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Abstract

Tropical cyclones (TCs) are dangerous and destructive natural hazards that impact popu-
lation, infrastructure, and the environment. TCs are multi-hazardous severe weather phe-
nomena; they produce damaging winds, storm surges, and torrential rain that can lead to
flooding. Identifying regions most at risk to TC impacts assists with improving prepared-
ness and resilience of communities. This study presents results of TC multi-hazard risk
assessment and mapping for Queensland (QLD), Australia. Datasets from Global Assess-
ment Report (GAR) Atlas were used to evaluate TC hazards. Data for exposure and vulner-
ability of population, infrastructure and the environment were sourced from agencies such
as the Australian Bureau of Statistics. TC hazards of storm surges, floods, and winds were
analysed individually. Combining risk indices for TC hazards, exposure and vulnerability,
overall TC risk index was derived. TC multi-hazard risk maps were produced at the Local
Government Area level using ArcGIS, and regions with higher risk of being impacted by
TCs were identified. The developed TC multi-hazard risk maps provide disaster risk man-
agement offices with comprehensive comparative TC risk profile of QLD that can be used
to proactively manage TC risk at the subnational scale.

Keywords Tropical cyclones - Tropical cyclone risk - Hazards - Exposure and
vulnerability - Multi-hazard risk mapping - Queensland - Australia

1 Introduction

1.1 Tropical cyclones

Tropical Cyclones (TCs) are dangerous and highly destructive natural hazards. Since 1970,
almost 2000 natural disasters have been attributed to TCs, resulting in over 700,000 deaths
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and causing almost US$ 1,500 billion in economic losses worldwide (WMO 2021). Aus-
tralia, as well as many other nations in the tropics, is regularly affected by TCs. On average,
9 to 11 TCs occur in the Australian region each season, four of which typically cross the
coast (Kuleshov et al. 2010; BoM 2020). Consequences of TC landfall are often disastrous,
causing fatalities among the Australian population, damage to infrastructure and the envi-
ronment, and negatively impacting the economy. From 1967 to 1993, the insurance payout
of TCs and severe thunderstorms in Australia have totalled to over US$ 1.2 billion each
and resulted in the loss of 4 to 6 lives each year (Ryan 1993). One of the recent examples is
an impact of TC Debbie on Australian states of Queensland (QLD) and New South Wales
in 2017. Debbie caused fourteen deaths across Australia, primarily as a result of extreme
flooding, and US$ 2.75 billion in damage (Cyclone Debbie 2017). It was the deadliest TC
since TC Fifi in 1991 which killed 29 people. Debbie was the second costliest TC cyclone
in Australia since TC Yasi in 2011 which caused damage of about US$ 3.6 billion. These
recent TC impacts reinforce importance of further improving TC risk assessments and
strengthening TC early warning systems.

The main hazards associated with TCs are destructive winds, storm surges and torrential
rain potentially resulting in flooding and / or landslides. As well as affecting regions dif-
ferently, impacts of TC hazards can compound to cause even greater damage (Gori et al.
2020). The impacts of storm surges and flooding contribute the most damage to population,
infrastructure and the environment (Mendelsohn and Zheng 2020; Zhang et al. 2008).

To improve preparedness and strengthen resilience of communities at risk, advanced
methods for TC seasonal forecasting for the Australian region have been developed
(Wijnands et al. 2015; Qian et al. 2022) and TC early warnings are disseminated operation-
ally (Kuleshov et al. 2020). However, existing forecast and warning tools place emphasis
on wind speed in estimating TC intensity and category (Lavender and McBride 2020). This
could be particularly problematic when users may need to understand the diverse range
of risks TCs pose through interpretation of wind-based risk warnings alone. For example,
storm surge height cannot be inferred from wind intensity warnings as surge magnitude is
not linearly related to TC intensity (Mortlock et al. 2018).

Accounting for the multi-hazard nature of TC risk is a challenge, and a standardised
approach has not been developed yet (Anderson et al. 2020). This study addresses the com-
plexity of TC risk assessment by mapping TC hazards individually and then combining
hazards with exposure and vulnerability to estimate overall TC risk. This proof of concept
methodology is an attempt to contribute towards the long-term goal of developing stand-
ardised multi-hazard TC risk analysis.

1.2 Risk analysis

For the purpose of this study, the following definitions of hazard, exposure, vulnerability
and risk are used (Crichton 1999; Downing et al. 2001):

Hazard: the probability of the hazard event occurring and its intensity;
Exposure: the population, infrastructure and environment within the hazard’s extent;
Vulnerability: the susceptibility of people, infrastructure or the environment to be dam-
aged by the event measured by physical and social factors, taking into consideration
their coping capacity and preventive measures;

e Risk: the probability of harmful consequences, or expected losses resulting from inter-
actions between hazard, exposure and vulnerability.
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Risk assessments are critical for identifying highly exposed and most vulnerable regions
that are priority for efficient disaster management (Aguirre-Ayerbe et al. 2018; Ahmed
2020). Risk assessments combine hazard information with data on human activity, infra-
structure and natural resources to determine possible impacts of hazardous events (National
Research Council 1991). Risk assessments allow individuals, businesses, communities,
and governments to make informed decisions for risk management. With climate change
altering the environment, and the evolving nature of human activity, risk assessments must
likewise be updated to stay useful and relevant as a disaster risk reduction tool.

Comprehensive TC hazard assessments have been predominantly conducted for small
scale regions such as coastal towns or cities (Churchill et al. 2017; Hoque et al. 2017,
Sahoo and Bhaskaran 2018). The limiting factor is the need to run hazard models over
the study area using high resolution input data (e.g., topography and bathymetry) which is
computationally expensive to do over large regional domains (Lee et al. 2018). Extending
studies from hazard assessments to risk assessments additionally requires substantial expo-
sure and vulnerability data which is available for Australia from agencies such as the Aus-
tralian Bureau of Statistics (ABS). This information is commonly collected at lower resolu-
tion levels of Local Government Areas (LGAs) or Statistical Area level 1 (SA1) regions.
Thus, regional risk assessments are often restrained by unavailability of high resolution
exposure and vulnerability data, as well as the lack of region-specific high resolution haz-
ard model outputs.

1.3 Hazard models

A number of TC hazard models exist, ranging from statistical modelling to numerical,
probabilistic, dynamical and ensemble predictions (Hoque et al. 2017, Mohanty and Gupta
1997). For case studies of single-storm events, deterministic models are often used for
research and model improvement purposes. Deterministic predictive models require accu-
rate meteorological inputs such as TC position, pressure, wind speed and timing which is
achievable in hindcasting a TC post-occurrence (Moskaitis 2008).

Ensemble and probabilistic models are used to predict the chance certain hazard intensi-
ties will occur for certain return periods. Using historical TC track data, these models sim-
ulate similar storm events thousands of times, to obtain outputs which describe TC-related
hazards, e.g., predicted 2 m storm surge height for a 100-year return period (Volpi et al.
2015). For different TC hazards of storm surge, flooding and wind, different inputs are
required, and often of high resolution. In absence of readily available region-specific high
resolution hazard model outputs, lower resolution global datasets (Cardona et al. 2014;
Muis et al. 2016; Plotkin et al. 2019) can be used for TC risk assessment.

1.4 TCrisk assessment in Australia

Assessing TC hazard, exposure, vulnerability, and risk in Australia, most of earlier stud-
ies were focused on examining one hazard (Arthur 2021; Rygel et al. 2006; Paerl et al.
2020). In addition, barriers still exist in data sharing between academia, industry, and gov-
ernment within the field of natural hazard risk in Australia (Haynes et al. 2017; Mortlock
et al. 2018). State resources have been put into producing generalised risk assessments
for natural hazards, e.g., the ‘Queensland State Natural Hazard Risk Assessment 2017°.
Such assessments have useful descriptions of which sectors and industries are exposed or
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possibly impacted; however, no quantifications or region-specific information follows to
enable stakeholders to take action.

Risk assessments, together with early warning systems and post disaster reviews, are
key components of proactive disaster management (Bhardwaj et al. 2021). Early warning
systems are used to monitor, predict, and communicate TC threats to communities at risk.
In Australia, the Bureau of Meteorology (BoM) is tasked with the responsibility of moni-
toring and issuing warnings for TCs as part of the Meteorology Act (1955). At shorter time
scales, statements of TC watch or warning are given within 48 h of expected gale force
winds (63 km/h). At longer time scales, seasonal TC outlook is issued prior to the start of
TC season (in the Southern Hemisphere, TC season is typically from November to April;
see Kuleshov (2020) for detail).

All components of proactive disaster management are interconnected, e.g., risk assess-
ments provide vital information which is used to determine priority regions for implement-
ing or further strengthening early warning systems. Hence, by improving TC risk assess-
ments, there exists the opportunity to improve longer term TC risk information and build
resilience in regions most exposed to TC risks.

While an earlier study by Do et al. (2022) assessed TC risk to Australian coral reefs
using wind model data, this study presents TC multi-hazard risk mapping for QLD, Aus-
tralia considering the effects of storm surges and TC-induced flooding alongside winds.
The paper is organised as follows. Section 2 describes data and methodology used for TC
multi-hazard risk assessment. Results of TC risk mapping for QLD and a case study for TC
Debbie are presented and discussed in Sect. 3. Conclusions are presented in Sect. 4.

2 Data and methodology
2.1 Study area

Map of study area with QLD LGA divisions is presented in Fig. 1; a map of QLD with
named LGA regions can be found in Appendix 1.

For TC risk mapping, QLD was divided into LGAs as the base resolution for this study
to best suit datasets available. This involved joining data into polygon shapefiles of QLD
LGAs. Data were collated and mapped using ArcGIS Pro.

Risk mapping is a form of risk assessment that visualises the components of risk as
hazard, exposure, and vulnerability layers on a map. This can further be broken down into
inputs of hazard (e.g., winds, floods, storm surges), indicators of exposure (e.g., population
density), and indicators of vulnerability (e.g., socio-economic disadvantage). The concep-
tual framework used in this study for TC Risk index calculation and subsequent mapping
based on three levels of products is presented in Fig. 2.

Risk maps are often choropleth, meaning regions are thematically coloured according
to chosen characteristics, and are displayed with classes from very low/no risk to very high
risk. Spatial resolution of risk maps is often quite low, as it is constrained by the resolution
of available inputs, e.g., vulnerability data at the LGA or SA1 level.

2.2 TC exposure index

To represent the exposure of assets, i.e., population, infrastructure, and the environ-
ment, one indicator was selected for each category, namely population density, amount
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Fig.1 Map of study area with QLD Local Government Area divisions. A regional inset is included

of critical infrastructure and coral area. Population density is commonly used as an
indicator of human population exposure in similar studies (Sahoo and Bhaskaran 2018;
Amadio et al. 2019); however, the inclusion of infrastructural and environmental expo-
sure is less common. For infrastructure, a proxy was created from a dataset of critical
infrastructure shapefiles, which included hospitals and emergency service buildings. It
was assumed that the loss of this critical infrastructure would lead to significant impact,
and that a higher value suggested the LGA had more infrastructure exposed overall.
For environmental exposure, coral area was calculated from the Great Barrier Reef
(GBR) feature polygons, and areas of corals were summed for LGAs based on their
ocean boundaries. While past studies have explored the impacts of TCs on coral reef
environments and identified their value in reducing flood and surge impacts (Puotinen
et al. 2020; Beck et al. 2018), this study is the first to include corals as valuable assets
exposed alongside population and infrastructure.
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Fig.2 Three levels of products for TC risk assessment and mapping

2.3 TC vulnerability index

Vulnerability indicators should be specifically selected to be most applicable for the study
area (Sahana et al. 2019). This study used the Australian Disaster Resilience Index (DRI),
Index of Relative Socio-economic Disadvantage (IRSD), and unemployment rate, where
higher DRI inverse, higher IRSD and higher unemployment rate indicated higher vulner-
ability. The DRI was a highly relevant and robust indicator selected as it directly relates
natural hazards and the resilience of regions. It was developed by the Bushfire and Natu-
ral Hazards Cooperative Research Centre (BNHCRC) and included the calculation of 75
indicators for coping capacity and adaptive capacity (BNHCRC 2020). As DRI data were
presented at SA1 level, for this study, we averaged them to represent vulnerability at LGA
level. IRSD and unemployment rate have been used in past risk and vulnerability assess-
ments (Ntajal et al. 2016; Rolfe et al. 2020), and are available for Australia from the Aus-
tralian Bureau of Statistics (ABS).

Summary of datasets used as inputs for calculating TC Exposure and TC Vulnerability
Indices and the data source is presented in Table 1.

2.4 TChazard indices

Probabilistic hazard model data for storm surges, floods, and winds was sourced from the
Global Assessment Report (GAR) Atlas (2015). The 100-year return period was selected
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for all three hazard datasets as it is commonly used to analyse TC hazard risk (Didier et al.
2018). The storm surge dataset provided numerous surge height values along the QLD
coast. To obtain one surge hazard value per LGA, the mean surge height (m) was calcu-
lated in ArcGIS Pro using Spatial Join. The wind dataset was in raster form and using
Raster to Polygon, again cell values were averaged within each LGA using Spatial Join.
The riverine flood dataset had high values distributed around inland water catchments and
basins and considered regular flood rather than TC-induced flood. To adjust the dataset
to incorporate the effect of TCs, flood raster values were multiplied by values from the
wind dataset with Raster Overlay, which emphasised flood hazard towards the north-east
direction where most QLD TCs originate. Cell values were then summed per LGA instead
of averaged to account for the fact that most raster values within LGAs were null. Thus,
higher flood hazard LGAs are those with more rivers/water bodies rather than those with
one high value.

2.5 TCrisk indices

Data for exposure and vulnerability indicators as well as hazard values were normalised
into values from O to 1 except the DRI and IRSD which already standardised. Inverse val-
ues were taken for some indicators, e.g., DRI, as a lower DRI indicates a region is more
vulnerable to a natural hazard.

Calculating exposure and vulnerability indices, an equal weighting for each indicator
was used. Creating a weighted framework was out of the scope of this study given little
literature exists specifically for TC risk assessment in Australia.

Following recommendations for modelling TC risks using geospatial techniques (Hoque
et al. 2017), risk was calculated using the Eq. 1:

Risk = Hazard x Exposure X Vulnerability (1)

3 Results and discussion

To evaluate performance of the developed TC multi-hazard risk assessment and mapping
methodology, we first examined a case study of TC Debbie which recently caused death
and damage in QLD.

3.1 Case study: TC Debbie

For the case study of TC Debbie (2017), historical data from the Southern Hemisphere TC
archive (Kuleshov 2020) was used and buffers were created around cyclone’s path. Classes
of hazard risk were assigned from low (0.2) to high (0.8) based on distance from the TC
centre. Additionally, news and weather reports of hazard damage were used to confirm
assigned classes. As the three TC hazards differ in extent and damage, different sized buff-
ers were used. For example, a 200 km buffer was used for the highest class of flood hazard
whereas for storm surges and winds buffers of 100 km and 50 km were selected, respec-
tively. These buffer values were arbitrarily chosen based on relative extent and magnitude
of impacts. Additionally, all inland LGAs were given a class value of 0 for storm surges to
ensure that end risk calculations accurately equalled 0.
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3.1.1 TC exposure index

To calculate TC Exposure Index at LGA level, three indicators which represent TC
exposure to assets of population, infrastructure, and environment were selected, namely
population density, critical infrastructure, and coral area, which were then combined
using equal weighting (Fig. 3).

Low values of population exposure (less than 0.16) throughout QLD LGAs were
found, with the exception of regions surrounding the capital city of Brisbane which
has the highest value (Fig. 3a). Infrastructure exposure map reveals higher values again
around Brisbane, but also along the eastern coast and further inland (Fig. 3b). Coral
exposure is evident for coastal LGAs within the extent of the GBR; Cook Shire, a large
northern LGA with the largest oceanic bounds, has the highest value of 1 (Fig. 3c).
Most LGAs inland from the north-eastern coastline have low population densities, less
infrastructure and understandably no associated coral exposure.

The resultant TC Exposure Index map shows high exposure values for the Cook
Shire, Brisbane, and surrounding regions, as well as moderate values for LGAs in the
eastern to south-eastern parts of QLD (Fig. 3d). The prevalent transition tendency from
high level of exposure for coastal LGAs to low exposure levels for western and south-
western inland LGAs is consistent for all three selected indicators and the resultant TC
Exposure Index.

Similarities between the population and infrastructure indicators around Brisbane
suggest a correlation between population density and number of critical infrastructure
buildings. This correlation is commonly accepted as infrastructure is built to address
needs of population. For critical infrastructure in particular, emergency service build-
ings are placed to cater for a portion of the region and their population, with, for
example, hospitals housing 4 beds per 1,000 citizens in Australia (Wilson et al. 2010).
Despite this correlation between the indicators shown primarily through high values for
densely populated Brisbane and surrounding regions, similarities are not obvious for the
rest of the LGAs other than a few regions near the coast.

For the number of critical infrastructure buildings, values ranged from O to 117
buildings per LGA. This was calculated by counting the number of hospitals and other
emergency service buildings in each LGA in ArcGIS. The next step was normalisation
using the equation (x-min)/(max—min), which places the lowest value at 0 and highest at
1. Using this method on a distribution of population data with one very high value (e.g.,
Brisbane: 930 persons/kmz), the rest of the values are expected to be much lower in
comparison. For example, the next highest population density value is Gold Coast City
with 465 persons/km?, which after normalisation equated to~0.5. The other 77 LGAs
yielded post-normalisation values between 0 and 0.5. Comparing this to number of criti-
cal infrastructure buildings, Brisbane had 117 (value of 1 post-normalisation), followed
by Toowoomba Regional with 78 (0.67) and Gold Coast City with 73 (0.62).

The limitation of normalisation is that outliers can largely increase the range and
lower all other values. For a dataset of population density with the capital city of Bris-
bane as an outlier, this causes the more rural LGAs to be represented with near-zero
values. Further study could implement capping outliers to reduce the range or ranking
systems that groups raw data values into deciles, where, for example, the highest 10%
of LGAs are assigned a value of 1. Alternatively, other normalisation methods such as
ArcTan S-function normalisation could be used to reduce the weight of values at the
extremes (Den Boer 2011).
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which were used to calculate TC Exposure Index at LGA level d

3.1.2 TCVulnerability index

The three indicators DRI inverse, IRSD and unemployment rate were equally weighted to
calculate TC Vulnerability Index. Results indicate low disaster resilience and hence high
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vulnerability in the north-western LGAs according to DRI inverse values (Fig. 4a). This is
also seen with higher classes of socio-economic disadvantage in the north-west as well as
areas of higher disadvantage in the regions north of Brisbane (Fig. 4b). Unemployment rate
is at a low level for most LGAs (Fig. 4c). Combining these three indicators together, the
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Fig.4 Maps of LGA vulnerability using indicators of a DRI inverse, b IRSD, and ¢ unemployment rate,

used to calculate TC Vulnerability Index (d)
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final TC Vulnerability Index map shows highly vulnerable regions in northern and north-
western QLD, as well as in the LGAs north of Brisbane (Fig. 4d). Note that Brisbane and
surrounding LGAs are classed with the lowest to second lowest vulnerability. Additionally,
due to the unemployment rate having relatively similar values throughout the state, this
indicator has little impact on the overall TC Vulnerability Index.

The similarities of DRI inverse and IRSD could be explained by the fact the DRI was
created using a large number of indicators, some of which could overlap with socio-eco-
nomic disadvantage. This could lead to an overestimation or overvaluing of socio-eco-
nomic disadvantage as an indicator. Compared to other indicators used in this study to
assess vulnerability which have been chosen for data availability and convenient access, the
DRI indicator was the most robust and relevant indicator.

The assumed confidence in particular indicators used in this study versus others sug-
gests that a weighted framework to calculate indices would improve accuracy of results.
For example, rather than equally weighting the three indicators by adding them together
with 1/3 multipliers, a more robust indicator could be weighted higher with a 1/2 multi-
plier while the remaining two indicators each have 1/4 multipliers. This would ensure the
more robust indicator has a higher influence on end risk maps, and at the same time reduce
the effects of indicators we are less confident in. Weighted frameworks for index creation
are often subjective; however, and extensive specific research would be needed to create
weighting systems that are justified (Amadio et al. 2019). This was out of the scope of this
proof-of-concept study.

All three selected indicators to assess TC vulnerability are related to the potential TC
impacts on the human population. Calculating overall TC Risk Index, TC Vulnerability
Index which is solely based on population vulnerability is combined with TC Exposure
Index which is comprised of inputs related to population, infrastructure, and the environ-
ment. In the context of this study, population vulnerability indicators were solely used
because of data availability. While potential vulnerability indicators in the form of building
code/strength for infrastructure exposure, or coral health for the environment may be able
to be derived, the data did not yet exist to create a robust index.

3.1.3 TC hazard index

Hazard maps of TC Debbie are presented in Fig. 5. Storm surges represent a hazard for all
coastal LGAs throughout QLD, with highest hazard level at coastal LGAs around Mackay
— an area of TC Debbie’s landfall (Fig. 5a). Flood hazard extends far inland affecting over
80% (65 out of 78) of QLD LGAs (Fig. 5b). In contrast, wind hazard is relatively confined
to LGAs along the path of TC Debbie (Fig. 5c).

All three hazard maps clearly demonstrate the highest level of hazards along the path of
TC Debbie. Evaluating level of hazards during our post disaster review, we used TC Deb-
bie best track data to create buffers, and we also used reports of surge height, flooding, and
wind speed at different LGAs to calibrate the buffer radius and class values. It is important
to estimate risk from each hazard individually, as damage which they cause to population,
infrastructure, and the environment differs. For example, winds may uproot trees and dam-
age buildings whereas flooding and storm surge inundation can disrupt nutrient balances in
soil and water, while also flooding buildings and potentially drowning humans, livestock,
and wild animals.

Flooding typically has the greatest areal extent compared to other hazards due to wider
impact of torrential rain during the system’s TC stage and after its weakening into a low
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pressure system (Touma et al. 2019); case study for TC Debbie confirms this earlier
finding.

Storm surge affected LGAs near the coast, with highest level of hazard in the vicinity of
TC landfall. All coastal LGAs have greater than zero storm surge values as 0.2 was initially
chosen as the lowest class in line with wind and flood hazards, with the understanding TCs
may have wider impacts on surrounding atmospheric and ocean circulations.

Wind buffers were chosen with maximum hazard level for LGAs where their centres
were within a 50 km buffer of the TC path, in accordance to the ‘most destructive path’
(Hsu and Yan 1998; Bhardwaj et al. 2021). The weakening of TC Debbie over land was not
accounted for in wind or flood hazards however, which should be considered when examin-
ing hazard risk maps (Sect. 3.1.4).

Hazard values were given four classes with equally spaced values of 0.2, 0.4, 0.6 and
0.8. For storm surge specifically, an additional fifth class was added with a value of O
for far inland LGAs where storm surge hazard does not exist. This 0-value class was not
included for wind and flood hazards as the low-pressure systems and TCs can have effects
at large distances depending on their size. These equally spaced hazard values were arbi-
trarily given and not based on specific hazard measurements such as surge height, wind
speeds or inundation depths.

An alternative approach to assign classes of hazard would be based on the possible
damage caused, for example with 0.1 equating to where winds reached certain predefined
threshold, e.g., gale force winds when wind actions result in damaging buildings (Struc-
tural design actions Part 2: Wind actions 2011). For this case study, a simpler approach
was used to show an effective proof of concept that may be expanded in the future using
complex wind speed models (Wijnands et al. 2016).

3.1.4 TCrisk indices—TC Debbie

TC Risk Indices for storm surges, floods and winds were produced by multiplying TC
Exposure Index, TC Vulnerability Index and TC Hazard Index for the respective hazard
(Eq. 1). Overall TC Risk Index was calculated by equally weighting risk indices of all
three hazards. Maps of the three risks (storm surges, floods, and winds) and overall TC
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risk associated with TC Debbie were generated using ArcGIS (Fig. 6). The maps clearly
demonstrate that TC risk is high over LGAs along the QLD eastern coast and within the
path of TC Debbie. For storm surge risk (Fig. 6a), mostly coastal LGAs have higher risk in

comparison to flood risk (Fig. 6b) and wind risk (Fig. 6¢).
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Fig.6 Maps of TC Risk for QLD LGAs: a storm surges, b floods, ¢ winds, and d a combined TC Risk map
produced by averaging risk from all three hazards; case study for TC Debbie
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One consistently high risk area is Cook Shire in far north QLD that is classed as ‘very
high’ risk for all three hazards, despite being located far from the path of TC Debbie. Cook
Shire’s consistently high risk can be explained by the region’s high exposure and vulner-
ability index values, which when multiplied by low hazard factors of 0.2 to 0.4 still results
in a very high risk value in comparison to the rest of the state. This result suggests hazard
values for LGAs far from TC track need to be lowered and identifies the need for more
accurate model-driven data to create hazard layers.

Another observation is that for flood and wind risk, LGAs around Brisbane have higher
risk than some LGAs that are also within the path of TC Debbie. This can be explained by
Brisbane and its surrounding region having a higher exposure with more population and
infrastructure at risk.

A case study for TC Debbie demonstrates usefulness of the designed methodology for
assessing risk at various levels for an individual TC event. However, a constraint of this
study is the lack of region-specific post-disaster spatial data, which could be used to vali-
date hazard and risk maps. A lack of a standardised approach to selecting exposure and
vulnerability indicators also influenced the results, along with choice of indicators for TC
risk assessment. Similarly, proxies such as number of critical infrastructure buildings may
not be most representative for evaluating exposed infrastructure per LGA. Additionally,
while natural breaks classification is valuable for mapping, the same class from each risk
layer would not be equivalent. For example, very high flood risk would not equal the same
risk of damage as very high wind risk. Such inconsistencies, while minor, can be addressed
in future research and through additional validation of results obtained in this study.

3.2 TCrisk mapping for Queensland

TC risk assessment and mapping is a valuable decision-support tool for improving prepar-
edness to this natural hazard and further strengthening proactive disaster management, e.g.,
timely evacuation of population at risk, emergency response and future planning (Kuleshov
et al., 2009a; Dube et al. 2010). Using global hazard model data from the GAR Atlas data
platform, TC hazard maps for QLD have been created (Fig. 7).

Examining distribution of TC wind hazard over QLD, one can see the highest values for
LGAs located on the eastern coast and their gradual decrease for LGAs to the south-west
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Fig.7 Maps of TC hazards for QLD LGAs: a storm surges, b floods, and ¢ winds
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inland (Fig. 7c). This is related to the weakening of TC intensity when cyclones are mov-
ing over land as there is no source of thermal energy from warm oceanic water for their
development (Gray 1988; Kuleshov et al. 2008, 2009b; Colette et al. 2010). For storm
surges (Fig. 7a), hazard level is also higher on the eastern coast, however compared to
wind, the highest hazard class is not observed consistently. This suggests that eastern coast
LGAs with lower level of storm surge hazard have topography and bathymetry that reduces
the probability of high storm surge. Map of flood hazard (Fig. 7b) shows the highest level
of hazard for large LGAs in northern QLD. Generally, LGAs to the north-east have higher
flood hazard, excluding LGAs smaller in size. This can be explained by mapping methods
used that overlay the original riverine flood dataset with the wind hazard data to derive TC-
induced flood, which explains higher values to the north-east. Smaller LGAs generally had
very low flood hazard scores as when converting from raster to polygon, flood inundation
values were summed per LGA, meaning larger LGAs were more likely to have more raster
cells with flood values. This indicates that LGAs with higher values have more riverine/
lake features that are at risk of flooding and are closer to the expected path of TCs.

Combining model-derived TC hazard indices with the derived TC Exposure and TC
Vulnerability Indices, TC Risk Indices were calculated using Eq. 1, and TC Risk maps for
each hazard were produced (Figs. 8a-d).

Regions in northern and north-western QLD, as well as south-eastern QLD north of
Brisbane, were identified as most exposed and vulnerable to TC impacts (Figs. 3d and
4d, respectively). Thus, it is expected for those regions to also have high level of TC risk
especially considering strong impact of all three hazards on LGAs at the eastern coast
(Figs. 7a-c).

For storm surges (Fig. 8a), most of the eastern coast LGAs are at very high or high level
of risk, and the north-western coastal regions have very low risk. For flood risk (Fig. 8b),
distribution resembles the flood hazard map (Fig. 7b), with LGAs at the highest risk along
the eastern coastline, and low to moderate risk levels for LGAs further inland. Despite
higher exposure along the coastal LGA’s, smaller LGAs particularly south of Cairns are
classed with very low to low flood risk. The wind risk map (Fig. 8c) shows very low risk
for inland western and central QLD, and high to low risk for LGAs along the eastern coast.
Note that Cook Shire has very high wind risk, which is seen to be the case for other haz-
ards as well.

The overall TC Risk map produced by averaging risk values of storm surge, flood, and
wind hazards is presented in Fig. 8d. A few regions of higher risk are identified: Cook
Shire in the north, a group of LGAs surrounding Mackay Regional, and the region north of
Brisbane including Gympie and Fraser Coast Regional LGAs.

The TC risk maps produced from model-derived hazard data are informative and novel
for the study region. By knowing TC risk, more efficient actions can be taken to reduce
potential negative impacts. As the different hazards of TCs impact communities and the
environment differently, having risk maps for each hazard individually can prevent mis-
communication and mistrust of authorities which are known to greatly inhibit decisive
action (Garcia and Fearnley 2012). As shown in Fig. 8, the extent and severity of risks
associated with TCs depends on the hazard, and this study contributes to visualising their
multi-hazard nature.

This study is a proof-of-concept to demonstrate value of TC multi-hazard risk
assessment and mapping, and we will continue to refine the methodology in our future
research. As the overall TC Risk layer is calculated by multiplying values of exposure,
vulnerability and hazard, errors and constraints from previous layers persist. Without
thorough validation of the accuracy of maps based on past event data and post disaster
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Fig.8 Maps of TC Risk for QLD LGAs: a storm surges, b floods, ¢ winds, and d a combined TC Risk map
produced by averaging risk from all three hazards

reviews, assessment of LGA’s specific risk classifications, e.g., quantification of risk,
is difficult. Mapping TC risk, we classed it from very low (0) to very high (1); however,
quantifying what each class means in terms of damage or impact was out of the scope
of this study. Additionally, the same class is not equal across hazards. For example,
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moderate risk in the storm surge map may not equal the same risk in terms of damage
or impact for wind risk. This is due to the natural breaks classification method which
automatically distributes classes for each set of data (Stefanidis and Stathis 2013). As
the data values of storm surge risk across all 78 LGAs are different and differently dis-
tributed compared to wind risk, natural breaks will have created classes with different
boundaries. Of note is that even if boundaries were the same, in the case of TCs, storm
surge, flooding and winds still damages communities and the environment differently.
While further validation and quantification will be required to determine if a very low
risk LGA is truly safe, the developed risk maps provide comparative analysis of risk
distribution across the state and identify QLD LGAs which are at higher TC risk.

4 Conclusions

TC risk assessment and mapping for Queensland, Australia considering the multiple
hazards of storm surge, flooding, and wind has been conducted in this study. In addi-
tion to TC hazards, exposure and vulnerability of QLD population, infrastructure, and
the natural environment to TCs were considered.

TC multi-hazard risk maps were produced at the Local Government Area level
combining layers of exposure, vulnerability, and hazards in ArcGIS, and regions with
higher risk of being impacted by TCs were identified. It was found that for all three
hazards, risk was higher along the state’s eastern coast, particularly in LGAs of Cook
Shire, Mackay Regional and Fraser Coast Regional and surroundings.

This study was primarily limited by the data used. Only global hazard datasets
were available which meant finer scale features in QLD topography, bathymetry and
floodplains could not be captured. Exposure and vulnerability indicators were chosen
to ensure aspects of population, infrastructure and the environment were considered,
however, this may have led to less robust indicators being used. Simple methodologies
and calculations including equal weighting of indicators and normalisation of raw data
also contributed to certain limitations of the presented risk assessment.

Further work should look to source higher resolution, more region-specific haz-
ard data, as well as more robust exposure and vulnerability indicators. Validation and
quantification studies of the calculated risk values would serve to improve the refine-
ment and application of the developed methodology, and expansion to the entire Aus-
tralian region.

Despite the limitations, this study achieved its aim of developing a reproducible
methodology for TC multi-hazard risk assessment and mapping. By including expo-
sure and vulnerability indicators from aspects of human population, infrastructure, and
the environment, as well as considering the multi-hazard nature of TCs, this study con-
tributes to advancing methodology of risk assessments, one of the key components of
proactive disaster management.

While the methodology developed in this study is tailored to QLD, this research
ultimately serves as a successful proof of concept for the TC risk assessment and map-
ping and could be extended to other regions of Australia as well as other countries at
risk of TC impacts.
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See Fig. 9.
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