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Abstract. Global climate change, such as that due to the proposed enhanced greenhouse effect, is
likely to have a significant effect on biosphere-atmosphere interactions, including bushfire regimes.
This study quantifies the possible impact of climate change on fire regimes by estimating changes
in fire weather and the McArthur Forest Fire Danger Index (FDI), an index that is used throughout
Australia to estimate fire danger. The CSIRO 9-level general circulation model (CSIRO9 GCM) is
used to simulate daily and seasonal fire danger for the present Australian climate and for a doubled-
CO, climate. The impact assessment includes validation of the GCMs daily control simulation and
the derivation of ‘correction factors’ which improve the accuracy of the fire danger simulation. In
summary, the general impact of doubled-£i®to increase fire danger at all sites by increasing the
number of days of very high and extreme fire danger. Seasonal fire danger responds most to the large
CO»-induced changes in maximum temperature.

1. Introduction

This assessment of potential changes in the Australian fire-climate system due to
a doubling of the concentration of atmospheric L@cludes validation of the
control simulation, simulation of potential climate changeantitative analysis

of impacts on the fire-climate system, and comparison with the impact of existing
climate variability on the system. Previous climate change impact studies suggest
increases in fire danger over much of Australia (Beer and Williams, 1995), but
there has been little quantification of impacts, particularly with respect to historical
variability. Other assessments of the impact of climate change on fires are often
merely inferences derived from the suggested increase in occurrence of drought
due to global warming. The inference is that increased drought will also cause an
increase in fire occurrence, but GCM impact studies and empirical fire histories
suggest that this is not always the case (e.g., Bergeron and Flannigan, 1995; Takle
etal., 1994). The large spatial variability of climate change and of fire environment
types precludes any such generalisations of an overall increase in fire with global
warming.
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The sensitivity of fire and fire danger to global warming has been assessed
for other regions, mainly in the Northern Hemisphere. Potential impacts include
increases in the area of extreme fire danger in Russia and Canada (Stocks et al.,
1998; Fosberg et al., 1996) and general increases in fire danger (Flannigan and Van
Wagner, 1991). Changes in lightning frequency across the Northern Hemisphere
are also significant (Price and Rind, 1994).

Kirschbaum and Fischlin (1996) and Allen-Diaz (1996) comment in the Inter-
governmental Panel on Climate Change Scientific Assessment of Climate Change
(IPCC, 1996) that in Australian ecosystems changes in fire frequencies are likely to
have major impacts on the composition, age-distribution and biomass of forests and
rangelands. However, there are no quantitative details of these expected changes
in fire frequency, and analysis does not extend past inferences of potential future
fire behaviour in 2x CO, conditions based on fire-system behaviour during past
episodes of drought. There is also a supposition that because of effective control
measures, large-scale fires will be rare in the temperate zone and will be limited to
drier regions of Australia (Kirschbaum and Fischlin, 1996). This is a contentious
argument (a similar argument about the effectiveness of control measures is presen-
ted by Trabaud et al. (1993) given that in the past, extreme fires have coincided with
extreme weather conditions and large conflagrations have occurred during the last
40 years in temperate, managed forest regions such as in Tasmania, Victoria, and
NSW.

The following discussion presents the data and models used for the study,
a validation of the climate model, the doubled-C€re danger scenarios and
their context with respect to historical extremes, and a discussion followed by
conclusions.

2. Data and Models

2.1. FIRE MODEL

A fire regime can be defined by fire intensity, fire frequency, and the season of
burn. There are various indices, used mainly for predictive purposes, that repres-
ent these fire regime components. In south-eastern Australia, the McArthur Forest
Fire Danger Index Mark 5 (FDI, McArthur, 1967) is a fire weather based index
commonly used to represent the daily fire danger. The FDI was derived from ap-
proximately 400 experimental forest fires, conducted in a variety of fuels in low
to medium quality dry sclerophyll forests with a fuel loading of 12 t/ha, in south-
eastern Australia. Fire danger is indicative of the chances of a fire starting, its rate
of spread, intensity and difficulty of suppression. As well as its regionally-specific
applications (which is the use for which it was intended), the FDI is also a valid
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indicator of forest fire danger over the entire continent used for comparison of
intra-seasonal and inter-annual fire danger variability. The FDI is defined as:

FDI = 1.275D%%87 « [exp(0.0338I" — 0.0345H)]  [exp(0.0234V)],

whereT = air temperaturéC, V = wind speed km/hr in the open at 10 m height,
H = relative humidity %,

D is a drought factoe= [0.191( + 104 (N + 1)1°]/[3.52(N + 1)° + R — 1)1,

where I = Keetch Byram Drought Index (Keetch and Byram, 196R),=
precipitation,N = days since rain. (Equations from Noble et al. (1980)).

On a seasonal scale the FDI is most sensitive to seasonal relative humidity,
except at the two northern sites (see Figure 1) where wind speed is more influential
on FDI interannual variability.

Although fire regime characteristics are highly coupled with weather and cli-
mate, the relationships are often complex. Variations in fuels also influence the
properties of a fire regime such as fire frequency and fire intensity. However, under
extreme conditions, the influence of the variation of fuels or structure within a
vegetation community (mainly on fire frequency rather than intensity) may fre-
qguently be overridden by large-scale topographic features and weather patterns
(examples from ecosystems outside Australia include Bessie and Johnson (1995)
and Swetnam (1993)).

2.2. CLIMATE MODEL

The CSIRO 9-level general circulation model (CSIRO9, Watterson et al., 1995)
is a global atmosphere, slab-ocean climate model. It simulates two scenarios that
are used to assess the impact of doubling atmosphericd@@re danger: a 30-

year 1x CO, simulation and a 30-year doubled atmospheric, Githulation. The

1 x CQO, simulation is the radiation forcing for a G@oncentration of 330 ppm
(around the year 1975) without other trace gas or aerosol effects (Watterson et al.,
1995). Continental climate projections have already been developed for Australia
for annual and seasonal time frames (for example, Whetton et al., 1996), but a
study of the fire-climate system requires more specific analysis than has been done
previously. CSIRO9 has 43 grid points covering the Australian landmass with grid-
box dimensions of 400 km by 650 km. At each grid point, the model simulation
of the daily data required for the four FDI input parameters and the FDI itself are
analysed. The daily data are mean relative humidity, mean wind speed, maximum
temperature, and precipitation. The mean relative humidity and mean wind speed
variables are slightly different from the observed variables of minimum relative hu-
midity and maximum wind speed mentioned in Section 2.3. Section 2.4 addresses
these differences as well as the quality of the GCM'’s simulation of maximum
temperature and precipitation.
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Figure 1.The location of CSIRO9 grid points«(), the grid points selected for model validation (in

bold), and the meteorological observing stations used in the st)dylte boundary between the
northern and southern fire season zone is marked, as are the five biogeographical regions represented
by the selected grid points and observing stations. The primary vegetation type of the five regions is
also shown.

2.3. METHOD

Figure 1 shows the distribution of grid points and the division of the continent and
the grid points into two primary fire season zones: the northern zone (fire season
from July to November) and the southern zone (fire season from November to
March). The sum of the daily FDI for the entire fire season is called the seasonal
cumulative FDI (seasona FDI). For the two fire season zones, the spatial distri-
bution of seasonatFDI and fire weather from CSIRO9 control simulations are
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compared with Z CO, simulations, and the statistical significance of any changes
noted.

In addition to identifying continental-scale changes in seasonal fire danger, four
grid points in each of the two fire season zones (that is, a total of eight sites) have
been selected for more detailed examination to indicate the significance of changes
in the frequency distributions of daily fire weather and FDI. Studerest and the
Chi-squared test are used to test for statistical significance. These eight grid points
are representative of five distinct climate-biogeographical regions (see Figure 1).
Each grid point is assumed to be representative of a large area, which is reasonable
given that climate variations usually involve large spatial scales.

To provide a historical context of changes in extreme fire danger conditions, the
daily and seasonal fire danger and fire weather for a 33-year period (1960-1992)
are also calculated. Archived data from each station were obtained from the Na-
tional Climate Centre at the Australian Bureau of Meteorology. The meteorological
data obtained were daily rainfall, daily maximum temperature, three hourly wind
speed and three hourly dew point temperatures from 1960 to 1992. Daily minimum
relative humidity is calculated from the temperature and dew point temperature at
the time when the maximum temperature was recorded. Recently, Williams and
Karoly (1999) have used this data to examine the impact of the El Nifio-Southern
Oscillation on fire weather and fire danger throughout Australia. They have shown
coherent patterns of increased fire danger in south-eastern and central Australia
during EI Nifio episodes.

These data are also used to validate the control simulation of CSIRO?9. Ideally,
the control simulation should be validated against observed area-average data com-
puted from multiple sites within each grid-box (Mearns et al., 1990). However,
while daily temperature and rainfall data are available for many observing stations
within each grid-box, daily humidity and wind data are more difficult to obtain.
Therefore since it was not possible to obtain sufficient data for such a model val-
idation, single observing stations had to be used (the names of which are shown in
Figure 1). This validation test is therefore limited since observations at a point are
being compared with an area-average simulation.

2.4. MODEL VALIDATION

The CSIRO9 control simulation of the FDI is validated by comparing it with the
observed FDI at each of the eight sites/grid points. As well as comparing the mean
values of the observed and modelled data sets, the frequency distributions of daily
occurrences of the two data sets are also compared. We use a significance level
of 0.05 for the statistical tests. As indicated by the chi-square values in Table I,
the 1 x CGO, fire season simulation of the daily FDI is not suitably accurate nor
are the simulations of the four FDI input parameters. At grid points (7,3)/Sale,
(2,4)/Katanning and (2,8)/Roebourne, the FDI as simulated by CSIRO9 is higher
than observed, and at the other five grid points the FDI is too low. The differences
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between the modelled and observed fire danger statistics are anticipated for three
reasons. Firstly, as mentioned previously, single point stations of observed data
are compared with the area-averaged simulations of the model. Secondly, the ho-
rizontal and vertical resolutions are coarse and physical parameterisations in the
model are simplifications of sub-grid-scale processes. Lastly, CSIRO9 produces
daily mean relative humidity rather than daily minimum relative humidity and daily
mean wind speed at 970 hPa rather than the maximum wind speed used to calculate
the FDI from the observed data. In Beer and Williams (1995), the inadequacies of
the CSIRO9 humidity and wind simulations were overcome by physically-derived
manipulation of the data at grid point (7,3), the Sale site. However, background
research for this study shows that when considering all eight validation grid points,
such a method of correcting the data does not provide the same degree of im-
provement as do purely statistically derived modifications (that is, by modifying
the mean and standard deviation).

For both groups of four grid points in the two fire season zones, the daily
distributions of the GCM control FDI are compared with the observed FDI. The
four modelled fire weather parameters are manipulated in order to achieve the best
modelled average FDI distribution over all four grid points (as measured by chi-
square values). In order for the modelled data to simulate the observed data, the
modelled mean and standard deviation need to approximate the observed mean
and standard deviation. This is achieved by applying a linear scaling to each daily
data valueX = a * Y — b, whereX is the observed data valug,is the modelled
data value, and andb are the correction factors.

At the four sites in the southern fire season zone, the model FDI is most sensitive
to corrections made to relative humidity. Corrections made to temperature and
rainfall are also important and significantly impact on the FDI. The distribution
of wind speed was so highly variable that a correction factor could not be found.
The resultant model control FDI for the Southern Fire Zone is therefore calculated
by modifying relative humidity, rainfall and temperature using the formulae listed
in Table I. Examples of the change in FDI distribution before and after modi-
fication are shown in Figure 2. As in the Northern Fire Zone, the same scaling
formulae were used at all sites. In contrast, the CSIRO9 simulation of the FDI
in the Northern Fire Zone is improved by adjusting only the rainfall parameter.
The frequency distributions of the other three FDI parameters were not suitably
responsive to corrections. Despite the common scaling factors at each site, there are
still significant differences between the model and observed distributions in some
cases. The following discussion of doubled-Cide danger scenarios is based on
an FDI calculated with the corrected FDI parameters.



TABLE |

For each of the eight validation grid points and nearest meteorological statfomalues are listed for the comparisons of (i) the observed
and CSIRO9 daily fire weather and FDI and (ii) the modified CSIRO9 and observed data. The formulae used for the modification are listed.

The fire weather variables are abbreviated as: max temp is maximum temperature, min Rh is minimum relative humidity, and max WS is |

maximum wind speed. Differences are significant<{ 0.10) atx 2 values of 18.5 =
Northern grid-points Southern grid-points &
_|
Daily variables 2,82 6,92 57x2 86x2 Daily variables 2,42 6,4x2  T.1x2 7,3%2 <
Roebourne  Normanton  Springs Miles Katanning  Mildura Hobart Sale j
FDI FDI _IO_I
Control vs. observed 42.4 48.1 58.6 72.2 Control vs. observed 45.8 20.7 24.6 24.8 :E
Modified vs. observed  43.8 2.3 17.5 5.8 Modified vs. observed  28.8 23.2 3.0 22.4 &
(using iny rainfall (using all corrections) g
correction) g
Max. temp. Max. temp. m
Control vs. observed 7.8 24.0 11.8 59.3 Control vs. observed 229 20.2 27.6 39.8 I.;F.'I
Modified vs. observed 30.5 22.7 4.8 40.6 Modified vs. observed 7.5 16.0 78.1 16.2 o
0.95 % model 12 x model— 6 )z>
0]
Min Rh Min Rh o
Control vs. observed 61.2 16.4 74.4 23.3 Control vs. observed 20.4 55.7 175 39.6 C_)'
Modified vs. observed  61.4 15.2 63.5 17.8 Modified vs. observed  31.5 35.5 34.2 17.3 o
0.95 % model 13+ model— 10 %
Rainfall Rainfall ﬁ
Control vs. observed 5.2 93.9 63.8 87.2 Control vs. observed 6.1 21.9 103.4 14.1 o)
Modified vs. observed 3.9 14.2 6.1 4.4 Modified vs. observed 24.4 3.4 2.9 30.6 g
1.3x model— 5.1 13 % model— 5.1 %
Max WS Max WS m
Control vs. observed 27.7 28.1 32.6 63.3 Control vs. observed 71.0 13.9 71.6 7.3
No modification factor (¥ * model 37.6 19.8 34.0 13.9

LLT
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Figure 2. The CSIRO9 unmodified and modified control X1CO,) simulations of the daily fre-
quency distribution of the FDI, and the frequency distribution of the observed FDI of (a) grid point
(7,1)/Hobart in the Southern Fire Zone, and (b) grid point (5,7)/Alice Springs in the Northern Fire
Zone. They?2 values indicate the degree of difference between (i) the modified CSIRO9 simula-
tion and the observed data, and (ii) the unmodified simulation and the observed data (also listed in
Table ). The FDI values are categorised according to the classification of McArthur (1967).
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3. Doubled CGO, Fire Danger Scenarios

The impact of doubling atmospheric GOn the fire regimes in a region is determ-
ined by considering the influence on the following aspects of fire danger: changes
in the spatial distribution of seasonalFDI; changes in frequency distribution

of daily FDI; and changes in the seasonality of fire danger. The environmental
impact of many of these changes is dependent on the existing levels of variability.
Therefore, changes due to doubled (e placed into perspective by considering

the variability of historical fire danger. Firstly though, the changes in fire weather
are examined and also the sensitivity of fire danger to changes in each fire weather
parameter.

3.1. THE SENSITIVITY OF SEASONALXFDI TO CHANGES OF FIRE WEATHER

The response of FDI to a doubling of atmospheric,Giepends on the impact

on fire weather. The modelled impact of<2CO, on each fire weather variable

is different at different locations, and therefore the FDI will also have a disparate
response to the changes in each variable.

Doubling CQ has a significant impact on the seasonal averages of all the fire
danger parameters except wind speed. As shown in Figure 3a—d the general dir-
ection of change is: maximum temperature increases, minimum relative humidity
decreases, and rainfall increases in the southern zone. The change in the probability
distributions of daily values of each parameter at each of the eight sites does not
have the same high degree of statistical significance. As with the mean seasonal
averages, daily maximum temperatures have significant increases. Daily minimum
relative humidity changes are only significant at Alice Springs and Miles, and
rainfall and wind speed have no significance in their changes. In must be noted
that, in most GCMs, rainfall is the most poorly modelled of the four fire weather
parameters.

Figure 4 depicts the response of seasdnBiDI to changes in the individual
FDI parameters (that is, all parameters are held constant at thei€®, value,
except the parameter of interest). Sites in the northern and southern fire zones are
very similar in their responses. Changes in seas@r&DI| are most sensitive to
changes in maximum temperature. Within each of the two zones the sensitivity to
the other three fire weather variables is different depending on location, although
changes in wind speed tend to have the least impact.

3.2. CHANGES IN THE SPATIAL DISTRIBUTION OF SEASONAL CUMULATIVE
FDI

The control simulation indicates that there is greater fire danger in the western
area of the northern fire season zone than in the east. As shown in Figure 5, in the
2 x CO, simulation the fire danger increases significantly over the entire northern
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Figure 3.The impact of doubling C@on simulated seasonal fire danger parameters in the northern
and southern fire season zones (as delineated by the dividing ‘split’ in the maps). The percentage
change in the value of the parameter from the@O, scenario to the 2 CO, scenario is shown for

(a) maximum temperature, (b) rainfall, (c) wind speed, and (d) relative humidity. A decrease in value
is indicated by a negative value. All changes are statistically significant (10% level) except where
shaded.

zone. The largest increases (30%) occur on the north east coast and in the southern-
most reaches. The smallest impact is in western Queensland: this grid-point (6,8)
is also one of extremely high rainfall in the model (a poor simulation of reality)
which dominates the FDI.

The Southern zone control scenario shows that the west coast of the continent
has greater seasonalFDI than the east coast, with the greatest fire danger oc-
curring in the south-east of Western Australia. The impact of doubling €@
increase the FDI throughout the entire southern zone, with the greatest changes
(increases of 40%) occurring in northern NSW and south-east Western Australia.
However, the main gradient of change is in a north-south direction and has little
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Figure 4.The control and Z CO», seasonakFDlI, and its sensitivity to 2« CO»-induced changes
in each fire weather parameter. Clearly, all sites are most sensitive to $h€@, changes in
temperature.

impact on the overall pattern of the FDI spatial distribution. As shown in Figure 5,
most of the changes are statistically significant.

The impact of doubled COon seasonal fire danger is greater on the south-
ern fire season than on the northern. Within these two zones the resultant change
increases moving southward.

3.3. CHANGES IN THE FREQUENCY DISTRIBUTION OF DAILY FDI

This section tests the hypothesis that there is a statistically significant change
in the daily FDI distribution in a 2x CO, climate scenario compared with the
distribution of the control simulation. As shown in Figure 6, at each of the eight
grid-points/sites representative of the two fire zones the control FDI distributions
vary widely between stations. The accuracy of the simulations also varies (see
Table 1). Given this range of distributions, it is not unexpected that theC0O,
FDI distributions also vary widely (also shown in Figure 6).

In the Northern fire season zone, the mean daily FDI increases at all sites, and
the frequency of high FDI occurrences increases markedly. The grid-point with
the greatest change in daily FDI is Miles on the east coast. Only at Mjfes<(
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Figure 5. The spatial distribution of (a) the mean seasan&Dl in the northern and southern fire
zones for the CSIRO9 2 CO, fire weather scenario, and (b) the percentage difference between the
2 x CO» and 1x COy values. Shaded areas are not statistically significant at the 10% level.
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Figure 6. The frequency distributions of daily FDI of the control (dashed line) andQO, (solid

line) simulation. Chi-square values indicating the difference between the&C®, and 1x CO»
simulations are listed at the top of each plot. The critical valug?#t the 10% level is 12.02. The
two distributions are significantly different at Alice Springs, Miles, Sale, and Mildura is border-line.
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18.8) and Alice Springs x? = 12.7) are there significant changes between the
control and 2x CQ, distributions. At all sites in the Southern zone, a doubling

of CO, causes a decrease in the number of low FDI occurrences and an increase
in the occurrence of high FDIs. However, only at Sale is the change statistically
significant.

3.4. IMPACT ON FIRE DANGER SEASONALITY

All months at all sites have higher FDI in2CO, conditions than x CO,. How-

ever, therelative magnitude of each month’s FDI also changes. Of the four sites
that were allocated a northern fire season zone (categorisation based on observed
FDI) only Roebourne has a fire season comprised of the same months in both the
1 x CO, and 2x CO, scenarios (i.e., it has no response ta £0,). Miles has

a shorter fire season in thex2CO, scenario, and Normanton and Alice Springs
(shown in Figure 7) have longer fire seasons. At Normanton and Miles the greatest
FDI severity occurs earlier in the season. Of the four southern fire season sites,
the length of the fire season remains the same at Hobart and Katanning. Mildura
(Figure 7) has shorter season, with the month of greatest intensity occurring later,
and Sale has a longer season.

4. Comparing 2 x CO,-Induced Changes with Levels of Observed
Variability

It has been shown that for some regions CSIRO9 projects a significantly different
fire danger regime for doubled G©@onditions than for control conditions. As well

as the absolute changes in the fire danger, it is the changes relative to existing levels
of variability that often determine the actual impact of higher fire danger. That is,
have these levels of fire danger already been experienced? Do the modelled changes
fall within the levels of observed variability?

The impact of doubling C®is put in perspective in Figure 8 which has been
compiled utilising extreme data from the observed data set, and the control and
doubled CQ simulation data. The impact of doubling G@ analysed by compar-
ing the difference between the mean of the control andQ@O, seasonakFDl,
with the difference between composites of high and low observed seasonal fire
danger during 1960-1992. The mean values of the six highest seadebDayears
and those of the lowest six seasoBdDI years within this time period are presen-
ted alongside the 33-year observed mean so a complete picture is presented of the
range of seasonda FDI experienced in this period. At most sites Williams and
Karoly (1999) have shown that the high FDI seasons are associated with El Nifio
episodes. The low and high FDI composites are composite differences between
El Nifio and La Nifia events for most sites. Hence, the difference between the
composites indicates the range of natural variability between current large-scale
climate variations.



THE SENSITIVITY OF AUSTRALIAN FIRE DANGER TO CLIMATE CHANGE 185

Alice Springs / (5,7)

1500 - -
Annual cumulative daily FDI

1XC0,= 7253 2xCO,= 8570

t Hﬁ

| 2xCO2 FDI
o 1xC02 FDI

Eﬂ
)
HE%V

May June July Aug Sept
Months

500

Monthly cumulative FDI

Jan Feb Mar Apr Oct Nov Dec

Mildura / (6,4)

1500

Annual cumulative daily FDI

B 2xCO2 FDI

1XC0,= 3455 2xCO,= 4637

t

1000

500

Monthly cumulative FDI

hﬂﬁ
Q

X e}

E‘:G‘GIO

(o]

[]

1xCO2 FDI

f

b

i

Jan  Feb Mar Apr

May June July Aug Sept
Months

Oct

Nov

Dec

Figure 7.Examples of the doubled CGnduced changes in the seasonality of fire danger.

It has already been ascertained that the change in mean seasiidbetween
1 x CO, and 2x CGO, conditions is statistically significant at all sites. However,
these changes are not as large as the existing variability. For example, at Hobart
the difference between thexlCO, mean and the 2 CO, mean is 297 FDI units,
but the difference between the extreme composites in the observed data is 775 FDI
units. This observation is magnified in the northern zone where, at least at the four
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Figure 8. Thirty year means and standard deviations (solid whiskers) of control ardCP»,
simulated seasona FDI (triangles and squares), and observed seasbRall (circles). A wider

range is also given for 2 CO» (open squares and dashed whiskers) and observed (open circles and
dashed whiskers) data sets by plotting two composites of 6 year extreme high and low sE&f2inal
occurrences. Each bold italic number is the difference between the means 63 and control
simulations (for example, 279 is Hobart £2CO, mean — observed mean)) and the plain numbers
are the difference between the means of the high composite and the low composite (for example, 872
is Hobart (2x CO» high —2x COy low).

Seasonal cumulative FDI

selected sites, the differences between the observed extremes are greater than in
the south (except for Mildura which has relatively large variability compared with

the other 3 southern stations). Therefore, the inference is that the change in mean
conditions from control to a doubled G@tmosphere is less than the existing range

of extreme fire seasons.

Looking more closely at the 2 CO, simulation and comparing the range
between the extreme composites with the extreme composites at the correspond-
ing observing station, there are clear changes. It is only at Hobart and Katanning
that there is a greater range of extreme seasons in th€@, scenario than in
the observed data set. The change from control to @O, fire severity is less
than existing extremes at all other six stations, and the rangexo€®, extreme
composites are less than present.
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5. Discussion

The results presented so far indicate that the CSIRO9 projection of the impact of
doubling CQ on fire danger is a significant effect, the strength of which varies
regionally over the continent. The following discussion summarises the results and
suggests some implications of a changing fire regime on five specific eco-regions
in Australia by drawing on the basic response of ecosystems to fire regimes (e.g.,
Gill, 1983). Other impacts of C{relevant to fire regimes, but not included in the
fire danger index, are also discussed (for example increased frequency of lightning
strikes or the response of vegetation to increased)CO

Changes in FDI can be extended to changes in fire behaviour using the empirical
relationships between FDI and fire behaviour defined as part of the FDI (McArthur,
1966, 1967). In the fire season control scenario at Sale and Hobart approximately
5% of daily FDIs are in the ‘very high’ (FDI between 24 and 50) and ‘extreme’
(FDI greater than 50) categories. This rate of occurrence in the doubled@@-
ario increases slightly to 7% at Hobart but triples to 15% at Sale. The consequential
impacts on forests depend on the fuel quantity. In forests with fuel levels around
25 t/ha, and using the less severe scenario of an FDI of 25, typical fire intensity
will be around 10x 10° kW/m where the rate of spread is approximately 0.8 km/h,
the spotting distance 2.1 kms, and the flame height inducive for crown fires. If
the FDI is 50, then the rate of spread nearly doubles to reach 1.5 km/h and the
spotting distance increases to 4.6 km. Fires of such high intensity have the ability
to destroy the canopy in addition to understorey material, and in extreme cases Kkill
trees. Fires of lower intensity may only remove the litter layer and fine fuels and
kill the understorey.

The impact on the south-west forest region is represented by the doubled CO
simulation at grid point (2,4)/Katanning. The only fire weather parameter that has
a significant change is temperature, which increases. The length of the fire season
does not change but the period of greatest severity occurs at the end rather than
the beginning of the season. The season is more severe. Nearly half of the days in
the fire season have ‘very high’ or ‘extreme’ fire danger, with the occurrence of
‘extreme’ conditions doubling.

The Victorian mallee region (gridpoint (6,4)) has a Mediterranean-type climate
of winter-dominated rainfall and is characterised by scleromorphic shrublands of
multi-stemmed eucalypts along with spinifex and porcupine grasses (Noble et al.,
1980). It is highly prone to fire. As in other less arid southern regions, the mean
fire season temperatures increase B Aseasonal rainfall increases and daily
minimum relative humidity decreases. Wind speed changes little. These changes
in individual fire weather variables each have a different effect on fire danger. Fire
danger is most sensitive to the changes in temperature and seasonal rainfall.

The seasonal fire danger increases throughout the region, and there are many
more occurrences of ‘extreme’ FDI. The length of the fire season is shortened and
the month of greatest fire danger occurs earlier in the season. Even though the fire
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season becomes shorter there are nearly twice as many ‘very high’ and ‘extreme’
FDI occurrences. In contrast to the situation of the more southern regions which

may experience a longer fire season, the scenario for the Mallee indicates the fire
season becoming shorter and more severe.

The wet-dry tropics cover the northern and north-eastern region of Australia
extending from Broome in the west to Brisbane in the east (Gill et al., 1990). At
the two grid points representing the area, the fire season conditions become warmer
and less humid (humidity decreases more at Miles than at Normanton), and less
windy. The changes in seasonal rainfall vary regionally with the north receiving
more rain and the south less. Changes in fire danger are mainly due to changes in
rainfall.

There are many more occurrences of extreme conditions in the north (little
change in extreme occurrences in the south), but the change in overall fire season
severity is greatest in the southern reaches of the zone. Although the length of the
fire season is not projected to change, the seasonality of the fire season is changed
with greatest severity occurring earlier in the season. The southern section of the
zone has a slightly later fire season than the north. The mean state of the season’s
severity does not exceed that of the existing variability.

The central Australian rangelands near Alice Springs are in Australia’s arid
zone. Most of the annual rainfall of 260 mm (Alice Springs) occurs in summer
and is very erratic. Most fires occur in the period from October to January, and
range from 10 to 13,000 kfrin size. 59% of fires from 1970 to 1980 were due
to lightning, with the spinifex area having up to 66% of fires attributed to light-
ning (Griffin et al., 1983). The CSIRO9 results at grid point (5,7)/Alice Springs
are used to represent the region, specifically with respect to potential changes in
the fire danger of the region. The doubled £$2enario does not indicate large
changes in seasonal rainfall, only small increases. Other changes in fire weather
include an increase in mean temperature, mean relative humidity decreases, and
significant decreases in wind speed. Although the changes in seasonal rainfall are
very small compared with changes to other fire weather variables, fire danger is
most responsive to rainfall changes. The fire season is longer, more severe, and the
bi-modal nature of the season is even more pronounced. The mean seasonal fire
danger increases.

The seasonal distribution of thunder days is strongly correlated with that of
bushfire incidencer( = 0.94) (Griffin et al., 1983). ‘Dry’ thunderstorms are a
feature of inland Australia, and according to the modelling of Price and Rind
(1991), activity in this region is likely to increase in an increased Cidnate (for
their particular scenario and model). Combining this suggested increase in light-
ning activity with the projected increase in seasonal fire danger at Alice Springs
(the season becomes longer and has a 50% increase in the humber of higher fire
danger days) the effect of global warming on fire danger is likely to be even more
significant.
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6. Conclusions

Due to the close correlations between climate and fire activity, the climatically-
based FDI is an appropriate measure by which potential changes in the fire weather
regime can be estimated. The doubled,Gi@ danger scenario has therefore been
analysed for changes in seasonality, daily variability, seasonal variability, and sens-
itivity to changes in each of the fire weather variables. To assess the relative nature
of the changes in FDI, comparisons were made with the current observed extreme
FDI range.

The control simulation of some of the fire weather parameters, especially min-
imum relative humidity and wind speed, has an existing bias that most likely
influences the Z CO, results. Interpretation of the fire danger simulation must
include an understanding of the limitations of the scenarios by recognition of the
assumptions that are built into the GCM and that are used for determining model
verification and validation. Some of the implications of this research are broad
and applicable to the entire continent of Australia, and others may be single site
specific.

The consequent seasonal fire danger scenarios for the northern and southern sea-
sons have much significance. In a doubled,@@mate simulation, Alice Springs,
Miles, Sale, and Mildura all have significant changes in the probability distribution
of daily FDI, and the seasonalFDI increases throughout both the Northern and
Southern fire zones. This effect has also been seen in boreal studies (Stocks et al.,
1998). The seasonalFDI is most sensitive to the large changes in temperature.
The seasonality of fire danger is also affected, but the degree of change varies
widely. Of the eight detailed sites, only at Katanning and Hobart does the length of
the fire season not change.
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