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ABSTRACT
The characteristics of the McArthur Forest Fire Danger Index and the Canadian Fire Weather
Index are investigated for Australian conditions using eight years of gridded data. The spatial
and temporal variability of fire weather in Australia is examined using these indices. The
formulations of the indices are examined using a number of novel model evaluation
methodologies. The indices are found to be similar to each other on a broad scale in that they
are both most sensitive to wind speed, then secondly to relative humidity and thirdly to
temperature. On a finer scale, derivatives of the indices show that the McArthur Forest Fire
Danger Index is relatively more sensitive to temperature and relative humidity, and less
sensitive to wind speed and rainfall, than the Canadian Fire Weather Index. These sensitivity
differences mean that the indices are complementary to each other, in that they each respond to
a somewhat different set of conditions, as is shown by examining a number of recent fire events.
The fire events also reveal that index values associated with dangerous fire behaviour can vary
greatly between different climatic regions. Methods to reduce the consequences of this variation
are examined, including the use of index percentiles.

1

2

Australian fire weather as represented by the McArthur Forest Fire Danger Index and the Canadian Forest
Fire Weather Index

INTRODUCTION
Fire danger indices are used in many parts of the world to integrate meteorological and fuel
information into a single or small number of measures. These measures can then be applied to
regions for the issuing of warnings, or more locally to estimate the suppression difficulty of a
single fire or fire complex.
In Australia the McArthur Forest Fire Danger Index (FFDI) (McArthur 1967) is widely used to
forecast the influence of weather on fire behaviour, and the Australian Bureau of Meteorology
routinely issues forecasts of Grassland and Forest Fire Danger Index (GFDI and FFDI) for use
by fire authorities. Perhaps the two other most widely used fire weather indices are the
Canadian Forest Fire Weather Index (FWI) System (Van Wagner 1987) and the US National
Fire Danger Ratings System (NFDRS) (Deeming et al. 1978). A study comparing five different
indices in six different regions of France, Italy and Portugal (of which the FFDI and NFDRS
were not included) found that the FWI System showed the best performance (Viegas et al.
1999). A recent study by Cruz and Plucinski (2007) for Radiata Pine plantations in Australia
showed that the Canadian System provided a better indication of extreme fire behaviour than
the McArthur system. The FWI System is adaptable enough to have been implemented in
countries with very different climates to Canada, including countries close to Australia such as
New Zealand, Indonesia and Malaysia (Dudfield 2004, de Groot et al. 2006), as well as many
other countries (see Taylor and Alexander 2006).
This report describes an implementation of the FWI System over Australia using gridded
numerical weather prediction model fields and an 8-year data set of daily values. The FWI
fields are compared with an equivalent set of FFDI fields (calculated from the same set of
meteorological inputs). The study is predominantly based on numerical weather prediction
(NWP) data, in contrast to station based data, since NWP data more readily allow for a
consistent spatial distribution of data throughout Australia.
The FFDI has an associated set of classification thresholds ranging from low to extreme as
shown in Table 1. The Australia-wide threshold for a fire weather warning to be issued was
originally set at a value of the FFDI equal to 50. In Tasmania, this threshold has been lowered to
24 because significant fire activity was happening at these levels. To support the use of this
lower threshold, two further arguments were used. First, the warning is a public message and if
the level were set at 50, the warning would be issued too infrequently to be effective. Second,
implicit in the FFDI is an assumption of a standard fuel load which is significantly exceeded in
the densely forested parts of Tasmania.
The use of a different threshold for Tasmania than for mainland Australia suggests that the
significance of an index value can vary between different regions, yet the currently used
warning system is based on applying the same thresholds across a wide range of different
climatic regions. Accordingly, the variability and significance (where significance is assessed in
terms of the ranking of the magnitude of the index relative to its climate at that location) of
FFDI and FWI index values throughout Australia are examined in this report, and enhancements
to warning systems based purely on index thresholds are discussed.
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The data sets and processing techniques used to generate the FFDI and FWI for this report are
described in Chapter 2. Chapter 3 presents the spatial variability and seasonal cycles of the
indices, providing a general overview of the characteristics of the indices throughout Australia.
A detailed comparison of the FWI and FFDI is presented in Chapter 4, including the
determination of a relationship between the two indices. Chapter 5 investigates the sensitivity of
the indices to their input parameters, including an examination of the derivatives of the indices.
Chapter 6 applies the results of the previous chapters to examine six recent fire events. The
results of the entire report are then summarised and discussed in Chapter 7.
Table 1: FFDI values for each fire danger rating class (Luke and McArthur 1986).

Fire Danger Rating

FFDI range

Low

0-5

Moderate

5-12

High

12-24

Very High

24-50

Extreme

50+

1.1

Overview of the FFDI

The FFDI is a key tool for assessing fire danger in Australia. The formulation of the FFDI (e.g.
Noble et al. 1980) is based on the temperature (˚C), T, wind speed (km h-1), v, relative humidity
(%), RH, and a component representing fuel availability called the Drought Factor, DF, as
shown in Equation 1.

FFDI = 2e

(−0.45 + 0.987 ln (DF) − 0.0345RH + 0.0338T + 0.0234v)

(1)

The Drought Factor is given as a number between 0 and 10 and represents the influence of
recent temperatures and rainfall events on fuel availability (see Griffiths 1998 for details). The
Drought Factor is partly based on the soil moisture deficit which is commonly calculated in
Australia as either the Keetch-Byram Drought Index (KBDI) (Keetch and Byram 1968) or
Mount’s Soil Dryness Index (SDI) (Mount 1972). The KBDI and SDI are both estimates of the
soil moisture below saturation up to a maximum field capacity (in an agricultural sense where
the soil micro-pores are full but the macro-pores are empty) of 203.2 mm (i.e. 8 inches) and a
minimum of 0 mm.
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1.2

Overview of the FWI System

The Canadian Forest Fire Weather Index (FWI) System was developed in 1970, with revised
versions issued in 1976, 1984 and 1987. The Australian implementation is based on the 1987
version (Van Wagner 1987), with modifications to its day length dependency to make it a
continuous function in both latitude and time of year, potentially allowing it to be applied
globally (as described in Appendix A). An hourly version of the FWI System has also been
developed (as described in Section A.7 of Appendix A).
The FWI System is based on the effects of weather parameters on forest floor fuel moisture
conditions and generalised fire behaviour in a standard jack pine stand (Van Wagner 1974). It
requires calibration of its classification thresholds to suit local climatic conditions which is
usually accomplished through an analysis of historical fire weather data (e.g. de Groot et al.
2005). In this report, fire danger classification thresholds for the FWI have been proposed based
on the classification thresholds of the FFDI, using a statistical approach to convert between the
two systems.
The FWI System is one of the primary inputs to the Canadian Forest Fire Behaviour Prediction
(FBP) System (Forestry Canada Fire Danger Group 1992). The FBP System also uses fuel type
and topography information to estimate fire behaviour. The primary outputs of the FBP System
include the rate of fire spread and fuel consumption. The secondary outputs of the FBP System
include the rate of perimeter growth and the head, flank and back fire spread distances.
The FWI System consists of several components as shown in Fig. 1. An understanding of the
relationships between these individual components aids interpretation of the output indices. A
summary of the components is presented in the following subsections (for further details see
Van Wagner 1987).

1.2.1

Fire Weather Observations

The meteorological inputs to the FWI System are noon Local Standard Time (LST) values of
temperature, relative humidity, wind speed and the rainfall of the previous 24 hours.

1.2.2

Fuel Moisture Codes

The Fire Weather Observations are used as inputs for three Fuel Moisture Codes. The Fuel
Moisture Codes represent three classes of forest fuel, each with different drying rates, nominal
fuel depth and nominal fuel loads (as shown in Table 2). The Fine Fuel Moisture Code (FFMC)
represents the moisture content of fine fuels and litter on the forest floor. The Duff Moisture
Code (DMC) represents the moisture content of loosely compacted decomposing organic
matter. The Drought Code (DC) represents the moisture content of deep compact organic matter
of moderate depth. It was originally developed by Turner (1972) to represent soil moisture, but
was found to provide a good representation of the moisture state of slow drying fuel since the
DC loses moisture exponentially.
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Fig. 1: Basic structure of the FWI System (Van Wagner 1987).

The three Fuel Moisture Codes are each calculated with a daily time-step and include their
previous day’s value as an input to the current day’s value. It is through this feedback
mechanism that antecedent information is incorporated into the FWI System and the drying
rates of the fuel classes are determined. A measure of the fuel drying speed is the time lag at
which the fuel loses 1- e-1 (about two thirds) of its free moisture above equilibrium. The time
lags listed in Table 2 represent reasonably good approximations over a range of likely input
conditions, since the time lags depend on a number of factors (such as meteorological inputs,
time of year and latitude).
Table 2: Properties of the three Fuel Moisture Codes (Van Wagner 1987).

Fuel Moisture
Code

Time lag
(days)

Water capacity
(mm)

Nominal fuel
depth (cm)

Nominal fuel
load (kg m-2)

FFMC

2/3

0.6

1.2

0.25

DMC

12

15

7

5

DC

52

100

18

25

1.2.3

Fire Behaviour Indices

The FWI is based on two intermediate Fire Behaviour Indices: the Initial Spread Index (ISI) and
the Buildup Index (BUI). The ISI estimates the combined influence of wind speed and the
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FFMC on fire spread. It is a simple exponential function which doubles the FWI for increases in
wind speed of about 20 km h-1. The BUI is a combination of the DMC and the DC, representing
the availability of the deeper or larger-sized fuel. The ISI and the BUI are combined to
determine the value of the FWI, representing the peak daily intensity of the spreading fire as the
energy output rate per unit length of fire front (Van Wagner 1987).

2.

DATA PROCESSING

The FFDI and FWI systems are both based on the current day’s temperature, relative humidity
and wind speed, as well as the rainfall of the past 24 hours. To allow comparisons to be made
between the two indices they have both been calculated to represent the daily peak fire
conditions. The FWI System was originally formulated by correlating noon values of
temperature, relative humidity and wind speed with the daily maximum fire behaviour (Van
Wagner 1987). This means that although noon values of these parameters are used, the FWI
System is actually indicative of the most severe fire conditions on a given day (which usually
occur mid-afternoon). In contrast, the FFDI uses the daily maximum temperature to indicate the
most severe fire conditions on a given day. For this report, temperature, wind speed and relative
humidity data have been obtained from NWP analyses at noon for the FWI System, and
generally mid-afternoon for the FFDI, while rainfall data have been acquired from an
observational data set.

2.1

Observational rainfall analyses

A gridded analysis of daily rainfall observations is currently available at a resolution of 0.25
degrees in both latitude and longitude across Australia (Weymouth et al. 1999). This gridded
rainfall dataset has been used to calculate both the FFDI and FWI systems. The daily rainfall
analysis is valid for 9 a.m. local time and is produced in real-time with some 1200 reports
potentially available nationally. In non-real-time, about 5000-6000 reports are received, and the
Bureau of Meteorology National Climate Centre produces a “final” rainfall analysis about two
or three months after the event utilising this larger amount of data. This larger data set has been
used to produce the indices presented in this report, whereas for forecasting purposes the indices
are produced using the real-time rainfall analysis.
In some parts of the country, mainly the central desert regions (e.g. the Gibson Desert, the Great
Victorian Desert and the Simpson Desert), the rainfall observation network is very sparse. These
areas are therefore not used for the analyses presented in this report. Since these regions are
sparsely vegetated, their omission does not significantly limit the aims of this report.

2.2

MESOLAPS forecast data

Due to a lack of available gridded observations of temperature, relative humidity and wind
speed, short range forecasts have been used for these parameters from MESOLAPS (see Puri et
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al. 1998 for details). The MESOLAPS forecasts have a resolution of 0.125 degrees in both
latitude and longitude, but have been resampled (compressed) for the purposes of this report to
match the 0.25 degree resolution of the observed rainfall data. Consequently, the indices used in
this report have a resolution of 0.25 degrees in both latitude and longitude throughout Australia
(which is approximately a grid of about 25 km by 25 km).
The Bureau of Meteorology archive of MESOLAPS forecasts is available from 10 October
1999 onwards. Two sets of forecasts are produced each day. Prior to 19 February 2002 the
analysis times of the forecasts were 1100 UTC and 2300 UTC, after which they changed to
1200 UTC and 0000 UTC. From each analysis time, forecasts are available at multiple terrainfollowing vertical sigma (pressure scaled by surface pressure) levels for three hourly intervals
out to 48 hours past the analysis time.
The FWI System requires data valid at noon Local Standard Time (LST) to estimate the daily
peak fire conditions. Noon LST corresponds to about 0200 UTC in eastern Australia and 0400
UTC in Western Australia (daylight saving time has not been used for this report). The threehour forecast from the 0000 UTC analyses (or the 2300 UTC analyses prior to 19 February
2002) has been used to represent the noon values required by the FWI System since it is the
closest available forecast to noon throughout Australia.
The FFDI uses the maximum daily temperature to calculate the daily peak fire conditions. The
six-hour forecast from the 0000 UTC analyses (or the 2300 UTC analyses prior to 19 February
2002) has been used for the FFDI, except in cases where the 0300 UTC temperature is greater
than the 0600 UTC temperature in which case the 0300 UTC forecast has been used.
A known issue with the MESOLAPS forecasts is that they tend to underestimate wind speeds as
compared with observations. To reduce this bias, wind speed is calculated here as the average of
the 10 m wind speed and the gust speed (calculated as the peak wind speed in the mixed layer).
This wind speed has been used in daily forecasts of FFDI based on MESOLAPS forecasts since
the summer of 2006-7 following the analysis of meteograms such as those described in Mills
(2005).
The MESOLAPS forecasts have occasionally not been archived due to technical reasons. In
these cases, the missing forecasts have been replaced by the nearest available previous forecasts
as listed in Table 3.
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Table 3: Missing MESOLAPS forecasts and replacements used.

Missing Forecasts

Replacement Forecasts

2300 UTC 19/10/1999

1100 UTC 19/10/1999

1100 UTC and 2300 UTC 26/2/2000

2300 UTC 25/2/2000

2300 UTC 16/4/2000

1100 UTC 16/4/2000

2300 UTC 15/7/2000

1100 UTC 15/7/2000

2300 UTC 19/8/2000

1100 UTC 19/8/2000

0000 UTC 1/1/2003

1200 UTC 31/12/2002

0000 UTC 15/5/2006

1200 UTC 14/5/2006

2.3

Historical data considerations

Complete sets of input data are available from 1 October 1999 onwards. However, it is
necessary to initialise the indices with a significant amount of historical input data. It is for this
reason that the first three months of data (i.e. from October to December 1999) have been used
to allow the indices to ‘spin-up’, which means that the indices have only been used for this
report from 1 January 2000 onwards. A spin-up period of three months is expected to be
sufficient given that the longest time lag listed in Table 2 is about 50 days.
A historical record of the FFDI and FWI systems is therefore available from 1 January 2000
onwards. The calculation of the indices is an ongoing process, although this report is only based
on data up to 31 December 2007, resulting in an eight year data set being available for this
report.

3.

VARIABILITY OF FIRE WEATHER IN AUSTRALIA

The spatial variability and seasonal cycle of fire weather as represented by the FFDI and FWI
are demonstrated in this chapter. This provides a general overview of the characteristics of the
indices throughout Australia for use as a reference by the following chapters of this report.

3.1

Spatial variability

Percentiles have been used throughout this report instead of averages since the FFDI and FWI
represent somewhat different quantities to each other. Although both indices have been
calculated to represent the peak daily fire conditions of a given day, the FWI represents the
intensity of the spreading fire as energy output rate per unit length of fire front, while the FFDI
provides a relative measure of the difficulty of suppressing a fire. Comparing the percentiles of
the indices overcomes this difference to some degree, since comparisons are made between the
relative occurrence of the index values rather than the indices themselves. The percentiles have
been calculated from daily values for the years 2000 to 2007.
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The 99th and 95th percentiles of the FFDI are shown in Fig. 2. The percentiles are calculated
separately for each grid point throughout Australia from daily values of the indices during the
years 2000 to 2007. Large spatial variability in the percentiles can be seen throughout Australia,
with the 99th percentiles being above 50 throughout a region including most of the central and
southern-central regions of mainland Australia, but below 30 throughout Tasmania, south-west
Western Australia, eastern Victoria and around the Great Dividing Range. The 95th percentiles
show a similar pattern of spatial variation to the 99th percentiles, although over a lower range of
values (from less than 10 in some regions up to between 40 and 50 in other regions).

Fig. 2: The 99th (upper panel) and 95th (lower panel) percentiles of the FFDI. The inland blank areas
indicate where the indices have not been calculated due to distance from rainfall observations (see Section
2.1 for details).

Figure 3 is similar to Fig. 2, but for the FWI. The FWI has a reasonably similar pattern of
spatial variability to the FFDI. As was the case for the FFDI, the higher FWI values
predominantly occur throughout the central and southern-central regions of mainland Australia,
while the lower values generally occur in Tasmania, south-western Western Australia, eastern
Victoria and around the Great Dividing Range.
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Many of the regions where the percentile values of FFDI and FWI are relatively low still
correspond to regions where significant fire activity occurs (e.g. eastern Victoria, Tasmania and
south-western Western Australia). It is perhaps not coincidental that these areas are also those
with heavier (forest) fuel loads. This suggests that the significance of a particular index value
may be different in some locations than in others. This suggestion is investigated in more detail
in Chapter 6 through the examination of a number of recent fire events.

Fig. 3: As for Fig. 2, but for the FWI.

3.2

Seasonal cycle

The seasonal cycles of the FFDI and FWI are examined in this section. Fig. 4 shows the average
number of days per month that the FFDI was above its 95th percentile. This quantity removes
the spatial variability of the index, since every location has the same number of days above its
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95th percentile (i.e. 146 days from the eight years of available data). Removing the spatial
variability allows the temporal variability to be isolated and investigated with greater clarity.

Fig. 4: The average number of days per month (to the nearest integer) that the FFDI was above its 95th
percentile.

Figure 4 shows that in northern Australia the highest FFDI values most frequently occur during
the period from about September to November, with the lowest values occurring from about
January to June. The seasonal cycle in the central latitudes of Australia is delayed by about a
month or two from that of the northern latitudes, with maxima generally occurring from about
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October to January and minima from about April to July. The central east coast region is an
exception to this where the seasonal cycle is more similar to that of the northern regions of
Australia. The southern parts of Australia show a seasonal cycle that is delayed from that of the
central latitudes by a further month of two, with maxima generally occurring from about
December to February and minima from about June to August. The overall seasonal cycle of the
FFDI described here is reasonably consistent with a map of seasonal fire occurrence shown in
Luke and McArthur (1986).
Figure 5 is similar to Fig. 4, but for the FWI. In the northern parts of Australia, the highest FWI
values tend to occur from about August to October, with minima from about December to April.
For the more central latitudes of Australia, the maxima occur from about September to
December, with minima from about April to July. The exception to this is the central east coast
region which has a seasonal cycle that is more similar to the northern regions (as was also the
case for the FFDI). In the southern parts of Australia the FWI maxima predominantly occur
during December and January, with minima during June and July.
The seasonal cycle of the FWI is similar to that of the FFDI in that features such as maxima and
minima tend to occur later at the more southerly latitudes and earlier at the more northerly
latitudes. The predominant difference between the FWI and FFDI is that the seasonal increase
of the FWI generally appears to occur about a month earlier than for the FFDI.
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Fig. 5: As for Fig. 4, but for the FWI.

4.

THE RELATIONSHIP BETWEEN THE FFDI AND FWI

The similarities and differences between the indices are examined further in this chapter. The
percentiles of the FFDI and FWI are compared with each other in this chapter to develop a
relationship between the two indices. This relationship is used to provide an indication of the
fire danger classification thresholds of the FWI for Australian conditions (based on the FFDI
thresholds shown in Table 1). Scatter plots are then used to further investigate the relationship
between the indices, through an examination of days where large differences occur between the
indices.
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4.1

The national median relationship

The relationship between the FFDI and FWI is examined in this section using percentiles of the
indices. This is done by matching a FWI value to a FFDI value, based on selecting the FWI
value that has the same percentile as a given FFDI value, calculated separately for each grid
point throughout Australia. This is shown in Fig. 6 for three different FFDI values (i.e. 12, 24 or
50, representing the transitions to High, Very High and Extreme Fire Danger classifications).
There is reasonably little spatial variation in the FWI values for each value of FFDI shown in
Fig. 6. The main variation is that they tend to be higher than the national median in some
regions such as parts of Tasmania, south-west Western Australia, Victoria and around the Great
Dividing Range. These regions correspond reasonably well to the regions where the index
percentiles are relatively low (as was seen from Figs. 2 and 3), suggesting that the FWI may
tend to indicate more severe fire weather conditions than the FFDI in these regions.
This method of matching the percentiles of the indices was repeated for a wide range of
different FFDI values. For each different FFDI value, the median and standard deviation of the
FWI values were calculated over all grid points. The median FWI values and standard
deviations calculated using this method are shown in Figure 7, calculated individually for each
different FFDI value.
Figure 7 shows that the national median relationship between the FWI and the FFDI is
somewhat non-linear, since no single straight line can represent the data to within the error bars.
However, the data can be well represented by two different linear fits to different sections of the
data (shown as the dotted lines in Fig. 7) given by

⎧2.8 FFDI − 0.3 FFDI ≤ 20
⎪
FWI = ⎨
⎪2.2 FFDI + 10.8 FFDI > 20
⎩

(2)

While there is considerable spread about this line of best fit at the higher end of the range (with
the FWI values having a standard deviation throughout Australia of about 15%), Eqn 2 was
produced using least-absolute-deviation fits instead of least-square fits to avoid over-weighting
the influence of outliers.
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Fig. 6. The FWI values that have the same frequency of occurrence (i.e. the same percentile) as a
particular FFDI value. This is shown for FFDI values of 12 (upper panel), 24 (middle panel) and 50 (lower
panel), representing the transitions to High, Very High and Extreme Fire Danger classifications,
respectively. The FWI values are calculated separately for each grid point throughout Australia, based on
daily values from the years 2000 to 2007. Areas are left blank where the FFDI did not reach its listed value
during the period of available data (as is the case throughout most of Tasmania for FFDI = 50), in addition
to the regions where index values are not calculated due to sparse rainfall observations (as shown in
Figure 2). The national median of the FWI values calculated over all grid points is shown for each of the
three panels.
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Fig. 7: The national median relationship between the FWI and FFDI. The relationship was produced by
matching the percentiles of the indices at each individual grid point throughout Australia, then calculating
the national median FWI value corresponding to each FFDI value. The error bars of the FWI values
represent the standard deviations of the FWI values throughout Australia. The dotted line represents a
combination of two linear fits to the data, one for FFDI ≤ 20 and one for FFDI > 20, as described by Eqn 2.

4.2

Scatter plots

The spatial variation in the relationship between the two indices is examined in this section
using scatter plots of the indices at six different locations throughout Australia (as shown in Fig.
8). These six locations were chosen partly because they represent a reasonably broad range of
different climate types and also because a significant fire event (e.g. with crowning and
breaking of containment lines) occurred at each of these locations during the period of available
data. These fire events are presented as a series of case studies in Chapter 6 but are not
investigated in this section. Daily values of the FWI plotted against the FFDI at the six locations
are shown in Fig. 9.
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Fig. 8: The positions of Bridgetown in Western Australia (34.0˚S, 116.0˚E), Wangary in South Australia
(34.5˚S, 135.5˚E), Wilsons Promontory in Victoria (38.75˚S, 146.25˚E), Scamander in Tasmania (41.5˚S,
148.25˚E), Canberra in the Australian Capital Territory (35.25˚S, 149.25˚E) and Warragamba in New South
Wales (33.75˚S, 150.5˚E).

Considerable variation between the six locations is evident from the scatter plots shown in Fig.
9. For example, the 95th and 99th percentiles of both indices (shown as dotted lines in Fig. 9) are
about twice as large at Wangary than at Bridgetown.
There is an obvious correlation between the FWI and FFDI values at each of the six locations.
This correlation is reasonably consistent with the national median relationship between the two
indices given by Eqn 2, although some variation between the locations is apparent (which is to
be expected based on the spatial variability that was seen in the FWI values shown in Fig. 6). To
examine this more quantitatively, Tables 4 and 5 show linear fits to the portions of the data
corresponding to FFDI ≤ 20 and FFDI > 20, respectively.
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Fig. 9: Daily values of the FWI versus the FFDI (based on the KBDI), for Warragamba (NSW), Canberra
(ACT), Wangary (SA), Bridgetown (WA), Wilsons Promontory (VIC) and Scamander (TAS). The 99th and
95th percentiles of the indices are shown as dashed lines. The day of a significant fire event, investigated
as a case study in Chapter 6, is highlighted by a ‘◊’ at each location.

The fitted slopes for the lower index values (shown in Table 4) range from 2.6 at Warragamba
up to 3.9 at Scamander. For the higher index values (shown in Table 5), the slopes range from
1.3 at Bridgetown up to 4.9 at Scamander (although there are very few points at Scamander
where FFDI > 20). Another feature of Tables 4 and 5 is that the slope of the fits for FFDI ≤ 20
at each location are all higher than for FFDI > 20 (with the exception of Scamander which has
very few days where FFDI > 20). This indicates that the non-linearity of the relationship
between the FWI and FFDI occurs at individual locations (i.e. not just for Australia as a whole
as was seen from Fig. 7).
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Table 4: Coefficients of linear fits to the data shown in Fig. 9 for FFDI ≤ 20. The mean absolute deviations
of the data to the fitted lines are also shown, along with the number of data points used in each case.

Location

Slope

Y-axis intercept

Mean absolute
deviation

Number of data
points used

Warragamba

2.6

-0.3

6.5

2613

Canberra

3.1

-0.5

7.8

2696

Wangary

3.4

-0.9

10.2

2614

Bridgetown

2.8

-1.7

6.0

2851

Wilsons Prom.

3.1

-1.0

6.0

2855

Scamander

3.9

-1.0

6.3

2894

Table 5: As for Table 4, but for FFDI > 20.

Location

Slope

Y-axis intercept

Mean absolute
deviation

Number of data
points used

Warragamba

2.3

-0.2

20.8

309

Canberra

3.0

5.3

25.0

226

Wangary

2.6

3.4

19.1

308

Bridgetown

1.3

26.9

12.6

71

Wilsons Prom.

2.3

8.6

18.9

67

Scamander

4.9

-19.6

18.5
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Figure 10 is the same as Fig. 9 with the exception that the FFDI was produced using the SDI
instead of the KBDI. As has been seen in other studies (e.g. Finkele et al. 2006), the SDI tends
to produce higher values of the FFDI than when the KBDI is used. For example, the 95th and
99th percentiles of the FFDI are higher at each location in Fig. 10 (for the SDI) than in Fig. 9
(for the KBDI). However, the spatial distributions of the scatter plots at each location are similar
in both Figs. 9 and 10.
There is some debate as to whether the SDI or the KBDI is the better formulation of the soil
moisture deficit used by the FFDI. The results presented in this report are primarily based on the
KBDI, rather than the SDI, since the SDI needs to be tuned for accuracy in warm climates. The
SDI is popular in cooler parts of Australia, for example, it is used operationally for the
calculation of the FFDI in Tasmania. Sullivan (2001) tends to favour the SDI over the KBDI for
a number of reasons (such as its use of different vegetation types, a more complex hydrological
model and a seasonal dependency of the evapotranspiration), although notes that this is a
complex decision. Burrows (1987) compared the SDI and KBDI by measuring the moisture
content of logs over 18 months at three different sites in southwest Western Australia, finding
that the SDI was superior to the KBDI at all three locations, but that they both tended to
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underestimate the actual drying trends. The SDI and KBDI are both relatively simple models of
moisture content; for example, neither of them includes the influence of wind speed or relatively
humidity (in contrast to the Fuel Moisture Codes of the FWI).

Fig. 10: As for Fig. 9, but for the FFDI based on the SDI.
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4.3

Detailed examination of differences

It was seen in the previous section that the FWI and FFDI generally show a positive correlation,
but that there are a number of occasions when they show significant differences to each other.
For example, there are some cases at each of the six locations shown in Fig. 9 where one index
is above its 99th percentile while the other index is below its 95th percentile. This poses the
question of whether or not there are circumstances where one index or the other may provide
different information to a fire weather forecaster. The cause of such large differences between
the indices in investigated in this section.
There are some fundamental differences between the formulations of the two indices which
could explain some of the scatter shown in Fig. 9. For example, some input parameters are used
by one index but not by the other:
•

the FFDI uses either mean annual rainfall (if using the KBDI) or vegetation class (if
using the SDI), neither of which are used by the FWI System,

•

the FWI System includes the influence of wind speed and humidity information on fuel
drying, whereas the FFDI does not,

•

the FWI System also considers the increase in fuel moisture through the absorption of
atmospheric moisture (see Eqn A8 in Appendix A), whereas the FFDI does not,

•

the FWI System considers the influence of latitude on the drying rate (through the use
of a variable day length) whereas the FFDI does not, and

•

the time of the year is used by the FWI System but only by the FFDI when the SDI is
used and not when the KBDI is used.

The input parameters which are common between the indices are temperature, wind speed,
relative humidity and rainfall. If the indices differ in their sensitivities to these parameters, it
could explain some of the scatter seen in Fig. 9. In this section, the outlying points of the scatter
plots shown in Fig. 9 are examined to see if they correspond to extreme values of the input
parameters of the indices. This is examined firstly for temperature, then for wind speed and then
finally for relative humidity.
Figure 11 is the same as Fig. 9, but with values highlighted to show where the daily maximum
temperature (as used by the FFDI) is higher than its 95th percentile at each individual location.
The high temperatures correspond to the vast majority of the outlying points where the FFDI is
disproportionately large (and very few where the FWI is disproportionately large). This is not
simply an artefact of the different temperatures used by the FWI (noon temperature) and FFDI
(maximum temperature), as it is seen in Fig. 12 that high noon temperatures also tend to
correspond to disproportionately high FFDI values and low FWI values.
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Fig. 11: As for Fig. 9, but with points shown surrounded by a ‘◊’ corresponding to days where the daily
maximum temperature (as used by the FFDI) is greater than its 95th percentile at a particular location.
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Fig. 12: As for Fig. 9, but with points shown surrounded by a ‘◊’ corresponding to days where the noon
temperature (as used by the FWI System) is greater than its 95th percentile at a particular location.

Figure 13 is similar to Fig. 9, but with points highlighted where the wind speed (as used by the
FFDI) is greater than its 95th percentile at each location. The high wind speeds correspond to the
vast majority of the outlying points where the FWI is disproportionately large (and very few
where the FFDI is disproportionately large). This is also the case in Fig. 14 for the noon values
of wind speed (as used by the FWI System), indicating that high wind speeds tend to correspond
to disproportionately high FWI values and low FFDI values.
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Fig. 13: As for Fig. 9, but with points shown surrounded by a ‘◊’ corresponding to days where the wind
speed (as used by the FFDI) is greater than its 95th percentile at the given location.
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Fig. 14: As for Fig. 9, but with points shown surrounded by a ‘◊’ corresponding to days where the noon
wind speed (as used by the FWI System) is greater than its 95th percentile at the given location.

Figure 15 is the same as Fig. 9, but with values highlighted for each location where the relative
humidity (as used by the FFDI) is less than its 5th percentile. The low relative humidities
correspond to more points where the FFDI is disproportionately large than points where the
FWI is disproportionately large. This is also the case for the noon values of relative humidity
shown in Fig. 16 (as used by the FWI System).
Relative humidity is dependent on temperature, with higher temperatures producing lower
relative humidities. It is unclear from Figs. 15 and 16 if the systematic difference corresponding
to low relative humidity is independent of temperature or not since it occurs in the same
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direction as for high temperature (i.e. towards high FFDI values and low FWI values. This
ambiguity is addressed in Chapter 5 using derivatives of the indices.

Fig. 15: As for Fig. 9, but with points shown surrounded by a ‘◊’ corresponding to days where the relative
humidity (as used by the FFDI) is lower than its 5th percentile at a particular location.
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Fig. 16: As for Fig. 9, but with points shown surrounded by a ‘◊’ corresponding to days where the noon
relative humidity (as used by the FWI System) is lower than its 5th percentile at a particular location.

A figure similar to Fig. 9, but highlighting days of low rainfall, is not shown since a rainless day
represents a very large range of percentiles (from zero up to about 50 or more at these
locations). Highlighting rainless days results in too many points being highlighted to be able to
determine whether or not low rainfall corresponds with a systematic difference between the
indices. However, the sensitivity of the indices to rainfall is one of the factors which are
examined in the following chapter.
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When the SDI is used to produce the FFDI (as was shown previously in Fig. 10), the outlying
points indicate similar differences between the FWI and FFDI to when the KBDI is used (i.e.
high values of wind speed correspond to disproportionately high values of the FWI, while high
temperatures and low relative humidities correspond to disproportionately high values of the
FFDI).

5.

SENSITIVITY TO INPUT PARAMETERS

The sensitivity of the indices to their input parameters is investigated in this section using three
different methodologies. Firstly, derivatives of the indices are examined with respect to their
input parameters. Secondly, the relative importance of each input parameter is investigated.
Thirdly, the sensitivities of the indices to long term changes in their input parameters are
calculated using equilibrium values of the indices.

5.1

Index derivatives

5.1.1

Derivatives of the FFDI

The derivative of an index with respect to a single input parameter (i.e. the partial derivative) is
a measure of the sensitivity of the index to that input parameter. The partial derivatives of the
FFDI (calculated from Eqn 1) are

⎛ ∂FFDI ⎞
= 0.0338 FFDI
⎜
⎟
⎝ ∂T ⎠ RH , DF

(3)

∂FFDI
= 0.0234 FFDI
∂v

(4)

⎛ ∂FFDI ⎞
⎜
⎟ = −0.0345 FFDI
⎝ ∂RH ⎠ T

(5)

FFDI
⎛ ∂FFDI ⎞
⎜
⎟ = 0.987
DF
⎝ ∂DF ⎠ T

(6)

where the subscripts indicate the variables that are held constant when calculating the partial
derivatives (which is necessary since the Drought Factor and relative humidity both depend on
temperature).
Examples of the derivatives of the FFDI (calculated from Eqns 3-6) are shown in Table 7, based
on the 95th percentiles of the input parameters (as shown in Table 6). These values of the
derivatives vary by up to a factor of three between the six locations, being smallest at
Scamander and largest at Wangary. This variation is caused by the derivatives all being directly
proportional to the value of the FFDI (as can be seen from Eqns 3-6), combined with the fact
that the 95th percentile of the FFDI is about three times larger at Wangary than at Scamander
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(see Table 6). Other studies have also noted the increased sensitivity of the FFDI with
increasing values of FFDI. For example, Sullivan (2001) found that the FFDI was more
sensitive to changes in the Drought Factor under severe conditions than it was under average
conditions. Equations 3-6 show that this will also be the case for the other input parameters,
with higher FFDI values corresponding to higher sensitivities to temperature, wind speed and
relative humidity).
The partial derivative of the FFDI with respect to rainfall is not shown in Table 7 since the
complexities of how rainfall is formulated in the Drought Factor mean that mathematically
calculating the derivative of the FFDI with respect to rainfall is not a straightforward matter.
The derivative of the FFDI with respect to rainfall is calculated using an alternative method in
the following section.
Table 6: The 95th percentiles of temperature, wind speed and Drought Factor (using the KBDI), as well as
the 5th percentiles of relative humidity and rainfall, as used by the FFDI. The value of the FFDI which
results from using these values is also listed. This is shown for Warragamba, Canberra, Wangary,
Bridgetown, Wilsons Promontory and Scamander.

Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature

31˚C

30˚C

33˚C

29˚C

28˚C

24˚C

Wind speed

48 km h-1

54 km h-1

58 km h-1

56 km h-1

64 km h-1

58 km h-1

Relative humid.

20%

21%

19%

29%

31%

32%

Rainfall

0 mm
day-1

0 mm
day-1

0 mm
day-1

0 mm
day-1

0 mm
day-1

0 mm
day-1

Drought Factor

9.7

9.3

9.8

10.0

8.5

7.3

Resultant FFDI

53

54

75

45

42
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Table 7: Partial derivatives of the FFDI with respect to temperature, wind speed, relative humidity and the
Drought Factor. The derivatives are calculated from Eqns 3-6 using the percentiles of the input parameters
at the six different locations as listed in Table 6.
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Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature (˚C)

1.8

1.8

2.5

1.5

1.4

0.9

Wind speed (km h-1)

1.2

1.3

1.8

1.1

1.0

0.6

Relative humidity (%)

-1.8

-1.9

-2.6

-1.6

-1.4

-0.9

Drought Factor

5.4

5.7

7.6

4.4

4.8

3.5
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5.1.2

Derivatives of the FWI

The formulation of the FWI System includes many complexities such as conditional
discontinuities (e.g. Eqns A31 and A33 in Appendix A). This means that mathematically
calculating the derivatives of the FWI is not as easy as for the FFDI (see Eqns 3-6). For this
reason, partial derivatives are calculated here as the change in an index value due to a unit
change in an individual input parameter. Since unit changes in input parameters are used
(instead of infinitesimal changes), the derivatives represent a generalised value within the unit
change.
To calculate derivatives using this method, all of the input parameters are initially set equal to
their 95th percentiles at each location, or their 5th percentiles for relative humidity and rainfall,
as listed in Table 8. A unit increase is then made to a single meteorological input parameter (for
temperature, relative humidity, wind speed or rainfall). The FWI and its subcomponents
(including the FFMC, DMC and DC) are then recalculated. Derivatives calculated using this
method are shown for the FWI in Table 9.
Small amounts of rainfall are considered to be lost, either due to canopy interception or surface
runoff, by both the FWI System (see Eqns A3, A13 and A20 in Appendix A) and the FFDI. The
FFDI formulation (using the KBDI to calculate the Drought Factor) approximates the effect of
canopy interception and runoff as the first 5 mm of rainfall (see Finkele et al. 2006). It is for this
reason that the derivatives of the indices with respect to rainfall have been calculated using a 5.1
mm day-1 increase in rainfall instead of using a unit increase in rainfall (i.e. 1 mm day-1), with
the resultant change in the index value being divided by 5.1.
Table 8: The 95th percentiles of temperature, wind speed, FFMC, DMC and DC, as well as the 5th
percentiles of relative humidity and rainfall, as used by the FWI System. The value of the FWI which results
from using these values is also listed. This is shown for Warragamba, Canberra, Wangary, Bridgetown,
Wilsons Promontory and Scamander.

Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature

31˚C

29˚C

32˚C

26˚C

28˚C

24˚C

Wind speed

48 km h-1

54 km h-1

57 km h-1

54 km h-1

63 km h-1

58 km h-1

Relative humid.

22%

23%

21%

37%

32%

33%

Rainfall

0 mm
day-1

0 mm
day-1

0 mm
day-1

0 mm
day-1

0 mm
day-1

0 mm
day-1

FFMC

94

94

95

90

91

90

DMC

88

105

155

126

46

55

DC

593

713

1047

761

449

546

Resultant FWI

137

161

193

128

138

119

31

Table 9: Partial derivatives of the FWI, calculated as the change in the FWI due to a unit increase in
temperature (˚C), wind speed (km h-1), relative humidity (%) or rainfall (mm day-1). The change is
calculated from an initial condition defined by the 95th percentiles of each input parameter at six different
locations as listed in Table 8 (with January 1 used to determine the day-length).

Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature (˚C)

1.7

2.0

2.3

1.7

1.9

1.6

Wind speed (km h-1)

3.9

4.5

5.2

3.6

3.9

3.4

Relative humidity (%)

-2.3

-1.8

-2.9

-1.8

-2.1

-1.8

Rainfall (mm day-1)

-7.8

-9.5

-7.9

-9.7

-8.9

-10.4

The sensitivities of the FWI are more consistent between the different locations than the
sensitivities of the FFDI. For example, the derivatives of the FWI shown in Table 9 vary
between locations by a factor of 1.4 for temperature, 1.5 for wind speed, 1.6 for relative
humidity and 1.3 for rainfall, which are all considerably less than for the FFDI where the
sensitivities vary by a factor of about 3-5 between locations.
The derivatives of the FWI shown in Table 9 are calculated using a finite difference method
(based on finite changes in input parameters), whereas the FFDI derivatives shown previously
in Table 7 were calculated using differential calculus (i.e. based on infinitesimal changes).
Table 10 shows FFDI derivatives calculated using the same finite difference method used to
calculate the FWI derivatives. The finite difference method produces virtually identical results
to the FFDI derivatives calculated using calculus, although the finite difference method also
allows the derivative of the FFDI with respect to rainfall to be calculated in a reasonably
straightforward way (which was not possible to do using calculus).
The derivatives of the FFDI with respect to rainfall, shown in Table 10, vary by a factor of 3.7
between the different locations. This once again shows that the FFDI sensitivities are
geographically more variable than those of the FWI. The differences between the sensitivities of
the FWI and FFDI are examined in more detail in the following section.
Table 10: Partial derivatives of the FFDI, calculated as the change in the FFDI due to a unit increase in
temperature (˚C), wind speed (km h-1), relative humidity (%) or rainfall (mm day-1). The change is
calculated from an initial condition defined by the 95th percentiles of each input parameter as listed in Table
6 for six different locations.
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Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature (˚C)

1.9

1.9

2.6

1.5

1.4

1.0

Wind speed (km h-1)

1.2

1.3

1.8

1.1

1.0

0.6

Relative humidity (%)

-1.8

-1.8

-2.5

-1.5

-1.4

-0.9

Rainfall (mm day-1)

-2.5

-2.3

-3.4

-2.0

-1.5

-0.7
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5.1.3

Sensitivity differences based on derivatives

Differences between the indices in their sensitivity to input parameters can be seen from the
derivatives of the indices shown in Tables 9 and 10. The significance of these differences can be
expressed as the relative change in one index (as compared with the change produced in the
other index) resulting from a change in an input parameter. This is calculated here by comparing
the slope of the national median relationship between the indices with the ratio of their
derivatives. Using this method, the disproportionate change, X, in the FWI is given by

δFWI ⎤
⎡ ΔFWI
X FWI = ⎢
−
⎥ ΔFFDI
⎣ ΔFFDI δFFDI ⎦

(7)

where ΔFWI and ΔFFDI are the changes in the indices due to a change in an input parameter
(such that

ΔFWI
δFWI
represents the ratio of the derivatives of the indices), and
is the
ΔFFDI
δFFDI

slope of the national median relationship between the FWI and FFDI from Eqn 2 (which equals
2.2 for the range of index values listed in Tables 6 and 8).
Similarly, the disproportionate change in the FFDI (relative to the FWI) is given by

⎡ ΔFFDI δFFDI ⎤
−
ΔFWI
X FFDI = ⎢
δFWI ⎥⎦
⎣ ΔFWI

(8)

Table 11 shows the disproportionate change in the FWI (relative to the FFDI) produced from
Eqn 7, while Table 12 shows the disproportionate change in the FFDI (relative to the FWI)
produced from Eqn 8. Note that magnitudes are approximately doubled between Tables 11 and
12, reflecting the larger numerical values of the FWI.
Tables 11 and 12 show that high temperatures and low humidities favour high FFDI values and
low rainfall and high wind speeds favour high FWI values. This is the case for all six locations,
although the magnitudes of the values show some variation between locations. This result is
consistent with what was seen previously from the scatter plots in Section 4.3, although it was
previously unclear whether or not changes in relative humidity produced a systematic difference
between the indices (since relative humidity is dependent on temperature). This uncertainty is
now resolved since temperature is held constant for the changes in relative humidity used to
produce Tables 11 and 12.
Some of the relatively low values shown in Table 12, such as for temperature and relative
humidity at Scamander, can be explained by the FFDI derivatives being directly proportional to
the value of the FFDI (see Eqns 3-6) combined with the fact that the 95th percentile of the FFDI
is lowest at Scamander of the six locations (see Table 6). However, even with the lower
sensitivity of the FFDI at Scamander, the FFDI is still disproportionately more sensitive to
temperature and relative humidity than the FWI at Scamander.
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Table 11: The disproportionate change in the FWI (relative to the FFDI) produced by a unit change in
either the temperature, wind speed, relative humidity or rainfall. The values shown are calculated from Eqn
7 using the derivatives shown in Tables 9 and 10 and the relationship between the indices given by Eqn 2.

Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature (˚C)

-2.5

-2.2

-3.4

-1.6

-1.2

-0.6

Wind speed (km h-1)

1.3

1.6

1.2

1.2

1.7

2.1

Relative humidity (%)

1.7

2.2

2.6

1.5

1.0

0.2

Rainfall (mm day-1)

-2.3

-4.4

-0.4

-5.3

-5.6

-8.9

Table 12: The disproportionate change in the FFDI (relative to the FWI) produced by a unit change in
either the temperature, wind speed, relative humidity or rainfall. The values shown are calculated from Eqn
8 using the derivatives shown in Tables 9 and 10 and the relationship between the indices given by Eqn 2.

Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature (˚C)

1.1

1.0

1.6

0.7

0.5

0.3

Wind speed (km h-1)

-0.6

-0.7

-0.6

-0.5

-0.8

-0.9

Relative humidity (%)

-0.8

-1.0

-1.2

-0.7

-0.4

-0.1

Rainfall (mm day-1)

1.0

2.0

0.2

2.4

2.5

4.0

5.2

The relative sensitivities of the input parameters

This section examines the relative importance of each input parameter. This was not possible to
do using the results of the previous section since each input parameter has its own distinct units.
In this section, the change in an index value due to a percentile change in an input parameter is
examined. This allows for direct comparisons to be made between different parameters,
regardless of what units they are measured in, since percentile changes can be considered
equally likely to occur for different parameters.
The change in an index value due to a percentile change in an input parameter is shown in
Tables 15 and 16 for the FFDI and FWI, respectively. The input parameters are changed from
their 95th to 99th percentiles (as shown in Tables 13 and 14) with the exception of relative
humidity which is changed from its 5th to 1st percentiles. Changes in rainfall have not been used
since a daily rainfall of 0 mm represents both the 5th and 1st percentiles at all locations.
Tables 15 and 16 show that the FFDI and FWI are similar to each other in that they are both
most sensitive to wind speed, then secondly to relative humidity, thirdly to temperature and then
lastly to drought (i.e. the Drought Factor for the FFDI and the DC for the FWI System). This
order of importance of the input parameters is consistent between all six locations for both
indices, for changes in these parameters at the upper end of their ranges.

34

Australian fire weather as represented by the McArthur Forest Fire Danger Index and the Canadian Forest
Fire Weather Index

Table 13: The 99th percentiles of temperature, wind speed and Drought Factor, as well as the 1st
percentiles of relative humidity, as used by the FFDI (shown for Warragamba, Canberra, Wangary,
Bridgetown, Wilsons Promontory and Scamander).

Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature

34˚C

32˚C

37˚C

32˚C

33˚C

28˚C

Wind speed

62 km h-1

66 km h-1

70 km h-1

74 km h-1

78 km h-1

71 km h-1

Relative humid.

15%

14%

11%

23%

22%

28%

Drought Factor
(using KBDI)

10.0

9.6

10.0

10.0

9.0

8.2

Table 14: The 99th percentiles of temperature, wind speed, FFMC, DMC and DC, as well as the 1st
percentiles of relative humidity and rainfall, as used by the FWI System (shown for Warragamba,
Canberra, Wangary, Bridgetown, Wilsons Promontory and Scamander).

Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature

34˚C

32˚C

36˚C

30˚C

33˚C

27˚C

Wind speed

62 km h-1

67 km h-1

69 km h-1

70 km h-1

78 km h-1

70 km h-1

15%

15%

12%

29%

23%

28%

FFMC

96

96

97

93

94

92

DMC

132

149

222

166

70

78

DC

837

845

1149

921

606

796

Relative humid.

Table 15: The change in the FFDI due to a percentile change in an input parameter. All input parameters
are initially set equal to their 95th percentiles (or 5th percentile for relative humidity) as listed in Table 6.
Individual input parameters are then changed to their 99th percentile (or their 1st percentiles for relative
humidity) as listed in Table 13.

Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature

6.1

5.4

10.8

5.6

7.1

3.4

Wind speed

19

19

23

23

16

9.2

Relative humid.

11

13

22

12

14

4.8

Drought Factor

1.8

1.6

1.3

0.0

2.7

3.2
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Table 16: The change in the FWI due to a percentile change in an input parameter. All input parameters
are initially set equal to their 95th percentiles (or 5th percentile for relative humidity) as listed in Table 8.
Individual input parameters are then changed to their 99th percentile (or 1st percentiles for relative humidity)
as listed in Table 14.

Warragamba

Canberra

Wangary

Bridgetown

Wilsons
Prom.

Scamander

Temperature

5.7

6.1

10

6.6

9.5

5.8

Wind speed

60

65

77

68

67

45

Relative humid.

16

21

30

17

21

11

FFMC

16

18

21

17

17

7.2

DMC

8.5

5.9

1.7

2.6

17

12

DC

3.1

1.4

0.27

0.91

3.2

3.2

5.3

Equilibrium values

The sensitivities of the indices to long-term changes in an input parameter are examined in this
section using equilibrium values of the indices. This shows how the indices respond to longterm changes in their input parameters (e.g. to a drought or a prolonged period of high
temperatures such as a heat wave), as well as how they could be expected to perform in
different climatic regions.
Equilibrium values of the indices are produced by setting all of the input parameters to be
unchanging in time, so that the index eventually reaches a reasonably constant value. This
removes the influence of the time lags which result from the feedback mechanisms whereby
index components from the previous day are used as inputs for the current day (as occurs for the
FFMC, DMC and DC of the FWI System, and either the KBDI or the SDI for the FFDI).
Equilibrium values are produced here as the end result of 100 days of constant weather
conditions.

5.3.1

Sensitivity to long-term changes

Table 17 shows the sensitivities of the FFDI and FWI to long-term changes in input parameters.
This is calculated as the change in an equilibrium value of an index due to a unit increase in an
individual input parameter. The change is made from an initial equilibrium state chosen to
provide a reasonable representation of a scenario where very high fire behaviour could occur,
defined by temperature = 35˚C, rainfall = 2 mm day-1, relative humidity = 20%, wind speed =
40 km h-1, latitude = 30˚S, day of the year = January 1 and annual rainfall = 1000 mm. This
initial condition corresponds to FWI = 106.4 and FFDI = 50.0.
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Table 17: The sensitivities of the FFDI and the FWI to long-term changes in input parameters. This is
shown as the change in an equilibrium value of an index due to a unit increase in temperature, wind speed,
relative humidity or rainfall.

Input parameter

FFDI sensitivity

FWI sensitivity

Temperature (˚C)

1.8

3.1

Wind speed (km h-1)

1.2

3.3

Relative humidity (%)

-1.7

-2.2

Rainfall (mm day-1)

-4.0

-35.8

The sensitivities of the indices to long-term changes in their input parameters are reasonably
similar to those for short term changes (as was shown previously in Tables 9 and 10). The main
difference is that the sensitivities of the indices to long-term changes in rainfall are very much
larger than for short-term rainfall changes, particularly in the case of the FWI.

5.3.2

Scatter plots of equilibrium values

The formulations of the indices are examined in this section using scatter plots of equilibrium
values. This provides a different perspective on how the indices work since they can be
examined over a wide range of input conditions, while the use of equilibrium values removes
the influence of the time lags of the indices.
Figure 17 shows equilibrium values of the FWI plotted against equilibrium values of the FFDI.
Each point represents the end result of 100 days of constant weather conditions. The different
points represent different values of temperature and rainfall. A change in slope is apparent in
Fig. 17 at around FFDI = 15. This change in slope corresponds to the point where the
evapotranspiration term of the Drought Code used in the FFDI becomes larger than the effective
rainfall term of the FFDI (see Finkele et al. 2006, Eqn. 4). This is effectively a temperature
threshold, set by recent rainfall, above which the FFDI increases more rapidly due to an
increased soil moisture deficit. A similar threshold does not occur in the formulation of the
FWI, resulting in the change in slope apparent in Fig. 17. It could also possibly account for
some of the non-linearity observed in the national relationship between the indices (shown in
Fig. 7).
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Fig. 17: Equilibrium values of the FWI and FFDI (based on the KBDI). Each point was produced as the
result of using 100 days of constant weather conditions. The constant weather conditions used were four
different values of rainfall (‘+’: 0 mm day-1, ‘*’: 1 mm day-1, ‘◊’: 2 mm day-1 and ‘Δ’: 3 mm day-1), as well as
temperatures from 20˚C to 40˚C in 1˚C steps (with higher values of temperature corresponding to the
higher index values). In all cases the relative humidity was 20%, the wind speed was 30 km h-1, the day of
the year was January 1, the latitude was 30˚S and the annual rainfall was 1000 mm. The dotted line shows
the national median relationship between the FWI and FFDI (from Eqn 2).

Figure 18 is similar to Fig. 17, except that the FFDI is based on the SDI instead of the KBDI.
The points corresponding to daily rainfalls of 0 mm day-1 and 1 mm day-1 shown in Fig. 18 are
very similar to those shown in Fig. 17, indicating that there is very little difference between the
SDI and the KBDI for prolonged dry periods. However, for the points corresponding to higher
rainfalls, the FFDI values using the SDI are generally about 50% larger (from Fig. 18) than for
when the KBDI was used (from Fig. 17). Another feature of Fig. 18 is that there are two large
gaps between the data points corresponding to daily rainfall amounts of 3 mm day-1 (as shown
by the ‘Δ’ symbol). The positions of these gaps correspond to step changes in the coefficients
which determine the evapotranspiration term for the SDI.
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Fig. 18: As for Fig. 17, but for the FFDI based on Mount’s SDI. The SDI has been produced for a
vegetation class C which represents a medium fuel load for Australian conditions such as very sparse
forest or tall mid-dense shrubland (see Finkele et al. 2006 for details).

Figure 19 is similar to Fig. 17, except that the wind speed and relative humidity are varied,
while the temperature and rainfall are the same for all points. The spread in the points shown in
Fig. 19 are all consistent with Table 17 in that increasing wind speeds (for constant relative
humidity) favour high FWI values, while decreasing relative humidities (for constant wind
speed) favour high FFDI values. When the SDI is used to produce the FFDI the results are
virtually identical to Fig. 19 (and so the results have not been shown), which is not altogether
unexpected since the KBDI and the SDI are both independent of relative humidity and wind
speed.
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Fig. 19: Equilibrium values of the FWI and FFDI (based on the KBDI). Each point was produced as the
result of using 100 days of constant weather conditions. The constant weather conditions used were four
different values of relative humidity (‘x’: 40%, ‘□’: 35%, ‘Δ’: 30%, ‘◊’:25% and ‘*’: 20%), and wind speeds
from 30 km h-1 to 50 km h-1 in 1 km h-1 steps (with higher wind speeds corresponding to higher index
values). In all cases the temperature was 35˚C, the rainfall was 2 mm day-1, the day of the year was
January 1, the latitude was 30˚S and the annual rainfall was 1000 mm. The dotted line shows the national
median relationship between the FWI and FFDI (from Eqn 2).

6.

CASE STUDIES

6.1

Overview

This chapter applies the results of previous chapters to examine six recent fire events:
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•

25 December 2001 at Warragamba (33.75˚S, 150.5˚E) in New South Wales,

•

18 January 2003 at Canberra (35.25˚S, 149.25˚E) in the Australian Capital Territory,

•

11 January 2005 at Wangary (34.5˚S, 135.5˚E) in South Australia,
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•

23 March 2005 at Bridgetown (34˚S, 116˚E) in Western Australia,

•

2 April 2005 at Wilsons Promontory (38.75˚S, 146.25˚E) in Victoria, and

•

11 December 2006 at Scamander (41.5˚S, 148.25˚E) in Tasmania.

These events were selected partly because of the severity of the fire behaviour which was
observed in each case and also because their locations cover a wide range of different
geographical regions (Fig. 8) and climatic conditions. The first three events are similar in that
they occur in regions where index values are normally quite high, while the last three occur in
regions where index values are normally relatively low (see Figs. 2 and 3). The locations of the
case studies are concentrated in Australia’s temperate zone since this is where the vast majority
of devastating bushfires occur (e.g. those associated with loss of life). Scatter plots of the FWI
versus the FFDI were previously shown in Fig. 9 for each of the six case study locations, with
the day of the case study event highlighted for each location.
These events are examined in terms of the FFDI and FWI values, together with their percentiles.
The differences between the indices in how they represent the case studies are discussed in
terms of the sensitivity differences between the indices. The individual subcomponents of the
indices are also examined to provide insight into which ingredients contribute to the higher
values of the two indices for the individual events.
It was seen in Chapter 3 that some regions where index values are relatively low correspond to
regions where significant fire activity occurs (e.g. eastern Victoria, Tasmania and southwest
Western Australia), suggesting that there may be some variation in the significance of an index
value between different regions. One of the goals of this chapter is to investigate the level of
variation between the magnitude of the value of each index, and also in the percentile value of
that index (which might be considered a measure of the significance of a particular index value
at that location) for some major fires that occurred in different climatic and geographic regions.
It must also be noted that these fire weather/danger indices only include meteorological factors
– there is no allowance for fuel load/type variations between regions, or for differences in fire
management or resource variations.
It should be kept in mind that the results presented here will not necessarily match what would
be obtained from single station data since the data used in this report are derived from gridded
analysis or forecast fields with data from the nearest grid point to each location being used.
Weymouth et al. (1999) and Finkele et al. (2006) discuss the differences to be expected between
gridded analyses and station observations.

6.2

Individual events

6.2.1

The Warragamba fire of December 2001

The longest official continuous bushfire emergency in New South Wales history occurred
between 21 December 2001 and 13 January 2002 (Emergency Management Australia 2008).
Well over 5000 livestock died, as well as large numbers of native animals. A total of about 121
homes were destroyed and about 10,000 people were evacuated. Some of the most extreme fires
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occurred in the Blue Mountains and the outer Western Sydney regions, with the majority of
property damage occurring between Christmas Eve and Boxing Day. The town of Warragamba
in this region was particularly badly hit by the fires on Christmas Day, leaving about 30 homes
destroyed.
The FFDI and FWI are shown for 25 December 2001 throughout Australia in Fig. 2. Percentiles
of the index values on this day are also shown, calculated individually for each grid point.
Percentiles are shown based on daily data from the entire data set (from 1 January 2000 to 31
December 2007), as well as based on daily data from December only (for all of the years 2000
to 2007). The monthly percentiles are only derived from about 240 days of data and therefore
have a larger uncertainty than the percentiles based on the entire data set. The uncertainty in the
percentile values could be reduced if a longer period of data was available. Figure 21 is similar
to Fig. 20, but enlarged for the area around Warragamba.
In this case both the FFDI and the FWI forecasts indicate extreme values for Warragamba in
terms of their absolute magnitudes and in terms of their percentile values. The indices are also
reasonably similar to each other in other regions, although the FWI does indicate that the
extreme conditions extend further south and west of Warragamba than does the FFDI.
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Fig. 20: The FFDI and FWI for 25 December 2001, together with their percentiles (based on all data) and
monthly percentiles (based on data from December only). Warragamba is located in the middle of the
square shown in each panel. The contour lines represent the extreme classification threshold values of 50
for the FFDI and 122 for the FWI (since FWI = 122 corresponds to FFDI = 50 from Eqn 2). The contour
lines represent 99 for the percentiles.
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Fig. 21: As for Fig. 20, but enlarged for the Warragamba area. Latitude and longitude are shown on the Y
and X axis labels, respectively.

Time series of the parameters used by the FFDI and FWI are shown in Figs. 22 and 23,
respectively. The extreme nature of this event appears to be largely driven by high wind speed
and a sustained period of low relative humidity. It is therefore not surprising that the indices are
reasonably consistent with each other for this event, since high wind speeds favour high FWI
values and low relative humidities favour high FFDI values (as seen in Chapter 5).
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Fig. 22: Time series of the FFDI and its input components (including rainfall, temperature, relative humidity,
wind speed, the KBDI and the Drought Factor) at Warragamba for days around the case study date of 25
December 2001. The dotted lines indicate the 95th percentiles for all parameters, with the exceptions of
relative humidity where the dotted line indicates the 5th percentile and rainfall where the 5th percentile
equals 0 mm day-1.
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Fig. 23: Time series of the FWI and its input components (including rainfall, temperature, relative humidity,
wind speed, FFMC, DMC and DC) at Warragamba for days around the case study event date of 25
December 2001. The dotted lines indicate the 95th percentiles for all parameters with the exceptions of
relative humidity where the dotted line indicates the 5th percentile and rainfall where the 5th percentile
equals 0 mm day-1.

6.2.2

The Canberra fire of January 2003

Lightning ignited bushfires, which had been burning in the hills to the west and south-west of
Canberra for more than a week, reached the perimeter of the city of Canberra on 18 January
2003. The resultant damage included the destruction of over 500 homes, severe damage to about
70% of the Australian Capital Territory’s pastures, forests and parks, as well as the tragic death
of four people (McLeod 2003).
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The index values and their percentiles are shown for 18 January 2003 in Fig. 24 throughout
Australia, as well as in Fig. 25 enlarged for the area around Canberra. In this example, as was
the case for the Warragamba event, both the FFDI and FWI indicate extreme conditions near
Canberra. The index percentiles (based on all data) are reasonably consistent with the index
values, showing Canberra to be close to the eastern edge of a region of extreme values. The
monthly percentiles are slightly lower than the percentiles based on all data; since January
typically has the highest index values of any month for both the FFDI and FWI in this region
(see Figs. 4 and 5), but the monthly percentiles are still 98.8 for the FFDI and 96.8 for the FWI
at Canberra for this event.

Fig. 24: As for Fig. 20, but for the Canberra event on 18 January 2003.
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Fig. 25: As for Fig. 21, but for the Canberra event on 18 January 2003.

Time series of the parameters used to produce the FFDI and FWI are shown in Figs. 26 and 27,
respectively. An El Niño event was occurring and severe drought conditions were being
experienced in south-eastern Australia in the months leading up to this event. Only about 40
mm of rainfall had occurred in the Canberra region during the three months from October to
December 2002 which is less than a third of the median rainfall for this period. The humidity
had also been below average during this period and temperatures had been at record levels (e.g.
the November 2002 average maximum temperature was about 5˚C above median values). The
extremely dry and hot conditions leading up to the event are reflected by the fact that the
Drought Factor (of the FFDI) and the Drought Code (of the FWI System) are both very high on
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18 January 2003, as is the dryness of the fine fuels (as indicated by the FFMC of the FWI
System). In addition to the dryness of the fuel, all three other ingredients (temperature, relative
humidity, and wind speeds) were at the high end of their ranges, leading to the extreme fire
conditions indicated by both FFDI and FWI.

Fig. 26: As for Fig. 22, but for the Canberra event on 18 January 2003.
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Fig. 27: As for Fig. 23, but for the Canberra event on 18 January 2003.

6.2.3

The Wangary fire of January 2005

A fire began a few kilometres to the northeast of the town of Wangary on the Eyre Peninsula in
South Australia on 10 January 2005. It was contained overnight, but reignited and broke
containment lines on the morning of 11 January. It moved rapidly towards the southeast until a
southwesterly wind change arrived about midday, causing the fire to spread towards the
northeast. During the following few hours the fire burnt about 83,000 hectares of land,
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destroyed more than 80 homes, killed over 45,000 livestock and claimed nine lives (Bureau of
Meteorology 2005). The indices and their percentiles are shown for 11 January 2005 throughout
Australia in Fig. 28, as well as for the area around Wangary in Fig. 29.

Fig. 28: As for Fig. 20, but for the Wangary event on 11 January 2005.

As described in Chapter 2, the formulation of the FFDI is based on daily maximum
temperatures, while the FWI System is based on noon temperatures. For this report, the FFDI
has been produced using data from 0600 UTC except for when the 0300 UTC temperature were
greater than the 0600 UTC temperature. On 11 January 2005, the wind change reached
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Wangary before 0600 UTC and so this is an example of where the FFDI has been produced
using the 0300 UTC forecast. Figures 28 and 29 show that the FFDI and FWI, as well as their
percentiles, all indicate that extreme fire conditions would be expected for Wangary and
throughout the Eyre Peninsula. The index values are slightly lower on the west coast of the
peninsula due to the onset of the southwesterly wind change.

Fig. 29: As for Fig. 21, but for the Wangary event on 11 January 2005.
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The various components and input parameters of the indices are shown in Figs. 30 and 31. The
extreme fire danger from each of the indices results from all input ingredients being towards the
upper end of their distributions. It is interesting to note that extreme conditions were also
predicted on the previous day, when even higher temperatures and lower humidities were
observed, but the much stronger winds on 11 January 2005 led to the FFDI being somewhat
higher, and the FWI being much higher, than on the 10 January 2005.

Fig. 30: As for Fig. 22, but for the Wangary event on 11 January 2005.
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Fig. 31: As for Fig. 23, but for the Wangary event on 11 January 2005.

6.2.4

The Bridgetown fire of March 2005

On 23 March 2005, a fire burnt from grazed pasture into a 6 year old bluegum plantation near
Bridgetown Western Australia. The fire crowned extensively in the plantation which McCaw
(2008) attribute partly to a mixing of dry air from higher levels down to the surface (also see
McCaw and Smith 2008). This process was shown by Mills (2005) to potentially cause
significant increases in fire behaviour.
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Fig. 32: As for Fig. 20, but for the Bridgetown event on 23 March 2005.
The indices and their percentiles are shown for 23 March 2005 throughout Australia in Fig. 32,
and for the area around Bridgetown in Fig. 33. This event is different to the three case studies
presented previously in this chapter in that the index values do not indicate extreme fire
conditions anywhere in Australia on this day. In contrast to the index values, the index
percentiles are quite high. The FFDI percentiles are above 99 for all of southwest Western
Australia (and 99.9 at Bridgetown for the percentile based on all data). The FWI percentiles are
not quite as large as for the FFDI, although Bridgetown is located near the southern edge of a
region where the FWI is above its 99th percentile, with the FWI percentile (based on all data) at
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Bridgetown being 98.8 on this day. South-west Western Australia is a region where the index
values are relatively low in a national sense (as was seen in Chapter 3), which is why the
percentiles are so high even though the index values are not remarkably high.

Fig. 33: As for Fig. 21, but for the Bridgetown event on 23 March 2005.

Figures 34 and 35 show time series of the parameters used to produce the FFDI and FWI,
respectively. The event appears to be driven by low relative humidities combined with high
temperatures, both of which favour relatively higher FFDI values as compared with the FWI (as
was seen in Chapter 5), while in contrast to the previous three case studies, winds were less
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extreme. These factors are consistent with the FFDI indicating more severe conditions than the
FWI. The Fuel Moisture Codes of the FWI System show that the fine fuels (as indicated by the
FFMC) are very dry for this event, as are the deep/large fuels (as indicated by the DC), but that
the few small rain events in the fortnight leading up to the event cause the fuels of medium
size/depth (as indicated by the DMC) to be less dry.

Fig. 34: As for Fig. 22, but for the Bridgetown event on 23 March 2005.
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Fig. 35: As for Fig. 23, but for the Bridgetown event on 23 March 2005.

6.2.5

The Wilsons Promontory fire of April 2005

A fuel reduction burn on the western side of the Wilsons Promontory National Park was lit on
21 March 2005. This burn reignited twice, on 25 March and 29 March, but was contained in
both instances. Although this was very late in the fire season, the fire broke containment lines
on the night of 1 April 2005, and burnt an area of about 7000 hectares of the National Park over
the next two days (Bureau of Meteorology 2007).
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The FWI and FFDI, together with their percentiles, are shown for 2 April 2005 throughout
Australia in Fig. 36, and for the area around Wilson Promontory in Fig. 37. The index values at
Wilsons Promontory (FFDI = 25 and FWI = 74) are not particularly high, even though their
percentiles (based on all data) are above 98 for both indices, since this is a region, in common
with Bridgetown as examined in the previous section, where the index values are
climatologically not very high (see Figs. 2 and 3).

Fig. 36: As for Fig. 20, but for the Wilson Promontory event on 2 April 2005.
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Fig. 37: As for Fig. 21, but for the Wilson Promontory event on 2 April 2005.

As mentioned previously, the fire broke containment lines during the night of 1 April 2005. As
the values displayed in Figs. 36 and 37 represent the index values during their afternoon
climatological peak, an examination of the hourly index values could be useful in cases such as
this. The hourly FWI values (calculated as described in Section A.7 in Appendix A) are shown
in Fig. 38. The hourly values show that the FWI is considerably higher throughout the entire
night of 1 April 2005 (and the morning of 2 April 2005) than either of the previous two nights,
and is similar in value to the mid-afternoon peaks of the previous two days. Much of this is due
to the lack of the normal overnight increase in relative humidity leading to very dry values of
the FFMC.
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Fig. 38: Hourly FWI, FFMC and weather parameter values for the Wilsons Promontory event. Since the
DMC and the DC have relatively long time lags (i.e. 12 days and 52 days, respectively, as shown in Table
2) they are both kept constant over the hourly forecast period for simplicity, and the only Fuel Moisture
Code which is allowed to vary is the FFMC. The hourly FFMC is based on hourly values of temperature,
wind speed and relative humidity, but hourly rainfall data is not used.

61

Figures 39 and 40 show values of the parameters used to produce the FFDI and FWI,
respectively. As mentioned previously, the majority of the damage to the park was caused on
the 2nd and 3rd of April. The highest index values occur on the 3rd of April, for both the FFDI
and the FWI, due to the high wind speeds of this day. The high wind speeds cause the FWI to
rise above its extreme fire danger classification threshold, but not the FFDI, since the FWI is
more sensitive to wind speed than the FFDI.

Fig. 39: As for Fig. 22, but for 2 April 2005 at Wilsons Promontory.
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Fig. 40: As for Fig. 23, but for 2 April 2005 at Wilsons Promontory.

6.2.6

The Scamander fire of December 2006

On 11 December 2006, strong westerly winds (gusting to over 100 km h-1) allowed a fire to
jump roads and rivers to reach the town of Scamander in north-eastern Tasmania. Seventeen
homes as well as sheds, orchards and businesses were destroyed. The fire made another run on
December 14 resulting in the loss of another 9 homes and a business premises in the settlement
of Four Mile Creek. By the time the fire had been brought under control, about 31000 hectares
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of Forest Reserve had been severely burnt, $50 million worth of timber had been destroyed and
one fire fighter had died (Forestry Tasmania 2007, Mark Chladil Tasmania Fire Service
personal communication).

Fig. 41: As for Fig. 20, but for the Scamander event of 11 December 2006.

The indices and their percentiles are shown for 11 December 2006 throughout Australia in Fig.
41, and for the area around Scamander in Fig. 42. The indices differ markedly in their
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representation of this event (as can be seen clearly from the upper panels of Fig. 42). The FWI
value of 176 at Scamander indicates considerably more severe conditions than the FFDI value
of 36 (since FWI = 176 corresponds to FFDI = 69 from Eqn 2). In contrast to the index values,
the percentiles of both indices are all remarkably high.

Fig. 42: As for Fig. 21, but for the Scamander event of 11 December 2006.

Figures 43 and 44 show values of the parameters used to produce the FFDI and FWI,
respectively. The SDI is shown for comparison with the KBDI in Fig. 43, since the SDI is used
operationally for the calculation of the FFDI in Tasmania. The SDI is considerably larger than
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the KBDI for this event, as well as for the other times shown in Fig. 43, causing the FFDI value
to be somewhat larger when the SDI is used than when the KBDI is used.

Fig. 43: As for Fig. 22, but for the Scamander event on 11 December 2006. The dashed lines in the lower
panel indicate the FFDI values and 95th percentile produced using the SDI rather than the KBDI.

This event appears to be driven predominantly by high wind speeds: while the temperatures and
relative humidities are quite moderate by mainland Australian standards, they are
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climatologically unusual for Tasmania. This explains why the FWI indicates more severe fire
weather conditions than the FFDI, since these conditions all favour disproportionately high FWI
values relative to the FFDI values. A similarity between the indices that can be seen from Figs.
43 and 44 is that they both show a peak on 14 December 2006 (three days after the fire reached
Scamander). This is the day that the fire jumped containment lines and destroyed four houses in
the settlement of Four Mile Creek.

Fig. 44: As for Fig. 23, but for the Scamander event on 11 December 2006.
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6.3

Summary of the case studies

Six cases studies were examined in this chapter. The values of the FFDI and FWI for each of the
six events are summarised in Table 18, together with their percentile (based on all data) and
monthly percentiles (based on data for a particular month from all available years).
Table 18: The FFDI and FWI values for the six case studies. The percentiles and monthly percentiles
corresponding to these index values are also shown.

FFDI
Location

FWI

Index
value

Percentile
(based on
all data)

Monthly
percentile

Index
value

Percentile
(based on
all data)

Monthly
percentile

Warragamba

74

99.8

99.2

194

99.8

100.0

Canberra

58

99.8

98.8

137

98.8

96.8

Wangary

63

99.5

98.0

202

99.7

99.2

Bridgetown

40

99.9

99.2

73

98.8

98.0

Wilsons
Promontory

25

98.7

97.1

74

98.0

97.9

Scamander

36

99.9

100.0

176

100.0

100.0

An aim of this chapter was to investigate the level of variation between different regions in what
an index value actually represents. For the six case studies presented in this chapter, the FFDI
and FWI both vary by about a factor of three between the six events (as is shown in Table 18),
even though severe fire behaviour occurred in all cases (e.g. crowning or breaking of
containment lines). In contrast to the index values, the index percentiles (based on all data)
show considerably less variation between locations, being 98 or higher for all six case studies
(for both indices), suggesting that percentiles could potentially be a valuable tool for fire
managers. An index value with a percentile above 98 occurs only about 7 days a year on
average at a given location. If a high index percentile occurs in a region where severe fire
conditions are known to occur (such as the locations of the six case studies presented here), it
provides a good indication that severe fire conditions could be expected.
An examination of the percentiles (based on all data) removes the influence of the spatial
climate variability, whereas the monthly percentiles remove both the spatial variability and the
seasonal variability. For the case studies investigated here, the monthly percentiles are all either
lower or similar in value to the percentiles (based on all data). Monthly percentiles could be
used to indicate if the conditions were unusual for a particular time of year, such as ‘edge-ofseason’ events, although a strong example of this does not occur for the case studies
investigated here. The relatively short time series available to this study does limit to some
extent the statistical reliability of percentiles based on finer time slices (such as the monthly
percentiles).
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The case studies presented in this chapter show that significant differences can occur between
the indices due to their sensitivity differences. For example, the high wind speeds (accompanied
by relatively moderate temperatures and relative humidities) of the Scamander case study cause
the FWI to indicate more severe conditions than the FFDI for this event. The sensitivity
differences between the indices suggest that the FWI and FFDI are complementary to each other
in that they respond to different combinations of conditions. An examination of both indices
might therefore be of some value to fire managers. The case studies also show that an
examination of the subcomponents of the indices (such as the three different Fuel Moisture
Codes of the FWI System) can provide valuable insight for individual events.

7.

SUMMARY AND DISCUSSION

This report investigated the influence of weather on fire conditions in Australia, as represented
by the McArthur Forest Fire Danger Index (FFDI) and the Fire Weather Index (FWI)
component of the Canadian Forest Fire Weather Index System. The FWI System was adapted
for use in Australia, as well as globally (as detailed in Appendix A). The key findings of each
chapter of this report are summarised here.
Chapter 3: Variability of fire weather in Australia.
•

The FFDI and FWI are similar in that their highest values tend to occur throughout the
central and southern-central regions of mainland Australia, and their lowest values tend to
occur throughout Tasmania, southwest Western Australia, eastern Victoria and around the
Great Dividing Range.

•

The seasonal cycles of the indices are similar to each other in that they both show that the
fire season generally occurs later at more southerly latitudes (and earlier at more northerly
latitudes) in Australia. The patterns seen are broadly similar to those shown in Luke and
McArthur (1986). The predominant difference between the FWI and the FFDI is that the
seasonal cycle appears to occur about 1 month earlier for the FWI than the FFDI.

Chapter 4: The relationship between the FFDI and FWI.
•

The relationship between the indices is somewhat nonlinear and varies throughout Australia
with a standard deviation of about 15% of the FWI value.

•

The main variation in this relationship tends to occur in regions where index values are
typically low, where the FFDI generally indicates less severe conditions than the FWI.

•

Fire danger classification thresholds for the FWI were estimated for Australia, based on the
classification thresholds of the FFDI, using the national median relationship between the
indices.

Chapter 5: Sensitivity to input parameters.
•

The indices are similar to each other in that they are both most sensitive to wind speed, then
secondly to relative humidity and then thirdly to temperature.
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•

On a finer scale the indices show some differences to each other, with the FFDI being more
sensitive to temperature and relative humidity, and less sensitive to wind speed and rainfall,
than the FWI.

•

The derivatives of the FFDI are all directly proportional to the value of the FFDI, causing
the sensitivities of the FFDI to be quite variable (more variable that the sensitivities of the
FWI), which results in the FFDI generally indicating less severe conditions than the FWI in
regions where index values are relatively low.

•

Equilibrium values of the indices show that the FFDI has a temperature threshold set by
recent rainfall above which its sensitivity increases. This threshold is likely to explain some
of the non-linearity observed in the relationship between the indices).

Chapter 6: Case studies
•

Index values associated with severe fire behaviour (e.g. crowning or breaking containment
lines) vary by a factor of about three between the six case studies.

•

In contrast to the index values, the index percentiles provide a more consistent
representation of the severe conditions, being 98 or higher in all 6 case studies.

•

Significant differences occur between the FFDI and FWI values in their representation of
some of the events due to the sensitivity differences between the indices. The sensitivity
differences between the FWI and the FFDI tend to make them complementary to each other
in that they respond differently to different sets of conditions.

The FFDI and FWI systems provide an indication of fire danger based predominantly on
meteorological ingredients (rather than other risk factors such as values at stake and response
capabilities) and can be used as a basis for issuing district-wide warnings and fire bans through
the use of fixed thresholds to indicate fire danger classes. While they can also be used as
indicators of fire behaviour, there are many factors other than meteorology which influence fire
behaviour (such as topography, fuel load, fuel structure, cloud cover, atmospheric stability etc.).
Since the indices do not provide a direct physical relationship with any specific aspect of fire
danger or fire behaviour, it is to be expected that the significance of an index value will show
some degree of variation between different locations. This study has shown that there is a wide
variety of FFDI and FWI climates across Australia, and even across relatively small regions of
states. Significant fire activity regularly occurs in regions such as Tasmania, eastern Victoria
and south-western WA. While Tasmania has reduced the numerical value of the FFDI threshold
at which fire bans are issued due to the less extreme fire danger index climate of that state, such
an approach is more problematic in states with a larger variation in their fire danger index
climatology. It has been shown in this study that the assessment of a fire danger index in terms
of its local climatology (using percentile values) reduces this regional variation and highlights
areas where conditions are extreme relative to the local climatology.
Luke and McArthur (1986) write in relation to the FFDI and GFDI that “because of their
simplicity the incorporation of modifications designed to improve their precision presents no
problem when additional data come to hand and periodic revisions are carried out every two or
three years”. In practice, any improvements (e.g. in the Drought Factor code, or the
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incorporation of fuel data) would require substantial validation against known fire activity, and
possible recalibration of the index thresholds. Such changes are beyond the scope of this report,
although they are very desirable from a scientific perspective.
This report showed that the differing sensitivities of the FFDI and FWI do, in some
circumstances, provide complementary information for a particular event. It was also shown
that the hourly FWI values and the subcomponents of the FWI System (such as the three
separate fuel moisture codes) can add valuable insight into fire conditions. To enable user
assessment of the products presented in this report, it is intended to trial real-time presentation
of the gridded FWI and its percentiles throughout Australia using a web-based delivery system.
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APPENDIX A: DOCUMENTATION OF THE AUSTRALIAN
IMPLEMENTATION OF THE CANADIAN FWI SYSTEM
A.1 Fine Fuel Moisture Code
The FFMC represents the moisture content of the fine fuel. It is calculated by modifying its
previous value by an amount which represents any useful rainfall or atmospheric wetting/drying
that has occurred. The FFMC was originally developed as a two digit code (from 00 up to 99)
but was recently modified to range from a maximum moisture content of 0 to a minimum
moisture content of 101.
The moisture content, m, of the fine fuel ranges from 0 (dry) to 250 (wet) and is used to
calculate the FFMC:

FFMC = 59.5

250 − m
147.2 + m

(A1)

The moisture content, m, is calculated by first estimating the previous day’s value of m, mo,
from the previous day’s value of FFMC (using Eqn A1), and then applying corrections for the
influence of rainfall, atmospheric wetting, and atmospheric drying.

A.1.1 The influence of rainfall
The initial moisture content, m0, is calculated as

m0 = 147.2

101 − FFMC 0
59.5 + FFMC 0

(A2)

where FFMC0 is the previous day’s FFMC (or the previous hour’s FFMC for hourly
calculations as detailed in Section A.2.7).
The first 0.5 mm of rainfall, R, is assumed to be intercepted by the canopy overhead. If the
rainfall is less than 0.5 mm then the effective rainfall, Reff, will be zero, otherwise it is equal to
the rainfall less 0.5 mm:

Reff = R − 0.5

(A3)

The initial moisture content is modified by the effective rainfall to yield the rain modified
moisture content, mr. When m0 ≤ 150, the rain modified moisture content is given by

mr = m0 + 42.5 Reff e -100 /( 251 - m0 ) ( 1 − e

- 6 .93 /Reff

)

For large initial moisture contents (m0 > 150), the rain modified moisture content, mr, is
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(A4)

mr = m0 + 42.5 Reff e -100 /( 251 - m0 ) (1 − e

- 6 .93 /Reff

) + 0.0015 (m0 − 150) 2 Reff

(A5)

Finally, the rain modified moisture content is limited to the range 0 < mr < 250.

A.1.2 The influence of atmospheric drying or wetting
The atmospheric drying or wetting of fine fuel is determined by diffusion of the gradient of the
initial moisture from its drying/wetting equilibrium moisture content. The drying and wetting
diffusion coefficients are functions of relative humidity (RH) in %, temperature (T) in ºC and
wind speed (v ) in km h-1.

Atmospheric drying
The logarithmic drying coefficient, kd, is measured in units of log moisture content per day and
is given by

k d = 0.581 e

0 .0365 T

⎧⎪
⎛ ⎛ RH ⎞ 8 ⎞⎫⎪
⎛ ⎛ RH ⎞1.7 ⎞
⎜
⎟
⎟ ⎟⎟⎬
⎟ ⎟ + 0.0694 ν ⎜⎜1- ⎜
⎨0.424⎜1- ⎜
100
100
⎠ ⎠
⎠ ⎠⎪⎭
⎪⎩
⎝ ⎝
⎝ ⎝

(A6)

The drying equilibrium moisture content, Ed, is found from

E d = 0.942 RH 0 .679 + 11e (RH −100 )/ 10 + 0.18 (21.1 − T )(1 − e −0.115 RH )

(A7)

where T is the noon temperature and the temperature effect was applied relative to a reference
temperature of 21.1 ºC.

Atmospheric wetting
The wetting phase describes the increase of fine fuel moisture through absorption of
atmospheric moisture as distinct from the increase of fuel moisture through direct wetting by
rainfall (see rainfall phase). The logarithmic wetting coefficient, kw, is measured in units of log
moisture content per day. It is a function of relative humidity, wind speed and temperature:

k w = 0.581 e

0 .0365 T

⎧⎪
⎛ ⎛ 100 − RH ⎞ 8 ⎞⎫⎪
⎛ ⎛ 100 − RH ⎞1.7 ⎞
⎟
⎜
⎟ ⎟⎟⎬
⎟ ⎟ + 0.0694 ν ⎜⎜1 − ⎜
⎨0.424⎜1 − ⎜
100
100
⎝
⎠ ⎠⎪⎭
⎝
⎠
⎪⎩
⎝
⎠
⎝

(A8)

The wetting equilibrium moisture content Ew is found from

E w = 0.618 RH 0.753 + 10 e ( RH −100) / 10 + 0.18 (21.1 − T ) (1 − e −0.115 RH )

(A9)

where T is the noon temperature and the temperature effect was applied relative to a reference
temperature of 21.1 ºC.
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A.1.3 New moisture content
Now that the equilibrium moisture contents are known, the new value of the moisture content
can be calculated. There are three possible outcomes based on the relative strengths of the
various components:
1. If the rain modified moisture content, mr, is above the drying equilibrium moisture
content, Ed, then the fine fuel is drying at the drying diffusion rate kd and the moisture
content is given by

m = E d + (m r − E d ) 10 − k d

(A10)

2. If the rain modified moisture content, mr, is below the wetting equilibrium moisture
content, Ew, then the fine fuel is wetting though absorption of relative humidity at the
wetting diffusion rate kw and the moisture content is given by
m = E w − ( E w − m r ) 10 − k w
(A11)
3. If the rain modified moisture content, mr, is between the drying (Ed) and wetting (Ew)
equilibrium moisture contents then there is no change to the moisture content, i.e.

m = mr

(A12)

The new value of the FFMC is found from Eqn A1 using the new value of the moisture content,
m.

A.2 Duff Moisture Code
The DMC represents the moisture content of fuel that dries at a rate slower than the fuel
represented by the FFMC, but not as slow as for the DC (as shown by the time lags in Table 2).
The DMC is a positive quantity, with no upper bound, that increases with increasing dryness. It
was developed from several years of field research in Canada, mainly in red pine and jack pine
stands (Forestry Canada Fire Danger Group, 1992).

A.2.1 Rainfall phase
The first 1.5 mm of daily rainfall is defined to be lost either due to canopy interception or
surface runoff. The effective rainfall which infiltrates into the duff layer is a fraction of the
rainfall, is calculated as

Reff

⎧0
⎪
= ⎨
⎪0.92 rain − 1.27
⎩

if rain ≤ 1.5
(A13)

if rain > 1.5

The moisture content, m, for the Duff layer, is calculated as
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m = 20 + e 5.6348 − DMC / 43.43

(A14)

The initial moisture content, m0, is calculated from Eqn A14 using the previous value of DMC
(defined as DMC0). The initial moisture content is modified by the effective rainfall (from Eqn
A13) to yield the rain modified moisture content, mr

m r = m0 +

1000 Reff

(A15)

48.77 + b Reff

where the coefficient b is a function of DMC0 given by

100
⎧
⎪ 0.5 + 0.3DMC
0
⎪
⎪
b = ⎨14 − 1.3 ln DMC 0
⎪
⎪
⎪6.2 ln DMC 0 − 17.2
⎩

DMC 0 ≤ 33
33 < DMC 0 ≤ 65

(A16)

DMC 0 > 65

The DMC modified by rainfall, DMCr, is calculated using Eqns A14 and A15 to yield

DMC r = 244.72 − 43.43 ln (m r − 20)

(A17)

A.2.2 Drying phase
The evaporation from the duff layer is approximated by DMCd which is a function of
temperature (for T > -1.1 ˚C), relative humidity and effective day length, Leff, (in hours)

DMC d = 1.894 (T + 1.1)(100 − RH ) Leff 10 −4

(A18)

The effective day length used for the implementation of the FWI System in other countries has
generally been equal to three hours less than the duration of daylight at a particular latitude (e.g.
Table A1), which is then applied across a broad latitudinal band. In equatorial regions, such as
Indonesia and Malaysia, a constant value of nine has been used throughout the year (de Groot et
al. 2005).
Table A1. Effective day length values, Leff, used in the FWI System in Canada and other countries.

Lat.

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

46˚N

6.5

7.5

9.0

12.8

13.9

13.9

12.4

10.9

9.4

8.0

7.0

6.0

20˚N

7.9

8.4

8.9

9.5

9.9

10.2

10.1

9.7

9.1

8.6

8.1

7.8

20˚S

10.1

9.6

9.1

8.5

8.1

7.8

7.9

8.3

8.9

9.4

9.9

10.2

40˚S

11.5

10.5

9.2

7.9

6.8

6.2

6.5

7.4

8.7

10.

11.2

11.8
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With a view to a possible global implementation of the FWI System, the Australian
implementation uses a value of Leff equal to 3 hours less than the duration of daylight calculated
from the exact latitude and day of the year.

A.2.3 New Duff Moisture Code
The new value of the DMC is the sum of the rainfall modified DMCr and the drying phase
modified DMCd

DMC = DMC r + DMC d

(A19)

A.3 Drought Code
The DC represents the moisture content of the organic layer deeper than the layer represented
by the DMC. This includes the larger fuels that dry very slowly (see Table 2). As was the case
for the DMC, the DC is a positive quantity with no upper bound that increases with increasing
dryness. The DC is determined by estimating the change in a moisture equivalent scale caused
by a source term (i.e. the effective rainfall) and a loss term (consisting of evapotranspiration and
drainage).

A.3.1 Rainfall phase
The first 2.8 mm of daily rainfall is assumed to be lost due to either canopy interception, surface
runoff or interception by the upper duff layer. The effective rainfall which infiltrates into the
deeper duff layer is calculated as

Reff

⎧0
⎪
= ⎨
⎪0.83 rain − 1.27
⎩

if rain ≤ 2.8
(A20)

if rain > 2.8

The moisture equivalent scale, Q, is related to the DC as such:

Q = 800 e − DC / 400

(A21)

The effective rainfall (from Eqn A20) modifies Q, resulting in the rainfall modified moisture
equivalent scale, Qr, given by

Qr = Q0 + 3.937 Reff

(A22)

where Q0 is the moisture equivalent calculated using Eqn A21 and the previous value of the DC
(defined as DC0).
The rainfall modified DCr is calculated as
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DC r = 400 ln(800 / Qr )

(A23)

A.3.2 Drying phase
The moisture loss/evaporation from the deep duff layer is approximated by DCd which is a
function of temperature (for T > -2.8 ˚C) and a seasonal day length adjustment (Lf):

DC d = 0.5 ( 0.36 (T + 2.8) + L f )

(A24)

The values of Lf shown in Table A2 are obtained by assuming that the value derived for the
month of July used in Canada (Van Wagner and Pickett, 1985) is deemed applicable to the
month of January in the Southern Hemisphere and was provided by Marty Alexander (Canadian
Forestry Service).
Table A2. Values of the seasonal day length adjustment, Lf, used to estimate moisture loss in the DC
calculation.

Latitude

Jan

Feb

Mar

Apr

Ma
y

Jun

Jul

Aug

Sep

Oct

Nov

Dec

20˚N

-1.6

-1.6

-1.6

0.9

3.8

5.8

6.4

5.0

2.4

0.4

-1.6

-1.6

20˚S

6.4

5.0

2.4

0.4

-1.6

-1.6

-1.6

-1.6

-1.6

0.9

3.8

5.8

As with the effective day length formulation of the DMC, a global implementation of the FWI
System motivates using a function for Lf that is continuous in both time and latitude. This was
achieved using a linear regression (shown in Fig. A1) of the monthly values of Lf at 20˚S (from
Table A1) versus the effective day length, Leff, at 40˚S (from Table A2). Using a single latitude
provides a reasonable first approximation which is sufficient considering the small dependence
of the DC on Lf. The reason for choosing 40˚S as the reference latitude for Leff (rather than the
nominally given 20˚S in Table A2) is that the resultant regression equation balances the need to
represent seasonal and latitudinal variations of Lf without introducing excessive moisture loss at
high latitudes.
The linear regression shown in Fig. A1 results in Lf being calculated as

L f = max(1.43 Leff − 4.25, − 1.6)

(A25)

A.3.3 New Drought Code
The new value of the DC is the sum of the rainfall modified DCr and the drying phase modified
DCd

DC = DC r + DC d

(A26)
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of the seasonal day length adjustment factor, Lf, in terms of the effective day
length, Leff, at 40˚S and 20˚S.

Fig. A1: Regression

Overwintering Phase
In the Canadian application an overwintering adjustment is applied to DC since the spring snow
melt may not always saturate the DC fuel layer. Such overwintering adjustment is not applied in
the Australian implementation, with no differentiation made between summer drying and the
daily water balance equations (Eqn A26) is applied throughout the year.

A.4 Initial Spread Index
The ISI is an estimate of the basic rate at which a fire will spread when the fine fuel is dry but
further drying at depth is not well advanced. The ISI depends on the FFMC and the wind speed,
v, limited to a maximum of 100 km h-1.
The wind speed component is calculated as

FW = e 0.05039ν

The FFMC component of the ISI uses the moisture content, m, from Eqn A2:
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(A27)

⎛
m 5.31 ⎞
⎟
FF = 91.9 e − 0.1386 m ⎜⎜1 +
4.93 ⋅ 10 7 ⎟⎠
⎝

(A28)

The value of ISI is the multiplied effect of fuel moisture (FF) and wind speed (FW):

ISI = 0.208 (FW )(FF )

(A29)

The dependence of the ISI on the FFMC and the wind speed which results from this formulation
is shown graphically in Fig. A2.

Fig. A2: The dependence of the ISI on the FFMC and the wind speed.

A.5 Buildup Index
The DMC and the DC (i.e. the two Fuel Moisture Codes with the longer time scales) are
combined to produce the BUI. The DMC reacts to rainfall or a lack of rainfall quicker than the
DC which represents the deeper duff layer. A form of the harmonic mean of the DMC and the
DC is used to calculate the BUI. This ensures that changes about smaller values of either the
DMC or the DC will receive a greater weight:
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⎧ 0.8 DMC DC
⎪⎪ DMC + 0.4 DC
BUI = ⎨
0.8 DC
⎞
1.7
⎪ DMC − ⎛⎜1 −
⎟ 0.92 + (0.0114 DMC )
⎪⎩
0
.
4
DMC
+
DC
⎠
⎝

[

DMC ≤ 0.4 DC

]

(A30)

DMC > 0.4 DC

Equation A30 is the same as given in Van Wagner (1987) for DMC ≤ 0.4DC. The second part
(i.e. for DMC > 0.4DC) differs somewhat from the literature, but is currently being
implemented in the Canadian operational FWI System calculations (Van Wagner and Pickett
1985).
The dependence of the BUI on the DMC and the DC which results from this formulation is
shown graphically in Fig. A3.

Fig. A3: The BUI shown for various values of the DMC and the DC.

A.6 Fire Weather Index
The FWI is a positive number, with low values indicating low fire danger weather conditions
and higher values indicating higher fire danger weather conditions. The FWI is a function of the
BUI and the ISI, and is calculated as
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⎧B
FWI = ⎨ 2.72 ( 0.434 ln B ) 0.647
⎩e

B <1
B ≥1

(A31)

where

B = 0.1(Fd )(ISI )

(A32)

and

⎧0.626 BUI 0.809 + 2
⎪⎪
Fd = ⎨
1000
⎪
⎪⎩ 25 + 108.64 e − 0.023 BUI

BUI ≤ 80
BUI > 80

(A33)

The dependence of the FWI on the ISI and the BUI is shown graphically in Fig. A4.

Fig. A4: The FWI shown for various values of the ISI and the BUI.
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A.7 Hourly Fire Weather Index
An hourly version of the FWI System was developed for use in Australia. The hourly FWI
System uses the daily version as its 0600 UTC forecast (representative of the peak daily fire
behaviour) and then uses the hourly MESOLAPS forecast data from single levels forecasts to
produce the subsequent hourly forecasts (from 0700 UTC onwards) of FWI System
components. Details of the hourly version can be found in Van Wagner (1977) and Beck and
Armitage (2004).
The main difference between the daily and hourly formulations is in the FFMC, since this
represents the shortest time scale variations of the fuel moisture. The hourly FFMC is calculated
using hourly forecasts of temperature, wind speed and relative humidity. Hourly rainfall
forecasts are not considered in the current Australian implementation of the FWI System, but
may be considered in future work depending on data quality. The calculated moisture content
for a particular hour is used as the initial value for the next hour’s calculations, with the initial
daily value of the FFMC used for the first hour’s initial moisture content (i.e. for the 0600 UTC
value).
Hourly MESOLAPS data are available for single levels only. For the daily FWI System, wind
speeds are calculated using data from multiple levels (as described in Section 2.2) and so the
single level wind speeds used for the hourly FWI System have been scaled up by a factor of 1.2
(based on typical values of this difference).
Hourly forecasts of the FWI System are produced up to 48 hours starting from the midafternoon
(0300 UTC) values. The hourly FWI System uses the latest available MESOLAPS data, with
the hourly forecast from the 0000 UTC analyses being replaced by the newer 1200 UTC
analysis when available. The 1200 UTC analysis updates the forecasted input data and also
extends the hourly FWI System forecasts for another 12 hours.
The calculations for the hourly FFMC are largely based on the daily FFMC (see Section A.2.1)
but with some modifications to the coefficients as described below (as per Van Wagner, 1977).
The temperature effect on the diffusion coefficients kd and kw in Eqns A6 and A8, respectively,
has been modified from 0.581 for daily calculations to 0.0579 for hourly calculations. In Eqns
A10 and A11 the 10-k terms have been replaced with e-2.303k. An example of the diurnal
variations of the hourly FFMC is shown in Fig. 38 for the Wilsons Promontory case study.
Since the DMC and the DC have very long time lags (12 days and 52 days, respectively as
shown in Table 2) they are both kept constant over the hourly forecast period for simplicity. The
BUI only depends on the DMC and the DC and so it is also constant in value over the hourly
forecast period.
The hourly ISI uses the hourly FFMC predictions together with hourly forecasts of wind speed.
The hourly FWI is then calculated using the hourly ISI but the daily unaltered BUI. It should be
noted that the hourly FFMC is not used to influence the daily FFMC.
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