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Abstract. Daily values of McArthur Forest Fire Danger Index were generated at ,10-km resolution over Tasmania,

Australia, from six dynamically downscaled CMIP3 climate models for 1961–2100, using a high (A2) emissions scenario.
Multi-model mean fire danger validatedwell against observations for 2002–2012, with 99th percentile fire dangers having
the same distribution and largely similar values to those observed over the same time. Model projections showed a broad

increase in fire danger across Tasmania, but with substantial regional variation – the increase was smaller in western
Tasmania (district mean cumulative fire danger increasing at 1.07 per year) comparedwith parts of the east (1.79 per year),
for example. There was also noticeable seasonal variation, with little change occurring in autumn, but a steady increase in

area subject to springtime 99th percentile fire danger from 6% in 1961–1980 to 21% by 2081–2100, again consistent with
observations. In general, annually accumulated fire danger behaved similarly. Regional mean sea level pressure patterns
resembled observed patterns often associated with days of dangerous fire weather. Days of elevated fire danger displaying

these patterns increased in frequency during the simulated twenty-first century: in south-east Tasmania, for example, the
number of such events detected rose from 101 (across all models) in 1961–1980 to 169 by 2081–2100. Correspondence of
model outputwith observations and the regional detail available suggest that these dynamically downscaledmodel data are
useful projections of future fire danger for landscape managers and the community.
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Introduction

South-eastern Australia has been identified as one of the three

most fire-prone areas in the world (Hennessy et al. 2005). Fire
danger has increased in recent decades (Clarke et al. 2013), and
is projected to increase further with greenhouse warming

(e.g. Pitman et al. (2007)). Bushfires already cause extensive
damage and concern, and any increase in fire danger or shifts in
the frequency, intensity or timing of fires, will have widespread

consequences for human communities and natural systems.
Both weather and climate influence fire danger. Average

conditions of temperature, rainfall, evaporation and radiation

affect fuel growth and drying, whereas extremes of temperature,
wind and relative humidity drive fire weather and fire ignition
potential. Weather parameters associated with high fire danger
are all projected to change in future (Karl and Trenberth 2003;

Sherwood et al. 2010; Dai 2011; McInnes et al. 2011; Trenberth
2011).

The interaction between high fire danger and atmospheric
conditions is relatively well studied (Brown et al. 2004;
Bradstock 2010; Potter 2012a; Potter 2012b). Elevated fire

danger in south-eastern Australia is associated with high tem-
peratures and strong winds ahead of cold fronts. If a front
extends for some depth through the troposphere, high wind

speeds may be sustained following the frontal passage. North-
westerly winds will shift south-westerly, and any fires may
spread across wide areas as the flank of the fire becomes the

head (Mills 2005). Cross mountain flows and Foehn-like winds
can also lead to locally high fire danger in mountainous
regions such as Tasmania (Marsh 1987; Sharples et al. 2010).
However, future changes to synoptic weather patterns associated
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with high fire danger are less well studied (Hasson et al. 2009;
Grose et al. 2014).

Fire danger is generally described using indices that incor-

porate surface air temperature, precipitation, relative humidity
and wind speed. Numerous such indices exist, including the
McArthur Mark 5 Forest Fire Danger Index (FFDI) (McArthur

1967), the Canadian FireWeather Index (FWI (Forestry Canada
Fire Danger Group 1992) (Wotton et al. 2009)) and the United
States National Fire Danger Ratings System (NFDRS (Burgan

1988)). Each index has limitations, but they are useful tools for
summarising fire weather, and are commonly used in fire
management. Comparisons of FFDI with the FWI show strong
similarities between the two indices (Dowdy et al. 2010).

In eastern Australia the FFDI is widely used operationally by
weather forecasters and fire services to determine fire hazard
and safe conditions for controlled burning. Clarke et al. (2013)

demonstrated significant increases in annual cumulative FFDI
(
P

FFDI) since the 1970s, particularly in southern Australia,
and changes in the distribution and timing of the fire season. An

increase in
P

FFDI of 6% between 1970 and 2007 was calculat-
ed for Hobart (Lucas et al. 2007), but fire danger did not increase
uniformly through time, showing decadal variability, which is

likely to continue into the future.
Several studies have examined projected fire danger through

the twenty-first century. Flannigan et al. (2013) highlight a
projected increase in fire season severity and season length for

most of the globe, using three global climate models (GCMs)
and three emissions scenarios, noting a high degree of model
agreement with the A2 scenario for much of Australia, in

particular Tasmania. References therein and others including
Liu et al. (2010) have investigated implications of climate
change on global wildfire potential using GCMs, in this case

by calculating Byram–Keetch Drought Indices. King et al.

(2012) have applied a pasture growth model (GRAZPLAN) to
the output of GCMs to assess the impact of climate change in
Australia on grassland fire danger calculations. Increasingly,

downscaling of GCMs has been employed to produce regional
projections of future fire danger. For example, Carvalho et al.

(2010) describe increased future fire activity in Portugal under

the A2 SRES scenario, using a downscaled climate model. Liu
et al. (2013) find a generally increased fire risk in the United
States using a suite of models also under the A2 scenario,

although with substantial regional and inter-model variation.
Until recently, only GCM output was available to provide

future climate projections for Tasmania. The resolution of these

GCMs is insufficient to resolve regional climate processes over
Tasmania, an island with a strong maritime influence, complex
topography and several climatic zones. Even at broad regional
resolution, discrimination of the diverse Tasmanian climate is

poor. For example, Hennessy et al. (2005) were able to suggest
only that Tasmania would become warmer and wetter, in
contrast to the rest of south-eastern Australia, which was

projected to become hotter and drier in future. Projected changes
in fire weather and fire danger were consequently found to be
low relative to the rest of the region (Hennessy et al. 2005; Lucas

et al. 2007). Pitman et al. (2007) demonstrated the benefits of
using regional climate projections (at 56-km resolution) in fire
danger calculations at the continental scale, but coverage of
Tasmania was incomplete.

Bushfires are no less a concern in Tasmania than onmainland
Australia, as recent events demonstrate. In early January 2013,
40 bushfires burnt across the state. Of these, four burnt

,40 000 ha, causing widespread destruction of infrastructure,
farms and homes, including 203 dwellings (DPAC 2013). The
area burnt each year averages ,29 000 ha, but can exceed

100 000 ha (Nicholls and Lucas 2007). Further, although fires
in thewet sclerophyll forests that occur in higher rainfall areas of
Tasmania are less frequent than in drier forest types (in some

cases with return times .500 years), they can be extremely
intense, especially in southern temperate areas (Wood et al.

2010).
In general, much of eastern Tasmania is dominated by dry

eucalypt forest, whereas in parts of the west, north and far south
wet eucalypt forest is common. In the inland east, in particular,
agricultural grasslands are established (Russell-Smith et al.

2007). Moorlands occupy ,10% of the island’s land area,
mainly in the west (Marsden-Smedley and Kirkpatrick 2000).
All are fire-prone, under suitable conditions, with burning

frequency a function of antecedent precipitation, but strongly
influenced by human society (Marsden-Smedley and Kirkpa-
trick 2000; von Platen et al. 2011). As noted above, Tasmanian

and,more generally, Australian fire danger and fire extent varies
decadally, following variability in precipitation. The variability
of Australian precipitation is an area of active research – it is
somewhat dependent on the phase of the Interdecadal Pacific

Oscillation (Verdon et al. 2004; Power et al. 2006), but also on
the location of the subtropical ridge (Timbal and Drosdowsky
2013) and several other factors (Risbey et al. 2009).

Climate projections specific to Tasmania are now available,
generated using a dynamically downscaled regional climate
model (CSIRO’s Conformal Cubic Atmospheric Model

(CCAM)), detailed in Corney et al. (2010) and Corney et al.

(2013). The fine-scale CCAM modelling produced projections
at ,10-km resolution, enabling regional variation across
Tasmania to be expressed. Modelling was undertaken for the

Special Report on Emissions Scenarios (SRES) A2 emissions
scenario (Nakićenović et al. 2000). Global emissions are cur-
rently tracking the A2 scenario quite closely (Peters et al. 2012),

suggesting that A2 is a reasonable best case scenario under
current foreseeable trends, and the appropriate benchmark for
fire risk models in Australia under foreseeable conditions. The

A2 scenario is broadly similar to the Representative Concentra-
tion Pathway (RCP) 8.5. The RCP structure has been introduced
since the compilation of Phase 3 of the Coupled Model Inter-

comparison Project (CMIP3) archive (upon which our model-
ling was derived), to facilitate more detailed climate scenario
building for modelling intercomparison (Van Vuuren et al.

2011) and is used in Phase 5 of the Coupled Model Intercom-

parison Project (CMIP5). It is worth noting, too, that initial
comparisons of the CMIP3 and CMIP5 modelling indicate that
they do not differ markedly over Australia (Irving et al. 2012).

Under the A2 scenario, average temperatures in Tasmania
are projected to increase by 2.6–3.38C late this century. Tem-
perature change is projected to be fairly uniform across

Tasmania, and broadly similar across seasons. In contrast, total
annual rainfall is not projected to change, but there are signifi-
cant changes in the spatial pattern and seasonality of rainfall.
Annual rainfall is projected to increase over coastal regions, and
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decrease over central Tasmania and in parts of north-west
Tasmania. After 2050, winter rainfall on the west coast is
projected to increase significantly and summer rainfall to

decrease. Rainfall in October to March is an important negative
correlate with bushfires in Tasmania (Nicholls and Lucas 2007),
so this changing seasonality may lead to a shift in the timing of

the bushfire season and a narrowing of the shoulder season in
which prescribed burning can be conducted safely.

This paper aims to assess changes in future fire danger

projected for Tasmania up to 2100 under the A2 emissions
scenario, using regional climate model output and to investigate
the synoptic climatology associated with fire weather in differ-
ent regions of Tasmania under future climate conditions. Using a

regional climate model provides information about relevant
processes at an appropriate temporal and spatial scale for the
size of Tasmania, enabling assessment of seasonal changes as

well as changes in cumulative annual FFDI. A companion paper,
Grose et al. (2014), focuses on south-east Tasmania, examining
broad-scale drivers of fire weather, as well as specific geographic

and topographic features making that region particularly vul-
nerable to elevated fire danger.

Methods

In this section, we discuss the calculation of FFDI, and methods

used to verify the calculations against observations. We then
document the measures used to characterise change in fire
danger over time.

We performed all calculations using the R statistical lan-
guage (R Development Core Team 2013).

Fire danger index (FFDI)

TheMcArthur FFDI is based on temperature (T, 8C), wind speed
(v, km h�1), and relative humidity (RH, %), combined with an
estimated fuel dryness (hence availability to burn), the Drought

Factor (DF), a number between 0 and 10. DF is calculated by
combining estimates of the effects of (a) direct wetting from
recent ‘significant’ rainfall (.2mm) and (b) wetting from

below, dependent on soil moisture content. The latter is calcu-
lated as a soil moisture deficit, using Mount’s Soil Dryness
Index (SDI) (Mount 1972), widely used in Tasmania.

FFDI in the regional climate model

Output from CCAM was used to provide the input variables for

FFDI calculations. Six GCMs from the CMIP3 archive
(Meehl et al. 2007) were downscaled using CCAM: ECHAM5/
MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2(medres),
UKMO-HadCM3 and CSIRO-Mk3.5. These models were

chosen because of their ability to model current south-east
Australian climate means and variability to an acceptable
standard (Smith andChandler 2010), and to represent a spread of

projected rainfall change in south-east Australia present in the
CMIP3 set ofmodels. GCMprojectionswere downscaled in two
stages: first, to ,60-km resolution over Australia with sea sur-

face temperature and ice cover forcing from the GCMs, then the
fine scale simulations were generated using spectral nudging
from the intermediate model (Corney et al. 2010).When nesting
a fine-scale model within a larger domain, spectral nudging

(or scale-selective downscaling) is an alternative to specifica-
tion of lateral boundary values by the host model. Spectral
features from the host are filtered, with longer wavelength

features passed to the nested model, and small-scale features
permitted to evolve freely in the nested model (Thatcher and
McGregor 2009).

We generated FFDI grids at daily resolution from rainfall
accumulated to midnight (Universal Time), and daily maximum
temperature, minimum relative humidity and maximum wind-

speed at each model grid cell. Rainfall and temperature were
bias-adjusted against gridded observational data (Corney et al.

2010). FFDI values generated in this way provide an envelope of
maximum possible values, because the extremes of these para-

meters do not necessarily occur at the same time. On days of
dangerous fire weather, however, it is common for maximum
temperature, minimum RH and maximum wind speed to

approximately coincide (e.g. the events in Fox-Hughes 2012),
so the values calculated for dangerous days are likely to lie close
to the envelope of maximum possible FFDI.

We then computed a multi-model mean of the FFDI from
individual models.

Validation of modelled FFDI

We calculated maximum daily FFDI on all observations from

Tasmanian Bureau ofMeteorology AutomaticWeather Stations
(AWS) between 2002 and 2012. During the fire season (gen-
erally October–March in Tasmania), these AWS reported
half-hourly. Prior to 2010, most AWS reported at synoptic

(three-hourly) intervals outside of the fire season to save com-
munications costs. It is unlikely that significant fire danger
peaks were missed by coarser cool-season reporting frequencies

as only low FFDI values generally occur in the cooler months.
The most recent decade was chosen for verification to incor-
porate data from as many AWS as possible, as AWS coverage in

Tasmania has increased substantially in recent years. The ability
of CCAM to reproduce realistic FFDI distributionswas tested by
comparing both the spatial distribution and absolute values of

multi-model mean 99th percentile FFDI for the period 2002–
2012 with the observed values. Further, modelled synoptic
patterns associated with high fire danger were compared with
those observed, to assess the realism of model scenarios of high

fire danger.

Change in future fire danger

To assess the changes in future fire danger that are projected to
occur in Tasmania up to 2100 under the A2 emissions scenario,
we employed several complementary measures:

For each grid cell, we calculated annual
P

FFDI from July to

June, to reflect the southern Australian fire season. There is a
wide variation of

P
FFDI across Tasmania, so we examined

values averaged across Australian Bureau of Meteorology

weather forecast districts (the area within each such district
having a broadly similar climate). We further averaged these
values over one-decade periods, to reduce the effect of inter-

annual variability (acknowledging, however, the possibility of
decadal-scale or longer cycles), and to highlight longer-term
climate trends. We considered districts in an approximately
east–west transect of Tasmania (Fig. 1), analysing

P
FFDI in
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each district using generalised least-squares regression with a

model of the form.

y ¼ bi0 þ bi1x1 þ bi2e

where y is
P

FFDI, x1 is time (decade between 1960 and 2090),
bij, i¼ 1, 2,y, 6 and j¼ 0, 1, 2 are per-district linear intercept,
slope and variance ratio coefficients estimated by the model and

e is a normally distributed error term (Pinheiro and Bates 2000;
Pinheiro et al. 2013). We centred data on the midpoint of the
temporal scale (2025) to remove correlation between slope and
intercept estimates.

We employed high percentiles of FFDI to describe changing
spatial and seasonal patterns of dangerous fire weather over
time. For each grid cell, and each model, we calculated 95th and

99th percentile of FFDI within contiguous two-decade slices,
and then averaged this value across the models to obtain a multi-
model mean percentile dataset. We considered changes during

the fire season (October–March for this analysis), in the first
instance, then examined changes to spring (SON), summer
(DJF) and autumn (MAM) fire danger separately. To better
resolve changes at a regional level within Tasmania, we also

examined 99th percentile FFDI averaged over one decade
periods and over forecast districts. We performed a generalised
least-squares regression in the same manner as for

P
FFDI.

Synoptic climatology

We examined changes to the frequency of maximum FFDI at
four specific locations over time, and identified surface pressure

patterns corresponding to the highest FFDI events. This allowed
us to verify that the models were behaving in a manner

consistent with observed synoptic patterns of elevated fire

danger, as discussed above, and identify any projected changes
in those patterns associated with dangerous fire weather in the
future. Specifically, we identified days onwhich FFDI exceeded

particular thresholds, chosen to reflect the range of fire danger at
each site. For the south-east location, for example, FFDI 38 was
chosen as the threshold, because it is the level at which the
Tasmania Fire Service usually imposes a Total Fire Ban. With

no further filtering, using the surface pressure plots corre-
sponding to days that exceeded the site-specific thresholds of
fire danger we constructed multi-model composite surface

pressure plots for the start (1961–1980) and end (2081–2100) of
the model simulations. We then used a bootstrapping approach
(Davison and Hinkley 1997) to test the significance of the

composite plots.

Results

Validation of modelled FFDI

The plot of multi-model mean annual 99th percentile FFDI, for

the period 2002–2012, reflects quite closely the observed pattern
of higher and lower FFDI at 16 locations around Tasmania
(Fig. 2). Ideally, we would compare a grid generated from
observations with the model grid; however, the density of

observations is insufficient for any gridded observation product
to be reliable. Comparing the point observations with CCAM
data does demonstrate that the multi-model mean plot repro-

duces the distribution of observed FFDI across Tasmania, with
highest values of both in south-eastern Tasmania, declining
towards the west and more slowly to the north. In addition,

elevated values observed in the Derwent Valley, through the
Tamar Valley and TasmanianMidlands and even slightly higher

Tasmanian districts

1 Western
2 Central Plateau
3 Upper Derwent Valley
4 Midlands
5 North East
6 East Coast

1

2

3

4

6

5

Fig. 1. Location of Tasmania relative to the rest of Australia, and of Tasmanian weather forecast

districts used in the analysis of changes to fire danger. Un-numbered regions were not considered in the

current study.
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values of FFDI in smaller valleys in the north-east are resolved

by the multi-model mean plot. Differences are most evident
at some coastal locations and those with sharply varying
topography – or both, such as in the north-east, where topo-
graphy rises quite steeply moving inland from the coast and the

observed values differ by a larger than average amount from the
model values.

Values of
P

FFDI derived from the multi-model mean

simulations match those from observations quite well. Thus,
the respective average values of

P
FFDI for Hobart and

Launceston Airport weather stations for the period 1961–2000

are 2248 (2321, range 2299–2371) and 1817 (1412, range
1371–1467). Corresponding multi-model mean values, over
the same period, are listed in parentheses following the observed
values, together with the range of individual models.

Cumulative and 99th percentile FFDI values computed from
observations are similar to those calculated from CCAM output
for corresponding locations, across geographically diverse

regions. This increases our confidence that CCAM has captured
the behaviour of the weather parameters contributing to FFDI.
The alternative possibility, that compensating errors in CCAM

weather parameters have resulted in realistic FFDI, is very
unlikely given the geographical diversity of the matching
observational and CCAM values.

Projected changes to accumulated fire danger

Fig. 3 shows changes in multi-model mean
P

FFDI, between
two-decade averages at (a) the start (1961–1980) and (b) the end
(2081–2100) of the model simulation, together with (c) the

difference between (a) and (b). A large range of values is
obvious across Tasmania for both periods, over relatively short
distances, from 500 or below in the west to greater than 2500 in

parts of the south-east. A broad increase is apparent in
P

FFDI
from the 1961–1980 average to that of 2081–2100 in all areas of

Tasmania. The increase ranges from less than 100 in the west to
more than 500 in parts of the east and southern Central Plateau
(Fig. 3(c)). The greatest percentage increase, however, is in the

north-west and parts of the north-east, where
P

FFDI is up to
50% greater by 2081–2100 than during 1961–1980.

We present plots of
P

FFDI for the six CCAM downscaled

models in Fig. 4, averaged by decade and by weather forecast
district, with fitted least-squares regression lines. Several ques-
tions are addressed with this analysis:

� Are the changes in district
P

FFDI significant?
� Are these changes significantly different between districts?

� What are the confidence limits to the estimated rates of
change?

� Can the variability in
P

FFDI be quantified by district?

Table 1 contains parameter estimates for the least-squares
regression models for each district, together with 95% confi-

dence limits for the linear estimates. In addition, we obtained an
error estimate, e, with zero mean and standard deviation �114.
Districts are listed in increasing order of

P
FFDI, and Table 1

suggests that this order is unlikely to change during the 21st

century, as districts with higher
P

FFDI have generally higher
rates of change. Further, confidence limits for each district are
positive. Although different CCAM runs produced different

magnitudes of change in
P

FFDI, all projected an increase in
each forecast district. Finally, the order of variability ratios
reflects that of

P
FFDI itself. The variability ratios are likely

then to contribute further to the increase in mean values,
amplifying fire danger extremes.

Projected changes to spatial extent and seasonality
of fire danger

We examine 95th and 99th percentiles as a means to approach
extremes of fire danger. Fig. 5 displays 95th and 99th percentile
plots of FFDI for the fire season (October–March) averaged over
1961–1980, 2041–2060 and 2081–2100. There is a similar

pattern of increase through time for both sets of percentiles, with
the regions of highest fire danger remaining the south-east,
including the Derwent Valley and Lower Midlands, as in Fig. 4.

An increase is clear in both sets of percentile values across each
time period, and across Tasmania. Table 2 shows the percentage
of Tasmania (as represented by the 715 grid cells of the model

over land) exceeding four FFDI thresholds at each time slice.
The area subject to each threshold increases with each time step,
with the increase itself accelerating by the end of the century.

For example, 31% of Tasmania is subject to a 99th percentile
FFDI greater than 24 during 1961–1980. Bearing in mind 182
days October–March, this means that 31% of Tasmania is likely
to experience ,2 days per year with FFDI .24 during 1961–

1980. The proportion of the island subject to this threshold
increases to 36% by 2041–2060 and to 46% by 2081–2100.

We examined seasonal changes to dangerous fire weather by

considering 99th percentile FFDI for spring (SON), summer
(DJF) and autumn (MAM). Little fire activity occurs during the
Tasmanian winter, so results for June–August are not presented.

We present 99th percentile FFDI only, as the changes are similar
for 95th percentile FFDI. Fig. 6 contains plots of 99th percentile
FFDI by season for two-decade time periods 1961–1980,

2041–2060 and 2081–2100, as for Fig. 5. Table 3 displays the

143

�44

�43

�42

�41

�40

�39

144 145 146 147 148 149

10

15

20

25

35

30

Fig. 2. Multi-model mean of annual 99th percentile FFDI for each grid

point over Tasmania between model times 2002–2012. Corresponding

values from Tasmanian Bureau of Meteorology automatic weather station

observations for the same decade are superimposed for validation, together

with values of the multi-model mean/standard deviation at the observation

point listed in parentheses.
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proportion of Tasmania subject to the same thresholds of 99th
percentile FFDI as Table 2.

In general, Table 3 and Fig. 6 indicate that at the lower

thresholds of 99th percentile FFDI that we consider (FFDI
greater than 11 and 18), there appears to be a steady increase
across the seasons in the area of Tasmania subject to increased

fire danger. At higher thresholds, however, increases occur only
in spring and summer, with a larger increase towards the end of
the century.

Peak FFDI clearly occurs in summer, affecting all areas of
Tasmania across all time periods (i.e. increase in 99th percentile
FFDI). Fig. 6 shows that spring is subject to higher FFDI at each
time step than is autumn, a pattern strongest in eastern and south-

eastern Tasmania. Table 3 affords a more quantitative examina-
tion of these differences and changes. As in Table 2, increasing
99th percentile FFDI occurs through time for most seasons and

FFDI categories. However, in autumn there is effectively no
change in the area of Tasmania subject to FFDI above 24.

In contrast, there is an increase from 6 to 21% of Tasmania
during spring, and from 43 to 65% during summer. Little change
occurs in the proportion of Tasmania in the highest fire danger

category (FFDI .38), in any season.
Fig. 7 presents 99th percentile FFDI averaged by district and

decade, in the same format and with the same district ordering

as Fig. 4. Comparing Figs 4 and 7 shows a greater variability
around the line of best fit of 99th percentile FFDI compared withP

FFDI. This reflects the fact that 99th percentile FFDI is a

measure of extreme fire danger, whereas
P

FFDI is a conserva-
tive measure of aggregate fire danger across a fire season, and
extremes are more variable than means. Also, districts in Fig. 4
were ordered by increasing

P
FFDI. The same ordering is

apparent for 99th percentile FFDI, except that the Upper
Derwent Valley and Midlands are reversed, indicating that
the Upper Derwent Valley experiences higher extremes of

fire danger compared with the Midlands in the model projec-
tions, but lower average fire danger. This is consistent with

40�S

1961–1980(a)

(c)

2081–2100(b)
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Fig. 3. Multi-model mean
P

FFDI across Tasmania, averaged over (a) 1961–1980, (b) 2081–2100 and (c) the

difference between (a) and (b). Note the different scale for (c).
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observations of south-east Tasmania experiencing the highest
fire danger in the state.

Table 4 presents details of the generalised linear regression
applied to 99th percentile FFDI. Estimates of slope and

intercept differ between districts, but all slopes and their

confidence intervals are positive, pointing to a steady rise in
the measure of extreme FFDI. As with

P
FFDI, districts with

higher current 99th percentile FFDI were those with higher

variability ratios, leading to potentially more extreme fire
danger through time.

Surface pressure patterns associated
with elevated fire danger

During the baseline period of 1961–1980, there were 101
occasions onwhich FFDI at grid location (43.08S, 147.08E), near
Hobart, reached at least 38 in one of the six model simulations.
By 2081–2100, the number of such events had increased to 169.

The composite Mean Sea Level Pressure pattern during these
events in south-east Tasmania, and those for three other loca-
tions in Tasmania, are shown in Fig. 8, and the count of events is

shown in Table 5. In each case, the pressure patterns for 2081–
2100 are very similar to those for 1961–1980, with a similar
pressure gradient across Tasmania. For most locations, how-

ever, the absolute value of pressure is higher for the 2081–2100
composite than for 1961–1980. An exception is the pair of
composites for the west coast, where there is little or no

difference between the earlier and later pressure values. In
Fig. 8a–f, stippling shows areas where the quantile for mean
sea level pressure on days classified as having high FFDI, cal-
culated against the distribution formed from 2000 replicate

2000
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Fig. 4.
P

FFDI for the six regional climatemodels used in this study, averaged by decade 1960–2090 and

by Bureau ofMeteorology weather forecast district (WST,Western; NE, North East; CP, Central Plateau;

EC, East Coast; UDV, Upper Derwent Valley; MID, Midlands). Solid black lines are fitted generalised

least-squares regression lines.

Table 1. Parameter estimates for linear model representing change in
P

FFDI 1960]2090 by weather forecast district, including endpoints for

95% confidence intervals

Intercept valuesbi0 are expected
P

FFDI values at 2025 (themidpoint of the

temporal scale), and bi1 are slopes for the linear model. The rightmost

column provides point estimates for the variance ratio parameter bi2

District Estimate 2.5% 97.5% bi2

bi0 Western 403.16 395.29 411.03 0.323

North-east 1008.26 992.21 1024.31 0.574

Central Plateau 1014.04 995.73 1032.35 0.678

East Coast 1618.06 1595.56 1640.56 0.850

Upper Derwent Valley 1865.19 1839.57 1890.81 1.000

Midlands 1964.50 1938.75 1990.25 1.006

bi1 Western 1.07 0.88 1.27

North-east 1.40 1.05 1.74

Central Plateau 2.41 2.00 2.82

East Coast 1.79 1.27 2.30

Upper Derwent Valley 2.27 1.66 2.87

Midlands 2.71 2.11 3.32
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means of samples from days classified as having low FFDI, is
less than 0.05 indicating that the difference is highly significant.
In Fig. 8g–h, there were insufficient cases of high FFDI for

statistical analysis to be applied.
At each location, there is a substantial increase over time

in the frequency of events that reach or surpass the threshold

for that location. In the south-east the increase is ,70%, but
in the central north (near Launceston) and west coast (near
Strahan), the incidence of threshold events more than dou-

bles. On the north coast (near Devonport) a 5-fold increase is
projected, but with very low numbers of events of this
synoptic type.

The composite pressure pattern associated with high FFDI

in south-east Tasmania in the model simulations is a meso-
scale low pressure system before the passage of a cool change,
a feature which has been the subject of some study, as it is

associated with severe weather (Mills and Pendlebury 2003;
Mills 2010). Also for each location examined, the composite
pattern associated with elevated fire danger corresponds to

that expected from a high resolution pressure analysis of
airflow around a mountainous area, resolving lee (and in
some cases heat) troughs and low pressure regions, again

reinforcing the view that the model has captured important
fine-scale aspects of the meteorology of the situations being
examined.

It is particularly significant that the patterns for each location

appear naturally as the composite of individual events, without
anymanipulation or synoptic typing applied other than selecting
for high FFDI, indicating that they are a dominant feature of

elevated fire danger in their regions.

Discussion and conclusion

These results show that CCAM captures essential aspects of
recently observed Tasmanian fire danger climatology, giving
us confidence that the model is a useful tool to characterise

changes in fire danger in Tasmania during this century. The
CCAM simulations resolve a pressure pattern associated with
many of the highest fire dangers across south-east Tasmania,

consisting of a lee low pressure system ahead of a cool
change. The results presented in this paper, and those in
Grose et al. (2014), demonstrate that the CCAM simulations

reproduce not only this pattern well, but also simulate distinct
synoptic patterns associated with elevated fire danger in
several other regions not previously studied in detail (but

mentioned in Marsh (1987)). The patterns are found in cur-
rent observations, the modelled baseline and the future pro-
jections, providing confidence in the validity of the model
simulations.

Following the close match of the synoptic conditions, values
of 99th percentile FFDI match projections quite closely
(Fig. 2), showing that the model represents current Tasmanian

fire weather climate well and providing confidence not only in
the larger scale features driving fire weather, but the expression
of those patterns in the surface variables that determine FFDI.

In particular, as noted in Fox-Hughes (2008) and discussed
in Grose et al. (2014), FFDI peaks in south-east Tasmania,
grading to substantially lower values in the west and around the
north coast.
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Fig. 5. Multi-model mean 95th and 99th percentile FFDI during the fire

season (October–March) for the periods 1961–1980, 2041–2060 and

2081–2100.

Table 2. Proportion of Tasmania exceeding FFDI percentile thres-

holds during the fire season (October]March)

The proportions are averaged over two-decade periods at the start (1961–

1980), middle (2041–2060) and end (2081–2100) of the model simulations.

FFDI of 11 is the top of ‘Low–Moderate’ McArthur Fire Danger Rating

range,while 24 is top of the ‘High’ range. Values of 18 and 38 sit at the centre

of the ‘High’ and ‘Very High’ ranges. TheMcArthur rating system indicates

differing levels of fire behaviour, and is used in fire management and public

advice

Percentile 1961–1980 2041–2060 2081–2100

FFDI.11 95th 0.56 0.64 0.79

99th 0.96 0.97 0.99

FFDI.18 95th 0.19 0.24 0.34

99th 0.57 0.69 0.83

FFDI.24 95th 0.02 0.04 0.09

99th 0.31 0.36 0.46

FFDI.38 95th 0.00 0.00 0.00

99th 0.02 0.03 0.05
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The simulations not only represent the current climate, but
also the changes over recent decades that have been observed in

Tasmanian fire weather. As Racherla et al. (2012) discuss,
accurate representation of changes in recent climate is a more
stringent test of the performance of regional climatemodels than

is the successful representation of a static climate. There has
been an increase in springtime fire danger, particularly in
eastern and south-eastern Tasmania in recent decades (Fox-
Hughes 2008), but little change in autumn fire danger. The

seasonal breakdown of the simulations shown in Fig. 6 and
Table 3 are highly consistent with this, where increases in spring
FFDI can be seen in the south-east of Tasmania but little or no

change is apparent during autumn. Indeed, it is only central
southern Tasmania, around the Derwent Valley, that appears to
experience elevated FFDI (at the 99th percentile level) during

autumn throughout the model simulation.
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Fig. 6. Multi-model mean 99th percentile FFDI for spring (SON), summer (DJF) and autumn (MAM), for the

periods 1961–1980, 2041–2060 and 2081–2100.

Table 3. Proportion of Tasmanian grid cells exceeding thresholds of

99th percentile FFDI by season

Season 1961–1980 2041–2060 2081–2100

FFDI .11 Spring 0.51 0.64 0.77

Summer 0.98 0.98 0.99

Autumn 0.53 0.61 0.72

FFDI .18 Spring 0.22 0.29 0.40

Summer 0.77 0.84 0.90

Autumn 0.13 0.15 0.16

FFDI .24 Spring 0.06 0.13 0.21

Summer 0.43 0.49 0.65

Autumn 0.01 0.01 0.00

FFDI .38 Spring 0.00 0.00 0.00

Summer 0.08 0.09 0.14

Autumn 0.00 0.00 0.00
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Overall, the simulations provide important information for
fire managers and the broader community, including:

� a broad, steady increase in measures of fire danger through
the 21st century, as indicated in Tables 1–5 and Figs 3–7.

Multi-model mean fire dangers indicate this increase accel-
erating later this century. This contrasts with earlier results
suggesting little future change in Tasmanian fire dangers

(Hennessy et al. 2005);
� a continuation of the trend of increasing springtime fire
danger, a gradual increase in summer fire danger, but little

change in autumn;
� an overall broadening of the fire season;
� an increase in the number of days at the highest range of fire

danger at several representative locations around Tasmania,
associated with synoptic patterns conducive to dangerous fire
weather.

There have been recent public discussions in Australia
about approaches to wildfire safety and management, includ-

ing the possibility of increasing fuel reduction burning and its
timing relative to the peak fire season. The discussions have
also included methods of protecting housing from wildfire,

even to the extent of preventing construction in particularly
high risk areas. This work can inform such discussions,
providing an indication of how critical fire danger thresholds

for safety and management may change over the next several
decades. In addition, it is hoped that the work will be useful for
management of parks, reserves and forest resources, allowing

an assessment of likely changes in the timing and extent of
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Fig. 7. 99th percentile FFDI for the six regional climate models used in this study, averaged by decade

1960–2090 and by Bureau of Meteorology weather forecast district (WST, Western; NE, North East; CP,

Central Plateau; EC, East Coast; UDV, Upper Derwent Valley; MID, Midlands). Solid black lines are

fitted generalised least-squares regression lines.

Table 4. Parameter estimates for linear model representing change in

99th percentile FFDI 1960]2090 by weather forecast district

Intercept values bi0 are expected 99th percentile FFDI values at 2025

(the midpoint of the temporal scale). The rightmost column provides point

estimates for the variance ratio parameter bi2

District Estimate 2.5% 97.5% bi2

bi0 Western 13.20 12.91 13.48 0.718

North-east 15.60 15.24 15.95 0.538

Central Plateau 18.15 17.73 18.57 0.767

East Coast 22.36 21.96 22.78 0.764

Upper Derwent Valley 29.17 28.68 29.66 1.000

Midlands 26.48 26.04 26.93 0.854

bi1 Western 0.029 0.022 0.036

North-east 0.017 0.011 0.022

Central Plateau 0.029 0.022 0.037

East Coast 0.019 0.012 0.027

Upper Derwent Valley 0.028 0.018 0.038

Midlands 0.027 0.018 0.035
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opportunities, again, for safe and effective fuel reduction and
for regeneration burning.

We have used FFDI as a general index of fire danger, based
on a standard 12.5Mg ha�1 of available fuel, as observations of

fuel load are not generally available. A comprehensive calcula-

tion of site-specific fire danger also requires information about
particular regimes of fuel and other environmental factors,
including slope and aspect or variations in atmospheric stability.

Projecting future changes in fuel load is not feasible because of
the unknowable influence of altered fire regime (frequency,
intensity and timing of fire) and plant growth, due to factors such
as changing CO2 levels (Clarke et al. 2013). Fire danger will

very likely also be influenced by broader changes to climate
modes such as El Niño, the Indian Ocean Dipole and Southern
Annular Mode that may occur in future. We have not explicitly

considered such changes, but they may contribute to the vari-
ability displayed in Figs 4 and 7. Finally, we note that emissions
pathways other than the A2 scenario may result in different fire

danger climatologies.
Several areas of potential future work arise from this study. It

would be of interest to ascertain the frequency at which the

synoptic patterns noted above actually occur (in contrast to how
often they cause fire weather events). Also, changes such as the
relatively greater increase in accumulated FFDI in the southern
Central Plateau district (Fig. 3) may be related to projected

decreases in rainfall and a concomitant increase in maximum
temperature reported for this area in Grose et al. (2010), but we
have not investigated the basis of such changes here. Finally, the

variability evident in time series of
P

FFDI and 99th percentile
FFDI (Figs 4, 7 respectively) may be partly due to forcing by
teleconnections to ocean basins. The recognised teleconnections

have differing effects on different areas in Tasmania (see, for
example, Risbey et al. (2009), fig. 15). It would be valuable to
confirm that the models are representing such teleconnections
realistically. Dynamically downscaled climate models, such as

that used here, provide a useful tool for pursuing such questions
as their level of detail is sufficient to resolve smaller scale
features, whereas the length of time over which they are run

allows consideration of subtle changes and multidecadal cycles.
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Fig. 8. High resolution model domain, displaying composite surface

pressure patterns for elevated FFDI in south-east (a) and (b), west coast

(c) and (d ), central north (e) and ( f ) and north coast Tasmania (g) and (h), for

1961–1980 and 2081–2100 respectively. Isobar spacing is one hectopascal.

Dots indicate the location for which the pressure pattern is associated with

elevated FFDI.

Table 5. Frequency of occurrence of FFDI thresholds at the start

(1961]1980) and end (2081]2100) of model simulations

At each location, a specific composite pressure pattern is associated with

exceedance of the FFDI threshold

Location in Tasmania FFDI threshold 1961–1980 2081–2100

South-east (43.08S, 147.08E) 38 101 169

West Coast (42.18S, 145.48E) 24 49 118

Central North (41.48S, 147.18E) 30 57 129

North Coast (41.28S, 146.48E) 35 2 10
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provided by the Office of Science, US Department of Energy. Downscaled

model outputs were provided by Stuart Corney, Jack Katzfey and John

McGregor.
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