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ABSTRACT 

The Australian coast is particularly diverse comprising a range of landforms which will 
be increasingly influenced by the impacts of sea-level rise. Although many beach-dune 
systems will continue to be subject to storm-related beach and dune instability, the 
longer-term imbalances in sediment transport which in most cases result in gradual, 
largely imperceptible, shoreline recession will account for a larger proportion of overall 
shoreline retreat through the 21st century.  

The decisions made by coastal managers and policy-makers need to be based on 
realistic projections of future shoreline positions that incorporate the short-term 
recurrence of storm erosion, the longer-term geomorphologically-determined net 
sediment imbalance that drives recession (or in some cases accretion), and a 
component that accounts for sea-level rise. 

 A framework is outlined that incorporates many elements of these coastal hazard 
assessment procedures that are already adopted in several states. It involves 
subdivision of the coast into compartments and cells on the basis of sediment budget in 
order to estimate net sediment loss or gain, following a methodology termed the 
Coastal Tract (CT). Within a compartment or cell, processes of storm cut need to be 
modelled using a probabilistic approach. Storms cause acute erosion of beach and 
foredunes, and wave conditions should be modelled recognising that the most 
extensive erosion is often associated with several storms in succession. 

 A procedure called the Joint Probability Method (JPM) is described which incorporates 
such storm sequencing to estimate beach erosion. This wave modelling can be used to 
develop probabilistic approaches to determining estimates of coastal recession. One 
such model, the Probabilistic Coastline Recession (PCR) model is outlined, and it is 
shown how this can be incorporated into economic considerations to derive rational 
setback lines; this is called the Probabilistic Coastal Setback Line (PCSL) model.  

There are uncertainties which compound each of these components, and the 
framework we propose incorporates these through a probabilistic modelling process, 
adopting the range of potential values for key variables and Monte-Carlo modelling. An 
example of this modelling approach is described which applies the JPM, PCR, PCSL, 
within the context of the CT, to Narrabeen Beach in northern Sydney. Repeated 
surveys of this beach over more than 30 years have provided field evidence that 
enables calibration and testing of the models.  

The framework, using these or other independently verified models, can be extended 
from the relatively closed compartments of the heavily-embayed coast of Southeastern 
Australia to other coasts around the nation. A sediment budget model, the Shoreface 
Translation Model (STM), has been used to extend the approach to coasts dominated 
by longshore sand transport; it has been trialled in southwestern Australia, where 
production on the shelf appears to deliver carbonate sediment to the shore, and could 
be modified to apply to entirely biogenically-derived sand cays on the Great Barrier 
Reef. There remain challenges to the wider adoption of this framework; it is necessary 
to incorporate the role of estuaries, as sediment sinks or sources, into the modelling, 
and it will also be necessary to enable modelling of adaptation measures, such as 
beach nourishment. 
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EXECUTIVE SUMMARY 

AIM: This study develops and validates a modelling framework that integrates 
geomorphological, engineering and economic approaches for assessing risk to climate 
change along the Australian coast. Coastal land use planning and management need 
an indication of the degree of risk. This approach is based on a probabilistic 
assessment that incorporates a range of possible factors to consider potential setback 
lines that would provide planners with greater flexibility and a way to incorporate a 
range of uncertainties.  

INTRODUCTION: Coastal systems are particularly vulnerable to the effects of climate 
change, and with a large proportion of the Australian population living along the coast, 
coastal settlements and infrastructure are disproportionately at risk as a consequence 
of sea-level rise and storm impacts. Coastal planning and management needs to be 
based on risk-informed decisions in relation to climate change. This project addresses 
this need by providing a framework for coastal risk assessment that can be readily 
applied throughout Australia, while directly addressing priority research questions 3.2, 
3.3 and 3.4 in the National Climate Change Adaption Research Plan (NARP). This 
combined research is aimed at improving ‘methods currently used to determine the 
physical risk on a regional basis of extreme inundation and coastal erosion’, and will 
help better understand the ‘relationship between climate and coastal processes’ and 
provide information towards detecting key thresholds, such as a change from ‘accreting 
to erosion’ on our coasts. 

FRAMEWORK: The framework for coastal risk assessment was developed based on 
an overview of existing approaches, and synthesises these. Coastal landforms are the 
outcome of geomorphological processes that operate over long time scales (decades 
to millennia), but they are also responsive to short-term events, such as storms. These 
two perspectives are incorporated to address the probability of shoreline retreat due to 
coastal erosion risks as a result of storm events and incorporating sea-level rise. The 
strength of this conceptual framework is integration of best practice engineering 
approaches with geologically-informed assessments of past coastal behaviour to 
enable managers and policy-makers to incorporate estimated risk into considerations 
of adaptation options with greater confidence that the underlying risk assessment is 
transparently evidence-based. No one model is advocated in this framework and a brief 
literature review of process (engineering), behaviour (geomorphology) and vulnerability 
models that can be applied to assess the risks that coastlines will recede as a 
consequence of climate change is provided. 

METHODS: The methods used to test this conceptual framework occurred within a 
geomorphologically based modelling framework, and included application of a 
geomorphological Coastal Tract (CT) approach integrated with probabilistic 
engineering-based models of wave characteristics, such as the Joint Probability 
Method (JPM); and combined with a model of risk of coastal recession, known as the 
Probabilistic Coastline Recession (PCR) model.  

GEOMORPHIC: The Coastal Tract (CT) approach provides boundary conditions for the 
JPM/PCR models in the form of long-term coastal evolution trends, which are often not 
taken into account by contemporary hazard modelling approaches. The CT provides 
quantitative estimates of exchanges between significant sediment stores to forecast 
future sediment transport and delivery, and can indicate uncertainty through Monte 
Carlo modelling using the range of likely values for key parameters, including the rate 
of sea-level rise. This involves interpreting geological archives of sediment 
accumulation to reconstruct sediment budgets for key sections of coast, and identifying 
the principal sediment sources and sediment sinks. Long-term trends (millennial to 
century scale) in sediment movement may be inferred from existing coring and 
stratigraphic data, together with geochronology (dating) of key sites. The CT framework 
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uses computer simulations that combine analysis of geomorphic change with detailed 
representation of sources and sinks and the range of plausible climate change effects.  

ENGENEERING: The Joint Probability Method (JPM) and Probabilistic Coastline 
Recession (PCR) model applications are described in detail. The JPM procedure 
involves Monte Carlo simulation of a 110-year time series of storms derived from joint 
probability distributions of storm characteristics which enable the effects of the 
occurrence of more than one storm to be incorporated into estimates of beach erosion. 
The PCR adopts this methodology to then generate estimates of recession, using a 
process-based dune impact model, and provides an approach to incorporating the sea-
level rise, which is based on IPCC projections. This provides probabilistic estimates of 
risk exceedance that can be used as a basis for economic modelling. Integration of this 
storm-related probabilistic modelling with geomorphological modelling over longer 
timescales, such as the Shoreface Translation Model (STM) offers the prospect of 
model outcomes that integrate considerations over a wider range of timescales. 

ECONOMIC: Economic modelling is an integral and innovative component of this 
project in order to translate the outcomes of the probabilistic beach-erosion modelling 
approach into risk information that can help policymakers decide on alternative 
adaptation strategies. Application of the combined geomorphological and engineering 
process components into a conceptual framework informs the economic approach to 
minimise risk by using buffer zones or setback lines. The innovative economic risk 
model developed herein was integrated with the physical hazard estimation models to 
result in a unified model framework (CT, JPM, PCR) for assessment of at-a-site 
recession risk and setback options, an approach called the Probabilistic Coastal 
Setback Line (PCSL) model. 

NARRABEEN: The geomorphic, engineering and economic techniques were employed 
to examine a case study, Narrabeen Beach in northern Sydney, chosen because 
beach morphology has been surveyed at monthly intervals for over 30 years at this 
site. Selected models were applied to this data-rich coast. The integration of these 
probabilistic approaches has been shown to be possible, and the Narrabeen Beach 
data set provided the necessary data to validate the approach and derive probabilistic 
estimates of erosion hazard, and hence guidelines for adaptation such as setback 
lines, for this site. 

EXTENSION: The potential to extend this framework to a range of other, less 
intensively researched, coastal settings around Australia is examined. The application 
of the framework beyond Narrabeen Beach is discussed for various coastlines around 
Australia. Extension of the CT framework and proof of concept involved selecting study 
sites in each of the other sectors of the Australian coast, where we have reliable 
geological histories derived from past research studies and ongoing collaborations. 

CONCLUSIONS: The framework proposed enshrines many of the practices that are 
already adopted by consultants tasked with providing forecasts of future coastal 
erosion and recession around Australia. A number of gaps and limitations are 
identified. Even at the data-rich Narrabeen Beach, there are components of the 
sediment budget that are inadequately known, for example it is clear that sand is 
sequestered into the inlet at the northern end of the beach, indicating the important role 
that estuaries play in the sediment budget of adjacent shorelines. Future modelling will 
need to more adequately address the issues associated with longshore transport of 
sediment. This beach is also subject to a number of interventions which mean that its 
behaviour is not entirely natural. Further consideration of these aspects will be an 
important element of future research that can be directly incorporated into adaptation 
measures to ameliorate the risks from climate change related drivers. 
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1 INTRODUCTION 

1.1 Background 
The coast is one of the most dynamic components of the Australian landscape and is 
subject to a series of events that cause erosion or inundation of low-lying areas. It 
appears particularly vulnerable to the impacts of observed, and anticipated, climate 
change, especially sea-level rise. Coastal landforms are the outcome of 
geomorphological processes that operate over long time scales (decades to millennia), 
but they are also responsive to short-term events, such as storms, with rapid erosion, 
often followed by more gradual recovery. It is important that both the long-term 
sedimentary processes and the short-term event-driven processes are adequately 
considered in sustainable management and strategic planning around the Australian 
margin. 

Research undertaken over the past half century has provided a sound understanding of 
the broad pattern of development of different coastal systems from which conceptual 
models of their evolution have been derived. Some progress has been made towards 
quantifying these in such a way that they can be represented in simulation models. 
Observational records of the impact of storms and the subsequent response of coastal 
landforms have provided data with which to verify short-term models of coastal 
behaviour and to evaluate the effectiveness with which average recurrence frequency 
and the magnitude of impact of future events can be foreseen. 

The objective of this project is to develop a framework that integrates geomorphological 
and engineering understanding of coastal behaviour in a way that can be incorporated 
into coastal management decisions. Policy and planning needs to be risk-aware, rather 
than necessarily risk-based. A probabilistic assessment that incorporates a range of 
possible outcomes provides planners with greater flexibility and a way to incorporate a 
range of uncertainties. A component of this includes formulating an economic approach 
for assessing assets at risk that can underpin the development of suitable setback 
guidelines. 

This project directly relates to research question 3.3 from the priority research 
questions in the National Climate Change Adaptation Research Plan for Settlements 
and Infrastructure (Thom et al. 2010a): 

How well do we understand the relationship between climate and coastal 
processes? How can methods currently used to determine the physical risk 
on a regional basis of extreme inundation and coastal erosion from climatic 
and oceanic processes, either singularly or in combination, be improved and 
new methods developed and applied? 

The project also provides information towards research question 3.4: 
Better information needed about hydro-dynamic processes and 
interrelationships with sediment supply over time, including thresholds and 
tipping points that could result in fundamental landform changes. What is the 
switchover point from accreting to erosion? How soon is it likely to happen? 
What are the locations at greatest risk? 

 

1.1.1 Coastal systems and climate change 
Coastal landscapes occur at the interface between marine and terrestrial 
environments comprising a series of systems, including both natural and human 
elements. Coastal systems are subsequently exposed to the full range of climate 
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change impacts that may occur in marine and terrestrial systems (

 

Figure 1).  
Non-climatic drivers of change compound the influence of climate change impacts on 
coastal landscapes (Nicholls et al. 2007). Non-climatic marine drivers, such as invasive 
species and extreme events (e.g. tsunamis) may also influence the adaptive capacity 
of coastal ecosystems. Similarly, non-climatic terrestrial drivers, such as land use 
change or modification have a significant impact on the capacity of coastal ecosystems 
to adapt to climate change impacts. The influence of non-climatic terrestrial drivers are 
likely to dominate the adaptive capacity of coastal ecosystems. The combined 
complexity of climate change impacts and non-climatic drivers within the coastal zone 
may compound identification of feasible climate change adaptation options for coastal 
ecosystems.  
 
 
Table 1. Principal climate change drivers and possible direct and indirect 
impacts on the coast of Australia (based on Abuodha and Woodroffe 2006). 

Climate change 
(Driver) 

Principal direct effects on 
landscapes and ecosystems 

Potential secondary and 
indirect impacts 

Sea-level change 
(principally rise) 

 increased coastal erosion  
 increased inundation of coastal 

wetlands and lowlands  
 increased risk of flooding and 

storm damage 
 increased salinisation of 

surface and ground waters 

 infrastructure and 
economic activity impacted  

 flooding of vulnerable 
coastal settlements 

 

Sea-surface 
temperature 
(principally rise) 

 increased coral bleaching  
 pole ward species migration  
 increased algal blooms  

 impact on tourism  
 possible health impacts  

Altered precipitation 
and runoff (local 
increases/decreases) 

 altered river sediment supply  
 altered lowland flood risk 
 water quality/nutrient impacts  

 implications for erosion 
and flooding 

Altered wave climate 
(uncertain) 

 altered wave run-up  
 altered erosion and accretion  

 further erosion  
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Storm frequency and 
intensity changes 
(uncertain) 

 increased waves and surges  
 altered cyclone zones  

 further storm damage  

Increases in CO2 
concentration in the 
atmosphere and 
ocean  

 increased ocean acidification  
 increased disruption to food 

chains (eg. Southern Ocean)  

 less resilient reefs 
 impaired movement and 
function of high oxygen 
demand fauna (eg. squid)  

 
The principal focus of this synthesis is on open coasts, particularly beach and 
associated sandy systems. However, much of the Australian coastal population lives 
adjacent to estuaries, and there are often significant interconnections between a beach 
system and an adjacent estuary, with exchanges of sediment that need to be taken into 
consideration in relation to long-term behaviour and the trajectory of change, and their 
implications for coastal settlements and infrastructure.  
 

Table 1 summarises the principle effects of climate change, and its drivers, on coastal 
landscapes and ecosystems. Secondary effects exacerbate the effect of climate 
change while changes to multiple climate change drivers may compound (or in some 
cases off-set) the effect of climate change. 
 

 

 

Figure 1. The coastal system and the climate drivers that influence it, comprising 
natural and human elements (after Nicholls et al. 2007).  

 

1.2 Project rationale and aims 
1.2.1 Rationale 
Coastal risk assessment and planning for climate change largely falls within the 
jurisdiction of state governments; however it is increasingly recognised that there is a 
need for national guidance and consistency in planning for the impacts of climate 
change (Gibbs and Hill 2011; Gates and Cox 2012). State agencies are now tasked 
with providing guidance regarding coastal risk assessment and planning. Despite the 
lack of guidance from a national level, state agencies are now (for the most part) 
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implementing sea-level rise planning benchmarks (Table 2). However, recent research 
(Gibbs and Hill 2011; Gates and Cox 2012) indicates that this has resulted in varying 
guidance regarding planning for sea-level rise and climate change, and differing 
timelines for implementation of planning policy, as evident in Table 2.  

A recent review of legal and policy responses to coastal climate change risk in 
Australia indicates that all coastal states consider sea-level rise and other coastal 
climate change risks in coastal management policy (Gibbs and Hill 2011). As a 
consequence, many state agencies have recently developed, or are currently in the 
process of developing, guidance for incorporating climate change into coastal 
management and planning. Sea-level rise planning policy in NSW was relatively well 
established, though has since been repealed on 8 September 2012 (NSW Goverment 
2012). Prior to this a the sea-level rise policy statement was released in 2009 (NSW 
Government 2009b) based on sea-level rise projections provided by the IPCC and 
CSIRO (NSW Government 2009a). This statement was followed by guidelines for 
coastal planning (NSW Government 2010b), incorporating sea-level rise into flood risk 
assessment (NSW Government 2010a) and coastal hazard assessment (NSW 
Goverment 2010). As a consequence, the NSW Coastal Protection Act (1979) was 
amended in January 2011 and the NSW Coastal Protection Regulation commenced in 
March 2011. An outcome of this process was that Councils whose area lies within the 
coastal zone, must, if directed to do so, prepare a coastal zone management plan that 
deals with natural hazard management and climate change; where there is an existing 
coastal zone management plan, councils may be directed to review this plan to bring it 
in line with current guidance regarding climate change and natural hazard assessment. 
Other states are undertaking a similar process; the Queensland Coastal Plan 
(Department of Environment and Resource Management 2012) and Coastal Hazards 
Guideline came into effect in January 2012 and aims to limit development in coastal 
hazard areas, the Victorian Coastal Strategy (Victorian Government 2008) takes a risk-
avoidance approach and limits new developments and intensification of existing 
developments in coastal areas exposed to the impacts of sea-level rise. While the 
guidance and strategy varies between states, the consistent theme is that planning and 
developments must account for the impacts of climate change and sea-level rise, and 
an emphasis on the need for accurate coastal hazards assessment that accounts for 
sea-level rise. 
 
Table 2. Sea-level rise planning benchmarks utilised by state governments 
throughout Australia. 

Jurisdiction Planning 
Benchmark 

Comment Documentation 

2050 2100 
Queensland  0.8 m Also includes in an increase 

in the maximum cyclone 
intensity by 10% 

Queensland Coastal 
Plan (Department of 
Environment and 
Resource 
Management 2012) 

NSW   No compulsory application of 
sea level benchmarks (NSW 
Goverment 2012), that were 
previously 0.4 m for 2050 
and 0.9 m for 2100 

NSW Sea Level Rise 
Policy Statement and 
technical note (NSW 
Government 2009b; 
NSW Government 
2009a) 
 

Victoria  0.8 m  Victorian Coastal 
Strategy (Victorian 
Government 2008) 
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Tasmania Not 
provided 

Not 
provided 

Hazards such as sea-level 
rise should be considered in 
assessments. Suggested 
source of information for 
assessment is Sharples 
(2004). Indicative mapping of 
Tasmanian coastal 
vulnerability to climate 
change and sea-level rise 

Draft State Coastal 
Policy (Tasmanian 
Government 2008) - 
rejected in May 2011 

South 
Australia 

0.3 m 1 m  Coastal Protection 
Board policy document 
(SA Government 2004)

Western 
Australia 

 0.9 m Benchmark timeframe is 
2110 
Planning timeframes beyond 
2110 should include a 
vertical sea-level rise 
component of 0.01 m y-1 

State planning policy 
no. 2.6 (WA 
Government 2003) 

Northern 
Territory 

Not 
provided 

Not 
provided 

 NT Climate Change 
Policy (NT 
Government 2009) 

 
Coastal hazard assessment is generally overseen by Councils, with assessments 
being outsourced to consulting coastal hazard assessors. Councils and consultants are 
increasingly obligated to interpret the guidance regarding coastal planning policy and 
guidelines for coastal hazard assessment, as well as techniques for hazard 
assessment. As a consequence of the current approach to coastal planning being 
coordinated by state agencies, there is an increasing need for a framework for coastal 
risk assessment that can be readily applied throughout Australia. As sea-level rise 
projections provided by the IPCC are reviewed, it is appropriate for coastal planning 
policy and coastal hazard assessment to be reviewed and updated accordingly. 
 

1.2.2 Aim 
Coastal land use planning and management need an indication of the degree of risk 
and vulnerability to climate change, particularly sea-level rise. Within climate change 
literature there is considerable variation in the use of the terms ‘risk’ and ‘vulnerability’. 
For the purposes of this report we have adopted the definition of risk used by the 
Australia/New Zealand Standard for Risk Management (AS/NZS 4360:2004) as ‘the 
possibility of something happening that impacts on your objectives. It is the chance to 
either make a gain or a loss. It is measured in terms of likelihood and consequence.’ 
Similarly, we have adopted the definition of vulnerability defined by the IPCC Working 
Group II as ‘the degree to which a system is susceptible to, and unable to cope with, 
adverse effects of climate change, including climate variability and extremes.’ (IPCC 
2007). 

This project aims to develop a modelling framework that integrates geomorphological, 
engineering and economic approaches that will ensure consistency between climate 
change impact projections using methods best suited at different time scales (years, 
decades, centuries) for assessing risk for the Australian coast. 

Frameworks are widely used to guide environmental impact assessment and typically 
evolve from a conceptual or theoretical understanding of a system and its components. 
The intention of this project is to develop a framework for impact assessment that has 
evolved from a conceptual understanding of the risk to Australia’s coasts from climate 
change, particularly sea-level rise, associated with short-term variability (over 
engineering timescales) and long-term behaviour of coastlines (occurring over 



 

10  Approaches to risk assessment on Australian coasts 

 

geomorphological timescales) (Reichel and Ramey 1987). This framework is largely a 
research tool that can be applied, tested, scrutinised, reviewed, and revised (Guba and 
Lincoln 1989). 

 

1.2.3 Objectives of the research 
The project includes development of a conceptual framework for assessing the impact 
of climate change, particularly sea-level rise, on Australian coastlines. This conceptual 
framework will be tested through the application of selected models to a data-rich 
coast, namely Narrabeen Beach. Protocols for its extension to less intensively 
researched coasts of southwest and northeast Australia will be explored. 

Testing of the conceptual framework will occur within a geomorphologically based 
modelling framework, and will include application of a geomorphological approach 
integrated with probabilistic engineering-based models of wave characteristics, such as 
the Joint Probability Method (JPM); and combined with a model of risk of coastal 
recession, known as the Probabilistic Coastline Recession (PCR) model. Application of 
the conceptual framework to climate change adaptation will be assessed by using a 
state-of-the-art technique to minimise risk by using buffer zones or setback lines. The 
specific objectives of the project include: 

 Literature review of the coastal system processes influencing coastlines and the 
long-term behaviour of coastlines 

 Literature review of process (engineering), behaviour (geomorphology) and 
vulnerability models that can be applied to assess the risk of coastlines to 
climate change 

 Development of a conceptual framework 
 Identification of geomorphic modelling framework within the context of the 

‘Coastal Tract’ 
 Establishment of erosion hazard by the application of engineering and 

geomorphic modelling approaches 
 Quantification of economic risks associated with erosion hazard and coastal 

inundation 
 Assessment and review of conceptual framework to assess climate change risk 

at a data-rich study site (Narrabeen) 
 Revision of the conceptual framework and development of a modelling 

framework that integrates geomorphological, engineering and economic 
approaches 

 Recommendations regarding the application of the framework and its extension 
into estuarine environments. 
 

1.2.4 Project communication and target audience 
As the developed framework will be used by coastal managers, consultants and 
engineers to inform climate change adaptation decision making within the coastal zone, 
it was considered essential that users are involved in the project. To this end, a 
steering committee was formed to guide the direction of the project. This steering 
committee was consulted on a number of occasions and valuable guidance was 
provided by the committee to the project team members.  

A workshop was held with representatives from local authorities and governing 
agencies on 13 April 2012. The aim of the workshop was to inform potential users of 
the project, highlight the use of the model framework to users and to identify any 
additional needs of users.  
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The steering committee members and representatives at the workshop were regarded 
as a sample of the target audience for this project. Outputs from this project were 
tailored to meet the needs of the target audience. In some cases, the needs of users 
could not be incorporated into this project due to time and financial limitations; 
however, user needs have been incorporated into the conclusions and 
recommendations for this project and will inform the future research priorities for the 
project team. 
 

1.3 Report outline 
The concepts on which the framework for coastal risk assessment was developed are 
provided in Section 2: within this discussion particular emphasis was given to 
timescales of analysis, shoreline variability at varying timescales and sea-level rise; 
and a future framework for assessing coastal behaviour is presented. Methods for 
coastal risk assessment, including both engineering and geomorphological approaches 
are briefly provided in Section 3. Validation of the conceptual framework was 
undertaken at Narrabeen Beach and the results are provided in Section 7. The 
geomorphic, engineering and economic techniques employed within this case study 
are presented in Sections 4, 5 and 6, respectively. Application of the framework beyond 
Narrabeen Beach is discussed for various coastlines around Australia in Section 8. 
Finally, the research gaps are identified, and extension of this research are discussed 
in Section 9. 
 
2 FRAMEWORK 

Our understanding of coasts and their response to hazards has often been based on a 
reactive paradigm, responding to erosional events once they have occurred and 
undertaking remedial hard-engineering coastal protection to ameliorate the impact of 
future recurrence of such hazards. Planning measures that have been adopted have 
been instigated on the basis of a limited period of observation of processes, such as 
wave climate, with an assumption that boundary conditions are invariant. Such 
strategies are built on sound engineering principles but with little regard to the 
geomorphological characteristics of particular individual sites and longer-term 
geological processes. Unprecedented growth of coastal communities over recent 
decades and the increased pressures that further billions of dollars worth of investment 
in settlements and infrastructure on the coast will make it essential that consideration is 
given to the likely rates of recession along different sections of coastline. The 
increasing evidence for global warming implies that it is no longer realistic to consider 
boundary conditions as stationary; changing sea level means that a critical boundary 
condition is not stationary. It is no longer a question of whether the sea is rising; the 
evidence for sea-level rise is convincing and the debate has refocused on the rate at 
which it will continue to rise at particular sites, and whether an acceleration can be 
detected (Watson 2011). 

Our coasts have evolved over the past few thousand years during which sea level has 
been relatively stable, but it is already necessary to incorporate sea-level rise into 
present coastal management along our coastlines, and essential to embed it in longer-
term planning decisions. Geomorphological trends in coastal behaviour become an 
important part of planning over these time scales, and the framework, outlined briefly in 
this section but developed further in this report, provides an approach for combining 
geologically-informed trends in coastal morphodynamics into considerations of the 
likely extent of erosion by storms on open-ocean coasts around Australia. 

Quantifying the impact of sea-level rise on beaches and dunes is complex. Although it 
has been recognised for decades that a rise in the level of the sea will translate into 
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landward retreat of the shoreline, the procedures to forecast where the shoreline will be 
at any particular date in the future, are the subject of vigorous debate and provide little 
guidance to the most judicious set-back line landward of which it might be prudent to 
allow buildings and infrastructure to be constructed.  

The probabilistic approach recommended in this project is intended as a basis for the 
consideration of economic approaches to determining adequate setback lines. Such an 
approach is rooted in research undertaken by the Queensland Government engaged 
with Delft Hydraulics Labs to address erosion problems along the Gold Coast following 
severe erosion events in the 1960s (Delft Hydraulics Laboratory 1970) and further 
developed by the New South Wales Public Works Department following storms in the 
mid 1970 s (Gordon et al. 1979). After working in Australia during this time Jeremy 
Gibb then took this approach back to New Zealand where it was first published in the 
scientific literature (Gibb 1983) and subsequently advocated for the Oregon coast 
(Komar et al. 1999). It forms the basis for risk-informed coastal management as 
illustrated in  
Figure 2 (Jongejan et al. 2011) and described in more detail in Section 6. 
 

 
 
Figure 2. Schematic time series of coastal erosion under a) unchanged boundary 
conditions and associated with storms; and b) changed boundary conditions, 
either associated with long-term recession, or retreat as a result of sea-level rise. 
Set-back lines based on the critical distance of the corresponding time series are 
illustrated on the right (after Jongejan et al. 2011). 

2.1 Statutory framework: existing protocol in Australia for 
geomorphic hazard assessment of beaches and dunes 

A protocol is well established in Australia for coastal geomorphic hazard assessment to 
determine setback limits from beaches and foredunes. The protocol constitutes a de 
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facto framework that we seek to formalise, incorporated in policy and guidelines 
developed by most State agencies and applied routinely by consultants advising local 
government and commercial clients. The framework fundamentally involves a 
distinction between mean-trend and fluctuating constituents of coastal change, for 
which the respective terms recession and erosion have emerged, initially from New 
South Wales and Queensland State agencies, as the terminological convention now 
routinely applied (e.g., NSW Government 2009b; NSW Goverment 2010). The 
framework therefore can be summarised as a protocol to define a future shore-stability 
hazard zone, dshz, ignoring uncertainty: 

 
BEtRtRtd DSLVshz  

1 

where  

dshz is the distance inland from a foreshore reference line encompassing land subject to 
risk of geotechnical impact from coastal-marine processes,  

R terms denote constituents of mean-trend recession distance by a future time, t,  

the subscripts V and SL denote constituents associated with time-averaged sediment 
budget and future sea-level rise respectively,  

ED is design erosion distance, relating to fluctuations in the location of the beach 
through time, and  

B is the inland extent of land remaining intact but suffering a reduced foundation-load 
bearing capacity adjacent to land undermined due to R and ED (Nielsen et al. 1992). 

The difference between mean-trend and fluctuating coastal change underpins the 
distinction between the terms recession and erosion. This difference was elaborated 
upon by, amongst others, Cowell and Thom (1994). Their concepts even back then 
drew from the de facto conventions already extant in the coastal management 
profession throughout SE Australia and elsewhere: e.g., The Netherlands (Stive et al. 
1991). In the context of future shore-stability projections, ED may be set to a 
standardised level Average Recurrence Interval (ARI, or probability), such as the 100 
year ARI, or to a theoretical maximum (probable maximum erosion) based on analysis 
of historical data (Section 5).  

Decomposition of shore movements into the constituents identified in Equation 1 
signifies the superposition of the fluctuating signal on the mean trend ( 
Figure 3). In empirical terms, therefore, if a time series of beach and dune change is 
detrended, then the residuals by definition involve fluctuations about a zero mean. The 
point here is that residuals by definition do not contribute to mean-trend change in 
beach position and, by extension, ED involves erosion to the same point inland over the 
long term in the absence of systematic mean-trend change.  

In principle, ED may be associated with erosion events related with individual storms of 
extreme severity, effects due to the clustering of severe storms (Section 5), episodic 
erosion that may span several years, with subsequent recovery that completes a cycle 
(Thom and Hall 1991; McLean and Shen 2006). Alternatively, it may be related to 
effects of other variations in weather conditions that cause fluctuations such as 
shoreline rotation with an ARI of several years or a few decades (Ranasinghe et al. 
2004a; Goodwin et al. 2006) and shoreline sand waves.  

In the context of climate change, the possibility exists that ED may change at any given 
ARI level due to changes in storm intensity, wave-direction tendencies, including 
through the effect of changes in sea level on nearshore wave-transformation patterns. 
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Future changes in ED can be dealt with conceptually in one of two ways: (a) through an 
adjustment of ED estimated for future points in time and applied via Equation 1, or (b) 
as an additional mean-trend effect as described below in relation to Equation 4. 
 

Regional variations of the framework 
Long-term coastal behaviour, short-term shoreline variability, and sea-level rise have 
been considered important in coastal risk assessments for some time now, but how 
they are accounted for varies around the country. The federal government does not 
currently provide guidance for coastal zone management. Australia’s first pass 
assessment of climate change risks on the coast (Department of Climate Change 
2009) identifies the significance of the combined effects of change in mean sea level, 
changes in the frequency and magnitude of transient erosion events (storms), the 
supply and loss of sediments from nearby sources and sinks, and realignment of 
shorelines due to changes in wave direction. With the exception of the Northern 
Territory each of the other six jurisdictions references these factors to varying degrees. 
While South Australia, Victoria and Tasmania infer these important factors, New South 
Wales, Queensland and Western Australia explicitly detail them.  
 

 
 
Figure 3. Definition sketch relating to Equation 1:  A schmatic of a crossectional 
dune profile (a) showing the presnt shore-stabilty zone consisting of the zone of 
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design erosion and the adjacent zone of reduced foundation-load bearing 
capacity (after Nielsen et al. 1992); b) The landward extension of schematic (a) to 
depict future shore-stability zones (modified from NSW Government 2010b). 

 

In NSW, early planning guidance within the NSW Coastline Management Manual 
(1990) indicated that coastal hazard assessment should consider beach erosion and 
coastal recession. The 2010 Coastal Risk Management Guide (NSW Goverment 2010) 
provides supplementary information regarding the incorporation of sea-level rise 
planning benchmarks into hazard assessments.  

It is evident that assessment of coastal behaviour needs to account for these natural 
sources of variability and trends in shoreline behaviour occurring at timescales that are 
appropriate for planning and engineering. This involves determining the following three 
elements:  

1) long-term ‘behaviour’ trends– i.e. sediment budget such as that represented by 
barrier type, where positive sediment budget results in progradation and negative in 
recession.  

2) short-term ‘process’ fluctuations – i.e. storm cut and recovery whereby the beach 
undergoes erosion and accretion of the beach during, and following, storms.  

3) sea-level change, the trajectory of sea level needs to be considered rather than 
accepting this as a ‘steady-state’ or stationary boundary condition.  

In Western Australia a setback calculation methodology was incorporated in the State 
Coastal Planning Policy (State Planning Policy 2.6) in 2003 (WA Government 2003). 
This policy is not legally binding (Gibbs and Hill 2011), but proposes that new 
developments should be setback according to the following calculation: 
 

Minimum setback for physical processes = S1 + S2 + S3 
2 

where S1 refers to the distance for absorbing acute erosion associated with an extreme 
storm sequence; S2 is the distance to allow for historic trend, identified as chronic 
erosion or accretion; and S3 refers to the distance to allow for sea-level change. The 
existing policy advocates a setback line employing a sea-level rise of 0.38 m by 2100 
(derived from the median model of the third assessment report of the IPCC); and a 
multiplier of 100, based on the Bruun Rule. However, the draft revision of this policy 
(WA Government 2012) advocates a sea-level rise of 0.9 m (in line with the fourth 
assessment report of the IPCC), and an allowance along sandy coasts of 0.2 m per 
year for uncertainty.  

It should be noted that inclusion of S1 0 in Equation 1 depends on choice of initial 
reference line from which set back lines are mapped. If the probable maximum erosion 
(PME) line is chosen as the initial reference line, then S1=0, unless reasons exists to 
assume that PME will increase in future due to climate change. In Equation 1 the 
magnitude of ED depends upon the reference line selected to define the starting point 
from which future coastal change is to be estimated. In principle, the reference line can 
be set at the inland limit of historical erosion if the latter can be determined or 
estimated from photogrammetric or morphostratigraphic evidence. In the absence of 
mean-trend change (RV =RSL=0), ED by definition involves a retreat of erosion scarp 
inland to the same point during an erosion episode associated with a given ARI.  

In this case, Equation 1 becomes: 
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BEktRtRBtRtd DSLVshz      
3 

 
where k is a coefficient of future secular change in ED. Currently little is quantitatively 
known about likely future change in erosion. The prospect, however, must be included 
to account for the possibility that statistical stationarity for E cannot be assumed into 
the future due to effects of changes in wave climate and shallow wave transformation 
patterns with rising sea level over irregular nearshore bathymetry.  

 

 

 

 

 

In Queensland a more comprehensive formula for calculation of erosion prone area 
width assessments, discussed by Prenzler (2007), has been adopted in the recently 
released Queensland Coastal Plan: 
 

DFSCRNE 1  
4 

where: E is the erosion prone area (width in metres), N is the planning period (years), R 
is the rate of long-term erosion (metres per year), C is the short-term erosion from the 
‘design’ storm or cyclone (metres), S is erosion due to sea-level rise (metres), D is a 
dune scarp component to allow for slumping of the erosion scarp (metres), and F is a 
factor of safety (0.4 has been adopted). The values of R, C, S and D can be determined 
for individual beaches based on site-specific data and modelling of profile response, 
while the choice of values for N and F, as well as the specifications of the storm used 
to determine C, are more subjective decisions that require reliance on accepted 
practices. A 40% factor of safety is adopted in this calculation procedure, in 
accordance with common engineering practice, to account for inherent uncertainties 
and limitations.  

The synthetic design storm (SDS) approach adopted in Queensland is derived over a 
pre-defined return period (e.g. 1 in 100 year storm), following the methods of Carley 
and Cox (2003). Storm erosion volumes relate directly to the event, for example a 1 in 
100 year storm event results in a 1 in 100 year erosion event. Assessing the probability 
of occurrence of the ‘design’ storm can be calculated from return period data. 
Callaghan et al. (2009) consider the assumptions of this technique and propose using a 
new method based on the Joint Probability Distributions (JPD) for estimating storm 
erosion volumes. 

The basic components of the conceptual framework are addressed slightly differently in 
the two examples. It becomes apparent that it is necessary to define timescales in 
relation to these various processes. For example, in the Queensland Coastal Plan, the 
long-term trend is defined by the planning period in question, where NxR roughly 
equates to long-term trend sediment-budget component. A fuller consideration of 
timescales is important in order to incorporate geological components into a framework 
with short-term storm cut and recovery. 
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2.2 Time scales 
Coasts undergo changes at a range of scales. Figure 4 considers the temporal and 
spatial scales relevant to coastal research. On the left hand side of the diagram are the 
scales at which coastal researchers have focused their investigations and over which 
they have developed conceptual understanding of past coastal evolution. This builds 
on the hierarchy of timescales proposed by Cowell and Thom (1994) and adopted by 
Woodroffe (2003). The right hand side of the diagram explores the scales relevant to a 
consideration of the future, and the types of models that are appropriate (Gelfenbaum 
and Kaminsky 2010). In describing coastal systems, our understanding of small scale 
phenomena, such as ripples, is based on the physics of fluid motion and shear 
stresses acting on individual sediment grains. Such physical understanding is good at 
the instantaneous scale, but it cannot be effectively scaled up to determine the 
aggregated behaviour of millions of irregular sand grains in a complex wave 
environment. 

In this overview we consider a series of engineering approaches that recognise the 
significance of storm events and provide tools to forecast the morphological response 
of a beach to storms. Such event-scale understanding of coastal behaviour is also 
focused on other perturbations to open coastal systems; for example, it has recently 
been demonstrated that eastern Australian beaches react to cyclical phenomena such 
as El Niño-Southern Oscillation (ENSO) with readjustment of their planform 
(Ranasinghe et al. 2004a; Harley et al. 2011). In contrast to this timescale, 
sedimentologists and geomorphologists have developed sophisticated stratigraphical 
models of sedimentary landforms and conceptual models of the evolution of coastal 
landforms at millennial and longer timescales. There is considerably greater certainty 
about landform behaviour at these long (geomorphological) and short (process) 
timescales, than there is about intermediate timescales of decades to centuries (de 
Groot, 1999). The intermediate timescale, termed historical in Figure 4 when 
considering past coastal behaviour, is the timescale at which it has become critical to 
plan and manage coastal systems into the future. Engineering works must meet a 
design life, planning needs to take a long-term perspective, and managers require 
forecasts of likely future changes to coastal systems on the basis of which they can 
establish policy relevant for settlements and infrastructure.  
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Figure 4. Representation of the temporal and spatial scales relevant to coastal 
systems (based on Gelfenbaum and Kaminsky (2010) and Woodroffe and Murray-
Wallace (2012)). Understanding of past coastal behaviour focuses on detailed 
empirical studies at the shorter event and instantaneous scales as well as 
morphostratigraphic studies which produce insight into coastal evolution over 
the longer geological timescales. These studies feed into process-based 
modelling and behaviour models used to predict future shoreline evolution.  
Knowledge of past changes to coastal systems can provide valuable data with 
which to test models through hindcasting. Ultimately it is the upscaling and 
downscaling of these evidenced-based models that will assist future predictions 
of coastal behaviour at the scale relevant to planning, engineering and 
management.  

The nature of the coast, however, is not simply a function of the modern processes that 
are acting on it. It is a much more complex outcome of changes over time, and 
continues to be constrained by subtle boundary conditions, such as the rate of supply 
of sediment, that cannot be measured across short time scales, but may be deciphered 
through a combination of geomorphological studies with shorter term information, such 
as observational data from repeat surveys, or engineering modelling. 

2.3 Short-term variability and long-term trends in shoreline 
behaviour 

Sandy beaches are inherently dynamic, undergoing gradual changes in response to 
incident waves and tidal variations. However, the most apparent changes occur as a 
result of increased wave energy during a storm event or a series of storms, which can 
erode the beach causing flattened beach profiles, erosional dune scarps, and 
washover deposits. During storms sand is transported offshore forming nearshore bars, 
which in most instances are later reworked back onshore by lower-energy swell waves 
after the storm event. Post-storm recovery of the subaerial beachface has been well 
documented (Komar 1998), although the rate of recovery can vary substantially from 
beach to beach. Variations in beach morphology can be quantified by collecting a 
series of profiles over the same cross-section of beach over time (McLean and Shen 
2006). Superimposing these profiles, the ‘active beach’ can be defined as an envelope 
of change also called the ‘sweep zone’. When beaches undergo short-term erosion 
(storm cut) and subsequent accretion as part of a cycle with no overall sediment loss or 
gain, the coast can be considered stable. Recession, or long-term retreat of the 
shoreline, occurs when sediment is lost from the system during successive erosional 
events (perhaps associated with an imbalance in longshore sediment transport, see 
Sections 3.3, 4 and 7.3), resulting in a negative sediment budget. In some locations, 
sediment is gradually added to the system causing it to accrete over time. The 
difference between recession (long-term retreat of the coast), stability, and long-term 
accretion is shown schematically in  
Figure 5. In practice it may be difficult to determine these trends, requiring careful 
application of methodologies, such as repeat surveys of the coast to determine the 
sweep zone, or photogrammetry from time-series of aerial photographs that provide 
insight into cumulative movements, to establish whether a particular beach is either 
retreating seaward, accreting landward or remaining stationary. As storm and wave 
climates change the large-scale coastline morphology is likely to shift, possibly causing 
areas of greatly accelerated coastal erosion to alternate with areas of considerable 
shoreline accretion (Slott et al. 2006; Coelho et al. 2009). 
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Figure 5. A beach that has established a fairly constant morphology (t1), 
undergoes erosion during a storm (t2) and then subsequently experiences 
gradual recovery (t3), but the extent to which the long-term profile shows (a) 
recession, (b) stability and (c) accretion can vary (after Woodroffe 2003).  

 

2.4 Sea-level rise 
The approach to determining the rate of sea-level rise at any site derives largely from 
recent advice published by the IPCC (Nicholls et al. 2011). That advice will be updated 
following release of the IPCC Fifth Assessment Report (AR5), due in the second half of 
2014. The advice provided by Nichols et al. (2011) is consistent with the IPCC’s Fourth 
Assessment Report (AR4) released in 2007.  

The rise in global mean sea level is attributed to two primary sources: 

 Melting ice from glaciers and ice sheets; 
 Thermal expansion 

It has been reported that global Greenhouse gas emissions have been tracking at or 
above the most extreme ‘marker’ scenario (A1FI) considered by the IPCC (Pittock 
2009). Although the future is significantly uncertain, the IPCC results from 2007 (AR4) 
corresponding to the A1FI scenario have been adopted here. 

Hunter (2010) provided tabulated values for sea-level rise, based on the 5 and 95 
percentile AR4 projections of sea-level rise for A1FI. Extracted values for 1990, 2050 
and 2100 are provided in Table 3. Importantly, these include an allowance for ‘scaled-
up ice sheet discharge’, comprising an allowance of around 0.2 m to the overall rate of 
sea-level rise by 2100 due to an acceleration of the rate at which melting ice 
contributes. 

 
Table 3. A1FI Sea level trajectory values (5 and 95 percentile, in mm) from Hunter 
2010. 

Year 5-percentile 95-percentile 
1990 0 0 
2050 96 278 
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2100 266 819 

 

Nicholls et al. (2011) assume that the percentile values of Table 3 correspond to a 
Gaussian distribution. Further, they recommend fitting curves to the trajectories of the 
form: 

tataSLRM 2
2

1  
5 

where: 

RMSL  is the regional variation in sea level from the global mean due to meteo-
oceanographic factors 

t  is the number of years since 1990 

1a  is the trend sea-level change 

2a is the change in the rate of sea-level trend 

Along with the values presented in Table 3, this provides a means for stochastically 
generating a sea-level rise trajectory for the simulations undertaken later in this report. 

 

2.5 Sea level as a changing boundary condition 
In terms of change on any section of coast, antecedent morphology, sea level, fluvial 
discharge, and littoral sediment budgets represent boundary conditions at the spatial 
scale under consideration. The trajectory of change represented in  
Figure 5 is shown, presuming that boundary conditions, such as sea level, do not 
change. In many parts of Australia, the beach, portrayed schematically in  
Figure 5, is the seaward-most ridge on a more substantial sand barrier that occupies a 
coastal compartment. Barriers are accumulations of coastal sediments that extend 
above sea level, paralleling the shore. They have accumulated through the 
sequestering of sand in beaches and dunes, and their morphology and stratigraphy 
record their evolutionary history. The barrier is an aggregated outcome of past beach 
and dune behaviour. The gross mode of barrier evolution during the mid to late 
Holocene, since sea level reached its present level and during the time that it has been 
considered to be stable, can provide an indication of the overall sediment budget to a 
system. 

Observed rates of sea-level rise, and projected rates for the future, indicate that it is not 
appropriate to consider this boundary condition as unchanging in the future. Sea-level 
is the combination of mean sea level, the state of tides, wave set-up, sea-level 
alterations related to air pressure and nearshore winds, and the contribution of on-
shore flows (Department of Climate Change 2009). Global mean sea levels have been, 
and are projected to continue, rising as a consequence of global warming and climate 
change (IPCC 1992; Nicholls et al. 2011). Relative sea-level rise at any site refers to 
the relationship between sea level and the land surface. This includes the eustatic 
component of sea-level rise (related to increases in global ocean volumes), but varies 
geographically as a consequence of changes in the elevation of the land surface, both 
subtle isostatic changes, and local changes related to tectonic behaviour or subsidence 
of the land through compaction or in response to groundwater extraction. 

Short-term variability occurs due to the impact of storms. As sea level is projected to 
rise, an understanding of the relationship between sea-level change and processes 
controlling sediment budgets is essential for coastal risk assessment. 
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At the simplest level it can be anticipated that all sandy shorelines will be likely to 
undergo long-term retreat as a consequence of the vertical rise in sea level. 
Determining the rate of retreat that can be ascribed to sea-level rise needs to be 
disentangled from observed shoreline changes that are a consequence of either short-
term storm events, or long-term sediment budget imbalances. However, it is important 
to recognise that the observed historical behaviour has occurred while there has been 
a slight rise of sea level. Determining the trajectory of change on the coast through 
monitoring, including field survey methods such as beach profile studies as well as 
photogrammetric and air photograph analysis, has generally not considered that the 
coast may currently be responding to the gradual sea-level rise of the past few 
decades.  

It is likely that other boundary conditions have also been changed by human activities 
and may not be constant into the future. For example, human activities have altered the 
rate of sediment supply down rivers (in some cases reduced by dams, in others 
increased by land-use change). Climate change may influence other boundary 
conditions, such as storm frequency or wave characteristics; however, the focus of this 
report will be on the impact of sea-level rise. 

Incorporating sea-level rise into the framework is important because changes in sea 
level will cause a change in the fundamental behaviour of the sediment system over 
both short- and long-term. This has most often been addressed by adopting a simple 
heuristic called the ‘Bruun Rule’ (Bruun 1962), or a modified version of it, to assess the 
retreat of the shore as a response to sea-level rise. This approach is discussed in the 
next section, together with the extensive criticism that has been directed at it. Despite 
such criticism, the Bruun Rule remains the most widely adopted technique, and it is the 
approach recommended in several state procedures, for example its use is advocated 
in the Queensland Coastal Plan to determine erosion due to sea-level rise.  

During the recent historical past, when sea level can be regarded as having been 
relatively stable, it is apparent that individual coastlines have behaved differently. Many 
have built out, others have developed extensive dunefields, while some show 
alongshore variation in landforms which testify to variation in longshore processes. This 
implies that a number of influences override the Bruun effect. These other processes 
have been reviewed by Stive et al. (2010), who show that there have been a wide 
range of cross-shore and longshore sources and sinks which collectively influence 
‘sediment availability’. On open ocean shorelines these processes, particularly the 
gradual delivery of sand from the lower shoreface and its incorporation into dunes, 
generally overwhelm the Bruun effect. 
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3 COASTAL RISK ASSESSMENT METHODS AND 
APPLICATION ROUND AUSTRALIA 

Coastal management in Australia is primarily undertaken by state agencies or local 
government (Harvey and Caton 2003). There have been many site-specific coastal 
vulnerability studies, such as coastal protection engineering studies, coastal inundation 
mapping, storm surge risk analysis and detailed coastal surveys around major cities. 
Coastal managers and policy makers need to be able to determine the appropriateness 
of various models, each of which has different strengths and weaknesses. Climate 
change, particularly sea-level rise, has physical impacts on coastal landforms and 
ecosystems and socioeconomic impacts on settlements and infrastructure. The former 
include coastal erosion, inundation of low-lying areas, saltwater intrusion into estuaries 
and groundwater aquifers, as well as displacement of wetland ecosystems. The latter 
include increased flood risk, damage to property and infrastructure such as roads and 
stormwater drains, and a series of challenges for local government, planning, 
conservation and management agencies. 

Two significant recent national-level assessments of the vulnerability of the Australian 
coast were published in 2009; they were the Department of Climate Change report 
entitled Climate Change Risks to Australia’s Coast (Department of Climate Change 
2009), and the House of Representatives Standing Committee on Climate Change, 
Water, Environment and the Arts report, Managing our Coastal Zone in a Changing 
Climate; the time to act is now (Commonwealth of Australia 2009). These built on 
several earlier initiatives; a summary is provided below, and a more complete synthesis 
has been undertaken by Harvey and Woodroffe (2008).  

The Intergovernmental Panel on Climate Change (IPCC), in developing its first 
assessment report, proposed a ‘Common Methodology’ for coastal risk assessment 
that considered physical impacts on ecological and socio-economic systems using a 
cost-benefit approach (IPCC 1991; IPCC 1992). Preliminary implementation in 
Australia revealed its inappropriateness for sparsely populated coasts, and its simplistic 
assumptions about shoreline and economic behaviour (Kay et al. 1996). Following 
testing of this methodology in Geographe Bay, Western Australia (Kay et al. 1992) and 
the Cocos (Keeling) Islands (Woodroffe and McLean 1993), such broad approaches 
were downscaled in Australia, because the economic-based assessment technique 
was inconsistent with Australian planning approaches (McLean 2001; Harvey and 
Woodroffe 2008). An alternative methodology, proposed by Kay and Waterman (1993), 
underpinned a nationally-funded project entitled the National Coastal Vulnerability 
Assessment Case Studies Project which is described by Harvey et al. (1999). This 
project included nine case studies spread across each of the States and Territories of 
Australia during 1994/1995.  

Although a study of the vulnerability of the coast of Victoria was undertaken 
independently by the Port of Melbourne Authority (1992), coastal vulnerability only 
became a Federal focus again in 2005 when the Australian Greenhouse Office (AGO) 
undertook further assessment as part of a project entitled Assessing and 
Communicating Australia’s Coastal Vulnerability (Kay et al. 2005). In 2006 AGO 
commissioned two further studies, the first was a consideration of gaps (Voice et al. 
2006), whereas the second was an evaluation of the extent to which international 
vulnerability analyses were of relevance to the Australian coast (Abuodha and 
Woodroffe 2006).  

The Insurance Council of Australia contracted Risk Frontiers at Macquarie University to 
undertake a national vulnerability study of the number and spatial distribution of 
Australian addresses potentially at risk of coastal flooding (Leigh and Chen 2006). The 
study employed the geo-coded national address file (GNAF) database, Shuttle Radar 
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Topography Mission (SRTM) elevation data from NASA, and 5 m resolution DEMs for 
some east coast cities (eg. Cairns, Greater Sydney region), and produced an overview 
implying that 711,000 addresses were identified as below 6 m elevation, and that 50% 
of the Australian population lives within 7 km of the coast (Chen and McAneney 2006). 

Concern about the Great Barrier Reef has led to a particular regional focus on this 
World Heritage area (Crimp et al. 2004; Hoegh-Guldberg and Hoegh-Guldberg 2004; 
Johnson and Marshall 2007). The impact of tropical cyclones in northern Australia has 
also been a focus of concern, resulting in a series of reports by Bruce Harper and 
others (Harper 1998), with a synthesis of the vulnerability of various coastal towns 
produced by the Queensland Government (2004). Cairns in particular has been subject 
to a number of assessments (Granger 2003; McInnes et al. 2003; Hardy et al. 2004), 
with incorporation of both a component for potential intensification of storms in the 
future, as well as an allowance for sea-level rise (Church et al. 2006). 

The National Committee on Coastal and Ocean Engineering (NCCOE) produced 
Guidelines for responding to the effects of climate change in coastal and ocean 
engineering (NCCOE 2004). This has been comprehensively revised by Engineers 
Australia and release of the revision is imminent. The NCCOE guidelines contain an 
Impact Assessment Interaction Matrix Template that can be adopted to prioritise 
adaptation measures. The template considers six key climate change variables: sea 
level, ocean currents and temperature, wind climate, wave climate, rainfall/runoff, and 
air temperature. It also examines 13 secondary, process variables, such as local sea 
level, local currents, local winds, local waves, coastal flooding, foreshore stability, 
sediment transport, hydraulics of estuaries, and ecology. The NCCOE template can be 
filled out to create a comprehensive set of tables that identify the relationships between 
these two sets of variables. 
 

3.1 Process-based and morphological models  
This section describes some of the modelling approaches that are used to assess the 
response of beach systems to storm events, the derivation of storm-cut estimates in 
response to wave conditions, or longer-term morphological change. The models used 
to simulate coastal dynamics (processes) include short period and long period wave 
models, sediment transport models and morphological models.  

The modelling approach is determined by the a priori selection of model dimension and 
complexity. In one-dimensional approaches (e.g., SBEACH, XBeach, LITPACK, 
UNIBEST etc), the short period waves (periods less than 20 s) are generally solved by 
spectral wave models (either in-built or, for example, using SWAN), with the long 
period waves (e.g., surf beat, tides) modelled using the shallow-water equations (either 
with/without convective acceleration, i.e., linear or nonlinear). These concepts are 
summarised in Dyke (2007). 

There are models that combine the short period and long period wave dynamics into 
one non-hydraulic solver (e.g., Boussinesq, Euler and Navier-Stokes), which are more 
complex and considered two-dimensional in the vertical plan. The other extension over 
the one-dimensional scenario is two-dimensional modelling in the horizontal plan (e.g., 
Mike21/3, Delft3D, FVCOM, TUFLOWFV, SHOC, XBeach, etc) with all these examples 
solving the long period waves using the shallow-water equations (i.e., they use ‘3D’ in 
their name, but they are 2D for the long waves and ‘3D’ for internal waves, otherwise 
known as mode split models). Approaches similar to the one-dimensional models are 
used for short period waves, sediment transport and morphology.  

The next level of dimensionality can best be described as between 2DH and 3D, which 
are models that combine the short and long period waves (e.g., 2D Boussinesq 
models) or include vertical structure for the long period waves (e.g., SHORECIRC). 
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These models are sometimes referred to as quasi-3D models. Finally, fully three-
dimensional models include Euler and Navier-Stokes solvers (e.g., NR3 by DHI), 
which, by non-hydrostatic formulation, are able to model both the short period (non-
hydrostatic) waves and the long period (hydrostatic) waves. Sediment transport and 
bed morphology models remain similar to those used at all other dimensions. 

Many models include their own spectral wave modelling component for the short period 
waves (e.g., Mike21/3, XBeach, Delft3D); however, many do not. These models rely on 
standalone wave spectral models (e.g., SWAN, WAM, STWAVE, SWAPS) or in some 
cases standalone mild slope wave models (e.g., REF-DIF, RCPWAVE) where the 
propagation is more important than the wind generation aspects. 

There are numerous sediment transport equations; with more notable ones including 
the Meyer-Peter and Müeller (1948) equation, and van Rijn’s velocity moment sediment 
transport equations (van Rijn 1993). These models have varying abilities regarding 
transport under the singular and combined effects of waves and currents, such as 
present in the nearshore and at the beachface. No single, universally applicable theory 
presently exists for calculating sediment transport and intensive research over the past 
century continues. In more advanced sediment transport methods, the transport load is 
conceptually divided into ‘bed’ and ‘suspended’ load, with the transport of suspended 
load handled separately, typically using advection-diffusion or quasi-equilibrium 
methods.  

The Exner equation, based on sediment conservation of mass, is used to adjust the 
bathymetry, generally by assuming decoupling between hydraulics and bathymetric 
changes, with this decoupling being accelerated in some models (e.g., morphological 
acceleration factors). The Exner equation and its application to shoreline dynamics, 
both in Eulerian (dynamics) and Lagrangian (morpho-kinematic) modes, is examined in 
detail by Wolinsky (2009). 

Modelling surfzone and beachface hydraulics and morphodynamics is challenging. 
While many authors infer that increasing complexity and dimensions results in better 
predictions, the literature suggests otherwise. It is reasonable to suggest this approach 
for the long period waves; however, the outstanding issue for sediment transport when 
it comes to hydrodynamics, is estimating the wave-related velocities through the water 
column. The present approaches are either too computationally intensive (e.g., Euler 
models) or overlook that waves of the same period, height, direction and depth can be 
different in velocities due to their propagation paths to that point (e.g., velocity and 
acceleration skewness) and whether the waves have broken or not. The sediment 
transport estimations in these models are still poor. Consequently, when hydrodynamic 
estimates are combined with sediment transport estimates and the Exner equation, 
errors are inevitable, at all dimensions and complexities discussed. 

While extrema estimates have been undertaken using XBeach, for example at 
Narrabeen Beach (Riesenkamp 2011), the additional computational effort (managing 
thousands of runs on high performance computers) does not provide better estimates. 
For Narrabeen Beach, it provided unimproved estimates compared to a simple non-
process based model. 

This study promotes the use of probabilistic methods in a risk–based management 
framework. At the present state-of the-art level, the numerous repeated calculations in 
such a framework result in a high computational demand. This demand exceeds what 
the majority of practitioners have available if more complex models (e.g. SBEACH and 
XBeach) are used. While the study team have applied these models in a stochastic 
manner, it has required the use of High Performance Computing facilities to make the 
exercise tractable. 

As noted above, results that are just as good, and even better than those obtained from 
the more complex models, can be achieved using simpler models that require a 
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fraction of the computational power. Needless to say, the use of such complex models 
cannot be justified until either: 
 

(i) There is a substantial increase in computational power; or 
(ii) The models become demonstrably better than simpler methods at 

reproducing stochastic behaviour. 
 
Nevertheless, the framework is flexible enough to accommodate a wide variety of 
model approaches, allowing for future improvements.  
 

3.2 Process-based beach erosion models 
The framework that is developed in this project is not model-specific; it is possible to 
simulate beach erosion using one of several different approaches, and as indicated 
above, more complex models do not necessarily produce more credible results. The 
more commonly used approaches, which are referred to in the following sections, are 
briefly outlined below. 
 

3.2.1 SBEACH 
SBEACH (the Storm-induced BEAch CHange model) is a numerical model developed 
by the US Army Corps of Engineers for estimating erosion of the beach and dune by 
storms (Larson and Kraus 1989). It is a two-dimensional profile model based on cross-
shore transport of sand. It incorporates the concept of an equilibrium profile following 
storm events, and has been used for determining design volumes for beach 
nourishment (Rollason et al. 2010). SBEACH assumes that profile change ‘is produced 
solely by cross-shore processes, resulting in a redistribution of sediment across the 
profile with no net gain or loss of material’ through such processes as longshore drift or 
loss to dunes. There has been criticism of SBEACH because it appears to 
underestimate storm erosion demand, particularly on those beach systems in northern 
NSW that experience a significant longshore transport component, but also where rip 
circulation or beach rotation occur (Rollason et al. 2010).  
 

3.2.2 XBeach  
Nearshore processes associated with storm and hurricane conditions, or extreme 
beach behaviour, such as dune erosion, overwash and breaching can be computed 
using a numerical model known as XBeach (Roelvink et al. 2010). XBeach was 
developed collaboratively by the US Army Corps and Engineers, UNESCO-IHE, 
Deltares (Delft Hydraulics), Delft University of Technology and the University of Miami. 
XBeach is a two-dimensional storm impact model of wave propagation, long waves and 
mean flow, sediment transport and morphological changes of the nearshore area, 
beaches, dunes and backbarriers (Roelvink et al. 2010). Hindcast modelling from sites 
within Europe indicate the model showed greater precision than other ‘off-the-shelf’ 
models, although tended to overpredict erosion around the mean water line and 
deposition at the lower beach face (Van Dongeren et al. 2009). 
 

3.2.3 Probabilistic Coastline Recession (PCR) 
The Probabilistic Coastline Recession (PCR) is a model designed to be used in a 
probabilistic manner to calculate numerous long, realistic, sequences of erosion and 
recovery, and to then statistically analyse them, proposed by Ranasinghe et al. (2012). 
It relies on the input of statistical parameters representing the wave climate, water 
levels and periods between storms to randomly generate its boundary conditions. 
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These parameters are supplied by the JPM model, which considers not only a single 
event storm, but incorporates a sequence of events (Callaghan et al. 2008b; Callaghan 
et al. 2009). This method includes allowances for joint probability between all basic 
erosion variates including; wave height, period and direction, event duration, tidal 
anomalies and event spacing. A new formulation for the dependency of wave period on 
height has been developed including the physical wave steepness limitation. Event 
grouping, where significantly more erosion can occur from two closely spaced storms is 
handled by temporally simulating the synthetic wave climate and the resulting beach 
erosion and accretion. The approach is repeated many times (~50,000) to acquire a 
stochastic representation of realistic coastal storm time series. The JPM method, and 
its incorporation into the PCR approach, is described in greater detail in the sections 
that follow to produce a probabilistic estimate of coastal recession.  
 

3.2.4 Shoreline Evolution Model (SEM)  
Shoreline Evolution Model (SEM) developed by Dean Patterson (BMT WBM) is 
reported to have the capacity to simulate short to geological time-scale coastline 
evolution including sea-level change in the order of 0 to 100 m (Rollason et al. 2010). 
The model employs a quasi-2D extension of the conventional one-line shoreline 
representation to incorporate both cross-shore and longshore sand transport and 
profile response. The model adopts a fixed geometric profile shape to the upper beach 
and dune above a closure depth at the toe of the littoral zone and a depth/slope 
dependent cross-shore transport rate across the shoreface below the closure depth. 
While the shoreline position responds to changes in net sand quantity above the 
closure depth, the profile will evolve towards a long-term average equilibrium shape 
relative to the sea level at any time at a rate determined by both the depth dependent 
transport potential and the degree of disequilibrium of the bed slope, with provision for 
exchange of sand across the closure depth. The shoreface profile response time thus 
increases with depth across the shoreface. 

A time-stepping approach is employed to simulate the response of shorelines to deep-
water wave time-series data and sea level. Wave refraction from deep water into the 
nearshore zone is incorporated in the model in a multi-step procedure that caters for 
non-parallel continental shelf contours. Longshore sand transport is calculated for 
longshore grid locations using the standard CERC equation (US Army Corps of 
Engineers 1994) or the Queens relationship (Kamphuis 1991). The SEM accounts for 
natural bedrock headlands and nearshore reefs, as well as coastal structures, such as 
seawalls and groynes, in isolation or any combination. It builds upon the Bruun Rule for 
predicting sea-level rise impacts by allowing variable back-barrier dune levels and 
rollback of the dune system to be incorporated while also catering for the time-
dependent cross-shore response of the shoreface and dynamically linking the cross-
shore and longshore responses. It thereby can be used to investigate the impacts of 
sea-level rise in complex situations where the longshore response is non-uniform, 
providing for coastal adaptation measures and harbour infrastructure (Rollason et al. 
2010).  
 

3.2.5 Shoreline Response Model (SRM) 
The SRM (Huxley 2009; Huxley 2010) was developed at the University of Queensland, 
and it is designed to predict shoreline response to the combined impact of wave 
climate variability and sea-level rise under future climate. This model is reported to be 
the first of its kind to combine both longshore and cross-shore sediment transport 
processes to estimate the response of the beach (Rollason et al. 2010). The model 
simulates shoreline response for short-term events (i.e. storms) as well as shoreline 
evolution over intermediate timescales of over 100 years. The model uses an hourly 
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time-stepping approach, water level (tide, surge and sea-level rise) and wave input 
(significant wave height, period and direction) to calculate shoreline response to altered 
climate drivers, which include sea-level rise, changes in wave direction, swell wave 
height and storm wave height as well as occurrence.  
 

3.3 Geomorphological Models 
Geomorphological models are not as widely developed or adopted as the process-
based models described above. Nevertheless, morphostratigraphic and 
morphodynamic studies of different sections of coast provide a geological record of the 
way in which different sections of coast have evolved in the past. This knowledge 
provides the basis for conceptual models that explain the progressive development of 
coastal landforms, for example the gradual infill of different types of estuarine system 
along the coast of southeast Australia (Roy 1984). Considerable advances have been 
made on these conceptual ideas, both in terms of facies models that can be applied at 
geological time scales, but also in terms of geomorphological models, some of which 
have been developed into computational simulation models of coastal behaviour. A 
comprehensive review of some of these emerging approaches, and a consideration of 
their application to the coasts of the United Kingdom can be found in Whitehouse et al. 
(2009).  

One of the most fundamental of geomorphological approaches to the challenge of 
forecasting how shorelines will behave in the future is to extrapolate from what has 
been observed to have happened in the past. This has been termed Historical 
Shoreline Trend Analysis by Whitehouse et al. (2009), and does not involve a 
consideration of physical processes. Historical trends in shoreline position can be 
determined from various sources, the most widely used is a time-series of aerial 
photography, but in some circumstances it may be possible to extend the analysis back 
in time using other types of map or chart (Leatherman 1990). Increasingly sophisticated 
technologies provide a range of resolution across more recent years, involving remote 
sensing, particularly satellite imagery, but in some cases repeat Light Detection And 
Ranging (LiDAR) surveys.  

Rarely available, but of most use, are detailed ground surveys of beach trends. In 
southeast Australia, the value of the 40 years of beach profiling at Moruya is 
emphasised in following sections (Thom and Hall 1991; McLean and Shen 2006). The 
slightly shorter sequence of beach profiles along Narrabeen Beach provide a level of 
detail in the behaviour of that beach, identifying fluctuations in planform termed beach 
rotation, that could not have been recognised with more sporadic beach observations 
(Ranasinghe et al. 2004b; Short and Trembanis 2004).  

In some cases it is possible to incorporate changes in conditions, for example, Dean 
(1991) indicates that it may be possible to express the rate of shoreline retreat as a 
function of the rate of sea-level rise and project a future rate that is a function of the 
forecast future sea-level rise rate: 

R2 = (R1/S1) S2      
6 

where S1 is the historical rate of sea-level rise; S2 is the projected rate of sea-level rise; 
R1 is the historical rate of retreat and R2 is the projected rate of retreat. Although this 
expresses retreat as a function of the rate of sea-level rise, it assumes no change in 
other factors such as sediment budget and the adjacent topography, and treats the 
response in a linear fashion. More often the response is distinctly non-linear with 
thresholds beyond which shoreline behaviour is different from previous periods. It is 
also challenging to identify a regular trend over time; not only is the rate likely to vary 
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with little association with sea-level trend, but in many circumstances the direction of 
change can vary with periods of recession interspersed with phases of shoreline 
progradation. 

Historical shoreline trends are easier to establish for cliffs than for beaches, perhaps 
because for soft cliffs that are experiencing relatively rapid rates of retreat, the trend is 
always for landward retreat without the periods of recovery (and seaward adjustment of 
shoreline position) that can occur on wave-dominated sandy coasts. Several different 
modelling approaches have been suggested for cliffed coasts, including application of a 
form of the SCAPE model. The numerical model termed SCAPE (Soft-Cliff and 
Platform Erosion model) uses a simplified systems-based approach to simulate 
recession of soft rock cliffs and associated platforms and beaches (Walkden and Hall 
2005; Walkden and Dickson 2008). The distribution of potential retreat is determined 
over a tidal cycle and integrated to characterise erosion potential, on the basis of which 
recession is simulated over successive model runs (tidal timesteps) under a gradually 
rising sea level. This model has not been applied in Australia, so it is not discussed 
further. However, there are some soft sedimentary shorelines where this behavioural 
model may be appropriate. For example, Sharples et al. (In prep.) describe historical 
shoreline reconstructions from aerial photographs for cliffs cut into Tertiary clays in 
southern Tasmania. There are also other shorelines where erosion is into reasonably 
consolidated sands but where wave energy is insufficient to rebuild the shoreline 
between erosional storm events. The truncation of beach ridges on Five Mile Beach, 
east of the airport in Pittwater, Tasmania, is an example (Sharples et al. In prep.).  

Geomorphological models of the behaviour of sections of coast need to consider the 
interaction between landforms within a section of coast, and the exchange of sediment, 
for example between open coasts and adjacent estuarine systems. Whitehouse et al. 
(2009) explore several different approaches to how this might be achieved in the UK. 
For example, they provide proof-of-concept concerning the integration of open coast 
modelling (using SCAPE), and sediment processes in an adjacent estuary, using 
ASMITA. ASMITA (Aggregated Scale Morphological Interaction between Tidal basin 
and Adjacent coast) adopts a schematised representation of an estuary comprising a 
tidal channel, fringing tidal flats and an ebb-tidal delta, and models the adjustments of 
area and volume as each of these components evolves with sediment exchange 
adjusting towards equilibrium (Stive et al. 1998). Other models are also becoming 
available to simulate changes in estuarine systems. For example, the Sea Level 
Affecting Marshes Model (SLAMM) is a cell-based model developed to look at the 
impacts of climate change on US marshes (Craft et al. 2009; Clough et al. 2010), using 
GIS. A recent application of SLAMM to wetlands in northern NSW demonstrates that it 
can provide a broad level indication of areas into which intertidal wetland communities 
will invade as sea level rises (Akumu et al. 2011), but this remains a coarse resolution 
model with a number of underlying presumptions.  

Two examples of geomorphological behavioural models, STM and SAM, are briefly 
outlined below. 
 

3.3.1 Shoreface Translation Model (STM) 
The Shoreface Translation Model (STM) is a sediment-budget model that simulates 
morphodynamic attributes in a coastal cell through alongshore averaging of terrain and 
processes. The coastal cell in this context is a spatial sediment-budget control defined 
for a given regional or site application (c.f. Section. 4.4). Such computational cells may 
be defined on a site-specific basis (e.g., for an arbitrary length of coastline, y, down to 
finite element scale - say y = 1 m) or for a ‘natural’ tract of coastline (e.g., a beach 
between bounding rock headlands). 



 

Approaches to risk assessment on Australian coasts  29 

 

The sub-aerial and sub-aqueous terrain of the cell is converted into a stratigraphic 
representation of alongshore-averaged surface morphology and stratal geometry of 
coarse, fine and lithified material within the cell. All components of the coastal sediment 
budget are accounted for in the model, including net fluxes across cell boundaries and 
autogenic gains and losses, as well as redistribution of sediments within the cell, such 
as exchanges between the beach, estuaries, dunes and continental shelf. Significantly, 
fluxes across cell boundaries include alongshore transport gradients averaged across 
the alongshore extent of the cell.  

As a sediment-budget model, the STM simply provides an abacus that keeps account 
of spatially variable sediment budgets through time. The sediment budget is a direct 
counterpart (the spatial integral transform) of geomorphic change: i.e., changes in 
surface elevation. In a strict sense, the abacus is in essence an abstract device that 
may be conceptualised as spatial array of sediment-storage bins of finite capacity in 
which cumulative gains and losses are accounted. Capacity limits relate to sediment-
accommodation concepts applied widely in sedimentology, especially the petroleum 
exploration industry and science underpinning it. At a practical level, to assist cognition 
through visualisation, the abacus can be represented as a two-dimensional cross-shore 
profile of the morphology and strata.   

The STM simulates redistribution of sediments (sand and mud) within the coastal cell 
kinematically (i.e., through movements in the bed level) based on geometric rules of 
shoreface, barrier and estuarine accommodation potential in order to quantify, amongst 
other things, horizontal and vertical translation of the shoreface under sea-level change 
(Cowell et al. 1990; Cowell and Roy 1992). The model was developed in the late 
1980’s by the Coastal Studies Unit at the University of Sydney by Peter Roy, Peter 
Cowell and Bob Jones; the basic operations of the model were outlined in an internal 
unpublished but widely-distributed report entitled ‘Shoreface Transgression Model: 
Programming Guide (Outline, Assumptions and Methodology)’ (Cowell and Roy 1988). 
Subsequent development and application of the model has occurred over the 
intervening years with various publications which have refined the model (Cowell et al. 
1995; Cowell et al. 1999b). For instance the inclusion of probability functions and 
uncertainty theory (Cowell and Zeng 2003) in order to provide a range of results based 
on likelihood. This also allows predicted impacts to be presented in a familiar risk 
management format (Cowell et al. 2006).   

The basic principal underlying the theory of the STM is that rather than thinking in 
terms of a shoreline moving landwards under sea-level transgression, the entire 
shoreface translates landwards and reconfigures deposits and overall morphology 
subjected to surface kinematics relating to the sediment budget (Cowell et al. 1990; 
Cowell et al. 1999b). The geometry of the shoreface and backbarrier (dunes) are 
calibrated using site-specific survey data, which may be extended offshore to include 
the prodelta, or through inversion based on stratigraphic evidence for problems in 
which initial conditions have been effaced by coastal change (Cowell et al. 1999b). This 
calibration is fundamental to definition of initial elevation-dependent potential for 
deposition of sediments (i.e., accommodation). The kinematics of the STM operate 
adaptively over any terrain and stratal characteristics encountered by the translating 
shoreface and backbarrier morphology: for example, responses to rising sea levels 
may involve gradual evolution through transgressive-barrier and erosional-
encroachment modes where the flooding surface steepens landward through critical 
limits, and vice versa (Cowell et al. 1990; Cowell and Roy 1992).  
 

3.3.2 Sediment Allocation Model (SAM) 
The Sediment Allocation Model (SAM) is, like the STM (Section 3.2.1) another 
sediment budget model based on accommodation principles: i.e., it is an aggregated-
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scale, behaviour-orientated model that simulates atoll-island development (Barry et al. 
2007). An atoll island represents the aggregation of residual sediment accumulations of 
numerous depositional- and erosional-events that have occurred over the time-scale 
(hundreds to thousands of years) required for atoll-island formation. The model 
simulates sediment accumulation by a reef island based on the observed behaviour of 
islands and assumes that there is morphodynamic feedback between island 
topography and the fluid dynamics leading to sediment sequestration (Barry et al. 
2008). The morphodynamic feedback effect is implemented by linking the 
sequestration of sediment (accommodation) by an atoll-island to the atoll-island volume 
relative to the accommodation space available for island growth. 

Accurate input values are generally unavailable or imprecise for model parameters 
such as sediment production and accommodation space. The SAM estimates values 
for these parameters using an inverse algorithm. The inversion algorithm requires 
sequential estimates of atoll-island sediment volume to estimate the parameter values 
for sediment production and accommodation space. Due to the limited availability of 
the sequential datasets necessary for the parameter estimation, the model has only 
been applied using transect data from the Cocos (Keeling) Islands and Makin Island in 
the Gilbert Islands chain, Kiribati. 
 

3.4 Bruun Rule 
The Bruun Rule is the best known model relating shoreline retreat to an increase in 
local sea level. It was developed by Per Bruun, a coastal engineer, based on an 
equilibrium beach profile (Bruun 1954). This describes an average profile shape 
maintained by the shoreface, related to sediment size and wave climate, using a 
characteristic parabolic equilibrium beach shape given by Equation 7 below;  
 

h = Axm 
7 

where h is still-water depth; x is horizontal distance from the shoreline; A is a 
parameter that is related to sediment size, and m is an exponent, often around 0.67. 
Bruun (1962) expanded on this theory to predict that the shoreline retreats uniformly so 
as to maintain a constant equilibrium profile. To achieve this, sand is eroded from the 
upper part of the beach profile and is deposited on the lower nearshore part of the 
shoreface profile. The Bruun Rule has been widely adopted to provide a forecast of 
how shorelines are anticipated to respond to sea-level rise based on conservation of 
mass of sediment. It is expressed as: 
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where, in a typical equilibrium nearshore profile, cs is the rate of shoreline retreat, S is 
the rate of sea-level rise, L* and h* are the distance and water depth defining the 
offshore limits of the active zone (the closure depth), hd is the height of the dune or 
berm, and Ø is the shoreface gradient. For a sea-level rise of the amount S, the profile 
will shift landward by the amount cs according to the Bruun Rule equation (Bruun 
1988). The rate of shoreline retreat is thus considered a function of the slope of the 
shoreface, but as this lies within a narrow range of values it is often simplified further to 
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indicate that shoreline erosion rate is approximately 50 to 100 times the rate of sea-
level rise (Mimura and Nobuoka 1995). 

The simplicity of the assumptions on which the Bruun Rule has been based, 
particularly that the nearshore is a closed system, that change is dominated by cross-
shore processes, and the fact that it ignores perturbations such as seasonal/storm 
fluctuations, has led to widespread criticism of the heuristic and calls for its 
abandonment (Pilkey et al. 1993; Cooper and Pilkey 2004). The reality that the Bruun 
Rule has been widely applied probably reflects its simplicity rather than its 
appropriateness. 

 

3.4.1 Beyond the Bruun Rule  
Bruun proposed shoreward displacement of the upper beach and erosion of sand from 
the upper beach with deposition in the nearshore, raising the profile out to closure 
depth by the equivalent amount that the sea has risen. There have been many 
criticisms of the Bruun approach because it is based on the idea of an equilibrium 
profile (Thieler et al. 2000). However, surfzone and nearshore morphology are not 
critical to the concept; their morphology is likely to fluctuate, but it is not necessary to 
know any detail of bottom profile (Allison 1980). Instead, the rate of retreat according to 
the Bruun method depends upon the slope of the shoreface, defined by the top of the 
berm and closure depth (usually determined following the approach by Hallermeier 
1981; see Nicholls et al. 1998).  

An obvious shortcoming of the Bruun Rule in the context of the sand barrier systems of 
Southeastern Australia is that the net exchange of sand from the beachface onto the 
shoreface is contrary to the net onshore movement of sand that has occurred as sandy 
barriers have been reworked landwards during the postglacial marine transgression 
(Thom and Roy 1988). Davidson-Arnott (2005) has extended the Bruun method to 
incorporate circumstances where sand is displaced landwards, with a landwards shift 
of shoreline morphology ( 
Figure 6). 

 
 
Figure 6. a) The standard Bruun interpretation of landward translation of an 
equilibrium morphology with a net seaward displacement of sand; b) A modified 
version of this in which morphology and sand undergo a net landward 
translation (based on Davidson-Arnott, 2005); and c) four alternative modes of 
adjustment, from the standard Bruun response to the generalised Bruun 
response (after Cowell et al. 2006). 
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Neither of these modes of translation considers the nature of the hinterland. In  
Figure 6c, Cowell et al. (2006) recognise that the standard Bruun Rule applies in only 
certain circumstances. A more generalised Bruun Rule, proposed by Dean and 
Maurmeyer (1983) applies where a barrier can rollover through overwash processes. 
The generalised Bruun Rule maintains this barrier morphology; the barrier width is the 
principal morphological constraint in this situation. The continuum proposed by Cowell 
et al. (2006) ranges from the overwash situation (presently rare in NSW, but 
incorporating areas where there is movement of material into the back barrier, such as 
through inlets as well as by direct overwash), to the steep setting where sand is 
removed from the beach to the offshore as proposed by Bruun.  

 
Figure 6c indicates that the nature of the response of the sand barrier depends upon 
the gradient of the underlying substrate. The significance of the slope of the underlying 
substrate becomes apparent from modelling using the STM (Cowell and Roy 1992; 
Cowell et al. 1995; Cowell et al. 1996). In a synthesis of the stratigraphy and 
radiocarbon chronology of barrier systems along the Southeastern Australian coast, it 
was shown by Roy et al. (1994) using the STM that on the lowest gradient substrates 
(0.2 ) a sand barrier translates landwards by rollover, whereas on slopes of more than 
1  the Bruun-type transfer prevails. Transfer of sediment in both directions 
characterises slopes of 0.7 , a gradient that is common along much of the southern 
NSW coast. 

The important control that underlying gradient imposes on shoreline behaviour in 
response to sea-level rise has recently been shown to be critical in the longer-term 
landward movement of a sandy barrier (Wolinsky 2009; Wolinsky and Murray 2009). 
Analytical solutions of the sediment-mass-continuity equation (the Exner equation) 
simulate morphological behaviour under a wide range of conditions. It is also important 
to allow for the accommodation space provided by large embayments within which 
disproportionately large volumes of sediment may be sequestered when the sea rises 
(Stive et al. 2009). The coastal tract provides a framework for viewing coastal 
morphology in the context of transfers of sediments between sources and sinks within 
sediment-sharing systems (Cowell et al. 2003a; Cowell et al. 2003b). The sediment 
transfers and changes in accommodation space occur at rates that are constrained by 
the sediment-budget continuity principles; the coastal tract is outlined in more detail in 
Section 4. 

Coastal change can be characterised by the rate of shoreline advance or retreat, cS, 
which Stive (2004) demonstrated can be generalised from integration of the sediment-
mass continuity condition across the active zone of the shoreface to an offshore 
distance L*: 
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where S is the rate of sea-level rise, L* and h* are the distance and water depth 
defining the offshore limits of the active zone (defined by closure depth), hd is the 
height of the dune or berm, Qx is the time-averaged shoreward sediment flux into the 
active zone from the lower shoreface, Qy is the longshore sediment flux integrated over 
L*, V is a local sediment source or sink (e.g., delta or estuary), and x and y signify 
cross-shore and longshore dimensions. 

Further aggregation can be attained by integration of Equation 9 alongshore, provided 
that homogeneity can be assumed for time-averaged processes and morphology along 
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a tract of coastline (Cowell et al. 2003a). Alongshore integration allows aggregation of 
all submarine and subaerial line and point sources and sinks for sediments into two 
variables, Qx and V, within a predominantly closed coastal compartment between 
headlands: 

VQL
t
Shhc xdS **  
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In Equation 9 and 10, the source/sink term, V, incorporates any changes in the 
maximum transient-erosion volume due to storms. Such changes can be expected if 
systematic variation occurs over time in storm magnitudes and frequencies. For special 
cases in which sources, sinks, net littoral transport, and shoreface supply of sediments 
can all be ignored, Equation 10 reduces to Equation 8, and the Bruun Rule applies 
(Bruun 1962). However, such optimal conditions seldom occur in nature; where those 
conditions are not met, application of the Bruun Rule in isolation is generally invalid.  

The rate of shoreline retreat observed historically appears to correlate with what would 
be expected according to the Bruun Rule for about 30% of the US Delaware, Maryland 
and Virginia coastline (Zhang et al. 2004), which is experiencing a rapid rate of relative 
sea-level rise. However, elsewhere along this shore this relationship was compromised 
by tidal-inlet effects and littoral transport gradients. Along most coasts the sediment 
budget and longshore factors cannot be discounted and the other terms in Equation 9 
tend to dominate coastal change. Uncertainty about the rate of sea-level rise, which 
could be anywhere between 0.18 and 1.40 m by 2100, produce recession estimates 
using the Bruun Rule that could vary by almost 700%; whereas application of four 
commonly used methods to estimate closure depth for the Sydney region, also produce 
recession estimates that vary by about 500% (Ranasinghe and Stive 2009). Recession 
rates determined using the Bruun Rule should be considered only as broadly indicative 
estimates that are generally not suitable for adoption in coastal planning and 
management. More robust solutions require comprehensive bottom–up (small-scale, 
process-based) and top–down (large-scale, behaviour-based) numerical models. This 
project explores how such process-based models can be integrated with 
geomorphological models to produce probabilistic estimates of potential coastal 
recession as a basis for risk-informed coastal planning and policy development. 
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4 GEOMORPHOLOGICAL APPROACH (LONG-TERM BUDGET) 

4.1 Coastal systems and the coast of Australia 
The coast of Australia is one of the longest and most diverse in the world, comprising 
rocky headlands, cliffs and sandy beaches, and sheltered coasts, bays and estuaries 
with muddy and sandy tidal flats, and coral reefs (Short and Woodroffe 2009). There is 
increasing recognition that human-induced climate change is a serious environmental 
problem and one of the most certain consequences of global warming is a rise in mean 
sea level, making the coastal zone particularly vulnerable. Other impacts include 
increases to sea-surface temperatures, greater variability in the patterns of rainfall and 
runoff, probable changes to wave climate, changes to the frequency, intensity and 
duration of storms, and ocean acidification (see  
 
Table 1). There is particular concern about extreme weather events (floods, droughts 
and cyclones) that already have a disproportionate effect on the coast, and are likely to 
pose additional threats to settlements and infrastructure in the future. About 50% of 
Australian addresses are located within 7 km of the shoreline, and about 6% of the 
population lives within 3 km and at elevations below 5 m (Chen and McAneney 2006). 
Coastal areas are settled unevenly; for example, in Victoria, where 85% of the 
population lives on the coast, coastal settlements occupy less than 10% of the 
coastline. Urban sprawl was identified as one of most important problems faced in the 
coastal zone by the Resource Assessment Commission (1993) and coastal strip 
development places increasing pressure on specific coastal habitats. 

The coast of Australia can be divided into four broad regions which differ in terms of the 
gross morphology of coastal landforms and the dominant processes which shape those 
landforms (Department of Climate Change 2009)( 
Figure 7). The coast of northern and northwestern Australia is predominantly muddy, 
comprising seasonal monsoonal rivers whose macrotidal estuaries are flanked by 
broad estuarine and coastal plains. The shoreline is fringed by mangrove forests; it is 
subject to occasional tropical cyclones which deposit coarse sandy and shelly ridges, 
called cheniers. Southwestern Australia, extending from Northwest Cape, along the 
Great Australian Bight into Victoria, is a limestone-dominated coast. Sands, derived 
from marine carbonates, such as mollusc shells and foraminifera, have accumulated 
into dunes, many of which have been cemented into calcarenite ridges. These coasts 
are exposed to vigorous wave activity, but receive little sediment from the arid or semi-
arid interior. The Nullabor coast, and sections of the coasts of WA and SA, are 
composed of extensive cliffs cut into limestone. Southeastern Australia is composed of 
sandy coasts, interrupted by prominent headlands which separate numerous 
embayments. The sands are predominantly composed of quartz eroded from the 
eastern highlands, but reworked into dunes and beach ridges. There is an overall 
longshore transport of sand towards the north which becomes an important process in 
northern NSW, and which has contributed over thousands of years to the massive sand 
accumulations on Fraser Island and the other sand islands in Southeastern 
Queensland (Short 2010). Numerous estuaries occupy the lower sections of rivers 
along this generally steep coast, and low-lying plains around their margins have 
become the location of many coastal settlements. The northeast coast is dominated by 
the Great Barrier Reef which runs along 2300 km of the continental margin, with 
varying width and densities of reefs from north to south. The reef attenuates wave 
energy from swell, but the region is also subject to tropical cyclones, with associated 
storm surges, which have destructive impacts on reefs, but can also devastate coastal 
settlements and infrastructure when making landfall. 
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Figure 7. Four coastal regions around Australia and a schematic cross-section of 
typical coastal landforms in each. Adapted from DCC (2009). 

 

4.2 Coastal tract and the concept of compartments 
The ‘coastal tract’ is an approach advocated by Cowell et al.(2003a; 2003b), which 
recognises ‘a spatially contiguous set of morphological units representative of a 
sediment sharing cell’ (Figure 8). The term is derived from the geological concept of a 
depositional systems tract (see Thorne and Swift 1991). The coastal tract is considered 
a morphological composite which includes lower shoreface, upper shoreface and 
backbarrier (where present). Its constituent morphological units are arranged 
perpendicular to the shoreline within a coastal cell. This framework is then used in 
defining boundary conditions and internal dynamics to separate long-term from short-
term coastal behaviour for site-specific cases. The coastal tract occupies the first-order 
level in a hierarchy and acts as a single geomorphic unit within which there may be 
several lower-order units identifiable. Along the highly embayed southeastern coast of 
Australia this approach is similar to the division of the coast into compartments. 

Coastal compartments are segments of coast bounded by distinct features such as 
headlands, which enable sources, pathways and sinks of sediment to be estimated or 
quantified. The concept of a closed coastal sediment compartment was first applied to 
the southeast Australian coast by Davies (1974). A similar approach had been 
developed by Bowen and Inman (1966), who divided a section of the Californian coast 
into littoral (or sediment) cells for the purpose of calculating sediment budgets. 
Confusion has arisen as a result of some researchers apparently using the term littoral 
cell or coastal cell interchangeably with coastal compartment; in general the term cell is 
applied at a smaller spatial scale than compartment; for example, a coastal 
compartment bounded by rocky headlands might contain several rip cells as a 
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consequence of wave-induced circulation, each with distinct updrift and downdrift limits 
(Carter 1988; Woodroffe 2003). 

 
Figure 8. Two coastal tracts or cells (A and B) with various sediment sources and 
sinks colour coded. Sediment fluxes are related to the size of arrows. Cell A 
show along shore flux gradient is a net sink and therefore the sediment budget is 
negative causing recessional tendencies (erosional cliffs and receding barriers). 
Cell B displays alongshore flux gradient is a net source and therefore the 
sediment budget is considered positive causing progradational tendencies. 

 

Davies (1974) envisaged that recognition of these spatially-defined compartments 
would provide the key to quantifying sediment budgets for the coast, just as the 
catchment provided a key to quantifying fluvial sediment budgets. He considered that 
there was a ‘store’ of active sand within what has also been called the maximum sweep 
zone. This is defined as the envelope around beach profiles from the largest beach 
volume to the least, extending from the outermost breakpoint into the outer edge of the 
dunes within which winds and waves redistribute sediment. This store comprises 
sediment in the active part of beach and dune systems as well as sand that is currently 
mobile. Longer-term net input or loss of sediment does not alter the volume in the store 
(the sweep zone), but displaces it landward (recession) or seaward (progradation).  

The compartmentalisation of the coast has become an important concept and a basis 
for estimation of sediment movement from sources to sinks due to a variety of transport 
mechanisms (Clayton 1980). In some situations the boundaries of coastal 
compartments may be clearly defined by geological features such as major headlands 
which separate embayments or littoral sediment cells, but in other situations, for 
example on long straight coasts or those with a wide continental shelf, the boundaries 
may be unclear, and arbitrary boundaries may need to be imposed. For example, the 
New South Wales coast was divided into compartments by Chapman et al. (1982), who 
identified: i) longshore boundaries, ii) offshore boundaries, and iii) onshore boundaries. 
It has been fundamental to a series of applied studies and underlies calculation of 
sediment budgets in the Coastline Management Manual (Government 1990). 
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Figure 9. A schematic example of types of compartments along the coast (left) 
with varying degrees of sediment sharing, from the pocket beach which is a 
closed system to the drift aligned beach. The satellite image (right) shows a 
portion of the southern New South Wales coast with a series of different beaches 
that demonstrate coastal compartments, from swash-aligned Bherwherre barrier 
to the south to a drift-aligned Seven Mile Beach to the north (after Woodroffe, 
2003). 

 

Figure 9 shows four examples of compartments that are found on the coast of 
southeast Australia. Some compartments face into the prevailing winds and are 
‘swash-aligned’; that is under prevailing wave conditions, wave crests arrive parallel to 
the shore. Such compartments tend to have developed large dune systems behind the 
active beach, as in the case of Bherwherre Beach south of Jervis Bay. Some 
compartments are bounded by prominent headlands within which there is a pocket 
beach. These compartments are almost completely closed in that sand cannot be 
carried around the headland by longshore transport. In much of southern NSW the 
headlands that divide compartments correspond to watersheds between catchments 
(Bishop and Cowell 1997). Jervis Bay is flanked by major headlands which prevent 
import or export of sand. There are many compartments which contain embayed 
beaches, also called zeta-form or log-spiral beaches. These are strongly curved at their 
southern end that is sheltered behind a headland around which waves are refracted, 
but less so at their northern end. Currarong and Culburra beaches are examples north 
of Jervis Bay. Seven Mile Beach is an example of a drift-aligned beach; it has received 
sand from the Shoalhaven River, and a sequence of shore-parallel beach ridges (or 
relict foredunes) has prograded behind the modern beach. 
 



 

38  Approaches to risk assessment on Australian coasts 

 

4.3 Sediment budgets 
The idea of a sediment budget approach to determining whether sections of coast are 
retreating or advancing has had a long history in coastal geomorphology (Johnson 
1959). The concept of a sediment budget aims to quantify gains and losses to a coastal 
sector (such as a cell or compartment). Whether gains exceed, balance or are less 
than losses determines whether the shoreline will prograde, remain stable, or erode 
over the long-term, based on the principle of conservation of mass (Bowen and Inman 
1966). It requires consideration of the various possible sources of sediment, transport 
pathways, sinks, and agents of transport. The sediment budget involves an accounting 
procedure assessing sediment contributions (credits) and losses (debits) in an effort to 
determine net gain or loss (balance of sediments) in a given compartment.  

Sources of sediment include rivers, longshore drift, in situ production of shells, offshore 
sediment that is moved onshore, any addition from cliff erosion, or from the erosion of 
dunes that back the beach, as well as in situ production through growth of calcareous 
organisms, such as shells (Komar 1996). Sinks (or loss) of sand occur through 
longshore or offshore transport, entrainment of sand by wind to form dunes or 
movement into estuaries. Figure 10 shows the principal components of a sediment 
budget in an idealised compartment under natural conditions; these can be modified 
through human activities such as beach nourishment. 
 

 
 

Figure 10. Principle components of the sediment budget in a schematic coastal 
compartment (after Woodroffe, 2003). 

 

In reality, it is generally not possible to determine the budget of sand-sized sediment 
completely; few coastal cells or compartments have absolute boundaries, and there is 
normally some degree of sediment exchange alongshore, and in some cases, offshore. 
Finer grained sediment is moved in suspension and cannot be quantified using a 
budget approach. Regardless, the concept of discernible sections of coast which share 
processes in common, including inter-connected sediment budgets, remains a highly 
useful one and has been regularly employed in coastal science, engineering and 
management (Motyka and Brampton 1993). Rosati (2005) summarised challenges in 
constructing a sediment budget: determining appropriate boundaries, defining sediment 
transport pathways and the magnitude of uncertainty values and assumptions, and 
testing the sensitivity of the sediment budget equation: 
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where sourceQ  and kQsin are the sources and sinks to the control volume, 

respectively, V is the net change in volume within the cell, P  and R are the amounts 
of material placed in and removed from the cell, respectively, and Residual represents 
the degree to which the cell is balanced (Rosati and Kraus 1999a). Sediment Budget 
Analysis System (SBAS) is a computer-based program for constructing sediment 
budgets within a geo-referenced framework (Rosati and Kraus 1999b; Rosati 2005).  

The sediment budget needs to be considered in a three-dimensional context at each of 
a series of nested scales within the coastal tract (Cowell et al. 2003a; Cowell et al. 
2003b), and exchanges between spatially-contiguous sets of morphological units 
represented. This sediment sharing constrains how morphology will respond at a 
specific scale. The dynamics of such responses involve the relationship of the upper 
shoreface to the backbarrier and to the lower shoreface, governing systematic lateral 
displacements of the shoreface, and therefore determining trends in shoreline advance 
or retreat.  

 

4.4 Sediment cells and coastal compartments 
The past coastal evolution has varied for the different types of landforms along the 
coast and it can be inferred that these different systems will have varying responses in 
the future. Rocky coastlines and various sandy coasts will have differing degrees of 
susceptibility to coastal erosion associated with climate change (Voice et al. 2006). 
Therefore each landform needs to be assessed differently. One of the most effective 
ways to do this is if the coastline is divided into sections that are likely to have similar 
responses. In order to systematically assess vulnerability coastal compartments, 
together with the landforms they contain, need to be identified. This process involves a 
more complete appreciation of the geologic framework structuring the coast and how 
changing coastal processes might be linked to particular systems and landforms at 
different temporal and spatial scales. In any consideration of coastal morphology and 
evolutionary change, it is important at the outset to define the boundaries of the system 
and identify the environmental controlling factors, or constraints on system behaviour 
and components within the system, and this is a key step in the coastal tract approach. 

The coastal-tract concept involves characterisation of low-order geomorphological 
processes that provide a physical explanation of long-term trends, and puts higher-
order event-related changes into an overall context, which should assist coastal 
managers to distinguish acute from chronic erosion problems. It provides a systematic 
basis for discriminating the processes that must be included as internal variables in 
modelling coastal change from those that constitute boundary conditions. These are 
related to the scale at which features and processes share a common pool of 
sediment. There is a cascade of sedimentary processes between the levels of the 
hierarchy in the coastal tract, and, by explicitly separating components of the coastal-
change problem, there should be less confusion and greater transparency about what 
to model, enabling the separation of those factors that are of importance and those that 
are noise. Data at site (or region) level need to be interpreted or transformed into a 
data model that ensures they have the structure and dimensions required to use them 
in predictive and explanatory simulations. The data model defines the extent of 
coastline represented in any simulation or modelling exercise. This usually involves 
spatial averaging (to reduce dimensions consistent with the process model), and 

Residual 
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identification of internal, external and unimportant variables, generally informed by 
expert opinion (Cowell et al. 2003a; Cowell et al. 2003b). 

The most recent work on compartmentalisation of the Australian coast is being 
undertaken in Western Australia (Eliot et al. 2011a; Eliot et al. 2011b). This builds on a 
series of coastal geomorphological characterisation techniques employed by 
Whitehouse et al. (2009) in the United Kingdom. It discriminates coastal compartments 
as structural features that relate primarily to the regional geology, which exerts 
structural control on coastal planform. These compartments are large sections of coast 
sharing similar environmental conditions, such as synoptic weather conditions, 
bounded by prominent coastal landforms such as headlands (i.e. those visible at a 
scale of 1:250,000). Smaller-scale divisions within the compartments share some of the 
attributes defining the wider region. Identification of alongshore boundaries for the 
hierarchy of compartments and cells is based on natural features on the coastline, but 
the onshore and offshore boundaries are more arbitrary and need to be commensurate 
with the level in the hierarchy. For example, in Western Australia the terrestrial 
boundary was identified as a 10 km buffer landward of the High Water Mark, primary 
compartments were bounded seaward by the 130 m isobath (the approximate position 
of the shoreline at the last glacial maximum providing an indication of the continental 
shelf area inundated by the postglacial rise in sea level); secondary compartments 
were bounded at the 50 m isobath to ensure incorporation of the area of shoreface and 
sediment movement active during moderate storm events.; and smaller-scale cells 
were bounded by the 20 m isobath to encapsulate variability in response to short-term 
climatic and oceanic processes (Eliot et al. 2011b). 

This latest approach to compartmentalisation of the coast, exemplified by application to 
the Western Australian coast, could be more systematically applied around the coast of 
Australia. It would provide a common framework within which marine and terrestrial 
processes are integrated, which would enable planning and management with regard 
to estimated sediment budgets. Recognition of similar sediment cells in the UK 
provides the basis for shoreline management plans and underpins geomorphological 
and engineering practice there (Whitehouse et al. 2009). 

 

4.5 Coastal landforms and segmentation of the shoreline 
The susceptibility of coastal landforms to erosion and instability is dependent on many 
factors including sea-level rise, sediment budgets and exposure to wave action. The 
national first-pass assessment of the Australian coast used an innovative 
geomorphological approach to identify potentially unstable shores (Department of 
Climate Change 2009), based on the ‘form’ and the ‘fabric’ of the constituent shoreline 
material. This information was captured in Geographical Information System (GIS) 
polyline format (Sharples et al. 2009). The methodology had first been developed for 
‘indicative mapping’ of the relative vulnerability of shorelines around Tasmania by 
Sharples in 2004, identifying those beaches and sandy coasts which are potentially 
vulnerable to sea-level rise (Sharples 2004; Sharples 2006). The procedure involved 
segmenting a digital shoreline and assigning attributes to segments that can then be 
combined in a GIS query to identify vulnerability classes. For Tasmania the 
assessment was based on an existing geomorphic map, and for each segment, 
attributes were recorded for upper intertidal, lower intertidal and backshore. For 
example, a field called ‘sandyvuln’ was derived based on the class values for upper 
intertidal, backshore and profile, enabling differentiation of beaches backed by low 
depositional plains, or lagoons, from those with bedrock backshore.  

This approach has subsequently been extended to produce a national coastal 
geomorphic map using this GIS shoreline segmentation format, and has been referred 
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to as ‘Smartline’ mapping. Until that time there were few geomorphic maps for sections 
of the Australian coast, and the only national survey was at the scale of kilometre 
segments (Galloway et al. 1984). The Smartline mapping produced a consistent 
classification based on a series of sources including paper and electronic formats, at 
differing scales and resolutions. The underlying focus of Smartline has been to produce 
form and fabric- based categories which can then be classified based on different 
degrees and styles of susceptibility to sea-level rise impacts (Sharples et al. 2009). 
Figure 11 is an example of the Smartline mapping for the Narrabeen Beach, and 
adjacent sections of coast. Table 4 summarises the lengths of shorelines on the basis 
of landforms at the first-order, from the Smartline mapping (further attributes enable 
further classification down to segment level); shorelines can be discriminated that 
exhibit some resilience to erosion, such as hard rock and muddy, and sandy 
shorelines. Approximately 63 per cent of the Australian coastline is identified as sandy 
or muddy (Department of Climate Change 2009); many of these may be particularly 
vulnerable to retreat as sea level rises. More than 30% of shorelines in Victoria, NSW, 
Queensland, South Australia and Tasmania are identified as sandy free-moving 
shores; and it is shorelines such as these that are the focus of this project. 

  

 
 

Figure 11. An example of the Smartline mapping indicating how form and fabric 
are combined by GIS enquiry to produce a classification in terms of shoreline 
stability (Source Sharples et al., 2009). 
 

This approach has been further advanced through the ‘Shorewave’ project, which has 
looked at the feasibility of extending the Smartline mapping by identifying erodible 
shores that are more prone to erosion. A component of this project involves evaluating 
whether wave conditions can be modelled and attached as attributes to the polyline 
representation of the coast that underlies Smartline (Sharples and Mount 2011; 
Sharples et al. In prep.). The swell component of wave climate involved using SWAN 
following the procedures described by Hemer (2009) to identify shoreline segments 
and the key wave characteristics such as significant wave height (Hs), peak wave 
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period (Tp) and peak wave direction (Dir), based on the NOAA WaveWatch III (NWW3) 
operational wave model archives. Wave conditions have been modelled at 1 km 
spaced coastal grid points, providing an indication of wave conditions up to 1 km off the 
coast, but not incorporating shoaling as those waves approach the coast. The 
Shorewave project also undertook a preliminary examination of fetch modelling, using 
a cartographic GIS-based model known as GREMO (Pepper and Puotinen 2009). This 
procedure calculates fetch openness (distance across water to the first wave obstacle, 
e.g., islands or opposite shorelines in fetch-limited coastal environments) at 16 
compass directions around selected shoreline measurement points using wind records 
from the nearest available Bureau of Meteorology weather stations. It provides an 
integrated assessment of exposure in fetch-limited settings, such as estuaries. 
Longshore wave energy indices were developed from the wave modelling to try to 
establish where zones of erosion or deposition are likely to occur. 

The Shorewave project examined statistical relationships between historical shoreline 
change observed from a time-series of aerial photographs and modelled swell and 
fetch wave climate. The 17 case studies included open coasts and estuarine shores for 
each of which vegetation line was mapped from the sequence of photographs at 100m 
intervals along shoreline to determine the long-term pattern of shoreline recession or 
progradation. Relatively good correlations were found for Barilla Bay in southern 
Tasmania, an estuarine situation with limited fetch, but more variable results were 
derived for those sites such as Palm Beach in Sydney and Marion Bay in South 
Australia. 

 
Table 4. Coastal lengths (km) for selected coastal landform stability groups from 
the Smartline mapping. Adapted from DCC (2009). 
  
States/ 
Shorelines 

Vic* NSW* Qld* NT WA* SA* Tas* Total  

Sandy Shores 1437 950 9062 3061 5317 2768 2643 25 238 
Muddy shores 796 49 335 4824 5456 779 163 12 402 
Soft rock shores 275 12 224 1908 108 497 142 3166 
Hard rock shores 588 699 1941 697 5805 2009 2653 14 392 
Sandy free-
moving shores 950 789 7073 1039 3934 1883 2134 17 802 

Total free-moving 
shores 1640 827 7327 5082 8129 2549 2194 27 748 

Total open coast 
length 2395 2109 12 276 11 174 20 513 5876 4995 59 338 

 

4.6 Sandy barriers and barrier types 
The recognition of coastal compartments and cells is central to the coastal tract 
approach and has recently been re-emphasised by studies in both the UK (Whitehouse 
et al. 2009) and Western Australia (Eliot et al. 2011a; Eliot et al. 2011b). The nature of 
the sandy beaches that occur in these compartments is described at a first-order level 
by the Smartline categorisation. More detailed studies of beach morphodynamics have 
been summarised by Short (1999; 2006). 

In this section the nature of the sand barrier that comprises the backshore is 
considered. Sand barriers include the landforms that have accumulated over the 
Holocene, both as beach deposits and as dunes; they are referred to as coastal 
barriers (Roy et al. 1994; Woodroffe 2003). A consideration of the entire barrier 
landforms within a compartment is necessary, because, in addition to the active beach 
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that acts as the immediate buffer by dissipating the energy of storms, the dune system 
behind the beach is important as the first line of defence in the event of sea-level rise. 
The suite of coastal landforms that have accumulated behind the beach over recent 
millennia, where settlements and infrastructure may be located, may be at threat in 
terms of future erosion or inundation. 

The morphology and stratigraphy of barriers is primarily a function of the pattern of sea-
level change and the availability of sediment. The long-term behaviour of beaches is 
largely constrained by the relationship between sediment budgets and sea-level rise, in 
the context of existing coastal morphology. A formalisation of the interaction between 
sea-level tendency and sediment supply was described by Curray (1964) who 
represented these in terms of transgression (landward retreat) and regression 
(seaward advance). This was further developed by Swift (1976), in relation to shoreline 
kinematics. The Curray-Swift diagram is incorporated into the coastal tract (Cowell et 
al. 2003b), using the example of the build-out of the Dutch coast in the late Holocene 
when the rate of sediment addition to the coast exceeded the retreat that would have 
occurred under the decelerated rate of sea-level rise (Stive et al. 2009). Shorelines with 
a negative sediment budget experience a sediment deficit and the rate of sediment 
contribution does not maintain the shoreline position relative to sea level. Short-term 
variability, such as occurs due to the impact of storms, can influence sediment budgets 
and may result in a temporary or permanent shift in the sediment budget for a 
shoreline, thereby realigning shorelines and increasing the risk of inundation of coastal 
lowlands. As sea level is projected to rise, an understanding of the relationship 
between sea-level change and processes controlling sediment budgets is essential for 
coastal risk assessment. This is shown in  
Figure 12, which is a schematic representation of the concepts of transgresive and 
regressive shorelines, synthesised from the initial descriptions by Curray (1964) and 
Swift (1976). Also shown are the three main types of barriers, transgressive, 
aggradational and regressive, and the general region in which they plot on the sea-
level/sediment supply diagram.  

If sea level rises, barriers are likely to gradually migrate landwards as a result of 
overwash, which occurs on ‘transgressive’ barrier islands, such as the barrier islands 
that have formed around the delta of the Mississippi River in the northern Gulf of 
Mexico, which experience a rapid rate of relative sea-level rise as a consequence of 
subsidence. This mode of development is inferred to have dominated on the 
continental shelves around Australia during the postglacial rise of sea level as 
precursors of the present barrier systems were worked landwards by relatively rapid 
rates of sea-level rise between 15,000 and 6,000 years B.P. (before present) (Roy et 
al., 1994). Aggradational barriers occur when the shoreline neither retreats nor 
advances, but accretes vertically at a rate roughly equal to the gradual rate of relative 
sea-level rise. Where beaches have undergone long-term net accumulation through the 
addition of sediment, the shoreline has built seaward, termed progradation, forming a 
regressive barrier. Such prograded barriers occur when there is a relative fall of sea 
level, or under stable sea-level conditions when there is a substantial supply of 
sediment. Such a regressive barrier is called a strandplain, a beach-ridge plain, or a 
plain of relict foredunes (Murray-Wallace et al. 2002).  

Around the coast of Australia, the sand barriers along the coast of NSW have been 
studied in the greatest detail. These are elongate, shore-parallel, sand bodies that 
extend above sea level and their morphology varies from compartment to 
compartment. This variation indicates that their past evolution has been influenced by 
different factors and gives insights into how they may respond in future as a result sea-
level rise. Two factors in particular are likely to influence their future evolution; the first 
is the pattern of past shoreline movement indicated by whether a barrier is prograded, 
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stationary, or receded; the second is the extent of development and height of dunes 
that top these barriers.  

 
 
Figure 12. A representation of the Curray-Swift diagram in which the morphology 
and stratigraphy of coastal barriers is represented as a function of sea-level 
trajectory (which influences accommodation space) and the relative sediment 
budget. Barriers may be a) transgressive, entailing landward retreat through 
overwash; b) aggradational, were vertical accretion keeps pace with gradual sea-
level rise, or c) regressive, where sediment supply exceeds loss and the 
shoreline progrades (adapted from Curray, 1964, Swift, 1976, and Cowell et al., 
2003b, with barrier types based on Galloway and Hobday, 1983). 
 

Figure 12 illustrates four different types of barriers with respect to their morphology, 
composition, stability, geologic setting and energy environment, based on past coring 
and dating studies (Roy and Thom 1981; Chapman et al. 1982; Thom 1984). The 
discrimination of barrier behaviour over the past few millennia, since sea level 
stabilised at a level close to present around 6000-7000 years ago (Sloss et al. 2007), 
provides a geological perspective into the net sediment supply in that particular 
compartment. For example, some barriers are considered receded. These are 
characterised by intermittent exposure of back-barrier mud or peat on the beachface 
after major storms, implying gradual retreat of the sandy barrier landwards (Jones et al. 
1979). Such barriers contrast with the more common type that is considered stationary, 
with no evidence for retreat or advance. Prograded barriers occur in several 
compartments, and imply that there has been on ongoing supply of sediment. Seven 
Mile Beach, for example, occurs to the north of the mouth of the Shoalhaven River, and 
the sequence of beach ridges is considered to contain fluvial sands delivered by the 
river (Wright 1970). A fourth barrier type is called a transgressive dune barrier and 
contains dunes which have been built as a reult of the wind winnowing sand from the 
beach. 
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The different barrier types imply that compartments have behaved differently in the 
past. Each has experienced a broadly similar relative sea-level history, indicating that 
the different behaviours relate to the net sediment budget, and the processes that drive 
sand movement (such as orientation into prevailing wind directions). Chapman et al. 
(1982) outlined three steps involved in evaluating coastal change using these 
conceptual geological models: 1) identify barrier types, 2) assess mode of origin and 3) 
evaluate barrier type in relation to the implications it has for predicting future shoreline 
change. Types most vulnerable to future sea-level rise are those that have moved 
landward in the past (receded barriers) and those that have not moved laterally 
(stationary barriers) and have low-lying dunes. More resistant would be stationary 
barriers that have higher dunes, barriers that build seaward over time (prograded) and 
barriers with large transgressive dunes (note: the term transgressive in this case refers 
to the movement of dune sand landwards and not retreat of the shoreline as in the 
case of transgressive barriers in  
Figure 13). 

 

 
 
Figure 13. Summary of barrier types found in NSW, with reference to their 
classification, evolutionary history and dune elevation. A representative example 
of each is shown in the Google Earth images from the New South Wales coast.  



 

46  Approaches to risk assessment on Australian coasts 

 

 

It can be inferred that sediment supply has been a major factor that has influenced past 
barrier accumulation. Sediment supply is required because if there is no gradual 
delivery of additional sand a barrier will not continue to build. The morphology of the 
barrier is also constrained by accommodation space which is a function of sea-level 
rise, and the overall topography of the compartment and its geological setting. 
Sediment supply dictates gross evolution under a stationary sea level. Sea-level rise 
can increase accommodation space by translating the entire barrier landwards through 
overwash, as occurs with transgressive barriers and can be inferred to have been the 
dominant mode of barrier formation during the postglacial rise of sea level (Roy et al. 
1994). Some barriers appear to have gone through another change in the latest part of 
the Holocene. This is marked on progradational barriers with the formation of a 
noticeably higher foredune than characterised by the beach ridges (or relict foredune 
ridges) that occur landward. Such time-dependant changes which may have occurred 
during the Holocene, constrain the way in which geological evidence can be used to 
infer ongoing geomorphological processes and their rate of operation. Similar 
constraints are likely to have been experienced since human activities have influenced 
sediment delivery and its transport along the coast. For example once an embayment 
filled and accommodation space was cut off then potentially a large dune field could 
have subsequently formed on top of the sequence. 

 

4.7 Sandy barriers and their evolution over time 
A series of observations at Moruya in southern NSW provide the clearest example of 
the typical sedimentary evolution across time scales. Within the coastal compartment 
at Moruya there is a sequence of relict beach ridges ( 
Figure 14). The late Holocene sequence of regressive barrier deposits at Moruya 
overlie transgressive facies that were deposited as the sea rose during the postglacial 
marine transgression. Radiocarbon dates on shell from drillholes across the plain 
yielded ages that indicate deposition at the rear of the plain around 6500 years BP, 
with subsequent progradation of the plain and deposition of successive ridges since 
then (Thom et al. 1981). The radiocarbon ages imply a decelerating rate of build out, 
although it is important to note that radiocarbon ages record the time of death of the 
mollusc and not necessarily time of deposition of the sands within which it is contained. 
It is also important to note that extension of isochrones across the shoreface has not 
been investigated and hence the total volume of sediment within time periods cannot 
be completely established. In this case, there appears to be relatively little sediment 
supplied down the Moruya River, and the most likely source for this sand has been the 
offshore, with continued but slowing delivery from the inner continental shelf (B.G. 
Thom, pers. comm.). 

The active beach and immediate backshore has been regularly surveyed at four 
locations in the centre of Bengello Beach for the past 40 years (Thom and Hall 1991; 
McLean and Shen 2006; McLean et al. 2010). This unique dataset enables the 
comparison between the short-term patterns of variation recoded during the period of 
beach surveys and the longer-term record of evolution derived from the 
geomorphological reconstruction of mid to late Holocene barrier progradation. The 40-
year record of sand volume shows that there is a degree of natural variability within 
beaches over time ( 
Figure 14C). Beach profile surveys captured the major erosion by a series of storms in 
1974, with the greatest retreat being recorded after subsequent storms in 1978 (Thom 
and Hall 1991). The beach displayed a marked cut back with erosion resulting in a loss 
of sediment volume of more than 150 m3/m of linear beach. It then took close to a 
decade of accretion for that sand to return. Since about that time in the mid-1980’s it 
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has displayed a relatively stable period with minor fluctuations (additional data to that 
reported in Thom and Hall, 1991 from published and unpublished data from R.F. 
McLean). Despite this being a very long historical record of beach change, there is 
probably no significant net long-term trend detectable in this data, neither net 
recession, nor progradation. This remarkable dataset offers an unprecedented insight 
into the storm erosion and recovery cycle, but it is unclear how many more decades of 
data would be needed to unequivocally resolve the behaviour at the time scale needed 
for planning. Management of such compartments must account for events that recur 
once in a hundred years or longer ( 
Figure 15). 
 

 
 
Figure 14. A) Air photograph of Bengello Beach, Moruya, New South Wales. B) 
Stratigraphy and chronology of this prograded barrier based upon drilling and 
radiocarbon dating (after Thom et al. 1981). C) Pattern of beach volume change 
measured from beach profile data collected from 1972 to 2010 (based on Thom 
and Hall 1991 and updated by McLean and Shen 2006 and McLean et al. 2010). 
 



 

48  Approaches to risk assessment on Australian coasts 

 

 
 
Figure 15. Representation of the behaviour of the Moruya barrier system at 
several different time scales (modified from Stive et al. 2009). 

4.8 Ground Penetrating Radar (GPR) 
Ground Penetrating Radar (GPR) can add detail to the existing geomorphology of 
coastal barriers providing insight into their formation and the influence of storms, sea-
level change and sediment supply. This historic information preserved within the barrier 
stratigraphy is imaged using GPR to detect subsurface layers (Figure 16a). GPR is a 
high-resolution geophysical technique that acts like an x-ray to show paleo-beach, 
dune and nearshore surfaces preserved underground with decimetre resolution. 

GPR provides an image of barrier stratigraphy by emitting short pulses of 
electromagnetic energy into the ground. The transmitted pulses are limited in their 
depth by such variables as mineralogy, grain size, water content and saline 
concentrations (Jol 2009). By collecting GPR data in continuous mode along a 
transect, the individual wave traces stack laterally and peaks of high-amplitude merge 
to form reflections of the stratigraphic boundary (Figure 16). The detail provided by this 
geophysical data indicates that the evolution of these barriers is more complex than 
can be derived from drill holes (Dougherty et al. 2004). This complexity can be seen in 
the GPR data from Fens Embayment where there is a distinct change in the evolution 
during the late-Holocene. Like many progradational systems in southeast Australia, 
Fens is fronted by a large foredune. From the general stratigraphic model it could 
appear that the Fens barrier prograded through the formation of sequential beach 
ridges up until the last ridge which instead formed as a dune ridge (Figure 16a). 
However, the GPR data reveals that the beach ridges actually extend to the present 
day beach and have just been capped by the formation of a large foredune (Figure 16b 
and c). This implies that there has been a change in the boundary conditions that has 
caused this morphologic response. Determining if it was a change in sediment supply, 
sea level, accommodation space or wave energy that resulted in the formation of the 
large foredune can offer insight into how these barriers might respond to changes in 
other boundary conditions, such as sea-level rise, in the future. 

The prominent imaging of beachfaces within GPR data (Figure 16c) offers the potential 
to decipher a record of past storms and sea level change, especially in barriers that 
have prograded throughout the Holocene. Along coastlines with ample sediment 
supply, the accumulating sands preserve a subsurface record of sequentially older 



 

Approaches to risk assessment on Australian coasts  49 

 

beachfaces as the barrier builds seaward preserving a history within the successive 
layers of sand. GPR is ideal for identifying the distinct storm cut shape of the beach 
within the stratigraphic record (Buynevich et al. 2004; Dougherty et al. 2004; Buynevich 
et al. 2007; Dougherty and Dickson 2012). High-resolution mapping of these 
beachfaces utilising GPR allows the elevation (which is intrinsically linked to sea level) 
and morphology (which is inherently affected by storms) to be documented in detail 
over the Holocene. High precision dating techniques, such as Optically Stimulated 
Luminescence (OSL), could provide more accurate age estimates than radiocarbon 
dating (Jacobs 2008).  

GPR also has the potential to unravel Holocene sea-level change by extracting time-
elevation plots of past beach surfaces from multiple study sites and integrate the 
overall trends to develop a regional signature. Despite extensive research in Australia, 
debate remains as to whether sea level was higher during the Holocene (possibly up to 
2 m in elevation) and if so, was the fall to present levels gradual or were there small 
scale fluctuations (Woodroffe 2009). GPR may provide further evidence from suitable 
progradational barriers that extend the detail at which past sea levels can be revised. 

This high resolution geophysical technique not only allows the influence of these 
morphodynamic processes on shoreline response to be examined, but allows a holistic 
study of the coastal evolution during the Holocene using the resulting unprecedented 
chronostratigraphic models. The detail of the geophysical data is on a decimeter scale 
and yet can be collected over 100 kilometres on individual barriers, providing the 
potential to cover the mid-term coastal behaviour time frame by taking the knowledge 
of present day coastal dynamics and extending it over the Holocene. The result is that 
this geophysical data spans timescales from the event period by imaging individual 
storms through to the geologic by detailing the evolution over thousands of years. 
Augmenting the existing information from drill hole studies with this detailed 
geophysical data could result in a comprehensive three-dimensional stratigraphic 
model ( 
Figure 17). These advanced morphostratigraphic models would be even more refined if 
existing radiocarbon chorology were supplemented using OSL. Ultimately, 
understanding the formation of these sandy barriers and the role of various influences 
(such as past storms, sea level and sediment supply) on their evolution can help 
predict how these systems might respond to the future effects of climate change.  
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Figure 16. a) Stratigraphic model of the Holocene (outer) barrier at Fens 
Embayment, with radiocarbon ages acquired from the drill holes used to 
construct this cross-section from Thom et al. (1981). b) Raw GPR transect 
collected over the entire width of this Holocene barrier. c) Enlarged section of 
the GPR collected over the foredune fronting this progradational barrier, with the 
contrast increased to highlight stratigraphic reflections and their interpretations 
annotated. 
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Figure 17. Above (a) is the existing stratigraphic model for the double barrier 
system in Fens Embayment (Thom et al. 1992). Below (b) is a potential 3-D 
stratigraphic model of Fens Embayment demonstrating the added beachface 
detail in the shallow subsurface that could be incorporated using GPR data 
(modified from Dougherty 2011).  
 

4.9 Geological-evidence based forecasts or mean-trend change 
4.9.1 Sediment budgets, geo-kinematics, and stratigraphy 
Although the framework outlined in Section 2.1 relates specifically to the kinematics of 
the shoreline, the shoreline naturally moves in conjunction with the beach and 
nearshore seabed (i.e., shoreface) as they undergo geomorphic change due to 
redistribution of coastal sediments and changes in sea level (Sections 4.2 and 4.3). 
That is, at any location along the coast, the shoreline position is governed by the 
sediment budget for beaches and foredunes, and by tendencies toward flooding or 
emergence of the backshore due to changes in sea level (Cowell et al. 2003a). The 
beach-foredune sediment budget is nested within a broader sediment budget of coastal 
cells that involves gains and losses of sediments in the alongshore and across-shore 
directions. In principle, sea-level change also mediates across-shore sediment 
displacements. It can also influence alongshore sediment budgets through effects on 
the hydrodynamic conditions caused by changes in the effective bathymetry 
experienced by nearshore wave and current fields. 

Geomorphic change throughout a coastal cell is expressed exactly in relation to the 
sediment budget in terms of sediment mass continuity as: 
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where h is the elevation of the coastal land and adjacent sea floor qx and qy are the 
cross-shore and alongshore sediment transports, and Vs is a local source or sink, 
which can be negative or positive (for example, it might account for in situ shell 
production which contributes a carbonate component to the sediment budget, or the 
amount of sediment sequestered into an estuary).  
 

 

 
 

Figure 18. Total net sand transport rates, S, predicted for combined waves and 
currents at indicative flow velocities, Uc, in: (a) seven research models for 
combined waves and currents with water motions aligned, (b) five practical 
models and two research models for combined waves and currents with water 
motions in perpendicular alignment (from Davies et al. 2002). 

Although Equation 12 is an exact and complete description of geomorphic change, 
generally it cannot be solved reliably because of large uncertainty in the sediment flux 

b) current and waves - perpendicular
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terms for applications over the long periods of time relevant to climate change. This is a 
significant problem for use of existing coastal-area models, such as Delft3D and 
Mike21. In addition, such models are limited to application below mean water level: 
they do not include beach and dune areas, although XBeach (Section 3.2.2) is an 
example of new developments that seek to extend the modeling domain into the sub-
aerial environment. In reality, however, nothing is likely to ameliorate problems with 
evaluation of long-term, net sediment fluxes in models based on flow and sediment 
dynamics. 

This practical constraint arises because geomorphic change in morphodynamic models 
emerges cumulatively from residuals of the ‘noise’ in the system. Even small errors in 
the noise accumulate along with the residuals as modeled time increases. Errors are 
unavoidable in each component of morphodynamic models, including the range of flow 
classes that should be included and how their climatology should be represented over 
the long term.  

The biggest problem with noise, however, is the size of error associated with sediment-
transport modules in coastal area models. Uncertainty in sediment transport driven by 
waves and currents was highlighted by Davies et al. (2002), for conditions typical of 
shallow-marine environments (Figure 18). The differences in transport functions 
indicate endemic uncertainty rather than the relative merits of the different models. 
With more than an order of magnitude discrepancy at flow velocities typical of the 
nearshore and inner shelf, error accumulates unacceptably with modeled time. 

For practical forecasts, therefore, it becomes necessary to side-step the currently 
intractable problems associated, in particular, with evaluating and predicting sediment 
transport. Uncertainties regarding flow and sediment dynamics can be avoided by 
focusing primarily on morphokinematics throughout coastal cells. The kinematics over 
a time interval t can be expressed exactly and completely in relation to the sediment 
budget in terms of sediment-mass continuity averaged alongshore within a coastal cell 
and extending both seaward and inland to span the region of sediment exchanges 
referred to in Section 4.9.2: 
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where S is sea-level rise and associated sediment-accommodation potential (Cowell et 
al. 2003a), Vs is the gross sediment supply (which may be positive or negative) from 
outside the coastal cell, summed across all cell boundaries, h0 and ht are functions 
representing the alongshore-averaged terrain surface respectively for the initial 
morphology (at t=0) and the modified morphology at a later time, t, relative to their 
respective shorelines, in a frame of reference with origin at the initial shoreline, for a 
horizontal distance, x, positive in the offshore direction (negative to landward), and R is 
the shoreline-recession distance introduced with Equation 3. For displacement of the 
beach to landward, R>0. Thus, R<0 relates to mean-trend accretion of the coast, 
formally referred to in the geological literature as progradation (Cowell et al. 2003a). 
The h functions quantify terrain geometry averaged along the coast within the cell, 
perpendicular to the mean coastline orientation, over the period of interest (Cowell et 
al. 2003a; Cowell et al. 2003b). Recession and sea-level change enter Equation 13 as 
the origin shift of ht into a frame of reference with origin at the initial ho shoreline. 

Equation 13 can be solved analytically for R to examine long-term behaviour under a 
limited range of conditions (Wolinsky 2009). Alternatively, it can be solved numerically 
using computational methods (e.g., Cowell et al. 1995) to obtain quantitative estimates 
of change in bathymetry and coastal terrain for site specific morphology that varies 
through time. Application of sediment-budget analyses to solve Equation 13 for 
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alongshore averaged conditions is similar, in principle, to a spatial analysis of sinks, 
sources and pathways used to evaluate the consequences for shoreline kinematics 
stemming from sediment budgets (Rosati and Kraus 1999a; Rosati and Kraus 1999b; 
Rosati 2005). 

In depositional settings, the Equation 13 integral corresponds to stratal volume: the two 
superimposed functions in hx characterise stratal thickness in geohistorical records. 
This characterisation allows use of geological field data to help quantify sediment 
budgets responsible for coastal morphology as it exists at present, and as an evidence-
based first step in constraining sediment-budget estimates used to model kinematics of 
the coast into the future. (In addition, estimates of sediment fluxes time-averaged over 
the long term can be obtained readily from stratigraphic data as the inverse transform 
of Equation 13: i.e., the spatial derivative of Equation 13 in the presumed direction of 
net transport. Such long-term estimates of sediment flux therefore are also critical in 
calibration and hindcasting for morphodynamic models involving flow and sediment 
dynamics.)  

Practical application of Equation 13 requires identification and analysis of all relevant 
components of the coastal sediment budget (Section.4.9.2). Limited spatial and 
temporal resolution in stratigraphic data, means that uncertainty exists in use of such 
data even to calibrate the geomorphic consequences of geohistorically derived 
sediment-budget estimates. Such calibration can be achieved through comparison of 
hindcast estimates with measured geohistorical geomorphic changes (if appropriate 
change measurements are accessible: e.g., through photogrammetry using historical 
aerial photographs).  

The uncertainty is even more of an issue when using geohistorically calibrated 
estimates of sediment budgets to solve Equation 13 for future conditions. Climate 
change impacts, including sea-level rise, pluvial and land-cover driven secular changes 
to river discharge, as well as shifts in wave climates, may all cause changes in future 
sediment budgets. Some of these changes can be estimated from geological data: for 
example, stratigraphic records of sediment accumulation rates under conditions of 
rising sea level in the past; or historical data from places where measurements have 
been made over decades or centuries in the presence of systematic sea-level. 
Inevitably, however, estimates of future sediment budgets entail uncertainty that must 
be evaluated and managed: e.g., using well-established methods such as sensitivity 
analysis and Monte Carlo simulations (Section 4.9.2). Fortunately, because kinematic 
representation of coastal change is inherently simpler than through highly 
parameterised morphodynamic models, methods exploiting Equation 13 lend 
themselves more readily to data fitting and sensitivity analysis, and thus, also to 
forecasting probabilistic risk (exemplified in Section 7.3).  
 

4.9.2 Stratigraphic evidence for quantifying components of sediment 
budgets 

Sinks and sources providing volumetric indicators: Mean-trend volumetric gains 
and losses for coastal cells are most commonly inferred from beach/foredune migration 
measured using historical maps and photogrammetric analysis of survey-quality, or 
historical aerial photography (e.g., Hoffman and Hibbert 1987; Hanslow et al. 1997; 
Hanslow 2007). Volumes are inferred from feature kinematics (e.g., shoreline 
movements) which require use of assumptions about beach and shoreface geometry, 
although detailed photogrammetric measurements quantify sub-aerial beach geometry 
in some studies (Hanslow 2007). Similar methods can be applied on the geological 
timescale through paleo-dune mapping on accreting coasts, supplemented by ground-
penetrating radar and radiometric dating for chronological control (Goodwin et al. 
2006)Historical records can be subject to statistical aliasing (Pisias and Mix 1988; 
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Bendat and Piersol 2011) due to masking effects of fluctuating changes that dominate 
the signal, and truncation effects due to limited length of records relative to major 
variations in forcing (Cowell et al. 1995): e.g., due to the Intercadal Pacific Oscillation 
(Power et al. 1999). A more coherent signal of long-term mean trend relative to 
fluctuations in coastal morphology can be inferred from chronologically controlled 
volumetric analysis of coastal deposits that have accumulated over thousands of years 
( 
Figure 15). 

Depositional volumes accumulating since the mid-Holocene in Australia, i.e., roughly 
the last 6 000 years, also provide a gross indication of the overall sediment budget 
(Short 2003; Short 2010). This period is characterised by sea-level and climate 
conditions that are reasonably comparable in Australia to that of the historical period 
(Thom and Roy 1985). At first approximation therefore, deposits accumulating during 
this period provide a baseline from which to evaluate the background sediment budget 
upon which past mean-trend change through to present depends. Projection of these 
estimates of initial conditions into the future requires revaluation drawing upon general 
principles and heuristic reasoning (Section 4.9.4).  

Where available, radiometric dating at depth intervals within sediment bodies provides 
an opportunity to evaluate whether past rates of accumulation apply at present (Figure 
19). Where rates of accumulation are constant, it is more likely these rates provide a 
sound basis for estimates relevant to the modern sediment budget. In cases of rates 
that attenuate through time, or where the most recent dates lie beyond the mixing 
offset date referred to in Figure 19, estimates for the modern sediment budget can be 
reduced accordingly. 

Where long-term depletion has occurred, less obvious forms of stratigraphic and 
sedimentological evidence are required from which to infer rates of volume change. 
Outcrop of backshore and backbarrier deposits on the beach and shoreface as a result 
of long-term recession provide a basis for estimates of long-term erosion volumes. 
Such outcrops include lagoonal peats, e.g., off Dee Why Beach in Sydney (Thom et al. 
1978) coffee rock, e.g., Jerusalem Creek in NSW (I. Goodwin, pers. comm.); and 
beachrock, e.g., the Bunbury coast in WA used by (Semeniuk 1987). These exposures 
provide a means of estimating the minimum horizontal extent of depletion and can be 
dated radiometrically to estimate long-term depletion rates. The elevation of remnant 
dunes above the outcrop levels provide the means to estimate thickness of the eroded 
material. 

Estimates of sediment depletion volumes and rates on the inner-continental shelf can 
also be derived from sedimentological and stratigraphic data. For example such data 
have been used from the inner shelf off Tuncurry, NSW, to obtain estimates of sand-
depletion volumes attributed as the source of sand for progradation of the adjacent 
strandplain further inshore (Roy et al. 1994; Cowell et al. 1995). These estimates for 
depletion rates were derived from the apparent truncation of shoreface reflectors in 
former barriers now drowned on the inner shelf, and the ratio of coarse clasts in the 
surface lag deposit relative to their concentration in the parent material immediately 
beneath. The inferred downward rotation of the lower shoreface is evident in seismic 
records (Error! Reference source not found.) and the sedimentology in core samples 
that show the concentration of clasts in the parent material comprising the relic 
shoreface sands that had undergone depletion through (as yet incomplete) winnowing 
of the finer sand fraction. Radiometric dates from core samples provide the evidence 
on timing of the depletion. 
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Figure 19. Rates of sand accumulation for six strandplains in SE Australia 
determined from drilling and radiocarbon dates of shell hash (Roy et al. 1994) 
from samples as illustrated in Figure 14b. The accumulation trends are of greater 
relevance to the evaluation of long-term sediment budgets than the ages per se 
because the dates are likely to be older than the depositional settings from 
which samples were extracted.  The likely age offset (roughly 1 800 years but 
variable) has been attributed to the effects older shell fragments being reworked 
with more contemporary specimens from the marine environment in which the 
shell hash was deposited (Roy 1991). 
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Figure 20. Downward rotation of the lower shoreface over the last six thousand 
years evident from the Tuncurry inner shelf, NSW, in (a) seismic records, and 
(b) lag deposits of coarse clasts that exist in proportionately lower 
concentrations in the parent materials immediately beneath (Cowell et al. 2001).  

 

Along parts of the coast where accumulation of sediments has occurred on the inner 
shelf since the mid-Holocene, volumes and rates can be determined directly from 
depositional thickness measured in field data and dated core samples ( 
Figure 21). These offshore depositional environments occur where the inner-
continental shelf is steeper than in regions where depletion of inner shelf sands occur 
(Field and Roy 1984). These accumulations are attributable to sand displaced from the 
beach and upper shoreface over the long term under near stable sea-level conditions 
(Roy et al. 1994). The gradual displacement is continuous over millennia to present ( 
Figure 21b), unless the sand source from further inshore becomes exhausted ( 
Figure 21c). 

Offshore deposits provide particularly significance evidence not just for volumes and 
rates of sand accumulation or depletion, they also provide compelling evidence of the 
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offshore extent to which sand exchanges occur between the beach and inner shelf. 
The radiometrically calibrated stratigraphic evidence from SE Australia demonstrates 
unequivocally that these sand exchanges occur to water depths at least equivalent to, 
or greater than, the water depth, hi, estimated as the limit of significant sand 
movements in a typical year based on analysis of wave climate and sediment 
dynamics: 

2
1

50003.0 DgTHh sigsigi  
14 

where Hsig  is the mean annual significant wave height and   is its standard deviation, 
T sig  is the mean annual significant wave period, and D is the representative diameter of 
upper-shoreface sand (Hallermeier 1980). Estimates typically range between about 
35 < hi, < 50 m in SE Australia, with sand texture being responsible for most of the 
geographic variability (Cowell et al. 1999a). The morphostratigraphic evidence shows 
that in some cases sand exchanges between the beach and inner shelf extend into 
water depths more than 25 percent greater than anticipated from hi (e.g.,  
Figure 21). 

 

 
 
Figure 21. Sand accumulation on the shoreface that tends to occur off coasts 
with steeper innercontinental shelves: (a) exemplified in seismic records off 
Maroubra Beach, Sydney (Roy 1985), and in cross sections reconstructed from 
data off (b) Cape Byron, northern NSW, (c) Garie Beach, south of Sydney (Roy et 
al. 1994). 
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Volumetric measurements and calculations: Surface-elevation surveys and 
radiometrically calibrated stratigraphic data provide measurements from which gross 
sediment accumulation rates can be inferred for respective sediment units as a whole 
(Roy et al. 1994; Cowell and Barry 2011). Terrestrial and marine LiDAR, as well as 
marine swath mapping now routinely provide high-resolution data on morphological 
surface elevations that exist at present.  

Depositional volumes require availability of stratigraphic data and application of 
assumptions to estimate the lower boundary of depositional envelopes from which 
volumes can be derived as a basis to evaluate components of the sediment budget. 
Such data are generally (but not always) too sparse to infer lower bounding surface 
elevations from geostatistical inference. These data are nevertheless invaluable in 
checking assumptions used to develop so-called stratigraphic reconstructions 
(interpretations). Such reconstructions, in the absence of more ubiquitous direct 
measurements, provide evidence from which to quantify stratal geometry, and thus 
estimates of depositional volumes (e.g., Section 4.9.3). 

The volumes of dunes and their sand substrates provide indicators for the geological 
rate of sand supply to coastal cells, or systematic reworking within the cell as outlined 
above. The relevant volumes can be calculated by identifying Holocene sand areas 
using mapped geology data. These mapped data are available everywhere at a 
1:250,000 scale or better: they are becoming increasingly available at 1:50,000 scale 
and in digital form from State Geological Survey agencies.  

These mapped data can be aggregated in a GIS by calculating the area covered by 
these deposits, as well their average surface elevation from LiDAR data overlays. The 
product of areas and mean elevations gives the dune volume above sea level. 
Supplementary data from the published literature or field investigations may indicate for 
some cells that rock or estuarine-mud deposits exist above mean sea level in sampled 
cross sections. For such cells, the dune volume above mean sea level can be reduced 
based on the difference between surface and basal elevations, although this first 
requires spatial generalisation of the data on the latter (Cowell and Barry 2011). For 
example, the distribution of rock and mud strata above sea level, along a 
representative transect perpendicular to the coast for a cell, can be applied at first 
approximation as the alongshore average throughout the cell (see Section 4.9.3). 
Where multiple stratigraphic sections are available within a cell, stratal elevations for 
the rock and mud can be ensemble averaged for progressively improved estimates. 
 

4.9.3 Components of long-term sediment budgets 
In general, seven separate components of net, long-term sediment budgets of 
relevance to Equation 13 exist within a coastal cell, although some may be negligible 
under specific conditions:  
(1) littoral supply (or loss), cell-averaged alongshore and integrated through the full 

offshore extent of the cell;  
(2) in situ net sediment production, especially of biogenic carbonate material, 

precipitation from solution, and sediment production through erosion of rock 
outcrops (headlands and reefs), while also accounting for losses due to dissolution 
and abrasion; 

(3) coastal sand mining, beach nourishment, estuarine land reclamation, or excavation 
for navigation and canal-estate development, and solid-waste landfills; 

(4) exchanges between the beach and dunes (generally, but not everywhere, a net 
loss from beach to dune); 
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(5) exchange of sand between the beach (or more strictly, the shoreface) and the 
coastal inlets (more specifically flood tide deltas) or supply of sand from rivers, 
where these exist within the coastal cell in question; 

(6) long-term exchanges of beach and dune sediments with inner continental shelf 
resulting from changes in ht(x) over time. 

In principle, the first four of these components collectively determine Vs in Equation 13, 
while the last three relate to morphological change and kinematics of the integral term 
in the Equation. In practice, sand exchanges with dunes and coastal inlets 
(components 4 and 5) can also be bundled into Vs as an alternative to an explicit 
representation of their kinematics (i.e., inclusion through the integral term in Equation 
13), provided sequential effects in coastal evolution can be ignored. This simplification 
is possible, for example, in single time-step simulations in which consideration is given 
to morphological effects from progressive reworking of sediments that occurs in state-
dependent coastal evolution: e.g. of the type explored numerically by Cowell et al. 
(1995; 2003b). 

For the purposes of forecasting coastal recession, the sediment exchanges associated 
with each of the sediment-budget components relate to gains and losses from the 
beach and frontal dune (sub cell), which manifest as recession and accretion of the 
coast over the long term as expressed in Equation 1. Losses and gains of sediments 
across external boundaries to a coastal sediment cell relate exclusively to the first and 
third of the sediment-budget components listed above.  

While measurable morphostratigraphic volumes provide a basis to quantify long-term 
sediment displacements, additional considerations are generally necessary to 
apportion potential contributions from each of the six sediment-budget components 
listed above. These considerations can comprise sedimentological and process 
indicators. Process indicators, for example, include modeled estimates for rates of 
sediment transport alongshore and across the shoreface. Analysis of sediment 
characteristics can also provide evidence of provenance (i.e., to identify sediment 
sources), as demonstrated on the north coast of Tasmania by Davies and Hudson 
(1987). These additional indicators in isolation are far from definitive, but in 
combination with geological data can be used to better constrain sediment-budget 
estimates. Stratigraphic reconstruction in specific cases is also necessary to assess 
relative contributions to a deposit from different components of the sediment budget 
(e.g., Roy et al. 1994). 
 

Littoral supply (or loss): For the mean-trend littoral component of the sediment 
budget, the gross differential across the alongshore (or more generally, alongshelf) 
boundaries of the cell are the only consideration. This simplification is possible 
because alongshore rotations of the beach within the cell are defined as part of the 
fluctuating changes, and thus not included in mean-trend change (Cowell et al. 2003a).  

Estimates of net alongshore supply and loss, due to differentials in time-averaged 
fluxes across updrift and downdrift boundaries of the cell, are most commonly 
estimated from modeled estimates of sediment fluxes. Such estimates are generally far 
from definitive due to issues in characterising the wave climate relevant to predominant 
longshore currents, resolving residuals of temporal reversals in the alongshore 
transport due to wave events from different directions, and the limitations in sediment-
transport relations (Figure 19).  

Under some circumstances, downdrift depocentres provide evidence of sediment 
exiting the cell. An example of a downdrift depocentre is the Mandurah-Rockingham 
strandplain in Western Australia (Cowell and Barry 2011). In this example, a deep 
basin immediately seaward of the beach and offshore reefs extending to the water 
surface limits the possibility of a sand supply from the shoreface. Strong littoral 
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transport from the south toward the strandplain is documented well in previous studies. 
The volume of the strandplain therefore provides a sound basis for estimates of the 
rate of littoral sand supply to the Mandurah-Rockingham coastal cell.  

Input littoral fluxes at the updrift end of the cell by definition cannot have depositional 
expression: unless there are lag deposits from which to evaluate depletion of finer 
sediments from a parent sediment source containing lower concentrations of clasts 
comprising the lag. A variation on this approach is based on use of lag pavement 
comprising beach-rock left by dune depletion on the WA coast south of Perth 
(Semeniuk 1987). In northern NSW, detailed geological reconstruction of coastal 
evolution with good dating control has been used to distinguish and quantitatively 
apportion rates of littoral sand supply and loss from other components of the sediment 
budget (Roy et al. 1994; Goodwin et al. 2006). 

In the absence of geological evidence, historical data on shoreline retreat in external-
source regions provides the only alternative for supplementing modeled estimates of 
littoral transport into a cell from its updrift boundary. One direct source of historical data 
on littoral fluxes comes from coastal-engineering structures, such as groynes or river-
mouth training walls. These structures can act as sediment traps that operate from the 
time of their construction on coasts with significant littoral transport, until the trap is 
filled. Sand accumulations updrift of such structures may provide only partial evidence 
from which to derive littoral flux estimates, because a proportion of sand bypassing the 
structure may not be detectable. Accumulation rates in littoral traps therefore represent 
minimum estimates for alongshore fluxes. A notable example is the intensively studied 
Letitia Spit progradation induced by construction and extension of the Tweed River-
mouth training wall on the NSW-Queensland border (Patterson et al. 2011). 

 

In situ net sediment production: The proportion of carbonate material in the 
measured depositional volume (e.g., of strandplains and dune fields) gives an 
indication of the rate of biogenic production. If the area of offshore reefs and other rock 
exposures, such as off headlands, can be assumed to have remained roughly constant 
from the mid Holocene to present, then the current carbonate supply can also be 
assumed to be commensurate with the geological indications. The assumption 
depends on whether reefs are likely to have been exhumed through shoreface 
lowering, or buried by offshore deposits during the last few millennia. This likelihood 
generally can be assessed from standard interpretation of morphostratigraphic 
evidence (e.g., Field and Roy 1984; Roy 1984; Roy et al. 1994; Thom et al. 2010a). 

The significance of in situ sediment production from erosion of rock outcrops within a 
cell depends on the hardness of lithologies relative to intensity of weathering and 
mechanical forces, such as wave action (Sunamura 1992; Bishop and Cowell 1997; 
Dickson et al. 2005). In principle, estimated Cainozoic rates of erosion ( 
Figure 22) can be downscaled time averaged contributions to the contemporary 
sediment budget (Roy 1983a; Thom et al. 2010a), especially now that cosmogenic 
dating methods are available to estimate rock-erosion rates (e.g., Rosser et al. 2010). 
Initial surface geometry and lithology (fine vs coarse fraction in the sediment yield) 
must be hypothesised given that these are effaced by erosion. Sediment supply 
estimates must therefore be expressed in terms of feasible range and evaluated 
probabilistically in deriving rates of contribution to the overall sediment budget. 
Allowance for losses due to abrasion also may be necessary (e.g., Hemmingsen 2001). 
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Figure 22. Reconstruction of Cainozoic marine planation off the Hawkesbury 
River coast, Sydney, from mid Oligocene (T5) to present (T0) for a hypothetical 
initial bedrock surface now dissected by streams and buried under the 
continental-shelf sediment wedge (inset) but outcropping on the inner shelf and 
as sea cliffs (modified from Thom et al. 2010b). 

 

Coastal sand mining, beach nourishment, and estuarine land reclamation: 
Anthropogenic gains and losses constitute boundary conditions if material is artificially 
exported to markets or delivered from sources outside the cell. Engineered relocation 
of sediments within the cell in principle is an internal adjustment: i.e., part of the 
sediment sharing system that partly governs kinematics of the coastal tract (Section 
4.2). An example of such engineered internal displacement is use of floodtide delta 
borrow-sites for sand to nourish the beach at Narrabeen in Sydney, a process that 
nature ensures is reversible (Patterson Britton 1993). 

Ideally archival information should be available for mining, through extraction records, 
for beach nourishment from design or haulage accounts, and from site plans and 
monitoring records for landfill and canal excavation in estuarine environments. In reality 
such information is either unavailable or unreliable. An example is dune depletion 
volumes for the Kurnell Peninsula, the main source of building sand for Sydney during 
the 20th Century. Volumetric estimates derived from multi-decadal survey data are 
roughly twice those totalled from quantities recorded by industry (Panayotou 1998). 
This discrepancy indicates that historical terrain data are likely to be more reliable if of 
sufficient resolution. Photogrammetric measurements from aerial photographs provide 
an assured means of obtaining volumentric differences between historical and present 
terrain; and LiDAR data is becoming available as a source for contemporary terrain 
data (Department of Climate Change 2009). 

 

Exchanges with coastal inlets (coarse and fine sediments): Coastal inlets may 
involve exchanges of sediment outside the cell in the case of sediments supplied to the 
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estuary by streams entering it, with sediments partly or wholly trapped in the estuary or 
bypassed to the ocean beach and shoreface (Figure 8). Similarly, fine sediments 
(muds) from the shelf entering coastal inlets may be regarded as supplied from outside 
the cell, or as an internal displacement if the prodelta is included within the definition of 
the cell and its overall kinematics (Cowell et al. 2003a).  Mud supply from fluvial or 
shelf sources have been shown to have profound effects on the rates of barrier 
migration and thus coastal recession (Cowell et al. 2003b).  

A corollary of this effect is relevant to the anthropogenic component of the sediment 
budget outlined above. That is, coastal recession can also be influenced by artificially 
adding solid material to estuaries or extracting it from them: specifically, through land 
reclamation in estuaries, addition of landfill or through dredging of channels for canal-
estates or navigation. These civil interventions contribute to the third sediment-budget 
component in the list above. 

Sand exchanges between ocean and beaches, coastal inlets and estuaries is generally 
a bidirectional process (Oost et al. 1993). Evidence exists, however, that sea-level rise 
can result from the marine flood-tide deltas of estuaries sequestering sand from 
adjacent beaches and the nearshore (Eysink 1991; Hennecke and Cowell 2000). This 
possibility is also illustrated by the accumulation of sand that routinely occurs and 
requires recurrent removal by dredging: for example in the engineered Dawesville 
channel at Mandurah in WA (Damara 2009). There, the sequestration is due to the 
accommodation created due to construction of the artificial opening at Dawesville, and 
the maintenance of accommodation by dredging.  

The sequestration of sand by coastal inlets has been measured directly using long-
term hydrographic survey data in settings where persistent historical mean-trend rise is 
endemic at several millimetres per year, such as in The Netherlands (Eysink 1991). 
Sand sequestration has also been detected using historical hydrographic data in 
settings such as Sydney Harbour (Bryant 1980) where measured trends toward higher 
sea level are much weaker (Watson 2011). The Netherlands data from the Wadden 
Sea, behind the barrier islands along the Dutch north coastline, indicate that the 
spatially averaged depth does not change over decades despite persistent sea-level 
rise: i.e., the floor of the Wadden Sea aggrades at the same rate that sea level rises. 

The sequestration of sand through coastal inlets is evident in seismic records from 
flood tide deltas (Figure 23a) both since the onset of the sea-level stillstand and during 
the final states of the post-glacial marine transgression (Figure 23b). The 
accommodation available for past and future growth of flood tide deltas is moderated 
by deposition of mud and fluvial-delta sediments. 

Ample world-wide evidence has been documented on the geological sequestration of 
sand by coastal inlets with rising relative sea level, especially from North American and 
European coasts undergoing passive-margin and isostatic subsidence. Little work, 
however, has been done to quantitatively formalise and validate aggradation and 
upstream expansion of flood-tide deltas with sea-level rise. Different responses might 
be anticipated in different settings based on existing evidence.  

For example, historical evidence from the Wadden Sea estuary in The Netherlands 
indicates tidal delta aggradation (upgrowth) at the same rate as sea level rises if the 
sand supply from the oceanic coast is sufficient. In the Port Hacking example, however, 
the pre 6 000 year isochrons indicate that, during the final phase of post-glacial sea-
level rise, sequestration of marine sand occurred through upstream expansion of the 
flood tide delta into the estuary rather than through aggradation (Figure 23b). Details 
on wave and tidal dynamics, the possible adjustment of inlet-channel geometry, and 
resulting changes in the tidal prism all await systematic investigation before general 
principles on sequestration of marine sand by coastal inlets can adequately be 
established.  
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Figure 23. Sediment sequestration by estuaries in Sydney: (a) longitudonal 
seismic section across the flood tide delta and mud basin in Middle Harbour, 
Port Jackson (adapted from Roy 1983b); (b) chrono-stratigraphic reconstruction 
of sediment bodies in Port Hacking based on radiocarbon dates on sediment 
samples obtained by drilling and associated plots of sequestration rates  
(adapted from Roy 1994). 

In the mean time, however, the geological evidence provides a basis from which to 
evaluate feasible limits in the range of sequestration responses by coastal inlets to sea-
level rise. For specific inlets, such evaluation also must take into account the degree to 
which inlets and adjacent beaches are connected by sand-transport pathways. For 
example, tidal inlets for barrier estuaries are likely to be connected directly to the 
transport field of their associated beach and shoreface. The connection of drowned 
river valley estuaries to adjacent shorefaces and beaches will depend on water depth 
constraints on headland sand bypassing. 

Given the geological evidence on the feasible range of possible inlet sequestration 
rates, estimates of future sequestration with projected estimates of sea-level rise 
require application of methods to manage the uncertainty (Section 4.9.4). 
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Sand losses to dunes: Sand blown off the beach and inland beyond the frontal dune 
is a factor in the coastal sediment budget contributing to recession of the beach and 
frontal dune (Figure 16). Such losses involve inland extension or migration of the 
frontal dune, which occur with the development of blowouts, parabolic dunes, or sand 
sheets and their associated long-walled precipitation ridges (Hesp 2011). Sand transfer 
from the shoreface to dunes via the beach also occurs under conditions of progradation 
with growth of foredune ridges, and through decades to millennia, series of foredune 
ridges (Roy et al. 1994). 

Measurements of dune volumes (Section 4.9.2) provide a strong basis to derive 
estimates for the sand-flux inland across the frontal dune face from the beach. These 
volume estimates are improved where constraints on basal elevations are available 
through stratigraphic reconstructions. Generally, the volume of sand below the 
elevation of beach deposits (roughly below the storm beach height of 2–3 m) is not 
relevant to dune volume estimates because these lower deposits are the result of 
beach and shoreface progradation, as indicated in Figure 16. That is, their volume 
represents a gain in the sediment budget relevant to accretion of the beach and 
nearshore seabed. The only exception is when dunes migrating inland fill and bury a 
topographic basin such as an estuary or lagoon, which in which case the dune deposits 
relevant to late Holocene losses are thicker accordingly.  

Conversely, if late Holocene dune migration occurs over relic or non-aeolian deposits 
that lie at elevations higher than beach deposits, then the late Holocene dune thickness 
is commensurately less. In either case, improved confidence in the basal elevation of 
dune deposits relevant to the modern sediment budget requires stratigraphic data. 
Dating may also assist in discriminating between later Holocene and old (e.g., Tertiary 
or Pleistocene) dune deposits for dune fields in which remobilisation has occurred at 
any time during the past few thousand years. The latter deposits are not relevant to 
estimates for the sediment-budget relevant to the present beach.  

Similarly, mobile sand sheets observed during the historical period are unlikely to be 
relevant in determining rates of sand loss from the beach and shoreface, unless 
material is recovered from immediately beneath such deposits can be dated: (e.g. 
using 210Pb to discriminate age during the historical period). Such recent mobile 
deposits may involve reactivation of late Holocene deposits that were previously 
stabilised by vegetation growth. For example, Roy and Crawford (1979) demonstrate 
four episodic phases of massive dune instability on the Kurnell Peninsula in Sydney, 
each separated by a protracted period of stability involving sufficient revegetation to 
produce well-developed podsols. Volumes associated with any one stage of instability 
are indicative of reworking, not of the supply rates from beaches to dunes. 

Uncertainty in measurements of the dune-related component of the sediment budget is, 
or soon will be, much lower than for other components because LiDAR data can be 
used. Definition of the dune regions using, e.g., the 1:50k geology data are the main 
limit to resolution in the measurements. In forecasts, the main source of uncertainty in 
estimates of sand losses from the beach to the dunes relates to future management 
and climatic effects.  

Dune management methods exist to stabilise dunes, but there can be no guarantee 
that such methods would be implemented for parts of cells where relatively natural 
conditions are maintained. On the other hand, if the coast is subjected to intense urban 
development, dunes may be stabilised against wind erosion under structures and 
pavements. Where stability depends on vegetation, future climatic variations can be 
expected to play a role in determining net inland losses of beach sand. Periods of 
aridity have long been known to instigate episodes of major dune instability (e.g., Roy 
and Crawford 1979). 
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Overall therefore, sand transfers to the inland dune field may occur in future, or 
possibly not. On this basis, the portion of measured volume above mean sea level 
provides a conservative proxy for maximum loss. Because actual future rates are 
indeterminate, the maximum estimate for the past simply provides a basis for sensitivity 
analysis (Section 4.9.4) in projecting possible effects on future coastal recession. 
 

Sand exchanges with inner continental shelf:  
Direct geological evidence from the inner continental shelf of sand supply to beaches, 
dunes and estuaries is more limited under transgressive and stillstand conditions 
because the seabed is not depositional under these conditions (Roy et al. 1994; 
Tortora et al. 2009). While exchanges can readily be inferred from indirect evidence, 
direct evidence from the shelf itself is not entirely absent, as respectively outlined 
above in connection with Figure 17, and Figures 18 and 19.  

Both sets of evidence indicate that the long-term net supply of sand from the inner shelf 
to beaches is more endemic to lower gradient inner shelves. The evidence suggests a 
gradual increase in concavity and offshore extent of the lower shoreface through time 
as it supplies sand landward; whereas the evidence for steeper shelves is a growth in 
convexity of the lower shoreface as it is supplied with sand (Roy et al. 1994; Cowell et 
al. 2001; Daley 2011; Kinsela and Cowell 2011). 

These gradual but systematic changes in geometry of the lower shoreface are in 
marked contrast to the intense, relatively high-magnitude morphological fluctuations in 
the upper shoreface and beach evident from survey data (Wijnberg and Terwindt 1995; 
Cowell et al. 1999a; Larson et al. 2000). Morphological change through time is so 
strong enough for the upper shoreface that time average morphology for persistent 
sediment textures and steady long-term wave climate suggest statistical stationarity: an 
assumption inherent in the morphological definition of the upper shoreface as an 
invariant time-average ‘active zone’ (Stive and de Vriend 1995). 

As long as the active-zone assumption holds, time-dependent geometry of the upper 
shoreface can be assumed to comprise part of the fluctuating coastal change, and thus 
of no relevance to the mean-trend kinematics. Some caution is required, however, 
because despite the now multidecadal dataset for upper shoreface data available from 
Duck in North Carolina, and along the entire length of the Dutch coast, no evaluation of 
the active zone assumption has been undertaken.  

Preliminary evidence suggest that a systematic long-term shift in wave climate may 
cause a trend-change in time-averaged upper shoreface geometry that could make it a 
net source or sink for sand over the long term. This possibility arises because field and 
laboratory data suggest that a relationship exists between beach state, as 
characterised by Wright and Short (1984), and the geometry of the upper shoreface 
(Cowell et al. 1999a). Specifically, preliminary data suggest a shift toward more 
erosion-dominated beach states would result in greater sand storage in the surfzone, 
manifest as reduced concavity of the morphology. A shift toward more quiescent 
conditions favour increased concavity of the upper shoreface, and thus greater storage 
of sand in the sub-aerial beach.  

While ample field data are available to more rigorously assess the preliminary 
indications on dependence of time-averaged upper-shoreface geometry on beach-
state, it has not been investigated further as far as we know. Such an investigation 
warrants extension to include tidally modified beach states (Short 2006) to ensure 
universal relevance to the entire Australian coast. Despite the magnitude of change in 
bed elevations of the upper shoreface being much larger than for the lower shoreface, 
at least up to the interdecadal timescale (Nicholls et al. 1998), the latter extends one to 
orders of magnitude further offshore. Significantly smaller elevation changes in the 
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lower shoreface therefore potentially have much greater consequences for the sand 
supply to beaches (Cowell et al. 1999a), and thus R. 

Direct measurements of morphological change to evaluate long-term sand exchanges 
with the inner shelf through sediment-volume changes measured directly where 
bathymetric and topographic records are available spanning several decades, and are 
detailed and reliable enough (e.g., Gibbs and Gelfenbaum 1999). Detailed bathymetric 
lead-line data from many decades ago are often available for parts of the coast used as 
ports, including on more protected parts of the open coast from before the development 
of serviceable road and rail transport networks.  

Historical bathymetric data can contain systematic and random errors (Gibbs and 
Gelfenbaum 1999). The systematic errors relate to such things as uncertainty about 
datums, whereas random errors involve measurement errors in location and tidal plane 
applicable at the time of the survey. The systematic errors must be dealt with through 
ancillary evidence, but the random errors can be eliminated or minimised by spatial 
averaging: alongshore averaging being the obvious choice because of the general 
expectation that water depths systematically increase with distance from the shoreline. 
Spatial averaging in principle can smooth out the effects of superficial features such as 
bedforms, that are likely to be of only indirect relevance to obtaining estimates of 
mean-trend change. That is, their relevance probably relates more to sediment 
transport mechanisms than volumetric sand displacements between the innershelf and 
beach represented in the kinematics. 

Alongshore averaging can best be achieved numerically on a spatially continuous DEM 
data: 

dhhx
L

hx
y
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where hx is the alongshore-averaged distance from the shoreline to water depth, h, 
and Ly is the alongshore width of the coastal cell (Figure 24). Equation 15 is expressed 
in terms of depth because accommodation potential is generalised as a hypsometric 
distribution. 

Equation 15 can be applied readily to a bathymetric DEM by computing areas for 
depth-band classes in a GIS to give the true, rather than sampled, alongshore average. 
This has distinct advantages over ensemble averaging of discrete transects, especially 
if these are projected perpendicular to the shoreline as is commonly the case.  

Such transects over-represent potential for sediment accommodation along their 
seaward portions due to convergence of transects with distance from shorelines in 
coastal embayments, which have characteristic concave arcuate plan form; and under-
represent accommodation off headlands where shorelines generally have a seaward 
convexity to their plan form. Conversely, for inner continental shelves supplying 
sediment to the coast (i.e., conditions of negative accommodation), this type of 
ensemble averaging of sampled depths along transects leads to under and over 
representation of potential source volumes for sediments respectively off embayments 
and headlands. If sampled transects are used for alongshore averaging, then parallel 
transects should be constructed perpendicular to the mean trend of depth contours to 
avoid sampling bias inherent in divergent and convergent transects. 

Bathymetric data can be further generalised through statistical representation with or 
without spatial averaging. Such generalisation is especially beneficial in analysing 
morphokinematics (i.e., via application of Equation 13).  Statistical generalisation has 
been achieved without alongshore averaging through fitting higher-order polynomial 
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trend surfaces in either one or two dimensions with rectilinear alignment with the mean 
direction of the shoreline or contours (Brander and Cowell 2003). Eigenfunctions have 
also been used to empirically characterise upper-shoreface morphology (Winant et al. 
1975; Wijnberg and Terwindt 1995). In principle, the method can be extended to 
encompass the lower shoreface. 

Further statistical generalisation can be achieved through fitting practical functions of 
convenience to the shoreface and continental shelf morphology, or to internal surfaces 
mapped from stratigraphic data using geostatistical methods (such as interpolation or 
kriging). The approach essentially involves Function Representation (FRep) introduced 
by Pasko et al. (1995) which is now common in geometric modeling and computer 
graphics. Fitted function parameters provide a highly generalised representation that 
can be subjected to sensitivity analysis to examine the consequences of kinematics 
due to future changes in parameter values resulting from background mean trend and 
possible perturbations associated with sea-level rise or other climate change effects. 

For example, Cowell et. al (1995; 2006) adopted a function, with parameters defined in 
Figure 24, that can be fitted to the alongshore averaged inner continental-shelf 
sediment surface, comprising the upper and lower shoreface with up to three inflexions 
in offshore dip and arbitrary concavity (or convexity): 
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in which, for the upper shoreface, 
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for the lower shoreface, 
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where A and m are respectively scale and curvature parameters and, for the transition 
from the upper to the lower shoreface, 
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in which wc is the width of the transition zone and d controls the rate of roll-off from the 
upper to lower shoreface (Figure 26). While Equation 16 is limited to representation of 
the shoreface and inner shelf, it can also be extend landward of the beach to include 
dune and tidal delta morphology if these are to be included explicitly in the kinematics 
(Cowell et al. 1995). 
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The set of parameters characterising Equation 16,  

 

P(t) = ( Lt, L*, h*, m*, Lb, hb, mb, d, c, ) 
20 

is fully time dependent. That is variation of P(t) through time means that morphology 
can evolve through time which in part drives the kinematics through Equation 13 (even 
in the absence of sea-level change and other components of the sediment budget: 
S = 0, Vs = 0). 

The time dependence of P(t) also means that each of the parameters can be varied 
through time to examine morphokinematics consequences, and thus R, arising from 
future changes in inner shelf morphology that might be expected on the basis of trends 
apparent in geological data, and heuristic or theoretical reasoning about future variation 
due to sea-level rise and other climate change effects. 

 

 
 

Figure 24. Geometric parameters used in function representation (Equation 16) 
of the inner continental shelf, comprising the upper and lower shoreface for a 
littoral cell extending a distance Y along the coast. 

 

Statistical representation of the sediment surface and stratal morphology using function 
representation such as via Equation 16 is limited in application to sedimentary surfaces 
at a level of generalisation that does not include bedforms (such as ripples, dunes, 
surfzone bars, shoreface and connected ridges). Bedforms are assumed to be 
smoothed into the spatially averaged hypsometric representation as superficial features 
more related to sediment transport mechanisms than the gross morphokinematics.  

In the context of sediment exchanges between the inner continental shelf and the 
beach, Equation 16 and its like represent water-depth dependent accommodation 
potential (negative and positive, Cowell et al. 2003a; Cowell et al. 2003b) resulting from 
changes in parameter values and from kinematics. Equation 16 relates specifically to 
the sediment surface, but in nature this surface is commonly interrupted by rock 
outcrop (e.g., reefs and headlands). Because outcrops are not as readily eroded as 
unconsolidated sediment, at first approximation they are not potential sediment 
sources. Neither are they potential sediment sinks where outcrops stand above the 
sediment surface: that is, outcrops alienate accommodation space (Cowell et al. 2006).  
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Rock outcrop must therefore be taken into account in evaluation of potential sediment-
exchanges across the inner shelf. As with the sediment surface, a statistical 
representation of volumetric accommodation- and source-limits imposed by reef 
outcrops can also be obtained through spatial averaging combined with function 
representation. Cowell and Barry (2011) proposed a generalised function that 
statistically represents reef constrained sand volumes on the shelf that combines with 
Equation 16: 

rA  
21 

where Ar is the alongshore averaged cross-sectional area of a reef above the local 
sediment surface within a segment of the inner shelf for a depth band defined arbitrarily 
in relation to the sediment surface function (Equation 16),  is the width of the reef 
within the segment, and  is the spatially averaged height of the reef above the 
seabed within the segment (Figure 25). 
 

 
 

Figure 25. Geometric schematisation for statistical generalisation of reef-
modified sediment-accommodation and -supply potential averaged alongshore 
within a coastal cell in relation to the sediment surface, h(x), given in 
Equation16. 
 

Statistics for reef width, , are determined from a geologically-classified bathymetric 
DEM in a GIS as the proportion of the depth segment occupied by reef relative to the 
total area of seabed associated with the segment. 

To preserve the statistical measures computed from the aggregated reef data for , Ar, 
and spatially averaged elevations, , of reefs above the surrounding seabed simply 
involves assigning the elevation at the apex of the triangular reef model (Figure 26) an 
elevation, , above the local seabed: 

rA2
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For profile segments of mild slope, the coordinates at the apex of the triangular reef 
section (x,z) are 

x = x1 + (x2 - x2)/2 +  
23 
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Figure 26. Schematics for representation of spatially averaged reef dimensions 
within a shoreface-profile segment. 

 

Summarising this reef model, within each profile segment between x1, z1 and x2, z2 
(Figure 26), the reef 
 
 is centred horizontally about  x1 + (x2 - x2)/2 
 intersects the seabed on the landward side at  x1 + (x2 - x2 - )/2 
 intersects the seabed on the landward side at x1 + (x2 - x2 + )/2 

 

The potential of a reef-interrupted inner shelf to supply sediment to beaches depends 
on the spatially averaged sediment thickness between reef outcrops. The sand 
thickness between reefs in the schematisation of Figure 25 attains local maxima of  
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where x is the offshore distance between reefs, h  is the average water depth 
between reefs, and  is the reef width. 

Application of the reef-truncated representation of sediment-accommodation and 
supply-potential on the inner shelf requires calibration (data fitting) using surface and 
stratigraphic data. Reef statistics across the inner shelf can be generated by 
differencing the raw DEM, that includes reefs, and a smoothed DEM that represents 
the spatially averaged sediment surface.  

The overall procedure involves 
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1) smoothing the gridded digital elevation model (DEM) for the bathymetry through 
local regions of minimum elevation to obtain a non-planar trend surface free of 
irregularities associated with the widespread occurrence of reefs;  

2) reclassing the smoothed DEM into depth bands 
3) computing the aggregate area of each depth band and dividing each by the 

width of the marine cell to give the average distance between depth increments.  

Within each of these increments, the average reef height and the proportion of the area 
occupied by reefs was calculated from using the reef (differenced) DEM. 

 

4.9.4 Management of uncertainty in sediment-budget estimates 
At first approximation, deposits accumulating and evidence of sediment depletion 
during the late Holocene (Sections 4.9.2 and 4.9.3), provide a baseline from which to 
evaluate the background sediment budget upon which past mean-trend change 
depends. Projection of these estimates of initial conditions into the future requires 
revaluation drawing upon general principles and heuristic reasoning. Such projections 
are far from definitive: uncertainty generally attaches both to the estimates of present 
and historical sediment budget as well.  

The effects of both past and future sediment-budget estimates on geomorphic-change 
inferred from them therefore must be subject to procedures to evaluate the uncertainty. 
The procedures must take into account the feasible range of estimates for each 
component of the sediment budget indicated through the geological and other 
evidence. 
Application of Equation 13 to analysis of kinematics associated with sediment budgets 
is simple enough to allow highly repetitive computations that are required for intensive 
sensitivity analysis. Such analysis can be undertaken using Monte Carlo methods, 
which are especially useful for problems involving more than a few parameters (Cowell 
et al. 2006). Application of these methods in deriving the range of possible solutions to 
Equation 13 for future conditions involves representing each component of the 
sediment budget (Section 4.9.3) in terms of probability distribution that quantifies the 
feasible range of magnitudes for each component based on the available evidence.  

Construction of probability distributions for the input parameters (Equation 13 and 14) 
is the key step in quantifying uncertainty as risk. Input-parameter distributions can be 
defined using estimates and heuristic reasoning about mean and variance for 
theoretical distributions such as the normal curve, or alpha and beta parameters in the 
more generalised gamma distribution. Geological evidence generally lends itself more 
toward identification of the feasible limits for site-specific sediment budgets, than to the 
reliable estimation means and variances. Under these circumstances, the simplified 
triangular probability of distribution provides ease with which this distribution facilitates 
heuristic reasoning (Figure 27).  

Nevertheless, the triangular distribution is a convenient first approximation to the 
normal curve or a distribution with a more adaptable form, like the gamma probability-
density function. Such distributions can be used to represent quantities that are 
distributed with varying degrees of skewness and kurtosis, typical of geophysical data 
in general. Under conditions of uncertainty, the shape of the distribution is seldom 
known in detail sufficient to resolve nuances of curvature. Application of the triangular 
probability density function (PDF) therefore is generally a more reasonable approach 
under such circumstances. 

For example, the IPCC AR4 summary of sea-level projections are not presented 
probabilistically, but in terms of the range of projections obtained from results of 
climate-change models (Figure 27a). Use of an open-ended distribution is 
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inappropriate in relation to this evidence. Similarly, geological evidence is valuable to 
set evidence limits in a feasible range for sediment budgets, rather than to speculate 
on hypothetical possibilities for which there is no field evidence. Truncated PDFs are 
more appropriate under such circumstances. Without evidence on the likely curvature 
of a PDF, there is little point in dealing with issues of kurtosis in relation to truncation: 
the triangular PDF offers a more straightforward approach in this respect. 

 

 
 

Figure 27. Example of triangular and normal distributions (probability density 
functions) constructed heuristically for an input parameter, future sea level, 
based on the range of sea-level projections to 2100 derived from different 
scenarios (Church et al. 2001): (a) mid-range and envelope of IPCC scenarios 
through time; (b) triangular distribution projected from scenarios in plot a at the 
year 2100; (c) plot b rotated into more conventional orientation, with the normal 
curve superimposed, using the same mean and variance as the triangular 
distribution. NB: The diagram is illustrative only: actual sea-level parameters 
used to define triangular pdfs for practical decision making should be based on 
benchmarks adopted by the jurisdiction to which the projections relate. 
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Sampling from probability distributions of parameter values during Monte Carlo 
simulations requires that the PDFs are converted to the inverse transform of the 
cumulative density functions. For a variable x in the triangular distribution, the 
probability density function is 
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and the cumulative distribution function is 
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for the mode, maximum and minimum values (Banks and Carson 1984). 

 

The inverse transform of the cumulative distribution function is used to sample variable 
x from the triangular distribution. The inverse transform makes P(x) the independent 
variable which, for the purposes of sampling, is represented by a random number, RN: 
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5 ENGINEERING APPROACH (SHORT-TERM PROCESSES) 

5.1 Introduction 
The variability in shoreline position during cycles of erosion and subsequent recovery 
at open coast beaches is related to many physical processes of unknown certainty 
including short and long wave propagation, wave breaking, rips, undertow, longshore 
wave-driven currents and wave-current interaction to list the major ones. The 
superposition of processes and their uncertainty with climate change leads to 
significant technical challenges. 

This Section deals primarily with the treatment of short-term processes, although the 
consideration of climate change and its resultant impacts are also presented. Section 7 
contains discussion of the application of those techniques to Narrabeen Beach in 
Sydney, details of which have been published in a variety of places (Callaghan et al. 
2008a; Callaghan et al. 2009; Ranasinghe et al. 2012). 

The application presented in Section 7 uses software that has been improved 
specifically for this research effort: 

 The JPM (Joint Probability Model): which takes storm statistics and fits relevant 
extreme and joint probability distributions to those data; and 

  
 The PCR (Probabilistic Coastline Recession model): which utilises those joint 

probability distributions to generate a realistic sequence of storms and 
intermediate recovery periods and calculates a subsequent time series of dune 
or coastline position. 

With comparative sea-level rise scenarios, a realistic sequence of storm and recovery 
periods typically covers 110 years, from the 1990 baseline, through to 2100. 
Sequences are resampled and the calculation re-executed numerous times using the 
Monte-Carlo method. In this project, the execution of 50,000 sequences of 110-year 
period was common. 

JPM-PCR software has been used for the present project as they are state-of-the-art 
techniques; however, it is not essential that these particular softwares are adopted. The 
framework is software ‘agnostic’, and alternative software, for example other models 
described in Section 3, and better methods can be applied if and when they become 
available.  

The following sections detail the steps required for application of the framework, and 
the methods adopted to achieve these steps. It begins with a discussion of the 
behaviour of beaches and the definition of erosion and recovery, and follows with 
details on the statistical methods and Monte-Carlo simulation. 
 

5.2 Deriving storm data from available records 
Individual storm data is extracted from either measurements or hindcast results. In 
examining extreme values, the peak over threshold (PoT) approach has been 
universally adopted for wave height, with the extrema approach varying for other 
coastal forcing parameters such as storm surge and storm duration (Holthuijsen 2007). 
Overall, the PoT approach is less wasteful than a block maxima approach, and is 
therefore of particular benefit when records are short, as is commonly the case with 
wave records.  

Those parameters that define a storm are illustrated in Figure 28. A critical parameter 
is the adopted threshold, which should be determined on the basis of local conditions 
(Holthuijsen 2007). 
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Figure 28. Coastal Storm Definition. The threshold needs to be defined on the 
basis of local conditions. For example, the wave height exceeded by the majority 
of meteorological storms that occur at a particular location (after Holthuijsen 
2007). 

Taking New South Wales as an example, it has become customary to adopt a 
significant wave height of 3 m as the threshold (Lord and Kulmar 2000; Kulmar et al. 
2005). 

The duration (D) of each storm is calculated as the time which the significant wave 
height exceeds that threshold. In addition to these parameters, the storm is also 
characterised by wave period (T), direction (Dir) and peak significant wave height (H).  

Importantly, the present research has found that automated extraction of records from 
data, using computer code or similar methods can lead to a relatively poor set of 
independent storms. While useful as a first pass, storms extracted in this way should 
be subsequently checked against meteorological information to ensure that the 
extracted storms are indeed independent (i.e. storms can be uniquely linked to a 
particular weather system). 

Once the maximum wave height and duration of all storms in the record have been 
extracted, the corresponding maximum storm surge (tidal anomaly) that occurred 
during the event is also extracted from an appropriate tidal record, by subtracting the 
predicted (astronomical) tide elevation from the measured elevation. 

 

5.2.1 Examining inter-storm periods 
When the available sample of storms has been extracted from the wave record, the 
remaining record comprises the sample of inter-storm periods (or gaps).  

The occurrence of storms throughout the year in Sydney, divided on a monthly basis 
percentage wise is illustrated in Figure 29. There is a tendency towards more storms 
from autumn through to early spring. Accordingly, the typical gap between storms in 
winter is expected to be smaller than the typical gap during summer. In the statistical 
construction of time series representing that wave climate, this behaviour needs to be 
taken into account. 

Si
gn

ifi
ca

nt
 w

av
e 

he
ig

ht
[  

 ]H s
sH

D

Time [ ]t

Threshold

Hs,max



 

Approaches to risk assessment on Australian coasts  77 

 

 
 

Figure 29. Annual Distribution of Storm Occurrence During Year at Sydney (Long 
Reef Recorder). A notable pattern exists showing more frequent storms 
particularly during Autumn and Winter and a relative lull period over late Spring 
and Summer. 

 

A non-homogenous Poisson distribution is used for the determination of randomly 
occurring events in time. If independent random events occur at an average rate of , 
then the number of events occurring in a unit time interval will follow a Poisson 
distribution (given that x is a positive integer): 
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A more useful model involves fitting the Poisson process to the gaps between events. 
This new non-homogeneous Poisson process is defined using the following notation; if 
the initial event occurs at t0,s and ends at t0,e and subsequent events starting times at 
t1,s, t2,s, …, tn,s, with gaps of Gi (= ti,s  ti-1,e  0) and using the occurrence intensity 

t , the probability of an event occurring is then: 
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where t is time and  is the annual radial frequency (   1.99 × 10-7 rad/s). The first of 
these includes a once yearly variation in intensity, and the second includes, in addition, 
twice yearly variations. 

The  parameters are estimated using the maximum likelihood method (MLM).  
Broadly, the MLM aims to maximise the ‘likelihood’ of measurements (i.e. the available 
data) for a set of parameters that define the distribution. The maxima of the likelihood 
expression (or the equivalent, but more tractable log-likelihood expression) is typically 
determined using numerical methods such as the downhill-simplex algorithm (Nelder 
and Mead 1965). The likelihood expression for the non-homogeneous Poisson 
representation of gaps between storms is: 
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The corresponding log-likelihood expression is: 
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A method is also required to enable sampling from the estimated distribution during 
Monte-Carlo simulations. Assuming a once annual variation, and completing the 
integrations and simplifying Equation 32, returns: 
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These expressions assume that individual storm events are completely independent. 
However, in some locations, it is possible that occurrence of a subsequent storm is 
more likely once an initial storm has occurred. If such clustering behaviour is 
suspected, alternative likelihood expressions which take account can be found in 
Luceño et al.(2006). 

 

5.2.2 Fitting extreme value distribution to peak wave height, storm 
duration and surge 

The storm data (peak wave height, storm duration and surge) needs to be fitted to an 
appropriate extreme value distribution. For the PoT method, assuming that the data are 
random, independent and identically distributed, the Generalised Pareto (GP) 
distribution is appropriate for estimating extreme values (Coles 2001; Holthuijsen 
2007): 
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wherein: 
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u threshold value; this is a ‘fitting’ threshold, not to be confused with the threshold 
used to identify storms. 

shape parameter 

scale parameter 

Pr { uX  } 
 

The ‘fitting’ threshold value represents a value above which the tail of the distribution is 
likely to exist. Coles (2001) recommends that a number of threshold values be trialled, 
and a threshold be selected which reflects that the GP distribution is valid. In practice 
this means, for thresholds above an appropriate value (u ), that the estimated 
distribution parameters: 

  should be approximately constant as greater values of u  are trialled; and  
  should vary linearly as greater values of u  are trialled. 

Although these criteria should, ideally, govern the selection of the threshold, it may be 
necessary to relax the requirements to ensure that enough data points remain above 
the threshold to reasonably infer the nature of the extreme distribution. 

Parameters are fitted, again using the maximum likelihood method, where the log-
likelihood is: 
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And k is the number of data values ( x ) for which the fitting threshold is exceeded. 

 

5.3 Joint probability between wave height and storm duration 
The logistics model (Tawn 1988) is an appropriate bi-variate joint probability model for 
PoT extreme values. Following fitting of the univariate extreme Generalised Pareto 
distribution, the wave height and storm duration values are transformed to a common, 
Fréchet scale, using: 
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The logistics model, which reads: 
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is then fitted to the Frechet transformed variables with the variable , a measure of 
dependency, determined using the MLM. A value of 1.0 for  indicates that x and y 
are independent, whereas a value of 0 indicates that they are perfectly dependent. 

The likelihood estimator needs to consider situations where either the storm duration or 
wave height doesn’t exceed the fitting threshold of their corresponding marginal GP 
distribution. Four expressions result, depending on whether one, both or neither of the 
thresholds are exceeded for the recorded storm: 
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again, the logarithm of these expressions is taken, and the maximum found to estimate 
the distribution parameters. 

 

5.3.1 Dependence of tidal anomaly and wave period on wave height 
Both tidal anomaly (R) and significant wave period (T) are conditionally related to Hs,max 

for the following physical reasons; 

 tidal anomalies are often produced by the same meteorological feature 
generating the waves;  

 wave period is a steepness mechanism that limits its range. Therefore, if wave 
height is sampled as the primary variable, this places a lower limit on the wave 
period that can occur. Figure 30 demonstrates the existence of this minimum for 
data in the Sydney wave record. 

Tidal anomalies can be reasonably linked to the storm wave height through the 
bivariate logistics model, although care needs to be taken. This requires examination of 
the meteorological events that cause the extreme wave climate. For example, the 
contributing meteorological systems that may occur at different distances from the 
measurement location.  

Accordingly, while the resulting waves may be similar at the measurement site, a storm 
that is closer will produce a larger tidal anomaly. In a situation where meteorological 
events at varying distances contribute to the coastal storm climate a weak dependence 
between tidal anomaly and wave height could be expected.  

It is possible, in some situations, that dependence exists between tidal anomaly and 
storm duration and appropriate examination of this possibility is recommended. 
However the calculation of a tri-variate joint probability distribution (i.e. between H, D 
and R) would significantly complicate the analysis. It is recommended that the tidal 
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anomaly be treated as dependent on the wave height only; unless reasons exist that 
warrant such extra complication. 

 
 
Figure 30. Measured Ts and Hs ( ) at Long Reef where Hs > 3 m and 

 ( ). The chart indicates a physical steepness limit which limits 
significant wave period such that it sits above a minimum value. 

Testing of a wide variety of distributions against wave data from Sydney has led to a 
recommendation for fitting a log-normal distribution, appropriately constrained by wave 
height, to the wave period data. The log normal distribution reads: 
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The corresponding log-likelihood expression is: 
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The model parameters , ,  are dependent on Hs. The minimum Ts, indicated by the 
thick line on Figure 30 represents a practical maximum event wave steepness of about 
0.04. The log-normal expectation: 

 
2

2E X e   
43 

is assumed to follow a similar functional form as the minimum Ts or 
 2

1E ~ k
s sT X k H    

44 

where k1 and k2 are constants. Consequently, the suggested wave period dependency 
on Hs is included by making the parameters dependent on Hs via: 

~ 4.1
s sig

T H
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and 
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The model expectation becomes, using Equations 43, 45, 46 and 47 
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Application of the Hs dependent model to the Sydney data set was found to produce a 
more robust fit (i.e. greater maximum likelihood value) than a model which did not 
include such dependence. 

The log-likelihood for the conditional log-normal model proposed for wave height is: 
2
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The approach outlined above could be simplified if the wave climate at the location in 
question does not contain a mixture of sea and swell, as is present at Sydney. 
 

5.3.2 Wave direction  
A test should also be undertaken for dependence between wave height and direction 
during storms. In the absence of such dependence, an empirical distribution, based on 
the available data is recommended. 
 

5.3.3 Sampling a single storm from the distributions 
In summary, at this stage of the process, the following have been determined: 

 Appropriate GP distributions for Hs,max (H), Storm Duration (D) and Storm 
Maximum tidal anomaly (R).  

 Logistics joint probability models, characterised by single values of  between 
H & D and H & R.  

 A five parameter log-normal distribution for the significant storm wave period 
(T), which is dependent on H; and  

 An empirical distribution for wave direction, based on measured data. 

Using this information, a single storm can be randomly generated as follows: 
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 Generate three uniform deviates, one for wave height ‘A’, one for storm duration 
‘B’ and another for Tidal Anomaly ‘C’; 

 Transform ‘A’ to the Frechet scale using 
1lnx A  

50 

 Now, assuming Pr |B Y y X x , solve the following equation numerically 
1 1 1

1 1 11
Pr |

x y x
Y y X x x y x e  

51 

adopting the appropriate dependency value  for H & D. 

 Repeat the above step, but this time solve for C adopting the dependency value 
for H & R 

 Convert the values of A, B & C to the physical scales using the reverse of the 
Frechet transformation and the fitted parameters of the GP distributions for H, 
D and R, reverting to the empirical distribution if the determined values are 
below the threshold (i.e. they sit below the threshold). 

 Determine a value for T. This requires the application of specialised techniques 
to sample from the log-normal distribution, such as a modified Box-Muller 
method (Box and Muller 1958; Press et al. 1992) viz: 

 generate two random variables ', 'A B  and transform them into the unit circle 

around the origin , 2 ' 1, 2 ' 1A B A B ; and check that the radius, R given 

by 2 2 2R A B  satisfies 0;1R  otherwise generate new ', 'A B  and 
repeat this step; 

 calculate the standard normal random variables , ,sn snC D f A f B  where 
2

2

2 ln
sn

Rf
R

; and 

 transfer one of the normal random variates to wave period using 
Tr ww e  and save the other normal random variates for future use. 

 Sample a random uniform deviate from [0;1] and use this with the empirical 
distribution for direction to generate a wave direction for the storm. 

The algorithms which calculate the erosion resulting from a given storm require a 
realistic variation of wave height over the duration of the storm. This temporal pattern 
can be determined following analysis of available storm data for the location in 
question.  

For example, a temporal pattern has been determined following analysis of storm data 
from the Sydney record between March 1992 and January 2004. From analysis of the 
larger storms (H(s,max)>5.5 m and D > 10 hrs), the following temporal relationship was 
determined: 
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This is simplified and triangular. When examining the variation of storms about this 
‘typical’ shape, it is clear that storms with longer period waves tend towards a 
somewhat flatter peak, whereas storms with short period waves have a narrower, 
steeper peak. The temporal relationship defined can be interpreted as a middle ground 
between these two scenarios. 

 

5.3.4 Transforming to the nearshore 
Thus far, discussion has focussed on the nature of storms, as measured offshore. To 
estimate erosion at the coast, it is necessary to transform the offshore storm conditions 
to an appropriate inshore location. The inshore location should be selected offshore of 
the location where erosion calculations are required. At the outset, it is clear that this 
can be achieved in a number of ways, including the broad groups of: 

 Simplified hand calculation, particularly where the coastal bathymetry is 
relatively simple (i.e. parallel, gently sloping bathymetry with minimal 
irregularity); or 

 Numerical modelling, particularly for complex bathymetry. 

The most computationally efficient means of achieving this is to pre-calculate a 
multidimensional wave transformation array, which converts the offshore wave 
characteristics (e.g. period, direction and wave height) to its corresponding inshore 
characteristics.  

To derive the transformation array using a numerical model (e.g. SWAN), numerous 
computationally intensive simulations are likely required. The pre-calculation of the 
transformation factors array and subsequent interpolation dramatically reduces the time 
required for subsequent Monte-Carlo simulations, when compared to calculating the 
transformation on a storm by storm basis. 

 

5.3.5 Constructing a record of storms and gaps 
A simulation length is selected and a sequence of storms and subsequent gaps is 
generated. For example, a typical situation may involve examining the 110 year period 
between 1990 and 2100 to assess the impact of climate change. 

A series of storms and subsequent gaps needs to be sampled. Storms are sampled 
using the methods outlined in Section 2.11. Gaps are sampled using the following 
method (Assuming a once-annual variation in intensity): 

 generate a uniform deviate ~ U 0,1A ; 
 solve Equation 35 for Gi with F(…) = A. This requires the application of 

numerical methods to find a root of the equation. An initial estimate can be 
obtained from the second order Taylor series expansion about Gi = 0 i.e., 

 ,
0 1 -1, 2 -1,sin cosi initial

i e i e

AG t t . 

In this way, by consistently building a sequence of storms and subsequent gaps, a time 
series of, for example, 110 years length, can be attained. 

 

5.4 Simulating storm erosion  
The approach to this point is relatively flexible in that it can be used to analyse a 
number of different shoreline parameters (such as wave runup, extreme water levels, 
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overtopping volumes). However, this study concerns itself mainly with the concept of 
storm erosion, a quantity which can be notably affected by antecedent beach 
conditions (i.e. the grouping of storms). 

Numerous methods exist to simulate the beach erosion caused by a storm. The 
methods of Kriebel and Dean (1993) and Larson et al.(2004) are presented below. 
Other methods or ‘structural functions’ can be adopted, including the integration of 
numerical storm erosion models, such as SBeach (See Section 3.2). 
 

5.4.1 Kriebel and Dean (1993) 
The equilibrium profile used by Kriebel and Dean (1993) is: 
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where h is the water depth, x is the cross-shore coordinate, increasing offshore, B is 
the dune height above mean sea level (MSL) and A is an empirical coefficient (see 
Dean and Dalrymple 2002 for a recent summary). This profile shape has a virtual origin 
at 3 34

270x A m  with the region where wave energy dissipation per unit volume is 
constant (h  x2/3) occurring offshore of 3 34

9sx A m . The maximum eroded volume after 
exposure to an increase in mean water level is 
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where S is the vertical shift in the equilibrium profile if the mean water level were to 
change permanently (see  
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Figure 31), 
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with hb being the water depth at wave breaking. 
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Figure 31. The maximum beach regression (R ) from a water-level surge (S) 
using the composite profile shape given by Equation 53 (after Kriebel and Dean 
1993). 

Kriebel and Dean (1993) showed that short duration wave events do not achieve V . 
Using a linear response for beach recession, Kriebel and Dean (1993) solved for the 
temporal behaviour using the convolution integral approach as follows, 
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with f(t) = sin2 t/D where t is time measured from the start of a particular storm; Vinitial 
is the initial eroded sand volume; Ts,e and Ts,a are the characteristic time scales of the 
exponential response under erosive (see Kriebel and Dean 1993) and accretive (taken 
as Ts,a = 400 hours, conservatively estimated using the measurements from 
Ranasinghe et al. (2004b)) conditions respectively. 

ts is the time when storm erosion is greater than the initial erosion; tm is the time of 
maximum erosion during the storm and f(t) is the storm shape function. The storm 
duration (D in storm shape function, f(t)) qualitatively affects the beach erosion amount 
as follows; larger D, the more time the beach has to achieve the new equilibrium form 
and consequently more chance that V  will be achieved. The wave period (Ts) and 
direction ( p) enter Equation 56 via wave propagation from deep water to the breaking 
point (refraction and shoaling processes), which affects the depth at which waves 
break (hb) and consequently R  and Ts,e (the erosion response time). Figure 32 shows 
an application of Equation 56 in which two independent meteorological events (waves) 
are merged into one erosional event. 

 

 
 
Figure 32. Example application of Equation 56 showing the breaking wave height 
(—) and exponential beach erosion response ( ) using Ts  [8; 12] hours during 
the May/June 1974 storms (Foster et al. 1975) at Narrabeen Beach, Sydney. 
 

The approach used to apply Equation 56 is; 
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1. initially assume Vinitial = 0 for i = 1; 

2. estimate the maximum change in mean water level using the simulated wave 
climate for event i, being the addition of: 

a. tidal anomaly; and 

b. additional wave set-up over non-storm conditions; 

3. estimate Hb, hb and xb (wave height, water depth and position of the wave 
breaking point) using 

a. the wave transfer array to convert offshore waves to nearshore waves; 
and 

b. use linear wave theory and assume parallel contours from the nearshore 
wave conditions to the wave breaking point; 

4. calculate 
13/ 2

, 3
320 1b b b

s e
beq

H h mx
T

B hg A
 (Kriebel and Dean 1993); 

5. solve for tm using Equation 56;  

6. calculate Vinitial for the next storm event; and 

7. repeat steps 2—6. 
 

This method requires estimation of two additional parameters, the wave breaking depth 
bH  and set-up due to the breaking waves (the total surge S, being the sum of the 

storm surge and the additional wave set-up). The breaking water depth was 
determined when the local wave height exceed bb H . The wave set-up was estimated 
assuming a static, shore-normal force balance between wave radiation stress and 
pressure gradients generated by the sloping mean water surface. The wave set-up 
ignores wind and bed shear stresses and assumes saturated wave breaking conditions  

( )()( xhxH b  shoreward of the breaking point). The resulting maximum set-up, max , 
under these conditions is 
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40 3

128
b

b bH
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and using b  = 0.78 yields bH23.0max , where bH  is the wave height where 
breaking initially occurs (Dean and Dalrymple 1991). 

The Kriebel and Dean (1993) model requires the change in key parameters that occur 
when moving from average to storm conditions. That is, the equilibrium profile has 
already taken into account the astronomical tide and the average wave conditions. 
Consequently, the model is driven by the change in the mean water level (see step two 
in the above procedure). This method may over- or under-predict beach erosion for 
short duration storms (durations much less than one tidal period) that occur at low or 
high tide respectively. However, the typical storm duration that produces noteworthy 
erosion at many beaches in Australia persists for several days and hence, the impact 
of this simplification is expected to be averaged out. Nevertheless, more complicated 
erosion models are available and can be used as a substitute for the Kriebel and Dean 
(1993) model.  

 



 

Approaches to risk assessment on Australian coasts  89 

 

5.4.2 Larson et al (2004) 
The wave impact erosion model presented by Larson et al. (2004) relates the impact 
force applied to the dune from the swash zone motion to the volume of dune erosion. 
The basic premise of the model is that any slope approaching vertical and located in 
the swash zone will act as a barrier to the run-up. During large storm events, this 
vertical face is typically the dune face. A fundamental assumption in this approach is 
that there is a linear relationship between the wave impact (a force F on the dune due 
to the change in momentum flux of the bores impacting the dune) and the weight of 
sand eroded from the dune ( W ). Thus, 
 

FCW E  
58 

where EC  is an empirical coefficient. 

A definition sketch is given in Figure 33. 

Calculating the momentum of the bore once it reaches the dune face requires the initial 
velocity of the bore at the still water level (us), which includes tide components, surge 
and any allowance for sea-level rise. The bore loses momentum as it climbs the 
foreshore (slope 

f
), striking the dune face with velocity u0.  

In practice, it is complicated to calculate us. Larson et al. (2004) propose the use of 
standard formulae to calculate the wave runup elevation in the absence of the near-
vertical dune face to interrupt the bore. The formulae require offshore wave conditions 
and therefore don’t require simulation of wave propagation across the surf zone. 
Working backwards from Zr, the amount of excess momentum (to propel the bore up 
the slope from z0 to ZR) is calculated and used to determine the force which would 
otherwise strike the dune face.  
 

 
 
Figure 33. Dune Erosion due to wave impact (modified from Larson et al. 2004). 
 

Larson et al. (2004) obtain the rate of dune erosion (volume) as: 

T
zZ

C
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dVq oR
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where dV = volume of sand eroded, T = wave period, ZR = Runup height and zo = 
elevation at the toe of the dune (Figure 33). The empirical coefficient Cs is a weak 
function of Hrms/D50 and lies between 5×10-5 and 5×10-2 for available data (Larson et al. 
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2004). The equation is correct for stationary water-level conditions, and assuming a 
stationary dune toe elevation. When considering varying water level and dune toe 
elevations, a differential equation arises and this is solved using the Newton Raphson 
method. 

Using the assumed geometry of the dune and foreshore, the height of the dune (Ds – 
z0) is calculated and the resulting movement of the dune toe determined from the 
eroded volume. From Figure 33, it can be seen that a larger dune height will result in 
less recession for the same impacting bore conditions.  
 

5.5 Simulating beach recovery 
Following a storm, the sand removed from the dune face is accreted back as the beach 
face slope increases under long period swell, and aeolian transport acts to rebuild the 
dune.  

Beach recovery models are currently primitive and not able to provide usable estimates 
of the recovery process. Consequently, large uncertainty exists with numerical 
estimates of time required for full recovery and the way in which the process should be 
modelled. 

We recommend the use of an exponentially decreasing rate of beach recovery, along 
with an empirically based time for the recovery process. 

 

5.6 Application of the Monte-Carlo method 
The step of constructing a time series of storms and gaps, and then estimating erosion 
extents from that time series, is repeated many times. This enables construction of a 
robust empirical distribution of erosion including the estimation of extreme erosion at 
various times in the future. Simulations may or may not include perturbation of the 
inputs (water levels, wave climate) to investigate the impact of climate change. 

Due to the combination of many extreme distribution tails in the statistical sampling of 
storms, the simulations need to be repeated many times before stable results are 
obtained. In practice, it has been found that around 50,000 repeats of a 110 year 
simulation with sea-level rise are required to provide stable estimates of the 95% 
confidence interval for recession.  

 

5.6.1 Analysis of results 
The Monte-Carlo method outlined above outputs multiple time series of simulated 
shoreline location. These can be analysed in a number of ways, depending on 
requirements. Two are outlined here. 

If analysis of a stationary sea level and wave climate is required, for example, to 
determine 1% AEP erosion extents, then a PoT approach can be taken. From the full 
set of results, the erosion extents from individual storms need to be extracted. This 
requires some care to ensure that all independent events are properly selected. 

While a low-pass filtering method could be adopted, this tends to miss some of the 
erosion events. Instead, a moving maximum algorithm of the following form has been 
found to perform well: 

2
;

2
max tttX

t  
60 
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where x is the amount of erosion shoreward from some predefined location. The idea 
of this analysis is illustrated in Figure 34, which shows the same algorithm applied to 
tidal anomaly data from May and June 1974. 
 

 
 

Figure 34. Performance of the Moving Maximum Algorithm. The analysis here is 
based on storm surge data at Sydney in 1974. The moving maximum approach is 
much more likely to pick up some of the secondary peaks than a low pass filter 
method. The algorithm is similarly suitable for the analysis of shoreline location 
following storms. 
Another method of analysis, useful for non-stationary climate simulations (e.g. sea-
level rise) involves the determination of an empirical distribution of recession extents at 
selected times in the future.  

This type of analysis has been used at the example site (Narrabeen Beach) for the net 
present value analyses, where a time series of loss is related to the recession from 
sea-level rise and values assigned to properties shoreward of the present beach line. 

Confidence intervals can also be estimated using a resampling technique known as 
bootstrapping. The simulation is repeated numerous times, but prior to each simulation, 
the storms used to derive the storm component distributions are resampled from the 
recorded storm data. That resampled data is then used to fit the probability 
distributions. In summary: 

 The available storm data are treated as the population of storms; 
 A sample of storms is built from the population by repeatedly sampling, until a 

record of the same length as the population is acquired.   
 The resulting sample will include multiple instances of some storms from the 

population, whereas some of the population storms will be absent from the 
sample. 

 From that sample, undertake the necessary fitting of each of the probability 
distributions. 

The simulation is undertaken as discussed above, with each simulation using different 
probability distributions. When repeated numerous times, the resulting empirical 
distribution of the results (e.g. maximum erosion extent in any given year) can be 
examined to assess confidence limits around the estimated results. The confidence 
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intervals thus derived relate to the uncertainty associated with the limited length of 
storm data record used in deriving the extreme value distributions. 

 

5.7 Treating sea-level rise 
Following the procedures described in Section 2.4, the procedure for generating the 
110 year simulations involved: 

 Generating a random number 
 Using that random number and assuming a symmetrical normal distribution with 

0.266 and 0.819 as the 5th and 95th percentile exceedance values, sample the 
sea-level rise expected by 2100; 

 Using the same method, with 0.096 and 0.278, sample the sea-level rise 
expected by 2050; 

 With those values, and assuming a sea-level rise of zero for 1990, determine 
the coefficients of the required quadratic sea-level rise trajectory. 

The probability distributions of RMSL  for 2100 and 2050 are presented in Figure 35. 

The generated random number is used to sample a value from the cumulative 
distribution functions for 2050 and 2100 (bottom of Figure 35), those two values  
( 60SL  and 110SL ) are then used to solve values for 1a and 2a , using the following 
relationships, which arise from applying simple elimination to the two equations at 2050 
and 2100, noting these are 60 and 110 years after 1990 respectively: 
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During the simulation, the mean sea level is adjusted in accordance with the derived 
trajectory, dependent on the number of years elapsed since 1990 for the particular 
storm being considered. 
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Figure 35. Adopted distributions for stochastic sampling of sea-level rise. These 
result from fitting a Gaussian distribution between the 5 and 95 percentile figures 
presented in Hunter (2010). 
 

5.7.1 Regional variation due to meteorological and oceanographic factors 
The New South Wales Government (NSW Government 2009a), based on the upper 
range of projected effects from work of the CSIRO (McInnes et al. 2007) arrived at a 
regional value of +0.1 m by 2050 and +0.14 by 2100. That variation was attributed 
primarily to a modelled warming of the sea surface and consequent strengthening of 
the East Australian Current. 

Taking those values and assuming a polynomial of the same form to that applied to the 
change in global mean sea level, the regional effect has been modelled as: 
 

ttSLRM
326 101394.2108788.7  
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with: 

RMSL  = variation from global mean sea level (m) 

t  = time since 1990 in years 

These results indicate a decelerating impact of oceanographic effects over the coming 
century. 
 

5.7.2 Regional variation due to gravitational effects 
Non uniform changes in sea-level arise from changes in the volume of polar ice, which 
affect the gravitational field of the earth (Mitrovica et al. 2001; Nicholls et al. 2011). 
Mitrovica (2001) presents three maps showing the spatial variation of sea-level impact 
caused by three sources of meltwater normalised to a value of 100. Interpretation of 
those figures indicates that the New South Wales Coast will experience: 
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 Between 90 and 100% of the global mean sea-level change brought about by 
melting of the Antarctic ice sheets; 

 Between 100 and 110% of the global mean sea-level change brought about by 
melting of the Greenland ice sheets; and 

 Between 110 and 120% of the global sea level-change brought about by the 
melting of a series of glaciers and small ice sheets, as tabulated by Meier, 
(1984). 

Great uncertainty still exists over the expected relative contribution and mechanics of 
these sources of meltwater. Depending on the relative contribution of the Antarctic Ice 
sheet, which has a volume and surface area an order of magnitude greater than that of 
the Greenland Ice Sheet, the regional impact in New South Wales could be either 
positive or negative, relative to the global mean. 

For the simulations presented below, no allowance has been made for gravitational 
effects. 

 

5.7.3 Regional variation due to vertical land movement 
Assessment of values provided in the Peltier Glacial Isostatic Adjustment (GIA) data 
sets made available by the Permanent Service for Mean Sea Level (PSMSL 2012) 
indicates that relative land surface level changes of less than 1 cm are expected over 
the next 100 years in Sydney. This is generally consistent with overall geological 
stability of Australia (Johnson 2009), although preliminary analysis of tidal records by 
Watson (2011) implies that vertical movements of land may account for differences 
between gauge records. The simulations presented herein ignore any effects of glacial 
isostatic adjustment as they are insignificant when compared to the expected changes 
resulting from thermal expansion and melting ice. 

 

5.8 Bringing it all together – The JPM – PCR approach 
Software which undertakes the sequences of computations has been developed. There 
are three main components (JPM, RunSWANFlex & PCR), designed to be run 
separately but in ways which enable easy integration of the results from each step. 
 

 JPM ‘Joint Probability Model’: This software examines the storm data, extracted 
separately from existing records and determines the Generalised Pareto 
distributions of storm wave height, duration and tidal anomaly (surge). The 
software also determines the alpha parameters for the joint probability 
distributions.   

 Using careful site specific analyses, and the methods outlined in Section 3, 
relationships can be derived for wave direction, wave period and inter-storm 
period.  These analyses are required to complete the stochastic 
characterisation of storms required for input to the PCR. 

 RunSWANFlex: This software is a ‘meta-software’ framework for controlling the 
execution of numerous wave model simulations (based around the spectral 
wave model SWAN) with the purpose of obtaining transfer arrays that enable 
the conversion of offshore wave conditions to equivalent nearshore conditions. 
Multiple, nested model grids are seamlessly integrated. 

 PCR ‘Probabilistic Coastline Recession’: This software uses the distributions 
prepared during pre-processing and stochastically generates time series of 
storms and the gaps between them. These time series are then taken in turn 
with the storm conditions transferred onshore using the wave transformation 
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information and an assumption of parallel contours and linear wave theory to 
define the surf zone wave parameter required to model storm erosion of the 
beach. During the gaps between storms, beach recovery is also calculated and 
a time series of shoreline location is output. The internal workings of the PCR 
are shown on 

 
 

 Figure 36. 
 If bootstrapping is implemented to determine confidence intervals, then aspects 

of the JPM are run interactively within the PCR, to regenerate probability 
distributions simultaneously. 

 

 
 
Figure 36. The calculations undertaken by the PCR. The primary functions of the 
PCR are (1) to randomly generate time series of storms and the gaps between 
them from pre-determined distributions of Peak Significant Wave Height (H), 
Storm Duration (D), Storm Wave Period (T), Storm Surge Anomaly (R), Wave 
Direction (Dir) and spacing between storms (dt), Perform the transfer of offshore 
wave conditions to the nearshore, using a predetermined transfer array and 
linear wave theory to estimate a time series of breaking wave heights associated 
with each storm. (3) Calculate erosion during the storm using a profile model and 
subsequent recovery during the inter-storm periods).  
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6 ECONOMIC MODELLING  

6.1 Risk appraisal 
Land-use and development in coastal zones can put lives and livelihoods at risk. Yet 
developing coastal zones also brings benefits. Evaluating the acceptability of risks is 
thereby a balancing act. A ‘zero risk’-policy would often have severe economic 
consequences. Similarly, the absence of government policy would often lead to risks 
that are deemed unacceptable. 

Which risks ought to be considered (un)acceptable is ultimately a personal matter. 
People’s risk appetites may differ, as well as people’s values and beliefs. While it is 
impossible to scientifically determine which risks ought to be acceptable to all, science 
can inform political debates about the acceptability of risks by providing insight into 
probabilities and consequences, and by highlighting important decision variables. 

There are instances in which governments have established criteria for evaluating the 
acceptability of risks. From such acceptable risk-criteria, we can derive acceptable 
probabilities of failure or target reliabilities. When it comes to coastal zone 
management, the acceptability probability of failure could be interpreted as the 
probability of damage, which equals to the exceedance probability of the setback line.  

Below, we discuss three widely used types of criteria for evaluating the risks related to 
floods in general. The remainder of this section focuses on setback lines and only 
deals with the economic criterion.  

 

6.1.1 Economic criteria 
Economically optimal protection levels can be obtained from cost-benefit analyses. In 
such analyses, flood risk is typically defined as (valued at) the expected value of 
economic damage (which is the actuarially fair insurance premium). The economically 
optimal reliability of a flood protection system can be found by equating marginal costs 
with marginal benefits, or by minimising the sum of the present value of the cost of 
strengthening flood defences and the present value of the economic risk (see e.g. Van 
Dantzig 1956). This optimisation procedure is shown schematically in Figure 37 

 
Figure 37. The optimisation of a system’s reliability: total cost equals the cost of 
seawall heightening plus the present value of expected loss (assuming 
stationary conditions: no sea-level rise, land subsidence, economic growth or 
other types of time dependencies). 



 

Approaches to risk assessment on Australian coasts  97 

 

6.1.2 Individual risk criteria 
Individual risk criteria are reference levels for evaluating individual exposures. These 
are often defined as a maximum allowable probability of death. The stringency of 
individual risk criteria is often related to considerations regarding the voluntariness of 
exposure, and the degree to which an exposed person benefits from the hazardous 
activity (e.g. Vrijling et al. 1998). 

In the field of flood safety, individual risk maps are often used to identify the areas 
where individual risks are highest. When individual risks are judged to be 
unacceptable, i.e. when they exceed an individual risk criterion, they could be reduced 
by increasing the system’s reliability, reducing people’s vulnerability and/or by 
improving the opportunities for evacuation.  

 

6.1.3 Societal risk criteria 
Societal risk criteria deal with population-wide risks, rather than individual exposures. 
These criteria come in a variety of forms, ranging from simple expected values to 
probability weighted sums of non-linearly valued outcomes to implement some degree 
of risk aversion (e.g. Jonkman et al. 2003). A common criterion to evaluate societal 
risks is the FN-criterion. An FN-curve shows the exceedance probabilities (F) of 
different numbers of fatalities (N), plotted on a double log scale. The FN-curve should 
not cross the criterion line, see Figure 38. 
 

 

Figure 38. The defining characteristics of an FN-criterium (Jongejan et al. 2010). 
 

As shown by Figure 38, an FN-criterion is defined by three variables: (i) its base point 
(the exceedance frequency of one fatality), (ii) its slope, and (iii) its frequency and/or 
consequence cut-off (Jongejan 2008). Most FN-criteria have slopes between -1 and -2 
(Ball and Floyd 1998). A horizontal FN-criterion would limit the cumulative frequency of 
accidents, regardless of accident size. A vertical FN-criterion would limit accident size, 
regardless of accident frequency. Slopes smaller than -1 reflect aversion to larger 
accidents. To substantiate such aversion, one could argue that larger accidents 
increasingly affect the ability of a community to function, both socially and economically 
(e.g. Stallen et al. 1996). Also, psychometric studies have shown that people’s risk 
perceptions are strongly influenced by ‘dread’, or catastrophic potential (e.g. Slovic 
1987). 
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6.2 An economic perspective on setback lines 
Establishing setback lines (implementing buffer zones) is a means to mitigate risks in 
coastal zones. Foregoing land-use opportunities in coastal regions is costly, but so is 
damage caused by erosion. Defining appropriate setback lines is therefore a balancing 
act, with the cost of risk bearing on the one hand, and the cost of land-use 
opportunities forgone on the other.  

In the absence of market imperfections, resources would be allocated efficiently by 
individuals and firms if they were left entirely to their own devices. From an economic 
perspective, there would then be little reason for government intervention, such as the 
implementation of buffer zones: buffer zones would naturally arise.  

In practice, explicit or implicit government guarantees (e.g. disaster funds, subsidised 
insurance schemes) and lack of knowledge about erosion risks may lead to over-
investment in coastal regions. The government could stem such over-investment 
through the introduction of a compulsory insurance scheme, with premiums that reflect 
the probability of damage due to storm erosion. In case of efficiently priced insurance 
coverage, there would be little need for the implementation of setback lines as the cost 
of risk bearing would be factored into the investment decisions of individuals and firms. 
But when the government is unable to place the financial burden for (insurance 
against) storm erosion losses on those at risk, it could implement a zoning policy to 
avoid excessive risk-taking (unless such a policy would in itself be prohibitively costly).  

Herein, it is assumed that those that suffer damage from storm erosion are 
compensated by a third party (government, charity or other), that is unable to collect a 
premium for its explicit or implicit guarantee. Under these conditions, a zoning policy 
could contribute to an efficient allocation of resources, rather than create distortions of 
its own. 

The efficient position of a setback line (or: the optimal balance between risk and 
reward) can be found by analysing the would-be behaviour of rational, profit-seeking 
individuals in a world without market imperfections. For reasons of simplicity, we 
assume investments can be broken down into infinitesimally small geographical units, 
each with their own returns on investment. We follow a cash-flow approach (no 
depreciation), in which each investment is followed by a constant stream of net cash-
inflows: 

)x(r)x(I)x(c  
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Where c(x) = net cash inflow per m2 at distance x from the coastline [$/m2/yr]; I(x) = 
initial investment per m2 at distance x from the coastline [$/m2]; r(x) = rate of return at 
distance x from the coastline, defined as a percentage of the initial investment [yr-1]. 

The closer a property is to shore, the greater the probability it will be damaged by 
erosion. An investor will invest up to the point where the cost of risk bearing starts to 
outweigh reward. The cost of risk bearing equals the expected value of damage when 
efficient mechanisms for risk transfer are in place (e.g. insurance arrangements, 
disaster funds): the expected value is the actuarially fair insurance premium for 
unsystemic risks. The next section deals with the quantification of risk in greater detail. 

 

6.3 Economic risk quantification 
The computation of the economic risk along a cross-shore profile for a particular year 
requires the following inputs (Vrijling et al. 2002; Jongejan et al. 2011): 
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Damage probabilities for every x-coordinate (x is defined relative to the coastline at 
0t ; 0t  corresponds to 1990) 

Value at risk estimates for every x-coordinate 

The annual probability of damage due to setback at a distance x from the coastline 
equals the annual probability that setback exceeds x: 
 

x

-
XX dx)x(f(x)F-1=P(x) 1  

64 

where P(x) = probability of damage at distance x from the coastline [yr-1]; FX(x) = 
cumulative probability density function of the stochastic maximum amount of setback X 
in a period of one year;  fX(x) = probability density function. Note that the modelling 
approach rests on the assumption that damage is only caused by coastal erosion. The 
effects of e.g. wave impacts beyond the erosion contour are ignored.  

A value density function shows the distribution of value at risk for the cross-shore 
profile. While value at risk is often uncertain, the uncertainties related to value at risk 
are ignored at present. This simplification is acceptable given the fact that these 
uncertainties have relatively little influence on the eventual position of the 
optimal/efficient setback line for land-use planning, as can easily be shown by 
sensitivity analyses.  

For every x-coordinate, the annual expected value of damage per m2 (a density) can be 
obtained by multiplying the annual probability of damage with the value at risk: 
 

)x(q)x(P)x(qE
 65 

where E(.) = expected value of (.); q(x) = value density at x [$/m2]. The annual expected 
value of damage for an entire cross-shore profile can now be computed by taking the 
integral over x:  

dx)x(q)x(PqE
0  
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The procedure is shown schematically in Figure 39. 

Figure 39 

Safety zoning will impact the economic risk per m2 as well as the economic risk for an 
entire cross-shore profile (Figure 40). The efficiency of setback lines for land-use 
planning can thus be evaluated on the basis of the total economic risk for a cross-shore 
profile, or (under the condition that v(x) is non-increasing with x) on the basis of the 
economic risk at the position of the projected setback line.  
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Figure 39. Economic risk density as a function of x. 
 

 
 

Figure 40. Economic risk as a function of x, had a setback line been implemented 
at location x*. 
 

The above can also be done in terms of present values. A present value is today’s 
value of a future stream of cash-flows. Present values are needed for evaluating the 
balance between risk and return when the annual risk (or return) changes over time.  

 

6.4 Balancing risk and return 
6.4.1 Efficient setback lines under stationary conditions 
Here, stationary refers to the fact that exceedance probabilities are the same from year 
to year. In such a case, the net present value of an investment at a specific distance x 
from the coastline equals: 
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where NPV(x) = Net present value per m2 at distance x from the coastline [$/m2]; r(x) = 
rate of return at distance x from the coastline [yr-1]; I(x) = initial investment per m2 at 
distance x from the coastline [$/m2]; P(x) = loss probability at distance x from the 
coastline [yr-1];  = discount rate [yr-1]; t = time [yr]. 

As long as the net present value is positive, the investment outperforms alternative 
investments with a similar risk profile (here, risk refers to market risk, not storm erosion 
risk). When it equals zero, an investor will be indifferent to the investment in the coastal 
zone or the alternative investment. When it is negative, an investor will (should) not 
invest in the coastal zone. The net present value is negative when: 
 

)x(Idte)x(I)x(Pdte)x(I)x(r tt
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or: 

)x(P)x(r  
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Hence, without market imperfections, no rational investor would invest in the zone 
between the coastline and the setback line with an exceedance probability that equals 
the difference between the rate of return on investment and the cost of capital. This 
result implies that a buffer zone should be implemented up to the point where the 
difference between the rate of return on investment and the opportunity cost of capital 
(discount rate) equals the probability of damage. If the investments in a coastal zone 
yield a constant 2.5% rate of return in excess of the rate of return offered by similar 
investments at inland locations (r(x)- =0.025 per year), the exceedance probability of 
the setback line that marks the contour of the buffer zone should equal 0.025 per year.  

 

6.4.2 Efficient setback lines under non-stationary conditions 
The probability that the setback exceeds a particular x-coordinate might change over 
time due to long-term trends in coastline evolution and forcing (see  
Figure 2). This could represent the case where there is a long-term net recession of the 
shoreline because of a negative overall sediment budget, or the retreat of a shoreline 
due to sea-level rise. As an example, Figure 41 shows the evolution of the annual 
exceedance probabilities for Narrabeen Beach in case of sea-level rise for profile 4 
(results are similar for other profiles). 
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Figure 41. The probability that coastal setback exceeds a particular x-coordinate 
at profile 4 on Narrabeen beach in years t = 25 yr, t = 50 yr, t = 75 yr, and t = 100 yr 
(corresponding to the year 2015, 2040, 2065, and 2090). Sea-level rise was 
assumed to be strong and deterministic. 
 

For reasons of simplicity, Jongejan et al. (2011) only considered exponential changes 
in damage probabilities. The validity of this simplification will be discussed in section 
7.5. When damage probabilities increase exponentially over time, they increase 
annually by the same factor, until damage is certain (P(x,t)=1): 
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where P0(x) = probability of damage at distance x from the coastline at time t=0 [yr-1]; a 
= rate of increase [yr-1]; t = time [yr]. It should be noted that our modelling approach 
does not preclude us from using a-values that are dependent on x. One could easily 
calculate net present values for different values of x, assuming different values of a(x). 
However, because this refinement will have a negligible impact on the ultimate position 
of the optimal setback line, this is left aside here. 

When probabilities of damage increase over time, the cost of risk bearing (expected 
damage) do the same. The expected value of damage will start to exceed the annual 
return on investment at position x, when: 
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Note that T* will be a function of both long-term forcing (e.g. sea-level rise) and 
morphological evolution. Cash flows after T* will be discarded hereafter. The net 
present value of an investment per m2 at some distance x from today's coastline thus 
equals: 

dte)x(I)t,x(P)x(Idte)x(I)x(r)x(NPV t
*T*T
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where NPV(x) = Net present value per m2 at distance x from the coastline [$/m2]; r(x) = 
rate of return on investment at distance x from the coastline [yr-1]; I(x) = initial 
investment per m2 at distance x from the coastline [$/m2]; P(x,t) = probability of damage 
at distance x from the coastline at time t [yr-1];  = discount rate [yr-1]; t = time [yr]; T* = 
expected economic lifetime [yr]. 

When r(x)·I(x) is non-increasing with x, the optimal position of the setback line (x*) is 
found where NPV(x)=0. This is because, for x>x* NPV(x)>0, while NPV(x)<0 for x<x*. 
While an analytical solution is not easily obtained, a numerical computation will quickly 
yield x*. 

This technique forms the basis for the Probabilistic Coastal Setback Line (PCSL) 
model, described by Jongejan et al. (2011) and used in the Narrabeen case study in 
Section 7.5. 
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7 NARRABEEN CASE STUDY 

7.1 Study site background 
Narrabeen Beach is the longest sandy system in the embayed Sydney region with a 
length of 3.6 km long and is located 20 km north of the city’s harbour (Figure 42 and 
Figure 43). This beach is also known as Narrabeen-Collaroy Beach, with Narrabeen to 
the north and Collaroy to the south. These east facing beaches front a prograded 
barrier with a tidal inlet at the northern end that maintains a well-developed flood tide 
delta (Figure 43). This inlet leads to a back barrier estuary behind the northern portion 
of the barrier, while a small lagoon is located at the southern portion of the barrier that 
intermittently opens and closes (Morris and Turner 2010). This compartment is a 
relatively closed system bound in the north by Narrabeen Headland and to the south by 
the prominent headland known as Long Reef Point. Rip cells are a common feature 
along this beach with the type and spacing varying with wave conditions and are 
drivers of offshore sediment transport during increased energy events (Short 1985).  

Narrabeen is microtidal (mean spring tidal range < 2 m), semidiurnal and has only 
minor tidal anomalies due to surge processes (Harley et al. 2011). The coastline of this 
region is classified as wave-dominated (Short 2007). The wave climate at Narrabeen is 
predominantly moderate, to occasionally high-energy (average Hs and Tp = 1.6 m and 
10 s, respectively), with east coast swell waves propagated from mid-latitude cyclones 
to the south of Australia (Davies 1980). The dominance of these swell waves is 
illustrated with approximately 50% of all waves coming from the southerly and south-
southeasterly direction (Harley et al. 2011). The wave climate is examined in detail in 
section 7.2.2. Collaroy is at the southern end of Narrabeen and as such is partially 
sheltered from the dominant southeast waves. Harley et al., (2011) indicate a degree of 
seasonality in the Sydney wave climate with the austral winter showing dominance of 
southerly waves, enhanced as mid-latitude cyclone tracks move northward (i.e., toward 
Sydney). While in austral summer a greater influence of waves from the easterly 
sectors is observed, as both mid-latitude cyclone tracks move away from Sydney and 
local sea breezes and tropical cyclones become prominent.  

The entire beach is composed of uniform sediments of fine to medium quartz sand 
(D50  0.3 mm) with approximately 30% carbonate fraction (Short 2007). Narrabeen-
Collaroy Beach is considered a closed system with sediment mainly contained within 
the embayment. Typical beach gradients for the intertidal are 0.12 and 0.02 for the 
nearshore zone (Harley et al. 2011). Nine survey lines were established by Andy Short 
along the beach in April 1976 and five of those cross-shore profile lines have been 
surveyed monthly up to April 2010, amounting to a total of 376 surveys. All profile line 
surveys are measured at 10 m cross-shore intervals from fixed benchmarks at the back 
of the beach and continue until the profile intersects with mean sea level (MSL). 
Surveys were usually undertaken at low tide to permit the survey lines to extend as far 
into the surf zone as possible. In addition to these historical profile-line surveys, since 
the mid 2000s two new survey methodologies have been undertaken at Narrabeen. 
First, an ARGUS (Holman and Stanley 2007) coastal imaging station has been 
operating at the southern end of the beach since August 2004 in order to capture high 
frequency (hourly) coastal variability (Harley et al. 2011). Second, three-dimensional 
RTK-GPS surveys of the entire subaerial beach (resolution = 1 m cross-shore x 4 m 
alongshore) have been performed since July 2005 at the same monthly intervals as the 
historical profile-line surveys (Harley et al. 2011).  
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Figure 42. Left is Narrabeen-Collaroy Beach with respect to the Sydney coastline 
and the location of the Sydney waverider buoy. Right is an aerial photograph of 
Narrabeen Beach and Collaroy Beach. 

 
Figure 43. Quaternary mapping of the Narrabeen-Collaroy Beach compartment, 
based on the most recent Geoscience Australia Quaternary mapping of the 
metropolitan region of NSW. 
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Figure 44. Oblique photographs of Narrabeen and Collaroy Beach taken on 
March 19th, 2012. a) Northern Narrabeen Beach looking south. b) Northern 
Narrabeen Beach looking north. c) Central Narrabeen Beach looking south. d) 
Central Narrabeen beach looking north. e) Collaroy beach looking south. f) 
Collaroy beach looking north.  

Narrabeen Beach is one of the most studied beaches in Australia. It has a long history 
of storm damage and coastal erosion; major storms in 1920, 1945, 1967, 1974 and 
2007 caused severe dune cut-back and damage to property Figure 45 (Hoffman and 
Hibbert 1987). In terms of damage to property: ‘The problem stems from the fact that 
the initial subdivision was too close to the beach with properties extending into the 
active beach zone’ (NLA 1988). It is a widely used recreational beach with four surf life 
saving clubs and is popular for its iconic surf breaks. Private development and public 
assets at Narrabeen are located in areas that at risk from coastal erosion at present. 
These developments and assets are only able to remain without damage due to 
protective works that have been undertaken, or deep foundations. 
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Figure 45. a) Collaroy Beach front following the great storm of 1920, with the surf 
club visible in the background (Faviell Collection). b) Damage to houses between 
Fielding Street and Jenkins Street, Collaroy (The Sydney Morning Auditor, 14 
June 1945). c) Exposure of ‘Flight Deck’ foundation as a result of 1967 storms. d) 
Circa 1969-1974 South Narrabeen (Courtesy of Don Champion 1194 Pittwater 
Road, Narrabeen). e) Circa 1969-1974 South Narrabeen (Courtesy of Don 
Champion 1194 Pittwater Road, Narrabeen). f) Photo of Collaroy Beach in April 
1995 (photo courtesy of Daylan Cameron, Warringah Council). 

 

GPR collected across north, south and central portions of Narrabeen barrier all 
recorded evidence of the 1974 storm in the seaward-most portion of the profiles. 
Strong low-angle radar reflections record the post-storm flattened lower-beachface that 
terminates landward in a series of hyperbolic reflections, interpreted as signal 
diffractions from a buried seawall (Figure 45) in the south and central transects (Figure 
46bc). Post-storm recovery deposits are recorded, first with the higher angle berm 
deposits and then the dune facies (Figure 46c). This geophysical signature of post-
storm beachface and recovery was identified at least four times within the landward 
stratigraphy of Narrabeen Barrier (Figure 46b); with the potential of one more that may 
be obscured by signal interference crossing Ocean Road. While the morphology of the 
barrier has been leveled during development, four filled shallow swales are identified 
within the GPR which are interpreted as recording the original dune morphology pre-
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construction. Utilizing pre-existing stratigraphic data from Narrabeen (Roy and Lean 
1980) and the stacked GPR records collected for this study, an idealized three-
dimensional morphostratigraphic model of Narrabeen was constructed (Figure 47d). 
This model indicates an evolution where the progradation between 7 000 and 3 000 
years was punctuated by at least five major erosional events. Further research is 
necessary to determine the frequency and intensity of these events. 
 

 
 

Figure 46. Representative GPR data from Narrabeen. This central transect was 
collected along Albert Street (a). The raw data from the entire transect line (b) 
shows displays 5 paleo-storm beachfaces highlighted in red and subsequent 
berm accretion in yellow. The processed sections of the GPR (c) detail these 
beach and berm features as well as those of the dune (brown) and seawall 
(black). 
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Figure 47. Existing stratigraphic data (a, b and c) from Roy and Lean (1980) was 
augmented with the GPR profiles to construct a detailed morphostratigraphic 
model of Narrabeen barrier (d). 

7.2 Engineering models JPM – PCR 
7.2.1 Available data record and identification of storms 
The primary directional wave recorder for Sydney is typically located around 10 km 
offshore of Long Reef, the southern headland of the Narrabeen-Collaroy embayment. 
The wave buoy is operated by Manly Hydraulic Laboratory on behalf of the NSW 
Department of Natural Resources. Historically, measurements have been captured in 
water depths of 80 - 90 m. The buoy has been operational since 1987. Data were 
analysed from the period 1992 through 2006. Valid data were available for 83% of this 
period, with missing data interpolated where appropriate. A non-directional wave 
recorder has been operating offshore of the entrance to Botany Bay in around 75 m 
water depth since 1971. Data from this record was provided by the Sydney Ports 
Corporation. The storm peak Hs values were compared for both sites, and the longer 
(Botany Bay) record gap-filled, where possible, using data from the Long Reef 
recorder.  

Storms were identified using the 3.0 m Hs threshold value (Lord and Kulmar 2000; 
Kulmar et al. 2005) and a duration of >1 hour. In total 701 wave events were identified, 
representing an average of 20 events per year over the 35 years of available 
measurement. Data for Wave Height (H), Storm Duration (D), Wave Period (T) and 
gap between storms (dt) were derived. Meteorological records were reviewed to 
identify any storms that could be merged on the basis that they were caused by the 
same meteorological event. 

Significantly, the Botany Bay wave recorder was not operating during the important 
storms of May and June, 1974. In this instance the information provided in Foster et al 
(1975) was used to estimate the storm parameters. As wave direction was not 
recorded at Botany Bay, the sample of storms for which wave direction (dir) data are 
available were limited to those storms captured by the Long Reef Recorder. Analysis of 
the Long Reef data showed that there was limited correlation between storm wave 
height and direction. 
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The tide level data were acquired from Fort Denison, inside Sydney Harbour at a 
location where wave set-up and run-up do not affect the water levels. The maximum 
tidal anomaly present during each storm (R) was subsequently extracted and linked to 
the corresponding values for H, D & T.  
 

7.2.2 Sydney’s wave climate 
Fitting extreme distributions should not be undertaken blindly. For this reason, the 
overall wave climate of Sydney and the meteorological phenomena that cause it have 
been examined and are described. 

From observations covering 20 years, Short and Trenaman (1992a) identified the 
following five main meteorological features responsible for the Sydney wave climate: 

 tropical cyclones; 
 east-coast cyclones; 
 mid-latitude cyclones; 
 anti-cyclonic highs; and 
 north-east sea breeze. 

They concluded that tropical, east-coast and mid-latitude cyclones (low pressure 
systems) are generally responsible for large waves whereas anti-cyclonic highs and 
northeast sea breeze are associated with low-to-moderate wind speeds and 
consequently low-to-moderate wave heights and tidal anomalies.  

The cyclonic systems generating large waves are generally located over 500 km away 
from Sydney (see figures 9, 10 11 in Short and Trenaman 1992b) (see figures 9, 10 & 
11 in Short and Trenaman 1992a) and typically between 1000 km to 1500 km away. 
Combined with the narrow continental shelf at Sydney, this suggests these systems are 
limited in their capacity to produce significant sea-level surges at Sydney. Figure 48 
shows the breakdown in weather systems generating waves at Sydney, indicating that 
tropical cyclones are not a significant component for the wave climate there. 

The east-coast cyclone (east-coast low) meteorological feature accounts for 
approximately 40% of the wave climate at Sydney (Short and Trenaman 1992b). These 
meteorological events generate waves locally; provide onshore winds and low 
atmospheric pressures near the coast, with the last two characteristics able to generate 
positive tidal anomalies. Hence, the correlation at extremes between wave conditions 
and tidal anomalies should be non-zero and of this order. 

Mid-latitude cyclones account for ca 46% of the wave climate. These systems are 
typically located several thousand kilometres from Sydney and hence do not produce 
conditions suitable to generate positive tidal anomalies. Consequently, we expect a 
weak correlation between storm R and Hs,max. 
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Figure 48. Weather systems generating waves along coast of NSW (after Short 
and Woodroffe 2009). 

 

7.2.3 Wave transformation 
Distribution fitting of peak storm wave height, storm duration and peak tidal anomaly at 
Sydney are provided in the Appendix. A multiple nest wave model was developed, as 
shown in Figure 49. In this instance, a suite of offshore wave conditions were 
propagated from offshore to the nearshore, utilising the open source spectral wave 
model SWAN, inside the RunSWANFlex simulation management framework. 

For the purpose of this study, results were extracted from the innermost grid at five 
shore normal transects, as defined by Short and Trembanis (2004). The five profiles 
and locations where offshore to nearshore transfer factors were calculated are shown 
on  
Figure 50.  

Following transfer using these factors, waves are further propagated to the wave 
breaking point during the simulation using the assumption of parallel contours and 
linear wave theory. The complexity of mid depth bathymetry in the vicinity of Profile 6 
led to the testing of two extraction locations (crosses on  
Figure 50) along this profile. Ultimately, the innermost location (bed elevation ~ -16.0 m 
AHD) was adopted for the simulations presented below. 

 

7.2.4 Narrabeen Beach profile data 
The beach profile measurements at Narrabeen Beach (Short and Trembanis 2004) 
conducted from 27 April 1976 until 2 March 2006 were used to assess model 
performance by comparing measured with predicted extreme erosion volumes. Profile 
4 ( 
Figure 50), located near the beach rotation fulcrum was selected because longshore 
erosion effects are minimal and the beach sand supply is plentiful.  
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Figure 49. Numerical grid used for estimating transfer functions from Long Reef 
wave buoy to Narrabeen Beach. The model consists of the outer model and three 
nested sub-models. The various grid origins and rotations are indicated via the 
x,y arrows. 
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Figure 50. Innermost Wave Grid, surrounding Narrabeen / Collaroy coastal 
embayment and indicating locations of shore normal profiles (locations 
estimated based on Short and Trembanis (2004)). Yellow Contours are at 20 m 
intervals. Yellow Crosses indicate locations where results were extracted from 
the wave model prior to transfer to the breaking point using the assumption of 
linear wave theory and parallel contours. 
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Two methods were used to estimate extreme storm erosion volume statistics at profile 
4. The first approach referred to as block averaging, uses the following procedure; for 
each 1.5 month period, starting at the first measurement, determine the average 
volume above MSL and bounded by the 2 m contour and profile origin (as per Figure 
51); 

 when required, interpolate missing values; 
 calculate volume change between each 1.5 month block; and 
 determine maximum value from step 3 in each 12 month period. 

The Narrabeen Beach profile sampling interval varies from between two days through 
to 124 days with 85% being less than 1.5 months apart. Consequently, a block period 
of 1.5 months was chosen to ensure that most blocks will have at least one 
measurement in them. This block averaging procedure was undertaken as consecutive 
profile measurements typically encompass several wave events (average wave event 
spacing is 2.6 weeks compared to profile survey spacing of ca 5 weeks). Using this 
procedure is expected to introduce a bias. This bias may be minor if typically only one 
of the storms between profile measurements is very extreme. 
 

 
 
Figure 51. Beach volume change definition sketch after Hoffman and Hibbert 
(1987) for a) pre-storm, b) post-storm and c) beach volume change. 
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The second approach, referred to as consecutive volumes, uses Botany Bay wave 
measurements to identify the time that storms occurred. The erosion volume relevant 
to each individual storm was then obtained from the consecutive profiles bracketing the 
wave event or events. This method resulted in: 

 the identification of 268 erosion events (i.e., one or more storms occurred 
between consecutive profile measurements); 

 19 profile measurements were not included (these are the profiles associated 
with calm periods);  

 the average time gap between the pre-profile and the first wave event starting 
was 11 days; 

 the average time gap between the last wave event finishing and the post-profile 
was 10 days; and 

 the average time gap between consecutive profile measurements was 35 days.  

In order to handle multiple wave events between consecutive profiles, three correction 
methods were investigated. They are; (a) no correction; (b) dividing the erosion volume 
by the number of identified wave events between consecutive profile measurements; 
and (c) dividing the erosion volume by the effective number of wave events between 
consecutive profile measurements. The effective number of wave events was 
subjectively estimated using the following rules-of-thumb; if there was one or more big 
events compared to the others, count only the big events; otherwise remove small 
events compared to the remaining events; and if unclear, count all events. 

The return period of the volume changes are given by: 
 

1  for 100

1

RL
YT N

i N i
N Y
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for the ith largest event 1 ... ...i Nx x x , where TRL is return period in years, N is the 
number of events and Y is the measurement period in years. Figure 52 shows the 
erosion volumes against return period using both procedures. The block averaging 
procedure lies between the consecutive volumes procedure with no correction and 
correction based on the total number of storms between measurements. However, 
correcting the consecutive volumes procedure where it contains several wave events, 
by using the effective number of storms, yielded predictions similar to the block 
averaging procedure. 

It is concluded that both procedures have bias due to the large temporal interval 
between profile measurements that resulted in consecutive measurements bracketing 
more than one wave event. For the 30 largest consecutive volume changes at profile 4, 
20% have a single wave event compared to 26.7%, 13.3% and 30% having two, three 
or four wave events respectively between profile measurements. The remaining 10% 
have five or more wave events between consecutive measurements. Given the rarity of 
long-term measurements on beach profile changes suitable for estimating extreme 
statistics, we accept the shortcoming of this measurement set on the basis of 
quantitative consistency between the two procedures (  and  on Figure 52). 
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Figure 52. Beach erosion above MSL empirical estimates for Narrabeen Beach 
profile 4 (Short and Trembanis 2004) for the block averaging (gray) and 
consecutive volumes (black) procedure (after Callaghan et al. 2008). 

As previously mentioned, the Narrabeen Beach measurements cover approximately 30 
years. Hence, the estimations of extreme erosion statistics (Figure 52) are well 
predicted up to ca 7.5 years with subsequent predictions heavily affected by sampling 
error (i.e., the population is not well represented for return periods exceeding 
7.5 years). 
 

7.2.5 Model validation 
Using the distributions and wave transformation information described above, along 
with the Monte-Carlo simulation process described in Section 5 and coded into the 
PCR software, a 50,000 year simulation was executed. Through testing, 50,000 years 
was determined to be of sufficient length for the estimated values to converge. 

The Kriebel and Dean (1993) profile model was adopted with parameters A = 0.14 m , 
obtained from the measured medium sand grain diameter and using Dean and 
Dalrymple (2002), the beachface slope, m = 0.07 and dune height above mean sea 
level, B = 10 m, obtained from profile surveys. Figure 53 shows that the predictions 
from the proposed method were able to reproduce the quantitative behaviour of the 
measured extreme erosion values at Narrabeen Beach. This is remarkable in that the 
structural function used is an exceptionally simple erosion/accretion model. At this 
stage, the confidence limits on the erosion volumes have not been estimated. It is 
expected, however, that the confidence limits are wide for large return periods. For 
example, the wave height 95% confidence limits (see Figure 93) for the 100 year return 
period are a factor 0.87 and 1.4 of the predicted quantity. Similarly large confidence 
ranges exist for event duration and tidal anomaly. How these uncertainties combine is 
a complex matter. Nevertheless, it is expected that the confidence limits will exceed the 
ratio width determined for the peak wave height (Hs,max). 

A study by Reisenkamp (2011) involving use of the JPM-PCR approach and data from 
Narrabeen Beach investigated the impact of varying model complexity, comparing 
results from the application of SBeach, XBeach and the method of Larson et al (2004). 
It was shown that model complexity does impact on the expected values, but has a 
limited impact on the large estimated confidence intervals. Accordingly, inclusion of the 
more complex beach erosion models presently available does not improve the 
reliability of the probabilistic erosion methods. It is therefore reasoned that application 
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of simplified methods such as Larson et al (2004) are appropriate at the present time, 
particularly given their reduced computational demand. 
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Figure 53. The eroded sand volume above MSL at Narrabeen Beach from; profile 
measurements (  and  defined on Figure 52); and simulating 50,000 years 
to ensure convergent predictions (after Callaghan et al., 2008). 

 

7.2.6 The effect of sea-level rise 
The modelling framework provides a means for the examination of possible climate 
change impacts on shoreline recession. The simulations undertaken as described in 
both this and the following sections have been utilised further in the economic model 
described in Section 6. 

For these simulations, the profile erosion function used was that of Larson et al.(2004) 
and the simulations run were as follows: 

 A 110-year simulation was established, between 1990 and 2100 and the 
maximum erosion and resulting most landward shoreline or dune face location 
during each year recorded. The shoreline location was referenced to an 
‘average’ location based on a stationary climate (i.e. model was run with no 
perturbation of any input parameters, using the distributions derived from the 
available records). 

 The simulation was run 50,000 times, which provided 50,000 modelled 
realisations of the most landward extent for each of the 110 years. This number 
also provided for convergence of the 95% confidence limits when these 
numbers were treated as an empirical distribution. 

 Additional simulations were undertaken with various perturbations added to 
various aspects of the ocean climate. Sea-level rise is treated in this section, 
and modification of the wave climate in the following section. 

For examining sea-level rise, three scenarios are presented, a stationary climate based 
on the derived probability functions, a deterministic sea-level rise curve, based on the 
following equation: 

                    
9 4 5 3 2 28.14 10 1.89 10 2.23 10 0.36S t t t t t  

74 

with t in years since 1990 and S in centimetres, giving S = 0.92 m at 2100 (as per 
McInnes et al 2007), and a stochastically sampled sea-level rise trajectory, as 
described in Section 5.7. Resulting recession estimates are provided in Figure 54. 
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Figure 54. Estimates of recession for Profile 4 at Narrabeen Beach, at given times 
in the future, based on different methods of modelling sea-level rise. Note, the 
deterministic sea-level rise simulation returns expected recessions that are 
greater than the 95% exceedance level for the corresponding stochastic 
simulation.  

Of interest is that the deterministic sea-level rise simulation returns expected 
recessions that are greater than the 95% exceedance level for the corresponding 
stochastic simulation. This variation points to an important point for risk assessment. 
To assess risk, it is desirable to know the probability of a certain event arising. Based 
on these results, the deterministic trajectory, which is close to that commonly adopted 
in New South Wales, would have a very high exceedance level, considered in terms of 
the IPCC’s 2007 levels, although it is notable that the net impact appears minimal until 
well after 2050. 

 

7.2.7 The effect of climate change related wave climate variation 
The impact of variation to wave climate has also been assessed, based on the 
predictions of Hemer et al. (2010). The purpose of these simulations was to test 
sensitivity to those possible (as published) variations to storm wave direction and 
height, which may arise from climate change. Previous simulations had assumed that 
the wave climate remained stationary, and these ones assumed that the wave climate 
shifts over time (Figure 55). 

The method adopted for the most recent simulations was: 

 Determine the time series of storms parameters in exactly the same stochastic 
sampled way as for all previous simulations; 

 Adjust those storm parameters (post sampling) to represent a ‘deviation’ in both 
Hs and wave direction. 

The post sampling adjustment applied were: 
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 ‘Lower’ Impact: +8.1 degree (clockwise) rotation of storm wave climate & 
reduction of peak storm wave height by -0.60 m, (Peak Hs); and 

 ‘Higher’ Impact: -2.7 degree (counter clockwise) rotation of storm wave climate 
& increase in peak storm wave height by +0.13 m, (Peak Hs). 
 

The result of these two simulations, compared to a stationary and deterministic sea-
level rise scenarios are shown in Figure 55. 

The results show either a small increase (<1 m) or reduction of 3-4 m in simulated 
recession by 2100. These represent the extremities of the ranges reported by Hemer et 
al. (2010). The annual extremes in wave climate have a far greater impact on the 
efficient position of a setback line than sea-level rise. As sea-level rise is a relatively 
slow process, it manifests itself over long time horizons. When compared to the effects 
of expected sea-level rise, the effects of estimated maximum changes to ocean wave 
climate are small. 
 

 
 

Figure 55. Estimates of Recession for Profile 4 at Narrabeen Beach, at given 
times in the future, based on different perturbations of the wave climate. By 
2100, the ‘Lower’ impact includes an 8.1 degree clockwise rotation and -0.60 m 
reduction in Hs of the storm wave climate and, the ‘Higher’ impact includes a -2.7 
degree (i.e. anti-clockwise) rotation and an increase of 0.13 m in storm wave 
height. 

 

7.3 Mean-trend coastal change forecasts 
In this section the evaluation of separate components in the sediment budget relevant 
to mean-trend geomorphic change is evaluated, based mainly on geological evidence. 
Forecasts of coastal recession, R, probabilistic recession estimates with outputs from 
the JPM-PCR are examined. 
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7.3.1 Geological basis for sediment-budget estimates and forecast mean-
trend change 

Main data sources: Estimates for each component of the sediment budget relevant to 
mean-trend change (Section 4.9.3) were evaluated for Narrabeen based on geological 
data obtained from three site-specific previous field investigations: 
 Roy, P.S. and Lean, J., 1980. Narrabeen Lake Preliminary Results of Geological 

Investigations, NSW Geological Survey Report, Department of Mineral Resources, 
Sydney, 9 p.  

 Hudson, J.P., and Roy, P.S., 1989. Seabed mobility in south-eastern Australia – the 
Narrabeen Beach embayment. Coastal Studies Unit Report, NSW Geological 
Survey and University of Sydney, Sydney, 15 p. + appendices. 

 Gordon AD and Hoffman JG, 1989. Seabed Information, 1:25,000 Sheets: Sydney 
Heads, Broken Bay. Public Works Department of New South Wales, Coast and 
Rivers Branch, Sydney. 

The geological evidence was supplemented by evidence drawn from historical data in 
two previous hazard assessments: 
 PWD, 1987. Collaroy/Narrabeen beaches, coastal process hazard definition study. 

NSW Public Works Department Report No. 87040, Coastal Branch, Sydney, 2 
volumes. 157 p. + appendices 

 Patternson Britton, 1993, Collaroy/Narrabeen Beach Nourishment Investigations. 
Patterson Britton & Partners Pty Ltd, Sydney, 175 p. + appendices. 

 

Sediment cell delineation.  The Collaroy/Narrabeen coastal cell was delineated to 
analyse the sediment budget (Figure 56): with alongshore boundaries at Long Reef 
and Turimetta Headland. The landward boundary located at the inland limit of LiDAR 
data coverage and the offshore boundary was set in the proximity of 100 m water-
depths. 

 
 

Figure 56. Narrabeen Cell boundaries defined for analysis of sediment budgets 
and mean-trend forecast: alongshore boundaries were set at the headlands 
(yellow lines), the landward boundary was set at the limit of available LiDAR data 
(coverage shown in grey, supplied by Warringah Council) and the offshore limit 
was set at the 100 m water depth contour. (Google Earth Image, 2011.)  
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Forecast simulations: Monte Carlo simulations were undertaken numerically to solve 
Equation 13 for mean-trend beach, R, using triangular PDFs (Section 4.9.4) with 
parameter values derived from geological and historical data, as summarised below. 
Each set of simulations involved 10 000 repetitions, thus generating 10 000 estimates 
of R. 

Preliminary simulations were undertaken to calibrate (fine tune) solutions, through to a 
forecast range consistent with the coastal recession estimates reported from the 
photogrammetric analysis, which spanned 34 years from 1941-1986 (PWD 1987). The 
fine-tuning involved optimisation trials that exploited minor time-dependent variations in 
lower-shore geometry (documented below). The calibrated PDFs were then used to run 
two sets of forecast simulations: for 2050 and 2100. 

The 1974 erosion scarp was adopted for initial morphological conditions as the furthest 
landward location of the active beach during the available historical record: thus, 
eliminating effects of fluctuating change constituents (Section 2.1) from the simulations. 
Sea levels were projected from 1974 by adding the 20th century rate of 1.8 0.3 mm/yr 
(White et al. 2005) to AR4 2007 estimates modified in accordance with the NSW Sea 
Level Rise Policy Statement (NSW Government 2009b; NSW Government 2009a), 
which was withdrawn in September 2012. The alongshore-averaged beach-elevation 
data, derived from LiDAR, and the fitted upper shoreface were adjusted for a horizontal 
shift of the erosion nick point for the fitted beach to the alongshore-averaged position of 
the 1974 erosion scarp mapped in PWD (1987) from photogrammetry. Fitted beach 
elevations were also adjusted using pre- and post-storm surveys PWD (1987, p.109) 
as proxy data for beach elevations associated with maximum recorded erosion 1974 
(Figure 57). 
 

 
Figure 57. Surveys from PWD (1987) used as proxy data for the 1974 maximum 
erosion conditions in adjusting (by h) beach elevations derived from 
alongshore averaging of LiDAR data. 

 

The Monte Carlo simulations treated future sea-level projections as an uncertain 
variable treated stochastically using the procedure illustrated in Figure 36. That is, 
nothing prescriptive about future sea levels was imposed on the analysis, other than 
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the limits to the feasible range of possibilities indicated by DECCW (New South Wales 
Government 2009). This treatment is consistent with the NSW policy revision in 2012 to 
dispense with benchmarks for sea level-rise.  

The upper limits in feasible range of future sea levels adopted for the simulations refer 
to the former policy (New South Wales Government 2009; 2009b). The lower limits 
draw from the six minimum estimates listed in the IPCC AR4 related to the six emission 
scenarios. The modal sea-level estimate was set midway within the possible range to 
yield the set of parameters to define PDFs (Table 5). 

 

Table 5. Future sea-level increments (in metres) from 1990 levels applied as PDF 
parameter values, including increments from 1974, and during the period of 
relevant photogrammetric data used to evaluate historical beach changes (1941-
1986), taking into account White et al. (White et al. 2005) rates of average global 
rise during the 20th Century (1.8 0.3 mm/yr).  

 

 start 
year, t0 

end year, 
t 

N 
years 

lower 
limit 

mode upper 
limit 

DECCW & AR4 1990 2050   60 0.06 0.23 0.40 

DECCW & AR4 1990 2100 110 0.20 0.55 0.90 

photogrammetry 1941 1986   45 0.068 0.081 0.095 

calibration 
period 

1974 1986 12 0.018 0.022 0.025 

forecasts  1974 2050 76 0.078 0.252 0.425 

forecasts 1974 2100 126 0.218 0.572 0.925 

 

Sediment-budget estimates: Estimates for PDF parameters were derived for each 
component of the sediment budget relevant to mean change identified in Section 4.9.3. 
 
 Littoral supply (or loss).  

No clear sink or source geological evidence exists to evaluate net alongshore sediment 
transport into or out of the cell. Alongshelf transport beyond the prominent headland 
that defines the cell is possible with a likely net northward inner-shelf flux (Cowell 1986; 
Gordon and Hoffman 1986). to the north out of the cell. Water depths immediately 
seaward of the headland shoreline at the southern cell boundary are significantly 
greater than those at the northern boundary, and inner-shelf sand fields are more 
extensive north of the cell than to the south of it (Figure 58). The likelihood exists that 
along-shelf transport is responsible for a net alongshore loss of sand to the north. Such 
a loss would be consistent with tendencies indicated by estimates of net depletion rates 
for the sub-aerial beach reported in PWD (1987, p.102-3) derived from 
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photogrammetric analyses (1945 – 1986): ysV , = -2 000 m3/yr for the whole cell (i.e., 
combining PWD estimates for their Narrabeen/Collaroy- and Fishermans-Beach sub 
cells). Their range of estimates varies between –4 000 < Vs,y < 600 m3 per year. 

Patterson Britton (1993, p.14-15) infer from the PWD results that the total loss from the 
upper shoreface of the Collaroy/Narrabeen sub cell appears to be roughly –
4 000 < Vs.y < -5 000 m3/yr (i.e., not taking into account gains evident in the much 
smaller Fishermans Beach sub cell). They place confidence limits of  +/-100% on their 
Vs,y estimates which give a possible range, -10 000 < Vs.y < 0 m3/yr, but note that the 
lower limit is probably an over-estimate. 

To account for this uncertainty, Table 6 lists parameters, derived from the above 
considerations, for the triangular PDF applied in forecast simulations for net littoral 
supply, alongshore-averaged across the width of the cell (implied to be Ly = 3 333 m in 
Patterson Britton, 1993). 
 
 

 
 

Figure 58. Extent of reef outcrops on the shoreface (from Thom et al. 2010b, 
based on data in Gordon and Hoffman 1989). 
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Table 6. Littoral sediment-budget PDF parameters derived for application in 
forecast simulations.  Vs.y < 0 implies volumetric loss to the beach and shoreface 
in Equation 13.) 

  n yrs Vs.y Mini  
mum 

Mode Maxi  
mum 

photogrammetry 
mean 

annual  1 m3/m/y
r 

-3.0 0 0.5 

photogrammetry 
total 

1941-
1986 

45 m3/m -135 0 21 

calibration 
simulations 

1974-
1986 

12 m3/m -48 0 7 

forecast 
simulations 

1974-
2050 

76 m3/m -228 0 35 

forecast 
simulations 

1974-
2100 

126 m3/m -378 0 58 

 
 
 In situ net sediment production. 

The production rate of carbonate sands was estimated from the proportion of the 
carbonate fraction, kc, in the total late Holocene sand barrier (strandplain and wedge), 
VHol:   

HolcCO VkV 3  
75 

The proportion of biogenic carbonate sediments based on a review of comprehensive 
surface sampling undertaken by various researchers (PWD 1987) is in the range: 

 0.2 < kc < 0.4 for water depths 0  h  20 m 

 0.4 < kc < 0.9 for water depths 0  h  20 m 

 

Late Holocene sediment volumes (post 7 000 BP) were estimated from geological data 
reported by Roy and Lean (1980) along two sections (AA’ and BB’) across the 
strandplain and inner part of the prograded shoreface ( 

Table 8). In addition, the LiDAR data were alongshore averaged to obtain estimates of 
total progradational sediment volume in the Collaroy/Narrabeen barrier above mean 
sea level, not accounting for the transgressive sand volume evident beneath the inland 
side of the barrier in Roy and Lean (1980) sections. Table 7 summarises the results. 

The accumulation rates per year downscaled from the geological data are based on 
14C dates indicating that progradation commenced about 7 000 years ago (A.D. Short 
pers comm.) when sea level was probably still slowly rising toward the end of the post-
glacial marine transgression. Youngest dates of shell hash in samples beneath the 
frontal dune (beyond the reach of maximum erosion) are about 3 000 BP, indicating 
that progradation ceased sometime between then and now (taking into account the age 
shift due to shell-hash mixing referred to above).  

From these dates, it is reasonable to conclude that quartzose sand supply has ceased, 
but the minor component of the late Holocene supply comprising carbonate continues. 
Continued carbonate supply to the beach, where it is mixed in with older sand through 
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cyclical erosion and accretion is unlikely because production is favoured by the 
extensive presence of reef outcropping across the shoreface (Table 7). 

 
Table 7. Volumes of late Holocene sediment (7 000 BP to present) estimated from 
geological data ( 
Table 8) and LiDAR elevations expressed as alongshore averages (i.e., per m 
alongshore). 

Roy-Lean Transect AA’ BB’ Mean of 
AB 

LiDAR 

Total above MSL: m3/m 1,559 1,536  1,759 

Total below MSL: m3/m    945   744 844 (use 
av.AB) 

Total volume: m3/m 2,503 2,280  2,603 

Inferred production rate,

VHol: m3/m/yr 

0.36 0.33  0.37 

 
The range of estimated Holocene progradational volumes in Table 7 were combined 
with the range of proportional carbonate composition in sediments via Equation 75 to 
derive PDF parameters that characterise rates for in situ sediment production ( 

Table 8). 
 
Table 8. In situ (carbonate) sediment production rates, VCO3: PDF parameters. 
(VCO3 > 0 implies volumetric gain for the beach and shoreface in Equation 13.) 

  n 
yrs 

Vs.y Mini 
mum 

Mode Maxi
mum 

downscaled 
rate 

annual  1 m3/m
/yr 

0.07 0.11 0.15 

historic data 
period 

1941-
1986 

45 m3/m 3 5 7 

calibration 
simulations 

1874-
1990 

16 m3/m 1 2 2 

forecast 
simulations 

1874-
2050 

76 m3/m 6 8 11 

forecast 
simulations 

1874-
2100 

126 m3/m 9 14 19 

 
 Anthropogenic sediment supply. 

Beach nourishment and channel maintenance have occurred in the Narrabeen cell, 
and may be ongoing, subject to management decisions (PWD 1987; Patterson Britton 
1993). The beach nourishment to date has involved use of machinery to transfer sand 
from the flood tide delta within the tidal inlet located at the northern end of the cell ( 
Figure 59c). This sand involves a redistribution of sand within the cell rather than an 
external supply. In addition, sand artificially relocated from the tidal-delta borrow site 
appears to be returned by natural processes (Patterson Britton 1993). In principle, 
therefore, the artificial nourishment of the beach becomes part of the fluctuating 
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constituent in coastal change, and is thus not relevant to the sediment budgets 
affecting mean change. 

The effects of dredging within the downstream part of the Narrabeen Lagoon estuary is 
likely to have caused a long-term increase in backbarrier accommodation for beach 
sand, especially if dredge spoil has been placed on land adjoining the estuary. In 
principle, the effect on coastal recession could be captured in Equation 13 through h(t) 
via W* in Figure 33. If the kinematics are limited enough that negligible reworking of 
flood-tide delta deposits through shoreface recession can be assumed, then the effects 
of dredging can be included with losses to the flood-tide delta. 
 

 

 
 
Figure 59. Stratigraphic sections through the Narrabeen barrier (from Roy and 
Lean  1980): red and blue units denote progodational Holocene sands 

 
 Exchanges with coastal inlets:  

Sand loss from the beach to flood tide delta seems likely, given the principles outlined 
in Section 4.9.3 and the reported historical sand loss to Narrabeen flood tide delta at a 
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rate of 6 500 m3/yr (Patterson Britton 1993, p.20). The reported rates are, at least in 
part, probably a response to the use of the tidal delta as a borrow site for beach 
replenishment and to maintain hydraulic conductivity between the ocean and estuary. 
The historical tendencies do, however, make it more likely than not that additional 
sequestration of beach sand by the inlet will occur due its increased accommodation 
potential resulting from sea-level rise. 

Following the rudimentary principles referred to in Section 4.9.3 based on Eysink’s 
(1991) work, the increase in accommodation due to a sea-level rise, S, might lead to a 
sequestration of sand volumes, Vftd,, by the flood-tide delta, the effect of which can be 
expected to be transferred throughout the whole cell over the long term through the 
sediment budget:  

y

ftd
ftd L

A
SV

 
76 

where Aftd is the surface area of the flood tide delta and Ly is the width of the 
Narrabeen cell (Figure 33). Equation 76 is a first approximation and does not take into 
account the possibility of upstream extension of the flood tide delta in addition to 
aggradation of its surface. Upstream extension is evident even under conditions of sea-
level still stand (Figure 23b). 

 

Table 9. Flood tide delta sequestration, Vftd PDF parameters related to 
corresponding minima, modes, and maxima for sea-level rise (SLR) and applied 
in simulations via Equation 76. (Vftd < 0 implies volumetric loss from the beach 
and shoreface in Equation 13.) 

  n yrs Vftd mini 
mum 

mode maxi 
mum 

rate per unit sea 
level 

  m3/m -60.2 -31.1 0 

historic data 
period 

1941-
1986 

45 m3/m -6 -2 0 

calibration 
simulations 

1874-
1990 

16 m3/m 1 2 0 

forecast 
simulations 

1874-
2050 

76 m3/m 6 8 0 

forecast 
simulations 

1874-
2100 

126 m3/m 9 14 0 

 

In the absence of more detailed field data (dated stratigraphic records or long-term 
sand-tracer studies), the area of at least weakly flood-tide delta sand exchanges were 
delineated in relation to shallow areas of bare sand visible in aerial images ( 
Figure 60): Aftd = 2.687x103 m2. From Equation 76, PDF parameters are inversely 
related to sea levels: sampled values for sea level and Aftd were therefore based on 
complement random numbers generated in each repetition for these two variables 
during simulations. The maximum limit was set to zero to cover the possibility that the 
sequestration process cannot be validated when subject to formal quantitative scrutiny 
or that sequestration will be prevented by civil intervention. 
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Figure 60. Flood tide delta extent delineated within the tidal inlet at Narrabeen ( 
Figure 59c) in relation to long-term (multi-decadal) sequestration of beach and 
shoreface sand based on criteria referred to in the text. (Image: Google Earth 
2011.) 

 
 Sand losses to dunes. 

The depositional volume readily measured above mean sea level not only records the 
late Holocene rate of sand supply (Section 4.9.2). It also provides a basis to estimate 
the rate at which sand is transferred from the beach into the dune field: i.e., a 
component of sand loss from the beach (Section 4.9.3). 

Because the Holocene dune field at Narrabeen is part of a strandplain comprising 
foredune ridges, the visual evidence for sand-loss to the dune field (Figure 61) is not as 
striking as in the case that is shown in Figure 16. Nevertheless, the aeolian 
superstructure of the strandplain lies well above beach elevations: the mean elevation 
computed from the LiDAR data coverage (Figure 56) is 5.8 m; because the coverage 
includes the beach, the mean dune field elevation is higher. The dune field necessarily 
formed through bypassing of sand from the beach. 

The volume of sand bypassed from the beach to the dune field is therefore bounded by 
the dune surface above and the prograded beach deposits below. Although there are 
reports of wave overtopping levels reaching as high as 4 – 7 m AHD (PWD 1987, 
Appendix E), survey data indicate that elevation of the beach ranges up to at least 
hb = 3.5 m AHD at berm crests (Figure 57). These elevations are more consistent with 
the design water levels, including wave setup, for which estimates range from 2.5 – 
2.8 m from Fishermans Beach in the south to the northern end of the cell (PWD 1987, 
vol.2, p.23). 
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The LiDAR data, therefore, were used to compute estimates for the alongshore-
averaged rate of sand loss to dunes, Vs,d through the progradational period (Tprog): 

 

yprog

dbd
ds LT

hhAV ,  

77 

where Ad is the area of LiDAR coverage cropped to the Holocene dune-field, hd is the 
dune elevation, with an indicative elevation for beach deposits of hb = 3.5 m AHD, and 
Tprog = 7000 yrs  
 

 
 
Figure 61. Foredune, beach and tidal inlet viewed south from northern headland 
at Narrabeen (Photograph by Peter Cowell). 

Equation 77 provides an estimate of sand loss to dunes based on geological evidence 
under progradational conditions. If transgressive conditions ensue in future, then these 
transfer rates would imply development of higher frontal dunes or their landward 
migration, typically associated with persistent destabilisation of the frontal dune due to 
persistent beach erosion (Short and Hesp 1982), instead of the progradational fill that 
has occurred in the past. 

Alternatively, in settings with such intensive civil development as exists in the 
Narrabeen cell, artificial management of dune growth and rollback is likely through use 
of machinery to scrape aeolian sand back onto the beach. However, attempts to 
maintain artificially vegetated foredunes will physically impede such remedial action, so 
the likelihood is that scraping will promote aggradation of foredunes through natural 
supply from the beach and artificial return of sand blown inland. Ongoing landward 
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migration of dunes at Narrabeen is only likely if planned (or unplanned) retreat is forced 
upon coastal managers in the case of unmanageable coastal recession. 

The remote possibility that the beach is managed in future so that all sand lost to dunes 
is returned artificially to the beach was taken into account by assigning Vs,d = 0 to the 
upper limit for PDF parameter values characterising future sand loss to dunes ( 

Table 10). Greater weight was given to the likelihood that geological rates will continue 
to apply: the skewed weighting is applied by assigning the geologically derived loss 
rate to both the minimum and modal parameter values. 
 
Table 10. Sand loss to dunes rates, Vs,d: PDF parameters. (Vs,d < 0 implies 
volumetric loss from the beach and shoreface to dunes in equation 12.) 

  n yrs Vs.y Mini 
mum 

Mode Maxi 
mum 

downscaled rate annual  1 m3/m/
yr 

-0.116 -0.116 0 

historic data 
period 

1941-
1986 

45 m3/m -5 -5 0 

calibration 
simulations 

1874-
1990 

16 m3/m -2 -2 0 

forecast 
simulations 

1874-
2050 

76 m3/m -9 -9 0 

forecast 
simulations 

1874-
2100 

126 m3/m -15 -15 0 

 
 Sand exchanges with inner continental shelf. 

Geological evidence from field investigations across the Narrabeen inner-continental 
shelf (i.e., lower shoreface and shelf ramp in Figure 51) provides compelling evidence 
that the lower shoreface provided the sand supply for progradation of the strandplain ( 
Figure 62), especially given the evidence that alongshore and along-shelf supply is 
unlikely. That is, these alternative sources are unlikely because of topographic barriers 
to littoral transport and extent of reef noted above in the context of Figure 58. 

The stratal geometry in  
Figure 62 indicates that: 

(a) the shallower part of the inner shelf (roughly 15 < h < 35 m) has been lowered 
into underlying relic dune sands  

(b) divergent displacement (shoreward and seaward) of the depleted sand volume 
from the middle shoreface is evident respectively in strandplain progradation 
and aggradation of deposits in deep water (roughly  40 < h < 60 m, indicated 
from 14C dates in cores N34 and N50, which show sediment at core depths of 2 
m and 1.5 m from the bed surface respectively. 

Sediment textures and sand properties in seaward deposits are also consistent with 
depositional history inferred from the dates, and with the fabric of other cores that were 
logged but not dated: i.e., cores N38, and N42 ( 
Figure 62). 

Geological evidence is unequivocal regarding the offshore extent of active sand 
movement ( 
Figure 62 and Figure 63). Surface-sediment samples and core-data show that surface 
sand is mobile and actively reworked to water-depths of at least 40 m, but probably 
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deeper off Narrabeen. This evidence is consistent with data from geological detailed 
field investigations elsewhere in SE Australia (Roy et al. 1994; Field and Roy 1984; 
Cowell 1986; Cowell et al. 1995, 2001). 

 

 

a

b
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Figure 62. Shallow stratigraphy from the inner-continental shelf in the Narrabeen 
Cell: (a) core logs (inset) and stratigraphic reconstructions incorporating seismic 
data; (b) core transect exploiting the primary bedrock palaeochannel in the cell 
(from Hudson and Roy 1989). 

 
 

Figure 63. Variation in thickness of the contemporary reworked layer for bed-
surface sand with water depth, based on beach surveys across the upper 
shoreface, and sediment cores from the foredune, shoreface-transition zone, and 
across the inner-continental shelf in the Narrabeen cell (from Hudson and Roy 
1989). 

The geological evidence is also reasonably consistent with the seaward limit, h*, to 
significant annual movement of upper shoreface sand generalised for universal 
application by Hallermeier (1981) in Equation 14 to the Sydney wave climate and 
particle sizes characteristic of Narrabeen sand (Cowell et al. 1999). The evidence is 
also consistent with global indications of sand mobility across continental shelves 
based on analysis of global wave and bed-sediment data: which thus tends to support 
universality of Equation 14 for estimation of h* ( 
Figure 64).  
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Figure 64. Probability of global exent of continental shelf sediment mobility over 
a four year period based on global surface-sediment and swell-model data 
(Harris and Coleman 1998). 

The accumulation of deposits both landward and seaward of the middle shoreface, 
evident in the Narrabeen stratigraphy ( 
Figure 62), also indicates that there must have been a progressive increase in 
curvature of the lower shoreface over the last 7 000 years. Dates from the foredune, 
however, indicate that these changes, and associated sand supply to the beach, 
declined to become negligible sometime in the past two thousand years, as outlined 
above in the context of in situ sediment production.  

This evidence indicates that shoreface sand supply to the beach is unlikely to occur 
under conditions of future sea-level rise. The decline in supply rates to a negligible 
level sometime in the past two thousand years suggests an equilibration of the lower 
shoreface to the regional wave regime. Although it is unlikely that the carbonate 
production has ceased for reasons given above in the context of in situ sediment 
production, the possibility exists that carbonates have tended to be sequestered on the 
lower shoreface. This possibility relates to increased accommodation associated with a 
sea-level rise that may have occurred, if indications for the 20th Century for global sea 
levels (White et al. 2005) are indicative of recent millennia. 

With future rising sea level, the lower shoreface may become a stronger sink, or it may 
not. Nothing definitive is known regarding sand transport between the beach and lower 
shoreface, despite the commonly assumed applicability of the Bruun Rule, because of 
uncertainty relating to net sand-transport across the shoreface outlined in Section 
4.9.1. Nevertheless, the range of future sand exchanges between the inner shelf and 
beach must include the possibility that the shelf may sequester at least some beach 
sand displaced to it during in erosion events: sand that would have been returned 
under historical conditions during swell-dominated quiescent conditions. This possibility 
relates to increased accommodation potential there due to sea-level rise: a standard 
concept in sedimentary geology, e.g., applied globally in the oil exploration industry.  

Alternatively, the lower shelf may continue to supply or trap a negligible amount of sand 
in future, as evident from the geological data through inference about present 
conditions. The progressive decline in sand supply from the shoreface to the beach 
evident from the geological data, however, indicates that it is unlikely that such a 
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supply would recommence with higher sea levels, unless an intensification of the swell 
wave regime occurred. The effect of such a possibility was not included in forecasts. 

Uncertainty about effects of increased accommodation on the lower shoreface due to 
sea-level rise was dealt with in simulations by varying the degree to which morphology 
of the lower shoreface varies from its present geometry in future. This geometric 
variability, relative to the vertical position of the beach associated with a given sea 
level, can be characterised by a variable degree to which the lower shoreface dilates 
as sea-level changes (Cowell et al. 2006). If the lower shoreface dilates by the same 
amount that sea level rises and the coast recedes, then the accommodation potential 
created on the lower shoreface due to the sea-level rise is negligible. Less dilation 
implies greater accommodation potential, and thus a possibility of larger sand transfers 
from the beach and dunes to the lower shoreface with rising sea levels.  

Dilation is thereby a shelf-accommodation variable subject to uncertainty, and thus 
requires inclusion as a variable parameter in the Monte Carlo simulations. Quantitative 
estimates of future change in shelf-accommodation potential require evaluation of the 
h(x) integral in Equation 13. Thus, these estimates in turn require quantitative 
characterisation of h0 (initial shoreface geometry) and perturbations that lead to ht at a 
future time. For dilation relevant to ht, the lower shoreface parameters in Equation 13 
are adjusted using weighted lower shoreface parameters, '
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in which the bracketed indices denote sampled (S) and modal (M) values, g is the 
dilation weighting parameter (g = 1 for full dilation), and Ri is a trial recession distance 
obtained using a preliminary approximation involving  )()(
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The initial geometry was characterised for the Narrabeen cell through numerical 
application of Equation 15 to a bathymetric DEM digitized from the contoured survey 
data ( 
Figure 65) mapped by Gordon and Hoffman (1989).  The general procedure was 
outlined at the end of Section 4.9.4: depth-bands in 1 m increments were applied to the 
gridded transform of Narrabeen contours to aggregate the data for the sand surface. 
Depth statistics for the sand surface were aggregated separately by copping reef areas 
from the DEM based on the reef distributions mapped in  
Figure 65. 
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Figure 65. Bathmetric contours and distributions of sand and rock reef within the 
Narrabeen cell digitized from survey data mapped by Gordon and Hoffman 
(1989). 

Figure 66 shows the result of these aggregation procedures for the Narrabeen cell, 
together with the spatially aggregated representation of reefs (Equation 21) across the 
nearshore and inner shelf. Statistics for reef dimensions across the inner shelf were 
generated from a DEM produced by differencing the raw DEM and the synthesised 
sand-surface DEM. The average reef height and the proportion of the area occupied by 
reefs was calculated from the reef differenced DEM, within each of the 1 m depth 
bands defined in the sand DEM. 
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Figure 66. Water depths averaged along the coast within the Narrabeen cell: (a) 
spatially averaged sand surface; (b) spatially averaged surface including 
statistically generalised reef outcrops. 

The spatially averaged bathymetric data were further generalised to provide geometric 
parameter estimates for by fitting Equation 16 to the smoothed sand surface through 
recursive optimisation (Figure 67). These parameter values were used to define initial 
conditions in simulations to solve Equation 13 in generating recession forecasts. Table 
11 lists the initial parameter values derived from the above procedures. Corresponding 
values for uncertain future conditions are listed for the PDF parameters in Table 12.  

 
Table 11. Shoreface parameters fitted for the spatially averaged sand surface of 
the Narrabeen cell at present (Figure 67) used to define initial conditions (h0 in 
Equation 13) from which to evaluate changes in sediment-accommodation 
potential for sand exchanges between the beach and inner continental shelf. 
(See Figure 51 for parameter definitions.) 

Lb hb mb 273 7.9 0.400 

L* h* m* 3170 43.0 0.480 
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Figure 67. Fitted function representation of sand surface relative to spatially 
averaged Narrabeen cell bathymetry combined with statistically derived reef 
dimensions and distribution. 

Table 12. Shoreface PDF parameters used to characterise uncertainty about 
future sand accommodation on the inner shelf due to feasible changes in the 
depth-dependent, spatially averaged sand surface (ht in Equation 13) in the 
Narrabeen cell. (See Figure 51 for parameter definitions.) 

 parameter mini 
mum 

mode maxi 
mum 

 
bm  0.440 0.440 0.440 

 
bh (m) 7.9 7.9 7.9 

 Lb (m) 273 273 273 

 
*m  0.52 0.58 0.58 

 
*h  (m) 19.1 43.1 43.1 

 L* (m) - 3710 - 

 g  0.000 0.000 1.000 

 d  2.00 2.00 2.58 

 
cw (m) 750 750 750 

 
sh (m)  3.1 3.1 3.1 

 W* (m) 100 100 100 

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0
0 500 1000 1500 2000 2500 3000 3500 4000

distance seaward of nick point (m)

el
ev

at
io

n 
re

la
tiv

e 
to

 n
ic

k 
po

in
t (

m
)



 

138  Approaches to risk assessment on Australian coasts 

 

The range of limiting depths for the lower shoreface, h*, applied in simulations (Table 
12) not so much reflect the unequivocal field, evidence outlined above, as the socio-
professional reality of limits adopted in other studies: commonly the much shallower 
annual closure depth: representative examples include WorleyParson (2011; 2012b), 
Water Research Laboratory (2010) and Cardno Lawson Treloar (2010). In the absence 
of established principles about possible effects on changes in wave climate on the 
upper shoreface, its concavity was varied by up to 20% to account for uncertainty 
about systematic changes to the surfzone morphology. 

 
Table 13. Shoreface PDF parameters used to characterise uncertainty about 
future sand accommodation on the inner shelf due to feasible changes in the 
depth-dependent, spatially averaged sand surface (ht in Equation 13) in the 
Narrabeen cell. (See Figure 24 for parameter definitions.) 

 Forecast 
year 

variant parame
ter 

minimu
m 

mode maximu
m 

   
bm  0.440 0.440 0.440 

   
bh (m) 7.9 7.9 7.9 

   Lb (m) 273 273 273 

 1986 shoreface supply
*m  0.573 0.58 0.58 

 2050 shoreface supply
*m  0.544 0.58 0.58 

 2100 shoreface supply
*m  0.520 0.58 0.58 

 2100 no shoreface 
supply 

*m  0.58 0.58 0.58 

   
*h  (m) 19.1 43.1 43.1 

   L* (m) - 3710 - 

   g  0.000 0.000 1.000 

 1986 dd/dy = -
0.000048 

d  2.00 2.00 2.060 

 2050 dd/dy = -
0.000048 

d  2.00 2.00 2.300 

 2100 dd/dy = -
0.000048 

d  2.00 2.00 2.500 

   
cw (m) 750 750 750 

   
sh (m)  3.1 3.1 3.1 

   W* (m) 100 100 100 

 

7.3.2 Forecasts 
Forecasts were obtained from numerical solutions to equation 12 through Monte Carlo 
simulations involving sampling from the probability distributions for environmental 
factors documented above (Section 7.3.1) to evaluate effects of uncertainty about 
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these factors. Each set of simulations involved 10,000 repetitions to generate mean-
trend recession probabilities summarised in Figure 68 to Figure 70 for the historical and 
forecast periods.  

Historical simulations involved hindcasts for 1941-1986 spanning the period for which 
photogrammetric data on mean-trend beach change are available (PWD 1987). The 
purpose of the hindcast was to calibrate baseline PDFs to ensure solutions for R were 
within the range indicated from historical-change data. 

 
Figure 68. Narrabeen Cell forecast calibration for recession risk between 1941 
and 1986, lower-shoreface supply to the beach continues at time-averaged rates 
based on geological data from the late Holocene. (Table 14 lists decile and tail 
probabilities.) 

 
Table 14. Narrabeen Cell forecast calibration for risk of recession, R, between 
1941 and 1986. 

  p exceed R 

  0.99 -8 

  0.9 -3

  0.8 0 

  0.7 2 

  0.6 3 

  0.5 4 

  0.4 5 

  0.3 6 

  0.2 7 

  0.1 10 

  0.01 24 
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Figure 69. Narrabeen Cell forecast for recession risk inland from 1974 erosion 
scarp by 2050, assuming lower-shoreface sand supply to the beach continues at 
time-averaged rates based on geological data from the late Holocene. (Table 15 
lists decile and tail probabilities.) 

 
Table 15. Narrabeen Cell forecast for risk of recession, R, inland from 1974 
erosion scarp by 2050, assuming that lower-shoreface sand supply to the beach 
continues at time-averaged rates based on geological data from the late 
Holocene. (Table 15 lists decile and tail probabilities.) 

Odds p exceed R odds in favour 

1: 1.0 0.99 -16 99 : 1 On 

1: 1.1 0.9 -8 9 : 1 On 

1: 1.3 0.8 -4 4 : 1 On 

1: 1.4 0.7 0 7 : 3 On 

1: 1.7 0.6 3 3 : 2 On 

1: 2.0 0.5 5 1 : 1 Even 

1: 2.5 0.4 8 3 : 2 Against 

1: 3 0.3 11 7 : 3 Against 

1: 5 0.2 14 4 : 1 against 

1: 10 0.1 18 9 : 1 against 

1: 100 0.01 27 99 : 1 against (or, say, 100:1 against) 

1: 1000 0.001 31 999 : 1 against (or, say, 1,000:1 against) 

1: 10000 0.0001 34 9999 : 1 against (or, say, 10,000:1 against) 

 

The primary forecasts (Figure 69 and Figure 70 ) are based on the assumption that the 
time-averaged rate of sand supply from the lower shoreface to the beach indicated in 
the geological data has continued to the present, and will do so into the future. The 
youngest date obtained from samples from the strandplain is about 3 000 BP (A. Short 
pers. comm.). The sample is from 6 m below the surface of the frontal dune, a location 
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that has been interpreted to indicate that progradation ceased sometime in the last 
2 000 years. Given the depth of the sample, however, further aggradation and 
progradation is indicated during this period, from which it can be inferred that 
progradation has continued through to present.  

If more weight is put on the relatively short period of photogrammetric data, and the 
alternative interpretation of the geological data is accepted, then the indication is that 
shoreface sand supply to the beach has ceased. If that were the case, rising sea levels 
make it even less likely that shoreface sand supply will occur in future. Forecast 
recession generated from simulations based on this prognosis (Figure 71) is 
significantly greater than if some likelihood of continued shoreface sand supply is taken 
into account (Figure 72). With continued sand supply from the shoreface, the forecast 
range for both time horizons includes some prospect of continued long-term accretion: 
up to 20 and 10 percent likelihood respectively for 2050 and 2100. Without a continued 
sand supply, long-term recession by 2100 is certain. 

The forecasts based on geological indicators of continued sand supply from the 
shoreface (Figure 70) were given preference in combining erosion forecasts 
(Section 7.2) with geologically based mean recession probabilities through convolution 
(Section 7.4). For the two contending sets of contentions, however, the extensive 
outcropping of reefs moderate differences in recession forecasts, through their effects 
on potential sand exchanges between the beach and inner shelf. These effects were 
demonstrated quantitatively in similar simulations for Manly Beach where reefs and a 
seawall caused significant differences in coastal recession regardless of other effects 
associated with various additional factors (Cowell et al., 2006). 

 

 
Figure 70. Narrabeen Cell forecast for recession risk inland from 1974 erosion 
scarp by 2100, assuming that lower-shoreface supply to the beach continues at 
time-averaged rates based on geological data from the late Holocene. (Table 16 
lists decile and tail probabilities.) 
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Table 16. Narrabeen Cell forecast for risk of recession, R, inland from 1974 
erosion scarp by 2100, assuming that lower-shoreface supply to the beach 
continues at time-averaged rates based on geological data from the late 
Holocene.  

odds p 
exceed 

R odds in favour 

1: 1.0 0.99 -17 99 : 1 on 

1: 1.1 0.9 -5 9 : 1 on 

1: 1.3 0.8 2 4 : 1 on 

1: 1.4 0.7 7 7 : 3 on 

1: 1.7 0.6 11 3 : 2 on 

1: 2.0 0.5 16 1 : 1 even 

1: 2.5 0.4 20 3 : 2 against 

1: 3 0.3 25 7 : 3 against 

1: 5 0.2 31 4 : 1 against 

1: 10 0.1 38 9 : 1 against 

1: 100 0.01 54 99 : 1 against (or, say, 100:1 against) 

1: 1000 0.001 64 999 : 1 against (or, say, 1,000:1 
against) 

1: 1000
0 

0.0001 66 9999 : 1 against (or, say, 10,000:1 
against) 

 

 
Figure 71. Narrabeen Cell forecast for recession risk inland from 1974 erosion 
scarp by 2100, assuming that lower-shoreface sand supply to the beach ceased 
sometime during the past 2 000 years. (  
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Table 17 lists decile and tail probabilities.) 
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Table 17. Narrabeen Cell forecast for risk of recession, R, inland from 1974 
erosion scarp by 2100, assuming that lower-shoreface sand supply to the beach 
ceased sometime during the past 2 000 years.  

odds p exceed R odds in favour 

1: 1.0 0.99 11 99 : 1 on 

1: 1.1 0.9 20 9 : 1 on 

1: 1.3 0.8 25 4 : 1 on 

1: 1.4 0.7 28 7 : 3 on 

1: 1.7 0.6 31 3 : 2 on 

1: 2.0 0.5 34 1 : 1 even 

1: 2.5 0.4 37 3 : 2 against 

1: 3 0.3 40 7 : 3 against 

1: 5 0.2 44 4 : 1 against 

1: 10 0.1 49 9 : 1 against 

1: 100 0.01 61 99 : 1 against (or, say, 100:1 against) 

1: 1000 0.001 71 999 : 1 against (or, say, 1,000:1 against) 

1: 1000
0 

0.0001 75 9999 : 1 against (or, say, 10,000:1 against) 

 
 

 
 

Figure 72. Narrabeen Cell comparative forecasts for recession risk inland from 
1974 erosion scarp by 2100, with (red) and without (blue-dashed) sand supply 
from the lower shoreface to the beach 
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7.4 Combination of long-term and short term effects on shoreline 
position 

The location of the back of the beach in the future will arise from a combination of long-
term changes, due to sea-level rise and other factors, and the short-term variability 
caused by storms and subsequent recovery. The method proposed here assumes that 
the processes acting on different time scales can be treated independently, and 
therefore the storm-related variability can be added to a long-term movement of the 
shoreface. 

Uncertainty is inherent in the processes acting over both time scales. Therefore, we 
acquire a probability distribution for shoreface location (within our example, acquired 
from the STM), and a probability distribution of the back of beach location (within our 
example, acquired using the JPM-PCR approach, with Sea-Level Rise switched off). 
To combine the two distributions, a convolution of the two probability density functions 
is required. 

The process is illustrated below, with two idealised normal density functions for which 
an analytical solution exists for the convolution. In reality, the process is undertaken 
numerically, given that we have empirical distributions from both the STM and JPM-
PCR. 

The convolution is calculated as follows: 
 

dgxfxgf  

80 

where: 
x = distance from present day location 

xf = first probability density function (e.g. variability) 
xg = second probability density function (e.g. long term trend) 

xgf = convolution of xf  and xg  (i.e. pdf resulting from combination of xf  
and xg ) Figure 73 demonstrates the process assuming: 

 The probability of shoreline location resulting from short-term variability is 
normally distributed about the typical or median shoreline position (here defined 
as zero), with a standard deviation of 10.0 m 

 The probability of shoreline recession amount at a certain future time due to 
long-term trends (SLR or other) is normally distributed about 60 m, with a 
standard deviation of 20.0 m. 

 The expectation of the combined probability density function (pdf) is the sum of 
the expectation from the two component pdf’s, but the variance of the combined 
pdf is higher, as it incorporates variation from both of the component pdf’s. 
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Figure 73. Convolution of short-term variability and long-term trend probability 
density functions. 

In these figures, the shoreline recession is relative to the measured location of the 
1974 coastal erosion scarp, resulting from the most significant coastal storm on 
record.  The 1974 sequence of storms has been historically used as a de-facto 
benchmark for planning in New South Wales. 

The results, combining variability determined using PCR (with sea-level rise turned off) 
and STM which provides the estimate of long-term recession that includes sea-level 
rise, indicate that, by 2100, there is a 50% chance that the dune scarp (back of the 
beach) will have retreated to 15-25 m landward of the 1974 erosion scarp, and a 10% 
chance that it will have retreated by as much as 40-50 m, with some variation along the 
length of the beach. 

Interestingly, the results indicate that, by 2050, we may expect that the shoreline 
erodes back to the 1974 scarp location once a year, on average. 
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Figure 74. Probability density functions of shoreline location for 2050. 

 

 
Figure 75. Cumulative distribution functions of shoreline location for 2050. 
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Figure 76. Probability density functions of shoreline location for 2100. 

 
Figure 77. Cumulative distribution functions of shoreline location for 2100. 
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7.5 Economic model  
7.5.1 The doubtful constants 
The title of this section was borrowed from a 1956 article by Van Dantzig, a member of 
the so-called Delta Committee that was installed after the 1953 Big Flood in the 
Netherlands to rethink the Dutch framework for flood protection. In that article, Van 
Dantzig (1956) introduced a novel approach to evaluate flood safety standards: by 
weighing the costs of strengthening flood defences against the reduction of the 
economic risk thus obtained. Some important variables were (and are), however, highly 
uncertain. 
The sub-title ‘the doubtful constants’ serves as a reminder that the precise outcomes of 
this case study depend on parameters whose values are often imprecise and subject to 
debate. In theory, at least, such uncertainty could be dealt with in a probabilistic 
framework by treating the doubtful constants as stochastic variables. Here, these 
uncertainties are dealt with through sensitivity analyses, i.e. by showing the impact of 
alternative (deterministic) values on end-results. For reasons of brevity, this is only 
done for the most influential parameters: the discount rate and the rate of return on 
investment. Within the modelling framework set out in the previous sections, the 
efficient position of a setback line is essentially determined by three parameters ( 
Table 18). 
The sub-title ‘the doubtful constants’ serves as a reminder that the precise outcomes of 
this case study depend on parameters whose values are often imprecise and subject to 
debate. In theory, at least, such uncertainty could be dealt with in a probabilistic 
framework by treating the doubtful constants as stochastic variables. Here, these 
uncertainties are dealt with through sensitivity analyses, i.e. by showing the impact of 
alternative (deterministic) values on end-results. For reasons of brevity, this is only 
done for the most influential parameters: the discount rate and the rate of return on 
investment. Within the modelling framework set out in the previous sections, the 
efficient position of a setback line is essentially determined by three parameters ( 
Table 18). 

The impact of sea-level rise on damage probabilities can only be modelled via a 
constant a when exceedance probabilities increase exponentially over time (see 
Section 6). This assumption seems broadly reasonable for the Narrabeen site, based 
on the results of the Probabilistic Coastal Setback Line (PCSL)-model. When 
exceedance probabilities increase exponentially over time, they increase by the same 
factor in regular time intervals, e.g. by a factor 10 every 50 years. When the 
exceedance probability of some point x in a cross-shore profile is plotted as a function 
of time, the result should be a straight line on a semi-logarithmic scale if the 
relationship between P(x,t) and t is truly exponential. This is shown in Figure 78 for 
profile 4 (other profiles yield similar results).  

Although the assumption of exponentially increasing exceedance probabilities seems 
broadly reasonable, the rate of increase (a) seems to vary with x. From Figure 78, a 
appears to vary from 0.017yr-1 (for x=60m) to 0.035yr-1 (for x=80m and x=90m). Note 
that a=0.017yr-1 implies that it takes 135 years for an exceedance probability to 
increase by a factor 10; a=0.035yr-1 implies a 66 year period.  

The above implies that the exceedance probabilities increase at a slower rate the 
closer we move to the coastline. This effect can be largely attributed to the fact that 
probabilities cannot be greater than one, causing them to veer off close to one (see 
also Figure 41). As an extreme example, consider the exceedance probabilities of 
x=40m (not shown in Figure 41) . Because x=40m is close to the coastline, the 
exceedance probabilities of x=40m are (almost) equal to 1 for all t 0. In Figure 41, they 
would form a horizontal line. The time-invariance of P(x=40m,t) would now seem to 
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imply a 0. This clearly illustrates why values of a, inferred from exceedance probability 
estimates, drop when exceedance probabilities are close to 1. 

For our purposes, only the lower exceedance probabilities are of interest. Note that the 
values of a seem to converge for lower probabilities (or higher values of x). For the 
Narrabeen case study, a constant value of a=0.035yr-1 would be a broadly reasonable 
estimate. This could be interpreted as a moderate to strong trend. 
 
Table 18. An overview of the parameters that determine the exceedance 
probability position of the optimal setback line. 

Parameter Definition Parameter Estimation Method Parameter Value(s) 
Considered 

a Rate of 
increase of the 
probability of 
damage per 
year [yr-1] 

Estimate obtained by fitting 
functions through different values of 
P(x,t), for given values of x. Values 
of P(x,t) obtained by the PCSL-
model assuming strong, 
deterministic sea-level rise for 
profile 1 (see below). Only 
deterministic sea-level rise was 
used for demonstrating the 
approach, stochastic sea-level rise 
could also be used. While this could 
be determined for each profile 
separately, the differences between 
the different profiles are 
insignificant. 

a=0 in case without 
sea-level rise 
a=0.035 per year in 
case of deterministic 
sea-level rise 
 

  Discount rate 
[yr-1] 

The discount rate is assumed equal 
to the real (i.e. after inflation) return 
on investment on residential 
property at inland locations close to 
Narrabeen beach.  
Estimates based on suggestions 
from several real estate agents and 
home owners that nominal house 
prices doubled each 10 years (i.e. a 
7% per year nominal increase; 
combined with a 3% inflation rate, 
this implies a real discount rate of 
4%). A lower limit was based on the 
assumption that house price 
increases should be roughly 
proportionate to GDP growth per 
capita in the long run. 

2.5-4% per year 
 
 

r(x) Rate of return 
on investment 
at distance x 
from the 
coastline [yr-1] 

Estimates based on the discount 
rate (see above: 2.5-4%) and 
property value differentials. LJ 
Hooker estimates a typical house 
on Lagoon Street (inland) to be 35% 
less expensive than on Ocean 
Street, assuming the same property 
size and house size/type. Raine and 
Horne provided a similar estimate of 
30-35%. This implies rates of return 
on property investment close to the 
coastline to be a factor 1.35 higher 
than at inland locations. 

1.35  (3.4-5.4%) per 
year  
Note: r(x) is assumed 
to be constant 
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Figure 78. The exceedance probabilities of specific x-coordinates as a function of 
time (relative to 1990). Sea-level rise was assumed to be strong and 
deterministic. 

 

7.5.2 The efficient setback line for Narrabeen without sea-level rise 
When the probability density functions of the loading variables (forcing) are stationary, 
the evolution of the coastline need not be stationary as well. Yet the results of section 
3.2.1 (for stationary conditions) can only be applied when coastline evolution is itself a 
stationary random process. For the Narrabeen site, the results of PCSL-computations 
without sea-level rise yield (exceedance) probability distributions of setback that appear 
to be virtually time-invariant, see Figure 79 (other profiles yield similar results). This 
implies that the results of Section 6.4.1 can be used to determine the efficient setback 
line for Narrabeen without sea-level rise. 
For a stationary case, the optimal setback line has an exceedance probability that 
equals r- , as discussed in Section 6.4.1. At Narrabeen, with =2.5-4% per year and 
r=1.35  ( 
Table 18), the optimal setback line has an exceedance probability in the order of 0.9-
1.4% per year without sea-level rise. Both lines are plotted in Figure 80. 
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Figure 79. The probability that coastal setback exceeds a particular x-coordinate 
in years t = 25yr, t = 50yr, t = 75yr, and t = 100yr (corresponding to the year 2015, 
2040, 2065, and 2090) for profile 4. No sea-level rise was assumed. 

 

 
 
Figure 80. The efficient setback line at Narrabeen Beach without sea-level rise, 
assuming =2.5% per year with r=3.4% per year (setback line no.1), and =4% per 
year with r=5.4% per year (setback line no.2). Both setback lines are so close 
together that they appear to overlap. 

 

t = 25 yr
t = 50 yr
t = 75 yr
t = 100 yr
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7.5.3 The efficient setback line at Narrabeen with sea-level rise 
With the dubious constants listed in  
Table 18, net present values have been calculated as a function of the distance from 
the coastline, using the results of Section 6.4. This was done for four cases, see Figure 
81: 

 A case without sea-level rise (as in the previous section), with the lower limits of 
the discount rate and the rate of return on investment ( =2.5% yr-1; r=3.4% yr-1) 

  
 A case without sea-level rise (as in the previous section), with the upper limits 

of the discount rate and the rate of return on investment ( =4% yr-1; r=5.4% yr-1) 
  
 A case with sea-level rise (as in the previous section), with the lower limits of 

the discount rate and the rate of return on investment ( =2.5% yr-1; r=3.4% yr-1) 
  
 A case with sea-level rise (as in the previous section), with the upper limits of 

the discount rate and the rate of return on investment ( =4% yr-1; r=5.4% yr-1) 

 

 
 
Figure 81. The net present value for some distance x from today’s coastline 
(NPV(x)) as a function of the exceedance probability of x at t = 0.  

 

From Figure 81, the efficient setback lines can be found where NPV(x)=0, i.e. where the 
curves cross the x-axis. The results are shown in Table 19. 

 
Table 19. Efficient exceedance probabilities for the two sea-level rise scenarios 
and two sets of input parameters. 

 Low returns 
=2.5% yr-1; r=3.4% yr-1

High returns 
=3.4% yr-1; r=5.4% yr-1

Without sea-level rise 9.10-3 yr-1 1.4.10-2 yr-1 
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With strong, deterministic sea-level rise 1.5.10-3 yr-1 4.5.10-3 yr-1 
 

For the case with strong, deterministic sea-level rise, the results for two sets of input 
parameters differ by a factor 3. While this difference might seem considerable, it should 
be noted that differences in this order of magnitude are of relatively little importance to 
the overall position of the efficient setback line. Differences in terms of exceedance 
probabilities have to be considerable before they translate into significant differences in 
terms of metres, see also Figure 82. 

The difference between the efficient exceedance probabilities with and without sea-
level rise is a factor 3-6, depending on the discount rate and rate of return on 
investment. This result corresponds relatively well with previous (crude) estimates by 
Jongejan et al. (2011). Assuming an optimal setback line for a ‘base case’ without sea-
level rise and r- =2.5% per year, it was proposed to reduce the exceedance probability 
for the base case by a factor 2 in case of moderate sea-level rise (e.g. damage 
probabilities that increase by a factor 10 every 50-100 years), and by a factor 10 in 
case of strong sea-level rise (e.g. damage probability that increase by a factor 10 every 
20-50 years). The doubtful constants that underlie the results of this section concern, 
on the one hand, values for r and  that are more pessimistic (they differ 2% yr-1 at 
most) and, on the other, a sea-level rise scenario at the high end of the ‘moderate’ 
category (damage probabilities were assumed to increase by a factor 10 every 66 
years). With this in mind, the factor 3-6 discussed above sits nicely within the lower part 
of the 2-10 range. 
 

 
 
Figure 82. The efficient setback line at Narrabeen Beach with sea-level rise, 
assuming =2.5% per year with r=3.4% per year (setback line no.1), and =4% per 
year with r=5.4% per year (setback line no.2). Both setback lines are so close 
together that they appear to overlap. 
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7.5.4 Simplifying assumptions and possible extensions 
A number of simplifying assumptions have been made that may or may not be 
reasonable. Depending on circumstance, these assumptions can potentially lead to 
incorrect conclusions as to the optimal exceedance probability of a setback line:  

1. A crucial assumption underlying the modelling approach for the definition of 
buffer zones is the presence of market imperfections that lead to excessive risk-
taking behaviour on the part of individuals and firms. If such imperfections are 
absent, there is little need for government intervention. In fact, the 
implementation of a buffer zone could even distort the efficient allocation of 
resources under such circumstances.  

2. The costs of business interruption have been left aside. In case of relatively 
high rates of return on investment (e.g. r>>0.05 per year), the damage could be 
increased by an annual return on investment, so that damages are increased by 
a factor (1+r). For a stationary situation, this will lead to an optimal exceedance 
probability of the setback line that is a factor (1+r) smaller. 

3. Risks to intangibles, such as risks to life, cultural heritage and corporate image, 
have been left aside. Considerations regarding e.g. public safety might lead to 
considerably more stringent setback lines. While intangibles could be valued in 
money terms and included in the (financial) analysis of optimal exceedance 
probabilities, they could also be evaluated separately, thereby avoiding the 
controversy surrounding the valuation of non-market goods. Note that a n-fold 
increase in damage, leads to an optimal exceedance probability that is n times 
lower (for a stationary case). 

4. The probabilities of damage are entirely based on the extent of coastal setback 
due to erosion. Wave action could, however, cause damages well beyond a 
setback line. If these damages are likely to be significant, the optimal setback 
line, as obtained by the proposed modelling approach, should be shifted inland. 

5. There might sometimes be more cost-effective alternatives to the 
implementation of land-use planning restrictions, such as the introduction of a 
mandatory, actuarially sound insurance program. If so, no setback line should 
be implemented. 

6. A wider beach will reduce the risk to properties in the coastal zone and it might 
positively influence beach amenity. In the present analysis, only the former was 
considered. When the effect of a wider beach on beach amenity is significant, it 
should be included in the present analysis. For this, is should be noted that 
beach amenity concerns a different limit state, or quantity of interest (i.e. 
average beach width in a summer season) than the one considered here (i.e. 
maximum setback in a year). The latter quantity can be derived by replacing the 
structural function in the PCSL-model by a more process based coastal profile 
model (e.g. SBeach or XBeach). 

 

7.5.5 Economic perspective in context 
Foregoing land-use opportunities in coastal regions is costly, but so is damage caused 
by erosion. Defining appropriate setback lines for land-use planning is therefore a 
balancing act. The level of safety implied by current approaches could easily be too 
high or too low from an economic perspective. While setback lines are typically defined 
in terms of distances from the coastline or land elevations, it has been shown that it is 
more useful to define setback lines in terms of their exceedance probabilities.  

Without sea-level rise the exceedance probability of the economically setback line for 
Narrabeen appears to be in the order of 1/100 per year. In case of relatively strong 
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sea-level rise (assuming the upper range of the deterministic sea-level rise scenarios), 
the exceedance probability of economically optimal setback line becomes lower, in the 
order of 1/400 per year, to implement a margin between today’s and future conditions. 
The precise outcomes of the (highly simplified) economic model depend on doubtful 
constants, such as the discount rate and the rate of return on investment. It is 
emphasised, however, that it is the order of magnitude of the efficient exceedance 
probability that matters, not its exact value. A variation of the optimal exceedance 
probability by e.g. a factor 2 will typically have a limited impact on the position of the 
setback line.  

To develop economically optimal setback lines for a wide range of locations, further 
work is needed to include the effects of beach amenity, business interruption and wave 
impacts on structures, apart from refinements to coastal erosion and climate change 
models (Anning et al. 2009). It may well prove feasible to develop economically optimal 
setback lines for categories of coastlines and types of coastal communities, to avoid 
having to derive optimal setback lines on a case-by-case basis.  

It should be noted that decisions concerning the acceptability of risks ultimately require 
a moral judgment. Economics can aid the decision making process by informing 
decision makers about the costs and benefits of implementing wider buffer zones, or by 
pointing out the position of efficient setback lines. Economics cannot, however, provide 
final answers. The economic approach outlined in Section 6 should thus be seen within 
the context of risk-informed, rather than risk-based, decision making. 
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8 APPLICATION TO OTHER AUSTRALIAN COASTS 

8.1 Southeast Australia  
The coast of Southeastern Australia is an ideal location for considering geomorphic 
change occurring at a range of timescales for a number of reasons. Firstly the coastline 
is largely configured with embayments that are flanked by headlands, and coastal 
compartments can be relatively clearly identified. Secondly, the coastline has a 
reasonably consistent history of sea-level change and climate; and, the evolutionary 
stage of the coastline is driven by the topography, wave characteristics and sediment 
budgets. 

Based on radiocarbon analyses undertaken in the 1970s and 1980s from sand barrier 
sediments (Thom 1984) we now know that barriers in Southeastern Australia largely 
reached their current position towards the end of the postglacial marine transgression, 
approximately 6000 years ago (Roy and Thom 1981). Barrier dynamics at geological 
timescales have subsequently been characterised as prograding, stationary, receding 
or transgressive (Chapman et al. 1982), see Section 4), thereby providing a preliminary 
indication of the long-term (geomorphological) trend of these systems. 

There is also a developing understanding of the dominant processes on wave 
dominated beaches and the morphology of selected wave-dominated beaches in 
Southeastern Australia, particularly the Sydney region (Wright and Short 1984). The 
wave-dominated beaches of Australia have subsequently been classified into 15 beach 
types, largely based on the analyses of beaches in Southeastern Australia (Short 
2006). This information can be used to describe the instantaneous state of beaches, 
particularly following high energy wave events. 

Straddling these analyses undertaken at geological and instantaneous timescales are 
analyses describing beach behaviours over decadal or engineering timescales. Studies 
of the foreshore at Moruya since the 1970s provide detailed information regarding the 
impacts of short term extreme events, such as the major erosional storms occurring in 
1974, and the subsequent recovery of the foreshore through processes of accretion 
(McLean and Shen 2006). Studies of Narrabeen Beach have highlighted the influence 
of El Nino-Southern Oscillation upon beach orientation over decadal timescales 
(Ranasinghe et al. 2004a). Detailed analysis of beach profiles collected at least at 
monthly intervals from Warilla Beach identify that short-term changes in the beachface 
configuration, such as changes associated with the biennial and annual alterations to 
sediment budget (Eliot and Clarke 1982), are largely related to shore parallel sediment 
transport, while long-term, low-frequency changes (< 10 years recurrence) appear to 
be driven by onshore-offshore sediment exchange between the beachface and inshore 
zone (Clarke and Eliot 1988). Processes of landward translation of former sand barriers 
have been modelled on the southern NSW shelf by Cowell and Roy (1992), using the 
STM (Figure 83).  

There is now a basic understanding of the components described in our framework for 
wave-dominated beaches in Southeastern Australia; the geomorphological trend has 
been described by Roy and Thom (1981, among others) and characterised by 
Chapman et al. (1982); the effect of instantaneous events on beaches has been 
characterised by Short (2006); and morphological change at engineering timescales 
has been described in numerous studies (Clarke and Eliot 1988; Cowell and Roy 1992; 
Ranasinghe et al. 2004a; McLean and Shen 2006). Recent technological advances 
may improve access to information regarding coastal morphology and evolution. For 
example, analyses of subsurface morphology, particularly on prograding barriers such 
as Moruya Beach, using ground penetrating radar (GPR) (see Section 4.8) and 
accompanied with dates of sediment deposition using radiocarbon or Optically 



 

158  Approaches to risk assessment on Australian coasts 

 

Stimulated Luminescence (OSL) dating techniques will provide insight into coastal 
morphological change under stable sea-level conditions. 

 

 
 
Figure 83. An example of the application of STM to the shoreface at Bermagui 
(Cowell and Roy 1992). 

 

Coastal hazard studies in Southeastern Australia are now drawing on this information 
base to establish the likely response of wave-dominated shorelines to changes 
occurring at a range of timescales. For example, the recent coastal hazards analysis 
for the Wollongong Local Government Area (Cardno Lawson Treloar 2010) considers a 
range of coastal hazards. Of particular interest for this study is the focus on hazards 
generated by beach erosion and dune instability following a short term storm event, or 
multiple events in close succession; and shoreline recession associated with sea-level 
change. These hazards were assessed at instantaneous (i.e. 2010) and engineering 
timescales (i.e. 2050 and 2100) and management options have subsequently been 
proposed on the basis of these hazards (BMT WBM 2012).  

Although Southeastern Australia has been the focus of much geomorphological 
research, it is still the case that few of the studies enable the various aspects of the 
framework; long-term behaviour, short term variability and sea-level rise; to be 
quantified. The Wollongong Coastal Zone Study (Cardno Lawson Treloar 2010) 
considered short-term variability by applying the SWAN model to transpose waves from 
offshore into the surfzone and SBEACH to investigate storm erosion from a single 
design storm; long-term beach recession was determined using the Bruun Rule (Bruun 
1962). Despite considerable discussion regarding the application of the Bruun Rule in 
Southeastern Australia (Ranasinghe and Stive 2009), there is a general tendency to 
use this technique as coastal engineers (Adamantidis et al. 2009; Cardno Lawson 
Treloar 2010), and planning authorities (NSW Goverment 2010; Department of 
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Environment and Resource Management 2012; WA Government 2012) suggest that 
there is currently no practical technique available to estimate beach profile response to 
sea-level rise. The approach is also well-illustrated by the study of the principal beach 
systems in the Shoalhaven region (Adamantidis et al. 2009), examining long-term 
historical erosion, design storm erosion demand, and sea-level rise erosion 
components with a Bruun-based upper and lower bound on IPCC sea-level rise 
scenarios. We advocate that the combined JPM-PCR approach be employed to 
account for short-term variability and sea-level rise, rather than the Bruun rule. 

The continuing reliance on the Bruun Rule may be due to limited data availability or the 
complexity of modelled results. For example, application of the STM throughout 
southeastern Australia reveals that different compartments behave differently: 
landward translation of former sand barriers was modelled at Bermagui Beach (Figure 
83); modelling at Manly Beach indicates a small probability of accretion and beach 
progradation, but a far more likely pattern of erosion to 2100 (Figure 84); while 
application of the STM to Lake Macquarie and Tuggerah Lakes (Kinsela 2007) 
indicates a more complex series of responses. There is a need for continuing research 
on quantifying the complexity of long-term shoreline responses and the development of 
models that can be readily applied in coastal hazard assessments. 
 

 
 
Figure 84. Maximum probable recession to 2100 for Manly Beach, Sydney and 
Bundjalung Beach on the New South Wales north coast between Iluka and Evans 
Head. Source: P Cowell et al. 2006 and P Cowell personal communication. 

 

The coastline of Southeastern Australia is fundamentally different to other coastlines in 
Australia and globally due to its geological history. The bedrock valleys along the 
coastline have undergone multiple stages of excavation and infill to create a coastline 
characterised rocky shorelines and valleys with sandy barriers at the valley mouths. 
Sedimentation within these valleys was initiated at the end of the postglacial marine 
transgression about 7000 to 8000 years ago (Roy and Thom 1981, Roy 1984) when 
sea level increased. In addition, the Great Dividing Range ensures that catchments and 
associated rivers and streams that bring fluvial contributions to the coast are generally 
limited in size. 
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Today these coastal valleys form modern estuaries and can be characterised on the 
basis of their underlying geology, entrance barrier and degree of infilling with sediment 
(Roy et al. 2001). The interaction between estuaries in Southeastern Australia and 
nearby coastlines is complex; when considering sediment budgets of adjacent 
coastlines, estuaries can be considered a source of sediment or a sink for sediment. In 
estuaries where bedrock valleys are deep and marine conditions dominate, the estuary 
may act as a sink or store and infill with marine sediments. Where fluvial flows are high, 
terrigenous sediment may pass through constricted estuary inlets to be deposited on 
barriers downdrift of estuaries. In many estuaries in Southeastern Australia, small 
catchments and associated small fluvial contributions result in intermittently open 
entrances; and the role of the estuary as a source or sink diminishes when entrances 
become more permanently closed. The influence of estuaries on coastal sediment 
budgets not only varies between different estuary types, but also temporally in 
response to prevailing oceanic and meteorological conditions. In addition, alterations to 
estuaries associated with engineering activities, such as training walls and entrance 
dredging, and land use in the catchment further confound the influence of estuaries on 
coastal sediment budgets.  

The economic modelling approach developed for Narrabeen could be extended to 
other beaches in Southeastern Australia, provided the planning decisions are to be 
based on similar economic principles. For the Dutch dunes, for instance, protection 
standards are based on the probabilities of dune breach (the dunes protect vast 
hinterlands from flooding), rather than the probability that beach properties (insofar they 
are allowed) will be damaged by recession. 

For practical implementation of the proposed approach, all that is needed are 
probabilistic estimates of coastal recession (annual probability density functions) and 
the economic variables. The uncertainties related to the economic variables could, in 
principle, be included in the analysis via probability density functions (see also the 
introduction of section 5.4.1). While the overall approach could easily be extended to 
coastal settlements along this coast, it won’t always be possible to obtain accurate 
annual probability density functions of recession using the current PCSL-model. There 
might be cases in which the underlying modelling assumptions are less appropriate. 
The same holds true for the economic context/assumptions on which the optimisation 
rests. 
 

8.2 Northeast Australia 
The procedures applied to Southeastern Australia can be extended to northern NSW 
and into southern Queensland (Chapman et al. 1982). The coast is less embayed in 
northern NSW and there is a dominance of northward movement of sand by longshore 
drift, with extensive sand on the inner continental shelf (Boyd et al. 2004) and transport 
towards Fraser Island beyond which much is lost to deeper water (Boyd et al. 2008). 
The sediment budget of the Gold Coast is dominated by south to north longshore drift 
(Chapman 1981); this was interrupted by construction of training walls at the entrance 
to the Tweed River, necessitating the installation of the sand pumping facility which 
continues to operate across the state border. 

Figure 85 illustrates an example of output from the STM modelling for northern NSW at 
Bundjalung. It shows that there is only a slight probability that the sediment budget will 
be sufficiently positive to maintain advance of the shoreline. The estimates for 
shoreline recession are broken down into the relative contributions from the increased 
storm cut, longshore transport, and the sea-level component. It can be seen that the 
longshore and sea-level components contribute about equally to recession at this site 
(Cowell, unpublished results). 
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The framework approach could be used to examine probable future changes in 
northeastern Queensland, where the Great Barrier Reef (GBR) exerts a particularly 
strong influence on the coast. The reef extends along more than 2000 km of the coast 
in northern Queensland, being more than 100 km from the coast at its southernmost 
limit, and alters the wave energy received at the shoreline. Swell experienced in the 
Coral Sea (wave periods > 10s) is dissipated on the outer reef and the waters behind 
the reef experience wind-waves (5-8 s period) generated primarily within the GBR 
(Wolanski 1994). The reef is also a major source of carbonate sediment; sand cays on 
the reef platforms within the GBR are composed entirely of biogenic carbonate 
produced by the breakdown of the skeletal remains of organisms that live on the reef. 
The proportion of carbonate decreases in the central lagoonal parts of the GBR, and 
the beaches along the mainland coast are composed predominantly of terrestrial sands 
(Hopley et al. 2007). 

Extension of the framework approach to islands on the GBR involves consideration of 
both the sediment budget and the morphodynamic behaviour of island shorelines. For 
example, Warraber (Sue) Island, which supports a community of Torres Strait Islanders 
in the central Torres Strait, is a small sand cay composed entirely of carbonate 
sediments derived from a reef platform that is more than 5 km long. Drilling and dating 
indicates that the reef at this location formed about 6000-5000 years ago, at a time 
when sea level was up to 1 m above its present level (Woodroffe et al. 2000). As a 
consequence, much of the reef flat is emergent at low tide (tidal range exceeds 3 m, 
and the Strait is dominated by strong tidal currents. The island is located at a nodal 
point on the reef platform where refracted waves converge (Samosorn and Woodroffe 
2008), as has been demonstrated for other reefs on the GBR by Gourlay (1994). The 
sediment for such sand cays comprises carbonate produced by a range of organisms 
on the surrounding reef, and their subsequent breakdown (Hart and Kench 2007). Reef 
organisms precipitate calcium carbonate at differing rates in different environments; the 
more productive coral communities produce up to 10 kg CaCO3 m2/yr (Kinsey and 
Hopley 1991; Vecsei 2001; Vecsei 2004), but considerably lower rates of carbonate 
production (<0.5 kg CaCO3 m2/yr ) have been estimated for the reef surface across the 
Warraber reef platform (Hart and Kench 2007). It is from these less productive areas 
that the principal sediment contribution to the island is derived, but the depositional 
history of Warraber Island, determined by radiocarbon dating sediments from a 
sequence of pits, indicates that it began to accumulate around 3000 years ago 
accreting incrementally through the addition of sand along its southeastern shore 
through to the present (Woodroffe et al. 2007). The island appears to have prograded 
at an average rate of around 0.3 m/yr. Comparison of a time-series of aerial 
photographs and a photogrammetrically-derived digital terrain model (DTM) suggests 
that northeastern end of the island appears to have been accumulating much of the 
1000 m3/yr by which the island has been expanding over recent decades.  

Lizard Island, by contrast, is a granitic island in the northern GBR, around which there 
are prolific coral reefs. The majority of beaches around Lizard Island are dominated by 
quartz sand with only a minor component of carbonate (Webster 1993). Carbonate 
sediments are much more abundant on the prominent windward reef flat and on 
Coconut Beach, which backs this reef flat, than on other beaches which have been 
derived from weathered granite. Similar principles to those developed for Southeastern 
Australia can be applied to reef coasts. In this case the budget of carbonate sediments, 
produced on the adjacent reefs, needs to be a major term in the consideration of 
shoreline morphodynamics. The application of the STM has been examined in a 
preliminary study related to coral atolls (Cowell and Kench 2001). A further 
morphodynamic model, the Sediment Allocation Model (SAM), has been developed 
and applied to atoll reef islands, including an Australian atoll, the Cocos (Keeling) 
Islands (Barry et al. 2007; Barry et al. 2008). 
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Figure 85. An example of the probabilistic modelling of a section of coast at 
Bundjalung in northern NSW, showing ‘risk’ contours at 10% intervals. The lower 
panel indicates the maximum probable recession as exceedance probabilities for 
2100 (indicating a small probability of shoreline advance). The total recession is 
broken down to show the relative contribution that can be attributed to the 
increased storm erosion, longshore transport and sea-level parts of the 
modelling (after Cowell, unpublished study). 

 

8.3 Southwest Australia  
Many aspects of the framework have been implemented in a study of the Busselton-
Rockingham region in Western Australia by Cowell and Barry (2011). Risk probabilities 
have been quantified for the years 2030, 2070, 2100 and 2300, and hindcast for recent 
decades using the STM sediment budget model. Magnitudes of sand transfers 
between sediment sources and sinks are influenced by geological controls, including 
calcarenite outcrops near Mandurah, and offshore rock reefs. Modelling involved 
incorporation of both terrestrial and shallow-marine digital terrain models (DTM), and 
characterisation of substrate from geological mapping of the area. The effects of short-
term erosion episodes and subsequent recovery after storms will be as large as 
underlying recession trends in the modelling for 2030. Thereafter, however, recession 
appears likely to be of the order of hundreds of metres towards 2100, overwhelming 
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the effect of storms (Figure 86). Cowell and Barry (2011) indicate that community 
perceptions are likely to focus on the storm-generated beach and dune instability, 
although it is the ‘chronic’ recession which poses the longer-term threat to 
infrastructure and assets. 
 

 
 

Figure 86. Example of the application of the STM sediment budget model to the 
Busselton - Rockingham compartment, indicating how this was divided in to 
sub-cells, an example of the recession lines (dashed lines are 1 and 99% risk, 
and other lines are at 10% increments) for the year 2100 indicating hundreds of 
metres of retreat. The lower panel shows the modelled exceedance probabilities 
for the sub-cells for 2030, showing that only the northernmost cell appears likely 
to accrete as a result of ongoing longshore sediment supply (from Cowell and 
Barry, 2011).  

 

In order to apply the model to this section of coast and accommodate alongshore 
variation in sediment budget, it was necessary to divide the compartment into a series 
of sub-cells (Figure 87). The northernmost sub-cell, north of Mandurah, may continue 
to receive longshore transport of sand which offsets the effects of sea level entirely for 
the first half of the 21st century. South of Mandurah, recession of the order of tens of 
metres will initially be indistinguishable from the historical movements of the beach and 
foredune in response to storm cut and recovery, which has masked the effects of 
historical sea-level rise. However, the probabilistic estimates of shoreline retreat 
accentuate later in the century to become hundreds of metres, and, adopting the 
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parameters presently appropriate would result in a range of recession estimates of a 
kilometre or more by 2300 (Cowell and Barry, 2011). 

The inner continental shelf along this coast is dominated by carbonate sediments that 
are produced through the skeletal breakdown of calcareous organisms. Despite the 
relatively slow rate of production, the total volume of sediment that gradually accretes 
on the shoreface appears to contribute sufficiently to the sediment budget to be an 
important factor in cross-shore delivery to the shoreline. For example, a production rate 
of 1 cm per 1000 years on the seabed, because this covers such a large area 
(approximately 8 x 109 m2), could contribute 1.3 m3/m/yr to the beach. Such an onshore 
delivery has not been established but would be significant in a geological context, with 
further alongshore exchange (predominantly from south to north) between sub-cells. 
Paradoxically, shallow rock substrate which underlies the coast in the vicinity of 
Mandurah imposes a limit on the sediment volume, and this section of coast is 
modelled to recede more rapidly than other sections through incremental coastal 
recession to balance loss of this sediment to local sinks. 

 

 
Figure 87. An example of the definition of the Mandurah - Cape Bouvard sub-cell 
in the Busselton - Rockingham compartment on the basis of its geology and the 
probabilistic risk exceedance plot of coastal recession (and historical 1950 
shoreline) using the STM sediment budget model (from Cowell and Barry, 2011). 

 

8.4 Northwest Australia  
The coasts of northern and northwestern Australia are predominantly muddy, and 
many are influenced by large tidal ranges. More than 80 tide-dominated estuaries 
along this coast are seasonally flooded by monsoon rains. Low-lying plains occur along 
the coast and extend inland up to 100 km along the estuaries. Those in the Top End 
support productive freshwater wetlands, such as found in the Kakadu National Park, 
whereas in arid and semi-arid Western Australia saline supratidal flats occur behind a 
coastal fringe of mangrove forests. Coring and radiocarbon dating has indicated the 
pattern of sediment infill whereby the prior valleys were inundated by postglacial sea-
level rise and filled with extensive mangrove wetlands that were replaced once sea 
level reached its present level about 6000 years ago by the freshwater wetland 
communities that now cover the plains (Woodroffe et al. 1993).  

Coastal systems in this region of Australia are generally poorly accessible, information-
poor, and there are few models of their behaviour (Eliot and Eliot 2012). Saltwater 
incursion has recently been observed into several of the freshwater wetlands as a 
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result of tidal-creek extension (Mulrennan and Woodroffe 1998). Further saltwater 
flooding of these low-lying coastal plains seems likely as sea level rises (Wolanski and 
Chappell 1996). However, there are considerable differences between adjacent 
sections of coast in northern Australia; the variation from deltas, through tidal estuaries 
to tidal lagoons appears to relate to gradients in sediment supply (Semeniuk 1994). 
Low-lying coastal regions which receive little sediment are likely to be drowned by sea-
level rise. However, there have been very few attempts to develop a sediment budget 
for any parts of this coast. It has been inferred that the large tidal estuaries of the 
Alligator Rivers region have filled as a result of the strong tidal processes that have 
moved mud in from offshore (Woodroffe et al. 1993). The Ord River estuary has 
experienced rapid accumulation of mud following reduction of river flow after damming 
upstream (Wolanski et al. 2001). A longshore sediment budget for the Ashburton has 
recently been proposed by Eliot and Eliot (2012). However, these preliminary 
inferences about sediment movement do not provide clear enough indications of long-
term sediment dynamics or sufficient foundation to develop reliable models of coastal 
system behaviour for this part of the coast. 
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9 CONCLUSIONS AND FUTURE DIRECTIONS 

The objective of this project was to develop a framework which integrates 
geomorphological and engineering understanding of coastal behaviour in a way that 
can be incorporated into coastal management decisions. This relates directly to 
research question 3.3 in the priority research questions in the National Climate Change 
Adaptation Research Plan for Settlements and Infrastructure (Thom et al. 2010a), 
which asks how well we understand the relationship between climate and coastal 
processes; how current methods can be improved; and how new methods can be 
developed to determine the physical risk of extreme inundation and coastal erosion 
from climatic and oceanic processes, on a regional basis. 

The geomorphological approach, based on the ideas of the coastal tract, requires the 
coastline to be subdivided into coastal compartments or cells, adopting a methodology 
such as that described by Eliot et al. (2011b), which is similar to the characterisation 
methodology applied in the UK (Whitehouse et al. 2009). Identifying coastal 
compartments goes some way towards recognising the links, particularly sediment 
sharing between sections of coast. It reinforces the view that complex coastal 
landforms exhibit variable behaviour in response to sea-level rise (Voice et al. 2006). 
The process of developing this type of coastal-behaviour framework that integrates 
shoreline changes associated with long-term recession, short-term variability and sea-
level rise has highlighted a number of areas directly related to research question 3.3 
that pose constraints on modelling, represent gaps in knowledge, or are areas where 
further research is required. These are examined in this section. 
 

9.1 Constraints associated with the Narrabeen case study 
The Narrabeen compartment appears an ideal site for the application and testing of the 
models considered here, because it has been the subject of considerable research 
over past decades, and is also a location where settlements and infrastructure are 
threatened by erosion during storm events. Nevertheless, there are several constraints 
that limit application of the framework to Narrabeen.  
 

9.1.1 Periodic natural behaviour at Narrabeen 
In addition to typical storm erosion and recovery along Narrabeen Beach, several 
studies over past decades have utilised the multi-decadal beach profile and wave data 
sets to show that the beach experiences a north-south oscillatory behaviour, termed 
shoreline rotation (Ranasinghe et al. 2004a). Sand transport to the northern end of the 
embayment was initially recognised as a response to a more southerly shift in 
dominant wave directions (Short et al. 1995). The shoreline response of Narrabeen 
Beach to offshore wave forcing over El Niño/La Niña cycles has recently been shown 
to also comprise significant cross-shore movement of sediment Harley et al., (2007) 
which is the most dominant process responsible for shoreline variability at the northern 
end of the beach (Figure 88).  

In addition to the variations in beach conditions which can now be attributed to the El 
Niño-Southern Oscillation phenomenon, there are also longer-term variations in climate 
which have impacts on the behaviour of the coast. Geomorphological evidence from 
other parts of the NSW coast provide evidence that shoreline orientation can adjust in 
response to other climate phenomena, such as the Pacific Decadal Oscillation and the 
Southern Annular Mode (Goodwin et al. 2006). 
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Figure 88. Conceptual model of shoreline variability at Narrabeen. A) Dominant 
(60%) cross-shore variability where the panel on the left shows a major increase 
in storm waves, mainly from model SSE direction and right shows a major 
reduction in storm waves, mainly from modal SSE direction. B) Secondary (26%) 
cross-shore and alongshore variability where on the panel on the left shows 
increase in wave period and storm waves, shift in direction from E to SSE and 
right shows a decrease in wave period and storm waves, shift in direction from 
SSE to E (after Harley et al. 2011).  

 

9.1.2 Human intervention at Narrabeen 
Both hard and soft engineering measures have been instigated to protect sections of 
Narrabeen Beach. Much of the length of the beach south of Devitt Street has existing 
protective works. These protective works have not been emplaced systematically; 
instead, many are the outcome of dumping of rock and other materials to prevent 
property damage during storms, particularly during the 1960’s and 1970’s (Figure 89). 
Many of these structures are buried, except at times of storms, and therefore the full 
extent of these protective works is not always apparent (WorleyParsons 2012a). The 
future effectiveness of these protective works cannot be guaranteed, and it is not 
possible to determine to what extent they may have influenced past beach behaviour, 
or might constraint future beach change, negating some of the modelling results.  
 

9.1.3 Interactions with adjacent estuary  
A full study of the sediment dynamics of the Narrabeen compartment needs to 
encompass the estuary and back-barrier environments. Narrabeen lagoon represents a 
trap for sand which is carried into the mouth of the estuary. The flood tide delta just 
within the entrance to the lagoon represents a significant volume of sand which has 
clearly been augmenting from month to month, and is thus an important sink for the 
compartment as a whole. Preliminary modelling of this has been undertaken by 
Hennecke and Cowell (2000). Estuaries are an important component of the sediment 
budget for the Australian coast; in some cases rivers deliver sand to the coast, 
whereas, in others, estuaries are incompletely filled with sediment and are a trap both 
for fluvial sediment and for marine sand that is carried into their mouths. The role of 
estuaries as a source, or a sink, in the sediment budget of a compartment is often very 
important, and future modelling of coastal systems will need to integrate these into the 
sediment budget of adjacent compartments, as discussed below. 
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9.1.4 Beach replenishment and nourishment 
Narrabeen Beach has undergone both sand replenishment and nourishment. 
Replenishment is the term used to describe the return to the beach of sand that was 
previously in the system, whereas nourishment refers to sand brought in from outside 
specifically to increase the volume in the active zone. Periodically sand has been 
extracted from the flood tide delta in the entrance of Narrabeen Lagoon (approx every 
3-4 years) for replenishment of the beach (Table 20); whereas sand for nourishment is 
brought in from various sources outside the beach compartment. On average 
approximately 19,000m3 of sand is placed on the beach each year (~16,000m3/yr via 
beach replenishment works and ~3,000m3/yr via beach nourishment works; see  
Table 21). The cost of these methods varies with beach replenishment costing around 
$19/m3 and nourishment at about $3/m3. 
 
Table 20. History of beach replenishment sediment removed from Narrabeen 
Lagoon Entrance (Source: Daylan Cameran, pers comm.). 

Year Narrabeen Lagoon replenishment sediment (m3) 
1982/1983 60,000 
1987 40,000 
1990 30,000 
1992/1993 56,000 
1995 27,000 
1999 70,000 
2002 40,000 
2006 45,000 
TOTAL 390,575 

 
 
Table 21. History of nourishment along Narrabeen-Collaroy Beach (Source: 
Daylan Cameran, pers comm.). 

Date Tonne
s 

m3 

December 2001 2,000 1,200
January/February 2002 3,000 1,800
July 2002 4,000 2,400
October 2003 10,000 6,000
February 2004 1,000 600
August 2004 2,500 1,500
November 2005 1,000 600
August 2007 500 300
December 2007 2,500 1,500
June 2009 717 430
November 2009 700 420
March 2010 3,072 1,843
June/July 2010 5,504 3,302
August/September 2010 300 180
TOTAL 36,793 22,075 

 

Beach replenishment and nourishment represent soft engineering approaches, which 
contrast with the hard engineering attempts at coastal protection, such as seawalls. 
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The artificial addition of sand to the beach can be integrated into sediment budget 
models, such as the STM, and incorporated into modelling (Cowell et al. 1990).  
 

 
 
Figure 89. Extent of known protective works at Narrabeen-Collaroy Beach 
displayed by the red line. The areas highlighted in blue are developments 
constructed on piles, which is a requirement for major structures built since 
about 1997 in or seaward of the Immediate Zone of Reduced Foundation 
Capacity (WorleyParsons 2012a).  
 

9.1.5 Short Term Profile Response 
The profile data collected at Narrabeen since 1976 generally covers only the sub-aerial 
beach.  This means that much of the active storm beach profile, which may be around 
15 m deep at Narrabeen, has not been measured.  The full extent of the profile 
response is not captured by the data.  Further, the profile model utilised in the 
application of the framework in Chapter 7 also does not explicitly consider the 
subaqueous profile (e.g. development of a storm bar, and 'self-limiting' behaviour of the 
beach during storms).   Behaviour of the beach between storms is represented in a 
relatively simplistic manner, with recovery occurring at an exponentially decreasing rate 
over time.      

  

These are simplifications which have been adopted to achieve a reasonable 
representation of the most important processes, while still maintaining a model which is 
computationally tractable.  An example of application of the stochastic storm erosion 
part of the framework using the Kriebel and Dean (1993) method is presented in 
Callaghan et al. (2008b).  Computational capabilities are increasing markedly at the 
present time and the adoption of more sophisticated models, also including longshore 
transport, is expected to be reasonably achievable within the next couple of years. 
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9.2 Gaps in knowledge 
In this study, the framework was only tested and partially validated at one point in the 
middle of one shoreline compartment, and was not tested within some of the more 
complex compartments or coastal tracts along the Australian coastline. It will require 
further work to extend the modelling to the ends of this one beach which are known to 
rotate in response to ENSO events (Harley et al. 2011). Theoretically, the developed 
integrated framework could be readily applied to the full range of coastlines and 
variable coastal behaviour around Australia. However, there is need for more research 
regarding the processes driving sediment movement within, and between, coastal 
compartments. This is discussed in the context of several issues. 

 

9.2.1 Longshore sediment transport 
The modelling approach does not incorporate longshore sediment transport as 
effectively as is desirable. The cross-shore profiles capture morphology at a point on 
the coast but longshore processes are incorporated less adequately than the cross-
shore transport. There is also a need for greater understanding of sediment exchange 
between compartments at various spatial scales. This is particularly pressing for those 
shorelines which are dominated by longshore drift as along much of northern NSW and 
southern Queensland. The significance of longshore drift is clear. It is reinforced by the 
sand pumping facilities installed at the mouth of the Tweed River, where it has been 
calculated that approximately 500,000 m3 of sand had been moving north annually prior 
to construction of the river entrance training walls which interrupted this transport. This 
sand is now pumped from south of the river to the Queensland Gold Coast beaches. 
Longshore drift is a key element of the sediment budget on the Gold Coast (Chapman 
1981), and beach nourishment and replenishment are an essential component of 
coastal management along this coast. Recently developed models such as the 
Shoreline Evolution Model (SEM) and Shoreline Response Model (SRM) may offer 
new opportunities to incorporate longshore transport, which has been notoriously 
difficult to estimate, into simulations. 
 

9.2.2 Rip cells 
One further process not directly addressed by the present methodology is the effect of 
rip cells, which locally enhance the erosion occurring during storms.  The notable 
difference between demand in the vicinity of rip heads was assessed by Gordon 
(1987), although that assessment was based on limited data and it was suggested that 
it be used with caution.  By default, the typical extreme erosion bite used for the 
development of hazard lines is between 200 to 250m3, and this value represents 
erosion in the vicinity of a rip head.  The PCR model, based on the method of Larson et 
al. (1993) does not include the effect of rip cells.  However, we suggest that the 
probability distribution of additional rip cell set back can be assessed utilising a suitable 
set of post storm aerial photography where the location of the erosion scarp is present 
as follows: 

  

1. collate available post storm aerial photography, scale and register in GIS or other 
appropriate software; 

2. map a continuous line showing the location of the normal (non-rip) erosion 
escarpment for each aerial photograph; 

3. in those locations where rips are present and the erosion escarpment is landward of 
the line adopted in (2), measure the additional recession; 
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4. combine the sample of rip set back values, and develop a suitable probability 
distribution of additional erosion length  

5. the result from 4 can then be convoluted with the other probability density functions, 
as described in Section 7.4. 

  

In practice, step 4 may involve some rigour, given that the additional recession may be 
affected by the characteristics of the storm that caused erosion.  Gordon (1987) 
indicated that additional, rip related volumetric storm bite varied with the magnitude of 
the storm.  For a 1 in 2 yr recurrence interval storm, the additional rip related storm bite 
was estimated at 50 m3/m, whereas for a 1 in 100 yr ARI the corresponding estimate 
was 80 m3/m.  Nevertheless, the variation is more pronounced for volumetric estimates, 
as the height of the erosion escarpment (and volume removed per m distance 
recession) increases with distance landward.  Step 4 would need to consider this 
factor, along with the other controlling factors such as beach alignment and sheltering, 
among other factors. 

 

9.2.3 Zone of reduced bearing capacity 
 

The results from the PCR represent the location of a vertical escarpment immediately 
post storm.  In considering the nature of any development landward of those lines, the 
final stability of the escarpment needs to be considered.  The standard for adoption in 
New South Wales is presented in Nielsen et al. (1992).  Nielsen et al. considered two 
factors: 

  

1. Post storm collapse of the erosion escarpment, typically assumed to result in a 
stable angle of repose of the sand and further landward recession of the crest of the 
scarp.   

2. A resulting zone of reduced foundation capacity, extending landward of the post 
collapse crest.  Within this area, special considerations are required for the founding of 
structures, given that the bearing capacity of the soil is affected by proximity of the 
collapsed slope. 

 

Broadly, the concept is shown on Figure 3A (Section 2.1).  The two additional 
components are site specific, relating to height of the dune and the characteristics of 
the sand and underlying geology.  With appropriate information, these components can 
be added deterministically to the recession extents determined as outlined by this 
framework. 
 

9.2.4 Estuaries and their integration into compartment sediment budgets 
In addition, the role of estuaries as a source or sink of sediment varies widely in 
accordance with climatic and oceanic conditions. There has been some research 
regarding the response of estuarine shorelines to sea-level rise and other aspects of 
climate change (for example Haines and Thom 2007; Oliver et al. 2012; Rogers et al. 
2012) and the likely behaviour of entrances (for example Weir et al. 2006). However, 
further research is needed to develop realistic models of estuarine shoreline behaviour. 
Combining models of open coast behaviour with models of estuarine behaviour will be 
a productive area of research in the future. This is a particularly pressing need in the 
context of the Australian coast, because a far greater proportion of the Australian 
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population lives in settlements along estuarine shores than live directly on the open-
ocean beaches which have been the focus of this preliminary modelling. The 
vulnerability of settlements, such as canal estates like those along the Gold Coast 
(Cooper and Lemckert 2012), and infrastructure, such as the stormwater assets around 
the foreshores of Sydney Harbour, are apparent from the first-pass national 
assessment (Department of Climate Change 2009). As the majority of coastal 
settlements are situated around estuaries and there is greater vulnerability associated 
with inundation of coastal settlements than erosion of soft shorelines adjacent to 
coastal settlements (Department of Climate Change 2009), it is imperative that further 
research be focussed on drivers of morphological change within estuaries. The 
NCCARF project titled Coastal urban climate futures in Southeastern Australia: from 
Wollongong to Lakes Entrance will address aspects of these issues for estuarine 
systems in that research area.  
 

 
 
Figure 90. A preliminary characterisation of the Narrabeen compartment and the 
interactions between the different landform components of the entire system, 
adopting the type of conceptualisation (left) and topological representation 
(right), advocated in a synthesis of such frameworks from the UK (the 
approaches on which this is based are described in Whitehouse et al. (2009). 

 

Figure 90 is a more detailed characterisation of the Narrabeen compartment using a 
pilot systems approach that has been advocated in the UK as part of a broader 
framework proposed there to conceptualise the interactions between coastal 
landforms. It demonstrates that not only are there interactions between landforms 
along the open coast, but also other important links to aspects of the hinterland, 
including estuaries and inlets. The significance of Narrabeen Lagoon as a sink for 
sediment, mentioned above, imposes limitations on how effectively the sediment 
dynamics of the compartment can be studied without reference to adjacent estuaries 
and inlets. Preliminary development of a flood tide delta model has already occurred 



 

Approaches to risk assessment on Australian coasts  173 

 

(Hennecke and Cowell 2000), and it would be appropriate to integrate the STM with the 
FTDAM (Flood Tide Delta Aggradation Model, Hennecke et al. 2004). An example of 
the linking of such models has been undertaken in the UK as proof of concept, using 
the model SCAPE (see section 3.3) to simulate coastal erosion and ASMITA to model 
estuarine behaviour. In the UK case modelled, an ebb tide delta provides sediment to 
the adjacent coast, whereas it is more common in Australia for the flood tide delta 
within the estuary to be a sink for sediment, as demonstrated in the case of Narrabeen, 
where sand accumulates in the mouth of Narrabeen lagoon, and is trucked back onto 
the beach as part of a beach replenishment program. It may be necessary to modify 
such models for application to the Australian coast, but some preliminary model 
development has already been undertaken (for example, the Estuarine Sedimentation 
Model;ESM) (Stolper 2002). Sea-level rise seems particularly likely to lead to recession 
of estuarine shorelines where there are not the same large active sandy zones prone to 
storm cut and recovery, but there is still very little evidence to support the contention 
that estuarine shorelines behave according to the Bruun Rule (Pethick 2001), and 
fewer alternative models of their behaviour than for open coasts. 

 

9.2.5 Dune morphology and behaviour 
Another prominent aspect of the different compartment types, particularly well-studied 
in Southeastern Australia and relevant to many other sections of coast, is the variable 
nature of dune development. The geomorphological history of a particular barrier type 
is one of the key indicators of its likely future sedimentary dynamics. The different 
barrier types, outlined in section 4.6, varied in whether there is only a minor foredune, a 
higher dune that sits on a stationary barrier, or extensive dunefields. There is abundant 
sand sequestered in dunes around the nation (Short and Woodroffe 2009; Short 2010). 
The exchange of sand between beach and dune is an important component of the 
sediment budget, which involves winnowing of sand from the beach by wind to build 
the dunes, and scarping of the foredune by storms that returns sand to the beach-
nearshore system. The volumes of sand in this exchange have rarely been quantified, 
but on many dune barriers are likely to overwhelm the smaller component presently 
attributable to loss from Bruun-type sea-level rise (Stive et al. 2010).  

The modelling of dune behaviour is a particularly crucial aspect of future responses on 
beach and dune systems and it is important to develop better methods to discriminate 
whether the net movement of sand is seaward (as proposed in the Bruun approach), as 
opposed to landward which occurs through processes such as overwash and flood tide 
delta formation in inlets. There are complex movements of sand between beach and 
dune that are not fully understood in the present context (Short and Hesp 1982). 
Presently models applied to the coast treat such movements with an aggregated 
approach, for example, the simple Bruun model implies seaward loss of sand from the 
beach, the Davidson-Arnott modification implies landward movement, and the 
approach advocated by Cowell et al. (2006) suggests that there may be a varying 
proportion of sand that moves in either direction, broadly related to the gradient of the 
underlying substrate (see section 3.4). Such concepts have recently been investigated 
experimentally by Aagaard and Sørensen (2012), but require further study on the 
Australian coast. 

Another aspect that requires further study is the recovery of beaches and dunes 
between storms. The application of the storm cut approach generally assumes that in 
the period between storms the beach-dune recovers to its pre-storm morphology, and 
thus that successive storms of similar magnitude impact on the same commencing 
foreshore morphology. Sequencing of storm events is modelled in the JPM, but there 
are presently inadequate studies of the rate and extent of recovery between events. 
This can be extremely important, because if subsequent storms recur before recovery 
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has been complete, then the system may enter a mode of recession which is not driven 
by a negative net sediment budget. 

There are important thresholds of behaviour about which little is known. For example, it 
is imperative to distinguish whether net sediment movement is off a beach with 
deposition in the nearshore, as the Bruun Rule would imply, or whether it is washed 
over the foredune and deposited on the backshore, as occurs along barrier islands in 
many parts of the world. Wave-induced overwash of sand dunes can rapidly erode 
dune profiles and may even result in dune destruction and inundation behind dune 
systems. However, there is very little field or laboratory data supporting morphological 
change of dunes associated with wave overwash. Whereas, Figlus et al. (2011) 
developed a numerical model of wave overtopping and overwash of a dune using a 
wave tank under laboratory conditions, models of dune overwash need to be 
developed based on empirical data that can be validated, and then adopted, using data 
from Australian coastlines. The quantity of sand lost from the beach into the dune is 
also largely unknown. Management guidance, such as the Queensland Coastal Plan 
(Department of Environment and Resource Management 2012), acknowledges the 
flood risk to coastal settlements and ecosystems associated with unique Australian 
climatic drivers, such as tropical cyclones and East Coast Lows; however little 
guidance is provided regarding the role of wave overtopping on dune morphology and 
assessment of vulnerability of coastal settlements to inundation associated with dune 
overwash. Clarifying the direction of net sand transport is an important element of 
modelling. It determines whether a model like the STM is operated in transgressive 
mode or in encroachment mode. For example, in modelling the Busselton-Rockingham 
compartment in WA, the shoreline was considered to retreat through the application of 
the encroachment mode, except for those sections that were backed by estuaries or 
lagoons, such as the Leschenault Inlet, where washover can be anticipated (Cowell 
and Barry 2011). 

With respect to the classification of dune type, elevation is a particularly important 
consideration because the height of the dune will be important, both in the context of 
the vulnerability of settlements behind dunes, but also because the volume of the dune 
influences the rate of recession (for example in the PCR model). There is greater 
scope to incorporate aspects of dune behaviour into models of shoreline response. For 
example, the variation in foredune morphology, and the links between the beach and 
foredune sediment budget (Psuty 1992), are likely to be related to the type of longer-
term response that can be anticipated to sea-level rise. The effect of dune vegetation 
and its possible role in coastal management practices that represent adaptation to 
climate change, also need to be investigated. Further research into dune volumes 
could be facilitated with the high-resolution terrestrial LiDAR data now available; 
historical trends in volume change may be detectable through comparison of 
photogrammetric analysis which has been undertaken on a project-basis for several 
beach-dune systems around the coast. However, it will need to be demonstrated that 
volume calculations are realistic and can be compared between the technologies. 
Planimetric analysis of shoreline position from aerial photography or beach-dune 
volume calculations from photogrammetric data are commonly used to estimate the 
storm demand occurring during an individual ‘design’ storm, despite issues associated 
with the aliasing of data due to the sparse time windows for which aerial photography is 
available (Rollason et al. 2010). 

 

9.2.6 Other aspects of the sediment budget 
The modelling does not yet capture all sources of sediment. For example, the 
production of carbonate sediment as a consequence of the growth of organisms and 
the breakdown of their skeletons is a key component within reef systems, but is one 
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that has received little attention. The low-lying sand cays on reef platforms are usually 
composed entirely of such biogenically-produced sediment, but methods to measure, 
or alternatively model, carbonate production require further development. Carbonate 
sediments are a prominent component of the sediments along much of coast of 
southern and western Australia, and it has been inferred that even modest rates of 
vertical accretion on carbonate-dominated shelves can translate into significant 
contributions to adjacent beaches (of the order of 1m3/m) in such systems (Cowell and 
Barry 2011). Even on the predominantly quartz beaches of eastern Australia, 
carbonate contributes variable proportions of the sediment budget from one 
compartment to another, and little consideration of this in situ biogenic production has 
yet been incorporated into models of sediment budgets. 

There are constraints on the extent to which all of these aspects of the sediment 
budget can be effectively modelled. The tyranny of tiny residuals means that it is 
impractical to use existing coastal-area models to handle the fluid dynamics and the 
associated morphological adjustments throughout a coastal cell. This is because 
geomorphic change emerges cumulatively from residuals which are small errors in the 
noise. These errors propagate as simulated time increases (Cowell and Barry 2011). 
Uncertainty in sediment transport predictions from wave or current driven models has 
been shown to exceed an order of magnitude (Davies et al. 2002). There will always 
remain an element of noise in the calculation of sediment budgets, whether on the 
open coast or in the exchange with estuaries, and this will need to be recognised by 
those using such budget estimates (Walton Jr et al. 2012). 

 

9.3 Incorporating sea-level rise 
Although there are well-established techniques for modelling storm cut, and 
approaches (such as the coastal tract and related methods) to model the longer-term 
sediment budget, incorporating sea-level rise into the modelling remains a challenge 
that requires further research. Existing methods are based overwhelmingly on 
extrapolation of a coastal slope to provide a basis for estimation of future shoreline 
retreat, and the limitations of this approach are briefly discussed in this section. 

 

9.3.1 Sea-level rise and coastal slope 
The fundamental approach to sea-level rise that has been enshrined in the Bruun Rule 
for more than half a century is that the shore profile translates landwards at a rate 
determined by the coastal slope. This has been widely applied to estimate the 
response of shorelines to sea-level rise. This relatively simple rule and its various 
derivates began to evolve more than 50 years ago and has been widely criticised, with 
some researchers indicating that it should cease to be used (Cooper and Pilkey 2004; 
Ranasinghe and Stive 2009). Its continued use reflects its simplicity and the absence of 
widely-accepted alternatives. In the Australian context, it remains an approach which is 
recommended at state level (eg. in Queensland and NSW). 

One of the areas of greatest debate with the application of the Bruun Rule has been 
the definition of the appropriate coastal slope. This is determined at a site by 
recognition of a seaward closure depth, and a landward berm or dune height. The 
depth and elevation of these points and the distance between them determines the 
coastal slope (tan , or Ø in Equation 7). Two alternative approaches, which have been 
proposed by other researchers, adopt a different definition of the slope. Wolinsky 
indicates that the retreat of the shoreline landwards is actually controlled by the slope 
of the underlying substrate (Wolinsky 2009; Wolinsky and Murray 2009). This approach 
follows work with the STM in transgressive mode that showed that the slope of the 
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underlying substrate is a major influence on barrier retreat (Roy et al. 1994). This is 
illustrated schematically in Figure 91. Ultimately, over a geological time scale, or if sea 
level rises sufficiently rapidly, then the entire coastal zone is located primarily where 
the sea intersects the underlying geology. The large sediment wedge of Holocene 
barrier deposits that have formed during the past 6000 years of relatively stable sea 
level, indicate the complexity of landforms that form when sufficient sediment is 
available over protracted time, but the underlying bedrock exerts a primary influence. 

 

 
Figure 91. Schematic representation of gradient-based approaches to sea-level 
rise. The underlying substrate (dashed line) differs from slope defined by 
shoreface gradient (dotted line, as in Bruun Rule), which is also different from 
the slope of beach foreshore (solid line, as adopted in PCR). 

 

On the other hand, the PCR is based on the Larson approach to dune erosion, which 
adopts the slope of the beach foreshore (tan f in Figure 33) as the gradient which 
determines the retreat under conditions of sea-level rise. These various approaches to 
determining coastal slope are shown in Figure 91. The Bruun Rule has been criticised 
because of the wide range of estimates for any one beach that can be generated using 
different definitions, particularly of closure depth. Indeed, it is known that closure depth 
is time-dependent, which means that rare storm events cause sand movement on the 
seabed in deeper water, so that closure is further seaward under these conditions 
(Nicholls et al. 1998). 
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Figure 92. Shoreface gradient at selected sites along the NSW coast and the 
commonly used definitions of closure depth. The commonly quoted range of 
R=50-100xS is represented by the red and green dashed lines (modified from 
Stieve et al., 2009). 

 

The rate of recession calculated by modelling approaches reflects the method used to 
define coastal slope. As a consequence even the Bruun method can result in a wide 
range of values for anticipated retreat (Ranasinghe and Stive 2009). Probabilistic 
approaches address this by adopting a range of values and assigning levels of risk to 
recession lines. In the case of the Bruun Rule, a dichotomy between using the deeper 
Hallemeier value for closure as opposed to a shallower value, has produced divergent 
values for retreat. Figure 92 shows that the slope of the shoreface varies from site to 
site in eastern Australia, and that only a few definitions of closure fall in the often cited 
range of 50-100 (that is R/S, which is a function of L/h, or 1/tan , or the distance in 
terms of units of retreat for a unit of sea-level rise, eg. 50-100 m retreat for 1 m sea-
level rise). 
 

9.3.2 Coastal gradients and time scale of consideration 
There is an urgent need to reconsider the use of coastal slope in models that are used 
to calculate shoreline recession. As indicated in Figure 91, the concept of slope that 
might be useful for the consideration of a single storm event is likely to be inappropriate 
over a longer time scale. In a geological context, underlying substrate is a constraint on 
shoreline position, but this is modulated in century to millennial time scales by the 
geomorphological realities of large-scale coastal behaviour. Beachface or foreshore 
gradient may be appropriate at event scale modelling as in the case of the PCR. It 
needs to be recognised that the PCR is primarily modelling the amount of dune 
erosion, and does not incorporate loss of sand from the beach itself, although this is 
likely to be substantial (see Figure 47). The slope of the beach varies through time, in 
response to incident wave energy, and beach morphodynamics, and this also 
influences run-up (Hughes and Baldock 2010). The coastal tract and the 
compartmentalisation approach advocated by Eliot et al. (2011b) adopt a hierarchy of 
spatial definitions which are intended to incorporate aspects of the time scale at which 
sedimentary processes are considered. This and other approaches, for example that 
can adequately simulate the relaxation times associated with sediment transport and 
the time taken for recovery after storms, or that allows for the slope value to vary in 
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time, need to be developed to better handle the issues of variable time scale that 
forward modelling entails. 

This project has also revealed that methods currently used to determine physical risk or 
coastal erosion could be improved. While sea levels have been relatively stable during 
the Holocene, there is strong evidence indicating that global sea levels have risen over 
the 20th and 21st centuries (IPCC 1992). Models of long-term recession and short-term 
variability, including those applied in this study, have been developed on the basis of 
data collected under conditions of rising sea level. As a result, many observations of 
long-term recession, and perhaps also short-term variability, already incorporate a 
component of sea-level rise. Disentangling this component of sea-level rise from 
recession associated with stable sea level may be required to adequately project 
coastal behaviour under projected conditions of accelerated sea-level rise. 

 

9.4 Timescales and thresholds in coastal behaviour 
Further consideration of time scales is essential because many of the accepted 
practices in the design of engineering projects are based on the assumption that 
boundary conditions are stable. Climate change, but particularly sea-level rise, means 
this is not the case. Coastal engineering and shoreline management needs to be based 
on new paradigms that accept that boundary conditions are time variant (Gordon 
2009).  

Even in the context of this modelling, it is important to recognise limitations imposed by 
the time frame over which observations are available. Thus the wave data used for 
modelling covers only the period for which wave recorder data is available, and not the 
1970s during which there were major storm events of greater magnitude than during 
the recorded period. Similarly the beach surveys commenced in the mid 1970s, but in 
the case of Narrabeen does not cover the extreme storms of 1974 which caused much 
erosion on this beach. The significance of that series of storms in 1974 is apparent 
from the major storm cut recorded in the beach profile data from Bengello Beach, 
Moruya (Figure 12), although that set of data also illustrates that the maximum 
recession on that beach actually occurred in 1978 after a less violent storm.  

There are other aspects of the variation through time which are important to examine 
further. The morphology of barrier systems, and in some cases chronology determined 
by radiocarbon dating of sediments, has been used to determine long-term 
geomorphological behaviour. However, some barriers appear to have undergone a 
change in the latest part of the Holocene. This is marked on progradational barriers 
that comprise a series of beach ridges or relict foredune ridges, with the formation of a 
considerably higher foredune backing the modern beach. This and other aspects of the 
nature of sand stored in compartments may imply that the barrier has passed through 
one or more intrinsic thresholds in its formation. Understanding these thresholds will be 
important in order to provide more realistic constraints on the geologically-derived 
longer-term sediment budgets. For example, a significant threshold can be recognised 
at the point when the accommodation space in an estuary becomes totally infilled, and 
the sediment brought down the river is no longer deposited in the estuary itself, but is 
discharged onto the coast and contributes sand to the coastal compartment. This 
threshold has been passed in the case of large rivers, such as the Shoalhaven River in 
southern NSW and several rivers in northern NSW, that deliver sand to the shoreface 
and inner shelf (Boyd et al. 2004). The development of a prograded barrier implies a 
source of sediment; in many cases this is from the river, but in other cases it appears to 
have been an ongoing (though presumably decelerating) supply of sediment from the 
inner continental shelf. Where a barrier has formed, but it appears to be experiencing 
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erosion and gradual recession (i.e. a receded barrier), this too may indicate that it has 
responded to an altered boundary condition, or some other threshold, in the past. 

Further research, building on the extensive morphostratigraphic studies of 
Southeastern Australia (Thom et al. 1986), could begin to unravel this more detailed 
sedimentary history. For example, the application of optical stimulated luminescence 
(OSL) dating to sands in the beach, barrier and dune, systems could now significantly 
improve the chronology of deposition (radiocarbon dating of shell only indicates the 
time of death of the shells, whereas OSL provides an estimate of time of deposition). 
Barrier sequences also contain sedimentary records of other past events, such as 
storm-cut scarps, which could be imaged using GPR, to extend storm histories on 
prograded barriers. It will be important to determine the influence that human activities 
have had in modifying the pre-European sediment dynamics, through such activities as 
land-use change in the catchments, damming of rivers, training of estuary entrances, 
and controlled vegetation planting and fencing of dunes. Many of these activities will 
have imposed an anthropogenic signature on the sediment budget. Determining this 
will also be useful in the context of setting a research agenda that can underpin future 
adaptation measures on the coast. Past coastal management efforts, as well as 
unintended anthropogenic impacts on our coast, can provide an archive of information 
that can better inform the actions that may need to be taken in the future in order to 
adapt to the consequences of sea-level rise, and maybe other climate change induced 
effects on the coast. 

Timescale is important as the budget is determined by the average of net quantities of 
sand lost or gained over some defined period. Short-term changes that redistribute 
sediment within a compartment do not affect the long-term budget. Following 
quantification, values of relevant parameters are tabulated as either additions to or 
subtractions from the budget of the compartment. A balanced budget indicates medium 
to long-term stability of the overall compartment (Chapman et al. 1982).  

The size of a barrier with respect to its embayment can indicate the amount of 
sediment available in a compartment. Wide prograded barriers formed of sequences of 
beach ridges, or capped with large dunes, indicate a greater volume of sediment than a 
single stationary barrier with limited foredune. Once formed, there is a time component 
to the sediment budget; if the source of sand continues to be positive, the barrier will 
prograde, if the sediment budget is balanced (i.e. no further sediment is delivered, or 
the rate of delivery equals the rate of loss) then a stationary barrier is likely, and if it is 
negative the barrier will recede (but not transgress which occurred in the past when 
sea level rose sufficiently rapidly to move it landward). Sediment supply, therefore, has 
controlled gross evolution under a stationary sea level. Barriers retreated landwards 
during rapid postglacial sea-level rise, but it has been harder to decipher the interaction 
between sea level, sediment supply and accommodation space over the past millennia 
during which the active beach-dune on these barrier systems have formed. At what 
stage the effects of a more rapidly rising sea level in future will become apparent and 
distinguishable from the ongoing response to other perturbations, is not clear, and will 
differ from coast to coast. This however, is an important challenge, because when the 
relative role of these factors can be deciphered then the influence of future sea-level 
rise can be more effectively forecast.  

 

9.5 The application of these ideas in terms of adaptation to climate 
change 

There is a growing need to develop sophisticated and validated models for use by 
practitioners assessing coastal risk, and to provide guidance on model applications. 
Coastal hazards already threaten settlements and infrastructure along many parts of 
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our shoreline, for example Narrabeen Beach has numerous assets at risk from major 
storms. Adaptation measures such as beach replenishment and nourishment or 
physical defences, such as seawalls and groynes, have been employed at several 
places around Australia. For example, sediment from the entrance to Narrabeen 
Lagoon is actively moved from the northern end of the beach to replenish the southern 
end of the beach, thereby altering outcome of the natural pattern of longshore drift, and 
there are partial seawalls and other man-made efforts to control sand movement on 
Narrabeen Beach. Much can be learned by comparing observed and modelled 
behaviour on Narrabeen Beach with other beaches. Comparison with the beach at 
Moruya, which is relatively unmodified, will yield valuable insights enabling extension of 
our preliminary results to other NSW settings. Warilla Beach in Shellharbour, which 
was the subject of detailed process studies and surveys that ran concurrently with 
those at Narrabeen and Moruya in the 1980s, has a seawall that was emplaced in the 
1970s because properties built on the foredune were at risk from erosion. That beach 
has recently undergone further dune construction and stabilisation, and was also 
nourished with sand as part of works at the entrance to Lake Illawarra. These 
measures alter the behaviour of compartments, and models of coastal risk need to 
incorporate this altered behaviour in order to simulate the effect of future adaptation 
measures. 

Adaptation has not been considered in greater detail in this study because, in the first 
instance, our approach needs to focus on the natural behaviour of coastal systems. 
The economic approach rests on the premise that the implementation of setback lines 
is more efficient than other types of government policy, and analyses their use to 
influence resource allocation (see sections 5.4.4 and 5.4.5). The risks are calculated on 
an annual basis. For every year in the next 100 years, estimates are made of the 
probabilities of damage, and the extent of damage, at various distances from today’s 
coastline in that year. The fact that the coast is becoming increasingly stressed by 
rapidly expanding settlement and infrastructure is an integral part of the economic 
optimisation. Such economic optimisation is essentially about what is the optimal 
exceedance probability of the setback line for today’s land-use planning decisions. It 
needs to be recognised that the exceedance probability of today’s optimal setback line 
might change over time. 

The hedonic pricing method assesses properties on the basis of what people are 
willing to pay and it is apparent that properties closer to the beach fetch a higher price. 
In the case of Sydney beaches, the average value of properties on the Narrabeen 
beach front is $2 million, and the total value exceeds $246 million (Kirkpatrick 2012). 
However, it is also important to recognise that these beaches have a series of other 
values to a range of beach users, and not only to the residents immediately adjacent 
(Anning et al. 2009). 

The probabilistic recession estimates are based on estimates of sea-level rise, which 
could be included in the analyses via deterministic trends (i.e. no uncertainty; a single 
scenario, as used in sensitivity analyses), or stochastic trends (thereby recognising that 
long-term sea-level rise changes are as uncertain as next year’s highest significant 
wave height). Just as the probabilities of damage are time-dependent, the value of 
risks are also time-dependent. Assumptions thus have to be made about future cash-
flows. This is where ‘the doubtful constants’ (i.e. discount rate, return on investment; 
both in real terms) come into play. Envisaging what the Australian coast will look like in 
100 years, or 200 years, from now is beyond the scope of the geomorphological, 
engineering and economic disciplines on which this project is based. The futility of such 
speculation can be put in perspective by considering the changes that have happened 
since Torres first navigated the north coast, Tasman sailed around the south coast, or 
Cook charted the east coast. The models advocated in this study are simulation tools 
which simplify but codify the knowledge we have of coastal response to storms, sea 
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level and geological processes; they provide projections of what might occur, but not 
predictions of what will occur. The probabilistic models produce outcomes that allow for 
the range of natural parameters informed by current understanding of natural system 
behaviour. These probabilistic models are preferable to deterministic ‘lines on the map’ 
because they better accommodate the uncertainties imposed by, and constrained with, 
the ‘tyranny of tiny residuals’ which will always persist. The economic modelling 
recognises that future projections are derived from the use of the doubtful constants. 
Even if our modelling of the physical processes could capture most of the variability of 
nature, such modelling can never address all aspects of human activities, motivation 
and aspirations. The modelled outcomes are tools to assist managers through 
generation of ‘what if’ scenarios. Policies and plans initiated on the basis of models 
undertaken with current knowledge, will need to be revisited as the future unfolds, as 
data and models improve, and in the context of political, social and cultural constraints. 
Adaptive management in future will need to continually re-assess and improve 
modelling, and take action when key trigger points are reached. 
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11 APPENDIX: DISTRIBUTION FITTING FOR JPM-PCR 

Generalised Pareto distribution of peak storm wave height, storm duration and peak 
tidal anomaly at Sydney 

Using the storm data set described in Section 7.2.2, and fitting using the maximum 
likelihood method as described in Section 5.2.2, the required parameters for the 
generalised Pareto distribution have been derived. Table 22, Table 23, and Table 24 
show the distribution parameters for various thresholds, considering H, D and R 
respectively. Similarly, diagnostic plots for the adopted thresholds are shown on Figure 
93, Figure 94 and Figure 95. 
 
Table 22. Summary of the fitted GP distribution parameters and their confidence 
limits for Hs,max measured at Botany Bay. The effective scale and shape 
parameters should approach constant estimates as the threshold (u) increases. 
Within the confidence limits, this is achieved with u=4.5 m.  

Threshold 
Level (u) 

[m] 

Probability of 
exceeding the  
threshold ( u) 

Scale ( )
[m] 

Shape ( )
[-] 

Effective scale 
(  - u) [m] 

4 0.41 [0.38; 0.45] 0.91 [0.77; 1.07] 0 [-0.11; 0.13] 0.93 [0.35; 1.51] 
4.5 0.24 [0.21; 0.27] 0.86 [0.68; 1.08] 0.03 [-0.11; 0.24] 0.72 [-0.22; 1.66] 
5 0.13 [0.1; 0.15] 1.03 [0.77; 1.35] -0.07 [-0.22; 0.18] 1.36 [0.17; 2.55] 

 

 
Figure 93. Diagnostic plots for the fitted GP distribution to the peak event 
significant wave height (Hs,max) measured at Botany Bay using a 4.5 m threshold; 
a. probability, b. quantile, c. return level and d. density/histogram. Panel c 
includes the 95% confidence limits estimated from the maximum likelihood 
method. 

u u



 

200  Approaches to risk assessment on Australian coasts 

 

Table 23. Summary of the fitted GP distribution parameters and their confidence 
limits for Dstorm measured at Botany Bay. The effective scale and shape 
parameters should approach constant estimates as the threshold (u) increases. 
Within the confidence limits, this is achieved with u=40 hours. The values 
provided inside [] are the 95% confidence limits using the maximum likelihood 
method. 

Threshold 
Level (u) 

[m] 

Probability of  
exceeding the  
threshold ( u) 

Scale ( )
[m] 

Shape ( )
[-] 

Effective scale  
(  - u) [m] 

4 0.41 [0.38; 0.45] 0.91 [0.77; 1.07] 0 [-0.11; 0.13] 0.93 [0.35; 1.51] 
4.5 0.24 [0.21; 0.27] 0.86 [0.68; 1.08] 0.03 [-0.11; 0.24] 0.72 [-0.22; 1.66] 
5 0.13 [0.1; 0.15] 1.03 [0.77; 1.35] -0.07 [-0.22; 0.18] 1.36 [0.17; 2.55] 

 
 
 
 

 
 
Figure 94. Diagnostic plots for the fitted GP distribution to the event duration 
(Dstorm) measured at Botany Bay using a 40 hour threshold; a. probability, b. 
quantile, c. return level and d. density/histogram. Panel c includes the 95% 
confidence limits estimated from the maximum likelihood method. 

  

u u
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Table 24. Summary of the fitted GP distribution parameters and their confidence 
limits for Sydney’s tidal anomalies (R) during storm wave events measured at 
Botany Bay (with > 3 m Hs). The effective scale and shape parameters 
should approach constant estimates as the threshold (u) increases. Within the 
confidence limits, this is achieved with u>0.175 m. The values provided inside [] 
are the 95% confidence limits using the maximum likelihood method. 

Threshold 
Level (u) 

[m] 

 Probability of 
exceeding the 
threshold ( u) 

Scale ( )
[m] 

Shape ( )
[-] 

Effective scale 
(  - u) [m] 

0.1 0.45 [0.41; 0.49] 0.1 [0.09; 0.11] -0.13 [-0.2; -0.04] 0.11 [0.09; 0.13] 
0.175 0.23 [0.2; 0.26] 0.06 [0.04; 0.07] 0.11 [-0.04; 0.32] 0.04 [0; 0.08] 
0.2 0.14 [0.11; 0.16] 0.07 [0.05; 0.09] 0.03 [-0.14; 0.28] 0.06 [0.01; 0.12] 
0.22 0.1 [0.07; 0.12] 0.08 [0.06; 0.12] -0.03 [-0.23; 0.25] 0.09 [0.02; 0.16] 

 
 
 
 
 

 
 
Figure 95. Diagnostic plots for the fitted GP distribution to the tidal anomalies (R) 
measured at Fort Denison during wave events measured at Botany Bay (defined 
using maximum storm H of 3.0 m). The threshold used is s = 0.175 m (see Table 
24 for model parameters); a. probability, b. quantile, c. return level and d. 
density/histogram. Panel c includes the 95% confidence limits estimated from 
the maximum likelihood method. 
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Logistic model fitting between H&D; H&R 

As described in Sections 2.6 and 2.7, joint probability models have been fitted between 
H and D and between H and R, using the marginal GP distributions described above. 

The fit between H and D returned 69.0;58.064.0 , indicating that there is a 
significant dependency (i.e. 1at the upper limit of the 95% confidence interval). A 
corresponding recurrence interval plot, including the measured data, is provided as 
Figure 96. 
 

 
 
Figure 96. Logistics exceedance return level contours (return periods shown in 
legend) and measurements (*) using the GP  marginal distributions for 
the wave Hs,max and Dstorm from the Botany Bay wave buoy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

( 0.64)
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The fit between H and R returned  = 0.74[0.69; 0.8], indicating that the dependency is 
somewhat weaker between H and R, than between H and D (Figure 97). 
 

 
 
Figure 97. Logistics exceedance return level contours (return periods shown in 
legend) and measurements (*) for Botany Bay Hs,max and coincident storm surge 
at Fort Denison. The marginal distributions used are the corresponding 
Generalised Pareto distributions.  

Fitting of dependent distribution for T 
A wide variety of distributions were considered for the modelling the wave period. The 
dependent distribution outlined in Section 2.7 was ultimately selected and the MLM 
returned the parameters outlined in Figure 98. 
 
Table 25. Wave period model parameters determined from maximising Equation 
49 for the Botany Bay wave buoy when H and T are in metres and seconds 
respectively. 

Model Parameter Estimation Lower 95%  
Confidence Limit 

Upper 95%  
Confidence Limit 

A 3.005 3.001 3.01 
B 0.543 0.542 0.544 
C 4.82 4.8 4.84 
D -0.332 -0.335 -0.329 
F 1.122 1.121 1.123 
g -0.039 -0.04 -0.038 
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Figure 98. Measured Ts and Hs (+) at Botany Bay where Hs > 3 m, the Ts 
expectation ( ), the 2.5% ( ) and 97.5% ( ) distribution positions for the log-
normal model with parameter dependencies with wave height and the estimated 
lower limit for Ts ( ) using the measurements. 

 

Fitting of dependant distribution for T 

The Peak Spectral wave direction data during storms was extracted from the Long 
Reef record, as the Botany Bay recorder does not record direction. Figure 99 
demonstrates a clustering of storm data around 175 degrees. A test of dependency 
between H and Dir failed and therefore, direction is assumed independent of Hs. 
Accordingly, an empirical, cumulative probability model was adopted as shown in 
Figure 100. 
 

 
 

Figure 99. Left, measured p and Hs,max ( ) at Long Reef wave buoy, where 
Hs > 3 m. Right, definition sketch for p, which is measured clockwise from true 
north (N.T.). 
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Figure 100. The empirical cumulative probability for p|Hs,max > 3 m at Long Reef. 
Approach direction measured clockwise from True North. 

 

Fitting of the non-homogeneous Poisson distribution to storm gaps 

Section 2.4 describes means of fitting parameters to a seasonally varying Poisson 
distribution for storm gaps. It was found that application of both annual and twice 
annual models of variation provided equivalent results at the 95% confidence interval. 
Therefore, additional complexity is not warranted, and the annual variation was 
adopted, with parameters ( 0 1 2

ˆ ˆ ˆ, , ) = (21.46,1.08,1.07). The resulting fit is illustrated in 
Figure 101. 
 

b
. 

 
 
Figure 101. For the Botany Bay wave buoy; left panel, wave event occurrence for; 
measured ( ) and modelled (Poisson) with constant (—), annual ( ) and twice-
annual ( ) variations in event occurrence intensity; and right panel, quantile plot 
using the Kaplan-Meier scale ((i  ½)/N, y1  y2 … yi  yn) and the modelled annual 
variation in event occurrence intensity (solid line indicates prefect agreement). 
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