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AADT
ABS
ABSLMP
AEP
AHD

Benefit-cost analysis

Berm
BoM

CO2
COAG

CPI
CSIRO

DCC
DECC

DECCW

Discount rate

ECA

Flood gate
Flood wall

GClI
OAGCM

GDP
Gumbel distribution

ICOLL
IPCC

Levee
LGA

Linear interpolation

Monte Carlo simulation

Multiple linear regression

Normal distribution
NPV

NTC
Numeraire

OAGCM
Opportunity cost

Average annual daily traffic

Australian Bureau of Statistics

Australian Baseline Sea Level Monitoring Project
Annual exceedance probability

Australian height datum

A decision-making tool that expresses, as far as possible, all costs and benefits in
commensurabl e monetary wunits that ref]l
resources.

A narrow ledge or shelf along the edge of a road, slope or canal.
Bureau of Meteorology

Carbon dioxide

Council of Australian Governments

Consumer Price Index

Commonwealth Scientific and Industrial Research Organisation

Department of Climate Change

NSW Department of Environment and Climate Change (now known as DECCW)
NSW Department of Environment, Climate Change and Water (formerly known as
DECC)

The rate at which future values are discounted by such that they are comparable to
values in the present

Economics of Climate Adaptation

Adjustable gates used to control water flow
Vertical barrier, often built from concrete, designed to temporarily contain flood
waters.

General construction index
General circulation model

Gross domestic product
A type of generalised extreme value distribution of the maximum (or the minimum)
of a number of samples of various distributions.

Intermittently closed or open lake or lagoon
Intergovernmental Panel on Climate Change

Compacted embankment built to prevent a river overflowing

Local government area

Estimation of a value of a variable between two known values that assumes uniform
change between the two known values

Typically involves a computer generating random numbers for use in sampling from
distributions. This process is repeated many times yielding simulated probability
distributions.

Linear relationship between a dependent variable and multiple independent
variables plus a stochastic disturbance

Continuous probability distribution where values are clustered about the mean
Net present value. The discounted value of a series of benefits and costs over time

National Tidal Centre

The unit in which prices are measured. This may be a currency, but in real models,
such as most trade models, the numeraire is usually one of the goods, whose price
is then set at one

Ocean-atmosphere coupled general circulation models
The cost of something in terms of opportunity foregone
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Probability distribution

Probability of exceedance,
poe
Probable maximum flood

Rainfall intensity
Revealed preference
Revetment

RTA

SEIFA

SLR

SRES
Stated preference

Storm surge

Tidal prism

UNEP

Willingness-to-pay

The range of values that a random variable can potentially attain

Probability of occurrence of an event that is at least as severe as that specified.
The largest flood that could conceivably occur. Notionally the 0.001% AEP or once
in a hundred thousand years flood.

Volume of precipitation over a period of time, such as millimetres per hour (mm/hr)
A technique whereby an individual's preferences can be determined based on
actual behaviour

A facing wall designed to sustain an embankment by absorbing energy from
incoming water.

NSW Roads and Traffic Authority

Socio-Economic Indexes for Areas
Sea level rise

Special Report on Emissions Scenarios

A technique whereby an individual's preferences can be determined based on their
choices under hypothetical situations

A storm surge is a rise above the normal water level along a shore that is the result
of strong onshore winds and /or reduced atmospheric pressure

The amount of water that flows into and out of an estuary or bay with the flood and
ebb of the tide, excluding any contribution from freshwater inflows.

United Nations Environment Program

Willingness of an individual or society to give up a given amount of goods and
services in exchange for the benefits to be gained from the adaptation measure
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Knowledge of the physical impacts of climate change is growing but, at this time, it is still insufficient for decision-
makers. In addition to developing a better understanding of the physical impacts of climate change, infrastructure
owners, investors and governments need advice about adaptation options and their costs and benefits over time.

Infrastructure owners need to know what adaptation options could be taken to optimise their investments and
manage risk. Governments need to understand the impediments to infrastructure owners taking efficient
adaptation measures to reduce the economic and community impacts of infrastructure failure.

AECOM was engaged by the Australian Department of Climate Change to undertake an economic analysis of

climate change impacts on infrastructure through the development of a series of case studies. These studies,

which analyse the benefits and costs of adaptation in response to risks of climate change, will be used to inform

the Australian Governmentos discussion on policy responses
infrastructure investment and maintenance costs.

This case study analyses the impact of climate change on flooding from Narrabeen Lagoon in the northern
Sydney local government area of Pittwater. It does not include analysis of impacts from beach erosion.

Narrabeen Lagoon is the smaller body of water to the north and east of Pittwater Road. Narrabeen Lakes is the
larger body of water to the south of Pittwater Road and Wakehurst Parkway. Narrabeen Lagoon is one of about
70 intermittently closed and open lakes and lagoons (ICOLLS) spread along the coast of New South Wales.
Storms can block ocean entrances to lagoons by depositing sand, but, in combination with flood waters from
creeks that feed into a lagoon, they will occasionally also flush away deposits in the entrance.

When its entrance is blocked, rain and floodwaters will generally fill a lagoon like a bathtub, and can therefore
flood the land and houses around it. Because climate change is expected to increase the frequency and intensity
of storms and rainfall in the Narrabeen catchment over the coming century, as well as raising sea levels, decision
makers need a better understanding of the social costs and benefits to their communities of the different
adaptation measures that could be implemented to reduce inundation.

This pioneering study estimates the social benefits of adaptation to climate change in terms of willingness to pay,
rather than just costs avoided. It also employs Monte Carlo analysis to generate more realistic probabilities of
overall costs and benefits, as well as modelling the expected future values of variables such as rainfall using
extreme value analysis rather than just taking averages. Six possible measures are analysed in detail. These
are:

Lagoon entrance opening

Lake Park Road levee

Progress Park levee

Nareen Creek levee

Flood awareness

= =4 —a -8 -—a -1

Planning control

Opening the ocean entrance to Narrabeen Lagoon permanently by excavating a channel through the headland
rock shelf would lower the water level by up to 1 metre. Modelling suggests that a 70-metre wide channel is
economically viable now, but the benefits increase if deferred until 2035. However, the study suggests that a 100-
metre wide channel would be far more expensive, with little additional benefit, and could therefore not be justified
economically.

Construction today of a 3 metre high levee on Lake Park Road along the southern boundary of the Sydney
Lakeside Holiday Park would generate net economic benefits of $0.9 million, and is therefore a viable proposition.
However, a similar levee at Progress Park is unlikely to generate sufficient social benefit to outweigh the costs
involved.

A floodwall and floodgates along Wakehurst Parkway would prevent rising floodwaters in the lagoon from backing
up into Nareen Creek, which feeds into it. Although almost 300 houses would be protected, the study suggests
that the cost involved outweighs the benefits.

A system to provide Pittwater residents with early warning of floods would be relatively inexpensive, and would
allow them to move valuable belongings and business merchandise to higher ground to avoid damage. With net
benefits of $12 million in present value terms, it would be worthwhile implementing this strategy immediately.
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Amending planning regulations to require an increase in floor height by at least one metre for all new buildings
and renovations to existing buildings would reduce flood damage over time. Although an average house is
renovated only every 40 years on average, the beneficial net present value from immediate adoption of this

measure would be at least $13.8 million.

Overall, a socially and economically justifiable strategy for the Narrabeen community would be to immediately
institute an early flood warning system, amend planning regulations, and build the Lake Park Road levee,

followed by channel widening in 2035.

The following table shows an appropriate portfolio of measures that, together, have higher benefits than individual

actions.

Adaptation Measure

Dimensions (m)

Timing

Lagoon opening: Permanent opening of the lagoon entrance.
By controlling the build up of sand, flood waters can flow out
quicker reducing the severity of flood events.

70.0 width

2035

Lakeside levee: Increase the level of existing flood protection at
Lakeside by increasing the height and lengthening the levee.

2.7 height

2010

Progress Park levee: Construction of a new earth mound levee
in Progress Park for flood protection for mainly
commercial/industrial properties.

2.5 height

After 2100

Nareen Creek levee: Flood wall and flood gates constructed to
protect the lower reaches of the Nareen Creek catchment from
backwater flooding from the lagoon.

2.3 height

After 2100

Flood awareness: Early flood warning systems designed to
prepare residents and businesses to take steps to minimise
damage to property, contents and operations.

Not applicable

2010

Planning control: Planning regulations increasing minimum
floor height for all new buildings and building renovations to
reduce severity of floods and the number of buildings impacted.

Height not modelled

2010

Page iv




Coastal Inundation at Narrabeen Lagoon - Optimising Adaptation Investment

1.1 Objectives of project

Knowledge of the physical impacts of climate change is often insufficient for decision-makers. Infrastructure
investors, owners, managers and governments need to understand the physical impacts of climate change, but
just as importantly they need information on adaptation options. Decision making on which adaptation measures
to implement and when requires information on: likely future impacts of climate change, a range of adaptation
measures, and the costs and benefits of various adaptation measures.

Infrastructure owners need to know about what adaptation measures could be taken to optimise their investments
and manage risk. Governments need to understand the community impacts and any impediments to infrastructure
owners taking efficient adaptation measures to reduce the economic impact to the community resulting directly
and indirectly from the failure of infrastructure.

This project will inform the Australian Governmenisds discu:
likely to increase infrastructure investment and maintenance costs. To achieve this, AECOM has undertaken
economic analysis of the climate change impacts on infrastructure of interest for the Australian Government.

AECOM was engaged by the Australian Department of Climate Change to undertake an economic analysis of the
climate change impacts on infrastructure through an analysis of the benefits and costs of adaptation in response
to risks of climate change. This case study analysed the impact of climate change on coastal flooding around
Narrabeen Lagoon in the Pittwater region of Sydney. To limit the scope of the study to manageable and definable
dimension, this study only considers the impacts of lagoon-dominated flooding and did not consider the effects of
beach erosion.

1.2 Nature of analysis undertaken for Narrabeen Lagoon

Adaptationisoneofthe t hree pill ars of the Australian Governmentds cl
feature of climate change is the uncertainty that accompanies it. In particular, the timing, severity and frequency

of future weather and climate events are not known with any degree of precision at this stage. Even where an

ostensibly effective adaptation measure is identified, such as building a levee bank, there is little certainty as to

when it should be built, or how high. AECOM has therefore used probabilistic modelling to handle the uncertainty

in respect of climate change and adaptation.

Premature construction of a levee bank to protect a road in a coastal area like Pittwater, for example, would
involve substantial costs now, but the benefits of avoiding more frequent or higher floods may not be reaped until
well into the present century. In such circumstances, the Pittwater community and Australian society as a whole
may be better off delaying the construction of the levee bank. Its resources can be used in the meantime for
other infrastructure, such as schools or hospitals, which have greater immediate social value. Undue
procrastination, on the other hand, could result in significant flood damage that might have been avoided by
constructing a levee bank at an appropriate time and to an effective height.

AECOM has therefore used a discounted benefit-cost methodology to rank and select a preferred strategy.
Benefit-cost analysis allows assessment of the relative social merits of potential adaptation measures. By
incorporating analysis of risk, it can also help determine optimal timing for implementing adaptation measures.
Estimating the costs of implementing an adaptation measure such as building a levee bank or raising houses is a
fairly straightforward task. Engineering information and the general availability of much commercial data, even if
not perfectly suited to the task, can usually be employed to produce fairly robust and reliable estimates.
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The estimation of the benefits of adapting to climate change, on the other hand, is more difficult. In principle,

economic benefits are estimated in terms of the willingness to pay by consumers or other beneficiaries for a good

or service like the result of an adaptation measure. In the absence of markets where it is possible to observe the

amount that beneficiaries are willing to pay, it is necessarytoresorttoso-c al | ed O6stated preferenceb
using surveys of potential beneficiaries to state how much they would be willing to pay if offered a specific benefit.

Although there is an element of hypothetically in such methods, they have improved significantly in recent years

and it is at least arguable that they are sufficiently robust for the purpose.

Because oOstated pr ef er expensid, nanystudeyestimate benefitser terrbsiofiaeolded e
costs. For example, the benefit of an adaptation measure like raising a house above flood levels might be

estimated as the flood damage costs that are avoided as a consequence. This approach can underestimate the
true benefits of an adaptation measure because, for example, it does not include the cost of inconvenience to the
flooded household. Including only the (market) cost of damaged furniture and fittings, but not the unpaid labour of
the household residents in cleaning up, would also underestimate the true economic benefits of avoiding the
consequences of a flood.

1.3 Benefits of the modelling approach

Benefit-cost analysis is a decision-making tool that expresses, as far as possible, all costs and benefits in

commensurabl e monetary wunits that reflect societyds prefere
encompasses the value placed by society as a whole on the costs and benefits of a proposed course of action,

rather than merely financial or commercial values. Costs are measured as implementation and damage costs,

and benefits reflect the willingness to pay of those who consume or otherwise benefit from an action or project.

The approach of this study introduces several innovative features and improvements over other studies of the
costs and benefits of implementing adaptation measures, as outlined below. The key benefits of this approach
are:

1T Where possible, benefits have been estbmated, owithedbast
avoidedd being used only where relevant data were not av

1 Extreme value analysis has been used to better model the likelihood of increasingly frequent and severe
climate events;

1 Modelling of costs and benefits has been designed to identify the optimal time, over the years 2010 to 2100,
to implement the six adaptation measures above so that net benefits are maximised; and

i The modelling allowsfore st i mati on of o&6r eal option values®d, ngn ter ms
fully now, or acting partially now and fully later only if necessary.

Studies of adaptation measures have to date focused on estimating the costs of implementing the measures and
comparing implementation costs to the damage or costs that would be avoided if the adaptation measure or
strategy were implemented. Such studies i a form of cost-effectiveness analysis i typically underestimate the
potential benefits of adaptation measures. For example, a sea wall may prevent coastal flooding. However, if
only the damage avoided is estimated, then valid social preferences such as the desire to avoid the
inconvenience of flooding, or the fear of being drowned, will not have been included.

Consideration of adaptation measures by decision-makers potentially involves a choice between many alternative
adaptation strategies. It also involves choices between adaptation strategies and all other potential social
projects, such as building roads, schools or hospitals. Because a common money numeraire (which reflects the
value of social resources) is used for all costs and benefits, it is possible to compare different projects in order to
identify the socially most desirable ones.

This report draws on the scientific advice and modelling as used for Climate Change Risks to Australia's Coast.
However,thisst udy al so used a quantitative risk approach rather
confidence intervals rather than worst cases. This approach has been discussed in the literature, although rarely

applied in practice (Marsden Jacobs Associates, 2004).
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1.4 Outline of this report
This report is structured into nine chapters;

1 Chapter 1.0 describes the objectives of the project, the nature of the analysis undertaken, and the benefits of
the modelling approach adopted.

1 Chapter 2.0 describes the area that is the focus of the study, namely Narrabeen Lagoon in the Pittwater
region of Sydney. It sets out the current extent and effects of flooding.

1 Chapter 3.0 describes the methodology that was used to handle climate and weather uncertainty, within an
overarching benefit cost framework.

1 Chapter 4.0 describes how the weather impacts might change under a range of equally likely climate
scenarios. It is essential to understand that the uncertainty associated with the range of climate scenarios is
carried through the modelling.

1 Chapter 5.0 presents the approach used in the economic model to predict flood events.

1 Chapter 6.0 describes the costs of flood impacts.

1 Chapter 7.0 describes adaptation measures that have been assessed, and their benefits and costs.
1 Chapter 8.0 presents the preferred adaptation portfolio and draws out lessons about adaptation.
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2.1 Description

Narrabeen Lagoon is the largest coastal lagoon in the Sydney Region. The lagoon is used extensively by the
community and visitors for a wide range of recreational activities, including kayaking, sailing, rowing, fishing,
swimming and less active activities such as walking, picnics and photography. The lagoon also supports an
important aquatic ecosystem.

The main body of the lagoon is connected to the ocean by a long narrow channel, two kilometres in length and
typically 150 metres wide (Cameron et al., 2007). Narrabeen Lagoon is classified as an intermittently closed or
open lake or lagoon (ICOLL). The entrance of Narrabeen Lagoon naturally closes due to the movement of sand
into the Lagoon entrance resulting from wave, current and wind processes. The amount of sand that is moved into
the lagoon entrance by the incoming tide continually exceeds the amount of sand removed by the outgoing tide
resulting in the entrance to Narrabeen Lagoon becoming filled with marine sediment. Over time the entrance
closes completely.

Narrabeen Lagoon is located North of Sydney along the NSW coast as can be seen in Figure 1.

Figure 1: Map of Narrabeen Lagoon relative the NSW coast
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