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Abstract Prescribed burning is used globally to mitigate the risks of wildfires, with severe wildfires
increasing in frequency in recent decades. Despite their importance in wildfire management, the nature
of future changes to prescribed burn windows under global warming remains uncertain. We use a regional
climate projection ensemble to provide a robust spatiotemporal quantification of statistically significant
future changes in prescribed burn windows for southeastern Australia. There are significant decreases
during months presently used for prescribed burning, that is, in March to May in 2060–2079 versus
1990–2009 across several temperate regions. Conversely, burn windows show widespread significant
increases in June to August, that is, months when burns have rarely occurred historically, and also in spring
(September–October). Overall, projected changes in temperature and fuel moisture show the most
widespread and largest decreases (or increases) in the number of days within their respective ranges suitable
for conducting burns. These results support wildfire risk mitigation planning.

Plain Language Summary The frequency of destructive wildfires is increasing in many
fire‐prone regions, threatening lives, property, and damaging the environment. To reduce the risk of
wildfires occurring, agencies conduct planned, controlled, and preemptive burns of vegetation to reduce the
available fuel load. Currently, in southeastern Australia, these “prescribed burns” are conducted during
autumn (March–May) and early spring (September) but rarely during winter (June–August). Given climate
change, we need to understand how opportunities for conducting these burns might change in future. This is
particularly important for forest and woodland areas adjacent to populated urban areas. We use regional
climate projection data to assess future changes to the suitability for prescribed burning. We demonstrate
that over many regions, windows are projected to decrease during months currently used for conducting
burns in 2060–2079 compared to 1990–2009. In contrast, they generally increase in the winter months and
further into spring (September–October). This change in seasonality means that these periods could be
more suitable for conducting burns in future. Future changes in burn windows are most strongly associated
with changes in temperature and vegetation moisture content, though there are many other contributing
factors to these changes. These findings are relevant to strategic wildfire prevention and regional risk
mitigation.

1. Introduction

Australia is one of several regions to frequently experience severe wildfires, most recently the devastating
fires that occurred during 2019–2020, the costs of which could exceed $4.4 billion (Ell, 2020). Prescribed
burns are preemptive, targeted, and controlled burns performed in Australia and internationally to reduce
the risk of wildfires (Moritz et al., 2014). In this context, their aim is to achieve a controlled reduction of
the fuel load in order to reduce wildfire severity or likelihood of occurrence (Fernandes & Botelho, 2003).
Globally, prescribed burns are also used for forest management, agriculture, ecosystem restoration, and in
some locations, greenhouse gas abatement (Ansell et al., 2020). Fire regimes vary in Australia, ranging from
high frequencies but low intensities in the northern semitropical savannas, to relatively lower frequencies
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but higher intensities in the temperate southeast considered here (Bradstock, 2010). In southeastern
Australia, prescribed burns are typically conducted during the cooler “shoulder season” months, that is,
throughout autumn (March, April, May), late winter (August), and early spring (September) (Figure 1a).
Several factors are considered when planning prescribed burns, including vegetation type, topography,
proximity to property, desired fire intensity, rate of spread and extent, and operational constraints such as
smoke dispersal over populated areas (Di Virgilio et al., 2018; Office of Environment and Heritage, 2019).
Fire agencies also assess a range of weather conditions in order to determine whether prescribed burns
can occur at a given time and location (Figure 1b). It is important that burns are conducted during weather
conditions that are suitable for controllable burns that present minimal risk to the public and property, while
also achieving mitigation aims.

Internationally, the frequency and duration of wildfires are predicted to increase by the end of the century
(Flannigan et al., 2013). Climate change is already driving wildfire weather conditions away from the
expected range of internal variability for a large portion of the globe, and this will become more widespread
with continued global warming (Abatzoglou et al., 2019). Wildfire frequencies have increased in North
America since the 1980s (Westerling, 2016), and increases in the frequency of severe wildfires are expected
in Australia with climate change (Di Virgilio et al., 2019; Dowdy et al., 2019). Moreover, urbanization into
wildfire‐prone regions increases exposure to the risks associated with wildfires (Knorr et al., 2016).
Consequently, land management and fire agencies are under pressure to reduce exposure to wildfire
hazards. Prescribed burning may therefore be used more extensively, both as a response to the increasing
probability of fire risk (Krofcheck et al., 2018; Tarancon et al., 2014) and as a mandated risk mitigation mea-
sure (Teague et al., 2010). However, despite the importance of prescribed burning in wildfire management, a
greater understanding of how prescribed burn weather conditions may change under global warming is
required. Previous studies have indicated varying prognoses for prescribed burn windows. For instance,
Prichard et al. (2017) suggest that the prescribed burn window may decrease across various regions, while
Williamson et al. (2016) and Ximenes et al. (2017) suggest that it is already decreasing. These changes are
generally attributed to factors driven by climate change, such as rising temperatures and altered precipita-
tion patterns (Mitchell et al., 2014). However, many of these studies were qualitative in nature.

Clarke et al. (2019) conducted the first quantitative assessment of future changes in prescribed burn win-
dows using weather definitions for coastal New South Wales (NSW) in southeastern Australia. Focusing
on annual changes in prescribed burning days, they found weak evidence for a decrease in burn days under
projected climate change, instead finding the potential for widespread increases in current burning seasons.
However, given the strong monthly variation in prescribed burning, there is a clear requirement for a spa-
tiotemporal quantification of future monthly changes to burn windows in a changing climate and an assess-
ment of the statistical significance of these changes. Moreover, a quantification of how future changes to
individual fire weather variables contribute to changes in burn windows has not previously been

Figure 1. (a) Total area burnt (hectares [ha]) by prescribed burns each month during 2004–2016 in New South Wales (NSW), southeastern Australia. Source:
NSW Rural Fire Service (2016). (b) Weather definitions used to assess whether conditions are suitable for prescribed burning in sclerophyll communities.
These definitions are based on actual weather observed during recorded prescribed burns. See Clarke et al. (2019) for further details of how definitions were
derived.
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performed. Therefore, we use a regional climate projection ensemble to examine projected changes to burn
windows across southeastern Australia, providing the first robust analyses of where and when changes are
statistically significant on a monthly basis. We then determine the significant changes to the key weather
variables that potentially drive shifts in future prescribed burn windows.

2. Materials and Methods
2.1. Prescribed Burns Historical Data

To obtain an overview of the monthly variation of prescribed burning in the current period using the state of
NSW as an example (Figure 1a), historical records of prescribed burns were obtained from the NSW Rural
Fire Service (2016), the agency responsible for prescribed burning in this region. Prescribed burns lacking
a start or end‐date (3%) were omitted, leaving 8,607 burn records conducted during January 2004 to
December 2016. The overall area burnt in late winter/early spring is lower than during autumn, due to a
higher number of individual spring burns that are smaller in area.

2.2. Climate Projections

An ensemble of 12 regional climate model (RCM) simulations over southeastern Australia was used to gen-
erate climate change projections. The simulations covered two 20‐year periods: historical (1990–2009) and
far‐future (2060–2079). Far‐future projections followed the A2 (high emissions) scenario from the Special
Report on Emissions Scenarios (Nakićenović et al., 2000). These simulations are part of the
NSW/Australian Capital Territory Regional Climate Modelling (NARCliM) project to produce climate pro-
jections for southeastern Australia. The NARCliM ensemble has been comprehensively evaluated (Bao
et al., 2017; Cortes‐Hernandez et al., 2016; Fita et al., 2017), including for the simulation of surface fire
weather conditions (Clarke & Evans, 2019; Di Virgilio et al., 2019), where these were approximated by the
McArthur Forest Fire Danger Index (FFDI; Noble et al., 1980). These RCMs also confer added value to their
driving global climate models (GCMs) (Di Luca et al., 2016).

This ensemble was created by selecting four GCMs (MIROC3.2‐medres, ECHAM5, CCCMA3.1, and CSIRO‐
Mk3.0) from the third Coupled Model Intercomparison Project (CMIP3) based on their skill in simulating
the Australian climate and model independence. Although CMIP5 downscaled projections are now avail-
able over some domains, we note that, for both large‐scale climate patterns and the magnitudes of climate
change, there is overall consistency between CMIP3 and CMIP5 projections (Collins et al., 2014). GCM out-
puts were dynamically downscaled using three configurations of the Weather Research and Forecasting
(WRF) model version 3.3 (Skamarock et al., 2008). Each configuration used different parameterizations
for surface/planetary boundary layer, cumulus convection, and atmospheric radiation but used the same
dynamical core, land surface model, and subgrid‐scale microphysics scheme (Evans et al., 2014). The three
configurations were selected from a 36‐member ensemble that used different physical parameterizations
based on their model skill and independence (Evans et al., 2012; Ji et al., 2014). RCM simulations were con-
ducted using a nested approach with an outer domain covering the CORDEX‐Australasia region with a reso-
lution of ~50 km. The initial and lateral boundary conditions from the outer grid simulation were then used
to drive the same RCM over an inner domain covering southeastern Australia at approximately 10‐km reso-
lution. Analyses focus on the inner domain. Daily total precipitation, daily maximum temperature, daily 3 p.
m. relative humidity, and daily 3 p.m. wind speed were standard outputs for each RCM. Temperature and
humidity were used to estimate daily fine dead fuel moisture (FM) following de Dios et al. (2015) and
Nolan et al. (2016). FFDI was calculated following Finkele et al. (2006) using near‐surface daily maximum
temperature, wind speed and relative humidity, and the daily drought factor (Noble et al., 1980).

2.3. Prescribed Burn Day Definition

Burn days were designated as days when all weather conditions matched the observed weather definitions
(Figure 1b). Additionally, we identified days when individual weather variables matched their respective
definitions. These are the same definitions that Clarke et al. (2019) based on actual weather observed during
recorded prescribed burns in dry sclerophyll forests in temperate and subtropical NSW. Most regions of
Australia that support woody plants are occupied by sclerophyll communities as forests, heaths, or savannas
(Tozer et al., 2017), and these communities are highly fire prone (Bradstock et al., 1997; Penman et al., 2007).
We therefore consider that these same criteria will be broadly applicable across the temperate and
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subtropical regions of southeastern Australia, noting that the different government jurisdictions and agen-
cies operating across this domain may apply slightly different burn criteria.

2.4. Future Changes to Burn Windows

Future changes in the ensemble mean number of days per month that are within the thresholds for conduct-
ing burns were calculated by subtracting the ensemble mean monthly averages for 2060–2079 (far‐future)
from those of 1990–2009 (present‐day). Ensemble mean climate change signals for the individual fire
weather variables were calculated as far future minus present‐day. The statistical significance of projected
changes in the monthly mean number of burn days relative to 1990–2009 was calculated for each grid cell
using t tests (α= 0.05) assuming equal variance. Results on ensemble mean statistical significance were sepa-
rated into three classes following Tebaldi et al. (2011). Statistically insignificant areas are shown in color.
These are locations where fewer than 50% of the models are significantly different from the corresponding
number of burn days for 1990–2009. In areas of significant agreement (stippled), at least 50% of RCMs show
that the number of mean burn days in 2060–2079 is significantly different from 1990–2009, and at least 75%
of significant RCMs agree on the direction of change. Areas of significant disagreement are grid cells where
at least 50% of RCMs are significantly different and fewer than 75% of significant models agree on change
direction. These areas are mapped in color and superimposed with diagonal hashing. Additionally, areas
where there are no burn days in either period are masked in gray.

3. Results
3.1. Future Changes in Prescribed Burn Windows

The months during which most prescribed burns currently occur (March–May) show statistically significant
projected reductions in the mean number of days for conducting burns in many regions in 2060–2079, rela-
tive to 1990–2009 (Figures 2c–2e). Such regions include the heavily populated east coast of NSW in March
and April, and much of southeastern Queensland (QLD) in April and May. Parts of coastal South
Australia (SA) also show significant reductions during March. In most of these locations, mean burn days
reduce by approximately 1–1.5 days per month. In many cases, this amounts to a reduction of ~50%
(Figures S1c–S1e in the supporting information). However, several other regions also show increases in burn
windows, that is, over much of Victoria (VIC) during April, and more broadly over southern regions in May
(Figures 2d and 2e). In general, the semiarid, inland regions of southeastern Australia where sclerophyll
communities are not found (i.e., central and northwestern areas) either show statistically insignificant
changes, significant disagreeing areas, or are masked.

There are statistically significant projected increases in the mean number of days for conducting burns over
large regions of southeastern Australia during winter, that is, during June to August, relative to the historical
period (Figures 2f–2h). These significant increases include large portions of coastal NSW during these
months and over southeastern QLD during June and July. Burnwindows increase by approximately 1–2 days
on average during these months over these regions, amounting to increases from 50% to over 100%
(Figures S1f–S1h). In contrast, changes over most of VIC are minimal during these months. However, there
are also significant increases over several regions including VIC during September and October (Figures 2i
and 2j). A consistent exception to this general pattern of increases to burn windows from June to October is a
marked reduction in burn days along the northeastern QLD coast (Figures 2f–2j).

3.2. Future Changes in Burn Windows: Individual Variables

Here, we examine projected changes in monthly prescribed burning days and climate change signals for
individual variables. We focus on May and June because despite being adjacent months, May is currently
a key month for conducting prescribed burns, whereas burns are rarely conducted during June
(Figure 1a). It is likely that fewer burns are currently conducted in June due to generally wetter and cooler
conditions, as well as increased strength of inversions increasing the chances of lingering fine particulate
emissions from fires. However, both months showed strong projected changes to their burn windows.

During May in 2060–2079, there is a statistically significant increase of over 4.5 days on average when pro-
jected maximum temperature is within its thresholds for conducting burns over most of the temperate zone
in southeastern Australia (Figure 3a). In contrast, projected changes to maximum temperature windows
over the northeastern portion of the domain show large areas of statistically significant disagreement
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Figure 2. (a–l) Changes in the ensemble mean number of days within thresholds for conducting burns in 2060–2079 versus 1990–2009. (a) QLD = Queensland;
NSW = New South Wales; VIC = Victoria; SA = South Australia. Significance stippling (a–l): statistically insignificant areas shown in color, (<50% of the
models are significantly different from burn days during 1990–2009). In significant agreeing areas (stippled using dots), at least 50% of RCMs are significantly
different to 1990–2009, and at least 75% of significant RCMs agree on the change direction. Significant disagreeing areas (at least 50% of RCMs are significantly
different, and <75% significant models agree on change direction) shown in color with diagonal lines. Areas where there are no burn days in either period
are masked (gray).
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(Figure 3a). This is partially attributable to the CCCMA3.1‐driven RCMs. These project strong decreases in
temperature burn windows across this region, whereas the other nine models project increases (Figure S2).
The CCCMA3.1‐driven models are substantially warmer in both the present and future periods than the
other models (not shown). The ensemble mean maximum temperature climate change signal (Figure 4a)
is generally smaller (approximately +1.5°C) over the southeastern areas showing significant increases in
burn days, relative to a projected increase of +2.25°C in the northeastern region showing significant
disagreement. There is a significant reduction of 2–3 days on average when relative humidity is within its
weather thresholds over much of the east coast; otherwise, projected changes are smaller over the rest of
southeastern Australia (Figure 3b). Much of southeastern Australia is projected to experience increased rela-
tive humidity during May, particularly over the eastern coastal region where these changes are significant
(Figure 4b). Projections for both wind speed criteria (ws – Figures 3c and 3d) show increases in the mean
number of days over most of southeastern Australia. These are mostly small changes, except over the south-
west. The climate change signal for wind speed shows reduced magnitudes over large areas of southeastern

Figure 3. (a–o) Change in the mean number of days per month that each variable is within thresholds for conducting prescribed burns in May and June
2060–2079 versus 1990–2009. Stippling as per Figure 2. tasmax = maximum temperature; rh = relative humidity; ws = wind speed; ffdi = Forest Fire Danger
Index; fm = fuel moisture.
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Australia, especially over the southwest (Figure 4c). Burn windows for FFDI criteria show a mixture of
increases and reductions (Figures 3e and 3f). These changes are fairly small for FFDI 3‐day, whereas the
“day‐of‐burn” FFDI criterion shows decreases of ~2 days over parts of the northeastern coast but increases
over the elevated southeastern terrain (Figure 3e). Notably, projected FM shows marked reductions in burn
days (~3 days) over northeastern regions (which are significant in several locations) but conversely increases
across a large area of the southeast (Figure 3g). The climate change signal for FM shows widespread reduc-
tions, except for a small portion of northeastern NSW (Figure 4e).

During June in 2060–2079 when there are widespread increases in projected burn windows, maximum tem-
perature shows a significant increase of >4.5 days when it is within its definitions over much of southeastern
Australia (Figure 3i). Although a portion of the southeastern corner is an exception in that it shows minimal
increases, no other variable shows significant changes of a similar magnitude and area during June. Relative
humidity shows a varying pattern of reductions and increases in its burn window (Figure 3j). Notably, there
is a significant decrease in the relative humidity window over the part of the northeastern coastline
(Figure 3j) where there is the marked exception to the general pattern of increases to prescribed burn win-
dows during June–October (Figures 2f–2j). Focusing on this same region, the climate change signal for rela-
tive humidity shows significant projected increases exceeding 3% (Figure 4g). Wind speed generally shows
small increases in its burn windows (Figures 3k and 3l), associated with widespread decreases in projected
wind speeds (Figure 4h). Both FFDI (day‐of‐burn) and FM record fairly strong increases in their respective
burn windows of approximately 1.5–3 days over large coastal and southern regions (Figures 3m and 3o).
FFDI climate change signals show slight increases across southeastern Australia (Figure 4i). In contrast,
the FM climate change signal decreases significantly over most of the east coast (Figure 4j).

4. Discussion

Prescribed burns are an important wildfire risk management strategy in Australia and internationally. The
imperatives to conduct these burns may increase given that the conditions conducive to wildfire occurrences
are becoming more common (AghaKouchak et al., 2014; Jolly et al., 2015; Turco et al., 2018), driven partially
by anthropogenic influences including increasing temperatures (Dowdy, 2018). Increased development at
rural‐urban transitions also increases exposure to the risks associated with wildfires.

Opportunities for conducting prescribed burns across southeastern Australia in 2060–2079 versus 1990–2009
vary spatially and by month. Large portions of southeastern Australia show significant reductions in pre-
scribed burn windows during autumn (March–May), that is, when burns typically occur in the present per-
iod, though there are exceptions, such as increased burn days over some regions in May. Conversely, the
winter months (June–August) when burns are not commonly conducted show widespread, significant

Figure 4. Climate change (cc) signals (far future minus present‐day) during May and June for (a and f) maximum temperature (tasmax), (b and g) relative
humidity (rh), (c and h) wind speed (ws), (d and i) Forest Fire Danger Index (ffdi), and (e and j) fuel moisture (fm). Color bars apply to corresponding plots
for both months. Stippling as per Figure 2.
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increases in burn windows. Moreover, opportunities for conducting burns increase strongly over many
regions during September and to a lesser extent in October. Although burns are commonly conducted during
September in the present period, they are rarely conducted in October. Clarke et al. (2019) investigated
changes to the annual number of burn days and found little evidence for a decrease in burn days. In contrast,
this analysis of spatiotemporal changes in the monthly number of burn days shows a more complex pattern
of decreases versus increases, dependent upon location and month. However, considering the whole year,
much of southeastern Australia is projected to have more days suitable for burning, rather than the opposite
scenario, which is consistent with Clarke et al. (2019). It is important that opportunities for conducting pre-
scribed burns remain intact throughout a large portion of the year, given projections that the fire season is
likely to occur earlier in future, for example, forward extensions of the season into November (Di Virgilio
et al., 2019). Furthermore, the changes described above occur primarily in temperate regions adjacent to
the highly populated southeastern urban areas where sclerophyll vegetation communities are prevalent.
We recommend caution in interpreting these results for vegetation communities where sclerophyllous
plants are not prevalent, that is, principally the central/northwestern semiarid regions. We also note that
the McArthur FFDI was built using data from dry sclerophyll forest burning (McArthur, 1967).

Maximum temperature and FM have the largest and most widespread projected changes in the number of
days that they are within their respective thresholds for conducting burns. The most geographically wide-
spread changes in burn windows are therefore associated with projected changes in these variables.
However, FM projections are partially dependent upon how vegetation is modeled; for example, changes
in vegetation productivity with higher CO2 concentrations (Ukkola et al., 2016) could have implications
for future vegetation type/condition/land cover changes (Fernández‐Martínez et al., 2019). Thus, there is
potential uncertainty regarding future FM content and land cover, which may affect some of our findings.

A change in the seasonality of prescribed burn days offers fire agencies continued opportunities to conduct
burns in future. In particular, it might be feasible to shift some prescribed burning activity to the winter
months and also further into early spring than is the current practice. The increased opportunity for con-
ducting prescribed burns into early spring is important, because there are other operational conditions that
would need to be considered under a scenario of increased prescribed burning during winter. A key factor is
that inversion layers and increased lower atmospheric stability are common during winter, with a seasonal
mean frequency of 50–60%, compared to 40–50% in spring (Ji et al., 2019), which increases the chances of
lingering fine particulate emissions from fires. Moreover, wintertime near‐surface inversions are projected
to increase in strength by 20–60% in 2060–2079 relative to 1990–2009, depending upon the region and time
of day (Ji et al., 2019). Fire agencies are mindful of the health risks posed to communities by fine particulate
emissions from prescribed burns and wildfires, as these are associated with serious health impacts
(Dennekamp & Abramson, 2011; Haikerwal et al., 2016).

In addition to the meteorological and fire weather variables considered here, there are several other factors
that are considered by practitioners when planning prescribed burns, such as proximity to infrastructure and
human populations, the risks of reignition, and the degree of terrain ruggedness. Moreover, there are other
atmospheric and weather phenomena that may warrant consideration when planning prescribed burns,
such as the degree of atmospheric instability and dryness and different synoptic weather patterns. More gen-
erally, the effectiveness of prescribed burning at mitigating a range of risks is an active area of research
(Cirulis et al., 2020; Penman & Cirulis, 2020), including potential tradeoffs between risks posed by wildfires
to human life, economic assets, and other potential consequences such as damage to biodiversity (Penman
et al., 2011). It should be noted that prescribed burning is less effective under extreme fire weather conditions
(Price & Bradstock, 2012) and that even under ideal conditions a residual risk remains after its application
(Gill et al., 2013).

5. Conclusions

Prescribed burning is extensive in Australia and could become more prevalent in a warming climate with
increased fire risks, a potentiality that could apply to fire‐prone regions globally. This study yielded three
main findings: (1) there are statistically significant decreases in prescribed burn windows in 2060–2079 ver-
sus 1990–2009 across several regions adjacent to populated urban areas during the periods typically used for
conducting burns, that is, March–May; conversely, there are significant increases in burn windows in
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June–August, which is when burns have rarely occurred historically, and in early spring (September and
October). That is, the projections indicate a change in the seasonality of prescribed burn days, with a shift
toward winter, and not a decline in the annual number of burn days; (2) projected changes in maximum
temperature and FM show the largest and most spatially widespread decreases (or increases) in the number
of days that are within thresholds for conducting burns; and (3) the locations in southeast Australia where
these changes are projected to occur are identified for each month. The weather definition used here
assumes each variable is equally important in contributing to suitable prescribed burning weather condi-
tions. The widespread projected changes to the availability of suitable temperature and FM conditions
could help inform fire management adaptation to climate change, raising questions about the role and rela-
tive importance of these two variables in conducting safe prescribed burning. An important outcome from
this study is the demonstration of the spatiotemporal nature of future changes to prescribed burn windows
across a large fire‐prone region. The increased burn windows in the winter and early spring can provide
continued opportunities for prescribed burning in southeastern Australia. These results are strongly rele-
vant to decision makers involved with wildfire prevention, as well as regional risk mitigation. Other
fire‐prone regions globally may show similarly complex spatiotemporal variations in future opportunities
for prescribed burning.

Data Availability Statement

Climate projection data are available from the AdaptNSW repository: https://climatechange.environment.
nsw.gov.au/Climate-projections-for-NSW/Download-datasets.
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