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A B S T R A C T

There is evidence suggesting that fire activity in southeast Australia has increased in the past two decades.
There is also anecdotal evidence that pyrocumulonimbus events have become more common, although the
observed record is short. We explore the extent to which possible changes in fire and pyrocumulonimbus
occurrence in southeast Australia can be explained by changes in the number of extreme (above the 95th
percentile) days per year of two fire-weather indices, the Forest Fire Danger Index (FFDI) and the continuous
Haines index (C-Haines). For the period 1958 through 2020, we show that there is a dependence between the
number of extreme FFDI days per year and burned area for forested parts of southeast Australia. To a lesser
extent, there is a relationship between the FFDI and pyrocumulonimbus occurrences. We find an increase
in the occurrence of extreme FFDI days from the late 1990s, with up to 24 more extreme days per year.
In the southwest of the state of Victoria, there are concomitant increases in temperature and wind speed,
and decreases in relative humidity. We show that the structure of C-Haines has not changed, but extreme
days more frequently coincide with extreme FFDI days. This suggests that possible observed increases in
pyrocumulonimbus occurrences may partly be explained as a consequence of the increases in co-occurring
extreme FFDI and C-Haines days, rather than due to changes in the atmospheric stability. We also find that
changes in the atmospheric circulation are consistent with those seen in the fire weather indices. Increased
surface and mid-tropospheric pressure since 1998 are consistent with a poleward shift of the storm track. In
particular, an increase in anticyclonic anomalies in the Tasman Sea is indicative of enhanced blocking activity.
Although blocking frequency in these longitudes has decreased overall, the proportion of extreme FFDI days
that are considered blocked has increased.
1. Introduction

For much of Australia, particularly the sparsely-populated tropical
savannas of the North, vegetation fires are characterised by their high
frequency of occurrence and low intensity. Highly populated urban
centres in the coastal southeast and southwest, however, are generally
co-located with eucalypt forest, which tends to burn less frequently
but at potentially very high intensities (Russell-Smith et al., 2007;
Bradstock, 2010; Murphy et al., 2013). As a result, fires can have
devastating socio-economic, as well as environmental, impact (e.g. Gill
et al., 2013; Moritz et al., 2014; Ward et al., 2020).

Since the early 2000s, several very large-scale fires have occurred in
southeast Australia, notably during the 2002-03, 2006-07, 2008-09 and
2019-20 fire seasons. This raises the question of whether fire activity
has increased in recent decades. Data limitations, such as short obser-
vational records and changes in spatial coverage, challenge analyses of
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long term changes in fire activity. Nevertheless, relative to the preced-
ing few decades, there are indications that the rate of fire occurrence
in southeast Australia changed in the early 2000s. Since then, there
has been shorter intervals between large-scale fires (Fairman et al.,
2016; Sharples et al., 2016; Lindenmayer and Taylor, 2020; Abram
et al., 2021; Canadell et al., 2021). This prevents the regeneration of
vegetation that is otherwise adaptable (Fairman et al., 2019). The 2019-
20 ‘Black Summer’ was the third fire season (July through June) to burn
over one million hectares in the state of Victoria since 2003, a feat
not achieved by any fire since at least 1950 (Lindenmayer and Taylor,
2020). Those three so-called ‘megafires’ contributed to a statistically
significant increase in burned area for the 2003–2020 period compared
to 1950–2002 (Lindenmayer and Taylor, 2020). Furthermore, Canadell
et al. (2021) showed a marked increase in the number of years with a
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large burned area since around the year 2000, evident from 32 years of
satellite data and from 90 years of fire histories collated from Australian
State and Territory agencies.

Under the right conditions, large and intense fires can generate
pyrocumulonimbus (thunderstorms that form in the convective plume
of a fire). They present a particularly difficult challenge to firefighters
as they are very unpredictable, capable of enhancing a fire’s intensity
and speed of spread, and of spotting (igniting) new fires through
ember transport or lightning strikes (e.g. Dowdy et al., 2017). Pyrocu-
mulonimbus occurrences are identified using expert analysis of local
and remote (e.g. satellite) sources (Di Virgilio et al., 2019). The vast
majority of identified events in Australia have occurred since 2000
(Di Virgilio et al., 2019). However, data prior to 1998 should be treated
cautiously, as potential pyrocumulonimbus events prior to this have to
be confirmed retrospectively (Sharples et al., 2016).

Due to this short observational record, it is not possible to de-
scribe long-term trends in pyrocumulonimbus. Nevertheless, anecdotal
evidence from fire agencies suggests these events have become more
frequent (Readfearn, 2019), while the 2019-20 fire season experienced
a record 29 occurrences (Abram et al., 2021). This is over one-third
of the number identified over the entire period from the late 1970s
to April 2019 (82 events; McRae et al., 2015; Sharples et al., 2016;
Di Virgilio et al., 2019). Increases in the number of pyrocumulonimbus
occurrences would be consistent with physical changes in the lower to
mid-troposphere, which show that conditions favourable for pyrocu-
mulonimbus have become more common, a trend that is projected to
continue into future decades (Dowdy and Pepler, 2018; Dowdy et al.,
2019). Furthermore, as intense fires are a prerequisite for pyrocumu-
lonimbus development (McRae et al., 2015; Tory and Thurston, 2015),
increases in fire occurrence or intensity would be expected to result in
more frequent pyrocumulonimbus.

There are various complex processes that could contribute to
changes in fire occurrence, such as the set-up of atmospheric con-
ditions conducive to fire development (Voice and Gauntlett, 1984;
Mills, 2005a,b; Bradstock, 2010; Sharples et al., 2010; Engel et al.,
2013; Bradstock et al., 2014; Reeder et al., 2015; Fiddes et al., 2016),
or changes in fuel accumulation due to management practices or
environmental factors (Bradstock, 2010; Lindenmayer et al., 2020). We
focus on one contributor to fire: the associated weather conditions (‘fire
weather’). In Australia, fire weather is typically monitored using the
McArthur Forest Fire Danger Index (FFDI; Luke and McArthur, 1978;
Noble et al., 1980), which combines temperature, relative humidity,
wind speed and an estimate of drought. As a purely meteorological
index, the FFDI does not account for other factors critical to fire
activity, such as fuel type and availability. Despite this, it has proved
a useful predictor of fire and its impacts (Blanchi et al., 2010; Harris
et al., 2012; Blanchi et al., 2014; Tolhurst and McCarthy, 2016; Abram
et al., 2021; Canadell et al., 2021).

A key measure of pyrocumulonimbus potential is the continuous
Haines index (C-Haines; Haines, 1988; Mills and McCaw, 2010), which
attempts to characterise atmospheric humidity and vertical stability.
The atmospheric stability can have a strong influence on potential
pyroconvection, including pyrocumulonimbus (Haines, 1988; Mills and
McCaw, 2010). C-Haines has therefore emerged as an important mete-
orological indicator of the potential for pyrocumulonimbus (Mills and
McCaw, 2010; Fromm et al., 2012; Dowdy and Pepler, 2018; Dowdy
et al., 2019). However, C-Haines does not account for any of the other
processes also important for pyrocumulonimbus development, such as
the presence of a fire or the type of terrain or fuel (e.g. McRae et al.,
2015; Tory and Thurston, 2015; Di Virgilio et al., 2019).

Numerous studies have investigated the long-term changes in the
FFDI and C-Haines. The general consensus is that recent decades feature
a greater prevalence and severity of days with weather conducive to
fire and pyrocumulonimbus, together with such days now occurring
over a longer fire season, particularly in southeast Australia (Clarke
2

et al., 2013; Bradstock et al., 2014; Jolly et al., 2015; Sharples et al.,
2016; Dowdy, 2018; Dowdy and Pepler, 2018; Harris and Lucas, 2019;
Abram et al., 2021; Canadell et al., 2021). Increases in the FFDI in
this region are associated with increases in temperature and decreases
in precipitation and humidity (Bradstock et al., 2014; Jolly et al.,
2015; Abram et al., 2021). Changes in large-scale teleconnection modes
may also play a role. The El Niño Southern Oscillation, the Indian
Ocean Dipole (IOD) and the Southern Annular Mode (SAM) have been
associated with Australian fire and fire weather variability (e.g. Cai
et al., 2009a; Harris and Lucas, 2019; Abram et al., 2021). Evidence
suggests the IOD and the SAM have trended towards more frequent
occurrences of their fire-promoting states (Arblaster and Meehl, 2006;
Cai et al., 2009b; Thompson et al., 2011; Cai et al., 2013; Abram et al.,
2020).

To complement studies that relate changes in fire weather and large-
scale climate modes, we present an analysis of changes in fire weather
and the associated atmospheric circulation, focusing on synoptic-scale
dynamics such as the storm track and blocking. We utilise statistical
step-change methods to identify suitable periods over which to split our
data. Differences between these periods are used to quantify changes
in local meteorological variables and the atmospheric circulation. Ap-
plying step change tests to Australian fire weather indices in this way
is novel, and provides a useful point of comparison with studies that
analyse changes in other ways, for example by fitting linear trends
(Clarke et al., 2013; Jolly et al., 2015; Harris and Lucas, 2019; Canadell
et al., 2021) or by splitting the data at an arbitrary point in time
(Dowdy, 2018; Dowdy and Pepler, 2018).

This article is organised as follows. In Section 2, we detail the
calculation of the FFDI and C-Haines, set out our criteria for identifying
step changes in fire weather, describe a suite of atmospheric circula-
tion diagnostics, and introduce observed fire and pyrocumulonimbus
datasets. We report the results of our analysis in Section 3, cover-
ing the relationships between fire, pyrocumulonimbus events and fire
weather, and changes in fire weather, surface conditions and the atmo-
spheric circulation. Finally, we provide a discussion and conclusions in
Section 4.

2. Data and methodology

2.1. Fire weather indices

We calculate the daily McArthur Forest Fire Danger Index (FFDI;
Luke and McArthur, 1978; Noble et al., 1980) for the period 1958
through October 2020 over Australia. The FFDI is computed using the
following formula:

FFDI = 𝐷0.987 exp(0.0338𝑇 − 0.0345𝐻 + 0.0234 𝑊 + 0.243147). (1)

We use the Japanese 55-year reanalysis (JRA55; Japan Meteoro-
logical Agency, 2013), with a spatial resolution of 1.25◦ latitude and
longitude and a six-hourly temporal resolution. We use 0600 UTC (mid-
afternoon in Australia) data for 2 m temperature, 𝑇 (◦C), 2 m relative
humidity, 𝐻 (%), and 10 m wind speed, 𝑊 (km/h). The drought factor,
𝐷, is the accumulated 20-day precipitation scaled to range between 0
and 10, with larger 𝐷 for lower precipitation totals.

Our FFDI differs from other studies in two ways. First, some studies
calculate the FFDI using observation data where possible, rather than
a reanalysis (e.g. Dowdy, 2018; Dowdy and Pepler, 2018). We use
reanalysis data for the FFDI to ensure dynamical consistency in our
analysis. The C-Haines requires input variables typically only available
from climate models, and so is calculated with reanalysis data. Fur-
thermore, part of our study will investigate changes in the atmospheric
circulation associated with changes in fire weather indices. Given the
need for a reanalysis product for a substantial part of our analysis,
we prioritise dynamical consistency over using a product closer to
observations for calculating the FFDI. The downside of this is that
reanalysis products vary depending on, for example, the model and

data assimilation scheme. Our results, then, may be sensitive to the
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choice of reanalysis used to derive the indices herein. However, JRA55
is comparable with other reanalyses, including recent products such as
ERA5, for the key variables required here such as 2 m temperature and
relative humidity (Kobayashi et al., 2015; Harada et al., 2016; Simmons
et al., 2021).

Second, our formulation of the drought factor is simpler than the
usual approach, which typically estimates soil moisture using precipi-
tation and temperature with a series of empirical equations (e.g. Finkele
et al., 2006). By calculating a number of long-term statistics (i.e. those
most important to our study), we find our FFDI consistent with those
presented in other studies (Dowdy, 2018; Dowdy and Pepler, 2018). In
particular, we were able to faithfully reproduce figures from those stud-
ies of the spatial and seasonal variability, and of the differences in mean
and extreme FFDI days between various periods. Further information
and two figures are provided in the supplementary material.

Pyrocumulonimbus potential is measured using the continuous
Haines index (C-Haines; Haines, 1988; Mills and McCaw, 2010), which
is calculated using JRA55 0600 UTC values of the temperature at
850 hPa (𝑇850), the temperature at 700 hPa (𝑇700), and the dew point
depression at 850 hPa (𝐷𝐷850), all measured in degrees Celsius. The
index is a combination of estimates of the vertical column atmospheric
stability

𝐶𝑎 =
𝑇850 − 𝑇700 − 4

2
, (2)

and the humidity in the lower troposphere

𝐶𝑏 =
max(𝐷𝐷850, 30) − 3

3
. (3)

If 𝐶𝑏 > 5 then set 𝐶𝑏 = (𝐶𝑏−5)∕2+5. The C-Haines index is defined as
𝐶 = 𝐶𝑎+𝐶𝑏. Reanalysis data are commonly used to derive the C-Haines
index (Dowdy and Pepler, 2018; Dowdy et al., 2019).

We define an extreme FFDI or C-Haines event as when the index
is above the 95th percentile of the 1958–2019 climatology. Adopting
a percentile-based definition in this context is common as the range
of values the indices can take may vary spatially or according to the
dataset used for their calculation (e.g. Dowdy, 2018; Dowdy and Pepler,
2018; Plucinski et al., 2020). Furthermore, numerical thresholds, such
as those designed for operational use, are perhaps not well suited for
reanalysis data because of the strong dependence on spatial resolution.
A numerical threshold is used for operational fire danger rating pur-
poses across Australia, for which ‘extreme’ equates to an FFDI of 75
or greater. A recent study showed that for six study areas in southern
Australia between 2002 and 2016, the FFDI exceeded a value of 50
(the ‘severe’ category) on less than one percent of days (Plucinski
et al., 2020). Extreme FFDI days in this study are therefore much more
frequent than ‘extreme’ days as defined for official fire danger rating
purposes.

The statistic we use to measure changes in extreme fire weather
is the yearly totals of extreme index occurrences. We consider a year
as running from July through June of the following calendar year
to span the southern Australia fire season. We use the earlier of the
two calendar years to indicate which period is under discussion. For
example, ‘2019’ refers to the period July 2019 through June 2020.

2.2. Identifying step changes in fire weather

To identify possible step changes, we use the Pettitt test (Pettitt,
1979), which is a widely used non-parametric test to assess the presence
of potential abrupt changes in the mean or median of a time series
(e.g. Bárdossy and Caspary, 1990; Busuioc and von Storch, 1996;
Wijngaard et al., 2003; Villarini et al., 2009; Ferguson and Villarini,
2012). Following Pettitt (1979), a set of independent and identically
distributed random variables 𝑋1, 𝑋2,… , 𝑋𝑇 is said to have a change
point at 𝜏 if 𝑋𝑡 for 𝑡 = 1,… , 𝜏 have a common distribution function
𝐹1(𝑥), and 𝑋𝑡 for 𝑡 = 𝜏 + 1,… , 𝑇 have a common distribution function
3

𝐹2(𝑥), and 𝐹1(𝑥) ≠ 𝐹2(𝑥). The null hypothesis of ‘no change’, 𝐻0 ∶ 𝜏 = 𝑇 ,
is tested against the alternative hypothesis of ‘change’, 𝐻1 ∶ 1 ≤ 𝜏 < 𝑇 ,
using the statistic

𝐾𝑇 = max
1≤𝑡<𝑇

|𝑈𝑡,𝑇 |, (4)

where

𝑈𝑡,𝑇 =
𝑡

∑

𝑖=1

𝑇
∑

𝑗=𝑖+1
sgn(𝑋𝑖 −𝑋𝑗 ). (5)

We attempt to mitigate the effects of autocorrelation by applying
a block bootstrap procedure (Kunsch, 1989; Lahiri, 2003; Wilks, 1997,
2019) with 10,000 replicates. Based on objective criteria, we choose
block lengths of 𝐿FFDI = 5, 𝐿CH = 2 and 𝐿both = 3 for annual extreme
occurrences of the FFDI, C-Haines, and both indices simultaneously,
respectively. For a single test, we use a significance level of 𝛼0 =
0.05. When applying multiple tests simultaneously (as when applying
the Pettitt test to each grid box in Australia), we control the false
discovery rate (FDR; Benjamini and Hochberg, 1995) as recommended
by a number of studies (Paciorek et al., 2002; Ventura et al., 2004;
Wilks, 2016; Ivanov et al., 2018b,a; Wilks, 2019). We set 𝛼FDR = 0.1,
allowing, on average, for 10% of statistically significant results to be
erroneous (i.e. the null hypotheses are true). Applying a block bootstrap
and controlling the FDR can have a substantial impact on the number
of statistically significant results for our application. For a full technical
description and a discussion of these results, see Appendix A.

We define a step change in some process as a statistically signif-
icant result from applying the Pettitt test according to the described
procedure.

2.3. Atmospheric circulation diagnostics

As diagnostics of the atmospheric circulation we use five variables
from JRA55: mean sea-level pressure (MSLP), geopotential height at
500 hPa, temperature at 850 hPa, meridional wind at 850 hPa and
vertically-integrated water vapour transport (IVT; see Appendix B). We
generate daily anomalies of these variables with respect to the daily
averages computed over the period 1958–2019. This is achieved by
computing individual day-of-year averages over all years, and then
subtracting these from the original data. Composite (time-mean) fields
of the anomalies are calculated on extreme fire weather index days and
on different time periods as required.

We also estimate the frequency of atmospheric blocking events in
the Tasman Sea (at 160◦ E) using the Tibaldi–Molteni blocking index
(Tibaldi and Molteni, 1990; Tibaldi et al., 1994). This index provides
a binary indicator of whether a particular day at a given longitude is
considered blocked, according to 500 hPa geopotential height gradient
criteria (see Appendix B). We consider the annual frequency of occur-
rence of blocking days (as elsewhere, a year is considered as running
from July through June), and the annual frequency of occurrence of
the subset of blocking days for which the FFDI is extreme.

2.4. Fire and pyrocumulonimbus observations

We supplement our analysis of fire weather indices with obser-
vations of fire and pyrocumulonimbus. For fire, we use the satellite-
observed burned area products FireCCI v5.1 from the European Space
Agency Climate Change Initiative (Lizundia-Loiola et al., 2020), and
C3S v1.0 from the Copernicus Climate Change Service. FireCCI provides
burned area data from 2001 through 2019 and C3S extends the data
through to April 2020. The data are the monthly burned area within
0.25◦ latitude by longitude grid boxes. As with the fire weather indices,
we consider annual data as running from July through June of the
following calendar year. As such, we do not use the first six months of
data in 2001, and the 2019 total only covers July 2019 through April
2020. We consider burned area over southeast Australia, as well as the

subset of this region that is considered forested, according to FireCCI
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Fig. 1. Relationships between satellite-observed burned area, pyrocumulonimbus events and spatially-averaged fire weather indices. Panel a shows the total burned area for forest
grid boxes in southeast Australia 2001 to 2019 (where the year spans July to June). White area is non-forested. Grey shading in the inset shows the forested cells on the JRA55
grid. Pyrocumulonimbus events up to April 2019 are represented by green circles (including four events prior to 2001). Panel b shows the relationship between burned area and
the annual number of extreme FFDI days for southeast Australia (grey circles) and for forested regions of southeast Australia (orange triangles). The data are expressed in their
rank order and scaled to lie between zero and one. The Spearman rank correlation coefficient, 𝜌, is shown in the legend. Panel c shows the time series of burned area (grey lines;
left axis) and annual counts of extreme FFDI days (orange lines; right axis) for southeast Australia (solid) and forested regions of southeast Australia (dashed). Panel d shows the
time series for the number of observed pyrocumulonimbus events per year (green dashed line; left axis) and the number of annual extreme days of the FFDI, C-Haines and both
indices together (orange, blue and pink lines, respectively; right axis) for forested regions. The pyrocumulonimbus total for 2019 is from Abram et al. (2021). The legend shows
Spearman’s 𝜌 between the annual number of pyrocumulonimbus and each of the fire weather indices. In all cases, an extreme value of a fire weather index is defined as when it
is above the 95th percentile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
land cover categories 50–90. When comparing forest burned area data
with fire weather indices, it is desirable to consider only those JRA55
grid boxes that align with the finer-resolution forest grid boxes. As such,
if a JRA55 grid box encompasses at least 10 forest grid boxes from the
burned area data (40% of the area of a JRA55 grid box), we consider
it as forested (see Fig. S.3 in the supplementary material).

We also utilise pyrocumulonimbus observations obtained from the
April 2019 version of the Australian pyrocumulonimbus register (Table
S3 in the supporting information of Di Virgilio et al., 2019). This
contains 82 identified pyrocumulonimbus events (Fig. S.4 in the sup-
plementary material). The earliest occurred on Ash Wednesday (16
February 1983; Mills, 2005b), but there are only four events before
2000, reflecting the increased focus on monitoring in recent decades
(Sharples et al., 2016). Although we do not have data for the timing and
spatial location of pyrocumulonimbus occurrences since April 2019, we
supplement annual totals with the 2019 data from Abram et al. (2021),
who showed that there were 29 events in southeast Australia. That total
includes a remarkable 18 occurrences between 29 December 2019 and
4 January 2020 alone (Kablick et al., 2020).
4

3. Results

3.1. Fire weather, burned area and pyrocumulonimbus

We begin with an exploratory analysis of the relationship between
fire weather indices, burned area data and pyrocumulonimbus events.
In southeast Australia (excluding Tasmania), large areas of forest were
burned between 2001 and 2019, particularly along the southeast coast
(Fig. 1a). The 2019 fire season was by far the most destructive in
this period, with ∼45,000 square kilometres burned (solid grey line
in Fig. 1c), accounting for the vast majority of total area burned (i.e.
forested or otherwise; dashed grey line in Fig. 1c).

There is evidence that the FFDI has a stronger relationship with
burned area for forested regions than when the land cover type is not
accounted for. This is shown by the relationship between annual counts
of extreme FFDI days and burned area data: the dependence between
the two variables is stronger for forested regions than otherwise, with
a correspondingly larger Spearman’s correlation coefficient (𝜌 = 0.72
compared to 𝜌 = 0.31; Fig. 1b). The unprecedented burned area in
2019 is matched by the high number of extreme FFDI days, which is
record-breaking for the entire region and record-equalling with 2002
for forested regions. This relationship between the FFDI and burned
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area is in agreement with Abram et al. (2021) and Canadell et al.
(2021), who used different FFDI statistics (September–February mean
FFDI, and number of days with FFDI above 25 or 50, respectively).

Observed pyrocumulonimbus in southeast Australia have occurred
predominantly over forests (Fig. 1a), potentially due, in part, to the
high intensity at which eucalypt forest can burn (Bradstock, 2010).
There are years for which spikes in the number of observed pyrocu-
mulonimbus are matched by higher counts of extreme FFDI, C-Haines
and co-occurring days (2002, 2006 and 2019; Fig. 1d). Correlation
scores between annual pyrocumulonimbus and extreme fire weather
index counts are modest. Interestingly, the correlation is strongest for
extreme FFDI days (𝜌 = 0.63), rather than for extreme C-Haines days
(𝜌 = 0.38) or days in which both indices are extreme (𝜌 = 0.47). Abram
et al. (2021) showed that the warm-season (September to February)
FFDI is a useful indicator of pyrocumulonimbus occurrence, with a
record-breaking FFDI in 2019 matched by record-breaking number of
pyrocumulonimbus events. This suggests that the FFDI is also a useful
predictor of pyrocumulonimbus, at least for extreme values of the
index.

As only 19 data points (years) are available, these results are likely
to be associated with large uncertainty. Nevertheless, they accord with
findings from Abram et al. (2021), who showed that increases in
the FFDI are associated with greater fire intensity, providing further
evidence of a dependence between fire weather indices and both fires
and pyrocumulonimbus.

3.2. Changes in extreme fire weather occurrence

In this section we analyse the seasonality and changing behaviour
of forest area-averaged fire weather indices. Fig. 2 shows the days on
which the fire weather indices are extreme between July 1958 and June
2020, with summary plots for annual and seasonality statistics.

In 2019 there were 63 extreme FFDI days, the joint highest on
record with 2002 (Fig. 2a). Both of these years were notable for
severe fire events. The 2019 Black Summer fires caused unprecedented
burning of forests in southeast Australia (Boer et al., 2020), with severe
impacts on the environment and communities (Filkov et al., 2020).
December 2019 featured a particularly high number of extreme FFDI
days, including the maximum forest area-averaged FFDI on record (30
December 2019, FFDI = 39). January 2003 also featured a high number
of extreme FFDI days. This corresponds to fires that burned large areas
of Australia’s alpine regions, with significant impacts to Canberra on
18 January (Bureau of Meteorology, 2003; Mills, 2005a). Fig. 2a also
highlights three other significant fire events that correspond to extreme
FFDI days: Ash Wednesday in 1983 (Mills, 2005b), the 2006 alpine fires
(McCarthy et al., 2012) and Black Saturday 2009 (Cruz et al., 2012;
Engel et al., 2013; Dowdy et al., 2017).

It is clear that extreme FFDI days have increased in frequency with
time (Fig. 2a). This increase may represent a sudden shift in the mean,
as it meets our criteria for a step change (a statistically significant
result from the Pettitt test; 𝑝 < 0.01). This step change occurred in
1997, marking an average increase of 14 extreme days per year from
the earlier (1958–1997) to the later (1998–2019) period. In the later
period, extreme FFDI days occur more frequently as consecutive, multi-
day events, with events of at least three days in length over twice as
likely. The potential impact of this is exacerbated by the fact that such
events tend to be of a greater severity (i.e. a higher percentile): 43% of
99th percentile FFDI days occur as part of three-day (or longer) events,
compared to 15% of 95th percentile FFDI days.

Extreme FFDI days have a clear seasonality, occurring primarily
from October through March, peaking in December/January and with
limited occurrence in the cold season. However, extreme FFDI days are
now more likely both earlier and later in the fire season, as shown by
the predominantly dark blue bars prior to October and after March in
the bottom bar plot of Fig. 2a. From 1998, extreme FFDI days have
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increased by a factor of nearly two and a half (one and a half) during
July through October (March through June), compared to 1958–1997.

Extreme C-Haines days occur an average of eight days per year more
frequently since 1998 (total bar height in the right-hand plot of Fig. 2b;
𝑝 = 0.07). In comparison with the FFDI, extreme C-Haines days are
spread more evenly throughout the year (bottom bar plot). As with
the FFDI, from 1998 onwards extreme C-Haines days are more likely
(roughly twice as likely) from July through October, in agreement with
Dowdy and Pepler (2018). However, in contrast with that study, from
the 1958–1997 and 1998–2019 periods we find a decrease in extreme
C-Haines occurrences for March through June, by a factor of 1.2. Not
all recorded pyrocumulonimbus events coincided with an extreme C-
Haines day (grey circles in Fig. 2b). This is probably in part because
pyrocumulonimbus are localised events in comparison to the region
over which the C-Haines is averaged here.

The C-Haines index estimates the atmospheric stability and humid-
ity to indicate the potential for pyrocumulonimbus events. Yet there are
other factors that contribute to the formation of pyrocumulonimbus.
In particular, a prerequisite for their development is fire, the weather-
related risk of which can be measured with the FFDI. It is therefore
instructive to consider those days which feature weather conditions
most conducive to fire and the atmospheric instability characteristics
of pyrocumulonimbus i.e. the subset of days that are extreme for
both C-Haines and the FFDI (orange and brown bars in Fig. 2b).
Indeed, of those days for which pyrocumulonimbus and extreme C-
Haines coincide, the FFDI is also extreme, as shown by the grey circles
over orange/brown bars in Fig. 2b (rather than over blue bars). This
association of pyrocumulonimbus events with high values of the FFDI
and C-Haines is in agreement with other studies (Mills and McCaw,
2010; Di Virgilio et al., 2019).

As with extreme C-Haines alone, for the 1998–2019 period there
is an ∼8 day increase in the average annual frequency of concurrent
extreme FFDI and C-Haines compared to the 1958–1997 period. As
with the FFDI, this change is abrupt enough to meet the criteria for
a step change (𝑝 = 0.02). Again comparing the same periods, average
annual occurrences of concurrent extreme days have increased for
July through October by roughly a factor of 2.7, with no change
for March through June. Increases in the co-occurrence of extreme
days of these two indices are consistent with those from Dowdy and
Pepler (2018). We also find that the number of three-day (or longer)
events of concurrently extreme FFDI and C-Haines has increased almost
seven-fold, from an average of one third to two such events per year.

To provide detail of the spatial variability of changes in fire weather,
we now consider extreme FFDI and C-Haines days at the grid box
scale. Within the southeast Australia region (Fig. 1a), each grid cell
experiences up to 24 more extreme FFDI days per year after the year
of a potential step change (Fig. 3d), consistent with long-term changes
shown by Dowdy (2018). These changes satisfy the step change criteria,
occurring between 1995 and 2000 for a number of grid boxes on the
south coast of southeast mainland Australia (the most common step
change year is 1997; dark orange in Fig. 3a). A greater number of grid
boxes located more inland and to the northwest also show evidence of
a step change between 2000 and 2005 (light blue).

The frequency of extreme C-Haines days has increased in recent
decades throughout southeast Australia. As with the regional average,
there is no statistical support for a step change (Fig. 3b, e). For this
index, accounting for multiple testing has a large impact on the number
of statistically significant results. Despite the very small 𝑝 values in
this region, controlling the false discovery rate yields a low number
of significant results (Fig. A.1).

Co-occurring extreme FFDI and C-Haines days have increased in
frequency by up to 10 days per year in southeast Australia since the
late 1990s (Fig. 3c and f). Along the south coast of this region, these
shifts constitute a step change, and correspond both spatially and in the
timing of the shifts to the FFDI alone.
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Fig. 2. Extreme FFDI (a) and C-Haines (b) occurrences July 1958 to June 2020 for the spatial average of the forested regions in southeast Australia. The extreme days are
represented by bars and are coloured according to their percentile. In panel b, days that are extreme for C-Haines alone are coloured blue. Co-occurring extreme C-Haines and
FFDI days are coloured orange and brown according to the C-Haines percentile, using the same colour scale as shown in panel a. Notable fire events are identified in panel a
with grey circles. For the long-running events of 2006-07 and 2019-20, the day of highest FFDI is circled as a representative date. Grey circles in panel b represent observed
pyrocumulonimbus events between 1983 and April 2019. The yearly totals of extreme days are shown in the bar plots on the right, also coloured by percentile. The cross in
panel a indicates the year in which a step change (a statistically significant Pettitt test result) in extreme FFDI days is identified. The cross in panel b indicates a step change
in co-occurring extreme FFDI and C-Haines. No step change was identified for extreme C-Haines alone. The seasonality is expressed as the total number of extreme days in six
day intervals in the bar plots below. These counts are coloured according to the year in which they occurred. The legends do not obscure any data except for that in panel b,
which obscures two extreme C-Haines days, in 1961 and 1970. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
Parts of northern Australia have seen a decrease in the number
of extreme FFDI days per year (Fig. 3a and d), in agreement with
other studies (Dowdy, 2018; Dowdy and Pepler, 2018). There is also
evidence of downward step changes of up to 24 (15) extreme C-
Haines (co-occurring C-Haines and FFDI) days per year that occurred
in the early to mid 1970s (Fig. 3b, c, e, f). We do not further analyse
this result as pyrocumulonimbus events almost exclusively occur in
southern Australia (only two of the pyrocumulonimbus events in the
dataset used here occurred north of 25◦ S).

3.3. Changes in fire weather index components

To explore the potential causes of changes in extreme fire weather
occurrence, we analyse changes in the FFDI and C-Haines component
6

(input) variables. As with the fire weather indices, we define an ex-
treme value of an index component variable as when it is above the
95th percentile (or below the 5th percentile for relative humidity). We
focus on a small domain within southeast Australia indicated by the
rectangle in Fig. 3. This study region, which we call southwest Victoria,
represents a compromise of step changes that occurred at similar times
for the FFDI and for the combined FFDI/C-Haines. It is also a region
that has suffered from forest burning and pyrocumulonimbus events
(Fig. 1a).

The southwest Victoria annual extreme FFDI has increased over
time, undergoing an upward step change in 1996 by ∼40% (by a value
of 6.5; 𝑝 < 0.001; Fig. 4a), one year earlier than the step change in
the number of extreme FFDI days per year (Fig. 2a). The probability
density functions (PDFs) of daily FFDI values for the 1958–1997 and
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Fig. 3. Change in annual occurrence of extreme FFDI (left column), C-Haines (middle column) and co-occurring extreme indices (right column). The top row shows the year (𝜏)
of a potential step change (i.e. the year corresponding to the Pettitt test statistic 𝐾𝑇 ). Stippling indicates statistical significance, meeting our criteria for identifying a step change.
The bottom row shows the change in the average annual occurrence of extreme index days from prior to after the (potential) shift. The rectangle in southeast mainland Australia
indicates our study region of southwest Victoria used in Fig. 4.
1998–2019 periods show a shift towards higher FFDI in the later
period (Fig. 4b), both on all days (blue lines) and on extreme FFDI
days only (red and orange lines). Furthermore, we obtain statistically
significant results from applying two-sample Kolomogorov–Smirnov
and Anderson–Darling tests (𝛼 = 0.05 Kolmogorov, 1933; Anderson,
1962) comparing the data between the two periods. This suggests that
the samples of the two periods are drawn from different distributions.

Step changes concomitant with that of the FFDI are also found for
the extreme values of the index’s component variables. In the same
year, annual extreme temperature increased by 1.6 ◦C (𝑝 = 0.003) and
annual extreme relative humidity decreased by 5.8% (𝑝 < 0.001; Fig. 4g,
j). Annual extreme wind speed also underwent a step change of 2.0
km/h, although earlier than the other variables, in 1985 (𝑝 = 0.001;
Fig. 4m). Annual extreme values of the drought factor, however, display
little discernible long-term change (Fig. 4d), corresponding to limited
evidence for southern Australia precipitation trends found by other
studies (Murphy and Timbal, 2008; Dey et al., 2019).

Comparing the PDFs of the FFDI component variables reveals their
relative importance in determining the severity of the FFDI, with tem-
perature and relative humidity the most important variables. When the
FFDI is extreme (i.e. above the 95th percentile), the temperature and
relative humidity values almost exclusively fall in the appropriate tails
(upper tail for temperature, lower tail for relative humidity; Fig. 4h,
i, k, l). The drought factor and wind speed are typically higher than
normal during extreme FFDI days, but can take a wider range of values
than temperature or relative humidity (Fig. 4e, f, n, o).

There are shifts in the PDFs of some FFDI components between
1958–1997 and 1998–2019, computed over all days and over extreme
days (middle column of Fig. 4). In particular, relative humidity has
decreased on all days (blue lines) and on extreme FFDI days (orange
and red lines). Expressing the PDFs of the extreme FFDI days as
percentiles of the climatology highlights a change in the far tail of the
relative humidity PDF, with a greater number of days in the lowest
few percentiles in the later period (Fig. 4l). Wind speed increased
in 1998–2019 compared to 1958–1997, to a greater degree for all
days than for extreme FFDI days (Fig. 4n). While temperature has
increased over all days (blue lines of Fig. 4h), it has decreased slightly
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on extreme FFDI days (red and orange lines of Fig. 4h, i). As with the
FFDI, Kolomogorov–Smirnov and Anderson–Darling tests yield statisti-
cally significant results for all component variables, indicating that the
population distributions for the two periods are not the same.

In the previous section we showed that changes in the number
of extreme C-Haines days are of lower magnitude than the FFDI. We
therefore briefly describe changes in the C-Haines component variables,
with the relevant figure in the supplementary material. Three variables
comprise the C-Haines: temperature at 850 hPa (𝑇850), temperature at
700 hPa (𝑇700) and dew point depression at 850 hPa (𝐷𝐷850). However,
the C-Haines estimates the vertical atmospheric stability by subtracting
𝑇700 from 𝑇850 (Section 2). We therefore consider the two component
variables of the C-Haines as the stability component (𝑇850 minus 𝑇700)
and the humidity component (𝐷𝐷850).

Changes in the annual number of extreme C-Haines days do not
constitute a step change as defined here (Fig. 2b). However, we do
identify a step change in the annual 95th percentile C-Haines in south-
west Victoria (in 1999, 𝑝 = 0.009; Fig. S.5 in the supplementary
material). This change is small in magnitude (an increase of 0.6), and
there is little change in the PDFs before and from 1998 (Fig. S.5b).
Coincident with 2 m temperature, there is an upward step change
in both 𝑇700 and 𝑇850. However, changes in these variables cancel in
such a way as to yield a gradual decrease in the stability component
over time (Fig. S.5d, g, j). For an extreme value of C-Haines, both the
stability and humidity components are generally in the upper tail of
their climatological distributions (Fig. S.5f, o). There is a suggestion
that the humidity component (i.e. 𝐷𝐷850) has increased gradually over
time, with a small-magnitude step change in 1990 (𝑝 = 0.03; Fig. S.5 m).
Note that an increase in dew point depression over time indicates a
trend towards more dry, unstable atmospheric conditions. This finding
is consistent with Dowdy et al. (2019), who found that the humidity
component is the primary driver of projected increases in southern
Australia extreme C-Haines days for 2060–79.

3.4. Changes in atmospheric circulation

We further explore possible drivers of changes in extreme fire

weather occurrence by analysing changes in the associated atmospheric
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Fig. 4. Changes in FFDI (a–c) and its component variables: the drought factor (𝐷; d–f), 2 m temperature (𝑇 ; g–i), 2 m relative humidity (𝐻 ; j–l) and 10 m wind speed (𝑊 ; m–o)
in the southwest Victoria study region. The left column is the spatially-averaged, annual 95th percentile of each variable (5th percentile for relative humidity). Dotted vertical
lines indicate the detection of a step change. The middle column shows the climatological (all days) probability density function (PDF) of all grid boxes in the study region (i.e.
not spatially averaged), split for the two periods 1958–1997 (dark blue) and 1998–2019 (light blue). Also shown are the PDFs for each variable on extreme FFDI days only (days
when the FFDI is above the 95th percentile climatology), again split into 1958–1997 (red) and 1998–2019 (orange). The right column also shows the PDFs for the extreme FFDI
days, but expressed as percentiles of the climatology (i.e. the two blue PDFs in the middle column combined). In most cases the 𝑥-axes of the middle and right columns are clipped
to emphasise the majority of the data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
circulation. We use the step change identified for the grid box contain-
ing Melbourne as a means for splitting our data into two periods, before
and from 1998.

The typical atmospheric set-up for fires in southeast Australia in-
volves the approach and the passage of a cold front embedded in a
trough (Voice and Gauntlett, 1984; Mills, 2005a,b; Cruz et al., 2012;
Engel et al., 2013; Fiddes et al., 2016). Strong northwesterly winds
ahead of the trough advect hot, dry air from the centre of the conti-
nent. Once the front has passed, the wind generally swings round to
southwesterly, broadening the fire front.

The atmospheric circulation associated with fire weather has been
studied primarily for individual events (Voice and Gauntlett, 1984;
Mills, 2005a,b; Cruz et al., 2012; Engel et al., 2013; Fiddes et al., 2016),
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while another study analysed composites over 43 extreme summer cold
front events (Reeder et al., 2015). We explicitly consider atmospheric
diagnostics associated with 1,139 extreme FFDI days (i.e. those above
the 95th percentile), finding that the synoptic structure is very similar
to that found for summer cold fronts (Reeder et al., 2015), despite the
large differences in sample size. We present results for extreme FFDI
days only, as those for extreme C-Haines days and co-occurring extreme
index days are very similar.

The described synoptic set-up is evident for extreme FFDI days near
Melbourne (the grid box centred at 145◦ E, 37.5◦ S; Fig. 5). From
roughly one week prior to extreme FFDI days, a large-scale wave train
propagates eastwards along the storm track from the southern Atlantic
to Australian longitudes. Anomalous cyclonic and anticyclonic nodes



Weather and Climate Extremes 34 (2021) 100397D. Richardson et al.
Fig. 5. Atmospheric diagnostics during the lifecycle of Melbourne (140◦ E, 37.5◦ S; marked with a white cross in the ‘Day 0’ row) extreme FFDI days. The left column shows the
geopotential height at 500 hPa (shading) and mean sea-level pressure (MSLP; contours, labelled at −1 and 1 hPa, and spaced in intervals of 2 hPa). The middle column shows the
temperature (shading) and meridional wind (contours, labelled at −1 and 1 m∕s, and spaced in intervals of 2 m∕s) at 850 hPa. The third column shows the vertically-integrated
water vapour transport (IVT). The ‘Day 0’ row shows composites on extreme FFDI days. The rows above show composites for six, four and two days prior; the row below shows
composites for two days after.
at the surface and in the mid-troposphere increase in intensity as the
event nears (left column). The propagation of these features along ∼45◦

S implies that extreme FFDI days are set up by storm track dynamics
rather than the subtropical ridge, which is located at lower latitudes
(Pittock, 1973; Larsen and Nicholls, 2009). This assessment is bolstered
by the presence of strong pressure anomalies throughout the column
of atmosphere (i.e. at the surface and at 500 hPa). The deep structure
implies the high pressure anomaly in the Tasman Sea on the day of the
event is an anticyclone rather than a weaker ridge, which is typically
associated with the surface only (Pittock, 1973; Larsen and Nicholls,
2009).

Corresponding with the atmospheric circulation dipole over south-
east Australia, anomalous 850 hPa meridional winds and temperatures
are evident, increasing in magnitude in the lead-up to the event (middle
column). Changes to climatological atmospheric water vapour are also
clear. In particular, two days prior to the event there is a clear reduction
in IVT over southeast Australia (right column).

On the day of the event (‘Day 0’ in Fig. 5), a surface trough
extends into southern Australia, with associated cyclonic anomalies in
the mid-troposphere located slightly upstream (left column). The strong
pressure gradient over Melbourne results in northerly wind anomalies,
which in turn drive anomalously high temperatures (middle column).
The cold front that follows such events is clearly marked by a band of
anomalously high IVT southwest of Melbourne (right column).

Changes in the atmospheric circulation from 1998 are consistent
with the increased annual occurrence of extreme FFDI days. Since then,
the 500 hPa geopotential heights have increased over southern Aus-
tralia and in the mid-latitudinal Pacific Ocean, and decreased southeast
of New Zealand (Fig. 6c), indicating a poleward contraction of the
storm track in this region (Kushner et al., 2001; Yin, 2005; Harvey
et al., 2012; Yang et al., 2020). This is broadly consistent with a trend
towards the positive phase of the Southern Annular Mode (SAM), one of
the drivers of Australian climate variability, identified by observational,
reanalysis and climate change studies (Thompson and Solomon, 2002;
Fyfe, 2003; Swart et al., 2015). In addition, the temperature at 850 hPa
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has increased by up to 0.5 K for much of the southern hemisphere, and
up to 1 K over Australia (Fig. 6d).

The changes associated with extreme FFDI days have similar sig-
natures as those over all days, but with higher magnitude anomalies,
especially south of Australia (Fig. 6e, f). In particular, the blocking
node of the wave train over the Tasman Sea (Fig. 6a) has amplified
on extreme FFDI days from 1998 (Fig. 6e). This intensification is
associated with increased 850 hPa temperatures of up to 1.5 K (Fig. 6f).

We use the Tibaldi–Molteni blocking index calculated at 160◦ E to
assess the extent to which the amplified node of Tasman Sea anticy-
clonic anomalies can be ascribed to changes in blocking frequency.
The frequency of blocked days per year has decreased since the 1980s
(Fig. 7), in agreement with findings from other studies (Wiedenmann
et al., 2002; O’Kane et al., 2013, 2016). Despite this, the proportion
of extreme FFDI days near Melbourne that are considered blocked has
increased, with most years since the mid-1990s featuring a number of
blocked, extreme FFDI days. From 1998, the average annual frequency
of such days is 3.8%, compared to 1.6% for the preceding 22 years.

4. Discussion and conclusions

Attempts to model potential changes in fire weather as a step change
(as presented here) or a linear trend (Clarke et al., 2013; Jolly et al.,
2015; Harris and Lucas, 2019; Canadell et al., 2021) are not expected
to fully encapsulate the dynamics involved. Nevertheless, regardless of
the most suitable model for these changes, the evidence here and from
other studies strongly indicates that, in the past two decades, extreme
fire weather in southeast Australia has become more severe and more
frequent, and occurs over a longer season.

Our analysis shows that extreme fire weather occurrence in south-
east Australia has increased over recent decades. In parts of southeast
Australia, these increases appear to have occurred rapidly, as evidenced
by statistical support for a step change in the number of extreme FFDI
days per year. This step change occurred in 1997 for southwest Victoria
and in the early 2000s for more northern and western regions. There
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Fig. 6. Atmospheric diagnostics on Melbourne (140◦ E, 37.5◦ S; marked with a white cross) extreme FFDI days and changes over time. The left column shows the geopotential
height at 500 hPa (shading) and mean sea-level pressure (MSLP; contours, labelled at −1 and 1 hPa, and spaced in intervals of 1 hPa). The right column shows the temperature
(shading) and meridional wind (contours, labelled at −1 and 1 m∕s, and spaced in intervals of 1 m∕s) at 850 hPa. Panels a and b show composites associated with extreme FFDI
days 1958–2019. Panels c and d show the mean field for all days 1998–2019 minus the mean field for all days 1976–1997. Panels e and f show the composites for the 526
extreme FFDI days from July 1998 minus the composites for the most recent 526 extreme days prior to July 1998 (the earliest such day occurred in 1965). Sample sizes (in days)
are shown in the bottom right of each panel.
Fig. 7. Annual Tibaldi–Molteni blocking index frequency [%] at 160◦ E, calculated
with respect to all days (orange) and to extreme FFDI days in Melbourne (140◦ E,
37.5◦ S; blue). The dashed vertical line at June 1998 marks the step change in annual
counts of extreme FFDI days. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

is evidence from observational data suggesting that fire activity in
southeast Australia increased in the early 2000s (Fairman et al., 2016;
Sharples et al., 2016; Lindenmayer and Taylor, 2020; Abram et al.,
2021; Canadell et al., 2021), corresponding with the sharp rise in the
number of extreme FFDI days found here. That these changes in fire
and in the FFDI are related is supported by relatively strong correlations
between the two variables and by evidence from other studies suggest-
ing the index is an important predictor of fire severity and intensity
(Tolhurst and McCarthy, 2016; Abram et al., 2021; Canadell et al.,
2021).

The changes in extreme FFDI days in the smaller region of southwest
Victoria are concomitant with changes in extreme annual values of
10
2 m temperature and relative humidity. Since 1998, extreme FFDI days
are characterised by higher wind speeds and lower relative humidity.
However, temperature on extreme FFDI days is slightly lower, despite
rising overall.

One can only go so far in attributing changes in observed pyrocu-
mulonimbus to changes in the two fire weather indices used here.
This is due to the short observational record, and to the importance
of other processes involved in pyrocumulonimbus development, such
as the fire behaviour, fuel condition and type of terrain (e.g. McRae
et al., 2015; Tory and Thurston, 2015; Di Virgilio et al., 2019). Never-
theless, we find evidence that one aspect indicating greater potential for
pyrocumulonimbus formation, the atmospheric instability as measured
by extreme values of the C-Haines index, is more prevalent since 1998
compared to the two decades prior across southeast Australia.

We posit that a contributing factor to potential increases in py-
rocumulonimbus events is an increase in extreme FFDI days (insofar
as the short observational record allows). We show that in forested
regions, the number of extreme FFDI days bears a stronger relationship
to pyrocumulonimbus occurrence than the C-Haines does, although
the small sample size means these results may be subject to large
uncertainty and the differences statistically insignificant. Nevertheless,
our findings accord with those of other studies that found evidence of
a relationship between the FFDI and pyrocumulonimbus (Di Virgilio
et al., 2019; Abram et al., 2021). A consequence of the increased
prevalence of extreme FFDI days is an increased number of days in
which the index co-occurs with an extreme C-Haines. This increased co-
occurrence suggests that atmospheric and surface weather conditions
are now more conducive to the formation of pyrocumulonimbus. As
we do not find evidence that the structure of C-Haines has changed, we
may partly explain the observed increase in pyrocumulonimbus without
recourse to any change in the stability properties of the atmosphere, but
just from the increase in extreme fire weather days.

The fire weather atmospheric circulation is associated with a large-
scale wave train across Indian, Australian and Pacific longitudes. The
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wave train contains nodes corresponding to a block in the Tasman Sea
and an approaching trough, which together create a strong pressure
gradient, northerly flow and high temperatures characteristic of ex-
treme fire weather days. This wave train propagates eastwards towards
Australia across the oceanic basins from the south Atlantic over a period
of about a week, and bears a strong resemblance to the dynamics
associated with a small sample of extreme summertime cold fronts
(Reeder et al., 2015).

Consistent with findings from other studies, the circulation changes
from 1998 onwards suggest a poleward contraction of the storm track
(Kushner et al., 2001; Thompson and Solomon, 2002; Fyfe, 2003; Yin,
2005; Harvey et al., 2012; Swart et al., 2015; Yang et al., 2020). Such
changes have been linked to reduced winter precipitation in south-
east Australia (Timbal and Drosdowsky, 2013; Delworth and Zeng,
2014; Pepler, 2020). This may result in priming the landscape for the
following fire season.

On extreme FFDI days, the shift in the storm track is accompanied
by enhanced Tasman Sea anticyclonic anomalies, resulting in an in-
creased pressure gradient and hence stronger northerlies and higher
tropospheric temperatures. Moreover, this enhanced anticyclonic node
may reflect an increase in the frequency of blocking on extreme FFDI
days, despite the decrease in the overall frequency of blocking days.
Increases in 500 hPa geopotential heights and blocking events in this
region are in turn consistent with lower relative humidity and higher
wind speeds near the surface driving extreme FFDI days from 1998.

Warmer temperatures and reduced continental relative humidity
are both signatures of climate change (Byrne and O’Gorman, 2018).
Similarly, the southerly shift of the storm track in Australian longitudes
is consistent with greenhouse forcing (Kushner et al., 2001; Thompson
and Solomon, 2002; Fyfe, 2003; Yin, 2005; Harvey et al., 2012; Swart
et al., 2015; Yang et al., 2020). Understanding the variability of fire
weather will require more work on these, and other, processes, but the
long-term trends will likely reflect ongoing warming and continental
drying induced by greenhouse climate change.
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Appendix A. Pettitt test statistical significance

We use the Pettitt test (Pettitt, 1979) to assess the presence of abrupt
changes in time series of annual counts of extreme fire weather index
days. As with many statistical tests, an assumption of the Pettitt test
is that the data should be serially independent. Applying the test to
autocorrelated data typically results in an over-rejection of the null
hypothesis i.e. the identification of an abrupt change when no such
change is actually present (Busuioc and von Storch, 1996; Serinaldi
and Kilsby, 2016). A straightforward method to try and account for
autocorrelation is to use the block bootstrap (Kunsch, 1989; Lahiri,
2003; Wilks, 1997, 2019), which randomly resamples consecutive data
values in ‘blocks’ of length 𝐿. To determine 𝐿, we assume that the data
follow a first-order autoregressive (AR(1)) process and use the formula
given by Wilks (1997):

𝐿 = (𝑛 − 𝐿 + 1)(2∕3)(1−𝑛
′∕𝑛), (A.1)

where 𝑛′ is the effective sample size given by

𝑛′ ≈ 𝑛
1 − 𝜌1
1 + 𝜌1

, (A.2)

and 𝜌1 is the lag-1 autocorrelation coefficient. For simplicity, we use the
spatial average of 𝜌1 over mainland southeast Australia, as indicated by
the inset of Fig. 1a. This yields block lengths of 𝐿FFDI = 5, 𝐿CH = 2 and
𝐿both = 3 for annual extreme occurrences of the FFDI, C-Haines, and
both indices simultaneously, respectively.

We generated 10,000 block-bootstrapped series of the same length
as the original series (𝑛 = 62) and calculated the quantile 𝑞 at which
𝐾𝑇 (Eq. (4)) calculated from the original data lies in the bootstrapped
sample. The 𝑝 value is then 𝑝 = 1−𝑞. For the evaluation of a single test,
we choose 𝛼0 = 0.05 and determine the result as statistically significant
when 𝑝 < 𝛼0.

For part of our analysis, we apply the Pettitt test to multiple,
spatially correlated, grid boxes simultaneously. As with autocorrela-
tion, this can result in an over-rejection of the null hypothesis if not
properly accounted for. We therefore control the false discovery rate
(FDR; Benjamini and Hochberg, 1995) as recommended by a number of
studies (Paciorek et al., 2002; Ventura et al., 2004; Wilks, 2016; Ivanov
et al., 2018b,a). The FDR approach ranks the 𝑝 values arising from the
𝑁 tests in ascending order, 𝑝(1),… , 𝑝(𝑁). A test is considered significant
if 𝑝 < 𝑝FDR, where

𝑝FDR = max
𝑗=1,…,𝑁

{

𝑝(𝑗) ∶ 𝑝(𝑗) ≤
𝑗
𝑁

𝛼FDR

}

. (A.3)

Following Wilks (2016), we set 𝛼FDR = 2𝛼0 = 0.1, allowing, on
average, for 10% of statistically significant results (‘discoveries’) to be

https://rda.ucar.edu/datasets/ds628.0/
https://rda.ucar.edu/datasets/ds628.0/
https://rda.ucar.edu/datasets/ds628.0/
https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-fire-burned-area
https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-fire-burned-area
https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-fire-burned-area
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Fig. A.1. Resultant 𝑝 values from applying the Pettitt test to annual counts of extreme FFDI days (left column), C-Haines days (middle column) and days for which both indices
are extreme (right column). In the top row, ‘standard’ i.e. non-block bootstrapping is used. In the middle row, a block bootstrap is used with block sizes of 𝐿FFDI = 5, 𝐿CH = 2
and 𝐿both = 3. Open circle stippling indicates significant results defined as when 𝑝 < 𝛼0. Blue stippling indicates significant results defined when 𝑝 < 𝑝FDR. The significance levels
are set as 𝛼0 = 𝛼FDR = 0.1, ensuring that the statistically significant results arising from applying the FDR correction are a subset of those with no FDR correction. The difference
in 𝑝 values arising from applying a block bootstrap versus no block bootstrap are shown in the bottom row. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
erroneous (i.e. the null hypotheses are true). However, from Eq. (A.3)
we see that if 𝛼FDR = 𝛼0, then statistically significant results from using
𝑝 < 𝑝FDR will be a subset of those from using 𝑝 < 𝛼0. To illustrate this,
for the following discussion we set 𝛼0 = 𝛼FDR = 0.1.

In Fig. A.1, we show the effects of applying a block bootstrap and
the FDR approach on resulting statistical significance. When neither are
applied, and 𝑝 < 𝛼0 is used to assign significance, there are a large
number of discoveries for each fire weather index (all stippling in top
row). When applying either FDR (filled stippling in top row) or the
block bootstrap (all stippling in second row), the latter has a greater
effect on reducing the number of discoveries. Finally, controlling the
FDR and using a block bootstrap (filled stippling in second row) further
reduces the number of statistically significant results, particularly for
the C-Haines index. Note that the block bootstrap alters the 𝑝 values,
whereas FDR does not. In general, applying a block bootstrap results
in larger 𝑝 values, particularly for the FFDI in northern and western
Australia (bottom row).

Appendix B. Atmospheric circulation diagnostics

Vertically-integrated water vapour transport (IVT) is calculated us-
ing JRA55 daily data as

IVT =

√

(

1
𝑔 ∫

300hPa

sfc
𝑞𝑢 𝑑𝑝

)2
+
(

1
𝑔 ∫

300hPa

sfc
𝑞𝑣 𝑑𝑝

)2
, (B.1)

where 𝑢 and 𝑣 are the zonal and meridional components of wind speed,
respectively, 𝑞 is specific humidity and 𝑔 is the acceleration due to
gravity (Benedict et al., 2019; Black et al., 2021).
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The Tibaldi–Molteni blocking index (Tibaldi and Molteni, 1990;
Tibaldi et al., 1994) is calculated as follows. We apply a five-day
running mean to 500 hPa geopotential height fields at 160◦ E from
the Japanese 55-year reanalysis product (JRA55; Japan Meteorolog-
ical Agency, 2013). Following Tibaldi et al. (1994), the following
geopotential height gradients are evaluated:

GHGS =
𝑧(𝜙𝑆 ) − 𝑧(𝜙𝑂)

𝜙𝑆 − 𝜙𝑂
(B.2)

GHGN =
𝑧(𝜙𝑂) − 𝑧(𝜙𝑁 )

𝜙𝑂 − 𝜙𝑁
, (B.3)

where 𝜙𝑁 = 35◦S+𝛥, 𝜙𝑂 = 50◦S+𝛥, 𝜙𝑆 = 65◦S+𝛥, and 𝛥 = −5◦, 0◦, 5◦.
A given day at a particular longitude is considered blocked if, for any
𝛥, the following conditions are satisfied:

GHGS < −10 m
(degree of latitude)

(B.4)

GHGN > 0. (B.5)

Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.wace.2021.100397.
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