritime Safety Authority (AMSA) to enable

their safely-timed passage through the shallow and narrow shipping
channels. The Thursday Island gauge services the main island
community port of Waiben and is the Standard Port gauge for the region

(MSQ 2010).

Table 4-1  Long-term tide gauges available for analysis.

Data
Latitude  Longitude Record
Authority Name ~ GDA94  GDA9%4 y
AMSA Booby Is_ TG -10.60111 141.91120 >39
AMSA Goods_Is TG -10.56019 142.15281 >35
AMSA Ince_Pt_TG -10.51249 142.30591 >38
AMSA Nardana_Patches TG -10.50331 142.24490 >4
AMSA Turtle_Head TG -10.52019 142.21281 >20
MSQ Thursday Is TG -10.58181 142.21780 >19
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Figure 4-1  Location of long-term tide gauges in the region.

(yellow markers)

The results of the tidal analyses for the major diurnal and semi-diurnal
tidal constituents (O, Ki, N2, M2 and S;) are given in Table 4.2 and
extraction of residuals is summarised graphically in Figure 4-2 for each
of the long term tidal stations. The upper blue panels show the full time
history of the raw water level signal while the lower red panels show the
residual water level signal after accounting for the astronomical tide
variability obtained from harmonic analysis of the identifiable tidal
constituents (up to 150 at some locations). At this compressed scale the
considerable annual variability in the residual water levels is quite
evident. Note that for this work the astronomical tide analysis does not
include annual variations (e.g. S,), which are treated as part of
atmospheric forcing in the broadscale synoptic modelling.
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Figure 4-2  Example of the tidal residual extraction process.
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Figure 4-2  Example of the tidal residual extraction process (contd.)
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Missing data (indicated by gaps) does not interfere with the harmonic
extraction process but does act to limit the value of the analysis. It can
be seen that Booby Island recorded a very significant non-tidal event in
1971 that is deemed due to bad data. The early data collected is often
plagued with timing errors that then appear as large residuals. It also
appears that the earlier segments of the data have some slight datum
shifts relative to the more recent data. Accordingly, in the following work
only the residuals after 1988 are used in the statistical analysis for
extreme water levels.

Other recent shorter-term tide data was also made available to assist in
the model calibration and the determination of land elevation datums
(refer Section 9). Figure 4-4 indicates where tidal data was available
during these periods (also includes the long-term sites), consisting of
measurements for DERM by Griffith University (GU; Zier et al. 2009,
Lemckert et al. 2009) and for the AHS by Fugro (2010). The results of
the tidal analyses for the major semi-diurnal and diurnal tidal
constituents are given in Table 4.2.

4.2  Bathymetry of the Torres Strait

The bathymetry of the region is generally shallow and particularly
complex with likely morphological changes at a local level on a seasonal
basis as a result of tidal, non-tidal and incoming wave influences (Saint-
Cast 2008).

The available sounding data has only recently been composited into a
high quality digital elevation dataset (Daniell 2008) providing a resolution
of about 100 m horizontally. Further data collection is understood to be
either underway or planned by a number of authorities (D. Hanslow,
personal communication).

An extract from this dataset is displayed in Figure 4-4, showing the
major features as:

1 The eastern Coral Sea deepwater boundary and northern Great
Barrier Reef region consisting of numerous reefs, shoals and
some isolated islands in intermediate depth of 20 to 50 m;

1 A middle shallowing region typically below 20 m depth,
comprising numerous coral cays and shoals;

1 The central island chain extending north beyond Cape York
comprising mainland islands interspersed with large banks and
shoals, often with depths below 15 m. Further to the north, the
island chain reduces to extensive areas of banks and shallows
below 10 m, culminating in the muddy coast of Papua New
Guinea;

1 The western extent comprising generally open water gradually
deepening westward to the Arafura Sea, with a horizontal extent
similar to that of the middle region on the eastern side.
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Table 4-2 Measured amplitude and local phase of major tidal constituents
Station Name Latitude Longitude Constituents
O, Ky N, M, Sz
Amp Phase Amp Phase Amp Phase Amp Phase Amp Phase

Booby Island (AMSA) -10.6000 141.9167 0.426 133 0.692 193 0.169 84 0.718 131 0.139 262
Daru -9.0667 143.2000 0.191 165 0.400 212 0.253 316 0.762 326 0.507 317
Frederick Point -10.7167 142.5833 0.190 157 0.446 207 0.212 334 0.603 352 0.514 328
Goods Island (AMSA) -10.5667 142.1667 0.400 139 0.677 199 0.137 76 0.525 132 0.200 302
Hammond Rock -10.5167 142.2167 0.326 146 0.598 204 0.132 42 0.340 98 0.301 327
Harrington Reef -10.8167 142.7200 0.190 159 0.427 204 0.280 312 0.774 335 0.569 313
Ince Point (AMSA) -10.5000 142.3167 0.266 150 0.538 208 0.174 13 0.365 42 0.413 341
Nardana Patches (AMSA) -10.5000 142.2500 0.277 148 0.548 207 0.177 23 0.343 59 0.374 342
[Thursday Island (MSQ) -10.5833 142.2167 0.285 144 0.552 207 0.163 23 0.352 65 0.351 338
[Turtle Head (AMSA) -10.5167 142.2167 0.343 146 0.617 207 0.133 42 0.323 100 0.294 331
[Twin Island (AMSA) -10.4500 142.4333 0.226 155 0.494 209 0.194 352 0.502 12 0.504 337
Badu Island (GU) -10.1701 142.1681 0.362 141 0.622 204 0.191 66 0.442 125 0.266 331
Boigu Island (GU) -9.7507 143.4060 0.277 161 0.600 227 0.246 108 0.454 156 0.434 43
Coconut Island (GU) -10.0493 143.0640 0.171 163 0.407 206 0.256 317 0.715 334 0.475 320
Darnley Island (GU) -9.5975 143.7601 0.161 160 0.352 200 0.256 288 0.718 310 0.395 288
Hammond Island (GU) -10.5614 142.2194 0.250 147 0.507 206 0.195 24 0.343 57 0.381 338
Mabuiag Island (GU) -9.9512 142.2013 0.216 153 0.515 215 0.217 37 0.385 59 0.499 359
Murray Island (GU) -9.9150 144.0397 0.139 154 0.300 194 0.213 269 0.572 292 0.325 264
Saibai Island (GU) -9.3800 142.6136 0.201 178 0.514 233 0.188 49 0.388 43 0.542 37
Stephen Island (GU) -9.5048 143.5469 0.161 154 0.351 200 0.253 293 0.746 314 0.399 295
[Thursday Island (GU) -10.5861 142.2216 0.251 147 0.509 205 0.195 26 0.345 61 0.339 341
\Warraber Island (GU) -10.2046 142.8225 0.175 163 0.417 212 0.229 338 0.613 349 0.495 340
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Station Name Latitude Longitude Constituents
O, Ky N, M, S,
Amp Phase Amp Phase Amp Phase Amp Phase Amp Phase

lYam Island (GU) -9.8997 142.7663 0.178 168 0.439 217 0.219 354 0.577 1 0.529 356
lYorke Island (GU) -9.7489 143.4016 0.164 163 0.373 204 0.255 300 0.727 320 0.433 305
Badu-Moa_Channel (Fugro) -10.1537 142.1853 0.380 139 0.672 208 0.171 67 0.460 123 0.256 331
East_Strait_Islet (Fugro) -10.4576 142.4357 0.226 159 0.485 212 0.215 5 0.530 14 0.493 339
Hawkesbury Island (Fugro) -10.3006 142.0987 0.404 135 0.702 202 0.176 76 0.585 133 0.195 301
Mid 437 (Fugro) -10.1531 142.5031 0.229 166 0.490 219 0.211 9 0.563 12 0.536 346
Muknab Rock (Fugro) -10.3648 142.3581 0.242 156 0.516 214 0.195 9 0.487 24 0.471 341
NE Badu Island Mooring (Fugro) -10.0337 142.2176 0.231 157 0.647 210 0.222 22 0.411 52 0.389 350
NE Moa Island (Fugro) -10.1500 142.3400 0.229 162 0.505 216 0.221 18 0.563 23 0.560 349
NW_Boundary (Fugro) -9.9711 141.8192 0.451 128 0.777 196 0.220 86 0.919 137 0.118 256
Orman Reefs (Fugro) -9.8787 142.3612 0.240 166 0.517 220 0.221 26 0.539 27 0.577 355
South Badu (Fugro) -10.2058 142.1611 0.376 138 0.692 206 0.158 71 0.521 130 0.224 315
South Sassie Reef (Fugro) -10.1465 142.9217 0.200 164 0.432 214 0.187 342 0.653 341 0.513 326
Sue (Warraba) Island (Fugro) -10.2050 142.8200 0.208 166 0.445 216 0.173 354 0.601 350 0.511 333
SW Badu Island Mooring (Fugro) -10.1903 141.9178 0.404 135 0.855 193 0.190 86 0.766 138 0.109 278
SW_Boundary (Fugro) -10.4484 141.8192 0.425 128 0.712 195 0.182 81 0.752 129 0.131 255
[Travers_lIsland_Mooring (Fugro) -10.3651 142.3185 0.223 157 0.609 207 0.223 2 0.445 27 0.387 337
[Travers_lIsland_TP (Fugro) -10.3647 142.3604 0.228 153 0.623 205 0.211 4 0.405 32 0.361 333
\West Badu (Fugro) -10.1224 142.0808 0.429 132 0.746 200 0.197 86 0.739 140 0.171 294
\West Island (Fugro) -10.4032 142.0984 0.399 134 0.697 200 0.164 73 0.575 132 0.195 292
\West Island TP (Fugro) -10.3556 142.0448 0.391 136 0.838 194 0.177 79 0.645 136 0.137 288
lYam Island (Fugro) -9.8993 142.7661 0.227 175 0.478 225 0.184 16 0.541 8 0.536 355
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Figure 4-3  Bathymetry of the Torres Strait region.

4.3  Numerical Hydrodynamic Modelling of the Regional
Astronomical Tide

In order to obtain estimates of the statistical distribution of extreme
water levels at each of the community locations it is necessary to
construct a numerical model that encompasses the entire Torres Strait
and at a resolution sufficient to represent the tidal scale processes and
the coastal features. The adopted model domain, which makes use of
the aforementioned bathymetry data, is termed here the Torres Strait
(TS) model and is illustrated in Figure 4-4. The spatial resolution is 1'
(one minute of arc or 1.85 km) and the model is driven by tidal signals
along its eastern and western boundaries guided by previous AMC
regional modelling and further manually calibrated here.

The numerical tidal model used is based on Bode and Mason (1994,
1995) and Bode et al. (1997) and is a rectilinear-nested three-
dimensional barotropic model with an implicit finite difference numerical
scheme. The two-dimensional (depth-integrated) model mode was used
for the tidal modelling. The nested rectilinear domains provide for highly
efficient numerical perffor mance and the model 6s
internal sub-grid scale boundary conditions provides for enhanced
resolution of reefs, banks and shoals (Bode and Mason 2005).

The TS tidal model was then calibrated using all suitable tide stations to
ensure that the principal tidal components would each be well
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represented. A total of 36 major and minor tidal constituents are
included. The model 6s ability to
the individual constituent level by comparing the measured and
modelled amplitudes and local phases. Data for the 5 major tidal
constituents O3, K1, N2, My and S, (Table 4-2) can be compared with
those produced by the model (Table 4-3).

The full predictive value of the output from the TS model is best
illustrated by considering the modelled propagation of the principal tidal
components in terms of their amplitude and relative phase. This is
illustrated in Figure 4-5 which shows the modelled amplitude of the
major semi-diurnal constituent (M;) across the study region as a series
of height contours and the propagation phase angle as a colour-coded
background. The islands and reefs are also shown and can be seen to
playing a principal part in the propagation pattern of this, the major semi-
diurnal tide harmonic in the region, which contributes to twice-daily high
and low tides.

In particular, the colour-coding shows the significant phase separation
between east and west and the contours show the concentration of
amplitude variation along that separation line, which follows the central
line of islands, shoals and reefs. The highest tidal amplitude can be
seen concentrated in the upper left hand side against the Papua New
Guinea coastline. Similar results are obtained for the other harmonics
and Appendix E presents the modelled patterns for the semi-diurnal S,
and N and the O; and K; principal diurnal harmonics, which further
modulate the semi-diurnal tides to create diurnal inequalities. These
combinations of harmonics, plus shallow water sub-harmonics, which
are generated by the tidal flow interaction with the bathymetry, are
responsible for giving the tide its special and complex character across
the region.
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Table 4-3 Modelled amplitude and local phase of major tidal constituents
Station Name Latitude Longitude J Constituents
o1 K1 N2 M2 S2
Amp Phase Amp Phase Amp Phase Amp Phase Amp Phase

Booby Island (AMSA) -10.6000 141.9167 50 | 31 | 0.406 132 0.696 193 0.173 88 0.714 131 0.134 266
Daru -9.0667 143.2000 127 | 123 | 0.182 167 0.393 212 0.248 305 0.786 320 0.498 323
Frederick Point -10.7167 142.5833 90 | 24 | 0.205 161 0.471 211 0.225 338 0.584 354 0.505 337
Goods Island (AMSA) -10.5667 142.1667 65 | 33 | 0.382 138 0.687 200 0.132 81 0.508 135 0.213 310
Hammond Rock -10.5167 142.2167 68 | 36 | 0.324 147 0.625 206 0.115 44 0.287 106 0.305 333
Harrington Reef -10.8167 142.7200 98 | 18 | 0.187 161 0.428 206 0.277 315 0.775 335 0.538 316
Ince Point (AMSA) -10.5000 142.3167 74 | 37 | 0.235 155 0.522 211 0.194 5 0.426 30 0.466 349
Nardana Patches (AMSA) -10.5000 142.2500 70 | 37 | 0.252 150 0.545 208 0.169 18 0.356 53 0.399 348
Thursday Island (MSQ) -10.5833 142.2167 68 | 32 | 0.310 143 0.608 205 0.126 43 0.306 100 0.304 336
Turtle Head (AMSA) -10.5167 142.2167 68 | 36 | 0.324 147 0.625 206 0.115 44 0.287 106 0.305 333
Twin Island -10.4500 142.4333 81 | 40 | 0.215 160 0.496 212 0.216 353 0.511 13 0.518 347
Badu Island (GU) -10.1701 142.1681 66 | 56 | 0.309 142 0.622 206 0.131 65 0.379 122 0.286 346
Boigu Island (GU) -9.2300 142.2190 68 | 113 | 0.353 159 0.724 225 0.179 125 0.578 178 0.369 41
Coconut Island (GU) -10.0493 143.0640 119 | 64 | 0.193 165 0.431 212 0.228 320 0.652 334 0.511 331
Darnley Island (GU) -9.5975 143.7601 161 | 91 | 0.156 158 0.339 198 0.233 281 0.703 300 0.416 290
Hammond Island (GU) -10.5614 142.2194 68 | 33 | 0.273 149 0.566 208 0.159 24 0.336 64 0.375 347
Mabuiag Island (GU) -9.9512 142.2013 67 | 70 | 0.245 160 0.571 218 0.161 38 0.301 69 0.491 12
Murray Island (GU) -9.9150 144.0397 177 | 72 | 0.141 158 0.302 197 0.182 270 0.530 289 0.304 274
Saibai Island (GU) -9.3800 142.6136 92 | 105 | 0.265 171 0.584 228 0.122 29 0.176 12 0.579 22
Stephen Island (GU) -9.5048 143.5469 148 | 97 | 0.162 159 0.356 201 0.248 287 0.755 306 0.456 299
Thursday Island (GU) -10.5861 142.2216 68 | 32 | 0.310 143 0.608 205 0.126 43 0.306 100 0.304 336
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Station Name Latitude Longitude J Constituents
o1 K1 N2 M2 S2
Amp Phase Amp Phase Amp Phase Amp Phase Amp Phase
Warraber Island (GU) -10.2046 142.8225 104 | 55 | 0.207 166 0.470 215 0.216 336 0.574 348 0.532 343
Yam Island (GU) -9.8997 142.7663 101 | 73 0.221 169 0.504 220 0.196 350 0.493 357 0.573 358
Yorke Island (GU) -9.7489 143.4016 139 | 82 | 0.175 162 0.389 206 0.244 301 0.731 318 0.481 314
Badu-Moa_Channel (Fugro) -10.1537 142.1853 66 | 58 | 0.247 150 0.563 213 0.156 42 0.322 81 0.412 6
East_Strait_lIslet (Fugro) -10.4576 142.4357 81 | 40 | 0.215 160 0.496 212 0.216 353 0.511 13 0.518 347
Hawkesbury Island (Fugro) -10.3006 142.0987 61 | 49 | 0.404 138 0.721 200 0.149 92 0.609 142 0.199 306
Mid 437 (Fugro) -10.1531 142.5031 85 | 58 | 0.220 164 0.509 216 0.211 356 0.496 10 0.569 355
Muknab Rock (Fugro) -10.3648 142.3581 76 45 0.225 157 0.515 211 0.201 2 0.446 25 0.497 350
NE Badu Island Mooring (Fugro) -10.0337 142.2176 68 | 65 | 0.227 161 0.542 216 0.196 24 0.410 50 0.535 8
NE Moa Island (Fugro) -10.1500 142.3400 76 | 58 | 0.221 162 0.518 215 0.214 3 0.483 21 0.573 357
NW_Boundary (Fugro) -9.9711 141.8192 44 69 0.428 133 0.762 197 0.219 104 0.891 142 0.102 273
Orman Reefs (Fugro) -9.8787 142.3612 77 | 74 | 0.229 165 0.540 219 0.198 14 0.410 30 0.594 6
South Badu (Fugro) -10.2058 142.1611 65 | 55 | 0.329 139 0.644 204 0.136 76 0.451 131 0.245 340
South Sassie Reef (Fugro) -10.1465 142.9217 110 | 58 | 0.199 165 0.452 213 0.229 328 0.629 341 0.536 337
Sue (Warraba) Island (Fugro) -10.2050 142.8200 104 | 55 | 0.207 166 0.470 215 0.216 336 0.574 348 0.532 343
SW Badu Island Mooring (Fugro) -10.1903 141.9178 50 | 56 | 0.418 134 0.740 197 0.193 99 0.796 141 0.133 282
SW_Boundary (Fugro) -10.4484 141.8192 44 | 40 | 0.412 130 0.707 192 0.183 90 0.762 132 0.130 257
Travers_lIsland_Mooring (Fugro) -10.3651 142.3185 74 | 45 | 0.229 156 0.519 211 0.197 6 0.431 31 0.481 351
Travers_lIsland_TP (Fugro) -10.3647 142.3604 77 | 45 | 0.223 159 0.509 212 0.209 0 0.475 21 0.511 351
West Badu (Fugro) -10.1224 142.0808 60 | 60 | 0.416 137 0.747 200 0.183 103 0.751 146 0.154 303
West Island (Fugro) -10.4032 142.0984 61 | 43 | 0.389 137 0.698 199 0.142 87 0.570 137 0.197 305
West Island TP (Fugro) -10.3556 142.0448 58 | 46 | 0.402 136 0.715 199 0.158 93 0.650 140 0.175 297
Yam Island (Fugro) -9.8993 142.7661 101 | 73 | 0.221 169 0.504 220 0.196 350 0.493 357 0.573 358
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Figure 4-4  Torres Strait model with red markers indicating locations
where some measured tide data was available.
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Figure 4-5 The TS-modelled M, component tidal propagation pattern.
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5. Modelling the Broadscale Sea Level Variability

To obtain a reliable estimate of the extremes of the sea level across the
region it is also necessary to model the non-tidal water level gradients
and associated currents passing through the Torres Strait. The mean
oceanic levels (i.e. ignoring the tide) on either side of the strait are
influenced by seasonal changes in oceanic water level in the Coral and
Arafura seas. Meanwhile, the sea level in the nearby Gulf of
Carpentaria, because of its relatively shallow waters, is strongly
influenced by both seasonal changes in synoptic wind patterns and
other intense synoptic scale weather systems such as the monsoon and
TCs. The basic approach to modelling these various elements is to
separately address the principal scales of forcing.

5.1 The Broadscale Numerical Hydrodynamic Model

To model these effects within the Torres Strait, a relatively coarser outer
model domain (10 km resolution) is added to the inner TS tidal model.
This outer domain is termed the Gulf of Carpentaria and Coral Sea
model (GCCS) and covers both the Gulf of Carpentaria and the western
Coral Sea on a synoptic scale, as shown in Figure 5-1.

The GCCS model is designed to capture the broadscale water level
response to regional synoptic weather systems, as represented by the
hindcast NCEP surface wind and pressure data, the annual water
variations that were excluded in the tidal analyses and also inter-annual
effects. The NCEP resolution of about 210 km is relatively coarse, and
SO is not capable of adequately representing the presence of TCs,
unless they are very large in scale (refer section later regarding the
unusual TC Charlotte). This suits our purposes because the effect of
intense TCf orcing i s separately treat
forcing within the Torres Strait region (Section 7).

The GCCS model open boundaries are designed to be used to
represent the slowly varying oceanic water levels that are separated
from the immediate synoptic scale. We consider two broadscale
boundary components in this regard:

1 The annual average water level signal; and the

1 Inter-annual mean water level variation that represents effects that
may last for a year or more (e.g. ENSO)

The annual average signal has been based on tide stations across the
region comprising very long datasets. The inter-annual variation has
been estimated by examining the ENSO climate sequence, and
determining the likely nature of that signal.
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Depth (m)

Figure 5-1  The numerical hydrodynamic model domains; inner fine-
scale Torres Strait (TS) and outer broad-scale Gulf of Carpentaria and
Coral Sea Model (GCCS).

5.2  The Annual Average Water Level Boundary Signal

Changes in water level associated with the seasonal weather cycle are
reasonably small for most locations on the east Queensland coast and
have amplitudes that are generally less than 0.1 m. However in the Gulf
of Carpentaria this seasonal response is much larger and reaches an
amplitude of about 0.4 m at Karumba in the southernmost part. On the
western side of Torres Strait it is of the order of 0.3 m and forms a
significant part of the total water level variation in the region. Although a
large proportion of this seasonal water level response is generated
locally within the Gulf by wind and pressure variations a significant
signal still exists at the north-western boundaries of the GCCS model
(~0.12 m).
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Figure 5-2  Annual water level signals used on the boundaries of the
GCCS model.

To represent this seasonal effect, analysed tidal gauge records from
Darwin in the Arafura Sea to the west and Honiara, Lae, Mooloolaba,
Noumea and Port Villa in the Coral Sea to the east were used (refer
Figure 5-2). The Darwin tide gauge annual water level signal is applied
uniformly along the western boundary of the GCCS model and a
composited annual signal from the other stations is used on the eastern
boundary. These are chosen to produce water levels that are consistent
with the annual variation of the East Australian Current (EAC) and act to
change the water level slope across the inflow/outflow regions of the
EAC (Bode and Mason 1995).

5.3  The Inter-Annual Water Level Boundary Signal

In order to account for the expected inter-annual variability of water
levels in the region, which are likely linked to the broadscale Pacific
Ocean EL Nifio Southern Oscillation (ENSO), the simplified Southern
Oscillation Index (SOI) was examined.

The SOl signal has the advantage of being of much longer duration than
the available NCEP wind record and is expected to correlate well with
water level changes in the Gulf of Carpentaria because it is based on
atmospheric pressure differences between Darwin and Tabhiti.

To investigate if the measured SOI could be used to create a proxy for
the inter-annual water level variation, a correlation analysis was
undertaken between the low-pass filtered SOI (Figure 5-3) and water
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level signals for tide stations in the region. On that basis Darwin and
Mooloolaba have r? values of 0.7662 and 0.4788 respectively. This
means that an SOI-based model will act as a reasonable proxy for water
level variation (77%) at the boundaries of the Gulf of Carpentaria but in
the Coral Sea the SOI will explain less than 50% of the inter-annual
water level variations. Figure 5-4 shows the resulting SOI-driven inter-
annual water level model compared with the actual filtered tidal records
at Darwin, Port Moresby, Townsville and Mooloolaba. Although far from
perfect, it can be seen that this simple SOI-proxy provides some
significant portion of the inter-annual signal and suits the present
purposes. To improve on this simple approximation would likely be a
difficult and time consuming modelling task.
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Figure 5-3  The raw and filtered SOI record.

5.4  Statistical Broadscale Modelling of Water Level

The GCCS model has been used to simulate the 60 year period of
available NCEP/NCAR surface wind and pressure data (since 1948),
with the open boundaries forced by the annual (tide gauge derived) and
inter-annual (SOI) signals discussed previously. No astronomical tides
are included in this simulation, such that the resulting modelled water
el evations <can be c o rlativedte theebdckgaoand
tide.

The inner fine scale TS model was then run for the same 60 year period,
but with its open boundaries forced by the combination of the GCCS
broadscale signal and the astronomical tide. These results are then
examined to determine the matching with the actual residual water
levels at the available tidal stations.
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Table 5-1 summarises the model site-specific performance in terms of
an r? statistic and also a linear correlation slope s. Figure 5-5 shows
these results graphically, indicating a generally high level of
correspondence, especially to the longer term AMSA gauges located in
open water. The s value is typically slightly less than unity, which shows
a tendency for the model to slightly overpredict the measured water
levels. Due to the significant tidal gradients, gaps in the bathymetric
accuracy and the influence of the seasonal features on the shorter
period measurements, agreement is not ideal at all locations. Appendix
F provides more detailed graphical comparisons of model and measured
data at each of the gauge sites for the interested reader.

Table 5-1  Comparisons between raw measured and modelled water
levels at tide gauge locations.

Station Name Source| Longl_tude Lautgde r S comment
Station | Station
Raw Water Levels
Badu Island (GU) GU [142.1681]-10.1701| 0.935 1.019 35d
Boigu Island (GU) GU [143.4060 | -9.7507 0.903 0.854 35d
0.939 0.960 39y (with gaps)
Booby Island (AMSA) | MSQ |141.9167 |-10.6000
0.959 0.984 last 9y
Coconut Island (GU) GU [143.0640]-10.0493| 0.954 0.984 35d
Darnley Island (GU) GU [143.7601 ] -9.5975 0.972 0.996 35d
0.926 0.981 35y (with gaps)
Goods Island (AMSA) | MSQ |142.1667 |-10.5667
0.943 1.002 last 9y
Hammond Island (GU) [ GU |142.2194(-10.5614| 0.940 0.930 35d
0.919 0.982 38y (with gaps)
Ince Point (AMSA) MSQ | 142.3167 (-10.5000
0.933 1.004 last 9y
Mabuiag Island (GU) GU [142.2013] -9.9512 0.905 0.959 35d
Murray Island (GU) GU [144.0397] -9.9150 0.964 1.025 35d
Nardana Patches (AMSA)| MSQ [142.2500|-10.5000| 0.954 0.977 dy
Saibai Island (GU) GU [142.6136] -9.3800 0.901 0.962 35d
Stephen Island (GU) GU [143.5469] -9.5048 0.965 0.949 35d
Thursday Island (GU) GU [142.2216]-10.5861| 0.932 0.923 35d
Thursday Island (MSQ) | MSQ [142.2167|-10.5833| 0.920 0.895 1 Aug 1983 to 1 Jan 2003
0.930 0.994 20y (with gaps)
Turtle Head (AMSA) MSQ |142.2167 -10.5167
0.932 0.997 last 9y
Warraber Island (GU) GU |142.8225]-10.2046( 0.959 0.935 35d
Yam Island (GU) GU [142.7663]| -9.8997 0.952 0.941 35d
Yorke Island (GU) GU [143.4016] -9.7489 0.973 0.940 35d
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Fit and Slope

Figure 5-5  Torres Strait model summary error statistics.

The final aim of the project is to produce water level statistics (e.g. the
100 y Return Period ocean water level) for the various island
communities and, to ensure the model is performing correctly, tests are
done to verify that the broadscale water level statistics are well
represented. To achieve this, the statistics of the total 60 y of simulated
broadscale water levels are compared with the statistics of the long term
well-exposed tide gauges such as Booby Island, Goods Island, Round
Island, Turtle Head and Ince Point. These are presented in Figure 5-6
and Figure 5-7, where the blue lines are the frequency-ranked
measured extreme annual water levels for each gauge, with data
periods of between 20 and (almost) 40 years as per Table 4-1. The
green line is then the 60 y ranked modelled extreme water levels.

At Booby Island and Goods Island, the more westward sites, the blue
and green curves are reasonably sympathetic, but with the green 60 y
sample showing increased amplitude over the shorter gauge record.
This is not unreasonable given the different record lengths and the
results are quite encouraging that the broadscale effects have been well
represented. At the more easterly sites of Turtle Head and Ince Point,
the differences between blue and green appear more exaggerated. One
possible reason for this is that the tide variability in the vicinity of these
eastern sites is particularly high, with even small errors in location
accuracy (of the order of 1 km) capable of modifying these results.

We note at this point that the astronomical tide and weather driven water
level variations are largely independent: one is driven by gravity and the
other by input from solar energy. Additionally the tide is largely
predictable into the past and future given an accurate analysis of the
tidal constituents.
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Figure 5-6  Simulated broadscale water levels based on tide gauge
residuals 1 Booby Island and Goods Island .
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This intrinsic independence of water level components and the
predictability of the tide can be used to extend the water level statistics
by recombining the residual water level (e.g. Figure 4-2) wi t h
tides. Although independent, the water level components do have some
correlations that must be treated correctly in the recombination process.
The residual water levels have a strong seasonal signal which must be
aligned with the tidal maxima whose envelope also show an annual
variation. This correlation can be accounted for by combining the two
components in yearly lots where the seasonal phasing is retained.

Additionally, where a strong semi-diurnal spring-neap cycle is present
the highest tides occur near the same time of day due to the solar
locked S, constituent. To ensure that any peak in the residual water
level component is matched with a variety of tides a small random
perturbation in the time of the residual signal is introduced. Here we use
a random offset of +1 week, which does not affect the seasonality of the
signal.

Therefore, in order to account for the tidal variability influencing these
comparisons, the raw data residuals (e.g. Figure 4-2) have been
combined with 20 alternate tide sequences (annually locked) to create a
re-sampled record approximately equivalent to a 700 y sample (red
lines).

A similar process is applied to extend the modelled statistics given that
there is only 60y of NCEP wind and pressure available. Here the GCCS
and TS models are re-run a further 20 times. For each instance of the
GCCS model the SOl-derived inter-annual boundary water levels are
offset by 3 years from each other, beginning at the start of the SOI
signal. The TS models are then run with differing tides, giving a total
synthetic water level record of 21 3 60 = 1260 y (yellow line).

The re-sampling procedure used to extend both the model and
measured statistics reduces the statistical uncertainty, at the lower
return periods, associated with short records. The comparison between
the yellow and red line return period slope and bias is then quite
compelling at all sites, with maximum differences of the order of 0.05 m.
The fit at Goods Island is particularly close.

Based on this verification of concept, modelled return period curves for
broadscale water levels can be produced for each point in the TS model
domain, This then allows mapping of the estimated broadscale water
level return periods across the Torres Strait, as shown in Figure 5-8 for
the 10 y and 100 y return period. These patterns can be seen to
generally follow the base tidal amplitude pattern (e.g. Figure 4-5) but are
further modulated by the applied broadscale forcing patterns. Note that
the above statistics are produced relative to the modelled mean water
level (MWL) and therefore can be added to the local MWL to produce
water levels relative to a local datum.
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Figure 5-8  Simulated broadscale return period water levels.
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Also of significant interest is the mean water level across the region.
Unfortunately the model derived MWL, which is shown in Figure 5-9, still
does not represent the Atruedo MWL.
eastern boundaries are independent (not connected) and not part of a
global model. To assess the veracity of this result, public domain
analyses from the OCCAM™ global ocean model were obtained for
comparison with the TS model (refer Figure 5-10). The OCCAM model,
due to its coarse resolution, cannot be expected to adequately model
the steep tidal gradients within the Strait but, in this more expansive
view, shows how it depicts ocean dynamical effects on the mean sea
level in the Coral Sea. Because the two models have different intrinsic
mean level datums we can only usefully compare the water level
gradients with the present study and the colour scales have been
chosen to assist in this.

Although the models have significantly different resolution and detailed
physics, the results show good matching in the western region. However
there are differences in the northern and eastern domains where a lack
of data precludes better closure here. Both show the relative super-
elevation of the MWL in the vicinity of the centre of the Strait of ~0.1 m.
The output from this broadscale modelling is then used as input to the
combined broadscale and local TC forcing in Section 11.

5.5 Potential Future Climate Change

This has been limited to consideration of future changes in MSL only,
whereby it is implicitly assumed that the tidal characteristics will not alter
significantly (relative to the current uncertainties) by the year 2100.

5.5.1 Potential Changes in Mean Sea Level (MSL)

The principal reference in this regard is IPCC (2007), also known as
AAssessment Report 40 or fAAR460. CSI R
model details of projected sea level rise around Australia, showing a
tendency for slightly above-global-average values across northern
Australia. However, it is stated that the reliability of regional projections
of sea level rise is poor and no specific recommendations are available
from CSIRO. Accordingly, nominal values of maximum expected sea
level rise have been adopted here of +0.30m by 2050 and +0.80m by
2100. These are similar to values adopted by the Queensland
Government (e.g. DERM 2009) and earlier recommendations from
Engineers Australia (NCCOE 2004).

10 http://gcmd.nasa.gov/records/GCMD_OCCAM.html
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5.5.2 Potential Changes in Regional Wind Forcing

The available advice (CSIRO 2007, IPCC 2007) in regard to potential
changes in regional mean wind speed and direction, ENSO and other
broadscale forcing was considered either of minor significance
compared with the modelling assumptions here or too qualitative to
usefully incorporate into the analysis.
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Figure 5-9  The TS model variation in the mean water level over 60 yr.

(=]
o
Water Leve! (m)

10,58

4056

0.54

0.52

05

b

135 140 145 150 155

Figure 5-10 The OCCAM global model regional mean water level.
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5.6 Deterministic Validation of the Broadscale
Hydrodynamic Model

This has been undertaken with regard to reproducing the well
documented broadscale influence of TC Charlotte, which although it
was named as a TC, was a very large scale low pressure circulation of
modest intensity located in the southern Gulf of Carpentaria as shown in
Figure 5-11. Appendix H has more details of this event, which lasted for
several days while the centre moved to the south-east. The circulation
was so broad that much of the east coast of North Queensland was
affected and even Townsville experienced elevated ocean levels that
rivalled the storm tide produced by TC Althea in 1971 (e.g. Harper et al.

2001).
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Figure 5-11 US-NOAA high-resolution modelled MSL pressure (left)
and QuikSCAT satellite surface measured winds during TC Charlotte.

The results of hydrodynamic modelling of this event are shown in Figure
5-12, being an extract for this period from the 60 y long-term regional
broadscale modelling that uses the coarser resolution NCEP winds. The
modelled values are compared with the measured water levels from the
AMSA tide gauges and show that the peak levels near the 11" Jan are
well-matched, although there are some slight under predictions over the
several days prior to and after the TC Charlotte event. This comparison
confirms that the NCEP-resolution winds, in partnership with the model
extent, bathymetry, wind stress and other physics assumptions, are well
capable of representing these regional broadscale events.
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6. Tropical Cyclone Climatology

TCs are the most energetic of the regional weather systems and
represent the more significant source of life-threatening inundation
episodes if they make a close approach. However, existing historical
records suggest that the regional threat is relatively low and has even
markedly decreased during the past 50 years. Notwithstanding this, it is
known that the historical record of TC intensity is subject to a variety of
limitations (e.g. Harper et al. 2008) and a selective review of the
intensity and scale of TCs likely to have affected the Torres Strait area,
directly or indirectly, has been undertaken. Appendix G provides details
of this work while Appendix H provides a compendium of historical TC
events in North-Eastern Australia assembled by Mr Jeff Callaghan.

6.1 Definitions

The TC is a large scale and potentially very intense tropical low
pressure weather system that can affect the Torres Strait region typically
between November and April (SEA 2005). In Australia, such systems
are upgraded to severe tropical cyclone status (referred to as hurricanes
or typhoons in some countries) when average, or so-called sustained,
surface wind speeds exceed 120 km h™.

The accompanying shorter-period destructive wind gusts are higher still,
up to 20% in the open ocean and often 50% or higher over land (Harper
et al. 2010). In the southern hemisphere, TC winds circulate clockwise
around the centre, as seen in the spiral cloud patterns of the satellite
image of severe TC Ingrid in Figure 6-1.

There are three components of a TC that combine to make up the total
storm hazard - strong winds, intense rainfall and induced ocean effects,
including extreme waves, currents, storm surge and resulting storm tide.
The destructive force of TCs is usually expressed in terms of the
strongest wind gusts likely to be experienced. Maximum wind gust is
related to the central pressure and structure of the system, whilst
extreme waves and storm surge, are linked more closely to the
combination of the mean surface winds, central pressure and regional
bathymetry.

The Commonwealth Bureau of Meteorology (BoM) uses the five-
category system shown in Table 6-1 for classifying TC intensity in
Australia. Severe TCs are those of Category 3 and above.
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Figure 6-1  Severe tropical cyclone Ingrid approaching Cape York

when at estimated Category 5 intensity in March 2005. (US Navy processed
image)

Table 6-1  Australian tropical cyclone category scale.

Category Maximum Wind Gust Potential
(km h) Damage
1 <125 minor
2 125-164 moderate
3 165-224 major
4 225-279 devastating
5 >280 extreme

The main structural features of a severe TCat t he eart hos
the eye, the eye wall and the spiral rainbands. The eye is the area at the
centre of the storm at which the surface atmospheric pressure is lowest.
It is typically 20 to 50 km in diameter, skies are often clear and winds
are light. The eye wall is an area of cumulonimbus clouds, which swirls
around the eye. Tornado-like vortices of even more extreme winds may
also occur associated with the eye wall and outer rain bands. The rain
bands spiral inwards towards the eye and can extend over 1000 km or

J0907-PR0O02C 59 Systems Engineering Australia Pty Ltd
Jul 2011



Torres Strait Regional Authority Torres Strait Extreme Water Level Study
Final Report

more in diameter. The heaviest rainfall and the strongest winds,
however, are usually associated with the eye wall.

For any given central pressure, the spatial size of individual TCs can
vary enormously. Generally, smaller storms occur at lower latitudes and
larger storms at higher latitudes, but there are many exceptions. Large
TCs can have impacts far from their track, especially on waves and
storm tide.

Cyclonic winds circulate clockwise in the Southern Hemisphere and the
wind field within a moving TC is generally asymmetric so that winds are
typically stronger to the left of the direction of motion of the system (the
Atracko) . Thi s 1 shand sideathe -dieectianof stoime
movement and circulation tends to act together; on the right-hand side,
they are opposed. During a coast crossing in the Southern Hemisphere,
the wind direction is onshore to the left of the eye (seen from the storm)
and offshore to the right.

Given specifically favourable conditions, TCs can continue to intensify
until they are efficiently utilising all of the available energy from the
immediate atmospheric and oceanic sources. This maximum potential
intensity (MPI) is a function of the climatology of regional sea surface
temperature (SST) and atmospheric temperature and humidity profiles.
Thankfully, it is rare for any storm to reach its MPI because
environmental conditions often act to limit intensity development in a
region.

6.2 TC Climatology Analyses

A number of aspects of the TC climatology were examined in order to
develop a sound basis for understanding of the regional threats and how
to best represent their impacts on extreme water levels.

6.2.1 Base Tropical Cyclone Dataset

The SEA proprietary TC dataset for Australia forms the basis of the
climatology assessment. This dataset was originally compiled from a
variety of BoM sources in the mid-1980s and has been continuously
updated and corrected since that time as a result of many separate TC
risk studies (e.g. Harper 2001), with corrections made in consultation
with BoM Regional Office staff in Brisbane, Darwin and Perth. The errors
and omissions discovered were provided to BoM over time and this
assisted the ongoing improvement of the official best track database.
The types of errors and omissions typically discovered over time
included:

1 Missed storms;
1 Duplicate storms;

1 Incorrectly named storms;
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1 Incomplete tracks;
1 Miss-classified systems (east coast lows etc);

1 Typographical errors.

The dataset was firstly updated to include all official BoM storm tracks
up until 2008/2009 and an illustration of the pattern of TC tracks in the
region is given in Figure 6-2.

Paall,

/

i

R4

=

R L T

Figure 6-2  Tropical cyclone tracks within 500 km of Thursday Island
for the 50 year period 1959/60 to 2008/09.

6.2.2 Review of Historical Tropical Cyclones in the Region

A review of the more significant historical TCs in the region was then
undertaken by sub-consultant Mr Jeff Callaghan®! to provide increased
confidence in the statistical foundation for the climatology analysis.

Justification

A major justification for the review is the knowledge that, over time,
there have been changes in the operational procedures applied in BoM

! Former Senior Forecaster and Manager of the Severe Weather Section in Brisbane.
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to the estimation of TC intensity (e.g. as documented by Harper 2002,
2004b, Harper and Callaghan 2006, Harper et al. 2008). These changes
have resulted mainly through increasing knowledge and skill in the use
of the Dvorak TC intensity analysis system (Dvorak 1984, Velden et al.
2006) that relied solely on satellite cloud patterns prior to 1984, but later
included more objective satellite-derived infra-red  cloud-top
temperatures. Without the benefits of aerial reconnaisaance, such as
available in the USA, this method is still the principal means of
estimating TC intensity in Australia and throughout the world.

In the Dvorak analysis method the so-called tropical T number is taken
directly from the satellite cloud features and has a dynamic range of 1.0
through 8.0 (the most intense rating). The T number is adjusted
according to a series of ancilliary rules and eventually is converted into a
measure of the peak surface wind speed in the storm. The Dvorak
analysis system was developed with a constraint on the rate of
intensification of a storm to better match the original observations that
were available for its development (circa 1972). For example, for a storm
with an initial T number greater than 4.0 the method limits the change in
T number to 1.0 in 6 h, 2.0 over 18 h and 2.5 in 24 h. Where the T
number is initially less than 4.0 the rate of change is limited to 0.5 over a
6 h period. Increasingly however, greater rates of change in T numbers
have been observed over time with the benefit of better satellite
coverage and higher temporal and spatial resolution. Accordingly the
basis for this constraint has been widely questioned and, based on
recent objective studies, is recommended to be abandoned in the future
(Knaff et al. 2010). This factor is especially relevent to northeastern
Australia because many population centres are located adjacent to the
monsoon trough, where rapid tropical cyclogenesis can occur and this
feature may not have been detected sufficiently frequently in the
historical context.

Well-documented Rapid Intensification Examples

Examples of rapid cyclogenesis near a large population centre in
Australia include TC Celeste, which formed just off the north
Queensland coast near Townsville, and TC Rona, which formed near
Cairns. Both reached severe TC intensity (maximum average winds
over a 10 min period reaching at least 65 knots) 12 and 15 h after
formation, respectively resulting in T number increases of 2.5 in 12 h
whereas for such systems the T number increase is technically limited to
0.5 increments every 6 h.

A study of reconnaissance data by Holliday and Thompson (1979)
indicated that 75% of all western North Pacific TCs deeper than 920 hPa
have experienced a period of rapid intensification of 42 hPa per day or
more. Extreme deepening rates of nearly 100 hPa per day have been
observed which would be equivalent to four T numbers per day. More
recently, the central pressure of Hurricane Rita (September 2005)
deepened 70 hPa in 24 h. The largest 6, 12 and 24 h drops in best track

J0907-PR0O02C 62 Systems Engineering Australia Pty Ltd
Jul 2011



Torres Strait Regional Authority Torres Strait Extreme Water Level Study
Final Report

central pressure for Hurricane Wilma (October 2005) were 54, 83 and
97 hPa, respectively. The central pressure of Hurricane Charley (2004),
as measured by US reconnaissance aircraft, reduced from 969 hPa to
947 hPa (22 hPa change) in a 6 h period (about 1.5 T numbers)*?. Near
landfall, a reconnaissance aircraft observation within Hurricane Gabrielle
(Molinari et al 2006), experienced a 20 hPa pressure fall over the
preceding 3 h. Likewise, in a recent paper Reasor et al. (2009) show,
using recconnaisanse data, that the rapid intensification of a hurricane
was associated with a burst of eyewall convection to which the hurricane
quickly responded.

In Fiji during April 2004 forecasters were unprepared when a severe TC
developed within a 5 h period. The sequence of enhanced infrared
satellite imagery shown in Figure 6-3 (the black circle marking the
location of Nadi) shows the left-most (earliest) image showed no
evidence of a developing TC beneath the cloud. Five hours later (centre
image) there was the familiar image of a dense central overcast
associated with a developing TC. This system moved across Fiji
(northern part of the island of Viti Levu) on 8th April and caused severe
flooding in the country and destructive winds, severe damage, and with
around 20 lives lost. This was a very small storm system that proved
quite difficult to track until it moved within the range of the Nadi radar.
The minimum central pressure recorded there was 990hPa and one of
the automatic weather stations in Fiji reported sustained winds of 43
knots before loss of data. Meanwhile, numerical weather models failed
to forecast the development of this system.

a5 = R e SRR Gy
S W B LT S

0625 UTC 7 Apr 2004 1125 UTC 7 Apr 2004 1525 UTC 7 Apr 2004

Figure 6-3  Enhanced infrared satellite imagery during the rapid
intensification of an unnamed tropical cyclone near Fiji in April 2004.
The green encloses areas with temperatures colder than -30 °C grading
to -80 °C in the red areas (indicator of a cloud structure of an intense
storm system).

2 NOAA National Hurricane Center reports; http://www.nhc.noaa.gov/pastall.shtml
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Review Methodology and Outcomes

Due to the scarcity of objective wind, pressure and storm tide
measurements i even today 1 it can be difficult to accurately assign a
TC intensity. However, as demonstrated by the extensive incidence of
impacts (Appendix H) it is highly likely that many storm strengths were
underestimated. On this basis, the historical dataset within the Gulf of
Carpentaria / Cape York / Torres Strait region was scanned to identify
potential rapid intensification situations that had probably not been
identified at the time of the forecasts and subsequent fbest tracko post-
analyses.

A total of 10 storms have been considered in the review, nine of which
resulted in modifications to the official intensity estimates (increases),
and the other is a new track estimated for a known impact storm event
in December 1952 that does not exist in the official database. The tracks
of these storms are provided in Figure 6-4, while Appendix G contains
the individual storm reassessments and Table 6-2 provides a summary
of the changes.

Table 6-2  Summary outcome of the historical TC review.

Radius from
Thursday Resulting Intensity

Storm Island Revised Maximum Intensity Change

km uTC hPa hPa %
Torres_Strait_1952 51 01-Dec-1952 12:00 982
Dora_1964 447 02-Feb-1964 23:00 955 -19 59
Flora_1964 659 05-Dec-1964 11:00 955 -37 264
Fiona_1971 466 19-Feb-1971 05:00 925 -38 88
Ted_1976 170 18-Dec-1976 11:00 930 -30 65
Dominic_1982 132 07-Apr-1982 09:00 920 -30 54
Felicity_1989 648 15-Dec-1989 12:00 965 -20 95
Ivor_1990 347 19-Mar-1990 12:00 930 -50 192
Nina_1992 264 25-Dec-1992 12:.00 975 -5 19
Agnes_1995 223 18-Apr-1995 12:00 945 -20 49

Based on the above, it can be seen that most of the storms that have
been adjusted through this review process made landfall on Cape York
several hundred kilometres away from Torres Strait. The one exception
is the added 1954 event which is estimated to have passed much
closer. The tabulated changes in the central pressures are quite
significant, especially for Flora_1964 and Ivor_1990, and collectively the
adjustments do influence the regional statistics, as shown in the central
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pressure return period plot of Figure 6-5 that compares the official BoM
central pressures with the modified dataset developed here.
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Figure 6-4  Tracks of the 10 historical storms that were considered in
the review.
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Figure 6-5  Statistical comparison of the alternate intensity estimates

using data since 1951/52 and within an 800 km radius of Thursday
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6.2.3 Consideration of Regional Synoptic Patterns Influencing
Tropical Cyclone Formation, Movement and Intensity

The tracks of TCs in the Torres Strait region are known to be strongly
influenced by the persistent background zonal steering patterns (east-
west or west-east) and by the relative location of the monsoon trough
and the coastline. As a result, the most intense storms tend to move
south of Torres Strait.

The more common TC-related scenario affecting water levels is
identified as being due to storms located west of Torres Strait or in the
Gulf of Carpentaria that are capable of interacting with and enhancing
the monsoon influence to the north. Examples of these interactions were
used to investigate the possibility of developing a statistical climatology
of TC and monsoon interactions and were based on examining selected
NOAA/NCEP reanalysed datasets of wind and pressure at various
levels in the atmosphere.

Unfortunately it became evident that, although there are significant
patterns of interaction that can be identified, it would not be possible to
undertake the necessary analyses and develop a robust model of these
features within the timeframe available for the study. Accordingly, further
investigation of these interactions remains as a recommendation for
future work, which might provide a physically-based framework to further
fine-tune regional TC risks.

6.2.4 Data Quality Issues and Radjus of Influence Analysis

The accuracy and homogeneity of the TC dataset is always of concern
when being used as the basis for a statistical analysis. Based on
previous studies that have considered the evolution of measurement
techniques, the advent of satellite imagery, radars and many other
factors, the earliest dependable start date for frequency of occurrence
and track data in the Australian region is the 1959/60 season (e.g.
Harper 2001, Harper et al. 2008). In regard to intensity estimates, it can
be argued that the advent of the Dvorak method circa 1975 was the start
of improved consistency in intensity values, although in practice many
studies have been compelled to utilise data from 1959/60 onwards in
order to obtain sufficiently large datasets for analysis.

It is useful to explore the spatial variability of TC frequency and intensity
as a precursor to developing a rational model for simulation purposes
and a radius of influence analysis is presented in Figure 6-6. This
provides insight into the differences between the full historical dataset
comprising all storms since 1906 (but of known inhomogeneity) and only
the subset since 1959/60 that is deemed suitably reliable. The analysis
shows the minimum central pressure for each historical storm within a
given radius of Thursday Island compared with the estimated pressure
at closest radius, together with the total storm count.
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Figure 6-6  Summary of radial analysis of TC occurrence and intensity.
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The analysis has been done in steps of 100 km radius and the
frequency counts show that there are only approximately 50% more
storms in the 105 year record as the 51 year record, confirming the
anticipated undersampling prior to 1959'%. However, the graph shows
that within a radius of 500 km of Thursday Island, the maximum intensity
from both datasets is about 920 hPa. The full dataset also indicates that
it contains more intense storms (lower pressures) within 100 km and that
the storms beyond 800 km were also more intense in the earlier period.

While it is not appropriate to make too much of these differences, given
the uncertainties in the earlier data, it nevertheless seems that the
spatial distribution of storm events is relatively homogeneous in a radial
extent, and that the maximum intensity will be sampled by taking a
radius of about 500 km. Beyond 800 km of course, the influence of the
southern extent of the Gulf of Carpentaria becomes limiting.

Taking the post-1959 dataset and analysing the intensity statistics as a
function of radius produces the result in Figure 6-7, which shows
objectively fitted Extreme Value Type 1 distributions (Benjamin and
Cornell 1970) to the datasets.
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Figure 6-7  Radial-sampling sensitivity of EV analysis of TC intensity.

This graph shows that as the sample size increases with increasing
radius, the objectively fitted intensity distributions adjust rapidly, but
become much more stable at and beyond the 500 km radius. This result
is not intended to be used for simulation purposes (refer later) but is
supported by analogous assessment of goodness of fit statistics

% This reflects a global issue that had erroneously been attributed by some as a
icl i mat e c¢ han g emaccsptedasa $amplingtproblem (erg.0NMO 2006).
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suggesting that the intensity dataset is reasonably well conditioned as
EV Type 1 within the 500 km radius.

On these bases, it was decided to adopt a nominal 500 km radius of
influence for the statistical analysis of TC risks, albeit noting that the site
of interest is located near the northernmost point of the physical TC
basin for this region.

6.2.5 Identification of the Principal Tropical Cyclone Parameters

A total of 78 TCs have been registered as occurring within the 50
season record from 1959/60 to 2008/09 and within the 500 km radius
study region, averaging 1.56 cyclones per season. The time history of
the annual frequency of occurrence is shown in Figure 6-8(a), showing a
fluctuation about a 5 year averaged value of between 1 and 2 storms
per year. Several years indicate zero storms within the 500 km radius
while the maximum number during this time has been up to 5 storms in
one season.

The variability in cyclone occurrences over a 3 to 5 year span on the
east coast of Queensland (Coral Sea) is known to be strongly
associated with the so-called El Nifio - Southern Oscillation (ENSO)
phenomenon (e.g. Nicholls 1992, Basher and Zheng 2000). ENSO
refers to a quasi-biennial oscillation of the sea surface temperatures
(SST) in the eastern tropical Pacific Ocean. During a so-called El Nifio
period, the SST is warmer than normal in the east and rainfall and TC
activity in northern Australia tends to decrease. In the reverse situation,
called La Nifa, the SST in the eastern Pacific is cooler than normal and
rainfall and TC activity increases along the east coast of Australia. The
Southern Oscillation Index (SOI) is a measure of the strength of the
ENSO episodes, derived from surface pressure data at Darwin and
Tahiti. The SOI is also plotted on Figure 6-8(a), but there is no strong
relationship evident with the storm frequencies. In fact, during the 1970s
and 1980s, the storm frequency is highest during the below-average
SOl period, which is counter to the normal Coral Sea behaviour.

The corresponding time history of minimum storm central pressures is
shown in Figure 6-8(b), illustrating the great variety possible in
intensities. The 5 year average line in this case never falls below 980
hPa but it is the extreme intensity values that control the storm tide risk.
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Figure 6-8  Time history of TC frequency and intensity from 1959/60 to

2008/09 and within 500 km radius of Thursday Island.
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Figure 6-9 Statistical distributions of TC forward speed and track from
1959/60 to 2008/09 at time of closest approach and within 500 km
radius of Thursday Island.
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The tracks of TCs often appear random and chaotic but a more
cohesive structure can be seen when the storms are grouped into what
are evident to be common statistical populations that relate to areas of
genesis and broadscale movement. In Figure 6-9(a) the distribution of
forward speeds indicates a very wide range is possible, ranging from a
high proportion of slow movers (<4 ms™) and, except for a few
exceptions, a cut-off at 6 ms™. Meanwhile the track distribution in Figure
6-9(b) shows the very strongly zonal behaviour, with a very low
incidence of north-moving storms.

After investigation and testing of various options, it has been assumed
that the population of TCs in the region can be reasonably represented
by three basic track classes - easterly moving (18%), westerly moving
(32%) and southerly moving (50%). The 78 storm sample of Figure 6-2
is shown split into these classes in Figure 6-10, where it can be seen
that there is a clear reduction in TC effects towards the Torres Strait
region.

The most significant parameter affecting regional storm tide is the
intensity of the TC winds. This is typically indirectly represented by the
central pressure of the storm but also depends in part on other scale
parameters. The estimated minimum central pressure for all of the 78
storms was statistically analysed using Extreme Value Theory (Benjamin
and Cornell 1970) to obtain the likelihood of particularly intense storms
occurring anywhere within the 500 km radius region. The statistical
analyses were undertaken firstly for each separate track class and then
combined into a single regional prediction shown graphically in Figure
6-11 in terms of return period and the approximate intensity category
based on Table 6-1. The initially objective analyses were augmented by
visually-assessed adjustments to overcome what were relatively poor
distribution fits, which are likely a reflection of the accuracy and
homogeneity of the estimates, notwithstanding the review that was
undertaken. Nevertheless, it is considered that the finally adopted
relationship is likely conservative in respect of the TC risk to the Torres
Strait.

It can be shown that the most intense storms are contributed mainly by
the southerly class, which typically represent storms that have
developed either within the Gulf of Carpentaria basin or the Coral Sea
and their southerly steering currents allow them to avoid land contact
sufficiently long to allow development. The westerly class are the next
dominant, developing in the Coral Sea but typically disrupted by their
passage across Cape York, The easterly moving class tends to be the
weakest, perhaps because of the limited area of development available
in the Gulf before moving across Cape York. On this combined track
basis, the 100 y return period TC intensity within a 500 km radius of
Thursday Island is predicted to be approximately 910 hPa.
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Figure 6-10 Separation of the TC tracks into directional classes.
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Figure 6-11 Extreme value analysis of TC intensity within 500 km of
Thursday Island.

Coupled with this theoretical (normally unbounded) analysis there needs
to be a consideration of the maximum potential intensity (MPI) that might
be achievable in any region. This is a function of a humber of physical
parameters but principally the sea surface temperature and the upper
atmosphere profile (Holland 1997b). For the Torres Strait region the MPI
is assessed as 880 hPa (Holland 1997) and, based on the present
analysis, this MPI value has a return period of approximately 500 y
anywhere within the study region.

Many other storm parameters are also extracted during the analysis
phase. For example, the spatial distribution of storm tracks is accounted
for, together with the tendency for a proportion of storms to weaken (fill)
as they move closer to the site of interest. The ambient or environmental
pressure is also required for modelling and is based on the long term
summer mean sea level pressures for Thursday Island of 1007 hPa.

The historical track datasets typically do not provide information on the
spatial scale of the storms (radius to maximum winds R), although this
parameter directly affects the storm tide risk. A number of model
sensitivity tests were undertaken to gauge the effect of this parameter
on the generated extreme wind speeds at Thursday Island and the
empirical formulation after Vickery et al. (2000) was adopted, which is
derived from US aerial reconnaissance-based hurricane data:

In R=2.636- 5.086* 10°Dp*+0.0394898 (2

where R is in km, qp is the central pressure deficit in hPa and U is
latitude. This relationship is graphed in Figure 6-14.
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Figure 6-12 Assumed radius to maximum wind variability (after Vickery
at al. 2000)

Likewise, the Holland peakedness parameter B (Holland 1980) is also
required to complete the wind field model representation. Again, based
on sensitivity testing, a relationship based on the tendency of the
Atkinson and Holiday (1977) wind-pressure relationship was adopted:

B=147+Dp/16C 3)

This relationship is graphed in Figure 6-13 and follows the Holland
(1980) recommendation assuming a surface to gradient wind reduction
factor of 0.75.

The R and B assumptions support the generally accepted concept that
intense northern Australian cyclones tend to be relatively small in size
and have highly peaked wind fields (e.g. Kathy, Ingrid and Monica).

All of the above statistical estimates of TC behaviour and strength are
then assembled for use by the statistical storm tide model and used as a
itempl ateo to allow the generafflCon
storm events.
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Figure 6-13 Assumed Holland B variability.

6.3  Potential Future Climate Change

The sensitivity of the regional risk of TC storm tide under potential future
climate (Enhanced-Greenhouse) conditions is assessed through the
adoption of scenarios that may modify the mean sea level (MSL), the
maximum intensity of TCs (MPI) and their frequency of occurrence by
the year 2050 and 2100. The components of each scenario have been
agreed with TSRA and are based on a variety of sources as described
below.

6.3.1 Potential changes in Tropical Cyclone Intensity

Although IPCC (2007) does address aspects of future TC climatology,
there has been significant controversy over some of the initial
statements on trends in intensity to date (e.g. Landsea et al. 2006). This
area of research is advancing rapidly and the preferred reference is
Knutson et al. (2010), which arose from initiatives at WMO (2006). This
latest review and consensus expert statement summarises the status of
current research in this area and concludes that there is a likely increase
in the MPI of TCs as the mean global temperature rises, of between +3
to +21% by the year 2100 (between +2 and +11% if expressed as
maximum wind speed rather than central pressure deficit). This has
been nominally assumed to be represented by a 10% increase in MPI
by 2050 and a 20% increase by 2100.

The future climate intensity is assumed to be able to be appropriately
represented by maintaining the estimated probability of TCs achieving
the regional MPI state but increasing the intensity magnitudes
(decreasing the MPI pressures) for 2050 and 2100 climates. This allows
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realistic blending of the future climate intensity distribution with the
present climate description, as summarised graphically in Figure 6-14.

6.3.2 Potential changes in Tropical Cyclone Frequency and Track

Likewise, Knutson et al. (2010) report that the consensus from many
advanced modelling studies is that the global frequency of TCs will
either decrease or remain essentially unchanged.
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Figure 6-14 Estimated present and future climate TC intensity
distributions within 500 km of Thursday Island.

In particular, there is an expressed low confidence in some global
modelling studies that project changes ranging from -6 to -34% globally,
and up to °50% or more in individual basins by 2100. Regarding tracks,
there is low confidence in estimates of changed areas of genesis or
tracks. Accordingly no changes are adopted here for the year 2050, but
a nominal precautionary allowance for a +10% change in frequency has
been assumed by the year 2100.

The adopted future climate change scenarios are summarised below in
Table 6-3, and Table 6-4 indicates where these scenarios modify the
simulation model storm climatology.
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Table 6-3  Adopted climate change scenarios.
Planning Year 2050 | 2100
MSL Increase* (m) 0.30 | 0.80
TC MPI Increase 10% | 20%
TC Frequency Change 0% 10%
Table 6-4 Key statistical TC climatology parameters adopted for the

Torres Strait region for present and future climates.

Track Statistical Model Parameters
Population Name Variable[Units| 2010 2050 2100
Ambient Pressure Pn hPa 1007 1007 1007
% This Track 18 18 18
East Av. No. Per Year 0.28 0.28 0.30
Moving Gumbel Intensity pc U hPa | 995.0 994.5 993.9
Parameters U 0.0900 | 0.0814 0.0743
Max Potential Intensity pc| MPI | hPa 880 867 855
% This Track 32 32 32
West Av. No. Per Year 0.50 0.50 0.54
Moving Gumbel Intensity pc U hPa | 1004.0 | 1004.4 1004.8
Parameters U 0.070 0.0633 0.0578
Max Potential Intensity pc| MPI | hPa 880 867 855
% This Track 50 50 50
South Av. No. Per Year 0.78 0.78 0.84
Moving Gumbel Intensity pc U hPa | 1000.0 | 1000.0 1000.0
Parameters U 0.0500 | 0.0452 | 0.0413
Max Potential Intensity pc| MPI | hPa 880 867 855

“msL changes are relative to the nominal 1990 sea level.
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7. Numerical Tropical Cyclone Storm Surge
Modelling

There are two aspects to storm surge considered in this study; the first is
the broadscale effect attributed to remote forcing on a wide range of
time and space scales, while the second is the localised effect of TCs
(nominally passing within a radius of 300 km of Thursday Island). The
former has been addressed by the analysis of tidal residuals combined
with considerations of ENSO and annual variability in the sea level, as
described in Section 5. The latter TC surge is the more energetic and
life threatening event, and while such events have been known to occur
in the past (refer Section 6.2) they are deemed relatively rare. This
Section describes the numerical modelling of TC storm surge that has
been undertaken for the Torres Strait.

7.1  Philosophy

While severe TCs are known to be rare events in the region, they
nevertheless remain possible, and the complexity of the Torres Strait
environment means that the resulting storm surge response will likewise
be complex. Accordingly, unlike many previous studies (e.g. GHD/SEA
2003, 2007, 2009) where parametric storm surge models were
developed to inform the final statistical analysis, a decision was
undertaken to undertake discrete numerical modelling of all statistically-
generated storms.

This decision placed considerable stress on the efficiency of the
deterministic numerical modelling because a total of 11,625 individual
storms were required to represent the 50,000 year model time-span
desirable for describing the present climate. This compares with
modelling approximately 500 storms when developing a parametric
storm surge model. In addition, 11,787 storms were needed for the 2050
future climate and 12,690 for the 2100 climate. Due to some
commonality as a result of discrete storm parameter values being used,
33,816 individual model simulations were required to satisfy the 2010,
2050 and 2100 climates.

7.2  The Numerical Storm Surge Model

The adopted model is MMUSURGE™ (Mason and McConochie 2001),
developed as part of the Queensland Climate Change Study (e.g.
Harper 2001) where it was verified against several historical storms. The
model has since been used extensively for storm surge studies across

* MMU refers to the Marine Modelling Unit, originally at James Cook University and
currently at the University of Tasmania, Australian Maritime College in Launceston.
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Queensland and the Northern Territory (e.g. GHD/SEA 2003, 2007,
2009; SEA 2004, 2005, 2006, 2007).

The model is 2-D depth integrated on a rectilinear spherical coordinate
mesh with an implicit numerical scheme that is identical to the TS tidal
model described in Section 4.3. Likewise, MMUSURGE is able to
represent sub-grid scale effects of complex reefs, shoals and banks
through the use of special internal boundary conditions (Bode et al.
1997) or alternatively through nesting of model domains at increasing
resolution. The surface wind forcing of TCs is provided by an
implementation of the Holland (1980) analytical wind and pressure
model following Harper (2001). The model can accommodate wetting
and drying

While the 1 nmile resolution TS tidal model accepts either tidal
boundaries or input from the GCCS model, the TC version similarly
requires open boundary forcing from a larger domain that ensures the
storm wind and pressure fields
domain, with a resolution of 7.5 nmile, is shown in Figure 7-1, with the
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Figure 7-2  The 1 nmile TS storm surge model; Top: Resolution and
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The AA0 domain is | ess extensive tha
to extend only over the shallow waters to the east (limited) and west of
the Torres Strait (more extensively) so that the close-approach TC winds
and pressures are well represented prior to any storm entering the inner

ABO domai n. The resol ut i atedinale uppdre ik
panel of Figure 7-2 together with the community locations, while the
lower panel highlights the bathymetry and the special model reef and
boundary el ements (in blue). Il n addi
domains a higher 0.2 nmile (371m) i Ca
was used to prepare | ocalised ACO0 dc

islands and also Boigu and Saibai (as detailed in Appendix J and
discussed below).

7.3  Storm Surge Model Testing and Calibration

7.3.1 Domain Resolution

Because of the decision to undertake discrete TC storm surge
model |l ing, the computational bur den
great within the timeframe available. In addition, much of the region was
deemed reasonably well represented at the 1 nmile resolution, but with

some suspect areas near Thursday Island and also near the
northernmost islands of Boigu, Saibai and Dauan. Accordingly, a series

of tests were undertaken to deter mir
domain resolution during TC forcing.

For example, Figure 7-3s hows t he representation
near the centre island chain and the detail near the confluence of Prince

of Wales, Horn and Hammond Islands (green in lower panel represents

land that is > 10 m elevation and is assumed to remain always dry).
Notably, the Thursday Island landmass is not able to be fully resolved at

this scale and so the model uses a series of short barriers (black) to
produce the equivalent resistance to flow as represented by the actual
island. Numerous other barriers and reefs (blue) can be seen throughout

the area in response to the various shoals. The difference between
Abarrierso and fAreefsodo is simply th
blockage, allows flow over its crest, whereas a barrier is simply a
blockage. The length of each barrier or reef represents the proportion of

the blockage relative to the size of a full model cell.

This final arrangement of barriers and reefs was decided after a series

of testsusinga NW-SW Cat egory 4 TC such that
reproduced the result from a ACO do
position. Comparisons were also done
position and these are summarised in Appendix J. Likewise, tests were

also undertaken for the northernmost islands but using a SW-NW TC

track for maximum impact. Differences in all cases were limited to about

5% and justified the use of the HfABO
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Figure 7-4  Example Cat 4 W-E Centre extreme TC scenario.

7.3.2 Deterministic Extreme TC Scenario Testing

A series of extreme TC scenarios were devised to test the stability of the
storm surge modelling system and also provide some insight into the
possible impacts of a very severe close-approach storm. A nominal
Category 4 storm (without tide effects) was devised having the following
Holland model parameters:

pe =  940hPa
R = 20 km

B = 1.8

Vim = 4 ms™

A number of different storm tracks were then tested, each with a
duration of 36 hours, and the full set of results are summarised in
Appendi x | . I n addi tBO0o ns doeansaflustateds o f
here. The track is shown in Figure 7-4 with hourly positions relative to

Badu, while Figure 7-5 shows the modelled wind speed pattern 3 hours

before crossing over Badu.
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The characteristic clockwise vortex of winds is shown, which increase
exponentially towards the radius of maximum winds. This band of winds,

which are expected to produce 3-sec gusts up to 64 m s™ (230 km h™) in

this example, is still located to the west of Badu in this figure. Between

the radius of maximum winds and the centre of the storm the winds
decrease to eventually form the quie

Figure 7-6 then shows the equivalent views of the modelled storm surge
pattern, where the labelled contours show the surge height in metres
above the mean sea level. The surge build-up can be seen to be
concentrated on the left-hand side and forward of the position of the
storm centre, which is where the wind speeds are highest. The
innermost height contour at this time is 1.2 m and it can be seen that the
various island and reef clusters are acting to modify the overall surge
height pattern.

Appendix | provides some further views of this storm scenario at
different times, but Figure 7-7 here provides the so-called envelope of
the highest surge levels throughout the full 36 hour simulation. This
shows that the highest surge of about 1.4 m was predicted to occur near
Badu, immediately below the centre of the storm. This is caused by the
concentration of the extreme winds pushing the surge between Badu
and Moa Island. This open-water result is different from a typical coast-
crossing TC scenario where the maximum surge will normally occur
about one radius of maximum winds distance to the left of the track
(refer Appendix | for a suitable example).

Table 7-1 summarises the peak surge magnitudes at all of the
community sites for this specific scenario, showing that the St Pauls and

Kubin communities on Moa Island are experiencing the next highest
magnitudes of about 1.2 m. The full modelled time histories of the surge
response are then shown graphed in Figure 7-8. This indicates the
differences in the time of arrival of the surge and the steepness of the
rise, as wel |l as the fact t hat S 0me
surgeo prior to the rmgedvaBoiogu,t hfeo
shows one of the highest negative surges (also termed drawdown) as

the initial winds tend to draw water away from the shallow Papua New
Guinea coastline, but later experiences the positive surge from the

winds in the rear of the storm after it passes further to the east.
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Figure 7-6 = Example Cat 4 W-E Centre extreme surge pattern.
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Figure 7-7  Example Cat 4 W-E Centre envelope of maximum surge
magnitude and current velocities.

Table 7-1  Summary of peak storm surge magnitudes for Cat4 W-E
Centre extreme TC scenario.

Community Surge Community Surge
m m
Badu_SEA 1.36 Moa_Kubin_SEA 1.18
Boigu_SEA 0.65 Moa_St_Pauls_SEA 1.18
Dauan_SEA 0.37 Muralag SEA 0.56
Erub_SEA 0.17 Ngurupai_SEA 0.53
Gealug_SEA 0.14 Poruma_SEA 0.70
Hammond_ SEA 0.48 Saibai SEA 0.3
lama_SEA 0.66 Seisia_ SEA 0.13
Mabuiag_SEA 0.97 Ugar_SEA 0.17
Masig SEA 0.33 Waiben S SEA 0.34
Mer SEA 0.38 Warraber SEA 0.87
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Figure 7-8  Example Cat 4 W-E Centre time histories of surge
magnitude at each community site.
J0907-PR002C 89 Systems Engineering Australia Pty Ltd

Jul 2011



Torres Strait Regional Authority Torres Strait Extreme Water Level Study
Final Report

8. Numerical Wave Modelling

There are no known insitu measurements of wave conditions in the
Torres Strait region that could be used in an analogous manner to the
analysis of long term tide gauges as used to estimate the broadscale
water level variability in Section 5. Numerical spectral modelling is the
only option available to estimate the potential site-specific influence of
waves on extreme storm tide levels. However, some comparisons with
satellite altimeter data are able to be made that provide some
confidence in the modelled broadscale wave climate.

8.1  Philosophy

As discussed in Section 1.2 the Torres Strait communities are protected
from the long period ocean swell that normally emanates from higher
latitudes by the Great Barrier Reef to the east, the broad shallow regions
to the west and the numerous central banks and shoals. On this basis it
is assumed that wave effects at the communities will be dominated by
those generated locally by the prevailing winds, subject to the significant
seasonality described in Section 3.1, with rare but significant incursions
from TCs. No remote wave forcing is therefore considered, thus allowing
a simplification of approach that assumes waves will be fetch-limited by
the bathymetric constraints.

Spectral wave modelling is adopted in order to efficiently cover the
necessary area of interest, although it must be acknowledged that this
approach can only offer representative wave conditions at each
community. The very small scale influences of small banks, shoals,
reefs and channels cannot be represented as many features are below
the resolution of the bathymetric data. Accordingly, the analyses here
are meant to be sufficiently informative to show the relative differences
between wave effects at the various communities, which might justify
more detailed studies and insitu measurements if warranted.

8.2  Spectral Wave Modelling

While a variety of spectral modelling approaches are possible, the very
long periods required to be modelled (thousands of years) has
necessitated a pragmatic approach that focuses on computational
efficiency.

To suit the final statistical modelling a parametric wave modelling
approach was considered (e.g. Harper 2004c). However, as argued in
Section 7 with respect to TC surge effects, the region was considered
potentially too complex to enable a consistent approach without multiple
models having to be developed. Given more time, parametric
approaches would undoubtedly be of use in specific circumstances or to
assist in real-time forecasting of waves and storm surge.
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82.1 The Unsteady Directional Fetch Model TS_Wave

The adopted spectral wave model has been based on the fetch-limited
method described by Walker (1989), whereby the Radiative Transfer
Equation is solved for a set of discrete frequencies using finite-
differences in a directional fetch arrangement rather than a full 2-D
orthogonal grid. The model is computationally efficient, allowing the
practical generation of very long-term time series of wave heights.

The model (termed TS_Wave) includes standard source terms (following
and opposing winds), a modified saturated P-M spectrum and can
include bed friction. Variation in depth along a series of radiating fetches
centred at each site influences the wave energy propagation and the
directional spectrum at the centre of each set of fetches is summed to
provide a time-varying estimate of the wave energy. The energy
frequency spectrum is then integrated to provide significant wave height
Hs, peak spectral wave period Tp and mean wave direction.

The principal assumptions of the simplified model are that:

Waves are mainly locally generated,;

Refraction effects are small due to reasonably constant depth;
Diffraction effects are negligible;

Bed friction effects are negligible;

Wave breaking effects can be neglected,;

Wave-current interactions are minor.

= =4 4 -4 A8 -

Although the shallow waters of the Torres Strait do not necessarily fit
with all these assumptions, a similarly simplified model has been shown
to produce reliable wave estimates in Great Barrier Reef environments
(e.g. EPA 2005) where wave data was available for comparison.

After considerable sensitivity testing, a total of 32 equally-spaced wave
directions and 10 wave frequencies were considered at each site. The
32 directions were necessary to accommodate some of the more narrow
channels between the Centre and Inner groups of islands in particular®
and compensates slightly for the lack of refraction effects. Figure 8-1
indicates the resulting pattern of fetches that were developed and the
specific case of Mabuiag. The directional depths where obtained by
interpolating the fine-scale 0.2 nmile (370 m) bathymetric grid at a
constant spatial step of 1 km. Special considerations were necessary for
isolated small island sites (e.g. Erub, lama, Poruma etc) whereby the
fetch generation ignored the presence of the island itself, treating it as a
point in the ocean. Non-land points were set to a minimum depth of 2 m.

16 Any future work could consider the use of non-equally-spaced directions to preserve
the necessary directional resolution but reduce the computational burden even further.
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Figure 8-1 Example modelled wave fetches within Torres Strait.
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822 Comparisons with a Steady -State Non -Directional Mode/

During the model development, an even simpler and much more
economic steady-state model version was also built and tested. This
made use of the same directional fetch information for each site but
utilised the one-dimensional wave growth formula after Young and
Verhagen (1996). A comparison of the steady-state and unsteady wave
models is given in Appendix K for four years of selected regionally-
modified NCEP wind forcing from 1949 to 1952.

It can be seen that the steady-state model compares reasonably
favourably with the unsteady TS Wave model at a number of
communities, mostly those that are well exposed such as Masig, Mer,
Moa St Pauls and Ugar. However, at the more sheltered sites it tends to
perform less well, such as at Waiben and Ngurupai. This is likely to be
due to the poorer effective directional resolution of the unsteady model
whereby the winds are always only applied to the 1-D fetch that is most
closely aligned with the wind direction, rather than being the integrated
result from a number of directional fetches. Generally the steady-state
model slightly overestimates Hs and underpredicts Tp relative to the
unsteady directional model.

8.3  Wave Model Testing and Calibration

8.3.1 Broadscale Winds and Altimeter Data

Satellite altimetry wave height and associated scatterometer non-
directional surface wind speed data for the northern Australian region for
the period May 1985 to November 2008 was provided by Prof lan Young
from Swinburne University of Technology. The altimeter tracks and
summary time series of significant wave heights is shown in Figure 8-2,
which indicates a significant data gap from September 1986 to April
1992. It can be seen that the availability of data within the Torres Strait
area of interest is significantly reduced, no doubt because of the quality
checking algorithms rejecting values that have been deemed to be land-
affected.

The data was first filtered to only include values within the immediate
Torres Strait (142.46 E to 143.35 E and 9.9 S to 10.6 S) and then any
multiple estimates on the same day were averaged. This resulted in a
total of 271 d of wind or wave estimates being available within the data
span of 23.5y. The data is summarised in Figure 8-3 as a time history of
the wind and wave values (upper left panel), wave versus wind
correlation (lower left panel) and distributions of the wind and wave data
sets (right hand panels). The maximum wind speed in the record is 13.6
ms™, occurring on 28/05/2000, and the maximum significant wave is 1.7
m, occurring on 10/11/1995. As expected, there is a strong correlation
evident between the wind and wave estimates. The average wind speed
for the sample is 6.9 ms™ and the average wave is 0.8 m.
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Figure 8-2  Altimeter data available for the northern region.
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Figure 8-3  Summary of altimeter data within the Torres Strait.

This dataset was then further culled to the 10 y period from 01/01/1995
to 31/12/2004 to avoid altimeter data gaps and also to match the period
of quality controlled winds available at Poruma Island (refer Section 3.3).
Because Poruma is reasonably centrally-located in the area it provides a
basis for intercomparison of the NCEP-derived regional winds, the
locally measured winds and the altimeter wave and wind dataset. This is
then used to assess the performance of the steady-state wave model
and especially the fetch-limited wave growth assumptions.

Although the altimeter dataset is limited, the comparison of the daily
non-directional mean wind in Figure 8-4 shows a very high correlation
with the coincident site-adjusted wind speeds at Poruma. The
scatterometer winds are also higher than the NCEP winds as derived for
the location of Horn Island, consistent with the analysis of Section 3.3
that leads to adoption of a regional adjustment. On this basis, a
comparison between modelled waves and altimeter waves during these
periods is warranted, recognising that there is a reliance on the
assumption that winds are reasonably steady on a daily basis.

This is done in Figure 8-5, where the steady-state unidirectional fetch-
limited wave model has been applied to the Poruma location, driven by
the regionally-adjusted NCEP winds. The resulting comparison shows
that the model result is highly correlated with the data, although there is
much scatter. The distribution of modelled heights is likewise similar. As
altimeter wave data is the only objective source of wave data, this is
some justification for the wave model fetch-limiting assumptions.
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Figure 8-4  Inter-comparison of coincident scatterometer winds, and
mean daily winds at Poruma and mean daily NCEP winds at Horn Island
1995 to 2004.

8.3.2 Tropical Cyclone Waves

There is no quantitative wave data in the region associated with TCs
that can be used for direct comparison with wave modelling options.
Accordingly the approach taken has been to compare the performance
of the preferred unsteady directional fetch-limited wave model TS_Wave
with that of a fully dynamic 2-D spectral model for a number of selected
TC scenarios.

The chosen dynamic 2-D spectral model was ADFAL1 (Young 1988),
which has been proven very reliable in a number of verification studies
(e.g. GHD/SEA 2009 for TC Larry and GHD/SEA 2007 for TC Aivu) in
complex reef environments. The model operates at a fixed water level
(MSL in this case), using 16 equally-spaced directions and 10 frequency
bands, a computational resolution of 1 nmile (same as the TS model)
but with wave ray paths based on the fine scale 0.2 nmile (371 m)
bathymetry grid.

Considering the extreme Catt e@errtyr edd,

shown earlier in Figure 7-4 for the storm surge example, Figure 8-6
shows that the ADFA1 modelled wave conditions are predicted to be
complex. The upper panel shows a view when the storm is at the centre
of image, heading east. The wave heights are labelled showing peak
heights of about 6 to 7 m and peak spectral period directional vectors
are at 4 nmile spacing. The lower panel shows the maximum wave
height envelope throughout the entire passage of the storm where
highest wave heights are typically 5 to 6 m, with isolated maxima up
to10 m in the eastern region.
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Figure 8-6  Example W-E Centre Category 4 TC wave height, period
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image; Bottom: Envelope over entire passage.
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With interest in the performance of the TS _Wave model in this context,
the same wind field is applied to each of the site-specific fetch-limited
definitions applicable to each community location. The intercomparison
of TS_Wave and ADFAL is summarised in Figure for some of the better
performing locations, showing a reasonably good matching of the
shape, timing and peak conditions for Hs, Tp and mean direction.
Considering the approximations made in TS_Wauve this is a good result,
however many other sites do not compare as favourably as these and
Figure 8-8 summarises the model comparison of peak Hs and
associated Tp and direction for each site. The most scatter is evident in
Tp, where TS_Wave tends to underestimate the ADFAL value, although
Tp is typically a somewhat unstable parameter. Comparison of the wave
ray paths in ADFAl with the fixed rays in TS _Wave shows that
refraction enables a greater penetration into some sites with a longer
generation path and this is likely the principal reason for the relative
underprediction in TS_Wave. This also has an impact on Hs, such that
typically TS Wave tends to underestimate the ADFAl values.
Notwithstanding this, the 16 directions used for ADFAl are also
relatively coarse and this tends to overemphasise the influence of some
specific wave rays that manage to get through the complex bathymetry,
whereas it can be expected that in reality there would be significant
shielding and diffraction acting to limit the wave energy propagation
through the reef margins.
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Figure 8-8  Summary of W-E Centre scenario model comparisons.

However, wi t h a Vv iTSwVave @gairfstcthel mdoer a t |
sophisticated ADFA1l, Appendix L provides the full set of site
comparisons for this test and three further extreme scenarios that were
examined. These cons-WstCenfrdehecasee
complementary tracks that pass further to the south, near the tip of

Cape York. One of the poorest performing sites in the model inter-
comparisons was Mabuiag where the Hs value was consistently
underestimated by TS _Wave by as much as 80% of the ADFAL result.
Although it does not seem to have the most complex exposure (refer

Figure 8-1), it would appear to be more affected by refractive processes.
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Some other sites also performed badly in some scenarios and so a
simpl e l i near Acal i brationo has
achieved by averaging the peak error in Hs and Tp across each of the
four scenarios at each site and inverting the resulting linear coefficient to
normalise the results. The adopted coefficients'’ are listed in Appendix
N as site-specific input to the SATSIM statistical model.

The results of this calibration process are summarised in Figure 8-9,
whereby the results for each of the four scenarios are colour-coded and
scenario-specific linear fits are indicated for the Hs and Tp results. The
grouped scenario trend is also shown, which reflects the calibration
process forcing an unbiased result, albeit with some significant scatter.
This is a relatively crude attempt to construct a wave model for the
region that has some reasonable level of skill for the very complex
situation of a TC yet still provide a practical means of modelling over
extended periods. Importantly, the reason for modelling waves is to
obtain an estimate of breaking wave setup that will potentially add to the
storm tide elevation at many sites (see below).

8.4  Breaking Wave Setup and Wave Runup

The statistical SATSIM model (Section 11) is used to estimate the total
guasi-steady water level at a coastal site as a function of tide + surge
and breaking wave setup components. Due to the variety of coastal
morphologies in the region, this is separated into exposed beaches and
fringing reef classes.

84.1 Exposed Beaches

Breaking wave setup at exposed sandy beaches is estimated using the
empirical method of Hanslow and Nielsen (1993), whereby the shoreline
superelevation /4 relative to the MSL is assumed to be:

h=0048/H, L (4)

where Homs IS the incident equivalent deepwater root-mean-square
wave height and L, is the deepwater wave period. This relationship is
based on extensive field monitoring of wave setup on a range of sandy
beaches under varying incident wave conditions. The additional effect of
vertical wave runup has also been considered but in a generalised way
only, noting that wave runup is typically influenced by many localised
factors, including beach slope. Wave runup must also be considered in
a statistical manner, and a nominal 1% exceedance wave run-up
estimate has been based on Nielsen and Hanslow (1991), as described
in Harper (2001).

Y The Mabuiag Hs calibration factor was subjectively reduced after unreasonably high
wave conditions were generated using the directly derived calibration coefficient.
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Figure 8-9  The calibrated TS _Wave vs ADFA1 performance for the
selected tropical cyclone scenarios.
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8.4.2 Fringing Reefs

Many of the community shorelines are more appropriately described as
fringing reefs, with a narrow upper beach. These present a specific set
of physical characteristics that can create very significant wave setup,
raising the water levels on the reef-top, and driving reef-top current
systems that may control lagoon flushing and sediment transport
processes.

In extreme situations, reef-top wave setup can be responsible for
overtopping and flooding of low lying islands, and is likely to be the
largest component of storm tide at deepwater islands with a fringing
reef. In particular, the combination of astronomical tide variation, storm
surge and incident wave height and period present a very dynamic and
sensitive wave setup environment, as schematised in Figure 8-10. Wave
runup can also occur on the upper beach caused by the remaining
transmitted wave energy.

\ \
\ \ Reef-crest

Reef-rim
Reef-edge
"Reef-face

Figure 8-10 Fringing reef wave setup definitions (after Gourlay 1997).

A number of geometric parameters are required to describe this
complex situation, and these have been estimated based only on very
limited information such as that available from aerial photography or
satellite images, together with advice from TSRA (D. Hanslow). The
adopted site-specific parameters are listed in Appendix N.

8.5  Production Wave Modelling

While the economical steady-state wave model performed reasonably
well compared with the unsteady TS Wave model at many
communities, it was decided to apply the unsteady model to the
broadscale wind climate for the baseline 60 y period of NCEP winds.
The regionally-adjusted NCEP winds were then used as the
representative winds within the Torres Strait for local fetch-limited wave
growth.
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0. Land Elevation Datums

One of the principal sources of uncertainty in the present study has
been the estimation of land elevation heights relative to the modelled
Mean Sea Level (MSL). Accurate land elevation is a critical parameter
needed to assess the relative impacts of storm tide events on the
various communities and to enable detailed inundation mapping that can
assist in future planning decisions, especially in regard to projected sea
level rise.

9.1 Background

Historically there has been difficulty in establishing accurate land
elevation datums due to the complex tidal regime and the paucity of long
term sea level measurements in the region. This has led to a variety of
methods being used for the different Torres Strait communities over
time, many on an ad-hoc basis, that have resulted in anomalous
estimates of MSL and the various tidal planes being used for
infrastructure projects. This has contributed to the poor performance of
some facilities and infrastructure.

Prior to the long-term tidal measurements established for shipping in the
1970s (AMSA), the Thursday Island (MSQ) tide gauge has been the
sole source of regionally specific sea level information. However, as is
evident from the discussion in Section 4, the regional tidal variability is
such that these data have only limited areal significance and traditional
simplified methods of inter-island datum transfer are not reliable.

In preparation for the present study, TSRA and DERM acted to help
resolve the lack of tidal data in the region by commissioning a field study
during May-June of 2008, whereby tide data was successfully collected
at 13 sites across the Torres Strait by Griffith University (GU)
researchers (Zier et al. 2009). While of significant benefit to the present
study, the limited observation periods of 35 days, the need for non-
overlapping deployments and various practical difficulties meant that this
dataset was also below the level of accuracy normally desirable for the
accurate determination of land datums.

While it was not within the scope of the present study to specifically
address these issues, it became apparent during the course of the work
that the detailed sea level numerical modelling being undertaken would
likely be a principal contributor to improving the accuracy of regional
land datum estimates by informing assumptions regarding seasonality
during the period of the GU measurements. As a result, TSRA
requested MSQ to incorporate the regional MSL modelling results into a
revised estimate of the tidal datums across the region (MSQ 2009).

An additional complication and delay during the course of the work was
the revision by Geoscience Australia of the Australian Geoid
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(AUSGe0id09), which was not originally intending to include the Torres
Strait region in its scope. With significant additional encouragement from
DERM?'®, the Torres Strait was ultimately included and promised a
significant improvement in datum accuracy across the region.

9.2  Adopted Land Elevation Datums

Notwithstanding the interim MSQ (2009) recommendations on tidal
planes and datums, an alternative interpretation of the seasonal MSL
corrections was adopted based on the analysis in Appendix M. This was
deemed to be necessary to retain the full value of the broadscale
modelling in better describing the high tidal gradients across the region.

The seasonal adjustments were then incorporated into the AUSGeoid09
framework by DERM, who advised specific datum shifts to be applied to
the available community topographic mapping. This enabled the
estimati on of suitabl e ndune cr
habi t at i(ldHh) ofleactr €drres Strait community to complete the
statistical model description and to allow estimation of impacts. Both of
these values are somewhat nominal, given that a single parameter is
adopted to represent what are spatially varying situations, but this is
consistent with the overall high-level statistical modelling approach.
Subsequent detailed re-mapping of the regional topography is planned
that will extend the modelling beyond the point-specific nature of this
assumption and enable a comprehensive impacts assessment.

The outcome of this process is summarised in Table 9-1 and Figure 9-1,
whereby the DERM-supplied datum shifts have been applied to the
interpretation of the available topographic mapping for each community.
This yields the local MSL-relative heights for the dune crest (used by the
modelling to modulate the effects of wave setup and runup) and the LHL
(used for assessing impacts). Also shown are a selection of HAT
estimates available from MSQ and ANTT, as well as the modelled HAT
and LAT levels from this study'®. Likewise, as a reference, the
harmonically-based estimate of the MHHW level is indicated, which is
based on a combination of the O, K; and M, constituent magnitudes
(average of modelled and measured values has been used).

The very significant datum shifts at some locations reflects the previous
use of estimated low water and other types of temporary datums. Also, it
is immediately evident that the communities likely to be at greatest risk
from inundation are those where the HAT level is close to (e.g. Masig) or
even exceeds the estimated LHL (e.g. Boigu and Saibai).

'® Due to the efforts of project team member Peter Todd from Gassman Development
Projects, who had at this time returned to employment with DERM.

% This is based on utilising measured constituents where available but adopting the
modelled Sa and Ssa values (except at Waiben) plus measured Mm and Msf. Epoch
used is 1992-2012 with 10 min sampling.
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A
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HAT

Elevation m MSL

Figure 9-1

Table 9-1
DERM

ICC Datum

Community Shift

m
Badu 0.006
Boigu -1.929
Dauan 1.033
Erub -1.534
Gealug 0.000
Hammond 0.023
lama -0.615
Mabuiag -0.216
Masig 1.705
Mer 0.424
Moa_Kubin -0.050
Moa_St_Pauls -0.050
Muralag -0.006
Ngurupai -0.006
Poruma -3.385
Saibai -2.078
Seisia 0.000
Ugar -1.898
Waiben_S -0.006
Waiben_ W -0.006
Waiben_E -0.006
Warraber -2.041
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Modelled
HAT
m MSL
2.0
25
2.1
2.0
1.8
2.1
2.1
2.0
2.1
1.7
1.8
2.3
2.0
2.0
2.2
2.0
1.9
2.1
2.0
2.0
2.0
2.1
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Modelled
LAT
m MSL
-1.9
-2.0
-1.7
-1.8
-2.3
-1.7
-1.7
-2.0
-1.9
-15
-1.8
-1.7
-1.7
-1.7
-1.9
-1.7
-1.8
-1.6
-1.7
-1.7
-1.7
-1.7

Adopted local MSL-relative datums.

Adopted local MSL-relative datums.

Lowest
Habitation
Level
m MSL
35
2.3
4.5
25
4.0
25
2.4
2.8
2.2
2.4
8.0
3.0
4.0
35
2.9
1.4
4.0
3.6
3.0
3.0
3.0
25

Assumed
Dune
Crest
m MSL
6.5
2.5
6.5
35
5.0
55
3.0
5.0
2.5
55
10.0
5.0
5.0
5.0
4.0
2.0
4.0
8.5
5.0
5.0
5.0
35
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10.  Deterministic Hindcast Modelling

While the principal goal of the simulation model is to provide a statistical
basis for estimating extreme winds, waves and water levels it is also
important to demonstrate that it has deterministic skill compared with
some known historical events. One example of that was provided in
Section56i n regard to the broadscale
water level response to TC Charlotte in the Gulf of Carpentaria in
January 2009. In this section TC Charlotte is again considered, but this
time in the combined simulation modelling context. Another recorded
example of broadscale-driven water level impacts in January 2006 is
also considered. As a final demonstration, the Douglas Mawson TC
event of 1923 is modelled to compare with the limited available
anecdotal information.

10.1 Modelled Impacts of Remote TC Charlotte in Jan 2009

The background to TC Charlotte was discussed earlier and comparisons
with the AMSA tide gauges in the region were reasonably good. Here
we provide output from the simulation model at various sites.

Figure 10-1 Impacts from TC Charlotte at Saibai on 12-Jan-2009 (D.
Hanslow photos)
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Figure 10-2 Simulation model outputs during TC Charlotte.
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Figure 10-1lillustrates the typical impacts of these types of events at the
low lying community of Saibai. Figure 10-2 presents the modelled time
history of the combined tide+surge water level (top panel), the modelled
and measured winds during the same period (middle panel) and the
modelled wave heights (bottom panel) for the selected community sites
of Poruma, Warraber and Saibai.

The top panel of Figure 10-2 also shows the estimated LHL at each
community, whereby it can be seen that Saibai was modelled to
experience impacts at around this time. The other communities
experienced much lower water levels but (refer bottom panel) all were
expected to have significant wave action.

The middle panel shows the actual recorded winds from Horn Island
Airport and Poruma, compared with the model-assumed winds, which
are based on the adjusted NCEP time series as previously discussed. It
can be seen that these model-assumed winds compare quite favourably
with the local measurements (which are raw/uncorrected in this case)
both in speed and direction.

102 Model l ed | mpacts of AKing Ti

A similar water level impact event was chronicled by the EPA in 2006,
with the photographs in Figure 10-3 taken from the EPA publication of
the time. This shows inundation at Saibai and water levels at Poruma
and Warraber reaching jetty deck levels, together with significant wave
activity.

The corresponding modelled conditions are shown in Figure 10-4 and
suggest more severe impacts than during TC Charlotte at each of these
locations. The modelled inundation at Saibai is of the order of 0.5 m in
some habitation areas and, although not directly inundated, both
Poruma and Warrraber are predicted to have had significant wave
impacts, with additional contribution from wave setup also being likely.
The wind comparison shows that the adjusted NCEP winds are typically
well in excess of the raw Horn Island record (as desired, based on the
foregoing arguments) but may tend to overpredict the event in this
instance. There are no winds available for Poruma during this event.

10.3 Modelled Impacts of the TC i Dougl as Ma ws
March 1923

This event pre-dates any quantifiable data but a reconstruction is
attempted here to illustrate the possible impacts indicated by the models
developed for this investigation. After some trial reconstructions, the
official BoM track (refer Figure 10-5) and central pressure estimates
were adopted together with nominal values for radius to maximum winds
(30 km) and Holland B (1.2) when in the vicinity of the Torres Strait. The
later reported severe impacts at Groote Eylandt were not examined.
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Figure 4 — Sabai Island late January 2006 (courtesy Qbuild).

Island Council.

Figure 6 — Warraber Island late January 2006 (courtesy Warraber

Torres Strait Regional Authority Torres Strait Extreme Water Level Study
Final Report

Poruma Island Council).

Figure 7T- Poruma (Coconut Island) on 28 February 2006
(courtesy Poruma Island Council).

Figure 10-3 | mpacts from AKing Ti

(From EPA QId FACT SHEET 2006 King Tides in Torres Strait
http://www.derm.qgld.gov.au/services_resources/item_details.php?item_i
d=200392&topic_id=54)

As noted in Appendix H, the anecdotal impacts are of significant
damage to Darnley (Erub), Coconut (Poruma), Mabuiag and Murray
(Mer) communities, comprising houses being unroofed, trees down,
gardens damaged and pearl luggers dismasted. The Erub community
was reported to have been virtually destroyed with banks of living coral
4 to 5 feet high dashed up by the waves.

The reconstructed wind field (Figure 10-6) using the assumed
parameters produces peak winds in the area around 26" March, with
gusts of up to 32 ms™ at Erub (116 km h™ or 63 kt) and only slightly
lower values at Mabauig, Mer and Poruma. Gale force mean winds are
also estimated to have affected Thursday Island further to the west.
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Figure 10-5 The historical track for the TC Douglas Mawson in 1923.

Figure 10-6 Modelled wind gust field of the TC Douglas Mawson
25/03/1923 22:00 UTC.

J0907-PR002C 112 Systems Engineering Australia Pty Ltd
Jul 2011


























































































