
ORIGINAL RESEARCH
published: 21 May 2019

doi: 10.3389/fmech.2019.00027

Frontiers in Mechanical Engineering | www.frontiersin.org 1 May 2019 | Volume 5 | Article 27

Edited by:

Michael John Gollner,

University of Maryland, United States

Reviewed by:

Wei Tang,

National Institute of Standards and

Technology (NIST), United States

Alexis Cantizano,

Comillas Pontifical University, Spain

*Correspondence:

Yaping He

y.he@westernsydney.edu.au

Specialty section:

This article was submitted to

Thermal and Mass Transport,

a section of the journal

Frontiers in Mechanical Engineering

Received: 01 February 2019

Accepted: 23 April 2019

Published: 21 May 2019

Citation:

Douglas GB and He Y (2019) Design

Bushfire Selection for Bushfire

Protection in Adaptation to Global

Warming. Front. Mech. Eng. 5:27.

doi: 10.3389/fmech.2019.00027

Design Bushfire Selection for
Bushfire Protection in Adaptation to
Global Warming
Grahame B. Douglas and Yaping He*

School of Computing, Engineering and Mathematics, Western Sydney University, Penrith, NSW, Australia

In this article, a risk based approach to design for bushfire protection in view of adaptation

to global warming is discussed. The concept of design bushfire is explained in an

analogy to design flood or design earthquake in terms of event of prescribed return

period. In lieu of using the Global Climate Model, the current study is based on the

analysis of historical fire weather data from multiple locations in a state wide region. The

generalized extreme value (GEV) analysis method is employed to establish the recurrence

models for predicting the fire weather index of given return period and the associated

fire intensity. To examine the impacts of the climate change, a moving GEV method is

utilized to the weather data records over the period of 44 years. The result demonstrated

a heterogeneity in the impact of climate change in terms of a given recurrence fire danger

index and the potential bushfire severity over the region studied. The implication of this

outcome is that the traditional prescriptive approach to design for bushfire protection

may not be suited for adaptation to climate change.

Keywords: adaptation, design bushfire, extreme value, heterogeneous, recurrence, severity, weather

INTRODUCTION

Bushfires (wildfires or forest fires) can be a more complicated phenomenon than other kinds of
natural disasters. For example, unlike tsunami, earthquake or storms where only the natural force
is at work, the contributing factors to bushfires include vegetation, weather, topography, and even
human activities. Notwithstanding, bushfires possess some similar features when compared with
some other natural hazards (such as floods, drought, and heatwaves) in that they are predominantly
influenced by weather and climate conditions (Douglas et al., 2015; Steffen et al., 2017). Recent
bushfire events in many parts of the world have given strong indications that the global warming is
having an impact on the geographical location, frequency, and severity of such disasters (Norway
Today, 2018; The Guardian, 2018).

The potential impacts of climate change on natural events such as heat waves, storms, floods
and, particularly, bushfires have been the subject of many theoretical and empirical investigations
(Kiern et al., 2006; Semenov and Stratonovitch, 2010; Fox-Hughes et al., 2014; Barbero et al., 2015;
Ayar et al., 2016; Abatzoglou et al., 2017). These investigations have included the applications of
global climatic models (GCM) and other models to predict future scenarios for developing climate
change adaptation strategies (Hennessey et al., 2005).

At the international level, the Intergovernmental Panel on Climate Change (IPCC) met and
agreed to its 5th Assessment Report which confirms and extends previous concern for global
warming and increased losses from natural hazards, including bushfires (IPCC, 2014). In 2018, the
IPCC issued its Special Report on Global Warming, warning that major changes in extreme events
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were likely with temperatures up to and exceeding average
increased temperatures of 1.5◦C. These reports have given rise
to concerns that climate change will have a significant impact on
bushfire behavior (Steffen et al., 2018).

When considering the implications of climate change on
bushfires, the trends in annual or seasonal frequency of fire
and fire severity need to be accompanied by information
on recurrence of fire weather. As such, climate change can
be translated into changes in fire frequency and severity
(Hennessey et al., 2005). These changes are correlated with fire
danger indices that incorporate drought as a pre-conditioning
factor, and temperature, relative humidity, and wind speeds as
ambient conditions (Noble et al., 1980).

Traditional building design practice for bushfire protection
has been relying on the so called prescriptive approach
(e.g., AS3959, 2018). Even though performance based building
regulations have been introduced in many countries in the
world since the last quarter of the last century, very little
consideration has been given to adaptation strategies to climate
change so far as design for bushfire protection is concerned.
Recognizing the challenges faced by performance based codes,
the idea of risk-informed performance-based building codes was
proposed by a number of scholars in recent years (Meacham
and Van Straalen, 2018). The hierarchy of the risk-informed
performance-based building code is a multi-tiered system which
includes the performance criteria based on risk concept and the
verification methods. Such a hierarchy gives rise to the need to:
(a) establish acceptable risk criteria; and (b) develop appropriate
risk assessment or verification methods.

Current risk based approaches consider climatic conditions
as being invariant from the past, both spatially and temporally
(AS3959, 2018). While climate models can be used to indicatively
show that changes in fire weather are likely to occur, there has
not been much discussion on verification methods that are ready
for use by practitioners and engineers to incorporate the effect of
climate change in their design practice for bushfire protection.

In this article, a risk based approach to design for bushfire
protection is discussed. The concept of design bushfire is
introduced as an analogy to design flood or design earthquake in
terms of event of prescribed return period (or annual exceedance
probability). The focus is then given to the selection of design
bushfires incorporating the effect of climate change. The ultimate
aim of the study is to assist in the development of appropriate
verification methods for bushfire protection design in adaptation
to the global warming.

In lieu of using the GCM, the current study is based on the
analysis of historical fire weather data. A number of methods
are employed to demonstrate the effect of climate change on
fire weather which is characterized with a fire danger index
and the associated fire intensity. One of these methods, namely
the generalized extreme value (GEV) analysis is employed to
establish the recurrence models for predicting the fire weather
of given return period. To examine the impacts of the climate
change, a moving GEV method is introduced, where the GEV is
applied to a series of consecutive timeframes with fixed duration
to reveal the changes in the control parameters of the recurrence
models. Themethods of analysis have been applied to the weather

data records of a number of weather districts in the state of New
South Wales in Australia for the period of 1972–2015.

Section Bushfire Weather and Global Warming of this paper
presents a literature review of fundamental concepts of fire
danger index, its correlation with bushfire severity, and design
bushfire. The relevant building regulation and design standard
for bushfire protection in Australia, as well as the previous studies
on the effect of climate change on bushfires are also reviewed.
Section Determination of the Impact of Climate Change
describes the data and the method used in the current study.
The results are presented in section Results. Section Discussion
presents the application of the results and the regression analyses
to the selection of 50-year recurrence value of fire danger index
for determining the design bushfire conditions. The spatial
uncertainty in the results is also discussed in this section, followed
by conclusion in Section Conclusion. An error analysis and
tabulated results are delivered in Appendices A, B, respectively.

BUSHFIRE WEATHER AND GLOBAL
WARMING

Fire Danger Indices and Fire Severity
In many countries, bushfire behavior has been linked to various
fire danger rating (FDR) systems, such as those in the USA,
Canada, Portugal, and Australia (Sullivan, 2009). Extensive work
has been undertaken to relate bushfire risk in Australia (Verdon
et al., 2004), Canada (Cruz et al., 2003; Abbott et al., 2007;
Beverly and Wotton, 2007), USA (Hardy and Hardy, 2007), and
Europe (Fernandes, 2001; Good et al., 2008) to various fire danger
index systems, and the correlations between such indices and fire
intensity appear useful in determining fire severity.

In Australia, the Forest Fire Danger Index (FFDI) (Luke and
Mcarthur, 1978) is commonly used as a measure of fire weather
conditions. This index is a dimensionless parameter and is a
function of multiple weather variables as shown in the following
(Noble et al., 1980):

F = 2exp[−0.45+ 0.987ln(D)−0.0345H+ 0.0338T + 0.0234U10] (1)

where F stands for FFDI, D is drought factor, H is relative
humidity, T is temperature (◦C), andU10 is the mean wind speed
(km/h) at the reference height of 10 m.

It has been well-established that house loss rate in terms
of average loss per bushfire event is related to FFDI (Gibbons
et al., 2012). The data presented in Table 1 was extracted from
Blanchi et al. (2010). This table illustrates that house losses are
relatively rare at Fire Danger Rating below HIGH but increases
significantly at VERY HIGH to CATASTROPHIC ranges. These
results confirm that bushfire severity can be correlated to FFDI.

The bushfire severity factors such as forward rate of spread,
fire intensity, and flame height can be correlated to FFDI by the
following empirical equations (Byram, 1959; Noble et al., 1980;
AS3959, 2018):

R= 0.0012FWsexp(0.069θ) (2)
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TABLE 1 | House losses of some major bushfire events in Australia (1957–2009) (Blanchi et al., 2010).

Fire danger rating FFDI range No. of events % of total events No. of houses lost % of total loss Average loss per event

CATASTROPHIC 100+ 8 14.8 5,319 64.4 665

EXTREME 75-99 9 16.7 1,181 14.3 131

SEVERE 50-74 27 50.0 1,163 14.1 43

VERY HIGH 25-49 9 16.7 589 7.1 65

HIGH 12-24 1 1.9 4 0.1 4

LOW-MODERATE ≤12 0 0.0 0 0.0 -

Total 54 100.0% 8,256 100.0% 153

I = HWtR/36 (3)

Z = (13R+ 0.24Wt)/2 (4)

where R is the rate of forward spread (kph),Ws is surface related
fuel density ( t/Ha) (i.e., surface, near-surface and elevated fuel,
AS3959, 2018), Wt is total fuel density (including Ws, bark and
canopy fuel), θ is slope in degrees (−15◦ ≤ θ ≤ 20◦), I is bushfire
line intensity (MW/m), H the heat yield of fuel (MJ/kg), and
Z is flame height (m). For a given design site, the topography
information is known. Provided that the fuel density is also
known, then the bushfire condition is predominantly determined
by FFDI.

It is noted that historically the FFDI value was originally
presumed to have an upper limit of 100 which corresponded
to the deemed worst possible conditions for bushfire that
occurred in the state of Victoria, Australia in 1939 (Sullivan,
2004). However, these conditions and the FFDI 100 limit were
exceeded significantly on many occasions (Douglas et al., 2015).
In practice, whole integers rather than fractional numbering
are used (NSW Rural Fire Service, 2009). Fire agencies across
Australia introduced a categorized FDR system to assist the
public’s perception of bushfire events. This rating system and the
corresponding range of FFDI values are illustrated in the first two
columns of Table 1.

Design Bushfire in Engineering Approach
to Bushfire Protection
Determining the severity of a potential bushfire for land-
use planning and construction practice purposes is crucial in
the planning assessment processes (Douglas and Ellis, 2000).
Property protection measures are related to the concept of
“design bushfire” (Ramsay et al., 2006). A design bushfire
is a reference bushfire condition against which bushfire
protection strategies or engineering solutions are to be
developed. The “design bushfire” can be considered as the
dimensions and characteristics of a bushfire flame, its initiation,
spread, and development, which arises from assumed weather
conditions, topography, and fuel (vegetation) in a given
regional setting. The design bushfire can therefore be used to
determine consequences including radiant heat flux, sustained
flame contact, and wind speeds arising from the assumed
bushfire event (Douglas and He, 2017).

Obtaining the correct inputs for developing the design
bushfire is therefore critical in considering the protection of life
and property assets, including resident, and fire fighter safety,
protection of homes, and other infrastructure and the need to
balance environmental objectives.

Deterministic and empirical approaches to bushfire behavior
modeling combined with fire engineering principles have been
applied to determine defendable space for fire fighters and
building protection in North America (Butler and Cohen, 1998;
Gettle and Rice, 2002), in Portugal (Zárate et al., 2008), and
in Australia (Douglas and Tan, 2005). These defendable space
arrangements are contingent on an appropriate design bushfire.

Attempts have been made in the past to quantify suitable
design bushfires based on a frequency distribution profile of
fire weather. Andrews et al. (2003) considered the utilization of
logistic regression and percentile analysis in describing severe
weather. Blanchi et al. (2010) compared bushfire statistics in
Australia from 1957 to 2009 with local meteorological conditions
to determine conditions under which house loss was likely.

A major difficulty is in defining bushfire scenarios for design
and assessment purposes. Inappropriate selections of design
bushfire can result in either additional costs to the environment
and construction, or the failure of the building systems to
withstand the likely fire event. So the question arises, on what
basis can the design bushfire be determined.

Risk Based Approach in Verification
Method
Natural and man-made disasters often exhibit themselves as
random events which cannot be predicted with high certainty
(Coles, 2001). Regulations or codes for structural designs against
flood and cyclonic wind disasters often use events with known
likelihood or frequency as benchmarks. For example, annual
exceedance probabilities are provided for structural provisions
within the National Construction Code of Australia (NCC, 2019).
This has led to the development of performance criteria for
various construction arrangements, in the hope of supporting
innovation, reducing costs, and improving productivity.

The implementation of performance based building codes,
however, have not been without criticism and reservations. The
qualitative or descriptive nature of the performance requirements
are sometimes criticized for being subject to interpretations and
being lack of quantifiable or verifiable performance requirements
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and criteria (Almgren and Hansson, 2010). To address these
concerns, verification methods have been introduced which
aim to establish more quantitative approaches to design and
construction practice. A recent development by the Australian
Building Codes Board is the introduction of a verificationmethod
for bushfire protection design into the National Construction
Code of Australia (NCC, 2019) in support of the performance
requirements for construction in bushfire prone areas. This
is seen as a significant advancement toward a risk informed
performance based building code and the supporting verification
methods (Douglas and He, 2017).

The performance requirement for bushfire protection can
be found in Vols. 1 and 2 of the National Construction Code
of Australia (NCC, 2019) and is not repeated herein. So as to
meet this requirement, the new verificationmethod (NCC, 2019),
provides the acceptance criteria in terms of the probability of fire
initiation of a building that is exposed to the bushfire conditions
with prescribed recurrence. More specifically, the verification
method GV5.1 states that fire ignition probability of a building
should be <10% when it is exposed to design bushfire conditions
with prescribed recurrence based on building importance. For a
residential (Class 1) building, the annual exceedance probability
is specified in Table G5.1 of the code as 1:50, with higher
recurrence levels for other residential and vulnerable types of
buildings (NCC, 2019).

The proposed ignition probability limit is essentially a
benchmark for acceptable conditional failure probability. The
prescription of the recurrence period of bushfire event in
effect sets up a reference bushfire condition against which fire
protection strategies or solutions are to be developed. This
reference bushfire condition is referred as the design bushfire as
discussed in the previous subsection.

Generalized Extreme Value Method for
Selection of Design Bushfires
As can be seen in subsection Fire Danger Indices and Fire
Severity, the fire severity parameters that are used in bushfire
protection design are associated with fire weather. The selection
of design bushfire conditions is reduced to the selection of
appropriate fire weather, fuel, and topography. In accordance
with GV5.1, it is eventually reduced to the determination of
design bushfire conditions within the prescribed recurrence, or
return period.

In statistical terms, the use of a return period (or annual
probability of exceedance or APE) is an appropriate mechanism
for determining design parameters for rare but extreme
conditions (Coles, 2001). As such, the extreme value analysis can
be used when considering planning for extreme weather events
(Holmes and Moriarty, 1999). Extreme value analysis (EVA)
allows, through regression analysis, the prediction of certain
conditions for planning, and construction practice purposes.
Extreme value analyses are used in determining flood outcomes,
temperatures (Dury, 1972), storms (Holmes andMoriarty, 1999),
and other natural phenomena.

Katz et al. (2005) noted the potential advantages of extreme
value theory when modeling ecological disturbances. Such

approaches can be combined with moving average methods to
detect shifts among alternate states through non-linear methods
(Ives and Dakos, 2012). Where data is of a longer duration (20
years or more), the GEV method was found to usually suffice
(Coles, 2001).

Some work has been done recently in relation to fire weather
or fire behavior in Australia at the extreme by Douglas et al.
(2014). In their study, the prevailing extreme values were
determined by comparing different statistical approaches at
the 1:50 year recurrence with existing policy values based on
previously limited data. However, this work assumed static
climatic conditions.

Impact of Climate Change on Bushfires
It has already been ascertained by previous investigations
(Hasson et al., 2008) that fire weather conditions, and hence fire
behavior will alter in the future as the effects of climate change
will become more pronounced over time. However, the possible
extent of such changes has not been quantified. Increases in
average temperature due to climate change may occur (Hasson
et al., 2008) but do not directly indicate increased bushfire
severity. Based on the McArthur bushfire behavior model (Noble
et al., 1980), it is difficult to ascertain whether or not the
recurrence of the EXTREME forest fire danger would differ
significantly from the current range without a careful analysis
of each variable used to determine FFDI (Hennessey et al., 2005;
Lucas et al., 2007; Clarke et al., 2011).

Previous studies (Hennessey et al., 2005; Lucas et al.,
2007) described changes in annual average cumulative FFDI
(denoted6FFDI) under different climate change scenarios using.
Hennessey et al. (2005) generated future fire weather data from
GCM simulations of FFDI. They then studied the number of
events per year which have FFDI ≤ 25 or FFDI ≤ 50 over the
period of data and found that there were indeed shifts in both
seasonal and annual threshold events, although the numbers vary
across the NSW landscape. Lucas et al. (2007) combined the
historical weather data and the predicted changes using GCM to
study daily-average and monthly-average FFDI, annual average
cumulative FFDI (or ΣFFDI), average number of days of FFDI
≤ 25, and average number of days of FFDI ≤ 50 for the period
1973–2007 and predicted increases in these parameters to 2020.

Changes using FFDI as an indicator in modeled scenarios
provided some insight into possible shifts in fire weather.
However, GCM is not generally accessible and operable by
bushfire protection practitioners. It is expensive and time
consuming to run and the results may contain large uncertainty.
More importantly, straightforward application of GCM do not
address climate change impacts in terms of recurrence events.

Summary
Climate change is almost certain to give rise to increased
frequency of prolonged periods of adverse bushfire
conditions and potentially increased severity of bushfires.
The understanding of these changes alone is not sufficient for
developing the bushfire scenarios for adaptation strategies in
land use planning or construction. The question is how to
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TABLE 2 | NSW weather stations selected in the current study.

Weather district no. Weather district name Weather station

2 North Coast Coffs Harbor

3 Greater Hunter Williamtown

4 Greater Sydney Sydney

5 Illawarra /South Coast Nowra

8 ACT Canberra

13 North Western Moree

15 Lower Central West Dubbo

17 Eastern Riverina Wagga Wagga

determine design bushfires, knowing that climate change is
making impact on individual fire weather events?

Albeit having been used in the literature to predict future
climate conditions, GCM does have limitations in engineering
practice to develop design bushfire conditions for the risk based
approaches. The historical climate data, in conjunction with a
statistical approach to extreme weather events can be used to
develop design bushfire scenarios. This approach is more robust
than either cumulative FFDI or changes in number of threshold
days which by its nature does not consider the distribution of
weather data.

DETERMINATION OF THE IMPACT OF
CLIMATE CHANGE

Data Source and Distributions
The dataset used in the current study was primarily obtained
from Australia’s National Historical Fire Weather Dataset
program (Lucas, 2009) which covers 77 stations nationwide
for the period beginning 1972 to the end of 2015. This
dataset contains the evaluated daily FFDI and all the associated
weather parameters.

Eight weather stations were identified in the state of New
South Wales (NSW) of Australia to illustrate the geographical
spread of the impacts of climate change on fire weather. The
weather stations and associated weather districts are listed in
Table 2 and the geographic distribution of the eight weather
stations is depicted in Figure 1.

As seen in Equation (1), FFDI is calculated using temperature,
relative humidity, wind speed, and daily drought factor. The
National Historical Fire Weather Database comprises calculated
FFDI based on:

• Daily drought factor (1–10);
• 3:00 p.m. wind speed (km/h, 10min average at 10m height);
• 3:00 p.m. relative humidity (%RH); and
• Maximum daily temperature (◦C).

Lucas (2009) has quantified some of the errors associated with
this dataset, notably that wind speed may have errors associated
with changes in instrumentation, changes in station location
or changes in recording procedures. The 3:00 p.m. dataset is
used due to the long term accumulation of weather station data,
although improved technology will allow for a more accurate

and continuous daily dataset in the future. Historically, data
was collected between 1 and 8 times per day, with 9:00 a.m.
and 3:00 p.m. being the most common. As such, the 3:00 p.m.
data for relative humidity and wind speed will not necessarily
identify the true daily maximum FFDI, which would be ideal
for GEV analysis. The deviations in the input parameters from
the worst case scenario may raise a concern in relation to the
level of uncertainty associated with the calculated FFDI data.
A detailed analysis is presented in Appendix A to estimate the
level of uncertainty associated with the use of these four weather
parameters in calculating FFDI. The result shows that the
uncertainty in the recorded FFDI values is in the order of
20%. This is a quite significant error and aligns with the issues
considered by Lucas (2009). However, it should be noted that,
although drastic, this error consistently leads to under-estimate
of FFDI and does not consider the correlations between the
contributing variables. It can therefore be concluded that the data
is suitable for climatic studies (Lucas, 2009).

Method of Analysis
As reviewed in Subsection Generalized Extreme Value Method
for Selection of Design Bushfires, the extreme value analysis has
now been adopted for risk based approaches in bushfire design.
The collected daily FFDI over the data period of 44 years were
subjected to GEV analysis to establish the relationship between
FFDI and their return period. The method is based on the work
of Makkonen (2006). A detailed description of the application of
GEV method to historical weather data can be found in Douglas
et al. (2014). From a sufficient length of data, a log-linear model
of the form

Fr = alnr+b (5)

is established, where r is the return period or recurrence, Fr is
the forest fire danger index corresponding to the give recurrence
r, parameters a and b are constants obtained from the log-linear
regression of GEV result.

In order to reveal the changes in fire weather as the
consequence of climate change, an attempt is made in the current
study to apply the GEV analysis to the FFDI index subject to a
moving 20-year data window over the data period of 1972–2015.

The moving window technique is a simple and widely used
technique for local averaging or smoothing in data processing
to identify some main features imbedded in otherwise noisy
background. It is often referred to as the Savitzky–Golay filter
(Chen et al., 2004). The advanced use of such technique can
be found in Schulze et al. (2012) for spectral analysis. In the
current study, this technique is extended to the GEV analysis
whereby the recurrence value of FFDI is modeled on the basis of a
relatively small (short) time window of data over a long period of
data record. The window is then successively traversed through
the entire data record period to reveal the changes in a given
recurrence value.

For a finite length of the total data record, there is a trade-off
between the window width and the accuracy of the GEV model.
Generally speaking, the wider the window width, the better the
GEV result. However, the wider window might smooth out the
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FIGURE 1 | New South Wales Fire Weather Districts and the locations of the eight weather stations involved in the current study. Adapted from NSW Rural Fire

Service (2006).

imbedded variations in the change of recurrence value. The 20-
year window is considered the minimal number of years required
for reasonable accuracy for prediction of recurrence values (see
Gumbel, 1958). This width is adopted in the current study.

The window is traversed consecutively year by year for 24
times to cover the entire data span of 44 years. A number of 24
predictive equations in the form of Equation (5) are obtained.
These equations are then used to estimate the 50-year recurrence
values of FFDI, or F50, of which the variation may indicate the
impact of climate change.

The outcome of the moving window GEV analysis is then
fitted with three types of regression functions, namely power,
linear and logarithm as given in Equations (6–8) to discern the
trend of variation:

F50 = cxd (6)

F50 = cx+d (7)

F50 = cln(x)+d (8)

where c and d are regression constants, x is the period sequence
number. For a given calendar year y, x is evaluated according to
the following equation:

x = y−1992+ 1 (y ≥1992) (9)

RESULTS

An analysis was undertaken for the weather data of each of the
eight weather stations using the method described in section
Method of Analysis. As an example, the daily forest fire danger
index extracted from the data sources for Coffs Harbor (D2) for
the period of 44 year are plotted in Figure 2. Three data windows
among the 24 in total for the moving window GEV analysis
are also indicated in this figure. The results of the recurrence
forest fire danger index values for a sequence of moving window
GEV analysis are presented in Figure 3 showing windows 1, 5,
and 13 in the series. The figure also contains the corresponding
regression lines as in the form given in Equation (5) from which
the F50 value is estimated.

Twenty-four F50 values are derived from the moving
window GEV analysis for each weather district. The results are
presented in Figure 4 and tabulated in Table B1 of Appendix B.
Also included in Figure 4 are the three regression lines, namely
power, linear, and logarithm, of which the regression parameters
are listed in Table B2.

As can be seen, the moving GEV assessment of Coffs
Harbor (D2) fire weather data indicates that the 50-year
recurrence FFDI values have increased from ∼70 in the
first period to nearly 120 in the last. The significant jump
occurred in the 10th period, or the period including the
year 1983 when the historical Ash Wednesday fire event
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FIGURE 2 | Raw data of FFDI for Coffs Harbor (D2) over the period of 1972–2015 and the 1st, 5th, and 13th moving window for GEV analysis.

FIGURE 3 | Plots of recurrence FFDI and the log-linear model [Equation (5)] of the 1st, 5th, and 13th moving window for Coffs Harbor (D2).

took place (Blanchi et al., 2010). The increases in F50 for
D13 and D17 also exhibit stepwise increments at different
periods, respectively. The reason for this kind of behavior is
not known.

It can also be discerned that the trend in F50 is increasing
over the period for the majority of the sites. An exception to this
can be found with the Williamtown (D3) weather station, where
the trend is clearly declining. The F50 value of Nowra district
(D5) is quite peculiar, showing a trace of bath-tab curve. These
results indicate that the impact of climate change on fire weather
conditions over a portion of the landscape in New South Wales
is heterogeneous.

Figure 4 and Table B2 also reveals that, except for districts
4 and 5, the three regression functions generally produce
reasonable approximations of variations in F50. On average,
the power and logarithm regression functions produce more

conservative and, perhaps, more reasonable, estimates of future
variations than the linear regression.

DISCUSSION

Determination of Design Bushfire
Conditions
To demonstrate the application of the GEV analysis and
modeling results the selection of recurrence values of FFDI for
determining future design bushfire conditions, a comparison
between each of the three regression methods [see Equations (6–
8)] is made in Table 3 for the year 2015 and 2025. The parameters
in Table B2 were substituted into Equations (6–8) for each of the
eight districts investigated.

Equation (7) should be used with caution, as linear regression
may not be the most appropriate choice for some cases. For
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FIGURE 4 | Moving window GEV and regression results for weather stations in the eight districts.

example, the F50 for Coffs Harbor (D2) exhibits stepwise
increments over the 24 window periods and remains almost
constant for quite a long period since the last change as
shown in Figure 4. The use of the linear regression could result
in significant over prediction of the future variation in F50.
Equations (6, 8) however exhibit a lower level of deviation for
all stations, either trending positively or negatively.

In the districts where correlation coefficient is small, the
variation in the 50-year recurrence FFDI value is very irregular.
The linear form was not a good choice of regression. In
such a case, the overall F50 value may be considered for the
same purpose. For example, no regular variation trend was
discernible in the Sydney district (D4). Then the overall F50
of 116 as given in Appendix B can be used to determine
the design bushfire condition. As for D5 (see Figure 4), the

latest trend of variation could be taken into account in
order to err on the conservative side for the selection of
design bushfires.

Uncertainty
The accuracy of the result by the moving window GEV method
depends on the total length of the available data and the width
of the moving window. Generally, the longer of the total data
period and the wider of the moving window are, the better
the result. Since the total available data length was 44 years
and the minimum 20-year window was used to estimate the
F50 values, large uncertainties in the results may expected.
Such uncertainties will be based on inference of the likelihood
function and therefore consistent at the moving window selected
(Coles, 2001).
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TABLE 3 | Comparison between three regression methods for predicted F50 at

eight weather stations.

Regression Year D2 D3 D4 D5 D8 D13 D15 D17

Log 2015 116 89 102 103 110 125 112 121

2025 122 89 102 101 113 130 114 124

Linear 2015 125 96 103 105 115 129 114 127

2025 147 85 103 103 126 145 120 141

Power 2015 117 80 102 101 110 126 112 121

2025 125 78 101 100 113 133 114 125

It should be noted that spatial resolution of the data and
the results need to be considered in the design application of
the regression models. The limited numbers of weather stations
within the landscape can only produce representative data and
results for the entire weather districts. Variations within a district
are expected as much as variations between districts, which
have been revealed in the current study. The spatial distribution
of weather stations can therefore also build in some level of
uncertainty when considering the role of the design bushfire
for a specific development proposal. It is recommendable that
for a proposed development, the weather data, and the derived
regression models from the nearest weather station be used
to determine the recurrence FFDI values for design bushfire
selection purpose.

A further issue associated with climate change is the potential
impact on fuel accumulation and or curing. It should be noted
that bushfire severity is determined not only by fire weather, but
also by fuel load which may also be influenced by climate change
(DECCW, 2010; Cary et al., 2012). The GEV study of the effect
of climate change on fuel load and further on bushfire severity is
not within the scope of the current paper.

CONCLUSION

This study has examined the impact of climate change on the
forest fire danger index, which incorporates a range of weather
parameters. The design bushfire concept in terms of fire weather
conditions and the related fire severity was explained. A novel
approach of moving window GEV analysis was applied to
historical record of weather data to reveal the variation in the fire
danger index with prescribed return period.

It has been found through the application of the GEV
analysis to the data from limited number of weather stations

selected across the NSW landscape, the impact of the climate
change on the design bushfire with nominated return period
is heterogeneous and geographically dependent. The trends

predicted by the GEV results differ dramatically, from coastal
locations to the inland, as well as latitudes from north to south of
the State. The severity of the design bushfire would be aggravated
in some weather districts by climate change but may be alleviated
in other districts or neutral in others.

The moving window GEV analysis method not only revealed
the heterogeneity in the impact of climate change on bushfire
conditions, it also assisted in the selection of design bushfire
conditions within the risk based framework to cater for
protections against future bushfire attacks.

Based on the outcome of this research it is recommended
that bushfire protection strategies for climate change adaptation
should be flexible and take into account the local and regional
conditions in order to generate economic benefit as well as
provide safety for communities. Because of the limited length
of available data and the minimum window width used in the
current study, the results of moving window GEV may contain
significant uncertainty. Future studies should, if possible, extend
the data length and examine the sensitivity to window width.

The current study did not include the impact of climate
change on fuel load on which bushfire severity is also dependent.
It will be worth investigating this issue for the long term
adaptation to climate change.
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NOMENCLATURE

a, b constants in the log-linear GEV

regression model

c, d constants in regression models

for moving window GEV analysis

D is drought factor

H relative humidity (%)

I bushfire line intensity (MW/m)

R rate of forward spread (kph)

r recurrence year

r2 correlation coefficient

T temperature (◦C)

U10 mean wind speed at the

reference height of 10 m (m/s)

Ws surface fuel density (t/Ha)

Wt total fuel density (t/Ha)

x moving window sequence

number

y calendar year

Z flame height (m)

Greek

1H heat yield of fuel (MJ/kg) (heat of

combustion)

2 slope in (◦)
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