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Abstract We explore the impact of future climate change on the risk of forest and
grassland fires over Australia in January using a high resolution regional climate model,
driven at the boundaries by data from a transitory coupled climate model. Two future
emission scenarios (relatively high and relatively low) are used for 2050 and 2100 and four
realizations for each time period and each emission scenario are run. Results show a
consistent increase in regional-scale fire risk over Australia driven principally by warming
and reductions in relative humidity in all simulations, under all emission scenarios and at all
time periods. We calculate the probability density function for the fire risk for a single point
in New South Wales and show that the probability of extreme fire risk increases by around
25% compared to the present day in 2050 under both relatively low and relatively high
emissions, and that this increases by a further 20% under the relatively low emission
scenario by 2100. The increase in the probability of extreme fire risk increases dramatically
under the high emission scenario by 2100. Our results are broadly in-line with earlier
analyses despite our use of a significantly different methodology and we therefore conclude
that the likelihood of a significant increase in fire risk over Australia resulting from climate
change is very high. While there is already substantial investment in fire-related
management in Australia, our results indicate that this investment is likely to have to
increase to maintain the present fire-related losses in Australia.
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1 Introduction

There is a history of fire in Australia exceeding 400,000 years with high variability in fire
frequency associated with natural climate variability (Kershaw et al. 2002). A substantial
increase in fire frequency occurred about 38,000 years ago. This was probably related to
human activity given that there is little evidence for a coincident change in climate. A second
peak in fire occurrence was associated with European settlement in 1788 (Kershaw et al.
2002). Currently, around 5% of the Australian land surface is burned annually consuming
approximately 10% of the net primary productivity of the continent (Pittock 2003).

Fires in forests and grasslands cause substantial financial losses. About 200 homes were
destroyed in the Sydney bush fires of 7-8th January 1994 (Gill and Moore 1994; Ramsay et al.
1996) and 2,500 homes destroyed in the 16th February 1983 Ash Wednesday fires (Oliver
et al. 1984; Ramsay et al. 1996) that also killed 75 people (Bureau of Meteorology 1984). In
other Australian fires, the 1974/75 bush fires in the Northern Territory burned 117 million
hectares (Australian Bureau of Statistics 1995) and more recently the 2003 Canberra bush
fires destroyed 500 properties, killed four people and cost AUD$300 million (McLeod 2003).
On average, 84 homes are lost to bush fires each year (McAneney 2005). McAneney (2005)
also showed that there was about a 60% chance of residential home losses due to bush fire
somewhere in Australia each year and that this situation has remained remarkably stable since
the early twentieth Century. This consistency likely points to an element of climate control
which in turn raises the question of how future changes in climate might affect fire risk.

There are many other costs associated with fire in Australia. Coronial inquiries are
commonly established to investigate major fires. New South Wales, for example, has had at
least seven bush fire inquiries since 1994 (Blong 2004). Substantial investment in research has
occurred (e.g. the Fire Code Reform Centre and the Bush Fire Cooperative Research Centre
are multimillion dollar investments). There are major environmental costs associated with air
pollution and impacts on human-health (Coghlan 2004) including during the fires (burns,
smoke inhalation, Liu et al. 1992) and post-fire psychological trauma (Sim 2002). During the
2003 Canberra bush fire, the Mount Stromlo Observatory was destroyed. The Observatory,
built in 1924, was of significant heritage value containing instruments that are irreplaceable.

To deal with the financial costs of fire, considerable investment in fire services in Australia has
occurred costing of order AUD$1,600 million in 2002-2003. A further investment, via the
volunteer fire service has been estimated at AUD$460 million for Victoria (Hourigan 2001) which
approximates AUDS$1,200 million Australia-wide. Due to the risks associated with fire, policy
makers within Australia are interested in potential changes in fire regimes that might accompany
greenhouse-related climate change (Beer and Williams 1995).

Previous analyses of the impact of climate change on fire risk in Australia points to a
likely increase. Beer and Williams (1995), Williams et al. (2001), Cary and Banks (1999)
and Cary (2002) all found an increase in fire danger under increasing carbon dioxide (CO,)
levels and associated climate changes. Beer and Williams (1995) used daily data from the
Commonwealth Scientific and Industrial Research Organisation (CSIRO) model (CSIRO4
and CSIRO9) to assess the likely change in bush fire risk. The CSIRO4 model included
only four vertical levels. This, combined with the use of just three years of data by Beer and
Williams (1995) suggests that the analyses they reported warrant updating. The CSIRO9
model (McGregor et al. 1993) was also used by Beer and Williams (1995) at a spatial
resolution of ~500x500 km. This model was evaluated by Whetton et al. (1994) and shown
to be adequate in terms of its simulation of the Australian climate. Using the McArthur
forest fire danger index (FDI, McArthur 1967, see Section 2.2), Beer and Williams (1995)
found an increase in fire danger over Australia due to a doubling of COs,.
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Williams et al. (2001) also used the FDI and the CSIRO9 climate model (Watterson et al.
1995) coupled to a slab ocean model. A single 1 xCO, and a single 2xCO, simulation were
performed at a horizontal resolution of 400x650 km. Daily data were used to calculate the
FDI. The impact of increasing CO, included an increase in the number of days of very high
and extreme fire danger. When Williams et al. (2001) performed their analysis, the CSIRO9
model was state-of-the-art and it was then common to perform single scenarios for present
and future climates. Further, they showed that the model performed reasonably over
Australia in an evaluation of the current climate simulation. However, as computing
resources have increased, the use of single scenarios for 1xCO, and 2xCO, and the
relatively coarse resolution of the climate model used are now recognised as limiting.

Cary (2002) reviewed the evidence of the role of changing climate on fire regimes in
Australia. He noted the limitations of scenarios developed by CSIRO (1996) in that they did
not include projections of relative humidity or wind speeds (because they were not developed
for the purposes of bush fire risk projection). Relative humidity and wind speed are required
inputs to the McArthur bush fire danger index (McArthur 1967). Cary (2002) also noted
strong regional variability in scenarios across the Australian continent. The lack of relative
humidity data in the CSIRO (1996) scenarios forced Cary and Banks (1999) to assume that
this variable would not change in the future, although Cary (2002) did account for changes in
relative humidity in later work. Cary (2002) also performed the first simulations of bush fire
change over Australia using a regional model embedded in a climate model.

Since the work by Beer and Williams (1995) and Williams et al. (2001), significant
enhancements in climate modelling have occurred that allow the assumptions forced upon
Cary and Banks (1999), for example, to be addressed. In this paper, we explore the impact
of increasing CO, (and the subsequent changes in climate) on forest and grassland fire risk.
We attempt to address two major limitations in earlier studies: spatial resolution and use of
single estimates of the future climate (although note that the CSIRO 1996 scenarios were
based on multiple climate models). To address the coarse resolution of previous estimates
we use a regional climate model driven at the boundaries by the CSIRO climate model (see
Section 2.1). To address limitations that result from single projections of the future we use
two scenarios that reflect relatively low and relatively high emissions (see Section 2.1). We
then perform four realizations for each of the present day (the control), 2050 and 2100 for
each emission scenario and assess the change in fire risk using the FDI and a grassland fire
danger index (GDI) in terms of the percentage change in the mean value and the change in
the probability density function of the index. The use of multiple realizations, at least with
the global and regional climate models, helps address areas of uncertainty in any projection
sourced from an under-sampling of climate forcing. It also allows a sample of sufficient size
to explore probabilities of change as distinct from the commoner assessment of a
percentage change. Despite these attempts to reduce some aspects of uncertainty, we agree
with Cary (2002) that climate models remain tools with considerable uncertainties and for
this reason this paper should be considered very much in the context of scenario
development and not in the sense of climate prediction.

2 Methodology

2.1 Regional climate model configuration

Regional climate models can be used to explore various phenomenon at higher resolution
than is possible using a global climate model. In this paper we used the regional
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atmospheric modelling system (RAMS; Pielke et al. 1992; Liston and Pielke 2001)
developed by the Colorado State University coupled to the General Energy and Mass
Transport Model (GEMTM; Chen and Coughenor 1994; Eastman et al. 2001). RAMS is a
flexible modelling system that has been extensively used to study weather and climate (see
Pielke et al. 1998). RAMS has been shown to simulate the Australian January rainfall
amounts and temperatures well (Peel et al. 2005) and has proved useful for exploring the
impacts of land cover change over Australia (Narisma and Pitman 2003). All RAMS
simulations used in this paper used the Kain and Fritsch (1993) convection scheme and the
Chen and Cotton (1987) shortwave and longwave radiation schemes. To provide the
geographic distribution of vegetation over Australia, the classification from the Australian
Surveying and Land Information Group (AUSLIG) was used. The 21 taxonomic groups
provided by AUSLIG (1990) were mapped to the most structurally similar LEAF-2 plant
functional type (see Peel et al. 2005). The details of our results would be sensitive to
choices of individual parameterizations included in RAMS and thus it should not be
inferred that our results are conclusive.

Regional climate models need to be initialized and provided with boundary conditions at
the edge of the model’s domain. In this paper, RAMS was initialized and driven by
boundary conditions taken from a transitory simulation of the CSIRO Mark 2 atmosphere-
ocean model (Watterson and Dix 2003). The CSIRO model has a spatial resolution of
approximately 3.2° latitude and 5.6° longitude and includes nine vertical layers for the
atmosphere. The CSIRO model was used with two scenarios from the Special Report on
Emissions Scenarios (SRES, Nakicenovic et al. 2000) that provide emission scenarios to
2100. We were provided with simulations that used B2 (low-moderate) emissions and A2
(high, particularly post 2050) emissions that project CO, levels of 456 and 532 ppmv by
2050 (B2, A2 scenarios, respectively), and 621 and 856 ppmv by 2100 (B2, A2 scenarios,
respectively, see Table 1). We used four Januaries near 2050 and four Januaries near 2100
to provide lateral boundary conditions to RAMS. The lateral boundary conditions were
imposed on RAMS geographically remote from the continental surface. We also used four
Januaries near 2000 as the control (by “near” we mean within £2 years).

We therefore ran four January realizations for each emission scenario, for each time
period. This is important since single realizations of a particular climate state can be
misleading and while four realizations would not fully sample the statistics of the climate
for a specific time period, they must sample more climate variability than a single
realization. The number of realizations required to sample a given percentage of model
variability has rarely been assessed. Wehner (2000) provides a guide to the number of
realizations required to sample model variability but their results are from a global climate
model while we have used a regional climate model. We used four realizations because this
is better than one and more than four was prohibitively expensive in computational

Table 1 Statistics relating to the average of the four realizations for each experiment

Experiment CO, (ppmv) mean of FDI variance in FDI Sth percentile 95th percentile

Control 368 522 8.46 2.05 10.94
2050 — A2 532 6.63 13.88 2.68 14.06
2050 — B2 456 6.65 13.55 2.68 13.95
2100 — A2 856 14.02 42.71 3.50 23.89
2100 — B2 621 8.01 18.32 2.30 15.45

The 5th percentile column relates to the value of the FDI which is exceeded by 95% of the simulated values,
and the 95th percentile relates to the FDI value that is exceeded by 5% of the simulated FDI values.
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resources. Using RAMS, we performed simulations of the Australian January climate over
an 80x 100 domain at 56 km grid spacings. We simulated the January climate because this
is a significant peak fire month in Australia. Lateral boundary conditions for RAMS were
updated every 12-h which were found to be acceptable for simulations at a grid spacings of
around 45 km by Denis et al. (2003) and were shown by Peel et al. (2005) to result in a
good simulation of the current climate over Australia.

2.2 Fire indices

Where the AUSLIG (1990) data set identified land cover as woodland or forest we used the
McArthur forest fire danger index (FDI, Noble et al. 1980) following Gill and Moore
(1998) and Williams et al. (2001). This provides a measure of the fire risk which Williams
et al. (2001) state is a valid indicator of forest fire danger at continental scales.

FDI = 2.0 exp [0.45 + 0.987log (D) — 0.0345H + 0.03387 + 0.02347] (1)

where H is the relative humidity (%), 7 is air temperature (°C), V is wind velocity at a
height of 10 m (m s™') and D is a drought factor that we fixed in our experiments at the
maximum value (10.0). We calculated FDI every 4 h (this was the frequency at which
model simulations could be saved given storage limitations) and summed these values over
the month and then averaged over the total number of realizations. Since RAMS simulated
H, T and V we did not need to derive these quantities post-simulation. Equation 1 is
commonly used to indicate forest fire risk. Its value is that it compares the role of the
principal climate variables that affect forest fire risk in the present climate. Due to the lack
of any alternative strategy, we assume that the relationship between climate and forest fire
risk expressed in Equation 1 will not change in the future.

Where the AUSLIG (1990) data set identified land cover as grassland or scrub we used
the grassland fire danger index (GDI):

GDI = 2.0 exp [723.6 +5log (C) + 0.02817 — 0.226VH + 0.633\/ﬂ (2)

where C is a measure of curing which as per the drought index in Eq. 1 we set to the
maximum value of 10.0.

The values of FDI and GDI simulated using Eqs. 1 and 2 are sensitive to the values of D
and C. We fixed both D and C in our analyses, and this is clearly a limitation of our
methodology. However, we are principally interested in the change in FDI and GDI by
2050 and 2100 and in the more extreme values of these indices. Assuming a maximum
value for D and C of 10.0 for the present and the future minimizes the potential change of
FDI and GDI due to climate because these drought factors cannot deteriorate further. While
we are confident we could improve on the use of a fixed value for the present day, this
would necessitate allowing D and C to vary in the future. This would require seasonal and
within-month rainfall to be simulated accurately for 2050 and 2100. The accuracy of
simulations of future rainfall at regional scales is acknowledged to be highly uncertain (e.g.
McAvaney et al. 2001). By fixing D and C we minimize these uncertainties and force a
conservative estimate of the change in FDI and GDL
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3 Results
3.1 Changes in forest and grassland fire potential, 2050

Figure la and b show the simulated vales of FDI and GDI over Australia for the present
day. The results for 2050 are shown in Fig. 1c and d for the two emission scenarios (A2 and
B2, respectively). The percentage change in FDI and GDI for 2050 is shown in Fig. le and f.
All panels show averages over four January realizations for each of 1xCO, and 2xCO, and
for ease of comparison between different panels, Fig. la and b are identical. A higher value of
FDI or GDI means that there is a greater likelihood of a fire starting and once ignited, there is
a greater likelihood of the fire spreading, being more intense and more difficult to suppress
(McArthur 1967; Cary 2002).

Figure 1 shows a typical climate projection where only CO, and therefore climate are
changed. Under both emission scenarios, forest and grassland fire potential increases by
2050 by less than 10% over large areas (unshaded in Fig. le, f). However, increases in FDI
and GDI of 10-50% also occur over widespread areas. In comparison to Beer and Williams
(1995), the apparent increase in fire potential appears high, but our simulations are limited
to January (the peak bush fire month in much of New South Wales, NSW) while earlier
work explored annual changes in potential.

As indicated above, both Fig. le and f show areas of higher increases. Under the A2
scenario, fire risk increases by more than 50% over some areas of Queensland (Fig. le). In
the B2 scenario the increases are largest over north west Australia (locally up to 200%). The
areas where forest and grassland fire potential increase most in the A2 scenario are related
to the projected changes in temperature in north west Australia where warming exceeds 3°C
(Fig. 2a) and to a decrease in relative humidity over Queensland (Fig. 2¢). A combination
of these two changes explain the changes in fire risk in the B2 scenario (see Fig. 2b and d).
The role of changes in wind speed in affecting fire risk does not appear significant because
the changes in wind speed in both the A2 and B2 scenarios is typically less than 1 km h™'
(Fig. 2e and f). This supports Beer and Williams’ (1995) result that changes in wind under
increasing CO, are likely to be less important than changes in temperature or relative
humidity although clearly in localized areas an increase in wind speed could be important.
In our simulations wind speed decreased and hence tended to offset the increases in FDI
and GDI that were driven by other aspects of climate. Lastly, our results demonstrate the
limitations of Cary and Banks’ (1999) use of a generalized climate change scenario that
prevented them estimating a change in relative humidity.

Figure 1f (relatively low B2 emission scenario) shows larger changes in FDI and GDI
than Fig. le (relatively high A2 emission scenario) which might seem contradictory. By
2050 the A2 emission scenario prescribes a higher CO, concentration (76 ppmv, see
Table 1) but the host climate model (like all climate models) is subject to internal
variability. It happens that the CSIRO model simulates a greater change in 2050 in parts of
Australia (but not globally) under the lower emission scenario. This is not critically
important, rather it is an illustration of the dangers of using climate models without care and
how multiple realizations of future projections are desirable.

While the detail of the changes shown in Fig. le and f appear quite different there are
considerable similarities between the two projections. Over most urban centres (Adelaide,
Canberra, Sydney, Brisbane) the changes in the A2 and B2 scenarios are consistently an
increase in fire risk. The two scenarios agree for Perth (no change) but disagree for
Melbourne (increase in A2, no change in B2). This general agreement should not be over-
interpreted; to obtain reliable local projections downscaling techniques should be employed.
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Fig. 1 Actual FDI and GDI for the present day for the a A2 emission scenario and b B2 emission scenario.
FDI and GDI for 2050 are shown in (¢) and (d) respectively. Percent increase in FDI and GDI associated
with CO,-induced climate change for 2050 are shown in (e) and (f). All results are averaged over four
different January simulations. The colour codes refers to accumulated sums of six 4 hourly daily values
averaged over four 30-day simulations
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Fig. 2 Impact on temperature (°C), relative humidity (%) and wind speed (m s ') of increasing CO, for
2050. a temperature change (A2 minus present day); b temperature change (B2 minus present day); ¢ relative
humidity (A2 minus present day); d relative humidity (B2 minus present day); e wind speed (A2 minus
present day); f wind speed (B2 minus present day). All results are averaged over four different January

simulations
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3.2 Changes in forest and grassland fire potential, 2100

The potential increase in atmospheric CO, by 2100 is substantial (Table 1) and this leads to
substantial climate changes in the CSIRO climate model that provides the lateral boundary
conditions for the regional climate model simulations. The impact of these changes is
shown in Fig. 3. As with Fig. 1, the current simulation of FDI and GDI is shown (Fig. 3a
for the A2 scenario and Fig. 3b for the B2 scenario) to aid comparison with the projections
for 2100 (Fig. 3c and d).

In contrast to the 2050 projections where the results for emission scenarios A2 and B2
were generally similar in magnitude, at least over the eastern and southern states, the 2100
projections show marked differences. Under the A2 scenario, the increase in fire potential
exceeds 50% compared to the current climate over most of the continent (Fig. 3e). In the B2
scenario, fire potential increases by considerably less (generally 25-50%). In general, the
increase in fire risk by 2100 under the B2 scenario is not much greater than by 2050.
Comparing Figs. 1f and 3f suggests little increase in fire risk except along the Queensland
coast and some areas of the sub-tropics. The potential for fire under the A2 scenario is very
much higher by 2100 (Fig. 3e) than in 2050 (Fig. le) over much of the continent.

The pattern of changes in FDI and GDI mirror the simulated warming pattern and
declines in relative humidity (Fig. 4). Figure 4a and b show widespread warming over
Australia by 2100, commonly exceeding 5—6°C under the A2 scenario but rarely exceeding
3-4°C in the B2 scenario. Similarly, the relative humidity is reduced in the A2 scenario by
more than 20% by 2100, in contrast to a reduction of 10-20% in the B2 scenario. The more
intense warming and the stronger reduction in relative humidity in the A2 scenario
compared to the B2 scenario largely explains the differences between Fig. 3e and f. The
changes in wind speed are again quite small (mainly less than 1 km h™', Fig. 4e and f).
Where changes are larger, they are reductions in wind speeds and hence and do not
contribute to the increases in FDI and GDI seen in Fig. 3.

As with the changes in FDI and GDI for 2050, there are similarities between the A2 and
B2 scenarios for the major urban centres. The projections agree for Perth (10-25% increase)
and Melbourne (no change). However, the higher emission scenarios under A2, and the
higher warming and stronger decreases in relative humidity has a major impact on FDI and
GDI for Canberra, Sydney and Brisbane. Under B2, Canberra is projected to increase by
10-25% while Brisbane and Sydney are projected to increase by 25-50%. Under the A2
scenario these increase to at least 50-100% in Brisbane and Sydney.

3.3 Point-based impact of climate and land cover change on forest fire potential

To this point we have considered the impact of climate change on large-scale forest and
grassland fire risk. We now examine changes in forest fire potential at a single point from
the regional climate model. The point chosen was on the western slopes of the Great
Dividing Range (29.885°S, 149.104°E) and was woodland in the AUSLIG (1990) data set.
For this reason we used FDI to simulate changes in fire potential. In Section 3.1 we caution
against the use of a single grid point from a regional climate model. We note that the use of
a single grid point provides little predictive skill. However, single points, where these points
are typical of a larger area, can be used to illustrate how the model responds to external
changes and the point chosen here is typical (in terms of the projected climate and the
vegetation cover) of a large area (of order 10x 10 grid points). It is a region where the peak
fire risk is experienced in the spring to summer seasons (see http://www.bom.gov.au/
climate/c20thc/fire.shtml) and hence coincident with our simulations. Sydney, which is in
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Fig. 4 Impact on temperature (°C), relative humidity (%) and wind speed (m s ') of increasing CO, for
2100. a temperature change (A2 minus present day); b temperature change (B2 minus present day); ¢ relative
humidity (A2 minus present day); d relative humidity (B2 minus present day); e wind speed (A2 minus
present day); f wind speed (B2 minus present day). All results are averaged over four different January
simulations
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the same fire season zone experiences peak fire impact (in terms of area burned) in January
(Conroy 1996). We specifically did not choose one of the major urban centres since we
wanted the following analysis to be illustrative and not interpreted as a specific prediction.
While the chosen grid point is typical of a larger area we cannot extrapolate these results
reliably to other areas. We did not want to average over regions or large numbers of grid
points, because in calculating probabilities we needed to keep the highest spatial and
temporal resolution possible for analysis. It is prohibitive to repeat the following analysis
for enough individual grid points to be able to generalize the results nationally.

Figure 5 shows the simulated temperature and simulated temperature difference
(experiment minus control for 2050 and 2100 for the A2 and B2 emission scenarios for
this individual grid point (averaged over four realizations for each simulation). The stronger
warming in the A2 emission scenario is particularly apparent. While the mean temperatures
are noticeably higher in the A2 scenario the variability measured by the standard deviation
is only marginally higher in the A2 (2100) simulations than in the other projections.

Figure 6 shows the equivalent point-based relative humidity. All four future projections
show reduced relative humidity of 10-15% for both B2 scenarios and the A2 scenario in
2050. Additional drying is apparent in the A2 scenario by 2100. Figure 7 shows the impact
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Fig. 7 As Fig. 5 but for wind
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of the scenarios on wind speed with a generally reduced wind speed (at this single point) in
the future but by quite small amounts. These changes are not sufficient to have a noticeable
impact on the FDIL.

Using 4-hourly temperature, relative humidity and windspeed data, we calculate the
instantaneous FDI and then use the Bestfit software within a commercial Monte Carlo
simulation package (@Risk, Palisade Corporation, NY, 2002) to fit probability density
functions (PDF). The software fits data to distributions and ranks these according to
goodness-of-fit statistics. Most appropriate distributions were determined either on the basis
of the Anderson—Darling statistic, which places equal emphasis on the tails as well as the
main body of the data (Vose 1996), or by eye, taking into consideration realistic limits.

Figure 8 shows the results of this analysis. The data was well-represented by an Inverse
Gaussian distribution (Vose 1996), its skewed shape expected given the non-linearity of
Eq. 1 and the multi-variable dependence of the FDI. We note that our choice of distributions
is purely descriptive and implies no mechanistic constraints over the data, a feature also true
of Eq. 1. Table 1 gives key moments controlling the shape of the PDF including its mean
and variance, 5th and 95th percentile values. For the purposes of projecting a change in
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Fig. 8 Probability density function of bush fire risk (FDI) at 29.885°S, 149.104°E for each set of
simulations. A trend towards higher probabilities of higher values of FDI under more extreme emission
scenarios is clear
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forest fire risk, this latter value, which represents extreme values of the FDI associated with
very high fire risk, is especially valuable.

The increase in forest and grassland fire risk by 2100 under the B2 scenario represents a
further 20% increase in the mean FDI over the 2050 projection. The mean of the
distribution increases from 5.2 (control) to 6.65 (2050) to 8.01 (2100) and there is a
noticeable increase in the variance. However, as seen in Fig. 8, the shape of the PDF for the
B2 scenario is quite similar between 2050 and 2100 with only a small increase in the value
of FDI that is exceeded 5% of the time (the increase is from 13.95 to 15.45, Table 1). The
shape of the PDF for 2100 in the A2 scenario is very different to all other simulations. The
mean increases from 6.6 (2050) to 14.02 (2100) and the variance increases from 13.88 to
42.77. More significantly the FDI value that is exceeded 5% of the time increases from
14.06 to 23.89. Thus, the distribution is shifted towards much more extreme values and
rather than the probability of FDI values exceeding 20 being negligible as in all other
scenarios, the PDF projects non-negligible probabilities of FDI values exceeding 25.
Clearly, under the A2 scenario, at this single location there is a substantially increased forest
fire risk in 2100 compared with the B2 scenario. We note that the shapes and location of
these four curves are common to each realization — that is all four realizations for 2100 A2
are substantially similar to each other, and substantially different to all other results.

4 Discussion and conclusions

This paper has shown that there is a strong likelihood that future climate change will
increase the risk of forest and grassland fire in Australia. Our results therefore agree with
earlier findings including those of Beer and Williams (1995), Cary and Banks (1999),
Williams et al. (2001) and Cary (2002). This is worthy of note because the models used, the
approaches and the methodologies differed amongst these groups. Rather than using global
climate model outputs as input to the McArthur (1967) model (e.g. Beer and Williams
1995; Williams et al. 2001) or using prescribed climate change scenarios with simple
estimates on climate change or a weather generator (e.g. Cary and Banks 1999; Cary 2002),
we used results from multiple Januaries close to 2050 and 2100 from two contrasting
emission scenarios (A2, B2) to drive a high resolution regional climate model (RAMS)
through four independent realizations. Given that a series of different approaches give the
same basic results, our confidence that increasing CO, will increase forest and grassland
fire risk over Australia should be considered high.

Our results show a clear increase in forest and grassland fire risk in 2050 across much of
continental Australia. The magnitude of the increase in risk is relatively independent of
whether the relatively low or relatively high emission scenario is used by the global climate
model. The increased risk of forest and grassland fire is geographically variable and on the
large scale the pattern of increase in risk is dependent on whether the A2 or B2 scenario is
used in the global climate model. Our results confirm earlier analyses (e.g. Beer and
Williams 1995) that the changes in wind speeds are not significant in explaining the
changes in forest and grassland fire risk, rather risk is dominated by changes in temperature
and relative humidity. Indeed, in our simulations wind speed decreased, offsetting increases
in fire risk caused by changes in other climate variables.

By 2100, the impact of climate change on forest and grassland fire risk is dependent on
the emission scenario. Under the B2 (low emissions) scenario there is a further increase in
the mean risk (from the 2050 results) by approximately 25%. However, the A2 scenario
(high emissions) shows very significant increases in fire risk reaching 50-100% along the
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NSW coast and more than 100% along the Queensland coast. In all our simulations, for all
emission scenarios and for both 2050 and 2100 the impact on fire risk over coastal Western
Australia close to Perth is more limited (less than 25% increase) and we find no increase in
risk over Melbourne. This is because coastal Victoria experiences warming, but relatively
low warming coupled to small decreases in relative humidity. The increases in risk along
the Queensland coast from Brisbane to the NSW boarder is worrisome since it is coincident
with the region of strongest population growth in Australia (data on regional population
growth is available at the Australian Bureau of Statistics: http://www.abs.gov.au/). This
places a growing population at increased risk of fire.

When a single point was explored for a location in New South Wales, it was shown that
the probability density function of the FDI was systematically shifted towards more
extreme values of FDI as a result of higher emissions. The most significant difference was
the impact of the A2 scenario on the FDI at 2100 where the probabilities of far higher
values of the FDI was shown.

A reasonable conclusion from our work is that the use of a different methodology
(regional climate models forced at the boundaries by a global climate model) gives results
that are consistent for the impact of future climate change with earlier work. A benefit of
our approach is the ability to perform multiple realizations rather less expensively than the
cost of those realizations with the full global climate model. A second conclusion is that all
our simulations suggest significantly higher risk of forest and grassland fires over Australia
under both the A2 (high) and B2 (low) emission scenarios. The impact of a sustained
emissions regime at the A2 levels leads to a very significantly enhanced risk of forest and
grassland fires beyond 2050. Thus the risk is realized further into the future, but it is not
reasonable to assume that it would take until 2100 for this to occur.

A change in the frequency or intensity of fire in Australia would likely have severe
consequences increasing economic losses and the costs of fire management strategies. A
change in the frequency or intensity of fire in Australia would also dramatically affect plant
population dynamics and plant community composition (Gill 1997) placing species near an
extinction threshold at risk (Cary 2002). Given that this paper demonstrates that the risk is
substantially lower in a low emission future (B2, 2100) compared to a high emission future
(A2, 2100), it provides a further reason to explore urgently strategies to develop along a
low-emissions pathway.

Williams et al. (2001) noted that any interpretation of the impact of climate change on
fire risk must include an understanding of the limitations of the scenarios by recognition of
the assumptions that are built into the climate models. There are very many limitations to
our work that should be emphasised. First, we used a single global climate model and a
single regional climate model and we recognise that a different pattern of changes in FDI
would likely have been obtained had we used other models. We doubt that a different
conclusion (that is, strong evidence for a substantial increase in forest and grassland fire
risk in the future) would have been reached in our study since global climate models are
consistent in projecting large scale warming as a result of increasing CO, (Houghton et al.
2001). Where climate models do differ more is in their projection of precipitation changes.
A limitation of our experiments, that is the use of I-month simulations, minimises the
impact of uncertainty in precipitation projections and minimizes the uncertainty due to
fixing the values of the drought and curing factors in Egs. 1 and 2. Clearly, scenarios where
precipitation changes reduces fire risk can be imagined. A further limitation of our work is
that we were computationally limited to multiple realizations for January only. It is
conceivable that full seasonal cycle simulations would produce a different pattern of fire
changes although we have no reason to believe that seasonal cycles would necessarily
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produce a reduction in the impact of climate change unless precipitation changed in ways
that reduced the drought and curing indices used in Egs. 1 and 2.

A further significant limitation is harder to resolve. Climate models simulate the large
scale mean climate well (McAvaney et al. 2001), but bush fire frequency is strongly
correlated with extreme weather. Little analysis has been conducted of the capacity of
climate models to simulate extreme weather. Further, in building algorithms to manage
boundary conditions for regional climate models, the focus of the evaluation of regional
climate models has understandably on the means rather than extremes. Thus, in Table 1 the
numeric values of the 95th percentiles are lower than those that typically drive high risk fire
weather. This is in part related to the sampling from the climate model of large-scale forcing
fields that are necessarily spatially and temporally smoothed, coupled with boundary
condition algorithms that are evaluated on mean model skill rather than extremes. Further,
climate models’s skill in simulating extremes at the 95th percentile level have not
commonly been reported and it is very likely that they have less skill than in the mean.
Clearly, in simulating important phenomenon like bush fire risk, the capacity of the models
to simulate the extremes at the 95th percentile and above is a key aspect and warrants
further analysis in the future.

While we agree with Williams et al. (2001) that a climatically driven FDI and GDI is a
useful measure to address the impact of climate change on fire we have some concerns over
the use of the McArthur (1967) index. The index does not take into account any possible
changes in wind direction and the dynamic behaviour of fire in association with the location
of the fire in respect to the landscape. We suspect that a new index based on a physically-
based understanding of climate-fire behaviour would be useful, perhaps building on Cary
(2002). Overall, the limitations in our methodology means that we believe that the details of
our results should be considered as projections of possible futures and not necessarily the
most in terms of fire risk. However, we do not believe that our conclusion that climate
change will increase the risk of forest and grassland fires and that the higher the emissions,
the higher the increase in the fire risk is substantially affected by these limitations.

Our method of using a regional climate model to project changes in forest and grassland
fire risk over Australia is new as far as we are aware. However, the use of regional climate
models in this way for climate change impacts is common (Giorgi et al. 1994; Jones et al.
1995; Leung and Ghan 1999; Gaertner et al. 2001), including an exploration of the impact
of land cover change over Australia (Narisma and Pitman 2003, 2004; Pitman et al. 2004).
We believe that our methodology offers the opportunity to bridge the gap between two
science communities. One community uses the climate model results with a simple index of
fire risk (e.g. McArthur 1967) to project the changes in fire risk (e.g. Beer and Williams
1995; Williams et al. 2001). A second community uses more sophisticated models of fire
ignition, propagation, intensity, etc. at a point or landscape scale (e.g. Clark 1990; Gardner
et al. 1996; Cary and Banks 1999) but with either generalized climate change scenarios that
were not designed for this purpose or using weather generator-like systems that are
probably poor guides to the way a range of climate-related variables will change in the
future. An example of the methods that were appropriate in the past but can now be
improved is seen in Cary and Banks (1999) who increased daily temperatures by 2°C and
increased summer rainfall by 20% to approximate a future climate. Cary (2002) notes that
the results of Cary and Banks (1999) would have been quite different if other climate
scenarios (specifically including relative humidity) had been used. Cary (2002) also notes
that he made no attempt to predict how a changing climate might affect fire regimes at a
continental scale, in part because of uncertainty associated with the climate change scenarios.
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Uncertainty will remain in projections of future climates for the foreseeable future. The
climate modelling community is aware of these uncertainties and some innovative
approaches to assessing their magnitude have recently been explored (Murphy et al.
2004; Stainforth et al. 2005). We believe that recent developments in climate modelling
allow a reappraisal of Cary’s (2002) statement that “the preferred method to incorporate
climate change into landscape models is via a weather generator.” We suggest that the types
of models developed by McCarthy and Cary (2002) can now directly use climate model
results downscaled dynamically to high resolution provided multiple realizations of each
climate change scenario are performed. This will permit probabilistic projections of changes
in forest and grassland fire risk to be made that include uncertainties in the methodologies
used to generate the results. We note here that our simulations were conducted at 56 km
resolution but we have used a multiply-nested version of RAMS to a resolution of 1 km
(Gero et al. 2006). Thus the spatial resolution required for landscape scale fire projection is
now possible from regional climate models.

In summary, we used two climate change projections as lateral boundary conditions to
explore how forest and grassland fire risk might change over Australia for 2050 and 2100.
We found, as have others before us, that there is a general increase in fire risk over Australia
as the climate warms. This was common to both emission scenarios for both 2050 and
2100. However, the impact of the higher emissions in the A2 scenario led to a very much
higher risk of forest and grassland fires by 2100 than the B2 scenario. At a single point this
was illustrated via the probability density function of the FDI. This was gradually shifted
towards higher values of FDI in both emission scenarios in 2050 and in the B2 scenario for
2100 but was dramatically shifted towards higher extremes in 2100 for the A2 emission
scenario. We conclude from this, with the caveats discussed above in mind, that Australia
will be significantly more exposed to forest and grassland fire risk in the future. A corollary
to this is that lower emission scenarios will reduce this exposure and thereby substantially
reduce costs associated with fire and fire prevention.
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