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ABSTRACT

Background. Climate projections signal longer fire seasons and an increase in the number of
dangerous fire weather days for much of the world including Australia. Aims. Here we argue that
heatwaves, dynamic fire—atmosphere interactions and increased fuel availability caused by
drought will amplify potential fire behaviour well beyond projections based on calculations of
afternoon forest fire danger derived from climate models. Methods. We review meteorological
dynamics contributing to enhanced fire behaviour during heatwaves, drawing on examples of
dynamical processes driving fire behaviour during the Australian Black Summer bushfires of
2019-20. Results. Key dynamical processes identified include: nocturnal low-level jets, deep, unstable
planetary boundary layers and fire—atmosphere coupling. Conclusions. The future scenario we
contend is long windows of multi-day fire events where overnight suppression is less effective
and fire perimeters will expand continuously and aggressively over multiple days and nights.
Implications. Greater overnight fire activity and multi-day events present strategic and tactical
challenges for fire management agencies including having to expand resourcing for overnight work,
manage personnel fatigue and revise training to identify conditions conducive to unusually active
fire behaviour overnight. Effective messaging will be critical to minimise accidental fire ignition
during heatwaves and to alert the community to the changing fire environment

Keywords: Australia, Black Summer, boundary layer, climate projections, fire, heatwave,

meteorology, plume dynamics.

Introduction

Heatwaves are a sequence of days and nights with unusually high maximum and mini-
mum temperatures. Elevated fire potential and extreme fire behaviour are synonymous
with heatwaves due to hot, dry surface conditions and a deep atmospheric boundary
layer (or planetary boundary layer (PBL)) supporting organised plume development.
Historical records show large impactful fires are often associated with heatwaves,
examples include Ash Wednesday 1983 and Black Saturday 2009 (Australia), Pedrogao
Grande 2017 (Portugal), Attica 2018 (Greece), Camp 2018 (USA) and Fort McMurray
2016 (Canada).

In Australia, official heatwave warnings are issued using the Excess Heat Factor
described by Nairn and Fawcett (2014). Typically, heatwaves occur under the influence
of quasi-stationary upper tropospheric ridges which are seen as maximum geopotential
height anomalies at 500 hPa and associated with large amplitude propagating Rossby
waves (described by Reeder et al. 2015). The upper features are reflected at the surface
by slow-moving or near-stationary synoptic high-pressure systems that can persist for
several days, known as blocking highs. Strong lower troposphere subsidence and warm-
ing in the high pressure cells can have spatial extents of a few thousand kilometres,
therefore heatwaves can affect extensive areas and very large populations (Copernicus
Report 2022). Accelerated trends in heat extremes in Western Europe and the links to jet
stream dynamics are described by Rousi et al. (2022), who also point out that accurate
representation of jet stream dynamics in climate projections is critical (although
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uncertain) for capturing future heatwave trends. Similarly,
Patterson et al. (2019) show that simulation of atmospheric
blocking is not captured well in many general circulation
models, and that current and future blocking biases are the
subject of limited research in the Southern Hemisphere.

The Intergovernmental Panel on Climate Change 6th
Assessment Report (IPCC 2023) states the ‘Frequency of
extreme fire weather days has increased, and the fire season
has become longer since 1950 at many locations. The inten-
sity, frequency and duration of fire weather events are pro-
jected to increase throughout Australia. The fire season is
generally projected to lengthen from summer into spring and
autumn, with some regional variability.” These IPCC predic-
tions of an increase in the number of dangerous fire weather
days and longer fire seasons for Australia are mostly made by
calculating the Forest Fire Danger Index (FFDI) of McArthur
(1973) from climate model output (e.g. Dowdy 2018; Clarke
and Evans 2019; Harris and Lucas 2019).

Normal diurnal cycle of fire activity and vapour
pressure deficit (VPD)

Fire weather indices such as FFDI and the Canadian Forest
Fire Weather Index (FWI) System (Stocks et al. 1989) are
usually calculated to assess daytime conditions at the sur-
face. The Hot-Dry-Windy Index (HDW) of Srock et al.
(2018) is calculated from the wind speed and vapour pres-
sure deficit (VPD) within 500 m from the surface and there-
fore captures boundary layer features to some extent.

For climate projections, fire danger indices are calculated
from weather parameters at midday or mid-afternoon when
maximum heating is assumed. This approach captures
increases in maximum temperatures, changes in precipita-
tion, and surface-based drivers of future fire activity, and is
intended to capture the potential maximum afternoon fire
spread rate and burn intensity. However, fire danger indices
calculated from climate projections in this way do not incor-
porate multiple dynamical processes that affect fire activity.
Understandably, most fire weather climate studies for
Australia to date use the FFDI system, which has been
replaced by the Australian Fire Danger Rating System
(AFDRS, Hollis et al. 2024), for which long-term projections
have not yet been undertaken. The HDW index has limited
operational use in Australia and does not feature in
Australian fire—climate projections. The primary focus of
the Canadian system is fire prediction during daytime active
burning periods, with a tendency to overpredict nocturnal
fire activity. Consequently, operational fire weather indices
exhibit biases when applied to climate projections — which
is unsurprising as they were not designed for this purpose.

Dowdy (2020) calculated climate change projections for
fire weather using Global Climate Models. FFDI was used,
with daily maximum temperature at 2:00 pm and mid-
afternoon (UTC+ 06:00) values of relative humidity and

wind speed, with drought factor determined using the
Keetch-Byram Drought Index (Keetch and Byram 1968).
Clarke and Evans (2019) generated an ensemble from four
Global Climate Models, which was downscaled using the
Weather Research and Forecasting model (WRF), and they
similarly calculated FFDI using daily maximum temperature
with wind speed and relative humidity at 3:00 pm. Krikken
et al. (2021) calculated the FWI for Sweden from sub-daily
ERA interim and ERA5 datasets (Dee et al. 2011; Hersbach
et al. 2020) using midday temperature, relative humidity
and surface wind speed. They make the point that because
the climate models show higher temperatures with smaller
changes in relative humidity and wind speed, the response
of the FWI relates mostly to the changes in precipitation and
temperature. Jones et al. (2022) provide a review of current
understanding of the impacts of climate change on fire
weather. Their comprehensive review and approach of
calculating FWI from daily ERA5 surface data underscores
through omission that there is no available method for
calculating the complex three-dimensional atmospheric pro-
cesses in the fire environment. Paradoxically, it is these
processes that contribute to the most impactful fires.

As pointed out by Balch et al. (2022) a focus on daily
(usually afternoon) peak in fire indices highlights factors
that promote fire spread, rather than that slow or halt fire
growth. Night-time usually provides a critical window for
slowing or extinguishing fires owing to lower temperatures
and relative humidity recovery. Fire suppression operations
often take advantage of night-time conditions when fires
activity tends to reduce. Balch et al. (2022) explored global
trends in night-time fire activity to assess how the climato-
logical night-time fire season (from 1979 to 2020) has
changed as a function of increasing overnight temperatures.
Using satellite observations, they showed that globally
night-time fire intensity has increased, and they linked this
to hotter and drier nights with focus on VPD. They state that
‘with continued night-time warming, we expect to further
lose the ‘night brakes’ on fire resulting in a greater number
of escaped wildfires’ and conclude that continued warming
owing to anthropogenic climate change will promote more
intense, longer lasting and larger fires.

Similarly, Chiodi et al. (2021) attribute fires burning
longer into the night and fire intensity escalating earlier in
the morning due to increases in night-time temperatures and
near-surface VPD. The studies of Balch et al. (2022) and
Chiodi et al. (2021) both consider meteorological fields at
the surface, where an increase in overnight VPD would
expect to drive a change in fire activity (e.g. Seager et al.
2015). However, Chiodi et al. (2021) also acknowledge that
the available observations show a stronger signal than that
suggested by climate projections, thereby indicating there
are other mechanisms at play.

Satellite imagery is a data set that can be used objectively
to assess trends in fire activity. Luo et al (2024) and
Freeborn et al. (2022) used GOES-R and MODIS satellites,
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respectively, to explore patterns in overnight fire activity
over North America. Both studies showed concerning trends
in increasing night-time fire activity.

The shift towards increased nocturnal fire activity in
recent years has been also reported in mainstream media.
‘The changing nature of bushfires is leaving emergency ser-
vices with less relief at night’ appeared as an online Australian
Broadcasting Corporation article (24 December 2021)
(https://www.abc.net.au/news/2021-12-24/the-changing-
nature-of-bushfires-offers-less-reprieve-at-night/100718446).
The report pointed to several examples of recent fires in
Western Australia that doubled or tripled in size overnight
during heatwaves in Northcliffe (2015), Yanchep (2019) and
Wooroloo (2021) (see breakout boxes). These fires proved
very challenging for tactical and strategic emergency man-
agement, first responders and local communities due to in a
large part the difficulty of overnight suppression.

Consecutive hot days and nights during heatwaves
extend the period of time favourable for continuous fire
spread into the evening and overnight, leading to larger
fires (Abram et al. 2021; Balch et al. 2022). The frequency
and intensity of heatwaves has increased in recent years,
and climate projections show that this trend is expected to
continue in a warming climate.

In this paper, we contend that the greatest change to fire
regimes and consecutive impacts on communities will arise
as a consequence of dynamical response to novel heatwave
and drought’ regimes, rather than a linear shift in response
to global increase in average surface air temperature. We
focus on Australia, but the inference is global. We aim to
show that key drivers of future fire activity will be (1) fire
plumes interacting with the PBL during heatwave events, (2)
more multi-day fire events during heatwaves due to limited
suppression effectiveness in the overnight period, and (3)
that heightened fire activity will be compounded by
increased fuel availability of live and dead biomass linked
to heatwaves and droughts.

Fire science is highly cross-disciplinary and predicting
fire behaviour incorporates complex contributing fields
including meteorology, combustion dynamics, plant physi-
ology and hydrological process, as well as human behaviour.
The complexity of multiple contributing factors makes it
very difficult to predict future fire regimes with a high
degree of confidence. However, we contend that the
currently published climate outlooks that calculate future
fire weather from daily max FFDI or FWI at the surface are
likely to consistently underestimate future fire potential.
The aim of this paper is to present a narrative that draws
on unpublished insights from Australian fire meteorologists
and fire behaviour analysts working in predictive services,
as well as scientific literature to describe a breadth of factors

that influence fire activity. We also examine processes that
are likely to drive major fire events in a future climate.

Processes exacerbating future fire weather events beyond
responses to increases in near-surface temperature and rela-
tive humidity include:

« Elevated wind maxima (nocturnal low-level jets) driving
overnight fire spread during heatwaves;

« Deep, unstable planetary boundary layers supporting

plume development and organised convection columns

with potential for rotation;

Increased fire-atmosphere coupling due to fires with deep

unstable plumes tapping into elevated winds;

« Heatwaves leading to extended windows of weather con-

ditions conducive to active fire behaviour throughout the

diurnal cycle;

Increased risk of fire-generated thunderstorms;

« Greater availability of live and dead fuel in response to
drought and heatwaves.

The intended audience(s) for this paper are (1) fire manage-
ment and emergency response personnel to inform future
planning, (2) climate scientists to motivate design
approaches that interrogate climate predictions and impli-
cations for future fire regimes in meaningful ways, and (3)
policy makers to inform the development of policies appro-
priate for future fire environments. The scope of this work is
a qualitative description of the influence of heatwaves in
future fire regimes. A more quantitative analysis from
climate projections is a necessary next step to assess future
fire risk, where fire risk is the likelihood of a fire with
potential for impact through damage or fatalities.
We address the topic in four parts by:

« Examining dynamical processes driving fire behaviour
using examples from the Australian Black Summer bush-
fires of 2019-20;

« Reviewing meteorological dynamics contributing to
enhanced fire behaviour during heatwaves and meteoro-
logical inputs to fire weather prediction;

« Describing processes that can affect dead and live fuel avail-
ability and landscape dryness in drought and heatwaves;

« Discussing the implications of heatwaves and fire regimes in
a future climate due to the heightened potential for and
consequences of increased diurnal fire activity. This discus-
sion includes considerations for tactical and strategic plan-
ning for operational fire management paradigms, resourcing
and physical health of firefighters and other incident man-
agement personnel, communities, and impacts on critical
infrastructure, as well as the interplay and cascade of con-
tributing elements.

'Drought definitions vary with region and different time periods. Here, we do not aim to delve into the differences but acknowledge the spectrum of
multi-year and flash drought time scales can affect fuel availability. AghaKouchak et al. (2023) provide a description of drought indicators as well as

the cascading factors contributing to drought impacts.
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Dynamical processes driving fire behaviour using
examples from the Australian Black Summer
bushfires of 2019-20

During the 2019-20 Black Summer fire season, extended and
multiple heatwaves developed across Australia in response to
climate drivers including a relatively weak El Nifio, a strongly
positive Indian Ocean Dipole, a persistent negative Southern
Annular Mode and a sudden stratospheric warming event (e.g.
Abram et al. 2021; Bureau of Meteorology 2020a; Lim et al.
2021). Numerous new records for both maximum and mini-
mum temperatures were established. The hottest Australian
overnight minimum of a stifling 35.9°C was recorded at
Noona in inland New South Wales on 18 January 2020.
Heatwaves combined with antecedent drought produced a
very flammable landscape and favourable meteorological con-
ditions for fire spread that resulted in widespread wildfire
activity that persisted for several months. Southern
Queensland and northern New South Wales saw serious wild-
fires in September 2019, while southern New South Wales,
eastern Victoria and the Australian Capital Territory experi-
enced wildfires well into January 2020. Numerous fires
burned for several weeks, with the most significant fire runs
occurring on a smaller number of days. Extreme nocturnal fire
activity was a feature of many fires, with fire-fighting
resources severely stretched and communities threatened,
and in a number of cases severely impacted by fires.

Under heatwave conditions on 30 and 31 December 2019,
numerous fires across southern NSW and eastern Victoria
made significant runs during the daytime and overnight.
Concurrent fires stretched resources day and night as they
burned in a complex, heavily-forested terrain under the influ-
ence of the same broadscale synoptic weather system. Out of
these fires, the Badja Forest, Corryong and Banana Track fires
had some of the most significant impacts on communities.

Here, we document the impacts of these fires and then
describe the processes contributing to the fire runs, thereby
providing compelling examples of extreme fire behaviour
during a heatwave. This context leads to subsequent sections
which present the expectation for similar future events in a
changing climate as more intense droughts and heatwaves
are experienced.

Badja Forest fire, New South Wales

The Badja Forest fire ignited from a lightning strike in
inaccessible terrain on 27 December 2019. The fire made
an overnight run of 36 km in 6 h on 30-31 December
(Fig. 1) and impacted the towns of Wandella, Cobargo and
Quaama. NSW Rural Fire Service (RFS) Commissioner
Shane Fitzsimmons described ‘extraordinary fire overnight,
exceeding what was predicted in the given conditions’.
The extreme fire behaviour resulted in two fatalities. A
fire generated vortex was documented in Wandella Valley,

and a fire-generated thunderstorm was captured on satellite
imagery. Catastrophic fire danger conditions (operational
FFDI) were recorded by automatic weather stations between
04:00 and 05:00 am. This represented a large discrepancy
between the official forecast and observations: the tempera-
ture was 10°C greater, relative humidity 30% lower and
10 m wind speed 25 km h ™! higher than forecast.

Banana Track fire, Victoria (also called the
Wingan River and Mallacoota fire)

The Banana Track fire was ignited by a lightning strike near
Wingan River, 30 km west of Mallacoota on 29 December
2019. The fire ran overnight on 30-31 December exhibiting
rapid spread, crown fire and extensive spotting, and pro-
duced a nocturnal pyrocumulonimbus (pyroCb, fire gener-
ated thunderstorm) cloud. Much of the fire affected area was
enveloped with dense smoke which challenged suppression
efforts and intelligence gathering (Salkin 2022).

On 30 December the fire ran initially towards the south. A
northwest to southwest wind change moved across the fire-
ground on the morning of 31 December driving the fire east-
northeast towards the coastal town of Mallacoota, which it
impacted early morning on New Years Eve, attracting global
media attention. The only access road to Mallacoota was cut
by fire and 4,000 people, most of whom were celebrating
summer holidays, huddled on the beach at Mallacoota on
New Years Eve. A ‘State of Disaster’ was declared and over
the following days a dramatic and unprecedented evacuation
by the sea was conducted by the Royal Australian Navy.

Corryong fire, Victoria (also called Green Valley
and Upper-Murray Walwa fire)

The Corryong fire ignited as the Green Valley fire in NSW on
29 December, then jumped the Murray River into Victoria
and made a linear run of approximately 40 km overnight on
30-31 December with a forward rate of spread at night of
3.6 km h™'. New spot fire ignitions from long-distance fire-
brands contributed to the overnight fire spread, due to a deep
plume and strong transport winds extending through the
boundary layer. The fire ran a remarkable 78 km between
16:15 pm 30 December and 12:00 pm 31 December
(Salkin 2022).

Media reports and photographs show the towns of
Corryong and Cudgewa being impacted overnight with eva-
cuations conducted in darkness and roads closed. Fire
reports and observations in the early morning noted that
firefighters had not previously observed such extreme fire
behaviour and that the speed of the fire spread outpaced
efforts to contain its spread.

Informal discussions between the authors and experi-
enced fire behaviour analysts (FBANs) identified that the

4



www.publish.csiro.au/wf

International Journal of Wildland Fire 33 (2024) WF23138

Fig. 1.
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Video still taken from NSW RFS and Australian Capital Territory Government aircraft deployment, showing an overnight

fire activity at the Badja Forest at 23:30 pm on 30 December 2019. https://www.news.com.au/national/raw-aerials-show-badja-

forest-road-fire/video/6197496f4b6ef02cdblcc8dféde4d320.

fire behaviour and spread of the Badja Forest, Corryong and
Banana Track fires (as well as other major fires during the
2019-20 fire season) did not always reconcile with the
standard application of fire spread models using surface-
based weather inputs. FBANs remarked that fire spread
was underpredicted for both daytime and night-time fire
runs when predictions were verified against observed fire
perimeters.

The concurrent overnight fire runs at the Badja Forest,
Corryong and Banana Track were driven by meteorological
processes synonymous with a heatwave over south-eastern
Australia, a deep atmospheric boundary layer with hot, dry
temperatures, and a nocturnal low-level jet.

Mills et al. (2022) used the VicClim 5 reanalysis dataset
to examine meteorological drivers of several of the Victorian
Black Summer fires reported on by Salkin (2022). Their
description includes examples of low-level inversions overlain
by an elevated mixed layer that through fire-atmosphere
coupling may influence fire behaviour in a way not repre-
sented by surface meteorology. In describing overnight fire
runs at Marthavale, Abbeyard, and Mount Burrowa, they state
‘It is likely that the heat release from these fires would have
been sufficient to allow the fire to interact with (these) hot,
dry, elevated mixed layers, particularly if the fire was at
several 100-m elevation.’

Fire—atmosphere interaction processes are discussed in
the following section.

Meteorological processes contributing to
enhanced fire behaviour during a heatwave

Boundary layer structure

The PBL is the depth of the atmosphere through which
turbulent mixing distributes the diurnal heating of the
Earth’s surface. Heatwaves are synonymous with an
unstable PBL structure that can reach 4-5 km deep. The
structure of the PBL layer undergoes relatively slow changes
diurnally during a heatwave. In the overnight periods, the
near-surface radiation inversion is typically shallow and
always overlain by a persistent layer of hot, dry air.

Fire plumes can extend from the surface through the PBL
and pioneering fire science papers by Byram (1954), Haines
(1988) and McArthur (1967) all describe the importance of
atmospheric instability on fire behaviour. Byram (1954)
stated that most severe fires (but not all extreme fire beha-
viour) occur on days when the atmosphere is turbulent and
unstable to a height of several thousand feet, with an obvi-
ous and well-developed convection column, which may
extend high into the atmosphere.

McArthur (1967) recognised that atmospheric instability
and atmospheric conditions at a considerable height above a
fire are important factors determining energy conversion
and convection processes which influence its behaviour.
Although atmospheric stability is not included explicitly in
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McArthur’s fire danger meters, presumably due to the diffi-
culty in obtaining meteorological data at the time of devel-
opment, the influence of instability is included implicitly
through a strong dependence on the temperature and rela-
tive humidity inputs in his indices.

Haines (1988) proposed an index based on differentials in
air temperature and dryness as a metric to assess how the
presence of dry, unstable air can cause wildfires to become
large and/or erratic. Although the validity of the original

- ¢ RAustralian Governnent
“» Bureau of Heteorology

index has been questioned (e.g. Potter 2018; Clabo 2022),
the Haines Index and its derivative C-Haines (Mills and
McCaw 2010) remain a research contribution recognising
the critical influence of PBL stability on fire activity and
provide an easily calculated index that can be readily
applied in operational fire weather.

The Nowra aerological diagram (Fig. 2) on the morning
of the fire runs described above shows a PBL typical of a
southern Australian heatwave with a deep dry adiabatic
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Fig. 2. Aerological diagram at Nowra at 06:00 am on 31 December. Sunrise was at 05:46 am, just earlier than balloon launch. Right
side red line show observed temperature. Left side red line show observed dewpoint temperature. Brown diagonal lines are
temperature with height. Brown horizontal axis are constant pressure. Black vertical axis shows height in feet (left side) and km

(right side).
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layer to a depth of 4 km. The very shallow near-surface
radiation inversion shows strong thermal stratification, with
a stable, cooler, moister layer within 200 m of the surface, and
calm surface winds with wind speeds of 65 km h~* at ~600 m
elevation. Nowra is on the south coast of NSW, approximately
150 km from Badja and 300 km from Mallacoota and
Corryong. Nowra is approximately 15 km from the coast,
therefore climatologically the site would experience a mari-
time influence. However, the dominant mechanism in this
case of the offshore wind regime would be a local terrestrial
radiation inversion over low lying land.

Depending on the inversion strength and the potential
energy release from a fire, the PBL structure such as that
observed at Nowra can support active fire spread day and
night. If sufficient energy is released by a fire, the near-
surface inversion will be eroded, or ‘mixed-out’ and the fire
activity will be driven by the hotter, drier air and stronger
winds above the surface. This is more likely to occur in
elevated terrain and in heavy fuels, in comparison to a fire
running in grass fuels (lower energy release) on flat terrain
(greater nocturnal stability). Overnight fire activity primes
conditions for extreme fire behaviour the following day
when active, long perimeters are established in the land-
scape. Sharples (2009) provides a detailed discussion of how
terrain, upper winds and elevated temperature inversions
can have complex and dynamic influences on active fires.
More recent observations and simulations have raised ques-
tions and prompted research activity to explore how these
processes change when an intense fire plume is present.

Low level jets

Low-level jets are channels of fast wind above the surface
that are typically much wider than they are deep. Byram
(1954) described low-level jets as a contributing factor for
blow-up fires. He uses the term ‘blow-up’ to describe a fire
that suddenly and unexpectedly multiplies its rate of energy
output many times. The cases he presents include overnight
blow-ups driven by a low-level jet near to the surface, with a
shallow wind maxima and strong vertical wind shear over
complex, mountainous topography in the western USA.
Nocturnal low-level jets in southern Australia are a
warm-season PBL phenomenon that often develops during
synoptic high-pressure systems and fair weather conditions.
Physical mechanisms underpinning the generation of noctur-
nal low-level jets are described by Blackadar (1957). Low
level jets typically develop at around sunset when conditions
are conducive to strong radiative cooling. Jets develop in
response to diurnal variations in turbulent mixing through
the PBL, with the wind strength reaching peak intensity in
the pre-dawn hours. Overnight, the increase of the wind
speed maximum usually coincides with the top of the noc-
turnal inversion, which develops not far above the surface.
Key precursors to jet formation are the establishment of a
strongly turbulent dry convective boundary layer during the

afternoon in response to surface heating, and a rapid cessation
of the turbulence in the evening when a nocturnal inversion
forms. During the day, there exists a near-balance between the
pressure gradient, Coriolis and frictional forces in a deep PBL,
and vertical turbulent mass exchange and mixing act to
smooth out the maxima and minima of the velocity profile.
As an overnight inversion develops, frictional forces at the
surface are decoupled and the force imbalance causes an
inertial oscillation in the winds, with the adjustment resulting
in a super-geostrophic wind.

Markowski and Richardson (2010) observed that the
strongest amplification of nocturnal low-level winds occurs
following days during which winds in the upper boundary
layer were most retarded by surface friction; these are days
associated with abundant insolation from deep mixing and
deep boundary layers. Simply put, heatwaves are favourable
for strong nocturnal low-level jets.

Thermal forcing mechanisms resulting from terrain slope
can make a substantial contribution to the amplitude of the
diurnal wind oscillation (low-level jet) as shown by Holton
(1967) for nocturnal jets over the Great Plains region of the
USA. While it is uncertain how applicable such effects are
over southeast Australia, similarities in the sloping topogra-
phy from the Australian Alps to the adjacent southeast coast
suggest that enhancement of the low-level jet through ther-
mal forcing is plausible.

Coupled fire-atmosphere simulations of the Corryong
fire (Peace et al. 2021) illustrate key processes intersecting
low-level jets, deep boundary layers and extreme fire activ-
ity in heavy fuels. Simulations made using the coupled
fire-atmosphere ACCESS-Fire (described by Toivanen et al.
2019) show that above the Corryong fire, wind speed in the
jet maximum exceeded 70 km h™' within 1,000 m of the
surface (Fig. 3). A time series of the wind at 10-min intervals
shows short term variability in wind speed consistent with
Blackadar (1957), who suggested fluctuations in the strength
of the wind and the height of the wind maximum have a
period less than 2 h. Along the horizontal profile in Fig. 3, the
elevation of the low-level jet is modified by the contours of
the topography and lighter winds (shaded yellow) are evident
close to the surface; these features would be expected due to
friction and overnight decoupling of the near-surface layer.
Less intuitive is the extent to which the trajectory of the low-
level jet is modified by the fire plume. Coupled simulations
show that the jet maximum is strongly perturbed and located
very close to the surface due to being drawn down to the
surface into the rear of the fire plume adjacent to the active
fire front. Ahead of the fire, the jet is diverted upwards to a
height of ~5,000 m by the fire plume. Simulations run with-
out fire-atmosphere coupling do not show these processes.

The observed fire spread of 77 km in 27 h, 32 km of
which was in the 9-hour window to 01:00 am (Salkin 2022),
was due to the fire-atmosphere coupling drawing the stron-
ger elevated winds to the surface to enhance surface fire
spread. Simulations show that the depth, elevation and
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ACCESS-Fire vertical cross-section of wind through a northwest to southeast transect of the Corryong fire perimeter at

04:10 am on 31 December 2019. Wind speed is shaded according to wind strength (km h™). The meandering jet of stronger winds
between 500 and 2,500 m can be seen clearly above the surface topography. Distance along the horizontal axis is approximately
40 km. Pink and yellow bars over the topography indicate the location of the active fire.

structure of the low-level jet over topography, and the
interactions with plume dynamics were critical drivers of
overnight fire activity.

Coupled simulations capture the dynamic processes
through which fires that generate sufficient energy may
develop a plume or convection column that erodes a near-
surface inversion and taps into warmer, drier and windier
air aloft through mixing and entrainment. Processes
observed in the coupled model are consistent with the con-
ceptual model of Potter (2012). The quantum of fuel con-
sumption and heat release ‘sufficient’ to mix through the
surface inversion is currently unknown, as are the strength
and depth required for an inversion to inhibit mixing. These
processes may be investigated further through modelling
experiments and lead to techniques suitable for operational
application. Understanding the interactions between a fire
plume and low-level wind maxima over elevated terrain in
deep PBLs is an area of interest to practitioners, and a topic
of emerging research in Australia, and it is likely that objec-
tive predictive methods will be developed in future.

Additional processes that favour fire behaviour
during heatwaves

Deep PBLs during heatwaves are favourable for organised
smoke plumes that can be overlain by deep moist convective

cloud. Depending on wind and moisture profiles, plumes can
become rotating convection columns, and fire generated
vortices and deep pyrocumulus or pyroCb cloud may
develop, as documented for the Waroona and Green Valley
fires (Peace et al. 2017; unpublished report).

A deep PBL is favourable for daytime and overnight
spotting processes, including long distance spotting and
turbulence-driven mass spotting. Firebrand transport in
hot, dry conditions presents an increased likelihood of sus-
tained ignition from embers overnight, rather than self-
extinguishing spots that would be expected on a night
when relative humidity increases. Ellis (2015) showed the
critical role of fuel moisture content and relative humidity
on ignition of spot fires.

Fire activity can be suppressed beneath an inversion
overnight, however during a heatwave there is typically
rapid and early transition of the PBL to a daytime structure;
therefore, fire activity will commence earlier in the day and
persist well into the evening and possibly throughout the
night. Fire danger indices often reach ‘Extreme’ to
‘Catastrophic’ thresholds earlier in the day and remain ele-
vated for a longer window of hours during heatwaves.

Heatwaves are also typically associated with dry bound-
ary layers, therefore ‘dry’ lightning will occur rather than
lightning accompanied by significant rainfall (a threshold of
>2 mm is used operationally to categorise ‘dry’ and ‘wet’
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thunderstorms). Dry lightning increases the probability of
strikes resulting in sustained ignitions rather than self-
extinguishing ignitions (Dowdy and Mills 2012). After a
sequence of days of fuel pre-conditioning during a heat-
wave, there is potential for rapid and sustained fire perime-
ter growth from a new ignition.

Operational fire weather

‘Fire weather’ is the term generally used to describe the
meteorological conditions favourable for the ignition and
spread of a wildfire.

Brown et al. (2015, 2016) describe development of a high
spatial and temporal resolution 40-year climatological data
set over Victoria using the WRF model. They emphasised the
need for bias correction using quantile mapping (QM) to
produce an accurate climatology, and implemented a sepa-
rate equation for each month and each hour to compensate
for diurnal and seasonal variation in fire weather. Brown
et al. (2016) describe an improved QM approach to improve
bias correction in the tails of the distribution (at high wind
speed and low relative humidity), to better represent fire
weather extremes. They note the importance of detecting
extreme events as these are often of most interest.
Although their study calculates FFDI, which has since been
superseded operationally by AFDRS, their results show that
raw, uncorrected numerical weather prediction (NWP) data
(in their case from WRF, but the source model is
inconsequential) underpredicts fire potential during extreme
events. Similar bias correction against observations or his-
torical datasets is performed in some, but not all projections
of fire weather regimes applied to climate modelling studies.

The NWP underprediction bias in extreme fire weather
conditions is known (particularly to Australian fire weather
forecasters) but is not well documented. NWP models use
parameterisation schemes to capture boundary layer turbu-
lence at scales finer than the resolution of the modelling
grid. These boundary layer turbulence schemes are not
calibrated to optimise the mixing processes that occur in
the deep PBLs that characterise many extreme fire weather
days in Australia. For example, experiments conducted by
Lock (2001) to improve parameterisation of convective
boundary layers use a PBL of 2 km deep, whereas PBLs
reaching 5 km are typical during Australian heatwaves
(conversations between the authors and UK Met Office col-
leagues suggest a greater mixing depth may result in
improved verification on very hot, dry days).

In Australia, operational fire weather forecasts provided
to fire agencies use weather parameters from NWP in com-
bination with fuel information to calculate a fire weather or
fire behaviour index, either at a point or across a spatial
grid. Because existing turbulence parameterisations are
known to not effectively mix the elevated wind or dry air
to the surface when the PBL is very deep, values of

maximum and minimum temperature, relative humidity
and wind speed are all adjusted prior to input to fire indices.
Predictions provided to fire agencies are modified by (1) a
statistical bias correction process and, (2) manually by fore-
casters based on experience, verification, and comparison
with observations. These adjustment processes do not fea-
ture in the scientific literature but are described in the
Australian Bureau of Meteorology ‘Fire Heatwave and Air
Quality’ Operational Documents (‘FHAQ Common GFE
Edits’ and ‘Standard Operating Procedures’, both of which
are ‘living’ e-documents).

The statistical approach to bias correction for tempera-
ture almost always results in an increase on both hot days
and hot nights. Meteorologists apply a manual post-
processing to wind speed and relative humidity (dewpoint
temperature) to ‘mix down’ winds from 900, 950 or 850 hPa
elevation to increase the surface wind grids. Similarly, sur-
face dewpoint temperature adjustments produce drier con-
ditions than raw model output.

During Black Summer many of the predictions prepared
by FBANs under-estimated potential fire behaviour when
generated from weather inputs using ADFD grids (the
Australian Digital Forecast Database is made available to
fire agencies) and Incident Weather Forecasts (IWFs). Both
ADFD and IWFs include surface wind fields that assume the
formation of a nocturnal temperature inversion and decou-
pling of near-surface winds. However, as highlighted by the
Black Summer examples earlier, this assumption can be
contravened when the scale and intensity of fire in the
landscape affects the surrounding atmosphere. Fire danger
indices derived from climate projections are likely to have a
low bias when compared with the current process for mod-
ifying raw NWP to generate operational fire weather fore-
casts because mixing processes through the PBL (with or
without the presence of a fire plume) are not included in
projections.

Fuel availability and flammability

The flammability and quantity of fuel available to burn in
the landscape is determined by fuel dryness. Meteorological
processes at a continuum of timescales from hours to days to
seasonal conditions (months or longer) alter the availability
of fine, coarse, dead and live fuels (Matthews 2015). Dead
fine fuels (<6 mm in diameter) including leaves, twigs,
sticks and grass accumulated at the surface are generally
considered the available fuel for a bushfire and are the
primary fuel load to support fire spread (Sullivan et al.
2012). Live fuels include living foliage and branches that
do not always burn in a bushfire, but when they do burn,
can contribute to increased flame height and support transi-
tion from surface fire behaviour to crowning.

Heatwaves and drought increase the amount of fuel in the
landscape that is available for consumption because live and
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Case 1: A fire that made an overnight run and thereby presented significant challenges to fire-fighting agencies and risk to
communities. Yanchep fire, Western Australia, 2019

The Yanchep fire spread across the coastal plain north of Perth from 11 to 14 December 2019. Perth city (50 km to the south) recorded a
heatwave three consecutive days above 40°C on 13-15 December.

The Yanchep fire zig-zagged up the coast for 3 days. The fire ran westwards under the influence of easterly winds during the morning and
overnight periods, then spread to the northeast in the afternoons under the influence of a southwesterly sea breeze. Local meteorology
featured hot, dry continental air from the east descending on the 200 m Darling escarpment parallel with the coast. Dry winds advecting
from further inland resulted in limited moisture recovery overnight (see Fig. 4). On the second night of the fire (13 December), the coastal
town of Two Rocks came under ember attack around 04:00 am.

The 4-day duration of the fire was unusual given the relatively accessible landscape and level of resources committed. A large contingent
of Perth firefighting resources were allocated to the blaze, including 180 firefighters on the first night of the fire. Strong winds and limited
moisture recovery resulted in active fire spread overnight, hampering suppression activities.
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Fig. 4. Perth aerological diagram 12/12/2019 at 07:00 am with very hot and dry low levels, limited surface decoupling of
wind, indicative of minimal fuel moisture recovery overnight. Right side red line show observed temperature. Left side
red line show observed dewpoint temperature. Brown diagonal lines are temperature with height. Brown horizontal axis
are constant pressure. Black vertical axis shows height in feet (left side) and km (right side).
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dead fuels become more easily ignited and flammable. Live
plants become dry and physiologically stressed and are
therefore more likely to burn. Dead coarse woody fuels
>6 mm in diameter also become dry and increasingly avail-
able to burn. The processes through which greater consump-
tion of dry woody fuels contributes to deep and persistent
flaming is recognised as an important contributor to energy
release during major fires (Sullivan et al. 2002), but it is
currently poorly understood and presents an opportunity for
further research. The significant increase in quantity of live
and dead available fuel during drought and heatwave results
in increased intensity of a fire, which favours wind conver-
gence around the fire front and therefore development of
deep convection columns.

Heatwaves and drought also increase the connectivity of
fuel available in the landscape as transient (soft) contain-
ment lines such as gullies and watercourses that act as
natural fuel breaks in benign fire seasons become dry and
may carry fire unimpeded. Drought reduces the effective-
ness of these natural fuel breaks as suppression or contain-
ment opportunities and supports landscape fire spread.
Caccamo et al. (2012) describe a satellite mapping tech-
nique to monitor fuel connectivity across the Sydney Basin
as an approach to assess the potential for large fires. The
lack of soft containment during the Black Summer fires
supported fire spread across natural features that would
usually be effective strategic and tactical suppression lines
where the fire would be expected to slow and become less
intense. Wet sclerophyll and riverine forests in Illawarra
(south of Sydney) that would typically act as outright barri-
ers to fire spread were described as supporting intense
running fires during December 2019 (unpublished report).
A return to effective soft containment was observed the
following season (2020-21), following moderate amounts
of rainfall (pers. comm. with NSW RFS colleagues).

Heatwaves and fuel availability

Heatwaves affect the diurnal cycle of temperature and rela-
tive humidity. Fuel moisture content (FMC) responds to the
hot, dry atmosphere, though reduced overnight fuel mois-
ture recovery and cumulative drying can occur over succes-
sive hot days and nights (Jyoteeshkumar reddy et al. 2021).
During heatwave conditions, the fuel moisture of extinction
at which fire propagation ceases is unlikely to be reached
overnight.

Sullivan and Matthews (2013) examined spatial and tem-
poral variation in FMC for the Black Saturday Kilmore East
fire. They used empirical (point based) models, as no direct
measurements of FMC were taken during the fires run. Their
fig. 5 shows modelled FMC over the period 6-8 February;
the overnight FMC prior to the fire remained below 15%
(13-14%) and the afternoon minimum was around 4%. FMC
of 5% and below are associated with erratic and severe fire

behaviour in eucalypt forests, including crowning and mass
spotting (Sullivan et al. 2012). They investigated the impact
of the heatwave on FMC by making comparative calcula-
tions for a heatwave and for more typical moderate weather.
The difference between the two sets of conditions is dra-
matic (their fig. 9); without a heatwave the overnight FMC
is 20-25% and daytime FMC is 10-15%, but with a heat-
wave, overnight FMC is ~10% and daytime FMC around
5%. The experiments of Sullivan and Matthews (2013) were
limited and there is an opportunity for further field mea-
surements of diurnal variation in FMC to validate models in
the overnight hours.

Their discussion highlights other relevant processes
including the heatwave increasing the total amount of fuel
available for flaming combustion due to the long-term
impact on the moisture content of live fuels (shrubs and
other understorey vegetation) as well as coarser dead fuels
(logs and branches). To date, climate projections have not
considered live fuel moisture content and live to dead fuel
ratios, and their contribution as drivers of future fire
regimes remains uncertain.

Groom et al. (2004) examined heat damage in mallee-
heathland following a heatwave over southern Western
Australia in 1991. They monitored death of native shrub
and tree species resulting from a combination of severe
drought stress and temperatures over 45°C. Plants that had
died recently were assumed to have been killed as a result of
the heatwave. Their observations capture some of challenges
in attributing plant damage and mortality to environmental
factors; not all species demonstrate the same degree of leaf
damage when subjected to a given period of heat stress;
thicker leaves are more heat tolerant than thinner leaves;
wind exposure and degree of shading were the most impor-
tant variables influencing degree of leaf damage; identifying
the effects of extreme heat in the field is difficult since a
combination of factors may contribute to the observed
injury; and damaged and undamaged species may be a result
of pre-conditioning, with species in more exposed habitats
being pre-adapted to tolerate periods of sustained heat stress.

Gazol and Camarero (2022) identified hotspots of forest
mortality in Europe and demonstrated the association
between simultaneous occurrence of extreme droughts and
heatwaves, with rare compound climate events of hot sum-
mers and dry years triggering tree mortality in Europe over
the past three decades. Similar to Groom et al. (2004), they
note that it is difficult to investigate the contributing driv-
ers, as tree mortality can occur with a lagged response to
drought occurrence. Gazol and Camarero (2022) conclude
that since summer temperatures and the frequency of
droughts are rising, more forests will become vulnerable
to compound climate extremes and tree mortality will
become a more important driver of forest dynamics.
Vegetation responses to heatwave and drought will also be
mediated strongly by local site factors linked to soil depth,
texture and water-holding capacity (McGrath et al. 2023).
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Case 2: A fire that made an overnight run and thereby presented significant challenges to fire-fighting agencies and risk to

communities. Wooroloo Fire, Western Australia, 2021

The Wooroloo fire burned along the elevated scarp northeast of Perth on 1-5 February 2021 burning 11,000 ha and destroying 86 properties.
The final fire perimeter of 122 km was elongated and narrow, consistent with persistent easterly winds over the several days and nights, and
no afternoon sea breeze influence. The highest values of FFDI during the event were recorded on the first day of the fire. Fig. 5 shows two
FFDI peaks at Pearce on 1 February, one mid-afternoon and a secondary peak late in the evening. This is an example of the diurnal variability
that can occur in FFDI. An extended period of hot, dry and windy conditions resulted in 12 h of FFDI 40 and favourable conditions for spot
fires. This supported rapid growth of an initial large fire perimeter which then took several days to contain.

Observed Forest Fire Danger Index on 1-2 Feb 2021

~ Pearce RAAF

70

Forest Fire Danger Index (FFDI)

Fig. 5.
on 1-2 February 2021.

Drought and heatwaves are interrelated processes that
increase fuel available for combustion in the landscape.
Climatic processes that drive drought also produce
conditions favourable for heatwaves. As heatwaves and
drought typically occur either simultaneously or sequen-
tially, the respective impacts on fuel availability and fire
activity are difficult to resolve, particularly as field obser-
vations are difficult to make and costly to collect. In
their study of droughts and heatwaves in the Western
Mediterranean, Guion et al. (2022) found that heatwaves
that occur at the same time as droughts are significantly
more intense. The cascading effects of compound heat-
wave and drought are described by Libonati et al. (2022)
for the extreme 2020 fire season in the Pantanal, Brazil.
They point out that the soil moisture deficits change
sensible heat flux between the surface and the atmo-
sphere, resulting in re-amplification of the near-surface
temperatures.
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The flammability of drought and heatwave-affected vege-
tation is a large uncertainty in fuel availability and therefore
fire regimes under climate change. Motivated by the need to
increase understanding of climate-fire-vegetation interac-
tions, Nolan et al. (2020) provide a detailed discussion on
the response of plant physiology and forest flammability to
drought, concluding that physiological drought stress and
subsequent tree mortality may increase the probability of
wildfires through multiple mechanisms including leaf cavi-
tation and shedding, and alterations to forest structure, ratio
of dead to live fuels in the canopy and the amount of litter on
the forest floor. They point out that drought-induced tree
mortality is associated with a more open canopy, which
affects the microclimate of the forest floor, increasing tem-
perature and VPD and hence the rate of drying of the under-
storey and litter fuels. Also, when dead fuels are shed from
the canopy, the litter added to the surface bed will initially
be uncompacted and well aerated, favouring ease of ignition
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and rapid combustion. Field observations from eucalypt for-
ests affected by drought and heatwave are consistent with
these predictions (Ruthrof et al. 2016).

Although it is well understood that dry fuel conditions
create flammable landscapes, predictions from fire spread
models used operationally in Australia (Cruz et al. 2015) are
less certain under very dry conditions. In part, this is a
consequence of the range of conditions experimental burns
were conducted in and the difficulty in taking measurements
under more severe burning conditions. The challenges are
exacerbated by the actuality that events such as Black
Summer redefine historical benchmarks of soil and fuel
dryness. In order to anticipate fire behaviour under extre-
mely dry conditions, options may include development of a
more open-ended drought factor to account for greater con-
sumption of woody fuel (and its contribution to flame zone
depth), and consumption of canopy fuels.

Drought impacts are dissimilar across different vegeta-
tion regimes; seasonal grass fuel loads tend to be low and
often discontinuous due to lack of rainfall. The fire beha-
viour response in grass fuels can be complex, with fast-
moving fire still possible under extreme weather conditions
despite low fuel loads.

Research on vegetation changes in Australia under future
climates has been limited, a deficit that is understandable
due to challenges and complexities linked to climate varia-
bility and continental scale (Rifai et al. 2022). Vegetation
and land cover as well as representation of fire processes are
therefore a source of significant uncertainty in climate sim-
ulations (e.g. Rabin et al. 2017 in their description of the
Fire Model Intercomparison Project (FireMIP)) and assump-
tions of current land use persisting are open to question.
Li et al. (2022) state that land surface models are often
unable to predict the response of vegetation to environmen-
tal conditions with sufficient accuracy, especially under
stressful conditions such as drought.

Heatwaves in a future climate

Over the coming decades, Australia is projected to experience
continued warming, with more extremely hot days and fewer
extremely cool days. Temperature thresholds for a heatwave
vary with local climatology, but typical Australian conditions
are for a period of three or more days with maximum temper-
atures in the low to mid 40°Cs and very low relative humidity,
with dewpoint temperature in low single digits or negative
values.

There is no universal definition of atmospheric heat-
waves (Perkins-Kirkpatrick et al. 2016) with Perkins and
Alexander (2013) describing heatwaves as ambiguous and
inconsistent. Most definitions consider both daytime and
night-time temperatures and some, but not all incorporate
dewpoint temperature (relative humidity). Most focus on
summer conditions, while others consider anomalous heat

during winter. Irrespective of calculation method, ominous
and accelerating trends are clear in climate projections for
heatwave duration, frequency, spatial extent and intensity
in Australia and globally (Domeisen et al. 2023; Perkins-
Kirkpatrick et al. 2016 and references therein). Philip et al.
(2022) show that the June 2021 heatwave in the Pacific
northwest areas of the USA and Canada shattered tempera-
ture records over a very large area and caused over 1,000
heat-related excess deaths. This event was regarded as
virtually impossible without human-induced climate change.

Cowan et al. (2014) examined projected changes in
Australian heatwaves using CMIP5 for future trends in sum-
mer heatwaves and winter warm spells using the heatwave
calculation from Pezza et al. (2012). They identified an
increase in summer heatwave frequency (number of heatwave
days in a summer), increased heatwave duration (number of
days and nights the heatwave lasts) and increased heatwave
amplitude (the anomaly of the hottest day of the hottest
summer heatwave will increase). In summary, the hottest
heatwave events will become increasingly hotter by the end
of the century, even when referenced to a warming climate.

The analysis of Cowan et al. (2014) indicates that more
frequent, hotter, and longer summer heatwaves will occur
by the end of the 21st century. For RCP4.5 the heatwave
duration will increase by ~2 days and the heatwave
frequency will increase by 5-10 days per summer across
southern Australia (from a historical 1-2 days per summer).
Under the more extreme RCP8.5 scenario, the frequency
increases by 10-20 days per summer. They conclude that
summer heatwaves and winter warm spells will increase in
frequency, duration and amplitude across Australia. This is
consistent with Deng et al. (2022), who use the more recent
CMIP6 models and summarise their detailed analysis as a
‘warm gets warmed’ pattern over Australia. The warming
trend has implications for increased availability of dead
fuels and increased flammability of live vegetation, factors
that are extremely difficult to test through experimental
methods, particularly at a landscape scale.

Drought in a future climate

Delage and Power (2020) use CMIP5 climate models to
examine the frequency of droughts. Their analysis shows
that the frequency of droughts, including droughts in con-
secutive winter-spring seasons, is projected to increase in
the 21st century under RCP8.5 scenarios. Their analysis
focusses on the months of June to November, as the
winter-spring precipitation period is important for agricul-
tural production and reservoir management.

In most Australian locations, generally drier conditions
are projected to be infrequently punctuated by seasons that
are just as wet or wetter than the wettest years experienced
during the 20th century. Time in drought in southern
Australia is projected to increase, with a decline in mean
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rainfall, and the nature of droughts is projected to change
with a greater frequency of extreme droughts.

During the 20th century, 3-year droughts occurred very
infrequently and 5- and 6-year droughts did not occur at all.
Projections for the 21st century indicate an increased
frequency of 1-4 year droughts and the emergence of
5- and 6- year droughts. The greatest increase in drought
frequency is for parts of southwestern Australia and central
southern South Australia (fig. 4 of Delage and Power 2020).

Falster et al. (2024) explicitly recognise that the observa-
tional drought record is short relative to timescales of hydro-
climatic variability. Their 1,000-year simulations showed that
the longest Australian droughts in the pre-industrial period are
much longer than the longest droughts of the 20th century and
that droughts in the period 1900-2000 are within the bounds
of pre-industrial natural variability in terms of intensity, sever-
ity, and frequency. They conclude that future anthropogenic
forcings will lead to significantly longer and more intense
droughts than experienced during the 20th century.

The Pacific and Indian Ocean climate variability modes
of El Nifio and La Niiia, the Indian Ocean Dipole and to a
lesser extent the Southern Annular Mode are key drivers of
rainfall over southern Australia. King et al. (2020) state that
there is uncertainty in climate projections resulting from
model deficiencies predicting how the Indian Ocean
Dipole and El Nino Southern Oscillation (ENSO) will change
in the future; these uncertainties flow through to uncertain-
ties in future drought conditions.

There is an ominous consistency from almost all global
and regional climate models, that southwestern Australia will
tend to be drier in future. Rainfall reconstructions based on
tree ring records indicate that over the past 350-700 years
there have been multi-decadal periods of quite dry conditions,
and some shorter periods of very dry conditions including in
the 1880s and 1890s. Rainfall decline is generally identified
from the mid-1970s onwards, with an intensification after
2000 (Zheng et al. 2021). In the context of human-induced
climate change, this is likely to mean increased rainfall varia-
bility, and the likelihood that future dry phases may be
amplified in comparison to past events. Amplification of dry
periods could trigger vegetation-dependent changes in fuel
availability which are not included in current projections.

PyroCb in a future climate

Peterson et al. (2021) documented the outbreak of pyroCb
(Fromm et al. 2006) that developed on 30 and 31 December
2019 and dubbed it the ‘Australian New Year Super
Outbreak’. This outbreak represents the largest number of
pyroCbs (38) recorded during a fire event (spatially and
temporally defined) and included anomalous intense noc-
turnal pyroCb activity. They characterise the Australian
New Year outbreak and the June 2021 event in south-west
British Columbia as representing a new class of stratospheric

smoke plumes with the potential for significant climate
feedback on seasonal and hemispheric scales.

Peterson et al. (2021) state for the future to ‘expect a
higher frequency and larger magnitude of pyroCb out-
breaks’. They highlight uncertainties in the climate system
and that research is required to continue to explore the role
of pyroCb activity to consolidate the links between the
mechanisms driving extreme pyroCb outbreaks and their
potential interactions with a warming climate. Fromm
et al. (2022) provide a global overview and identify impor-
tant directions for further research, but caution against
attributing a trend of increased pyroCb activity without
robust evidence.

Dowdy et al. (2019) used C-Haines to find an increased
risk of dangerous atmospheric conditions associated with
extreme fire weather and pyroconvection for many regions
of southern Australia in future climate regimes. Di Virgilio
et al. (2019) compared the spring and summer periods
2060-79 with 1990-2009 using regional climate models
and observations respectively and showed an increase in
the number of days with conditions conducive to pyroCb
development. Following the studies of Peterson et al
(2021), Di Virgilio et al. (2019) and Dowdy et al. (2019)
and noting the uncertainties, pyroCb are more likely with
large fires with long perimeters (due to high heat release)
and large fires are more likely with heatwaves due to
favourable conditions for nocturnal fire activity. Thus,
future climates tend towards conditions favourable for
greater pyroCb activity during the day, as well as at night.

Managing impacts — fire suppression resources
and community messaging

The Black Summer fires posed major challenges for response
agencies, governments and affected communities, and these
have been documented and analysed at length by post-fire
inquiries (Inspector-General for Emergency Management
2020; NSW Bushfire Inquiry 2020). In the following section
we briefly examine implications of increased heatwave
effects and nocturnal fire activity of operational firefighting
and community messaging. Our insights mainly flow from
conversations with practitioner colleagues rather than from
formal scientific literature.

Nocturnal fire activity presents a hazard to communities
as vulnerability increases from day to night. Exposure
increases at night as people are more likely to be present
in places and settings where they may be adversely affected;
during the day people are more likely to be in towns, and
children at school. Capacity to respond is diminished at
night and warning messages may be less effective if people
are asleep and evacuation support is impeded. Community
evacuations at night present additional risks through limited
visibility and fatigue, as well as the difficulty of managing
and relocating animals in the dark, particularly large
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animals such as horses and cattle. Nocturnal fire activity
also has environmental implications for fauna as animals
may be unable to escape as fire perimeters expand day and
night.

Operational firefighting presents challenges overnight;
fire agencies often roster their more experienced incident man-
agement teams during the day, when fire activity is expected to
be worse, and less experienced teams overnight in anticipation
of them dealing with reduced fire activity. The future conun-
drum is that less experienced teams may be dealing with
extreme fire behaviour in the dark when risks are higher due
to reduced visibility and communications. In addition, opera-
tional staffing is usually reduced overnight, with lessened
capacity to provide immediate logistical and tactical support.
Aircraft are often unable to operate overnight, especially when
winds are strong, restricting the opportunity for airborne map-
ping to enhance intelligence for aerial fire suppression.

Heatwave impacts on human health will be experienced
by firefighters as well as community members. For firefigh-
ters, the consequences of fires during heatwaves will be
longer days requiring active suppression activities and
reduced rest. Physical and physiological response to heat-
waves include heat stress and fatigue with impeded physical
recovery and impeded sleep from deployments in temporary
accommodation with no air-conditioning. These effects may
be amplified by the trend towards an aging population of
volunteers.

Greater firefighting resources will be required for future
fires that burn day and night for consecutive days during
heatwaves. Emergency resources will be stretched by
episodes of extreme fire behaviour during the day and
prolonged multiday campaign events. These future conditions
will require changes in planning and preparedness as resource
requirements needed to respond to multi-day events and over-
night fire activity differ to those for single day events. Other
potential considerations during periods of extreme heat may
be reduced reliability of radio and other telecommunications
and damage to vehicles, generators and other infrastructure
through overheating. Heatwaves also impact agricultural
activities, can damage roads and rail networks, and increase
demand on utilities, particularly electricity.

A surge in research on compound extreme events globally
is reported on by Afroz et al. (2023). For Australia, the
cascade of risks presented by extreme heatwaves and fires
present potential for compounding emergencies. The synop-
tic weather patterns that are favourable for heatwaves over
southern Australia, with a near stationary high-pressure
system positioned over the Tasman Sea are also favourable
for the development of tropical cyclones over northern
Australia. Simultaneous or concurrent fires, heatwaves and
tropical cyclones will further stretch the resources of emer-
gency response agencies. The experience of responders dur-
ing the Black Summer was that the scaling of the resource
response was highly non-linear. This is likely to be the case
during future events, particularly if more areas (nationally

and internationally) are affected sequentially or concur-
rently, reducing opportunities for resource sharing across
jurisdictions.

Concluding comments

This paper has described some of the processes that will
drive increased fire activity under likely future climate sce-
narios. We provide examples, including fires during the
Black Summer, to illustrate why projections in the IPCC
reports are likely to underestimate fire extent and intensity
in the future. Jones et al. (2022) conclude that climate
change is exerting globally a pervasive upwards pressure
on fire activity through its impacts on fire weather, and this
upwards pressure will escalate with each increment of
global warming. We have demonstrated that climate projec-
tions of future fire regimes calculated using daily maxima of
surface-based fire indices are likely to underpredict the
extent and impact of future fires, because the approach
does not capture fire behaviour response to dynamic factors
including: diurnal atmospheric processes during heatwaves,
fuel availability and vegetation response to drought and
heatwaves, and enhanced fire behaviour driven by interac-
tions between the fire, the PBL and terrain.

A focus of this paper has been the impact of PBL wind on
fire spread. Wind maxima associated with low-level jets and
other mesoscale or synoptic mechanisms in the PBL includ-
ing prefrontal jets and baroclinic instability producing ther-
mally driven winds can reach 50-100 km h™! or more.
Elevated winds interacting with a fire plume may drive
forward spread rates of 5-15 km h ™! sustained over several
hours depending on fuel type. Most response agencies and
communities are unprepared for events of this nature.

The response of vegetation to climate change is a topic of
considerable uncertainty. However, the assumption made in
climate projections, that current conditions will persist, is
likely to underestimate fuel availability in the future. More
frequent heatwaves will result in extended periods favour-
able for active fire spread and therefore larger fires. This will
be compounded by high dead and live fuel availability over
contiguous areas due to intensity and duration of drought
and heatwaves. More intense fires will result from
fire-atmosphere interactions in deeper boundary layers
and heavy fuel loads.

As the climate changes, fire-prone landscapes will expand
from historical ranges. This has already been experienced
during the Queensland fires in 2018 and 2019, and the
Amazon fires in 2019 when rainforests burned following
extended drought. In addition to the ecological consequences
to non-fire adapted species, expansion of fire ranges means
that fires will impact communities with no lived experience
of fire and limited resources for mitigating impacts. In the
NSW, 2,488 homes burned during the Black Summer, with
14,519 homes saved owing to firefighting protective
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measures (Black Summer bushfires, NSW, 2019-20 (aidr.org.
au)). Fires expanding into communities with no prior fire
experience, without the firefighting resources, training and
coordination of established fire brigades, and without com-
munity and household preparedness, are more likely to
result in catastrophic consequences and extensive house loss.

There is benefit in preparing communities and fire prac-
titioners for a changing future. Communities will continue
to undergo demographic shifts and are expected to become
more vulnerable to hazards. Communities are also expected
to experience warning fatigue from multiple hazards.
Therefore, contextual and tailored ongoing engagement
and education on hazards and risk will assist preparedness
and response.

Fire agencies and practitioners will require training on
learnings from recent events and scientific investigations, as
lived experience may not be an adequate benchmark for
future fire behaviour. Training may include emphasis on
the hours favourable for spread, in operations and briefings,
as well as identifying situations where extreme fire beha-
viour may be driven by fire-atmosphere interactions.

We need research with outcomes that focus on accurate
real-time fire predictions, and leverage verification options
and contextual warnings. These may include quantitative
methods for overnight fire spread, metrics for assessing
wind mixing and plume entrainment, methodologies for
predicting fire response over complex terrain, and inclusion
of fire dynamics processes in climate projections in addition
to attempts to quantify changes and uncertainties of vegeta-
tion and fuel structure under future drought and heatwave
regimes.

Sharing information, experience and learnings across the
global fire community will assist in facing future challenges.
The experience from the Black Summer is that current pro-
cedures and capabilities do not effectively scale to natural
hazards that are amplified by climate change.
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