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EXECUTIVE SUMMARY 

This report describes the assessment of existing storm tide risks 
generated by tropical cyclones within the Darwin region, extending from 
Cape Grose in the west to Gunn Point in the east on the mainland and 
also the southern facing coast of Bathurst and Melville Island, west of 
Cape Gambier. The assessed storm tide risk includes the storm surge, 
the interaction with the normal astronomical tide and the possible effects 
of breaking wave setup. Localised wave runup effects are not included. 

The predictive capability is achieved through the combination of a 
number of numerical models of tropical cyclone wind fields, storm surge 
and storm waves. The coastal region is represented by a set of 
numerical domains that describe the coastal features, depths and 
(where available) low lying land elevations. Many thousands of potential 
tropical cyclone scenarios have then been constructed in order to 
determine the storm tide response. The Bureau of Meteorology’s 
Northern Territory Regional Office in Darwin provided access to the 
models that were developed in 2005 for its tropical cyclone warning 
system and these form a basis for part of the present analyses. 

In addition, a detailed statistical analysis has been undertaken of the 
historical tropical cyclone activity in the region to provide a basis for the 
statistical model to make its predictions of storm tide risks. This permits 
modelling of very extreme, low probability events, including tropical 
cyclones that have reached their maximum potential intensity in the 
region. To underpin the technical quality of the study, a demonstration of 
tropical cyclone Tracy (1974) has been included, which illustrates the 
potential accuracy but also the limitations of the predictions. Other 
examples of model performance are also included. 

Estimates of the open coast total storm tide risk across the study area 
are presented in terms of the ocean water level expressed relative to 
Australian Height Datum (AHD) for a range of statistical return periods 
(or average recurrence intervals) from 1:50y to 1:10000y (Table 5.1, 
p40). Additionally, in the immediate area of Darwin, a series of 
inundation scenarios have been modelled that permit the potentially 
flooded areas to be mapped. All of the estimates here are based on the 
assumption of an unchanged future climate. 

The storm tide risk estimates obtained in this study typically show a 
reduction relative to previous studies. Although the methodology is 
considered robust and reliable, there are many aspects that could still 
be improved, especially in regard to model resolution, wave effects and 
the like. Additionally, it is recommended that the effects of “enhanced 
Greenhouse” climate and sea level variations be considered in any 
future studies. 
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1. Introduction 

This study is concerned with the understanding and quantitative 
assessment of the risk posed by tropical cyclone storm tide to the 
Darwin region. It provides essential information that can be used to 
mitigate the effects of extreme storm tide through the planning process 
and also compliments the real-time warning capability for emergency 
management developed previously for the Bureau of Meteorology (SEA 
2005). Appendix F contains the Scope of Work. 

1.1 Background 

The study region is located at 12°S in an area dominated by the summer 
monsoon and has a long history of encounters with tropical cyclones, 
the most infamous being Severe Tropical Cyclone Tracy that devastated 
the city in December 1974. Prior to TC Tracy however, the city had also 
been affected significantly in 1897 and 1937. Although Tracy caused 
massive wind damage, the storm tide impacts were largely confined to 
the harbour and adjacent infrastructure, with limited effects along the 
coastal margin. There is no known record of a significant storm tide 
event impacting the city or suburbs, although it remains a possibility. 

The first investigation that was undertaken to consider the possible risk 
of inundation due to storm surge was conducted by the Commonwealth 
Dept of Housing and Construction, Maritime Works Branch (DHC 1981). 
In 1982, a follow-up study known as the Greater Darwin Storm Surge 
Study (GDSSS 1982ab) applied more sophisticated analyses and 
modelling and GDSS (1984) was extended to consider the effects of 
storm surge on buildings. Close encounters with TC Kay in 1987 and TC 
Neville in 1992, together with increasing coastal development, prompted 
a new review in 1994 (VIPAC 1994). The present review follows the 
development of a new storm tide warning system for the Bureau of 
Meteorology (SEA 2005) and emerging threats from Category 3-4 TC 
Ingrid in 2005 and decayed TC Monica in 2006. 

This study builds on the collective knowledge gained since 1981 and, 
although of limited scope, provides the most detailed assessment yet 
undertaken of storm tide risks for Darwin and surrounding areas. 

1.2 Aims and Objectives 

The purpose of the study is to quantify the likelihood of coastal areas in 
and around Darwin being inundated by a storm tide caused by a severe 
tropical cyclone. The present study scope is limited to the prediction 
capabilities that were previously developed under SEA (2005), namely 
the numerical model domains and associated hydrodynamic and 
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parametric storm tide models. A statistical modelling capability is then 
added to this existing model foundation to provide quantitative estimates 
of risk. 

The methodology closely follows the recommendations set out in the 
recent Queensland Climate Change investigations (e.g. Harper 2001, 
2004). In particular, the so-called “hybrid” modelling philosophy has 
been implemented, whereby a range of numerical, analytical and 
statistical models are constructed to provide a basis for the estimation of 
storm tide risks and the extrapolation of their impacts to very low 
probabilities (very high return periods). 

The study analyses are limited to a consideration of “present climate” 
only, although the methodology is directly extendable for considering the 
potential impacts of possible enhanced-greenhouse effects.  

With knowledge of the probability of specific water elevations being 
equalled or exceeded, long term planning can be adopted to mitigate 
against the more adverse impacts. Emergency response planning can 
also utilise this information to ensure adequate resources will be 
allocated to those areas most likely to be affected. 

The study outcomes are provided in a series of tables and graphs 
showing: 

- Storm tide elevations that correspond to specific return period 
risk levels; 

and additionally provided as: 
- A database containing all return period predictions to enable 

mapping; 
These data will provide an essential input to long term planning whilst 
also allowing a relative ranking of risks for emergency response. The 
analyses are also consistent with the Bureau of Meteorology real-time 
warning system (SEA 2005), which provides the basis of the storm tide 
estimates. 

1.3 Definitions 

All tropical cyclones on or near the coast are capable of producing a 
storm surge, which can increase coastal water levels for periods of 
several hours and significantly affect over 100 km of coastline (Harper 
1999). The storm surge (or meteorological tide), is an atmospherically 
forced ocean response caused by extreme surface winds and low 
surface pressures associated with severe and/or persistent offshore 
weather systems. In the Northern Territory context, the tropical cyclone 
represents the principal threat to life and property in respect of storm 
surge. Other large-scale weather systems (e.g. monsoons) are also 
capable of producing storm surges but the effects of these are less 
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significant, although more common. 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 circulating clockwise 
around the storm centre, generating ocean currents, and the decreased 
atmospheric pressure, causing a local rise in sea level (the so-called 
inverted barometer effect). When a severe tropical cyclone crosses the 
coast, the strong currents impinging against the land are normally 
responsible for the greater proportion of the surge. 

The total seawater level experienced at a coastal, ocean or estuarine 
site during the passage of a severe tropical cyclone will be made up of 
relative contributions from a number of different effects, as depicted in 
Figure 1.1. The combined or total water level is then termed the storm 
tide, which is an absolute vertical level, referenced in this report to 
Australian Height Datum (AHD). Potential open coast inundation 
depths however, are referenced relative to the local Highest 
Astronomical Tide level (HAT), which varies throughout the Darwin 
region. Local (actual) inundation depths must be referenced to local land 
elevation and are best indicated via mapping in situations where 
overland flooding is described.  

 
Figure 1.1 Water level components of an extreme storm tide. 

 
 
 

1.3.1 Components of a Storm Tide 
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(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 be predicted with 
generally very high accuracy at any point in time (past and present) if 
sufficient measurements are available. 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 tidal range 
within the region is significant (of order 8 m) and varies spatially. This 
high tidal range provides a degree of protection against storm tide 
impacts and has been accounted for in this investigation. 

(b) Storm Surge 

This is the combined result of the severe atmospheric pressure 
gradients and wind shear stress of the tropical cyclone acting on the 
underlying ocean. The storm surge is a long period “wave” capable of 
sustaining above-normal water levels over a number of hours. The wave 
travels with and ahead of the storm and may be amplified as it 
progresses into shallow waters or is confined by coastal features. 
Typically the length of coastline which is severely affected by a tropical 
cyclone storm surge is of order 100 km either side of the track although 
some influences may extend many hundreds of kilometres. The 
magnitude of the surge is affected by many factors such as storm 
intensity, size, speed and angle of approach to the coast and the coastal 
bathymetry. 

(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 
cyclone as ocean swell. These waves experience little or no attenuation 
in deepwater regions and an offshore storm can impact several hundred 
kilometres of coastline. 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 or at a beach or reef. After 
breaking, a portion of the wave kinetic energy is converted into potential 
energy, which through the continuous action of many waves, is capable 
of sustaining shoreward water levels which are above the still-water 
level (SWL) further offshore. This increase in still-water level 
immediately after wave breaking occurs on a beach is known as 
breaking wave setup and applies to most natural beaches and reefs. 
Wave setup is only associated with the rapid energy losses occurring 
during breaking and does not occur in river mouths, swampy lands or 
areas that suffer inundation to the extent that waves do not immediately 
break but rather are degraded more gradually through frictional or 
diffractive effects. Accordingly the modelling here assumes that wave 
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setup contributions cease when the tide plus surge level exceeds a 
nominal open coast dune crest elevation.  

(d) Still water level (SWL) and mean water level (MWL) 

The storm surge, mainly caused by the interaction of the extreme wind-
driven currents and the coastline, raises coastal water levels above the 
normally expected tide over a large area, producing the so-called still 
water level or SWL. This is the highest water level at a point on the 
shoreline if wave action is smoothed out. 

Meanwhile, the extreme-wind generated ocean waves, combinations of 
swell and local seas, are driven before the strong winds and ride upon 
the SWL. As part of the process of wave breaking, a portion of their 
energy can then be transferred into potential energy as vertical wave 
setup, yielding a higher mean water level (MWL). As previously 
mentioned, this effect is not always active and not always effective as it 
depends upon local beach and dune geometry. 

(e) Overland inundation and wave penetration 

When normally dry land becomes inundated during a severe storm tide 
episode, the sea begins to quickly flood inland as an intermittent “wave 
front”, driven by the initial momentum of the surge, products of wave 
setup and the local surface wind stress. This flow then reacts to the local 
ground contours and the encountered 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 elevation and creates ponding etc. As the storm surge 
abates or the tide reduces, an ebb flow is created which is commonly 
responsible for much of the observed damage and scouring after such 
events. 

(f) Specific effects not considered in this study 

The present study is limited to estimating the depth and extent of 
possible inundation and does not address the estimation of the velocity 
of the encroaching flow, either in flood or ebb modes. 

Also, as the new “stillwater” surface gradually reforms behind the 
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. No wave modelling over land has been 
undertaken under the present scope. 

Finally, while much of the wave energy at the open coast prior to 
inundation occurring can be converted into setup, there remains some 
residual energy in the form of individual waves that will generate runup 
and may cause localised impacts and erosion at elevations above that 
of the nominated storm tide level. These effects can only be estimated 
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with specific information about the land-sea interface, which may 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. It is recommended that specific fine 
scale analyses for this effect should always be carried out where a 
particular high risk facility may be threatened. 

There remain other related phenomena that are not addressed here but 
which can also have an affect on the local water level. These may 
include long period shelf waves that temporarily change the predicted 
tidal elevation, unsteady surf beat in specific high energy wave 
environments, and stormwater and/or river runoff. It is recommended 
that suitably qualified practitioners consider these effects on a case by 
case basis. 
1.3.2 Return Period Concepts 
The present study reports its findings in terms of statistical Return 
Periods. It is important to understand that a return period (or average 
recurrence interval or ARI) is simply the expected average elapsed time 
in years between equalling or exceeding a specified event level. The 
fixed annual probability of equalling or exceeding any event level is 
always the reciprocal of the return period, i.e. the 100 y return period is 
a 1/100 or 1% chance each and every year. 

Importantly, the return period concept does not guarantee that the 
nominated event’s return period number of years will have elapsed 
before such an event occurs again. In fact, the probability of 
experiencing the “n” year return period event within any consecutive 
period of “n” years is approximately 64%, i.e. more likely than not. For 
example, the 100 year and 1000 year event could both occur in the 
same year or one might occur twice in the same year, etc. 

Appendix E provides further guidance on interpreting return period 
results given in this study. 

1.4 Study Area 

The area included in the storm tide risk assessment is determined by 
the existing coverage of the “Beagle Gulf” numerical grids developed in 
SEA (2005). This provides coverage extending from Cape Grose in the 
west to Gunn Point in the east on the mainland and also the southern 
facing coast of Bathurst and Melville Island, west of Cape Gambier. 
Further details of the study area are provided in Section 4.
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2. Methodology Overview 

2.1 Philosophy 

Extreme storm tide levels caused by tropical cyclones cannot be 
estimated solely on the basis of historically measured water levels 
(Harper 2001). This is because the available record of tropical cyclones 
affecting any single location on the coast is too small, the resulting storm 
surge response is often complex and very site specific, and the final 
storm tide is dependent on the relative phasing with the astronomical 
tide. Hence, measured storm tide data alone is typically inadequate for 
extrapolation to very low probabilities of occurrence. 

To overcome this problem, it is necessary to formulate a statistical 
model of the coastal region that will attempt to re-create the observed 
region-wide tropical cyclone climatology and numerically generate long 
sequences of potential storm tide scenarios. The statistical model must 
be supported by a series of deterministic hydrodynamic models that will 
describe the effect that an individual cyclone has on the coastal region, 
i.e. the relationship between the wind speed and atmospheric pressure 
patterns and the resulting storm surge and wave set-up for a given 
cyclone scenario. This is then combined with a tidal description of the 
region that recreates the known tidal characteristics. When the effect of 
a single cyclone can be adequately described, the statistical model is 
used to generate many thousands of possible situations and the 
resulting statistics are used to determine the probability of storm tide 
levels throughout the study area. 

The present study benefits from the work already done (SEA 2005) in 
developing a real-time storm tide warning system for the Northern 
Territory coastline, whereby the necessary hydrodynamic and tidal 
models were assembled and their accuracy was checked against 
historical data on a case by case basis where possible. 

Notwithstanding these earlier checks, the statistical model here is 
compared with long term measurements of wind speed in the region, 
which are less subject to localised effects than are storm tide. Finally, to 
provide more specific information during extreme inundation events, a 
series of overland flow scenarios is modelled over the Darwin area at 
the highest presently available spatial and temporal resolution, and the 
results used to produce information that can be used to prepare maps of 
the extent and depth of possible flooding. This information can then be 
used to assess the potential impacts on infrastructure and the 
community and assist in long term planning to mitigate those effects. 
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2.2 Study Methodology 

The adopted methodology utilises a number of sophisticated numerical 
models, some addressing the deterministic (cause and effect) elements 
of the problem and others addressing the probabilistic (chance) aspects. 
Each has been done to a comparable level of detail and together 
demonstrates a good degree of accuracy against historical datasets. 

An overall conceptual view of the study methodology is shown in Figure 
2.1, which is based firstly on the availability of data to describe the 
tropical cyclone threat to the region, data to describe the coastal 
geography, historical storm tide data for calibration and data for defining 
the regional tide characteristics. Data on regional winds is also used for 
model validation. Because of the work already available from the storm 
tide warning system (SEA 2005), only the work items shown in bold 
below have specifically been developed to enable the statistical 
modelling. However, all elements are described to allow an appreciation 
of the overall analysis process. 

 

 

Figure 2.1 An overview of the study methodology 
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A climatological risk assessment of the threat from tropical cyclones in 
the region is undertaken to obtain statistical descriptions that can be 
extrapolated to return periods of interest. This includes statistics 
describing the expected variation in cyclone frequency, intensity, path 
and size within the region. Section 3 discusses the detailed analyses 
that have been required. In this case, work done under SEA (2005) has 
been augmented by the addition of new cyclone data up to the 
2005/2006 season and further detailed analysis have been done. 

As part of SEA (2005), numerical models that can estimate the impacts 
of tropical cyclones on the underlying ocean were assembled. A 
numerical hydrodynamic model was used to estimate the strength of the 
wind driven currents and resulting storm surge, while a spectral wave 
model was used to estimate wave heights and periods, which contribute 
the breaking wave set-up water level component. The models were 
constructed based on regional bathymetry data, comprising several 
nested numerical grids to resolve the near-shore islands, capes and 
bays. Details are given in Section 4. 

The numerical storm surge and wave models were driven by a tropical 
cyclone wind and pressure field model (described in BoM (2005)) that 
generates the complex winds produced by a moving tropical cyclone, 
according to a set of parameters supplied to it. For example, the set of 
parameters that approximate tropical cyclone Tracy, which impacted 
Darwin in 1974, was used as part of the verification of the storm surge 
model.  Additionally, a detailed recreation of the storm tide produced by 
cyclone Kathy in 1986 was also undertaken that provided additional 
confidence in the wind and surge model accuracy. 

A much wider set of parameters was then used to simulate the effects of 
many hundreds of possible cyclones in the Darwin region. These 
parameters were chosen based on the identified range of values from 
the known long-term climatology of the region. 

When the results of simulating the wide range of possible cyclones was 
obtained, the resulting storm surge and wave heights were 
parameterised (simplified) into a form that is amenable to statistical 
modelling. This enables the otherwise very computationally intensive 
numerical surge and wave model results to be re-generated and 
interpolated very efficiently to enable a simulation of many thousands of 
years of possible cyclone events. The accuracy of this parameterisation 
is checked to ensure it is consistent with the other analysis assumptions. 

After the parametric surge and wave models are established and tested, 
the statistical model can be built by combining them with the climatology 
description. At this point, the local astronomical tide is included and also 
the wave height and period is converted to breaking wave setup so that 
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the overall height of the combined storm tide (tide + surge + setup) can 
be determined at any open coast location in the study area during the 
passage of a synthetic cyclone. The probability of water level 
exceedance can then be obtained by simulating an extended period of 
possible tropical cyclones affecting the region (50,000 years has been 
used) and accumulating the resulting time history of the tide, the surge 
and the wave setup at each coastal location. In this context, the model is 
not used to predict the future, but rather to estimate what the past 
experience up until this date might have been if 50,000 years of 
measurements had been available. A very long period is simulated 
simply to enable very low probabilities to be reliably estimated. For 
example, simulating 50,000 years provides 50 estimates of the 1,000 
year return period water level and 5 estimates of the 10,000 year water 
level, upon which the average levels for those return periods will be 
based. While there will be a single highest value produced during the 
simulation it’s nominal return period of 50,000 years will have a very 
high variability associated with it. Accordingly, confidence in the 
accuracy of the prediction diminishes as the return period increases. 

The statistical model is then verified by comparing its probability 
predictions against other data wherever possible. Clearly this is not 
possible in the case of the storm tide itself, but the tide statistics can be 
checked against their known probability of exceedance and also the 
predicted wind speeds (which are separately accumulated by the model) 
are compared with the available long-term regional wind records.  Other 
checks are also done to ensure that the linear superposition of tide, 
surge and setup is a reasonable approximation to the real situation 
where there may be some interaction between these events. 

Next, in Section 5, the predicted exceedance of coastal water levels 
generated from the statistical modelling process for each point of 
interest is tabulated and graphed to summarise the 50, 100, 500 and 
10,000 year storm tide elevations. 

The analysis to this point considers the “open coast” storm tide levels 
that are applicable at the shoreline. However, during extreme events 
inundation of the coastal margins occurs and the ocean floods inland 
under the action of the momentum of the sea and also the continued 
surface forcing of the extreme winds. Detailed numerical modelling of 
the overland flooding process is then undertaken for a selection of 
representative extreme events that correspond to the open coast return 
periods of interest. The development of the flood wave depends on the 
duration and scale of the event. Its final extent then forms the basis for 
inundation mapping and can be used to assess the impacts on 
infrastructure and the community. 
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3. Regional Tropical Cyclone Climatology 

3.1 Tropical Cyclones 

The tropical cyclone is a large scale and potentially very intense tropical 
low pressure weather system that affects the Darwin 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 sustained, surface 
wind speeds exceed 120 km h-1. The accompanying shorter-period 
destructive wind gusts are often 50 per cent higher than the sustained 
winds. In the southern hemisphere, tropical cyclone winds circulate 
clockwise around the centre, as seen in the spiral cloud patterns of the 
satellite image in Figure 3.1. 

 
Figure 3.1 Severe tropical cyclone Ingrid passing west of the Darwin 

region when near category 4 intensity in March 2005. 
(US Navy processed image) 

There are three components of a tropical cyclone that combine to make 
up the total cyclone hazard - strong winds, intense rainfall and induced 
ocean effects, including extreme waves, currents, storm surge and 
resulting storm tide. The destructive force of cyclones 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 



Northern Territory Emergency Services Darwin Storm Tide Mapping Study 2006 

J0606-PR001C 12 Systems Engineering Australia Pty Ltd 
Nov 2006 

closely to the combination of the mean surface winds, central pressure 
and regional bathymetry. 

The Commonwealth Bureau of Meteorology uses the five-category 
system shown in Table 2.1 for classifying tropical cyclone intensity in 
Australia. Severe cyclones are those of Category 3 and above. 

 

Table 3.1 Australian tropical cyclone category scale. 

 

Category Maximum Wind Gust 
(km h-1) 

Potential 
Damage 

1 <125 minor 
2 125-170 moderate 
3 170-225 major 
4 225-280 devastating 
5 >280 extreme 

 

The main structural features of a severe tropical cyclone at the earth’s 
surface are the eye, the eye wall and the spiral rainbands. The eye is 
the area at the centre of the cyclone 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 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 tropical 
cyclones can vary enormously. Generally, smaller cyclones occur at 
lower latitudes and larger cyclones at higher latitudes but there are 
many exceptions. Large cyclones 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 cyclone is generally asymmetric so that winds 
are typically stronger to the left of the direction of motion of the system 
(the “track”). This is because on the left-hand side the direction of 
cyclone movement and circulation tends to act together; on the right-
hand side, they are opposed. During a coast crossing in the Southern 
Hemisphere, the cyclonic wind direction is onshore to the left of the eye 
(seen from the cyclone) and offshore to the right. 

Given specifically favourable conditions, tropical cyclones can continue 
to intensify until they are efficiently utilising all of the available energy 
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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 cyclone to reach its MPI because 
environmental conditions often act to limit intensities in the Northern 
Territory region. The present study however, makes allowance for this 
extreme condition. 

3.2 Dataset Description 

The official BoM best track dataset as at 2004/2005 (BoM 2006) was 
used as the basis of the climatology assessment as well as preliminary 
tracks for the 2005/2006 season (K. Smith WA, T. Smith NT; pers. 
commun.). Also, following SEA (2005), the Woodside Energy Ltd 
revised data set for the period 1969 to 2000 and storms west of 130°E 
was merged with the official BoM dataset replacing any storms in 
common. This leaves the official BoM set covering all storms prior to 
1969, those later than 2000/2001 and all storms in the eastern portion of 
the study area. The full set is therefore representative of all tropical 
cyclones within 500 km of Darwin for the period 1959/60 to 2005/06, this 
being 100 storms within a 47 year period. Appendix A summarises the 
dataset used for the analysis and the combined tracks of these storms 
are plotted in Figure 3.2 for general reference. 

 
Figure 3.2 Combined tracks of all tropical cyclones within 500km of 

Darwin from 1959/60 to 2005/2006. 
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Only those cyclones which entered within a 500 km radius of Darwin 
have been included in the statistical analyses. The choice of a 500 km 
radius is based on capturing all events that would have been capable of 
directly affecting the Darwin area within a 24 hour period and provides a 
sufficient sample of the statistical population to enable reasonably 
reliable estimates to be made of intensity, frequency of occurrence and 
track. The complete cyclone data set since the early 1900s shows a 
fluctuation in recorded occurrences of tropical cyclones that is due not 
just to the natural variability of these large scale storms, but also the 
often poor detection rate prior to the introduction of satellites in the late 
1950’s and early 1960’s (Holland 1981). In order to obtain a more stable 
and reliable statistical series for model extrapolation purposes, only data 
since 1959/60 onwards is used in the present study. However, 
comparisons between the official BoM dataset and the WEL revised 
dataset (Harper and Callaghan 2006) suggest that a significant bias in 
underestimating intensity possibly affects the data during the 1960s. 

The 500 km radius of storm influence is shown in Figure 3.3, together 
with a number of Northern Territory locality names. 

 
Figure 3.3 The 500km radius of influence used for the statistical 

analysis. 

3.3 Analysis and Interpretation 

The time history of the frequency of cyclone occurrence is shown in 
Figure 3.4, showing a fluctuation about a 5 year average value of 
between 2 to 3 storms per year. Some years indicate zero storms within 
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the 500 km radius while the maximum number during this time has been 
5 storms in one season, which occurred in 1984/85. 

The variability in cyclone occurrences over a 3 to 5 year span on the 
East Australian coast is now known to be strongly associated with the 
so-called El Niño - Southern Oscillation (ENSO) phenomenon (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 Niño period, the SST is warmer than normal in the east 
and rainfall and tropical cyclone activity in northern Australia tends to 
decrease. In the reverse situation, called La Niña, the SST in the 
eastern Pacific is cooler than normal and rainfall and tropical cyclone 
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 3.4, where it can be seen that 
although there appears to be variability in cyclone occurrence that is of a 
similar periodicity to the SOI variation, there is no direct correlation. 
There is perhaps some tendency for the period of persistently negative 
SOI in the 1990s to be associated with a decrease in occurrence. 

Figure 3.4 Time history of cyclone occurrence within 500 km of 
Darwin. 

The corresponding time history of minimum storm central pressures 
(maximum intensities) is shown in Figure 3.5, illustrating the great 
variety possible in intensities. The 5 year average line in this case has 
remained around 990 hPa, except for the past few seasons, where 
Ingrid and Monica have had a significant impact on the average. Some 
other significant storms are indicated on this figure, although Tracy in 
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1974 is the only one that has impacted Darwin directly, producing a 1.55 
m storm surge at the tide gauge (SEA 2005). 

Figure 3.5 Time history of cyclone intensity within 500 km of Darwin. 

 

The tracks of tropical cyclones often appear random and chaotic but a 
more cohesive structure can be seen when the storms are grouped into 
what are believed to be common statistical populations. The present 
study assumes three basic track classes exist in this region, being 
offshore moving, parallel to coast and onshore moving. The 100 storm 
sample is split into these classes in Figure 3.6 based on the most 
appropriate description when the storm is within the 500 km radius. The 
offshore moving class represents a very low risk of producing significant 
storm tide events and includes predominantly decayed Gulf of 
Carpentaria storms moving westwards over land and then offshore. The 
parallel class are mainly concentrated west of Darwin in the Timor Sea 
region and typically move SW without encountering land. The onshore 
class is by far the most significant for storm tide generation as they tend 
to make landfall on the Tiwi Islands or northern Arnhem Land coast 
before approaching the Darwin area. 

In order to simulate the occurrence of cyclones in the region, track 
specific statistics are assembled that describe each of the identified 
classes. Based on the information from the historical track files, Figure 
3.7 shows the statistical distributions for closest approach to Darwin, 
forward speed, track bearing and % filling. The LH axis shows the % 
occurrence scale (histogram) while the RH scale shows the cumulative 
%, which is actually used for modelling purposes. 
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Figure 3.6  Cyclone tracks capable of affecting Darwin classified into 
offshore (30%), parallel (42%) and onshore (28%) 
populations. 
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Figure 3.7 Track specific statistics used for simulation. 
 

The closest approach statistic is the track-perpendicular distance from 
the storm centre to Darwin when the storm is closest. A positive distance 
indicates that the storm was to the right of Darwin at that time (on the 
expected higher-wind side). It can be seen here that the parallel class 
are mostly concentrated between +100 km and +300 km, this being 
offshore and NW of Darwin in the context of their SW tracks. In contrast, 
the onshore class have mostly negative distances, which places them 
typically east of Darwin in their track context. The offshore moving class 
are also mostly negative, being typically well south of Darwin. 

The forward speed distributions are more self-explanatory, with the 
onshore class showing the sharpest mode at 4 ms-1, while the parallel 
and offshore classes peak in the 6 ms-1 histogram interval, the latter 
tending towards higher speeds overall. The track bearing distributions 
highlight the concentration of tracks generally in the W-SW but with the 
E track having some representation. 

The final graph shows the % filling distribution. This is the percentage of 
reduction in the storm intensity between its maximum intensity within the 
500 km radius and its intensity when closest to Darwin. It can be seen 
that only around 12% of storms maintain or experience their peak 
intensity when closest to Darwin and around 50 to 80% of storms lose 
50% of their peak intensity, depending on the track class. 
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The most significant parameter affecting regional storm tide is the 
intensity of the tropical cyclone winds. This is typically indirectly 
represented by the central pressure of the cyclone but also depends in 
part on other scale parameters (refer BoM (2005)). The estimated 
minimum central pressure for each of the 100 storms is then 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 are undertaken 
firstly for each separate track class and then combined into a single 
regional prediction. It can be shown that the most intense cyclones are 
contributed mainly by the parallel and onshore classes, which typically 
represent the more mature storms. However, the intensity data for the 
region presents as a particularly non-homogeneous dataset. In 
particular, the earliest data decade of the 1960s remains unreviewed 
and an assessment of the likely underprediction bias during that period 
is undoubtedly in the range of 7 to 10 hPa. Also, even the WEL 
reviewed dataset does not allow for the changes in satellite sensing 
technology over the past 30 years (Harper and Callaghan 2006). An 
alternate view however could be that the apparent increase in intensity 
over recent seasons is due to “climate change” influences (e.g. Emanuel 
2005). The present view however is that the recent intense storms are 
more likely products of natural variability, coupled with a tendency to 
underestimate earlier storms due to fewer and less detailed satellite 
observations. There is also the possibility that the more recent storm 
intensities are being overestimated relative to the original empirical 
basis of satellite intensity estimation (Dvorak 1975, 1984). In any case it 
should be noted that only a small fraction of all of the storms in the 
dataset has associated direct near-peak measurements of intensity 
(wind or pressure) available. 

After consideration of a range of possible statistical models to improve 
the data fit, a Gumbel (EV-1) form has been retained and, 
notwithstanding concerns over data quality, a generally conservative 
view of the intensity variability has been taken. The assumed intensity 
distribution is summarised graphically in Figure 3.8 in terms of the 
combined track class estimated return periods. On this basis the 100 
year return period cyclone intensity in this region is predicted to be 
approximately 910 hPa, with the MPI being achieved on average each 
500 years. 

Coupled with this theoretical (normally unbounded) analysis there needs 
to be a consideration of the maximum potential intensity (MPI) which 
might be sustained in the region. This is a function of a number of 
physical parameters but principally the sea surface temperature and the 
upper atmosphere profile (Holland 1997). The thermodynamic analysis 
by Tonkin et al. (2000) was referenced for these purposes, which 
applies the Holland (1997) method, based on regional sounding data for 
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Darwin and Broome, and also the Emanuel (1988) model. It is noted that 
the Holland model generally produces lower estimates than the 
Emmanuel model. In addition to the thermodynamic influences though, 
there are a number of dynamical factors thought to influence intensity in 
the region that are related to the monsoon and the limited sea basin. 
Taking these various factors into account, a nominal MPI value of 880 
hPa has been assigned to parallel and onshore  tracks and 950 hPa has 
been applied to offshore moving tracks. 

The ambient or environmental pressure is also required for modelling 
and was based on information available from the WEL revised 
database, which was stratified into east and west of Darwin initially to 
determine if any significant differences were evident.  A modal value 
close to 1007 hPa was found in each case and this was adopted for 
application over the region of interest. 

Several other storm parameters are also required to complete the 
specification for the simulation model. For example, the historical track 
datasets typically do not provide information on the spatial scale of the 
storms (radius to maximum winds R). However, this can be a sensitive 
parameter that directly affects the storm tide risk and has been 
estimated here based on the assumptions in SEA (2005), which 
proposed a regionally varying range of normally-distributed scale values. 
Likewise, the Holland peakedness parameter B (Holland 1980) is also 
required to complete the wind field model representation and its 
expected variability is also based on that developed for SEA (2005). 
Both of these assumptions support the generally accepted concept that 
intense Northern Territory cyclones tend to be relatively small in size 
and have highly peaked wind fields (e.g. Tracy, Ingrid and Monica). 
There are clearly some larger exceptions however (Neville, Thelma) but 
it would seem that these storms are those typically in the parallel class 
experiencing the larger scale environment of the Timor Sea region. 
While the model assumes no direct dependencies between intensity, B 
and R the adopted values of B and R are consistent within the variation 
in track class intensities1. The simulation model also attenuates storms 
that cross land and nominal exponential decay timescale parameters 
are included for that purpose based on US experience. Storms that 
move offshore are, for the purposes of influencing storm tide, assumed 
not to intensify. 

All of the above statistical estimates of tropical cyclone behaviour and 
strength have been assembled for use by the statistical storm tide model 
and used as a “template” to allow the generation of many thousands of 

                                                 
1 A wide range of sensitivity tests were carried out making R and/or B functions of ∆p 
but none significantly improved the wind speed calibration presented in Section 4.7.6, 
nor significantly changed the estimated storm tide risk at Darwin. 
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synthetic storm events. Table 3.2 summarises the key model 
parameters for the 500 km radius statistical region used for this study. 

 

 

  Figure 3.8 Extreme value analysis of cyclone intensity within 500 km 
of Darwin. 
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Table 3.2  Key statistical climatology parameters for the Darwin region 
 
 
 
 

Track Statistical Model Parameters 
Population Name Variable Units Value 

 Ambient Pressure pn hPa 1007 
 % This Track   30 
 Av. No. Per Year   0.638 

Gumbel Intensity pc U hPa 995.8 
Offshore Parameters α  0.160 
Moving Max Potential Intensity 

pc 
MPI hPa 950 

 Overland Decay Fd km 1e5 
 Radius to Max Wind R mean km 55.0 
  std dev km 10.0 
 Wind Peakedness B mean - 1.3 
  std dev - 0.1 
 % This Track   42 
 Av. No. Per Year   0.894 
 Gumbel Intensity pc U hPa 1005.0 

Parallel Parameters α  0.050 
Moving Max Potential Intensity 

pc 
MPI hPa 880 

 Overland Decay Fd km 100 
 Radius to Max Wind R mean km 30.0 
  std dev km 10.0 
 Wind Peakedness B mean - 1.5 
  std dev - -0.1  +0.5
 % This Track   28 
 Av. No. Per Year   0.596 
 Gumbel Intensity pc U hPa 1005.0 

Onshore Parameters α  0.060 
Moving Max Potential Intensity 

pc 
MPI hPa 880 

 Overland Decay Fd km 100 
 Radius to Max Wind R mean km 2.0 
  std dev km 10.0 
 Wind Peakedness B mean - 1.8 

 std dev - -0.1  +0.5
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4. Numerical Model Development and Testing 

This section describes the detailed development of the necessary wind, 
storm surge, wave and statistical models, as well as addressing related 
aspects such as tidal effects. 

4.1 Computational Grids 

The selection of numerical modelling domains (i.e. size and resolution) 
follows from the recommendations and arguments presented in Harper 
(2001). A system of nested transitions involving three grids (A, B and C) 
was adopted (BoM 2005) for both the validation and operational stages 
of the numerical hydrodynamic and spectral wave modelling. Table 4.1 
and Figure 4.1 to Figure 4.4 present details of the adopted grids.  

 
Table 4.1 Computational Domain Parameters 

 
 Grid Origin Grid 

Angle Grid Size Spatial 
Resolution 

Spatial 
Extent 

Domain Lat Lon 
X axis 
bearin

g 
X Y   X Y 

 deg deg deg Along 
Shore 

Off 
Shore deg km km km 

A05 -18.65 123.76 60 109 63 0.125 13.90 1501 862 
B16 -13.57 129.92 70 185 91 0.025 2.78 511 250 
C01 -13.00 130.47 70 161 251 0.005 0.56 89 139 
 

The model domains were supplied by the James Cook University Marine 
Modelling Unit (MMU) and were produced using in-house MMU software 
that interpolates the available data onto the required grids. The software 
accepts non-uniform data in triples containing longitude, latitude and 
depth. Bathymetry data has been sourced mainly from digitised 
navigational charts (both Australian Navy and British Admiralty), spot 
measurements in digital form for the continental shelf region between 
North West Cape and Darwin and other digital spot measurements from 
the National Bathymetric Series. Land elevations over the majority of the 
region were obtained from the Australian Bathymetry and Topography 
Grid at 0.01˚ (~1 km) cell size. For the Darwin region the NT Dept of 
Infrastructure Planning & Environment supplied elevation contours at 
high resolution and these were assimilated with the other data. 
Unfortunately, areas with the least bathymetric data are located near the 
coast in the region where storm tide is the largest. In these areas 
bathymetry was generated by visual analysis of the navigational charts 
and generating data consistent with the bathymetry of the region. 



Northern Territory Emergency Services Darwin Storm Tide Mapping Study 2006 

J0606-PR001C 24 Systems Engineering Australia Pty Ltd 
Nov 2006 

 
Figure 4.1 Computational domains A05, B16 and C01 
 

 

 

 

 
Figure 4.2 Computational domains B16 and C01 nested in domain 

A05 
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Figure 4.3 Computational domain C05 detail. 

 

 
Figure 4.4 Darwin City region detail. 
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4.2 Tropical Cyclone Wind and Pressure Modelling 

The details of this model are presented in BoM (2005) and are based on 
Harper and Holland (1999). The model has been used extensively 
throughout Australia and internationally to represent the broadscale 
wind and pressure fields of a mature tropical cyclone. It relies on a 
series of parameters to describe a tropical cyclone when it is over an 
open ocean environment, namely: 

• the central Mean Sea Level pressure pc 

• the surrounding, or ambient, pressure pn 

• the radius to maximum winds R 

• the windfield peakedness factor B 

• the storm track (speed Vfm and direction θfm) 

The SEA implementation used in this study also accounts for the effect 
of storm attenuation on estimated site-specific winds when the eye 
crosses the coast. 

The model generates estimates of the 10 minute average wind speed 
and direction at a height of 10m above the ocean surface for supply to 
the hydrodynamic models for storm surge and waves. It also estimates 
the 3 sec wind gust for comparison with long term wind records at 
Darwin Airport. The MSL pressure is also supplied to the hydrodynamic 
model as it has an influence on the generation of the storm surge. 

4.3  Hydrodynamic Modelling  

The BoM (2005) study utilised the two-dimensional (2D) numerical 
hydrodynamic model MMUSURGE  developed by the Marine Modelling 
Unit at the School of Engineering, James Cook University (Mason and 
McConochie 2001). The model is based on the depth-integrated 
equations of motion using the conventional assumption that the fluid is 
incompressible and homogeneous. The model is formulated in a 
spherical coordinate system and includes momentum terms for Coriolis, 
advection, horizontal diffusion, surface and bottom stress and the 
inverse barometer effect. Wind stress and bottom friction are 
parameterised through quadratic drag laws, with the bottom friction 
utilising a drag coefficient based on the assumption of a logarithmic 
profile. Wetting and drying is permitted. The numerical solution 
procedure is implicit on a space and time staggered numerical grid. One 
unique aspect of this model is its ability to include the effects of sub-grid 
scale reef and barriers on water flow. In the present study context, this 
feature is used to better represent many of the small islands and 
exposed sand banks. The model has a built-in tropical cyclone wind field 
model that is compatible with the descriptions in Section 4.2. The model 
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is capable of producing output that includes water levels and velocities 
in the form of time histories or full domain output. The interested reader 
is referred to Appendix D or Harper (2001) for further details. 

The hydrodynamic model was established to operate without 
simultaneous tidal forcing, except for specific scenario testing. Although 
the tides throughout the region are known to be complex and can be 
very difficult to model accurately, the interaction between storm surge 
and astronomical tide is typically weak. This means that a model that 
assumes the sea is initially set to Mean Sea Level (MSL) and 
subsequently adds the predicted tide to the modelled storm surge gives 
almost exactly the same result as a model which makes the sea level 
vary with the tide while it calculates the storm surge. Some allowance 
for surge-tide interactions were then included in the statistical model 
(refer Section 4.7.4). 

4.4 Spectral Wave Modelling and Wave Setup Estimate 

In order to provide estimates of the breaking wave setup component of 
the total storm tide, a numerical spectral wave model of the region was 
also established in BoM (2005) using ADFA1. This model was originally 
developed at James Cook University in the 1980s by Dr Ian Young, and 
later at the Australian Defence Force Academy in Canberra (ADFA). It is 
a so-called 2nd-generation spectral wave model which has been widely 
applied throughout Australia, especially on the North West Shelf, with 
great success in reproducing the measured waves from tropical 
cyclones (e.g. Harper et al. 1993). 

The numerical wave model was constructed using the same base 
bathymetry as the hydrodynamic model and at the same nested grid 
resolutions. However, the wave modelling additionally applied nominal 
minimum water depths for all coastal areas. This provided a stable 
reference point from which to convert the incident wave energy into 
estimates of breaking wave setup. After sensitivity testing, a 
conservative view of wave propagation in complex areas with high tidal 
range was adopted to allow for the fact that the production wave 
modelling would need to be done at a fixed tide level. To accommodate 
this, the minimum depth for the B16 grid was set at 5 m. The minimum 
C01 grid depth was set to MWHS at Darwin. This ensures that the 
modelled wave energy in complex coastal areas will be able to reach the 
actual coast, rather than possibly being trapped by a mean tide level on 
offshore banks and the like. 

These assumptions should make the wave setup estimates, which are 
based on the method after Hanslow and Nielsen (1993), comfortably 
conservative in most areas. 
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4.5 Wind, Surge and Wave Model Verification 

The wind and pressure model and the hydrodynamic model were 
verified against tropical cyclone Tracy as part of the BoM (2005) study 
and examples of the comparisons are given in Figure 4.5 and Figure 
4.6. Although no wave data was available for comparison,  Figure 4.7 
also shows the modelled wave response at Casuarina Beach. 
Collectively, these results demonstrated that the calibrated models are 
capable of reproducing this historical event to a very high level of 
accuracy. However, as detailed in BoM (2005), this could only be 
achieved with some very significant assumptions about the dynamics of 
the Tracy wind field structure as it approached the Darwin coastline. 
This is not the first time that difficulty in reproducing the Tracy storm 
surge has been experienced, as similar problems arose in earlier 
studies (GDSSS 1982a, VIPAC 1994). However, BoM (2005) is the only 
study that been able to demonstrate a consistent matching of the 
recorded winds and the recorded surge in a holistic framework. 

4.6 Establishment of the Open Coast Parametric Models  

Parametric surge and wave models were developed to summarise the 
complex results from the fully numerical hydrodynamic and spectral 
wave models and to express their output in a form that can be readily 
assimilated by the statistical model. 
4.6.1 Cyclone Parameter Selection for Full Scale Modelling 
The climatology assessment from BoM (2005) identified the principal 
cyclone parameter values applying to the Darwin region. These formed 
the basis of a series of conceptual straightline and constant speed 
synthetic cyclone tracks, which when modelled systematically by the 
fully numerical models, provided a response function for surge and 
waves that can be readily interpolated to provide output at any coastal 
location. 

Each of the conceptual cyclones is described by the same set of 
parameters as presented in Section 3.3, except that the pressure 
difference ∆p is introduced to specify the storm intensity: 

∆p = pn – pc 

More than 4300 individual surge or wave simulations were then used to 
form the “base” storm response, as summarised in Table 4.2. These 
comprised four values for intensity, three radii, three B, three forward 
speeds and five angles of approach. Additionally, tracks were spaced 
along or offshore the coastline at 20 km intervals, with 25 tracks for each 
domain/direction combination. Figure 4.8 shows an example of the 
distribution of the cyclone tracks that were modelled based on this 
convention.
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Figure 4.5 Comparison of measured and modelled wind and pressure 
at Darwin during Tropical Cyclone Tracy. 
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Figure 4.6 Comparison of measured and modelled storm surge at 
Darwin Harbour Tide Gauge during Tropical Cyclone Tracy. 

 

 Figure 4.7 Modelled storm tide and waves during Tropical Cyclone 
Tracy. 
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Table 4.2 Base storm parameter set 
 

∆p R B Vfm θfm
 * MMUSURGE ADFA1

hPa km - ms-1 deg Runs Runs 
15 10 1.5 2 -70   
45 20 1.8 4 110 2828 1484 
85 30 2.4 8 180   
115    -220   

    -250   
* negative track bearing indicates “parallel-to-coast” context 
  values in bold are the “reference” values. 

 

 

 

 

Figure 4.8 Example synthetic tropical cyclone tracks chosen for 
modelling. 
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4.6.2 Processing of the Numerical Model Results 
Each of the above full scale numerical model simulations were 
processed according to a method developed by SEA (2002), which 
combines the output in such a way as to extract the underlying regional 
and local storm surge and wave responses. Essentially, all of the model 
output for each track direction in condensed into a series of 
characteristic alongshore and offshore spatial profiles and a time history 
profile, all of which are scaled according to the intensity of the cyclone, 
its size and speed. Multiple track directions can be added as necessary 
to complete the description of the regional response. Additionally, each 
specific location is allocated a local response function that describes any 
localised changes in surge or wave height behaviour (including time 
differences) peculiar to that location. The method allows the rapid 
recreation of a storm surge or wave height response at any of the 
coastal locations based on a set of supplied storm parameters. 

The parametric model is optimised for highest accuracy at the time of 
the predicted peak condition (surge or wave height) and typically 
reproduces the numerical model results to within about 5% for surge 
and within 0.5 m for wave height and within 2 s for peak spectral wave 
period.  

4.7 Statistical Simulation Modelling 

The detailed operation of the statistical simulation model SATSIM 
(Surge and Tide Simulation) is described in Appendix C. In summary, 
the model generates an artificial history of tropical cyclones based on 
the climatology described in Section 3.3. The model maintains a “clock” 
that calculates the occurrence of the next event based on random 
number sequences and then allocates the necessary parameters, 
randomly sampled from the climatology distributions. Each cyclone’s 
predicted wind, surge and wave response at each of the sites of interest 
is then generated by the parametric models, interpolating as necessary 
between the available modelled scenarios. The wave height and period 
estimate is converted into a breaking wave setup height before being 
added to the surge and both are superimposed on the background 
astronomical tide for that date in time. This is repeated for 50,000 years 
of synthetic cyclones and the exceedance statistics of the combined 
total water level at each site then forms the basis of the probabilistic 
storm tide level predictions. 

An example of the model operation is presented below in Figure 4.9, 
which shows a randomly selected 50 year period of simulated 
straightline tropical cyclone tracks within a 500 km radius of Darwin. It 
can be seen that these tracks well approximate the spread of actual 
tracks as seen in Figure 3.2. Although the simulated tracks are not 
curved, their impact when closest to the study area is essentially the 
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same as curved tracks, as demonstrated in other similar studies (e.g. 
GHD (2003, 2006), Hardy et al. (2004)). 

 
Figure 4.9  50 years of simulated tropical cyclone tracks. 

 
4.7.3 Astronomical Tide Effects 
Information on astronomical tide variation and data throughout the 
region was obtained from a variety of sources (e.g. Australian 
Hydrographic Service (RAN) and Bureau of Meteorology National Tidal 
Centre (NTC)). While the ANTT (2005) provides detailed information 
across the region at specific and diverse locations, it falls short of the 
requirement to consistently estimate tides at all of the coastal locations 
within the C01 domain. Accordingly, the NTC provided special access to 
data on spatially varying tidal constituents derived from a 9 km 
resolution numerical hydrodynamic model. This model provides only 8 of 
the principal constituents but this enabled calculation of a tide range 
ratio relative to Darwin for all sites. The tide at Darwin was then 
simulated based on a 37 constituent representation selected from the 
NTC-supplied full set of 114 constituents. Table 4.3 summarises the 
tidal planes at Darwin based on the full constituent representation. 
SATSIM then applies the calculated range ratio to the simulated tide 
value at Darwin for each of the sites in the study region. A selection of 
the applied range ratios is given in Table 4.4. Tidal phase differences 
are not included as they simply represent a further random variation 
within the model. 

Equivalent HAT values for each site have also been calculated using an 
equivalent factoring method. These values are listed in Appendix B 
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together with the assessed range ratio for all named sites and are used 
for illustration elsewhere in this report. 

The full hydrodynamic modelling undertaken in Section 5.3 to simulate 
overland flooding scenarios also makes use of the NTF model tidal 
constituent data on its B grid open boundaries. 

 
Table 4.3 Tidal planes at Darwin Harbour 

 
Tidal Plane m AHD 

Highest Astronomical Tide HAT 4.0 

Mean High Water Springs MWHS 2.9 

Mean Sea Level MSL 0.1 

Mean Low Water Springs MLWS -2.8 

Lowest Astronomical Tide LAT -4.2 

 

 
4.7.4 Surge – Tide Interactions 
The SATSIM model is based on the linear superposition of surge, tide 
and wave setup estimates. In shallow water locations, especially in 
conjunction with a large tidal range, there may be non-linear surge-tide-
wave interactions. In the case of wave interactions, the model takes a 
conservative view through being based on a minimum near-coast water 
depth. In respect of surge-tide interactions, the model allows a 
modification such that it will attenuate the MSL surge magnitude for 
higher tides and amplify it for lower tides. 

This is done through specification of a surge-tide interaction factor for 
each modelled location. Firstly, the domain is assigned representative 
values for “high” and “low” tide limits, which have been taken from ANTT 
values for MWHS and MLWS (or MHHW and MLLW). Then each 
location prescribes the % change in surge magnitude to be assigned at 
each tide level limit, with intermediate % values assigned by simple 
linear interpolation between the limits based on the tide height. The 
assigned attenuation factors in the model area are nominal values of 
±10% based on judgement from previous study experience with tidal 
ranges and water depths, which should lead to generally conservative 
estimates of total storm tide. 
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Table 4.4 Tidal range ratios used for statistical modelling. 

 
Named Location Lat Lon Range HAT 

  (deg) (deg) Ratio  (m MSL) 
Bynoe_Harbour -12.6866 130.5480 0.90 3.2 

Cape_Grose -12.5558 130.3750 0.88 3.1 
Casuarina_Beach -12.3557 130.8570 0.94 3.5 
Channel_Island -12.5515 130.8740 1.02 4.2 
Charles_Point -12.3815 130.6160 0.91 3.3 

Coconut_Grove -12.3864 130.8300 0.96 3.7 
Cullen_Bay -12.4483 130.8200 0.98 3.9 
Darwin_City -12.4732 130.8400 1.00 4.0 

Darwin_Naval_Base -12.4624 130.8250 0.99 3.9 
East_Arm -12.5269 130.9140 1.03 4.2 
East_Point -12.4026 130.8140 0.96 3.7 
Fannie_Bay -12.4291 130.8290 0.98 3.8 
Gunn_Point -12.1692 130.9950 0.85 2.9 
Irrititu_Island -11.9362 130.9470 0.84 2.8 

Kilimiraka -11.8217 130.1510 0.76 2.3 
Lee_Point -12.3264 130.8950 0.93 3.4 

Ludmilla_Creek -12.4197 130.8260 0.97 3.8 
Mandorah -12.4463 130.7650 0.97 3.7 

Micket_Creek -12.3395 130.9490 0.92 3.4 
Middle_Point -12.5044 130.8570 1.01 4.1 

Moantu -11.8050 130.1990 0.79 2.5 
Nguiu -11.7580 130.6380 0.96 3.7 

Nightcliff -12.3736 130.8360 0.95 3.6 
One_Tree_Point -11.8234 130.1470 0.75 2.3 
Paterson_Point -12.6792 130.3720 0.89 3.1 
Point_Waters -12.5040 130.5850 0.91 3.3 
Rapid_Creek -12.3638 130.8490 0.95 3.6 
Shoal_Bay -11.7738 130.6380 0.96 3.6 

Stokes_Hill_Wharf -12.4698 130.8500 1.00 4.0 
Tree_Point -12.2970 131.0090 0.90 3.3 

Wagait -12.4235 130.7240 0.96 3.7 
West_Arm -12.5455 130.7850 1.01 4.1 
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4.7.5 Deterministic Verification of the Simulation Model 
The deterministic performance of the parametric storm tide model is 
demonstrated with the following example, which is one of the 1000y 
return period scenarios from Section 5.3. The storm parameters and its 
track relative to Darwin are shown in Figure 4.10, while the resulting 
model predictions are given in Figure 4.12. 

 
Figure 4.10 Example 1000y tropical cyclone storm tide scenario. 

Figure 4.11 Example deterministic model performance. 
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In this example, Figure 4.11 shows the comparison between the 
parametric model (lines in black), used for the statistical simulation, and 
the MMUSURGE hydrodynamic model (lines in red) as used for the 
inundation modelling. The site compared is the open coast Nightcliff 
location. The agreement between each of the model components (tide, 
surge and total surge plus tide level) can be seen to be excellent. 
4.7.6 Statistical Verification of the Simulation Model 
There is no absolute way that the statistical aspects of the model can be 
verified, other than ensuring that the various component parts of the 
model are performing correctly. The only statistical checks that can be 
done relate to the model’s re-creation of the astronomical tide statistics 
and a comparison of its wind speed predictions with long term regional 
values. 

Figure 4.12 shows the modelled statistics of highest tides at Darwin 
Harbour, compared with the official HAT tidal plane from the Tide 
Tables. Normally, HAT is associated with an 18.6 y tidal cycle; hence it 
should fall at around the 20 y return period value if fully sampled. 
However, the statistical model only samples 6 months of each year (the 
cyclone season from November to April) and so the apparent return 
period has been essentially extended. The remaining differences are 
due to the use of a half-hour tidal sample, a 0.1m discretisation level in 
the model statistics kernel and a reduced set of tidal constituents (the 
principal 37 only) being used. On this basis, the model is deemed to be 
correctly sampling the astronomical tide. 

Figure 4.12  Verification of the generated HAT tidal plane at Darwin 
Harbour. 

 
The next test considers the model’s prediction of mean and gust wind 
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Bureau of Meteorology Climate Services Section in mid-2004 and 
analysed to extract the peak winds occurring only during periods when a 
tropical cyclone was within a 300 km radius of the site and a wind 
greater than 10 ms-1 was recorded (mean or gust). This should help filter 
out the effects of other severe weather such as isolated local 
thunderstorms, which are prevalent in the region during summer. The 
data were also windowed over a 5 day period to ensure independent 
samples were obtained and are ranked here in Figure 4.13 using 
traditional quantile plotting techniques (Harper 1999). The airport mean 
data commences in 1941 and the gust data in 1947, both having some 
significant gaps. In total, 44 seasons of wind gust data are available with 
46 tropical cyclone events and 55 years of mean data with 35 events 
captured. 

The SATSIM predictions based on a 50000 y simulation are then 
overplotted and show a very favourable comparison; the model 
generally following the trend of the data, although lying well above most 
gust observations. Although wind gust is not utilised in the storm tide 
modelling, it is an easier parameter to identify in the historical record. 
Allowing for the fact that the model is predicting over-water wind speeds 
away from the influence of land, this is a good verification of the model’s 
capabilities. It is interesting to note that the highest recorded wind is that 
due to Tracy at Darwin in 1974, which the model places about the 400 y 
return period as a gust but around 100 y as a mean wind speed. 
Discussion on the accuracy of the Tracy data is given in BoM (2005) 
and it is deemed suitable for this analysis. 

Figure 4.13 Statistical simulation model prediction of regional wind 
speeds.
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5. Simulation Model Results 

The open coast storm tide estimates presented in this section are 
derived from the statistical simulation model, which uses the parametric 
wind, storm surge and wave models to generate 50,000 years of 
artificial cyclone events, each combined with the astronomical tide. This 
synthetic time series is then statistically analysed to determine the return 
period of the total storm tide levels throughout the region. These 
estimates are directly applicable to the “open coast” or beachfront. 

Detailed hydrodynamic modelling (surge plus tide only) has then been 
undertaken for a selection of representative “inundation” events (or 
scenarios) for the immediate Darwin City region, where accurate land 
elevations are available. The choice of which events to model in detail 
has been based on an examination of all of the storms generated by the 
statistical model to determine representative surge and tide 
combinations. The inundation modelling therefore is deterministic in that 
it considers a single representative event affecting the region, but each 
scenario reproduces the statistically-derived water levels along the open 
coast for a specific return period and then applies the surface wind 
stress effects to the overland flow. Further details of this procedure are 
given later in Section 5.3. The open coast and inundation estimates 
have been combined in the summaries that follow. 

Results from the statistical model are presented in two different formats: 

 Absolute levels relative to Australian Height Datum (AHD) 

 Inundation depths relative to the local Highest Astronomical Tide (HAT) 

Each of these is then provided as: 

 Tabulated values for the identified localities 

 Regionally ranked summary graphs 

 Selected site specific return period graphs 

It should be noted that the actual depth of inundation will vary as the 
difference between local ground level and the total storm tide level, both 
referenced to AHD. The depth of inundation to HAT will be the highest 
expected depth at the “shoreline” where the highest astronomical tide 
would normally reach. Hence, any depth relative to HAT indicates the 
maximum depth that seawater is expected to reach over and above the 
normal human experience of the highest tide level. 

It should be noted that breaking wave setup is not considered to 
contribute to the inundation depths once the local “dune height” is 
exceeded and wave energy is allowed to gradually dissipate over land. 
Where no accurate land elevations are available a default dune crest of 
HAT + 2m has been assumed. 
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5.1 Storm Tide Levels 

Total storm tide levels relative to Australian Height Datum (AHD) are 
summarised below in Table 5.1 alphabetically by site name, as defined 
in Appendix B. These results are also presented graphically in Figure 
5.1 as a function of return period, grouped according to geographical 
proximity. 

The predictions can be seen to vary spatially across the study region, 
which is typically due to the varying exposure to storm surge and wave 
height, as well as tidal plane shifts. The results are also locally sensitive 
to the assumed nominal “dune crest” height, which dictates whether 
breaking wave setup is likely to exist together with the applied surge 
plus tide level, or whether waves will simply dissipate over land. 

Table 5.1 Estimated Total Storm Tide Levels (m) referenced to AHD 

 Estimated Return Period of Total Storm Tide Level 

Site 50 y 100 y 500 y 1000 y 10000 y 
Bynoe_Harbour 4.1 4.3 4.9 5.5 7.0 

Cape_Grose 4.5 4.8 5.3 5.5 6.0 
Casuarina_Beach 4.4 4.6 5.1 5.5 6.3 

Channel_Island 4.4 4.6 5.1 5.4 6.5 
Charles_Point 4.4 4.7 5.3 5.5 6.1 

Coconut_Grove 4.4 4.6 5.3 5.5 6.1 
Cullen_Bay 4.5 4.7 5.2 5.4 5.8 
Darwin_City 4.5 4.7 5.2 5.4 6.0 

Darwin_Naval_Base 4.4 4.6 5.0 5.1 5.9 
East_Arm 4.3 4.4 4.8 5.2 6.2 

East_Point 4.6 4.9 5.2 5.4 6.4 
Fannie_Bay 4.3 4.4 5.1 5.6 6.1 
Gunn_Point 4.1 4.3 4.7 4.9 5.3 
Irrititu_Island 3.7 3.9 4.2 4.4 5.0 

Kilimiraka 4.2 4.4 5.0 5.3 5.6 
Lee_Point 4.5 4.7 5.3 5.5 6.3 

Ludmilla_Creek 4.3 4.4 5.1 5.6 6.4 
Mandorah 4.3 4.5 5.0 5.2 6.0 

Micket_Creek 3.9 3.9 4.0 4.2 5.3 
Middle_Point 4.4 4.6 5.0 5.2 6.4 

Mirialampi_Creek 4.3 4.5 4.9 5.2 5.7 
Moantu 3.9 4.1 4.6 4.8 5.2 
Nguiu 4.2 4.4 4.8 5.0 5.7 

Nightcliff 4.5 4.7 5.3 5.6 6.3 
Paterson_Point 4.0 4.2 5.0 5.6 7.2 
Point_Waters 4.2 4.4 4.8 5.0 5.7 
Rapid_Creek 4.4 4.6 5.2 5.6 6.3 

Stokes_Hill_Wharf 4.5 4.7 5.2 5.3 5.4 
Tree_Point 4.3 4.6 5.0 5.2 5.9 

Wagait 4.5 4.7 5.3 5.6 6.3 
West_Arm 4.5 4.7 5.3 5.6 6.8 

Site levels in bold are based on inundation scenarios. 



Northern Territory Emergency Services Darwin Storm Tide Mapping Study 2006 

J0606-PR001C 41 Systems Engineering Australia Pty Ltd 
Nov 2006 

Figure 5.1 Estimated total storm tide levels for selected site 
groupings. 
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Figure 5.1 (contd.) Estimated total storm tide levels for selected site 
groupings. 
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Figure 5.1 (contd.) Estimated total storm tide levels for selected site 
groupings.
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Figure 5.1 (contd.) Estimated total storm tide levels for selected site 
groupings. 

 

Table 5.1 shows the relative storm tide rankings on the basis of the 
10,000 y total storm tide level. This accentuates the wave setup 
interactions with the local dune crest elevations. As a result, the highest 
indicated storm tide levels are typically at those sites exposed to waves 
and with a high dune crest elevation. Protected sites with a low crest 
elevation have the lower estimates because the wave setup cannot 
develop above the dune crest height. For example, individual sites such 
as Micket Creek have lower total storm tide estimates because of their 
(local) low dune crest elevation. 

5.2 Storm Tide Inundation Depths 

The effect of regional tidal variation on the apparent risk of inundation 
can be removed by considering the predicted total storm tide height 
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context in Figure 5.3. 
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Figure 5.2 Ranking of estimated total storm tide open coast levels. 
 

These open coast inundation depths represent the additional depth of 
sea water over and above that associated with HAT at the open coast. 
The ranking of storm tide inundation depths for the selection of sites 
shows more variability than the absolute elevations relative to AHD but 
the relative positions of the sites is similar. About half the locations have 
an estimated 1000 y return period storm tide inundation depth of 1.7 m 
above HAT or greater, while some are estimated to exceed 3.0 m 
inundation at the coast at the 10000 y level. Note that localised wave 
runup could penetrate 1m to 2m or more higher than these levels in 
specific situations but the effects would typically be intermittent. 

Figure 5.3 Ranking of estimated storm tide open coast inundation 
depths 
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Table 5.2 Estimated Storm Tide Inundation Depths (m) relative to 
local HAT for Selected Return Periods 

 Estimated Return Period of Depth of Inundation to HAT 

Site 50 y 100 y 500 y 1000 y 10000 y 
Bynoe_Harbour 0.8 1.1 1.7 2.2 3.8 

Cape_Grose 1.4 1.7 2.2 2.4 2.9 
Casuarina_Beach 0.9 1.1 1.5 1.9 2.8 

Channel_Island 0.3 0.5 0.9 1.2 2.4 
Charles_Point 1.2 1.4 2.0 2.2 2.8 

Coconut_Grove 0.7 0.9 1.6 1.8 2.4 
Cullen_Bay 0.7 0.9 1.4 1.6 2.0 
Darwin_City 0.5 0.7 1.2 1.4 2.0 

Darwin_Naval_Base 0.5 0.7 1.1 1.2 1.9 
East_Arm 0.1 0.2 0.6 0.9 2.0 

East_Point 0.9 1.2 1.5 1.7 2.6 
Fannie_Bay 0.5 0.6 1.3 1.8 2.3 
Gunn_Point 1.2 1.3 1.8 1.9 2.4 
Irrititu_Island 0.9 1.1 1.4 1.6 2.2 

Kilimiraka 1.9 2.2 2.8 3.0 3.3 
Lee_Point 1.1 1.3 1.9 2.0 2.9 

Ludmilla_Creek 0.5 0.7 1.4 1.9 2.6 
Mandorah 0.6 0.8 1.3 1.5 2.3 

Micket_Creek 0.5 0.5 0.6 0.8 1.9 
Middle_Point 0.3 0.4 0.9 1.1 2.3 

Mirialampi_Creek 0.9 1.1 1.5 1.8 2.3 
Moantu 1.5 1.7 2.1 2.3 2.8 
Nguiu 0.6 0.7 1.1 1.3 2.0 

Nightcliff 0.9 1.1 1.7 2.0 2.7 
Paterson_Point 0.8 1.1 1.9 2.4 4.1 
Point_Waters 0.9 1.1 1.5 1.7 2.4 
Rapid_Creek 0.8 1.0 1.6 2.0 2.7 

Stokes_Hill_Wharf 0.5 0.7 1.2 1.3 1.4 
Tree_Point 1.1 1.3 1.8 1.9 2.6 

Wagait 0.8 1.1 1.7 1.9 2.7 
West_Arm 0.4 0.6 1.2 1.6 2.7 

Site levels in bold are based on inundation scenarios. 
Figure 5.4 provides some examples of the relationship between the 
estimated storm surge and wave setup components that add together to 
produce the total storm tide estimate. Also shown are the significant 
wave heights generated by the model, applicable to a nominal 3 to 5 m 
nearshore depth. These graphs are based on linearly interpolated 
values at discrete return periods of 10, 25, 50, 100, 500, 1000 and 
10000 year return periods. The raw model results beyond 1000 y are 
actually slightly curved and display increasing “noise” at this low 
probability limit, indicating a reducing confidence in the model estimates 
as the probability approaches the ultimate 1 in 50000 year value that 
has been simulated. 

The first site presented is Stokes Hill Wharf, the location of the harbour 
tide gauge adjacent to the CBD. The solid black curve is the total storm 



Northern Territory Emergency Services Darwin Storm Tide Mapping Study 2006 

J0606-PR001C 47 Systems Engineering Australia Pty Ltd 
Nov 2006 

tide level relative to AHD, which is made up of contributions from the 
tide plus surge level to AHD and the wave setup magnitude curve. The 
HAT level of 4.0 m AHD is also shown for reference as a horizontal line. 
It is important to note that because of the complex relationships between 
each of the water level components, they do not necessarily add 
together linearly across return period space. For example, the total 
curve value at the 100 y return period is not the sum of the wave setup 
magnitude and the tide plus surge level relative to AHD at the same 
return period. The storm surge curve is also shown but, like the wave 
setup, the indicated levels are magnitudes only - not related to AHD. 
Comparing the surge and setup curves between sites indicates the 
relative influences of those components, which are added to whatever 
the simulated tide level is at the time. Also shown (right hand axis) is the 
local significant wave height at the site. This drives the breaking wave 
setup level curve up until the point where the surge plus tide level 
exceeds the local dune crest elevation2, which has been estimated to be 
5.5 m AHD at this immediate location. Above that point, breaking waves 
are not able to generate a sloping nearshore profile with a vertical water 
level setup, but will dissipate their energy over the flooded land. 

The next site shown is Fannie Bay, where the overall risk is slightly 
higher because of higher surge levels, although the wave heights are 
lower due to depth limited breaking and hence lower wave setup. At 
Nightcliff, the risk is slightly higher still, mainly due to the increased dune 
height (>10 m AHD) that allows the continued development of the wave 
setup. Likewise, Casuarina Beach has a high dune crest and 
experiences similar levels to Nightcliff. 

Based on these results, the model estimates that the upper limit (say 
10000 year) storm surge magnitudes affecting the immediate Darwin 
region are about 4 m and the maximum nearshore significant wave 
heights are about 5 m. However, when combined with the high tidal 
range of about 8 m, the actual chances of storm tide inundation are 
reduced significantly. 

                                                 
2 The term “dune crest elevation” is a nominal descriptor of the height of the land facing 
the open sea and may not always represent a sand dune. It might be a rocky coast or 
a manmade level, such as the height of the seawall near the Stokes Hill wharfs. 
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Figure 5.4 Example site specific components of the total storm tide. 
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 Figure 5.4 (contd.) Example site specific components of the total storm 
tide. 
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5.3 Inundation Scenarios 

Inundation scenarios have been modelled for the cases of the 500y, 
1000y and 10000y return period tide plus surge conditions, which all 
exceed the HAT level at Darwin. The process is to select several 
specific cyclone events from those simulated over the 50,000 year 
period that produce open coast tide plus surge levels (when point 
averaged) equal to the statistical estimate for each of these return 
periods. The hydrodynamic model is then run to determine the localised 
effects of overland flow and inundation, thus providing an “inundation 
surface” over the immediate Darwin area. The wave setup component in 
each case is then added to the modelled tide plus surge level through a 
merging algorithm3. 

The effects of this step in the analysis can vary depending on the 
specific location. For deepwater nearshore sites, such as Stokes Hill 
Wharf, there is little or no difference between the open coast total storm 
tide estimate and the estimate obtained from the detailed inundation 
modelling. In other areas, such as Ludmilla Creek, the actual coastline is 
some distance from the “open coast” statistical point (e.g. refer Figure 
4.4), which must be located in a finite water depth, unaffected by the 
tide. This separation from the open coast site, combined with the actual 
nearshore beach profile and local ground elevation, can create 
increased surge levels due to the additional effect of the wind stress. To 
adequately portray this effect in the earlier summary tables, the physical 
position of the named site has been altered between the inundated and 
non-inundated cases. These shifts are detailed in Appendix B. 
Importantly, the predicted levels can be quite variable in some areas 
and for detailed risk assessment it is recommended that the mapped 
spatial estimated levels (provided separately electronically) be used to 
compare with existing storm tide planning allowances. 

Figure 5.5, Figure 5.6 and Figure 5.7 present the inundation maps for 
the 500y, 1000y and 10000y scenarios respectively. In each case the 
open coast levels are shown in yellow, and the modelled overland levels 
are shown in red. The results show the increasing encroachment of 
storm tide over land for the increasingly lower probabilities. It should be 
noted that the hydrodynamic modelling has been performed at a 
relatively coarse spatial resolution of 560m and may need special 
interpretation at finer scales. Also, the indicated levels represent a 
“probability surface”, which is close to that of the maximum hydraulic 
surface resulting from the passage of the modelled cyclones. 
Accordingly it is not necessarily “flat” or regular in some areas, as one 
might expect. 

                                                 
3 Note that additional wave modelling was not included in the present work scope. 
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Figure 5.5 500y Scenario Storm Tide Inundation (m AHD) 
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Figure 5.6 1000y Scenario Storm Tide Inundation (m AHD) 
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Figure 5.7 10000y Scenario Storm Tide Inundation (m AHD) 
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5.4 Comparison with the 1994 Study 

The previous storm tide study for the region (VIPAC 1994) provided 
estimates of total storm tide for a similar section of the mainland coast. 
Table 5.3 below presents a comparison of those results with the present 
study, where the sites shown are essentially in common. 

While the present study produces similar estimates at the 10 y return 
period, thereafter the updated results are increasingly lower than the 
1994 estimates. At the 100 y level the average reduction is about 0.5 m 
and can increase to 1 m or more at the 1000 y and 10000 y levels. 

 
Table 5.3  Comparison with 1994 study total storm tide estimates. 

 
Present 
Study 100 y 1000 y 10000 y 

1994 
Study 100 y 1000 y 10000 y 

Site m AHD m AHD m AHD Site m AHD m AHD m AHD 
Bynoe 

Harbour 4.3 5.5 7.0 Bynoe 
Harbour 5.3 6.6 7.8 

Casuarina 
Beach 4.6 5.5 6.3 Casuarina 

Beach 5.3 6.6 7.8 

Channel 
Island 4.6 5.4 6.5 Channel 

island 5.1 6.4 7.7 

Charles 
Point 4.7 5.5 6.1 Charles 

Point 4.6 5.6 6.6 

East Arm 4.4 5.2 6.2 East Arm 4.9 6.0 7.0 
Fannie Bay 4.4 5.6 6.1 Fannie Bay 5.2 6.4 7.6 
Gunn Point 4.3 4.9 5.3 Gunn Point 4.5 5.3 6.2 
Lee Point 4.7 5.5 6.3 Lee Point 4.5 5.5 6.5 
Mandorah 4.5 5.2 6.0 West Point 5.1 6.4 7.5 

Micket 
Creek 3.9 4.2 5.3 Shoal Bay 5.1 6.3 7.5 

Middle 
Point 4.6 5.2 6.4 Wickham 

Point 5.1 6.4 7.7 

Paterson 
Point 4.2 5.6 7.2 Native 

Point 5.2 6.4 7.6 

Point 
Waters 4.4 5.0 5.7 Masson 

Point 5.5 6.7 7.9 

Stokes Hill 
Wharf 4.7 5.3 5.4 Darwin 

Seawall 5.0 6.2 7.4 

West Arm 4.7 5.6 6.8 West Arm 5.1 6.4 7.6 

 

These are reasonably significant differences, building further on the 
reductions from the original 1982 study (GDSSS 1982c) that were 
reported by VIPAC (1994). While the 1994 and present studies have 
some common approaches, they differ considerably in how the 
statistical analyses are undertaken. In particular, the present study uses 
a discrete storm-by-storm simulation rather than an assumed joint 
probability relationship between the various storm parameters and the 
tide signal. 
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5.5 Commentary and Study Limitations 

The results show that the total storm tide level at the open coast is quite 
sensitive to the estimated wave setup component and the assumed 
nominal dune crest elevation. Because wave setup can be a very 
localised phenomena dependent on the near and upper beach 
geometry, erosion etc, the estimated levels may well be conservative. 
Without a much more detailed analysis however it is not possible to 
further quantify this effect. 

The more stable predictor of sustained water level along the open coast 
is the tide plus surge level, because of the much longer wavelength of 
the storm surge compared with an ocean wave. The comparisons of 
total storm tide estimates here with the VIPAC (1994) results give 
significantly lower estimates, typically 1 m lower at 1000 y risk levels and 
beyond. Much of this difference could be due to assumptions of wave 
setup effects. 

Confidence in the present study results is considered high given the 
extensive parametric storm surge and wave model development (BoM 
2005), together with the demonstrated comparison with long term 
measured winds at Darwin airport. However, the present study has been 
limited to the use of existing model frameworks and more sophisticated 
analyses are still possible. Importantly, the science of tropical cyclone 
knowledge and behaviour is still evolving. 

Some of the specific limitations of the present study are: 

- Spatial resolution is limited to 560m, thus impacting the 
representation of some nearshore areas and also land elevation 
in the case of inundation; 

- Due to the coarse resolution, no special allowance has been 
made for the varying effects of surface roughness as a result of 
the ground coverage (e.g. mangroves, housing etc) and its effect 
on (a) wind stress and (b) bottom friction; 

- No detailed wave modelling has been undertaken as part of the 
inundation scenarios, which might provide increased guidance on 
wave setup and wave runup effects; 

- Non-linear surge-tide interaction has not been extensively 
assessed under this scope and may be more important than 
assumed (could reduce levels further); 

- The present study considers “present climate and sea level” and 
does not include the possible impacts of “enhanced Greenhouse” 
climate change (e.g. as recommended in Harper 2001) nor the 
potential variable effects of El Niño etc. 

 



Northern Territory Emergency Services Darwin Storm Tide Mapping Study 2006 

J0606-PR001C 56 Systems Engineering Australia Pty Ltd 
Nov 2006 

6. Conclusions and Recommendations 

This report describes the assessment of storm tide risks generated by 
tropical cyclones within the Darwin region, extending from Cape Grose 
in the west to Gunn Point in the east on the mainland and also the 
southern facing coast of Bathurst and Melville Island, west of Cape 
Gambier. The assessed storm tide risk includes the storm surge, the 
interaction with the normal astronomical tide and the possible effects of 
breaking wave setup. Wave runup effects are not included and all of the 
storm tide estimates in this study are based on the assumption of an 
unchanged future climate. 

The predictive capability is achieved through the combination of a 
number of numerical models of tropical cyclone wind fields, storm surge 
and storm waves. The coastal region is represented by a set of 
numerical domains that describe the coastal features, depths and 
(where available) low lying land elevations. Many thousands of potential 
tropical cyclone scenarios have then been constructed in order to 
determine the storm tide response in the region as a function of the 
many possible incident storm parameters. This information is then 
summarised into a further numerical parametric model for the region that 
enables rapid statistical modelling. The Bureau of Meteorology’s 
Northern Territory Regional Office in Darwin provided access to the 
models that were developed in 2005 for its tropical cyclone warning 
system and these form a basis for part of the present analyses. 

In addition, a detailed statistical analysis has been undertaken of the 
historical tropical cyclone activity in the region. The purpose of this 
analysis is to provide a basis for the statistical model to make its 
predictions of storm tide risks. This permits modelling of very extreme, 
low probability events, including tropical cyclones that have reached 
their maximum potential intensity in the region. To underpin the 
technical quality of the study, a demonstration of tropical cyclone Tracy 
(1974) has been included, which illustrates the potential accuracy but 
also the limitations of the predictions. Other examples of model 
performance are also included that indicate that the underlying analyses 
are reliable and robust. Importantly however, the science of tropical 
cyclone knowledge and behaviour is still evolving, and improvements in 
techniques should be anticipated over time. 

Estimates of the open coast total storm tide risk across the study area 
are presented in terms of the ocean water level expressed relative to 
Australian Height Datum (AHD) for a range of statistical return periods 
(or average recurrence levels) from 1:50y to 1:10000y. Relative depths 
above the Highest Astronomical Tide (HAT) are also included to indicate 
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actual risks of flooding of low lying lands above normally expected tidal 
levels. 

In the immediate area of Darwin City where detailed land elevation data 
is available, a series of inundation scenarios have been modelled that 
permit the potentially flooded areas at the 500y, 1000y and 10000y risk 
levels to be mapped. These have been obtained by matching a series of 
deterministic hydrodynamic model (surge plus tide) simulations with the 
statistical surge plus tide estimates at the nominal open coast sites. The 
wave setup component has then been merged with the modelled 
overland flow surface. The method of merging these components is 
likely to be conservative, resulting in slightly higher mean water levels 
than might actually occur in the true two-dimensional flow patterns. 

The storm tide risk estimates obtained in this study show a reasonably 
significant reduction relative to previous studies. Although the 
methodology is considered state-of-the-art, robust and reliable, there are 
many technical aspects that could still be improved, especially in regard 
to model resolution, wave effects and the like. In particular, the effect of 
localised wave runup is often significant in tropical cyclone events but 
has not been able to be considered within this scope. Wave runup is 
likely to result in debris levels occurring above the estimated mean 
water levels in this study. However, wave runup is an intermittent feature 
at the beachfront that, whilst potentially damaging, is less likely to 
impact community safety unless residents remain sheltering in the 
immediate beachfront zone. 

Enhanced modelling to address many of these items is currently 
possible, given project scope and budget, although some aspects would 
also benefit from longer term research and development effort. 
Additionally, it is recommended that the effects of “enhanced 
Greenhouse” climate and water level variations be considered in any 
future studies. 
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Appendix A 
 
 
Summary of Tropical Cyclones within 500km 
of Darwin 
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Table A.1 - Lifetime Summary of Tropical Cyclones: 1959/1960 to 2005/2006 and within 500 km of Darwin 
 
 

  Start Finish At Maximum Intensity Within Radius At Closest Approach 
Name Date Lat Long Date Lat Long p0 Date Time Dist Bear Vfm Theta p0 Date Time Dist Bear Vfm Theta Xprox 

    degS degE   degS degE hPa   hhmm km deg m/s deg hPa   hhmm km deg m/s deg km 
                      

195902 24-Dec-59 -12.2 132.5 31-Dec-59 -17.5 164.0 985 25-Dec-59 500 397 90 12.3 80 992 24-Dec-59 2100 182 80 9.2 113 -98 
195906 14-Mar-60 -12.4 149.0 27-Mar-60 -32.2 115.3 995 22-Mar-60 2330 312 261 5.9 258 1003 22-Mar-60 1200 59 192 4.6 279 -59 
195908 20-Apr-60 -9.0 129.0 27-Apr-60 -13.0 123.1 980 20-Apr-60 2330 432 332 3.6 224 984 21-Apr-60 930 412 314 3.6 224 412 
196001 14-Dec-60 -8.1 130.9 24-Dec-60 -17.0 128.5 969 15-Dec-60 2330 388 343 1.8 224 969 19-Dec-60 630 340 311 1.9 221 340 
196005 14-Jan-61 -10.0 135.0 27-Jan-61 -31.8 125.2 998 16-Jan-61 2330 287 341 4.2 250 998 16-Jan-61 1830 272 359 5.1 270 272 
196105 27-Jan-62 -13.3 129.7 11-Feb-62 -25.0 105.0 997 29-Jan-62 1100 313 214 1.8 164 998 27-Jan-62 2330 154 233 1.3 224 23 
196222 15-Feb-63 -13.1 127.5 19-Feb-63 -26.2 113.3 1006 15-Feb-63 2330 369 258 7.0 247 1006 15-Feb-63 2330 369 258 7.0 247 71 
196230 10-Apr-63 -11.0 137.3 14-Apr-63 -14.6 132.7 986 12-Apr-63 830 442 86 6.1 260 997 14-Apr-63 500 257 150 1.8 98 -255 
DORA 27-Jan-64 -9.2 131.0 07-Feb-64 -18.0 139.7 1003 29-Jan-64 1130 449 62 3.2 108 1005 28-Jan-64 1000 339 22 3.3 112 -339 

CARMEN 06-Mar-64 -11.0 137.1 10-Mar-64 -15.0 130.0 996 07-Mar-64 2330 448 52 7.6 248 996 09-Mar-64 100 57 297 5.3 208 57 
KATIE 23-Mar-64 -13.0 129.0 01-Apr-64 -31.4 118.0 1003 23-Mar-64 2330 208 253 4.4 266 1003 23-Mar-64 2330 208 253 4.4 266 -47 
FLORA 30-Nov-64 -10.7 134.5 08-Dec-64 -20.0 152.8 995 02-Dec-64 1130 132 72 4.5 242 997 02-Dec-64 1730 82 92 3.1 180 -75 
JUDY 25-Jan-65 -11.6 133.0 05-Feb-65 -31.5 164.5 1002 25-Jan-65 2330 253 67 7.2 172 1002 26-Jan-65 200 245 82 7.2 172 -245 

MARIE 21-Feb-65 -11.8 137.0 01-Mar-65 -15.7 130.3 994 25-Feb-65 2330 489 82 1.6 309 998 28-Feb-65 1630 41 121 3.5 215 -41 
RUTH 23-Mar-65 -10.0 130.0 01-Apr-65 -17.8 105.0 996 25-Mar-65 2330 426 281 4.2 240 1001 24-Mar-65 700 283 331 1.9 241 283 

AMANDA 20-Dec-65 -10.0 134.0 02-Jan-66 -24.7 120.0 990 30-Dec-65 930 354 223 5.1 262 997 28-Dec-65 2230 69 134 4.3 224 -69 
JOY 15-Jan-66 -14.2 128.8 20-Jan-66 -18.2 127.3 1000 16-Jan-66 1200 400 227 2.2 237 1002 15-Jan-66 2330 292 228 2.4 224 24 

196508 09-Feb-66 -11.0 135.0 11-Feb-66 -14.8 129.0 995 11-Feb-66 600 261 226 2.1 193 1001 10-Feb-66 300 114 179 3.5 270 -114 
BETTY 10-Feb-66 -13.3 129.6 13-Feb-66 -17.6 124.0 993 11-Feb-66 830 262 219 4.3 229 998 10-Feb-66 2330 163 235 3.1 202 88 
BETTY 19-Jan-68 -12.2 131.8 20-Jan-68 -13.4 129.2 995 20-Jan-68 600 206 239 4.5 242 998 19-Jan-68 1500 1 35 4.4 233 0 

BERTHA 19-Jan-68 -13.2 130.0 26-Jan-68 -24.6 111.0 997 19-Jan-68 2330 122 228 2.9 211 997 19-Jan-68 2330 122 228 2.9 211 35 
BONNIE 19-Feb-68 -13.0 139.0 27-Feb-68 -17.0 128.0 997 24-Feb-68 2330 274 199 1.7 242 1004 23-Feb-68 1130 205 159 1.9 246 -204 

Audrey_1969 28-Feb-69 -12.8 135.9 09-Mar-69 -21.0 126.2 978 05-Mar-69 400 410 230 3.7 242 984 04-Mar-69 700 71 162 4.5 250 -70 
Glynis_1970 26-Jan-70 -12.1 129.8 06-Feb-70 -31.0 114.0 996 27-Jan-70 2330 476 261 4.2 261 1004 26-Jan-70 2330 120 289 4.0 253 70 

Beverley_1970 26-Nov-70 -9.0 138.0 07-Dec-70 -17.6 127.2 975 01-Dec-70 2330 494 273 6.2 211 989 01-Dec-70 0 73 5 3.8 290 72 
AGGIE 31-Jan-71 -15.1 136.9 03-Feb-71 -15.7 133.1 998 03-Feb-71 2330 433 145 6.2 267 998 03-Feb-71 2330 433 145 6.2 267 -367 

Kitty_1971 02-Dec-71 -9.0 139.0 05-Dec-71 -12.0 130.4 991 04-Dec-71 2030 206 26 0.0 90 1000 05-Dec-71 900 70 316 4.9 198 61 
Leah_1973 27-Feb-73 -11.1 139.3 11-Mar-73 -20.3 89.9 991 28-Feb-73 2330 491 110 6.0 274 998 01-Mar-73 2130 131 186 6.0 274 -131 

Madge_1973 28-Feb-73 -8.1 160.8 18-Mar-73 -20.1 86.8 987 06-Mar-73 0 478 105 5.2 267 988 06-Mar-73 2230 181 168 5.3 258 -181 
Nellie_1973 12-Mar-73 -13.0 127.0 23-Mar-73 -20.4 94.4 992 13-Mar-73 700 475 262 5.0 270 1002 12-Mar-73 100 421 261 0.0 90 59 
Bella_1973 19-Mar-73 -8.9 130.9 25-Mar-73 -16.4 136.2 997 22-Mar-73 0 484 60 3.2 108 1005 20-Mar-73 900 381 15 2.9 105 -381 
Ines_1973 17-Nov-73 -11.5 134.8 24-Nov-73 -19.8 129.5 960 20-Nov-73 2100 484 264 3.7 213 986 19-Nov-73 330 166 344 4.2 255 165 
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  Start Finish At Maximum Intensity Within Radius At Closest Approach 
Name Date Lat Long Date Lat Long p0 Date Time Dist Bear Vfm Theta p0 Date Time Dist Bear Vfm Theta Xprox 

    degS degE   degS degE hPa   hhmm km deg m/s deg hPa   hhmm km deg m/s deg km 
Jenny_1974 16-Mar-74 -12.8 139.0 31-Mar-74 -22.6 109.1 982 20-Mar-74 1800 284 255 1.4 315 991 19-Mar-74 400 94 172 2.8 262 -94 
Selma_1974 28-Nov-74 -7.0 128.0 09-Dec-74 -11.9 111.0 974 03-Dec-74 600 148 310 2.0 0 978 03-Dec-74 0 80 300 5.1 307 -69 
Tracy_1974 20-Dec-74 -8.0 135.1 25-Dec-74 -13.1 132.8 950 23-Dec-74 1130 140 313 0.8 180 952 24-Dec-74 1830 5 4 2.8 101 -5 
Wilma_1975 09-Mar-75 -10.3 137.0 14-Mar-75 -15.2 128.0 970 14-Mar-75 900 401 229 4.1 180 983 13-Mar-75 230 151 287 3.2 198 151 
Amelia_1975 06-Apr-75 -10.3 137.0 08-Apr-75 -12.0 133.4 992 08-Apr-75 1130 296 77 8.6 224 992 08-Apr-75 1200 283 79 8.6 224 -162 
Joan_1975 30-Nov-75 -11.1 128.4 10-Dec-75 -26.9 117.5 969 02-Dec-75 700 463 269 1.3 211 1002 30-Nov-75 100 305 299 0.6 238 267 
Linda_1976 14-Mar-76 -11.1 118.0 17-Mar-76 -13.3 130.6 999 16-Mar-76 1800 428 267 8.6 96 999 17-Mar-76 600 96 195 10.4 104 96 
Verna_1977 28-Apr-77 -8.3 134.9 03-May-77 -10.0 127.8 976 01-May-77 0 391 307 3.3 141 995 02-May-77 0 202 318 2.7 301 -47 
Trudy_1978 10-Jan-78 -10.6 129.0 20-Jan-78 -25.2 89.2 1006 10-Jan-78 0 287 315 10.1 270 1006 10-Jan-78 0 287 315 10.1 270 206 
Brian_1980 18-Jan-80 -10.1 130.4 29-Jan-80 -30.5 87.0 996 19-Jan-80 0 467 259 4.6 257 1000 18-Jan-80 700 177 313 6.8 221 177 
Dean_1980 27-Jan-80 -10.5 129.4 04-Feb-80 -24.3 126.2 985 28-Jan-80 600 368 286 7.1 270 997 27-Jan-80 700 256 314 1.4 224 256 
Enid_1980 12-Feb-80 -16.3 130.9 18-Feb-80 -22.6 119.8 999 13-Feb-80 600 456 213 4.0 239 1000 12-Feb-80 1800 343 199 3.0 270 -340 

Gloria_1980 20-Mar-80 -13.7 129.4 29-Mar-80 -36.5 107.6 1005 20-Mar-80 600 414 244 9.0 250 1006 20-Mar-80 0 207 228 10.2 258 -102 
Felix_1980 22-Dec-80 -10.6 127.0 31-Dec-80 -20.6 109.1 1000 22-Dec-80 0 466 296 5.1 264 1000 22-Dec-80 0 466 296 5.1 264 247 
Max_1981 09-Mar-81 -11.6 135.1 19-Mar-81 -17.0 98.8 980 13-Mar-81 500 494 268 4.4 286 990 11-Mar-81 2000 18 346 3.2 251 18 

Amelia_1981 30-Nov-81 -16.0 139.0 07-Dec-81 -18.0 118.5 989 04-Dec-81 2300 494 272 4.5 242 996 03-Dec-81 1130 53 10 4.1 277 52 
531_1981 19-Dec-81 -11.5 140.6 24-Dec-81 -11.5 120.0 991 22-Dec-81 500 497 283 8.1 270 1003 21-Dec-81 930 34 1 7.1 278 34 

Bruno_1982 10-Jan-82 -11.2 140.5 21-Jan-82 -28.2 113.7 986 16-Jan-82 1000 479 230 8.6 233 994 15-Jan-82 1300 102 159 5.4 247 -102 
CORAL 04-Feb-82 -13.5 140.5 06-Feb-82 -14.8 132.8 1000 06-Feb-82 500 334 140 6.0 270 1000 06-Feb-82 500 334 140 6.0 270 -258 

Ken_1983 27-Feb-83 -13.0 127.0 06-Mar-83 -27.0 128.9 1006 27-Feb-83 300 421 261 2.8 284 1006 27-Feb-83 300 421 261 2.8 284 -161 
Esther_1983 18-Dec-83 -6.1 129.6 21-Dec-83 -10.5 127.0 996 21-Dec-83 600 443 299 3.0 270 996 21-Dec-83 600 443 299 3.0 270 439 
Bobby_1984 16-Feb-84 -13.3 127.0 23-Feb-84 -27.0 103.0 1002 16-Feb-84 0 427 257 4.3 248 1002 16-Feb-84 0 427 257 4.3 248 62 

Ferdinand_1984 02-Mar-84 -11.9 131.1 04-Mar-84 -12.9 134.2 981 04-Mar-84 800 381 80 1.4 135 1004 02-Mar-84 200 68 24 2.0 90 -62 
JIM 09-Mar-84 -14.3 137.7 10-Mar-84 -14.9 134.0 1000 10-Mar-84 0 435 128 9.0 263 1000 10-Mar-84 0 435 128 9.0 263 -307 

Frank_1984 19-Dec-84 -16.4 129.0 28-Dec-84 -21.6 122.2 1001 19-Dec-84 1800 478 204 4.0 262 1001 19-Dec-84 1800 478 204 4.0 262 -406 
Hubert_1985 10-Feb-85 -14.2 129.0 19-Feb-85 -20.5 82.0 996 10-Feb-85 1200 377 237 3.0 270 1000 10-Feb-85 0 276 225 2.5 270 -192 
Jacob_1985 15-Feb-85 -9.0 127.6 28-Feb-85 -39.2 111.4 1000 15-Feb-85 1800 458 280 3.7 235 1000 15-Feb-85 1200 438 291 4.1 209 438 
REBECCA 20-Feb-85 -11.4 135.3 23-Feb-85 -16.9 143.0 1000 20-Feb-85 300 499 76 5.1 52 1000 20-Feb-85 300 499 76 5.1 52 200 

Gretel_1985 10-Apr-85 -9.5 138.5 14-Apr-85 -14.2 129.4 978 12-Apr-85 1800 79 38 5.1 232 978 12-Apr-85 2200 19 335 5.1 232 19 
Hector_1986 17-Jan-86 -11.8 130.6 24-Jan-86 -20.0 126.0 972 19-Jan-86 1700 378 229 3.2 217 1003 17-Jan-86 230 75 330 7.3 235 75 
Tiffany_1986 25-Feb-86 -9.3 130.3 01-Mar-86 -20.0 104.4 1005 25-Feb-86 1800 411 278 10.6 244 1006 25-Feb-86 1030 307 321 10.5 230 307 

IRMA 19-Jan-87 -12.2 138.9 21-Jan-87 -15.4 134.1 984 21-Jan-87 0 479 132 7.0 238 984 21-Jan-87 0 479 132 7.0 238 -460 
Elsie_1987 21-Feb-87 -14.5 130.0 27-Feb-87 -23.8 124.9 996 21-Feb-87 1201 401 229 7.0 266 1000 21-Feb-87 0 243 201 5.0 261 -208 
Kay_1987 08-Apr-87 -8.5 140.1 17-Apr-87 -19.0 107.5 986 10-Apr-87 600 53 343 1.8 304 986 10-Apr-87 600 53 343 1.8 304 52 
Ilona_1988 12-Dec-88 -12.0 128.3 19-Dec-88 -26.7 127.0 994 12-Dec-88 600 446 259 7.9 219 1000 12-Dec-88 0 281 280 9.4 228 220 
Orson_1989 17-Apr-89 -10.0 129.0 24-Apr-89 -32.0 130.2 998 17-Apr-89 0 338 323 5.9 238 998 17-Apr-89 0 338 323 5.9 238 337 

FELICITY 13-Dec-89 -11.6 134.0 20-Dec-89 -22.2 161.0 997 13-Dec-89 600 346 83 4.2 166 997 13-Dec-89 600 346 83 4.2 166 -345 
Sam_1990 11-Jan-90 -12.0 130.5 21-Jan-90 -27.7 109.0 995 12-Jan-90 1200 346 260 5.1 258 1004 11-Jan-90 1800 63 324 5.9 238 63 
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  Start Finish At Maximum Intensity Within Radius At Closest Approach 
Name Date Lat Long Date Lat Long p0 Date Time Dist Bear Vfm Theta p0 Date Time Dist Bear Vfm Theta Xprox 

    degS degE   degS degE hPa   hhmm km deg m/s deg hPa   hhmm km deg m/s deg km 
Laurence_1990 08-Dec-90 -11.5 124.5 13-Dec-90 -15.1 119.1 984 11-Dec-90 600 274 247 1.1 242 991 10-Dec-90 1600 221 269 2.0 180 221 

Marian_1991 09-Apr-91 -8.8 130.0 19-Apr-91 -21.2 108.3 994 10-Apr-91 600 499 309 2.2 224 1006 09-Apr-91 0 415 347 3.1 260 414 
Neville_1992 05-Apr-92 -8.6 131.9 13-Apr-92 -12.5 125.2 937 08-Apr-92 1800 256 300 2.3 243 971 08-Apr-92 0 141 335 4.5 270 140 
Oscar_1993 28-Dec-93 -12.1 129.7 09-Jan-94 -16.0 109.4 1000 30-Dec-93 1200 424 290 2.1 255 1004 28-Dec-93 0 130 287 2.4 347 -112 
Bobby_1995 19-Feb-95 -11.0 134.0 27-Feb-95 -29.2 121.0 1005 19-Feb-95 600 228 62 7.5 250 1005 19-Feb-95 1430 29 342 7.0 248 29 
Chloe_1995 02-Apr-95 -11.7 131.5 08-Apr-95 -17.6 123.6 1004 02-Apr-95 0 110 40 5.4 307 1004 02-Apr-95 0 110 40 5.4 307 110 
Olivia_1996 02-Apr-96 -5.5 131.5 12-Apr-96 -33.8 131.9 991 05-Apr-96 0 302 302 4.2 232 991 05-Apr-96 0 302 302 4.2 232 298 

Nicholas_1996 09-Dec-96 -10.0 136.0 14-Dec-96 -15.9 123.5 1004 09-Dec-96 1200 493 60 4.2 255 1004 10-Dec-96 1030 285 12 4.7 282 285 
Phil_1996 25-Dec-96 -13.0 139.5 03-Jan-97 -18.6 105.3 983 27-Dec-96 900 276 225 8.6 248 985 27-Dec-96 200 163 174 8.6 262 -163 

Rachel_1996 31-Dec-96 -14.8 134.8 10-Jan-97 -27.5 123.0 980 03-Jan-97 2200 496 251 5.5 212 1004 01-Jan-97 2100 116 63 2.3 333 116 
Sid_1997 24-Dec-97 -13.2 130.1 29-Dec-97 -16.3 137.2 987 26-Dec-97 600 276 54 4.8 108 1002 25-Dec-97 900 110 304 3.7 33 -110 
Les_1998 22-Jan-98 -15.5 142.1 01-Feb-98 -18.8 122.7 985 29-Jan-98 600 381 233 2.9 224 1004 28-Jan-98 1200 228 212 2.1 284 -222 

Thelma_1998 30-Nov-98 -12.0 138.0 11-Dec-98 -16.5 125.0 909 08-Dec-98 1730 247 289 2.0 270 919 08-Dec-98 430 178 314 2.9 224 178 
Vance_1999 14-Mar-99 -12.5 131.5 23-Mar-99 -35.2 133.0 990 18-Mar-99 0 450 268 5.0 270 999 16-Mar-99 1630 21 347 2.1 255 21 

Gwenda_1999 02-Apr-99 -11.2 131.0 08-Apr-99 -20.0 120.6 1002 03-Apr-99 0 241 312 5.1 265 1008 02-Apr-99 0 140 7 2.3 276 140 
Steve_2000 27-Feb-00 -16.5 147.0 11-Mar-00 -37.0 127.5 992 02-Mar-00 1800 250 188 3.2 251 993 02-Mar-00 1230 239 172 3.5 261 -239 
Paul_2000 10-Apr-00 -13.0 127.5 20-Apr-00 -15.0 94.3 1005 11-Apr-00 400 485 262 6.0 270 1006 10-Apr-00 2200 367 260 5.5 270 -59 
Sam_2000 01-Dec-00 -10.1 129.0 12-Dec-00 -20.1 129.5 996 04-Dec-00 600 472 244 4.0 262 997 03-Dec-00 1200 254 266 3.7 195 252 
WINSOME 08-Feb-01 -11.0 138.7 13-Feb-01 -18.0 130.0 987 11-Feb-01 1200 471 131 3.9 242 987 12-Feb-01 0 439 152 4.9 238 -439 
ABIGAIL 24-Feb-01 -16.6 146.1 08-Mar-01 -26.5 124.5 992 28-Feb-01 1200 463 164 4.5 235 992 28-Feb-01 1200 463 164 4.5 235 -423 

Alistair_2001 17-Apr-01 -8.0 135.0 23-Apr-01 -24.4 109.7 987 18-Apr-01 2200 379 267 8.5 232 990 18-Apr-01 930 198 330 6.7 240 198 
CRAIG 07-Mar-03 -13.0 130.3 12-Mar-03 -15.2 141.4 976 10-Mar-03 2100 149 44 4.2 104 1003 07-Mar-03 1400 78 241 3.4 333 -78 
DEBBIE 16-Dec-03 -10.0 140.4 23-Dec-03 -15.5 130.5 970 19-Dec-03 1500 450 59 2.3 206 993 22-Dec-03 100 262 134 1.4 224 -262 
EVAN 27-Feb-04 -12.8 141.5 04-Mar-04 -15.0 126.1 998 02-Mar-04 0 479 113 2.0 270 1000 02-Mar-04 2100 203 181 8.0 270 -201 
FAY 12-Mar-04 -11.0 146.0 19-Mar-04 -12.8 124.8 966 18-Mar-04 1500 498 261 2.9 315 995 15-Mar-04 1930 180 333 4.5 243 180 

RAYMOND 30-Dec-04 -12.9 119.8 10-Jan-05 -14.7 136.6 993 02-Jan-05 1800 444 234 8.7 103 1000 03-Jan-05 0 350 210 8.3 143 350 
INGRID 04-Mar-05 -11.5 140.0 16-Mar-05 -15.3 128.4 924 12-Mar-05 300 494 78 4.2 284 963 13-Mar-05 1130 117 0 3.0 270 117 

Clare_2006 03-Jan-06 -8.5 135.3 10-Jan-06 -23.6 116.2 1002 06-Jan-06 1200 275 297 8.2 262 1006 05-Jan-06 2200 161 359 5.1 270 161 
Glenda_2006 24-Mar-06 -15.1 128.5 31-Mar-06 -24.9 114.6 998 24-Mar-06 300 386 220 1.0 90 1000 24-Mar-06 1500 361 224 1.0 270 -320 
Monica_2006 20-Apr-06 -13.8 141.3 27-Apr-06 -17.8 132.6 917 24-Apr-06 600 396 77 4.2 255 998 25-Apr-06 430 13 16 3.7 286 13 
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Table B-1 Named open coast sites, tidal range ratio, HAT and dune crest. 
(equivalent sites in bold are the onshore inundation sites used for 
return periods beyond 100y in the Darwin City region only.) 

 
Named Location Lat Lon Range HAT Crest 

  (deg) (deg) Ratio  (m AHD) (m AHD) 

Archer -12.5322 130.9600 1.03 4.2 6.7 

Bare_Sand_Island -12.5312 130.4150 0.89 3.1 6.1 

Beer-eetar_Island -12.5894 130.3550 0.88 3.1 6.1 

Berry_Creek -12.6616 130.9690 1.02 4.2 6.6 

Blackmore_River -12.6085 130.9390 1.02 4.2 6.6 

Bleesers_Creek -12.4704 130.8930 1.01 4.1 0.5 

Bowen_Bay -11.8243 130.0980 0.73 2.1 5.6 

Brown_Point -12.7071 130.6270 0.90 3.2 6.2 

Buchanan_Island -11.8397 130.6620 0.95 3.6 6.4 

Buffalo_Creek -12.3325 130.9080 0.92 3.4 7.0 

Burge_Point -12.5692 130.5650 0.90 3.2 6.2 

Bynoe_Harbour -12.6866 130.5480 0.90 3.2 6.2 

Camerons_Beach -12.3391 130.9650 0.92 3.4 4.0 

Cape_Grose -12.5558 130.3750 0.88 3.1 6.1 

Casuarina_Beach -12.3557 130.8570 0.94 3.5 10.0 

Casuarina_Beach -12.3553 130.8729    

Channel_Island -12.5515 130.8740 1.02 4.2 6.6 

Charles_Darwin -12.4630 130.8690 1.00 4.0 0.5 

Charles_Point -12.3815 130.6160 0.91 3.3 6.2 

Charles_Point_Lighthouse -12.3859 130.6340 0.91 3.3 6.2 

Cockle_Point -11.7980 130.6900 0.96 3.7 6.4 

Coconut_Grove -12.3864 130.8300 0.96 3.7 5.5 

Coconut_Grove -12.3924 130.8430    

Corrawara_Creek -12.4481 130.6080 0.91 3.3 6.2 

Cullen_Bay -12.4483 130.8200 0.98 3.9 5.5 

Cullen_Bay -12.4530 130.8218    

Darwin_City -12.4732 130.8400 1.00 4.0 10.0 

Darwin_City -12.4732 130.8400    

Darwin_Naval_Base -12.4624 130.8250 0.99 3.9 7.0 

Darwin_Naval_Base -12.4624 130.8250    

Doctors_Gully -12.4654 130.8320 0.99 3.9 7.0 

Dudley_Point -12.4167 130.8190 0.97 3.7 10.0 

Dum_In_Mirrie_Island -12.6362 130.3880 0.89 3.1 6.1 

East_Arm -12.5269 130.9140 1.03 4.2 6.6 

East_Point -12.4026 130.8140 0.96 3.7 10.0 

East_Point -12.4056 130.8207    

Elizabeth_River -12.5090 130.9350 1.03 4.2 0.5 
Emery_Point -12.4564 130.8120   10.0 

Fannie_Bay -12.4291 130.8290 0.98 3.8 5.5 

Fannie_Bay -12.4257 130.8390    

Fort_Point -12.4715 130.8450 1.00 4.0 7.0 

Gilruth_Point -12.4078 130.5710 0.90 3.3 6.2 
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Named Location Lat Lon Range HAT Crest 

  (deg) (deg) Ratio  (m AHD) (m AHD) 

Grose_Island -12.5864 130.4250 0.89 3.2 6.2 

Gunn_Point -12.1692 130.9950 0.85 2.9 6.0 

Haycock_Reach -12.6569 130.9680 1.02 4.2 6.6 

Herbert_Point -12.5750 130.5180 0.90 3.2 6.2 

Hope_Inlet -12.3444 131.0100 0.91 3.3 6.2 

Imaluk_Beach -12.4161 130.7000 0.94 3.6 6.3 

Indian_Island -12.6668 130.5140 0.90 3.2 6.2 

Irrititu_Island -11.9362 130.9470 0.84 2.8 6.0 

Kilimiraka -11.8217 130.1510 0.76 2.3 5.7 

Kings_Creek -12.3461 131.0060 0.91 3.3 5.5 

Lee_Point -12.3264 130.8950 0.93 3.4 10.0 

Lee_Point -12.3311 130.8967    

Leprosarium -12.5114 130.8980 1.02 4.2 6.6 

Lubra_Point -11.8080 130.2060 0.79 2.5 5.8 

Ludmilla_Creek -12.4039 130.8260 0.97 3.8 5.5 

Ludmilla_Creek -12.4160 130.8517    

Mackenzie_Arm -12.6967 130.5190 0.90 3.2 6.2 

Maclear_Creek -11.8774 130.8880 0.89 3.2 6.2 

Mandorah -12.4463 130.7650 0.97 3.7 6.4 

Micket_Creek -12.3395 130.9490 0.92 3.4 4.0 

Middle_Point -12.5044 130.8570 1.01 4.1 6.6 

Mirialampi_Creek -11.8250 130.5370 0.92 3.4 6.3 

Moanru_Creek -11.7842 130.3650 0.86 3.0 6.1 

Moantu -11.8050 130.1990 0.79 2.5 5.8 

Morriu_Point -11.6961 130.5720 0.95 3.6 6.4 

Myrtle_Point -12.6231 130.4870 0.90 3.2 6.2 

Nguiu -11.7580 130.6380 0.96 3.7 6.4 

Nightcliff -12.3736 130.8360 0.95 3.6 10.0 

Nightcliff -12.3749 130.8475    

North_Shell_Island -12.4879 130.8890 1.02 4.1 0.5 

One_Tree_Point -11.8234 130.1470 0.75 2.3 5.7 

Paterson_Point -12.6792 130.3720 0.89 3.1 6.1 

Pekiapauthera_Creek -11.7408 130.6260 0.96 3.7 6.4 

Pioneer_Beach -12.7125 130.6720 0.90 3.2 6.2 

Pioneer_Creek -12.6537 130.9010 1.02 4.2 6.6 

Pipianamili_Creek -11.8128 130.4350 0.89 3.1 6.2 

Pirapillipoonga_Creek -11.7919 130.6770 0.96 3.7 6.4 

Point_Celyon -12.7007 130.5540 0.90 3.2 6.2 

Point_Elly -11.9023 130.9080 0.88 3.1 6.1 

Point_Margaret -12.4599 130.5740 0.90 3.3 6.2 

Point_Waters -12.5040 130.5850 0.91 3.3 6.2 

Port_Patterson -12.5470 130.5680 0.90 3.3 6.2 

Pramamee_Creek -11.8027 130.6160 0.95 3.6 6.4 

Raft_Point -12.6298 130.5440 0.90 3.2 6.2 

Rapid_Creek -12.3638 130.8490 0.95 3.6 7.0 

Rapid_Creek -12.3793 130.8654    
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Named Location Lat Lon Range HAT Crest 

  (deg) (deg) Ratio  (m AHD) (m AHD) 

Shoal_Bay -11.7738 130.6380 0.96 3.6 6.4 

South_West_Vernon_Island -12.1197 131.0150 0.80 2.5 5.8 

Stevens_Creek -12.5617 130.7690 1.01 4.1 6.6 

Stokes_Hill_Wharf -12.4698 130.8500 1.00 4.0 5.5 

Stokes_Hill_Wharf -12.4698 130.8500    

Storm_Point -12.6149 130.9360 1.02 4.2 6.6 

Tominappi_Creek -11.8037 130.7200 0.96 3.7 6.4 

Trade_Development_Zone -12.4619 130.9180 1.03 4.2 0.5 

Tree_Point -12.2970 131.0090 0.90 3.3 6.2 

Tree_Point_Community -12.3081 131.0080 0.91 3.3 6.2 

Turnbull_Bay -12.6082 130.5900 0.90 3.2 6.2 

Turtle_Island -12.6335 130.4420 0.89 3.2 6.2 

Wagait -12.4235 130.7240 0.96 3.7 6.4 

Wagait_Beach -12.4262 130.7470 0.96 3.7 6.4 

Waniunga_Beach -11.8185 130.6170 0.95 3.6 6.4 

West_Arm -12.5455 130.7850 1.01 4.1 6.6 

West_Arm_Landing -12.6010 130.7780 1.01 4.1 6.6 

Wirrianappi_Creek -11.7052 130.5910 0.96 3.7 6.4 

Woods_Inlet -12.4796 130.7610 0.98 3.8 6.5 

      
Note: A default dune crest of HAT + 2m is applied where there is no information. 
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Statistical Simulation Model SATSIM  
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C.1 Background 

SATSIM (Surge And Tide SIMulation) is a discrete Monte-Carlo 
statistical model employing tide generation and a parametric tropical 
cyclone storm surge model, which can be applied to arbitrary coastal or 
open ocean areas. The early model was based on techniques first 
described by Stark (1976, 1979) and Harper and Stark (1977) and is 
similar to Russell (1971) as applied in the Gulf of Mexico. SATSIM was 
formalised by Harper and McMonagle (1983) and used to establish 
design water levels along the Queensland coast (Harper 1983, 1985), 
the Northern Territory (Harper and McMonagle 1983) and parts of 
Western Australia (Stark and McMonagle 1982). The model was further 
extensively developed in the late 1980s to include parametric tropical 
cyclone wave, wind and 3-D current models (Harper et al. 1989). More 
recently, the same basic technique has been further extended to include 
wind estimation and building damage in an even more complex model 
(MIRAM) which includes severe thunderstorms as well as tropical 
cyclone wind and storm surge (Harper 1996ab, 1997, 1999). The latest 
variant of SATSIM includes breaking wave setup over coral reefs and 
shallow water bathystrophic storm tide effects (SEA 2001). 

C.1.1 Definitions 
The total water level experienced at a coastal, ocean or estuarine site 
during the passage of a severe meteorological event such as a tropical 
cyclone, is made up of contributions from some or all of the following 
components. The combined water level is termed the storm tide, refer 
Figure C.1. 

(a) The Astronomical Tide 

This is the regular periodic variation in water levels due to the 
gravitational effects of the Moon and Sun. With a suitably long period of 
tide measurements at a specific location, combined with harmonic 
analysis, the tide can be predicted with very high accuracy at any point 
in time (past and present). The highest expected tide level is termed 
Highest Astronomical Tide (HAT) and occurs once each 18.6 y period, 
although at some sites tide levels similar to HAT may occur several 
times per year. 

(b) Storm Surge 

This is the combined result of the severe atmospheric pressure 
gradients and wind shear stresses of a significant meteorological event 
such as a tropical cyclone acting on the underlying water body. The 
storm surge is a long period wave capable of sustaining above-normal 
water levels over a number of hours. The wave travels with and ahead 
of the storm and may be amplified as it progresses into shallow waters 
or is confined by coastal features. Typically the length of coastline which 
is severely affected by a tropical cyclone storm surge is of order 100 km 
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either side of the track although some influences may extend many 
hundreds of kilometres. The magnitude of the surge is affected by many 
factors such as storm intensity, size, speed and angle of approach to the 
coast and the coastal bathymetry. 

(c) Breaking Wave Setup 

Severe wind fields create abnormally high sea conditions and extreme 
waves may propagate large distances from the centre of the storm as 
ocean swell. These waves experience little or no attenuation in 
deepwater regions and an offshore storm can impact several hundred 
kilometres of coastline. 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 or at a beach or reef. Just 
prior to breaking, a phenomenon known as wave setdown occurs where 
the average stillwater level is slightly lower than the same level further 
offshore. After breaking, a portion of the wave energy is converted into 
forward momentum which, through the continuous action of many 
waves, is capable of sustaining shoreward water levels which are above 
the stillwater level further offshore. This quasi-steady increase in 
stillwater level after breaking is known as breaking wave setup and 
applies to most natural beaches and reefs. 

There remain other related phenomena which can also affect the local 
water level. These may include long period shelf waves, unsteady surf 
beat, wave runup, stormwater and/or river runoff etc. Any phenomenon 
which can be deterministically described in space and time with respect 
to the incident storm parameters can be incorporated into the SATSIM 
methodology. 

 

Figure C.1 Components of total water level. 
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C.2 Basic Methodology 
(a) Deterministic Phase 

SATSIM consists of a series of water level forcing modules which can 
provide an estimate of the time history of each of the water level 
components of interest. In the case of the astronomical tide, the time 
history of water levels is provided directly from a set of harmonic 
constituents for the site under consideration and tidal planes (e.g. AHD) 
provide a base water level datum. The storm surge and breaking wave 
setup time histories are provided by a series of parametric models which 
describe the likely behaviour of the respective component as a function 
of the incident storm parameters (e.g. distance of approach, intensity, 
track, size etc). These parametric models are derived from a 
combination of complex numerical hydrodynamic models (e.g. SURGE, 
ADFA1) as well as analytical approximations such as those for breaking 
wave setup (e.g. Nielsen and Hanslow 1991; Gourlay 1997). 

The model typically considers a 36 h "window" for each storm tide event 
and generates simultaneous and independent estimates of each of the 
water level components at a time interval of 30 mins. These are then 
linearly combined using superposition to provide the estimated total 
storm tide level over that time as shown schematically in Figure C.2, 
which closely approximates the Cyclone Althea storm tide at Townsville 
in 1971 (Stark 1972). 

Figure C.2  Example of the superposition process. 
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(b) Probabilistic Phase 

A number of different probabilistic variants of the model have been 
developed. All approaches are based on the concept of defining a 
statistical control volume around the site of interest. This may be in any 
geometric form such as a square or rectangular domain or a radius from 
the site, termed the target site (refer Figure C.3). The climatology of the 
meteorological forcing within that control volume is then determined 
based on either the analysis and interpretation of historical data or, 
where no data exists, hypothetical statistical distributions of the 
parameters of interest. 

In Australia, tropical cyclone tracks and estimates of central pressure 
have been variously recorded and archived by the Bureau of 
Meteorology since the early 1900s. The quality of the data is quite 
variable in space and time (e.g. Holland 1981) and as a general rule is 
only suitable for statistical analysis from around 1959/60 onwards. This 
marks the commencement of routine satellite imagery and the adoption 
of objective intensity estimation methods. Individual storms which 
passed close to recording sites prior to this time are still suitable for 
inclusion but care must be taken not to bias the overall statistical 
descriptions. 

 

Figure C.3  Example of a 500 km radius statistical control volume with 
Townsville as the target site. 
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The climatology of storms within the control volume then is normally 
expressed in terms of the following major components: 

Population class 

At any single location it is common for the incidence of tropical cyclones 
to be due to two or more separate storm populations. These can 
normally be clearly identified by origin and track but other more complex 
discriminators may be required. 

Frequency of occurrence 

The relative frequency of occurrence between populations is often a 
further discriminator. 

Intensity 

Different populations often exhibit varying intensity behaviour which is 
typically related to the origin and track of the storms relative to the 
prevailing atmospheric patterns and landmass effects. 

Scale 

This typically relates to the radius of maximum winds or the radius to 
gales and influence the extent of storm surge or wave generation fetch 
etc. 

Forward speed and track 

The speed of approach to the coast and the angle of crossing, for 
example, influence the generation of storm surge. 

Distance of closest approach 

This is one of the principal determinants of impact at any site, the 
tropical cyclone structure is spatially variable and the region of 
maximum effect is typically within 2 to 3 radius to maximum winds of the 
centre. 

C.3 Statistical Model 

The model utilises a discrete Monte Carlo approach, whereby a random 
number generator is used to provide a source of unbiased probability, 
and a series of individual storm events are created based on the 
climatological description. The deterministic output from each 
hypothetical storm event is then created, based on the relationships 
determined between the storm parameters and the impacts of interest 
(surge, waves, wave setup etc). A 36 h window is typically allowed for 
each event and simultaneous time histories of each impact at a 
resolution of 0.5 h are assembled and combined as required to yield the 
output of interest (e.g. storm tide level). The statistics of each event are 
then recorded in terms of the frequency of exceedance of a range of 
given magnitude levels. After many thousands of samples from the 
control volume, the statistical exceedance function becomes smoothed 
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and simulation ends when the function has converged sufficiently at the 
desired probability level. For example, to estimate the 100 year return 
period (or 1% annual exceedance), at least 1000 years of simulation is 
recommended so that there will be at least 10 estimates of the 100 year 
magnitude. Figure C.4 illustrates the basic model structure in flowchart 
format. 

The forms of the statistical representations used are typically: 

Frequency of Occurrence Poisson 

Storm Intensity Gumbel (EV Type I) 

Forward Speed Smoothed Data CDF 

Track Smoothed Data CDF 

Closest Approach Smoothed Data CDF 

Radius to Maximum Winds Normal CDF 

Windfield Peakedness Normal CDF 

Any of the input statistical distributions may then be altered to test the 
sensitivity of the model results to the input assumptions. 

C.4 Model Variants 
SATSIM has been variously developed over a number of years 
according to the needs of the particular analysis. The following provides 
an introduction to some of the specific versions which were used in 
major or landmark studies. Individual study reports should be consulted 
for further details. 

V3 through V4 

These versions were used for the series of studies conducted during the 
early 1980s (e.g. Harper 1983; Harper and McMonagle 1983, 1985). It 
considers a rectangular control volume of nominally 5º of latitude 
alongshore (556 km) and 2.5º of longitude offshore (278 km). Tidal 
constituent data for the target site was provided and extended to up to 
10 secondary sites by the use of published range ratios. The coastal 
storm surge response was parameterised according to intensity, track, 
closest approach and forward speed based on the results of a series of 
numerical hydrodynamic model tests (e.g. Harper 1977 for each of 10 
locations along the Queensland coast). Some versions incorporated 
breaking wave setup and also coastal wave height, these being derived 
from a series of model tests using the SPECT model (Sobey and Young 
1986). 
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Figure C.4  Flowchart of the model simulation process. 
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V7 wave height (Hs, Hmax), period (Tz, Tm, Tp), direction (θm) 
parameterised based on over 200 separate spectral wave model 
tests using the ADFA1 model (Young 1987) - an updated version 
of the SPECT model. A two-stage nested-model domain system 
was used with resolutions of 54 km and 10.8 km. Results were 
summarised in terms of a series of complex tabular functions 
describing the wave conditions of straightline tracks as a function 
of various storm parameters and position relative to the target site. 
Long-term directional wave counts were also estimated for 
structural fatigue considerations. Maximum wave heights and 
associated periods were determined by numerical integration of the 
time history of significant wave heights and periods (e.g. Sobey et 
al. 1990). 

V8 3D currents (barotropic, baroclinic, pulsed) were similarly 
parameterised on the basis of a series of sensitivity tests using a 
hydrodynamic model after Fandry (CSIRO Division of Marine 
Research. 

The Woodside developments included significant calibration and 
verification testing of the various parametric model components against 
extensive measured wind, wave and current datasets. 

 

V9a 

This version was developed to represent storm tide impacts at the 
Cocos (Keeling) Islands in the Southern Indian Ocean on behalf of GHD 
Pty Ltd, acting for the Commonwealth Department of Transport and 
Regional Services (SEA 2001). The selected radius of influence was 
500 km. The model combines a number of aspects of previous models, 
namely: 

• Astronomical tide 

• Deepwater inverted barometer effect 

• Mean and gust wind speed 

• Parametric open ocean tropical cyclone waves 

As well as some additional capabilities: 

• Ability to represent up to 20 sites around the island by a 
directionally sensitive wave sub-model, further modifying the V7 
open ocean model 

• Breaking wave setup over the fringing reefs based on Gourlay 
(1997) 

• Bathystrophic storm tide effects within the island lagoon 
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This version of the model simultaneously generates estimates of all 
impacts for all sites. 

 

V9b 

This version was developed to represent storm tide impacts within the 
Whitsunday region of the Queensland coast on behalf of GHD Pty Ltd, 
acting for Whitsunday Shire Council (GHD 2003). The model retains a 
number of aspects of previous versions, namely: 

• Astronomical tide based on a regional reference with site specific 
range ratios 

• Mean and gust wind speed at the regional reference site 

• Parametric open coast storm surge model based on SEA (2002) 

• Parametric open ocean tropical cyclone wave model based on 
SEA (2002) 

• Breaking wave setup for plane beaches based on Nielsen and 
Hanslow (1991)  

This version of the model simultaneously generates estimates for up to 
350 sites. 

 

V9c 

This version was developed to represent storm tide impacts at 
Rarotonga (Cook Islands) in the South Pacific Ocean on behalf of GHD 
Pty Ltd, acting for SOPAC (GHD 2005). The selected radius of influence 
was 500 km. The model combines a number of aspects of previous 
models, namely: 

• Astronomical tide 

• Deepwater inverted barometer effect 

• Mean and gust wind speed 

• Parametric open ocean tropical cyclone waves 

As well as some additional capabilities: 

• Ability to represent up to 20 sites around the island by a 
directionally sensitive wave sub-model, further modifying the V9a 
open ocean model 

• Breaking wave setup over the fringing reefs based on Gourlay 
(1997) 

This version of the model simultaneously generates estimates of all 
impacts for all sites. 
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C.5 Algorithms 
C.5.1 Astronomical Tide 

The astronomical tide is specified only for the target site and secondary 
sites may have an associated range ratio to allow variation from the 
target site. No phase differences are incorporated, with phase being 
regarded as a random variable in this context. The target site tide is 
specified by up to 36 harmonic constituents (amplitudes, phases) 
together with the relevant datum planes for z0, MSL and HAT. 

C.5.2 Tropical Cyclone Winds and Pressures 

The Holland (1980) model formulation is used, as modified and 
extended by Harper and Holland (1999). 

C.5.3 Inverted Barometer Effect (IBE) 

This is represented by 

g
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where ps is the local MSL atmospheric pressure; pn is the ambient or 
surrounding MSL atmospheric pressure; ρw is seawater density; g is 
gravity. The magnitude of ∆B is then typically 10 mm for each 1 hPa 
pressure difference. 

C.5.4 Bathystrophic Storm Tide (BST) 

This is the first-order 1D momentum balance for a steady-state wind 
stress scenario which, considering the x direction is given by: 
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where the x-y datum plane is located at the mean water level with the z 
axis directed vertically upwards; the water surface elevation w.r.t. datum 
is η (x,y,t), the seabed is h (x,y) below datum. The forcing influence of 
the tropical cyclone is represented through the surface wind shear 
stress vector component τsx and the x gradient of the MSL atmospheric 
surface pressure ps(x,y,t). The effect of bottom stress is represented by 
the bottom shear stress vector component τbx. 

Following the SURGE model (Sobey et al. 1977), the surface stress and 
bottom stress components are represented parametrically. For example, 
the surface wind stress forcing is parameterised w.r.t. the 10-minute 
mean wind speed component Wx10 at the standard reference height of 
+10 m MSL by 

 2
1010 xasx WC ρτ =  
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where ρa is the air density and C10 is an empirical coefficient whereby 
(Wu 1982) 

 2
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The effect of bottom stress is parameterised by a Darcy-Weisbach 
equation with U the x component of flow and λ the Darcy-Weisbach 
friction factor, e.g. 
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where kb is typically set at 0.025 m for coastal areas. 

However, U remains an unknown in this context and is therefore further 
parameterised by the surface wind speed 

10xu WkU =  

assuming ku is a fixed nominal value of 0.03 (e.g. Bishop 1979). 

The surface elevation η is then calculated based on a given fetch and 
depth profile using a Runge-Kutta integration technique. 

C.5.5 Coastal Storm Surge 

Versions prior to V9b follow the method outlined in Harper and 
McMonagle (1985). Version 9b is based on the method outlined in SEA 
(2002). 

C.5.6 Tropical Cyclone Waves and Currents 

V9b: Follows the method outlined in SEA (2002). 

V7, V8, V9a: 

These follow the tabular look-up methodology described in Harper et al. 
(1989), which is based on a schematised storm reference system as 
shown in Figure C.5. Straightline tracks of constant speed are assumed 
but with a symmetric variation in central pressure based on a Gaussian 
function. Radius to maximum winds varies as a function of pressure 
differential for a given Rc constant. 

The model incorporates a bias adjustment for Hs determined from 
detailed calibration studies with 23 tropical cyclones which identified an 
apparent cross-track bias in the ADFA1 spectral wave model, thought to 
be due to non-linear wave-wave interactions in the rotating wind field 
(Young pers. comm.). The adjustment is implemented here as a linear 
function according to the relative x position within a nominal y domain, 
as follows: 

10xu WkU =  
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where 

 92089.000196.0 += xEr    -100 < x < 100 

with x in km and a clipped linear return to unity at -200 and +200 . The 
applicable y domain is defined by 

y0 < -100 and y2 > 0. 

C.5.7 Breaking Wave Setup 

The method of Nielsen and Hanslow (1991) is applied for plane beaches 
while that of Gourlay (1997) is applied for reefs. 

 

Figure C.5 Model reference system for schematised tropical cyclones. 
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Numerical Hydrodynamic Storm Surge Model (MMUSURGE) 
 
D.1 Introduction 
This appendix describes the basis of the 2D depth integrated 
hydrodynamic model (MMUSURGE) developed by the Marine Modelling 
Unit at the School of Engineering, James Cook University. The model is 
based on the depth integrated equations of motion using the usual 
assumption that the fluid is incompressible and homogeneous. It is 
formulated in a spherical coordinate system and includes all the basic 
momentum terms such as Coriolis, advection, horizontal diffusion, 
surface and bottom stress and the inverse barometer effect. Wind stress 
is parameterised through a quadratic drag law using the drag coefficient 
of Wu (1982). Bottom friction is also parameterised using a quadratic 
friction law with the drag coefficient coming from the assumption of a 
logarithmic profile. One unique aspect of this model is its ability to 
include the effects of sub-grid scale reef and barriers on water flow.  
The model has a built-in tropical cyclone wind field model and a built-in 
uniform wind field model. The tropical cyclone wind field is based on that 
of Holland, consistent with Appendix C, with modifications that make it 
suitable for the Coral Sea region. The model is capable of producing 
output that includes water levels and velocities. The output can be in the 
form of time histories or full gridded output. The User Guide (Mason and 
McConochie 2001) provides specific detail of how to incorporate varying 
surface wind and pressure fields. 
 
D.2 Equations of Motion 
The equations of motion are the two-dimensional (2D) long wave 
equations, describing conservation of momentum and mass for a 
homogeneous fluid. In the present work, these equations are formulated 
in standard spherical polar coordinates, used in models over significant 
portions of the earth's surface.  
By the use of the hydrostatic approximation, the equations become: 
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Here: λ is east longitude; φ  is latitude; t is time; D = η - h is total water 
depth; η is the surface elevation, relative to Mean Sea Level (MSL) 
datum; h is the bottom elevation; D′ is the minimum average or effective 
depth where sub-grid scale reef or barriers are included; the 
components of transport (U and V) are, defined by (U, V) = D(u, v), 
where u = (u, v) is depth averaged fluid velocity; f is the Coriolis 
parameter (equal to 2Ω sinφ , where Ω = 7.292 × 10-5 s-1 is the earth’s 
angular velocity); a is the earth’s radius; ηe is the equilibrium tide height; 
ps is atmospheric pressure; ρ is the density of seawater; Am is the 
horizontal eddy viscosity; and 2

h∇ denotes the horizontal Laplacian 
operator. 
At the water surface, wind stress ( )sτ

r , when required, is modelled 
conventionally through the quadratic drag law, 

 10 10 10 ,s aC W Wτ ρ=
r rr  (D.4) 

where 10W
r

 is the wind at a standard anemometer height of 10 m, ρa is 
the density of air and C10 is the surface drag coefficient. The 
(dimensionless) drag coefficient is a function of the magnitude of the 
wind speed. The formula used in the present study is that of Wu (1982): 

 ( ) 3
10 100.8 0.065 10 ,C W −= + ×

r
 (D.5) 

where the magnitude of 10W
r

is given in m s-1. At the sea bed, the bottom 
shear stress (τb) is expressed in terms of the total near bottom transport 
Q = (U 2 + V 2)0.5 and total water depth D, by the quadratic friction law: 

 , 2( ) ( , )b
b b b

C Q
U V

Dλ θ

ρ
τ τ τ= =
r  (D.6) 

where Cb is a drag coefficient. For fully developed turbulent flow, the 
near bottom currents are very closely approximated by a logarithmic 
profile. From this relationship, it can be shown that the drag coefficient 
can then be expressed as: 
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where κ = 0.4 is the well known von Karman constant, zb is the elevation 
of the lowest horizontal transports (Ub, Vb), and z0 is the bottom 
roughness length. The physical or Nikuradse roughness is 
approximately equal to 30z0. 
 
When no partial (sub-grid scale) barriers or reefs are defined, α=1and 
β=1, otherwise they are given by 

 ( ) ( )3
12

1

1 bwb w
w

α = − + +Φ  (D.8) 

and  

 ( ) ( )0.56
1 12

1

1 1.56 .bb w w
w

β −= − + Φ  (D.9) 

 
Here Φ, the end effects, is defined as 
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and the modified gap fractions are 

 ( ) ( )
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1 31 , 1 , , .reef
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The reef gap fraction, w, and reef width fraction, b, are related to the 
proportion of the grid space taken up by reefs or barriers. 
 
D.3 Implicit Hydrodynamic Model 
We present in this section a basic description of the two-dimensional, 
nonlinear hydrodynamic surge model, using an implicit form of time-
stepping for finite difference (FD) schemes, as first described in Bode 
and Mason (1994). 
 
D.3.1 Background 
Despite advances in solution methods for very large sparse systems of 
linear equations that arise from the discretisation of partial differential 
equations, many two-dimensional (2D) hydrodynamic models continue 
to use explicit time-stepping. Ease of code generation is the main 
incentive to use explicit schemes. However, this is in spite of the well 
known but highly restrictive timestep constraint that is needed to ensure 
computational stability: 

 max2
1.

t gH
C

s
∆

= ≤
∆

 (D.12) 

Here, ∆t and ∆s are the temporal and spatial increments, g is 
gravitational acceleration, Dmax is the maximum total water depth, and C 
is the so-called dimensionless Courant number. With continuing 
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dramatic improvements in computer power and memory, models have 
been able to utilise much finer grids, thus allowing improved model 
realism. However, an immediate consequence is that extremely small 
values of ∆t are demanded by the constraint (D.12). For example, in the 
case of a storm surge model that extends into deep water (e.g., Dmax = 
1000 m), a typical value of ∆s = 3 km demands a ∆t value of around 15s. 
Such values of ∆t are several orders of magnitude less than the 
significant time scales of the storm surge phenomenon. This situation is 
exacerbated by higher spatial resolution, with the CPU cost of a 2D 
model increasing with (∆s) -3. 
The need for such restrictive timesteps in explicit models led to 
enhanced interest in implicit schemes, which can be shown by simple 
analysis to guarantee numerical stability, at least for linear regimes. The 
pioneering and influential work of Leendertse (1967), which employed 
the alternating direction implicit (ADI) method, was taken up by many 
modellers. Here, the 2D equations are separated into individual 
components in each of the two spatial directions x and y, say). Then, 
one such part (e.g., x) is made implicit over ∆t/2, while the other remains 
explicit; this action is reversed in a second half-timestep. The advantage 
is that the 2D model essentially devolves into two coupled 1D implicit 
models. At the same time, the simultaneous equations that arise are 
generally only tridiagonal, so causing little CPU penalty for such 
methods. However, significant difficulties were shown to arise from use 
of the ADI method for more spatially complex model geometries, which 
may be expected to arise in near-coastal regions (Stelling et al., 1986). 
These limitations of the ADI schemes can be overcome by using a fully 
implicit model, as is done here. Fully implicit models require the solution 
of the “full” 2D equations at each timestep. In reality, this undertaking is 
impossible because of the high degree of nonlinearity in the long wave 
equations, so that various stratagems, such as operator splitting, need 
to be invoked to make the computations feasible. However, implicit 
models still require the inversion of huge, multi-banded sparse matrices 
at each timestep, and the basic code is more complex, naturally, than 
that for explicit or ADI models. As a result, modellers have been slow to 
recognise the advantages of such schemes. Two noteworthy exceptions 
are Backhaus et al. (1983), which suffered by using the old-fashioned 
and slow relaxation (SOR) method, and Wilders et al. (1988), which has 
formed the basis for our own scheme. The advent of efficient computer 
packages such as NSPCG (Oppe et al., 1988), which employ various 
pre-conditioned conjugate gradient schemes for the solution of large 
banded systems of equations, has now made implicit models much 
more feasible than in the past. 
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D.3.2 Model description 
We illustrate the numerical model scheme with the full equations of 
motion used in the storm surge simulations, although for notational 
simplicity we employ the Cartesian form of these, rather than the 
spherical. The equations are: 

 [ ]
2 ( ) 1 ,sx bx

U U UV fV gD
t x D y D x

η τ τ
ρ

 ∂ ∂ ∂ ∂  + + − = − + −  ∂ ∂ ∂ ∂  
 (D.13) 

 
2 1 ,sy by
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 (D.14) 

 0.U V
t x y
η∂ ∂ ∂
+ + =

∂ ∂ ∂
 (D.15) 

Notation is as follows: t is time; U and V are the components of 
horizontal transport or depth-integrated velocity; the water column 
extends from the sea surface at z=η(x,y) to the sea floor at z=-h(x,y), 
giving a total water depth of D = h + η; f is the Coriolis parameter, with 
f≈-4.8×10-5 s-1 at the latitude of Townsville; τs = (τsx,τsy) is surface stress 
due to the wind; τb = (τbx,τby) is the seabed stress. We follow accepted 
2D modelling practice and set 

 ( )
( )

1 22 2

2 , ,b
U V

U V
D

λτ
ρ

+
=  (D.16) 

where ρ is the density of seawater (assumed constant), and λ is a 
weakly depth-dependent dimensionless drag coefficient -- typical values 
lie around 2.5×10-3 (Sobey et al., 1977). The basic geometric layout is 
depicted in the schematic below (Figure D.1). 
 

Figure D.1 Schematic layout of model geometry in cartesian coordinates 
(x,y,z). 
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Our method is based on that described in Wilders et al. (1988), but with 
some significant modifications. Changes from the original 2D scheme of 
Wilders et al. (1988) include the use of transport rather than velocity 
components as prognostic variables, and an implicit method for treating 
the Coriolis terms. The numerical FD scheme consists of a combination 
of explicit and implicit steps, which combine to produce trapezoidal or 
Crank-Nicolson time differencing. In the horizontal, the prognostic 
variables U, V and η are specified on a spatially staggered finite 
difference grid (the standard Arakawa `C' arrangement -- Mesinger and 
Arakawa (1976) – as shown in Figure D.2. 

Figure D.2 Space-time distribution of U, V and η variables on the C-grid. 
 
Use of a C-grid greatly simplifies coastal boundary conditions in coastal 
ocean modelling, although the Coriolis terms then require spatial 
averaging, which can cause complications with implicit models. A 
method that has been devised to overcome such problems on a 
staggered grid is described in brief below. We assume here a square 
spatial grid (∆x= ∆y = ∆s), although this restriction can be easily relaxed, 
and define variables on the discrete space-time grid in standard fashion, 

 ( ) ( ), , , , , ,n
p q p q nx y t p s q s n tη η η= = ∆ ∆ ∆  (D.17) 

and similarly for U and V at their corresponding positions. We use the 
flow chart of Figure D.3 to describe the implementation of the scheme, 
where we define an intermediate and temporary half-timestep, by t* = 
tn+1/2. The steps then proceed sequentially, as indicated on this diagram. 
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Figure D.3 Sequence of operations over one timestep for the split 
implicit FD scheme. 

1a. Equation (D.16) is solved explicitly for ,p qη∗  

 ( ) ( ), ,
1 2, 1 2, , , 1 2 , 1 2 0.

2

n
p q p q n n n n

p q p qp q p q p qU U V V
t

η η∗

+ − + −

−
 + − + − = ∆

 (D.18) 

1b. Then, using the known fields of Un, Vn, ηn and η*, discretised 
versions of (D.14) and (D.15) are solved for (U*,V*). The Coriolis 
terms are formulated explicitly at this stage using standard 4-
point averages; bottom friction is discretised in the standard 
semi-implicit manner (Bode and Hardy, 1997) to enhance 
stability; and the nonlinear advective terms are expressed 
implicitly, using a combination of centred and higher-order 
upwinding differences. If we omit the advective and wind stress 
terms, this step can be demonstrated for the U-momentum 
equation by the following equation: 

 ( ) ( )
( )

1, ,
22

n nn nnxy x p q p q

x

U U Qf V g D U
t s

D

η η λ∗ ∗
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∗

−−
− = − −

∆ ∆  
  

 (D.19) 

 where evaluation at the spatial grid position (p+1/2,q) is implied 
and Q=(U2 +V2)1/2. A similar equation for V* follows from (D.15). 
If advective terms are omitted, this step is fully explicit; if 
included, these equations become implicit, but can be solved 
cheaply by NSPCG, usually in 1 or 2 iterations. 

2a. The FD forms of (D.14) and (D.15) are rewritten at the next half-
timestep, so as to solve algebraically for the (Un+1,Vn+1) fields. 
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Bottom friction is again treated semi-implicitly; Coriolis terms are 
treated by the method described below. 

2b. The expressions for (Un+1,Vn+1) are finally substituted into a 
backward-differenced form of (D.16), in which the divergence 
terms are computed at tn+1, in order to make the method centred 
and thus second-order in time. This produces a discrete 
Helmholtz equation for ηn+1, which can be solved by NSPCG, 
the most computationally demanding part of the scheme. 
Usually around 10 iterations are sufficient to give convergence 
to 1 part in 105. The banded matrix contains 9 diagonals. 

2c. The (Un+1,Vn+1) fields are found by simple back-substitution in 
the formula used in 2b. 

Despite being based on the work of Wilders et al. (1988), the present 
scheme has involved a number of significant modifications:  

• We use transport rather than velocity in the momentum 
equations. This has greatly simplified the key step in the implicit 
updating via the continuity equation η* to ηn+1, which ensures 
mass conservation. This is now done by a single iterative 
process, rather than the two-step (inner-outer) method of Wilders 
et al. The nonlinearity that was previously present in the velocity-
based continuity equation now reverts to the momentum 
equations, where it causes fewer difficulties. 

• The bottom friction computations are time-centred. This raises the 
temporal accuracy of this term to second order, and leads to 
improved stability characteristics. 

• Considerable numerical experimentation has been carried out to 
improve the formulation and resulting stability of the nonlinear 
advective terms. 

• Coriolis terms were not included in the work of Wilders et al. They 
cause an inherent problem because of the time splitting 
factorisation. We have been able to devise a method that 
incorporates the Coriolis terms on the staggered C grid, yet still 
ensures the desired level of accuracy and stability, see next 
section for details. 

 
D.3.3 Treatment of Coriolis terms 
The need for spatial averaging of the Coriolis terms on a C-grid 
complicates the formulation of implicit schemes. Note also that explicit 
schemes are weakly unstable with a growth rate of order f∆t, although 
system friction is usually enough to control this potential problem. The 
fundamentals of our method can be demonstrated by using a reduced 
set of equations, the so-called ‘rotational equations’ (Mesinger and 
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Arakawa, 1976). These equations are obtained by removing all but the 
temporal derivative and Coriolis terms from (D.14) and (D.15), which 
thus reduce to 

 0,U fV
t

∂
− =

∂
    and    0.V fU

t
∂

+ =
∂

 (D.20) 

By defining the complex transport W = U+iV, (D.21) becomes 

 0,W ifW
t

∂
+ =

∂
 (D.21) 

with the simple solution 

 ( ) ( )0 exp .W t W ift= −  (D.22) 

This represents inertial oscillations, with period Tf = 2π/f, or half a 
pendulum day. 
On the Arakawa B-grid, for which the U and V locations coincide, no 
spatial averaging is required for the Coriolis terms. For this case, Gadd 
(1980) devised a strategy whereby the rotational equations can be 
written in what appears as an implicit Crank-Nicolson form. We 
discretise (D.21), as follows: 
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This system is neutrally stable, numerically, yet can be converted to a 
fully explicit form with matrix representation 
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 (D.25) 

where φ=2f ∆t. This 2×2 system can be solved directly for (Un+1,Vn+1). 
Thus, although formulated implicitly (and hence stable), the FD 
equations (D.24 and D.25) can be expressed in an equivalent explicit 
form, thus avoiding the need for any matrix inversions. 
On the C-grid, however, the need for spatial averaging of the Coriolis 
terms precludes the direct use of this approach. We need to recall that 
in Step 2a of the split scheme, algebraic expressions for (Un+1,Vn+1) are 
required to obtain the Helmholtz equation for ηn+1. If the fact that the 
spatial positions of U and V do not coincide is temporarily ignored, no 
such problems arise: the solution of (D.26) can be used to obtain explicit 
expressions for (Un+1,Vn+1). (Other terms in the momentum equations 
complicate the algebra but do not affect the overall methodology.) When 
the staggered nature of the grid is taken into account, some terms will 
not be defined at their pre-specified locations at Step 2b, and spatial 
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averaging is then used, where appropriate. This increases the 
bandwidth of the sparse matrix used to solve for ηn+1 in Step 2b. 
Although no analysis is presented here, the method can be shown to be 
stable, and in fact slightly dissipative for high wave numbers – an 
additional advantage. 
 
D.3.4 Reef parameterisation scheme 
The fundamental problem in adapting long wave models to shelf-scale 
reefal areas is one of spatial resolution, as is apparent from 
consideration of the geometry that applies in the Great Barrier Reef 
(GBR). Relatively fine FD grids for continental shelf-scale models (e.g. 
∆s = 1 nmile), do not even remotely resolve major features: for example, 
the deep channels between reefs can be as narrow as 100 m. In much 
of the GBR, where the tidal range is large, considerable volumes of 
water can flow through these channels. Reef complexes, such as those 
found throughout the GBR, are basically sub-grid-scale (using almost 
any feasible spatial grid). The resulting resolution problems are so 
severe that a parameterised approach to the numerical modelling of 
long wave motions at the scale of the continental shelf is essential. 
These considerations apply equally for tidal, circulation or tropical 
cyclone storm surge modelling. 
To overcome these problems, yet still make long wave modelling in the 
GBR a feasible and accurate proposition, an effective but relatively 
simple and accurate reef parameterisation scheme was devised by 
Bode et al. (1997). This was originally developed from an analytical, 
quasi-1D model of Huthnance (1985), the geometry for which is shown 
in Figure D.4. The solution includes terms that correspond to the 2D 
nature of the flow around the openings in inter-reef passages (so-called 
‘end effects’). 
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Figure D.4 Idealised reef geometry for x-directed flow, with ‘gap fraction’ 

denoted by w. 
This simple model of Huthnance was extended to cover a wider range of 
problems, including flow over reef barriers, leading to impedance 
formulae with obvious electrical circuit analogies. Importantly, the 
scheme can be extended to treat the more realistic case of quadratic 
bottom friction, thus including nonlinear frictional effects, associated with 
enhanced velocities through the narrow inter-reefal gaps. The 
formulation of the scheme is such that it can be incorporated relatively 
easily into time-dependent numerical models with quadratic bottom 
friction. As a simple summary, we consider the case which corresponds 
to flow occurring only through the gaps between (but not over) the reefs, 
under quadratic friction and no wind stress. The reduced 1D momentum 
equation for the flow through a complete FD square, corresponding to 
(D.14), can be shown (Bode et al., 1997) to reduce to 

 2 .b
s

s

C UU gh U
t x h

ηα β∂ ∂
= − −

∂ ∂
 (D.26) 

The derived reef parameters α and β are given in terms of the gap 
fraction w and the reef breadth fraction b, as shown in Figure D.5, as 
follows: 

 ( )1 bb
w

α = − +       and      ( ) 21 .bb
w

β = − +  (D.27) 
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Figure D.5  Idealised reef geometry for FD grid. 
(a) Planform shows gap and reef breadth fractions, w and b. 
Transport U has contributions Ug and Uf from the gap and reef 

flat. (b) Cross-section, with shelf depth, hs, reef flat depth, hf, and 
surface elevations η1 and η2, shown in (a). 

 

Bode et al. (1997) present modifications of (D.27) for the more general 
case where flow can also occur over reef flats. They give results for 
numerical tests of the parameterisation scheme, which demonstrate its 
accuracy by comparisons with high resolution, explicitly resolved, 
idealised reef geometries. They also applied the scheme to tidal 
modelling in the macro-tidal region of the Southern GBR, with extremely 
accurate results being found. Furthermore, this work shows the 
substantial influence of the GBR on the tidal response. The almost 
continuous reef matrix in certain sections leads to large local elevation 
gradients and velocities. Removal of the reefs from the model produces 
a completely different and erroneous response. This modelling also 
demonstrates that inclusion of momentum advection is generally 
required in such regions. 
The form of the momentum equations given in Bode et al., (1997), is 
such that the reef parameterisation schemes can be incorporated almost 
unchanged in standard FD numerical long wave algorithms. For each 
momentum equation, the parameterisation schemes require the 
specification of just two geometric parameters, w and b, as in Figure 
D.5a. We determine these reef parameters automatically, an approach 
that is necessitated by the magnitude of the task. This automated 
procedure uses high resolution digitised reef outlines, overlaid on an 
ultra-fine mesh for each grid square, and inherently incorporates end 
effects. 
Thus, the parameterised approach leads to equivalent analytical 
momentum equations, in which the coefficients of certain terms are 
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modified by geometric factors (α and β) which depend only on w and b, 
and also account for end effects. For the general case, in which water 
can flow over reefs as well as through gaps, the parameterisation 
scheme is shown to give good agreement with the high-resolution 
overflow reef solutions, over a wide range of forcing frequencies, 
including the time scales encompassed by the passage of a tropical 
cyclone. The analytical solutions confirm the general conclusions in 
H85, that reef chains are largely transparent to long waves, but that this 
is not the case if reef coverage is particularly dense. Almost all flow 
occurs in the inter-reef channels, although it is shown that flow over 
reefs can cause subtle modifications to the dynamical response. The 
fact that the modified momentum equations, including those for 
quadratic friction, can be adapted immediately to standard numerical 
algorithms, simplifies considerably the task of model development in 
geometrically complex regions such as the GBR. 
The numerical parameterisation scheme is applied to the M2 tides of the 
Southern GBR region of Australia. This area, with its wide continental 
shelf and dense reef matrix, exhibits anomalous tidal behaviour 
(Middleton et al., 1984) and significantly amplified semidiurnal tides. 
Overall, the model is able to capture the unusual tidal characteristics of 
the region, and produces results that are in excellent quantitative 
agreement with data over the entire model domain. 
Although only tides were considered explicitly in Bode et al. (1997), 
because these offered the best opportunity for model verification, the 
parameterised approach applies equally to the many other significant 
classes of low frequency motions in the GBR, notably tropical cyclone 
storm surge. 
 
D.4 Overland flooding and drying 
The “standard” coastal boundary condition used in long wave models is 
that of no flow at the coastline, i.e., the component of transport normal to 
the coastline equals zero. Thus, this boundary condition essentially 
approximates the coast by a vertical cliff of unlimited height, against 
which the free surface water level, η, can rise and fall. Quite apart from 
the fact that all models can only approximate the position of the 
coastline (e.g., that at M.S.L.), the topography there generally changes 
gradually, not abruptly. Further, many coastal regions are bordered by 
low-lying land: tidal flats such as those adjacent to parts of Cleveland 
Bay; large stretches of coastal plains close to sea level, such as those 
bordering the Gulf of Carpentaria; and inter-tidal lagoons and 
embayments. All may be subject to inundation at times of high 
astronomical tides or during a storm surge. 
Thus, an important component of many coastal hydrodynamic models is 
the existence of modules to compute the extent of such incursions of 
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sea water. These are often labelled wetting/drying or flooding 
algorithms. Such schemes will necessarily include a database of on-
shore topography, at least for regions deemed flood-prone. The model 
must then compute the progress of the water across such areas -- both 
the position of the wet/dry interface, and the depth of water in all `wet' 
computational cells. This is not a simple problem. Indeed, the fact that 
various schemes are still being proposed in the recent modelling 
literature, is a strong indication that flooding and drying is not a closed 
issue. 
 
D.4.1 Flooding algorithm for the JCU model 
In our implicit model, the development of a flooding scheme is 
complicated by the significantly longer timesteps that are used, relative 
to those commonly employed for the explicit case. Any tendency for the 
formation of shocks and other problems, leading ultimately to model 
instability, will thus be amplified much more over this longer period of 
time. Nevertheless, we have been able to model flooding and drying 
with some success. 
In our present scheme, we limit the minimum water depth in all cells to a 
small value, so that the implicit scheme has a finite water column to 
work with. However, the total water level is used nonlinearly in other 
parts of the momentum balance, e.g., for the pressure term. This means 
that there can be a tendency for the production of some very high 
gradients in water level, near wet/dry interface. This can then interact 
with the advective terms and cause model instability. It may also mean 
that the propagation speed of the wave front may be in error.  
Overland flooding is undoubtedly an important issue for storm surge 
modelling, at least in some areas. However, there remain difficulties with 
reliable flooding schemes, as well as with the computational overheads 
that they incur. The simplest approach to the problem is that in which a 
fixed coastline model is used, and the computed surge relative to M.S.L. 
is compared against the levels of the adjacent land. In general, this will 
produce a "conservative" result, i.e., an over-estimation of the maximum 
surge level. Thus, we would recommend that operational surge 
modelling be conducted with the standard rigid coastline. However, in 
certain regions with very extensive areas of low-lying land, such as the 
Gulf of Carpentaria, the models may need to include flooding, at least 
for the purposes of sensitivity studies. 
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Appendix E 
 
A Note on the Interpretation of Statistical 
Return Periods 
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E.1 General 
This study has presented its analyses of risk in terms of the so-called 
Return Period (or average recurrence interval ARI). The return period is 
the “average” number of years between successive events of the same 
or greater magnitude. For example, if the 100-year return period storm 
tide level is 3.0 m AHD then on average, a 3.0 m AHD level storm tide or 
greater will occur due to a single event once every 100 years, but 
sometimes it may occur more or less frequently than 100 years. It is 
important to note that in any “N”-year period, the “N”-year return period 
event has a 64% chance of being equalled or exceeded. This means 
that the 3.0 m storm tide has a better-than-even chance of being 
exceeded by the end of any 100-year period. If the 100-year event were 
to occur, then there is still a finite possibility that it could occur again 
soon, even in the same year, or that the 1000 year event could occur, 
for example, next year. Clearly if such multiple events continue 
unchecked then the basis for the estimate of the 100 year event might 
then need to be questioned, but statistically this type of behaviour can 
be expected. 

A more consistent way of considering the above (NCCOE 2004) is to 
include the concepts of “design life” and “encounter probability” which, 
when linked with the return period, provide better insight into the 
problem and can better assist management risk decision making. These 
various elements are linked by the following formula (Borgman 1963): 

 T = - N / ln [1  -  p ] 

where p = encounter probability 0 ≤ 1 

 N = the design life (years) 

 T = the return period (years) 

This equation describes the complete continuum of risk when 
considering the prospect of at least one event of interest occurring. More 
complex equations describe other possibilities such as the risk of only 
two events in a given period or only one event occurring. 

Figure E.1 illustrates the above equation graphically. It presents the 
variation in probability of at least one event occurring (the encounter 
probability) versus the period of time considered (the design life). The 
intersection of any of these chosen variables leads to a particular return 
period and a selection of common return periods is indicated. For 
example, this shows that the 200-year return period has a 40% chance 
of being equalled or exceeded in any 100-year period. 

The level of risk acceptable in any situation is necessarily a corporate or 
business decision. Table E.1, based on Figure E.1, is provided to assist 
in this decision making process by showing a selection of risk options. 
Using Table E.1, combinations of design life and a comfortable risk of 
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occurrence over that design life can be used to yield the appropriate 
return period to consider. For example, accepting a 5% chance of 
occurrence in a design life of 50 years means that the 1000-year return 
period event should be considered. A similar level of risk is represented 
by a 1% chance in 10 years. By comparison, the 100 year return period 
is equivalent to about a 10% chance in 10 years. AS1170.2 (Standards 
Australia 1989), for example, dictates a 5% chance in 1000-year criteria 
or the 1000-year return period as the minimum risk level for wind speed 
loadings on engineered structures. 

E.2 References 
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Figure E.1   Relationship between Return Period and Encounter 

probability 

 

 

 

 

 

Table E.1   Risk selection based on encounter probability concepts. 
Considered  

Design Life Chosen Level of Risk of at Least One Event Occurring 
or Planning 

Horizon 
% Chance 

y 1  2  5  10  20  30  
 Equivalent Return Period (y) 

10  995 495 195 95 45 29 
20  1990 990 390 190 90 57 
30  2985 1485 585 285 135 85 
40  3980 1980 780 380 180 113 
50  4975 2475 975 475 225 141 

 
 



Northern Territory Emergency Services Darwin Storm Tide Mapping Study 2006 

J0606-PR001C F-1 Systems Engineering Australia Pty Ltd 
Nov 2006 

 
 
Appendix F 
 
Scope of Work 
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Title: Darwin Storm Tide Risk Modelling 
Update 

 
Overview: 
The project is designed to provide an update of tropical cyclone storm 
tide risks for the Greater Darwin Region and a comparison with previous 
studies (e.g. Vipac 1994). Model prediction data will also be supplied in 
a format that will be suitable for the mapping of storm tide risk levels. 
The study will be consistent with and build on the modelling concepts 
developed for the Bureau of Meteorology storm tide prediction system 
(SEA 2005). 
Extent and Scope: 
The area to be included will be determined by the existing coverage of 
the B20 (Tiwi-Cobourg) and B21 (Beagle Gulf) numerical grids 
developed in SEA (2005): 
(a) Fine scale (0.560 km resolution): 
  Gunn Point to Patterson Point 
  (mainland including Bynoe Harbour, Darwin Harbour) 
  Cape Gambier to Cape Fourcroy 

(southern coast of Tiwi Islands) 
(b) Coarse scale (2.78 km resolution): 
   Remainder of Tiwi Islands. 
   (exact site coverage still to be discussed) 
Methodology: 
The SATSIM V9b discrete simulation model (refer Appendix) will be 
used to generate a synthetic storm database using climatology 
descriptions derived from SEA (2005). This will include the identified 
range of tropical cyclone intensity, size, speed and track using the latest 
(corrected) databases. The resulting statistical model will be used to 
simulate 50,000 years of possible tropical cyclone storm tide events 
(surge plus tide plus wave setup) across the modelled domains. The 
“open coast” statistical storm tide risk levels will be determined for 
Average Recurrence Intervals (ARIs) of 50, 100, 500, 1000 and 10000 
years and compared with previous study results. Predicted total storm 
tide levels will be provided at all “open coast” sites for each of these ARI 
to enable the mapping of potential storm tide ingress, assuming a 
horizontal floodplain (mapping to be done by others). 
Additionally, in the immediate Darwin area, where detailed land 
elevation has already been provided by the NT Dept of Infrastructure 
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Planning & Environment, a selection of inundation scenarios will be 
modelled that correspond to the most likely examples of extreme (say  
500, 1000 and 10000 yr ARI) events. The MMUSURGE numerical 
hydrodynamic model will be used under licence from the Australian 
Maritime College (ex James Cook University model as used for SEA 
(2005)) and will rely on the tidal model data previously used. This will 
provide more detailed information on the possible encroachment of 
extreme storm tides across the city and surrounding areas and include 
the effect of wind stress acting on the inundated lands (non-horizontal 
floodplain extension). It is anticipated that the mapping process would 
then apply the higher of the available “open coast” and “inundated” 
storm tide levels, with due regard to the localised effects of breaking 
wave setup. 
Phase 1: Establishment of the Statistical Modelling System 
This will extract the relevant cyclone climatology statistics from SEA 
(2005) and prepare the SATSIM model(s) for simulation. 
Phase 2 : Simulation of the Open Coast Storm Tide ARI Levels  
This will produce the range of open coast ARI levels for comparison with 
previous studies and for large scale mapping purposes. 
Phase 3: Selection and Numerical Modelling of Inundation Scenarios 
This storm selection will be determined once the open coast results are 
assessed and a series of specific storm scenarios will be modelled using 
the MMUSURGE model in a nested (A, B, C) grid system with overland 
flow active. This will provide a modified inundation profile that in some 
areas will be different from the “open coast” ARI levels. 
Phase 4: Reporting and Supply of Data for Mapping 
This will provide a comprehensive technical report and supply the 
necessary open coast and inundation data sets to facilitate detailed 
mapping by others. 
 
Estimated Timetable: 
Phase 1: 3 weeks 
Phase 2: 2 weeks 
Phase 3: 5 weeks 
Phase 4: 4 weeks 
Total:  14 weeks 
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Limits to the Analysis: 
The study will be based on the existing SEA (2005) model domain 
extents, resolutions and storm climatologies. In “low resolution” regions 
(2.78 km) only the expected “open coast” storm tide levels will be 
provided, consistent with the absence of accurate vertical land data. 
This may exclude directly considering some specific locations that are 
located within complex estuaries or upstream in river deltas.  
Coastal inundation will only be considered within the “high resolution” 
(0.56 km) mainland region immediately surrounding Darwin city where 
accurate vertical elevation data has been supplied. The propagation of 
sea waves over flooded land will not be modelled but estimates of the 
wave heights will be provided. The accuracy of the inundation modelling 
will to some extent be controlled by the National Tidal Centre tidal data 
available for the MMUSURGE open boundaries. As discussed in SEA 
(2005) this has some specific limitations that might restrict the ability to 
model the inundation process but these limitations will not become 
evident until the work is done. In the event that the available tidal data 
prevents acceptable accuracy being achieved then this will be 
documented for further work and reliance on the open coast levels will 
be necessary. 
No storm calibrations will be performed as the study relies on SEA 
(2005) in that regard and no new spectral wave modelling simulations 
will be done. 
Datasets: 
It is assumed that the Bureau of Meteorology (Northern Territory) will 
make available all relevant regional datasets as used and developed for 
the SEA (2005) study and that NT government organisations will provide 
access to mapping and/or other relevant data if that is required. 
Deliverables: 
The deliverables of the project will be: 

1. A technical report with executive summary, conclusions and 
recommendations and appendices that summarises the work 
done, assumptions and limitations, and compares the ARI levels 
with previous estimates. 

2. An electronic data set of storm tide level ARIs suitable for 
mapping by others, consisting of lat, lon, water level, ARI etc 
commensurate with the resolution available from the existing 
numerical model domains. Advice on conducting the mapping will 
also be provided. 
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