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Australia’s record-breaking 2019/20 Black Summer fire weather resulted from a combination of natural
and anthropogenic climate factors, but the full range of natural variability in fire weather is unknown.
We reconstruct southeast Australian fire weather over the Common Era based on an East Antarctic ice
core sea-salt aerosol record. This record reflects the Southern Ocean synoptic-scale weather patterns
and Antarctic stratospheric polar vortex strength that pre-condition elevated fire danger over
southeast Australia. We show that the (a) intensity of the 2019/20 fire weather was unprecedented
since 1950 and (b) frequency of above average fire weather seasons from 2010-2020 has only
occurred once since 1950 (over 1977-1987), but there are analogues for similar extreme fire danger
caused by natural variability in the 2000-year reconstruction. This highlights the need for fire risk
mitigation that considers the full range of plausible natural variability in Australia’s fire weather as well

as anthropogenic forcing.

Wildfire activity in many parts of the world is escalating as climatic con-
ditions become more conducive to frequent and extreme fire weather'”. Fire
weather, which is characterised by high temperatures, low humidity, and
strong winds, plays a key role in determining wildfire activity and severity.
Fire weather is independent of other factors that influence fire activity
including vegetation type, topography and fire management policies™*.
Since ~2000, the frequency and severity of fire weather globally has
increased due to increasing temperatures and decreasing relative humidity’
and is projected to escalate with each additional increment of anthropogenic
warming’. The increased frequency and severity of fire weather has con-
tributed to many recent wildfire disasters, such as in Chile and Portugal in
2017%°, Greece in 2018, California in 2018 and 2020", Australia in
2019-20"", and widespread fires across North America and Europe in
2023",

The 2019/20 Black Summer (September 2019-February 2020) fire
disaster in southeast Australia was unprecedented in historical
experience”*'°. The 2019/20 fires were unmatched in observational records
in their radiative power, the area they burned, and the number of fires that
developed into extreme pyro-convective events'’. These fires resulted in 33

direct fatalities, over 80% of the Australian population exposed to dangerous
air pollution, and 417 excess deaths (i.e. higher than expected deaths)"”. The
extreme fire activity over the Black Summer was driven by a combination of
multiple factors, including the compounding influences of severe multi-year
drought'®, alignment of fire-promoting phases of multiple modes of climate
variability, and long-term increases in temperature and vapour pressure
deficit from anthropogenic greenhouse gas emissions'*"” ™",

Disentangling the relative influence of natural variability from
anthropogenic climate change on southeast Australian fire weather remains
challenging due to the large and complex interannual climate variability”***
in this region, combined with short (post-1950) observational records of fire
weather'*”. Elevated fire weather across southeast Australia is strongly
preconditioned by reduced seasonal rainfall and increased temperature, and
the year-to-year variability of these is modulated by the strength of the
Antarctic stratospheric polar vortex and large-scale modes of climate
variability'". Austral springtime Antarctic stratospheric polar vortex weak-
ening events, a negative Southern Annular Mode (SAM), the warm phase of
El Nifo Southern Oscillation (ENSO; El Nifio), and positive Indian Ocean
Dipole (IOD) conditions are all associated with elevated fire weather hazard
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over southeast Australia (Supplementary Fig. 1)'*'**>*****_ These large-
scale climate states favour synoptic-weather conditions associated with
increased daytime maximum temperatures, drier conditions, strong winds,
and wind direction changes (e.g. summer cold fronts)'“*****". Strong sum-
mer cold fronts have contributed to many devastating fire events in Aus-
tralia, including the 1983 Ash Wednesday’**, 2003 Canberra fires™, 2009
Black Saturday fires"™*** and the 2019/20 Black Summer fires’. Accurate
representation of these synoptic-scale dynamics and extremes in climate
models remains challenging'*”’. In addition to interannual variability in fire
weather, there has also been a shift towards more extreme fire weather over
southeast Australia since the late 1990s*'%**, which has been associated with
record vapour pressure deficit” and attributed primarily to increasing
temperatures"”’. However, the emergence of severe fire weather beyond the
observed range of variability in the region most heavily impacted by the
2019/20 fires (coastal and alpine region of southeast Australia; Supple-
mentary Fig. 1) is less clear and sensitive to methods and time periods used.
An attribution study” found that temperature increases had resulted in at
least a 30% increase since 1979 in severe fire weather over the region
impacted by the 2019/20 fires, while other studies have reported no sig-
nificant trend in this region®***”.

Past periods of enhanced fire activity, drought, and elevated tem-
peratures provide valuable context to distinguish the relative influence of
natural variability and anthropogenic forcing on recent fire weather
extremes. However, the temporal and spatial spread of suitable palaeocli-
mate archives for reconstructing fire weather is limited across Australia. The
majority of Australian rainfall and temperature proxy records with annual
temporal resolution extend back only ~500 years™'. Lower temporal
resolution records, including speleothems and lake sediments, suggest the
recent centuries (~1400-1900CE) were wetter and cooler, and therefore had
reduced fire hazard, compared to earlier centuries in the Common Era (pre-

1250CE)**. Reconstructing past fire weather (i.e. hazard) from fire activity
is also difficult due to the combined influence of climate, vegetation, and
human activity on fire occurrence. Most palaeo-fire archives in Australia are
direct proxies of fire activity, such as sedimentary charcoal and tree scars,
rather than of fire weather. This is an important distinction as certain time
periods could have elevated fire weather even if no major fire activity
occurred, due to either no ignition source or fuel being recently burnt. The
severity and frequency of past fire activity was also influenced by vegetation
type, fuel loads and land management decisions, including the ignition or
suppression of fire. The disruption of Indigenous cultural burning practices
in Australia following colonial settlement has been argued to have increased
shrub cover and may have exacerbated the intensity of the Black Summer
fires beyond expectations from climate variability and change alone®.

A reconstruction of fire weather for southeast Australia would com-
plement existing temperature, rainfall, and charcoal records and provide
important context for recent observed increases in fire weather frequency
and severity. Here we use an annually resolved ice core record from Law
Dome (East Antarctica) to reconstruct the past fire weather hazard in
southeast Australia over the Common Era (1-2016CE) (Fig. 1a). Law Dome
is a small coastal ice cap in Wilkes Land, East Antarctica. The region is
dominated by frequent incursions of extratropical cyclones from the
Southern Ocean**”’. This results in a high annual snowfall accumulation
rate (~1.5m/year) that preserves seasonal to annual resolution climate
signals with minimal annual dating error over the Common Era**™’. Sea-salt
aerosols preserved in the Law Dome ice core record over austral summer
reflect an oceanic wind proxy of atmospheric circulation changes over the
Indo-Pacific sector of the Southern Ocean*****, Sea-salt aerosol production
from the ocean surface increases exponentially once the surface wind speed
exceeds 3 ms™" *°, with the majority (98%) of sea-salt aerosol particles falling
back into the ocean close to the source™. Of the remaining ~2% of particles
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Fig. 1 | Seasonal relationship between Law Dome summer sea-salt (LDsss) and
Australian fire weather over November to February (NDJF). a Map of the study
region showing the location of Law Dome (blue triangle) and focus region of
southeast Australia (red eclipse). b Odd ratio of the probability of occurrence of high
fire weather hazard days (Forest Fire Danger Index > 90th percentile (1951-2016)) in
late spring-summer during 22 low-sea salt aerosol concentration seasons (LDsss
lower tercile <33% between 1951-2016) vs 45 non-low-sea salt aerosol concentra-
tion seasons in the ice core. ¢ Pearson correlation between LDsss and Australian
seasonal average (NDJF) Forest Fire Danger Index (FFDI) between 1950/51 — 2015/

16. Dots indicate significance accounting for temporal and spatial autocorrelation
(i.e. false discovery rate). The Black area outline indicates the region used for area
average calculation in d, and is based on the confluence of the region affected by the
Black Summer fires and the region where LDsss has a strong connection to Aus-
tralian FFDI. d Timeseries comparison between area-averaged FFDI over southeast
Australia (area marked on b/c) and inverted LDsss concentration (uEq L"). The
correlation and regression score between LDsss and area average FFDI over two time
periods are shown; 1951-2016 and 1960-1990.
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that are exported away from the original source location, only ~4% of the
particles are comprised of submicron particles (<1 pm) that are small
enough to undergo long-range transport and act as cloud condensation
nuclei”’. Variability in the production and transport of these submicron
particles to the Law Dome region is related to regional atmospheric circu-
lation, with elevated sea-salt aerosol concentrations at the ice core site
associated with the incursion of cyclonic systems'*”. Specifically during
austral summer, increased sea-salt aerosol deposition at Law Dome is
associated with a regional, and notably asymmetric contraction of the mid-
latitude westerlies which reflects a component of positive SAM conditions in
the southern Indian Ocean'”*. Decreased sea-salt aerosol deposition at Law
Dome is associated with an equatorward shift in the mid-latitude westerlies,
consistent with negative SAM conditions™.

To establish the suitability of sea-salt aerosol deposition at Law Dome
in representing fire weather in southeast Australia we first examine the
relationship of Law Dome ice core sea-salt concentration™ to observational
records of the Australian Forest Fire Danger Index (FFDI)”’". We then use an
existing daily synoptic typing dataset of the southern Indian Ocean” to
demonstrate a synoptic-scale weather connection that imprints on sea-salt
aerosol deposition in snowfall at Law Dome as well as fire weather across
southeast Australia. The synoptic typing dataset consists of nine ‘types’ and
was constructed using a self-organising maps (SOMs) algorithm on 500hPa
geopotential height daily anomalies from ERA-Interim reanalysis data®
(Methods). Using this synoptic typing dataset, Udy et al.”* established a
synoptic-scale connection between the Law Dome summer sea-salt record
and November to February rainfall variability over eastern Australia. This
study extends the established synoptic connection between Law Dome and
eastern Australia to reconstruct fire weather variability over the Common
Era, enabling the significance of recent increases in fire weather hazards to
be evaluated in the context of natural variability.

Results and Discussion

Synoptic connection between Law Dome and Australian fire
weather hazard

The chance of high fire danger days occurring between November and
February over southeast Australia is twice as likely during years with low
deposition of sea-salt aerosol in snowfall at Law Dome (Fig. 1b). Decreased
concentrations of sea-salt aerosol in the Law Dome record and elevated fire
weather hazard over southeast Australia during late austral spring-summer
(Fig. 1c, d) are both generated by synoptic-scale weather conditions that
represent an equatorward shift in the mid-latitude westerly winds******. This
supports the significant correlation between the summer sea-salt con-
centration in the Law Dome ice core and the November-February FFDI
averaged over the forested east coast and alpine region of southeast Australia
that was affected by the Black Summer fires (rpearson = +041, p <0.01,
1951-2016; Fig. 1d).

The conditions that lead to decreased summer sea-salt concentration in
the Law Dome ice core record and elevated fire weather seasons due to the
frequent summer cold front passage over southeast Australia are char-
acterised by negative atmospheric pressure anomalies over southern Aus-
tralia (extra-tropical cyclones and cold-fronts) and positive pressure
anomalies over East Antarctica (strengthened Antarctic anticyclone)
(Fig. 2b-i). This pressure anomaly pattern, consistent with negative SAM
conditions”, decreases the westerly wind strength and associated sea-salt
aerosol production near the East Antarctic coastline® and doubles the
chance of high fire danger days over southeast Australia due to the passage of
cold fronts”** (Fig. 2b-ii). The passage of cold fronts and associated pre-
frontal trough over southeast Australia during late austral spring-summer is
well known to be associated with dry, hot, and windy conditions, elevating
fire weather hazard™"”. For example, increased frequency of cold front
passage during the 2019/20 Black Summer significantly increased the like-
lihood of severe fire weather days™.

The location of cold fronts and surrounding weather systems influ-
ences the region of elevated fire hazard over southeast Australia, while at the
same time modulating the connection to East Antarctica by varying the

concentration of aerosol sea-salt in snowfall at Law Dome. Four synoptic
types (SOM1, SOM3, SOM7, SOM9) from the grouped synoptic conditions
described in Udy et al.”, are associated with elevated fire hazards across
southeast Australia (Fig. 2-iii), however only two (SOM3, SOM?7) of these
are related to variability in the Law Dome sea-salt aerosol concentration
record™. All four of these synoptic types feature negative pressure anomalies
either over southeast Australia or in the Great Australian Bight, reflecting
cold fronts and low-pressure systems*. Synoptic conditions characterised
by negative pressure anomalies located further north than usual in austral
spring/summer (SOM3) or in the Tasman Sea (SOML1) are associated with
elevated fire weather and up to double the chance of a high fire danger day
(FFDI >90th percentile) occurring over a broad area of eastern Australia
(including the 2019/20 fire region) (Fig. 2a, b-ii/iii). The synoptic conditions
associated with SOM3 are reflected in reduced sea-salt concentrations in the
Law Dome ice core record™. However, during SOM1 conditions the con-
nection between Law Dome summer sea-salt and fire weather over eastern
Australia breaks down due to the synoptic conditions around East Ant-
arctica causing no significant difference in sea-salt aerosol deposition at Law
Dome™. This synoptic breakdown explains why some high fire danger
events associated with SOM1 conditions including the Black Christmas
fires” during the 2001/02 summer season are not reflected in the seasonal
Law Dome summer sea-salt record.

Synoptic conditions characterised by negative pressure anomalies
located in the Great Australian Bight (SOM7/SOMDY), are associated with
elevated fire weather and up to double the chance of a high fire danger day
occurring over western Victoria and Tasmania (Fig. 2¢, d-ii/iii). SOM7
conditions are more strongly connected to increased sea-salt aerosol
deposited at Law Dome than SOM9 and represents an asymmetric con-
traction of the mid-latitude westerly winds towards the Law Dome coastline
that increases sea-salt aerosol production near East Antarctica™. SOM?7 is
characterised by surface anticyclones to the southwest and southeast of
Australia, a surface cold front approaching southeast Australia, and an
upper-level trough over eastern Australia’’**. This pressure anomaly pat-
tern, consistent with asymmetric positive SAM conditions”, is often asso-
ciated with Rossby wave-breaking events™ which support the dipole fire
hazard observed between subtropical and mid-latitude regions of eastern
Australia (Fig. 2c-iii). Rossby wave-breaking events in this region lead to the
co-occurrence of elevated fire weather over southwest Victoria and Tas-
mania and widespread rainfall over subtropical eastern Australia®*”. The
severe fire weather over southeast Australia is associated with a surface cold
front/pre-frontal trough that drives dry and warm conditions from inland
Australia to the southeast via north-westerly winds’*>****, elevating fire
weather hazard and the chance of high fire danger over the mid-latitudes
(Fig. 2c-iii). The widespread rainfall over subtropical eastern Australia
decreases fire weather hazard (Fig. 2c-iii) and is driven by the Tasman Sea
anticyclone and upper-level low pressure which delivers moist surface
easterly winds™ and enhanced vertical uplift over the east coast™"*.

Influence of the Antarctic stratospheric polar vortex

The Antarctic stratospheric polar vortex strength and seasonal breakdown
timing influences the phase and persistence of SAM, with weakened polar
vortex years supporting persistent negative SAM conditions and elevated fire
weather hazards in southeast Australia between October and January' %>,
This influences the seasonal frequency of the synoptic weather patterns that
favour the connection between East Antarctica and Southeast Australia.
SOMS3 (elevated fire weather and decreased sea-salt concentrations), is more
likely to occur in weakened polar vortex years (I spearman = +0.65, p < 0.01),
early vortex breakdown years (I spearman = ~0.61, p < 0.01) and negative SAM
conditions (ONDJ 1 gpearman = —0.76, p < 0.01). Conversely, SOM?7 (reduced
fire weather and increased sea-salt concentrations), is more likely to occur in
strengthened polar vortex years (I spearman = —0.45, p <0.01), late vortex
breakdown years (r spearman = +0.53, p<0.01) and positive asymmetric
SAM conditions (ONDJ r gpearman = +0.54, p <0.01) (Fig. 3a, b; Supple-
mentary Table 1). The influence of the polar vortex conditions on the sea-
sonal persistence and frequency of SOM3 and SOM? helps to connect the
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i) 500hpa geopotential height anomaly

a) SOM1
(10.6%)
e.g. Black Christmas fires (2001-02)
b) SOM3
(12.2%)
e.g. Spring/summer 2002-03 fires
and Black Summer fires (2019-20)
c) SOM7 \
(11.1%)
e.g. Black Saturday (Feb 2009)
d) SOM9
(9.3%)

e.g. Ash Wednesday (Feb 1983)

- T
-120 -80 40 0 40 80 120 12 14

500hPa Geopotential Height Anomaly (m)

Fig. 2 | Southern Ocean synoptic weather conditions associated with elevated fire
weather hazard over southeast Australia. Mean NDJF frequency of SOM nodes
(defined in Udy et al.*) over 1979-2018 in brackets - e.g. SOM1 (10.6%) (i) 500hpa
geopotential height anomalies of SOM nodes associated with elevated fire weather
over southeast Australia (data: ERA-Interim). Positive height anomalies are shown
in red with solid contours and represent regions of anticyclonic ridging into mid-
high latitudes. Negative height anomalies are shown in blue with dotted contours
and represent regions of low pressure extending further north than usual. Example

ii) Likelihood of high fire weather hazard

odds ratio

iii) NDJF Fire weather danger anomaly

15 3 45
NDJF daily mean FFDI anomaly

16 18 20 45 -3 -15 0

fire disasters associated with synoptic conditions listed. LD = Law Dome ice core
location, GAB = Great Australian Bight, TS = Tasman Sea. (ii) Changes in the
likelihood of high fire danger days (FFDI > 90th percentile 1951-2016) during the
occurrence of each SOM node. p-value < 0.05 was used for significance and non-
significant results were blank. (iii) Seasonal (November - February) daily FFDI
anomaly for each SOM node. Refer to Supplementary material for odds ratio
(Supplementary Fig. 5) and FFDI anomaly (Supplementary Fig. 6) composites for
the remaining SOM nodes.

daily synoptic-scale conditions to the seasonal signal preserved in the Law
Dome ice core record, and the connection to seasonal fire weather, rainfall,
temperature, and vapour pressure deficit conditions over Australia (Sup-
plementary Fig. 2).

The strength and seasonal breakdown timing of the stratospheric polar
vortex explains 18% (p < 0.005) and 15% (p < 0.01) of the variability in the
Law Dome sea-salt aerosol record respectively, with weakened vortex / early
seasonal breakdown years characterised by decreased sea-salt aerosol
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Fig. 3 | Synoptic type frequency and Law Dome 40 {a)
summer sea-salt concentration during weakened/
early breakdown and strengthened/late break-
down Antarctic stratospheric vortex conditions.
a October-January (OND]) synoptic type (Udy

et al.*) frequency during weak (S-T mode > 0.48,
n=13) and strong (S-T mode < -0.73, n = 12) vortex
conditions using S-T mode (Lim et al.*") to define
vortex strength and coupling to the troposphere 0
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b0 11 L

(positive values = weakened vortex conditions in
S-T mode). SOM3 is associated with negative SAM p=
(SAM-) conditions. SOM?7 is associated with
asymmetric positive SAM (A-SAM + ) conditions
(refer to Supplementary Table 1). b OND]J synoptic
type frequency during early (<27th November,

n = 12) and late (>11th December, n = 13) strato-
spheric vortex breakdown date (Black & McDaniel’;
average breakdown = 4th December). ¢ LDsss con-
centration during weak/strong vortex years. d LDsss
concentration during early/late stratospheric vortex
breakdown years. The Wilcox Signed Rank Test was
used to test if there was a significant difference (95%)
between the mean LDsss concentration or mean

06/°

0

w

SOM3 (SAM
.005

Synoptlc type

o)‘ ’ 3

SOM7 (A- SAM+ SOM3 (SAM SOM? 8A SAM+)
p =0.04 p =0.002
Synoptic type

A4

p=0.03

0.6 d

w

p = 0.004

frequency of synoptic types during weakened/early
breakdown and strengthened/late breakdown stra-
tospheric vortex conditions.

LDsss concentration (log Cl-)

weak

early late
SV breakdown

strong
SV strength

concentrations in snowfall at Law Dome (Supplementary Table 1). The
mean sea-salt aerosol concentration between weak and strong, or early and
late, seasonal breakdown stratospheric vortex conditions are also sig-
nificantly different (Fig. 3c, d). The strongest signal is observed in
strengthened vortex years due to more consistent sea-salt aerosol con-
centration signals in the three synoptic types linked to increased sea-salt
concentrations in snowfall at Law Dome™.

2000-year reconstruction of summer fire weather hazard for
southeast Australia
The Law Dome summer sea-salt (LDsss) aerosol concentration record was
used to reconstruct Common Era area average summer (November to
February) fire weather hazard over an eastern sector of southeast Australia
(Figs. 4, 5). The selected reconstruction region reflects the confluence of the
area of southeast Australia where the ice core record is strongly related to fire
weather (Fig. 1c) and the forested coastal and alpine regions that were
severely impacted by the Black Summer fires (Fig. 5g). The reconstruction
was calculated using a linear regression model with 95% prediction intervals.
The linear model was calibrated over the 1960-1990 period and validated
over 1994-2016 period. The years influenced by the Pinatubo eruption
(1991,1992 & 1993) were excluded from the calibration and validation
periods (Methods). The reconstruction reasonably captures both the
observed year-to-year and decadal variability of above-average fire weather
between 1951-2016 (r=04 p<0.001, RMSE =2.2) (Fig. 4a, b; Supple-
mentary Table 2). It is important to note that the mean reconstruction
underestimates magnitude and does not capture all variability in fire
weather in southeast Australia. However, most observations (>95%) are
within the 95% prediction interval and the reconstruction performs better
than climatology over the overlap period with observations (1951-2016)
(Supplementary Fig. 3, Supplementary Table 2). Prior to the FFDI obser-
vational period, periods of increased fire activity reported in historical
records™ align with elevated fire weather conditions in the LDsss recon-
struction, including large fires in the late 1920s and 1930s (Fig. 4a). The
synoptic connection between East Antarctica and Australia provides insight
into the type of fire weather synoptic-scale conditions that our recon-
struction is sensitive to (ie. SOM3, SOM?7) (Fig. 4c, d), as well as the con-
ditions likely missed by our reconstruction (ie. SOM1, SOM9).

Our reconstruction suggests that the November to February seasonal
average fire weather magnitude of the 2019/20 ‘Black Summer’ season was

likely extremely rare over the past 2000-years (Fig. 5a). The long-term
climatological average (represented by 30 yr loess filter) indicates that the
fire weather magnitude of the Black Summer and preceding seasons was
outside the range of both observed and pre-industrial experience, crossing
the 420 of the 1850-1900 reconstruction mean (Fig. 5a). The observed
2019/20 FFDI magnitude (15.1) was exceeded seven times (chronological
order: 485, 683, 709, 760, 862, 885,1108 CE) in the reconstruction when the
upper estimate of the 95% prediction interval is considered. However, the
long-term reconstructed climatological average during all these previous
elevated fire weather seasons remained below the 420 of the 1850-1900
reconstruction mean. The reconstruction also indicates that the latest
increase in fire weather commenced around 1850 CE, aligning with the
beginning of the rapid rise in anthropogenic greenhouse gas
concentrations®. The indication of increased fire weather from 1850CE is
also reflected in charcoal records from sediment cores across southeast
Australia®.

The observed increased frequency of above-average fire weather con-
ditions in southeast Australia*'*'® is evident in the decade preceding the
2019/20 fires with 8 of the 11 years in the 2010-2020 period experiencing
seasonal fire weather conditions exceeding the 1960-1990 average (Fig. 4b).
Over the past 2000-years, this level of elevated fire weather hazard at a
decadal timescale has been extremely rare, with one equivalent cluster in the
observational record (1980s) and six clusters prior to observations
(486-496, 1173-1176, 1193-1195, 1229-1231, 1233-1234, 1243-1247)
(Fig. 5b). Both the elevated fire weather magnitude and increased decadal
frequency clusters indicated by the 2000-year reconstruction occur prior to
1250CE, which is beyond the period covered in existing seasonal rainfall*’
and drought® reconstructions for southeast Australia (Fig. 5e, f).

The reconstructed period of elevated fire weather magnitude and fre-
quency at 485CE and increased frequency of above average fire weather
between 1150-1250CE align with negative SAM conditions in multi-proxy
reconstructions®”’ which is a key feature associated with increased drought,
elevated maximum temperatures, and fire weather activity over southeast
Australia” """, The significant relationships between the Law Dome
record, FFDI, maximum temperature, and rainfall are also consistent with
the austral spring-summer influence of negative SAM conditions on ele-
vated fire weather (Supplementary Figs. 2, 3a).

The elevated fire weather conditions prior to 1250CE indicated by the
LDsss reconstruction are also consistent with periods of elevated maximum
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Fig. 4 | Southeast Australia fire weather magnitude and frequency variability
from 1900-2020 and synoptic conditions the reconstruction is sensitive too.

a Late austral spring-summer (November to February) observed FFDI (Dowdy et al.*®)
and FFDI prediction (this study) over the forested east coast and alpine regions of
southeast Australia using the LDsss record (refer to the hatched area in Fig. 5g for
reconstruction region). Light grey shading represents 95% prediction interval of the
FFDImean reconstruction. The long-term signal is represented as a 30-year loess filter of
the NDJF seasonal mean for observations (dark red; the dashed line includes data to the
2019/20 season, the solid line includes data to 2015/16 season) and LDsss prediction
(black). The observed 1960—1990 mean +20¢ and predicted 1850-1900 mean +20 are
shown. Note the 1960-1990 FEDI mean (7.13) is equal between the observations and
prediction. Red hexagons = notable fire activity reported within or near the recon-
struction region (area burned >0.5 M ha and/or properties/lives lost - 1926/27; 1938/39;

-=- (obs) 30yr loess filter (1951-2020)
— (obs) 30yr loess filter (1951-2016)
— (pred) 30yr loess filter (1951-2016)

@ Notable fire activity

@ Elevated sea-salt aerosol production
@ Decreased fire weather hazard

@ Increased fire weather hazard

+2~” "1 Vortex strength

1957/58; 1964/65; 1968/69; 1979/80; 1982/83; 1993/94; 1997/98; 2001/02; 2002/03;
2006/07; 2012/13; 2013/14) (see Methods). b Number of 11-year moving periods with
November to February seasonal FFDI observations and prediction > 1960-1990 mean
(7.13). ¢ Schematic of surface synoptic-scale weather systems (black solid arrows
represent wind direction, red lines indicate the location of high-pressure systems, blue
lines indicate low pressure/cold fronts) and stratospheric Antarctic polar vortex con-
ditions (strength indicated by width of dashed arrows) over November to February that
support the connection between above average fire weather hazard in eastern Australia
and decreased Law Dome summer sea-salt aerosol concentration in the East Antarctic
ice core. d As for ¢, favourable conditions for supporting the connection between below-
average fire weather hazard in eastern Australia and increased Law Dome summer sea-
salt aerosol concentration. Location of Law Dome marked with black dot.

temperature and charcoal accumulation in lower-temporal resolution
reconstructions from speleothems and lake sediment records within our
FFDI reconstruction area (Fig. 5). The speleothem reconstruction from
Yarrangobilly Caves®” supports increased temperature during times of
decreased sea-salt aerosol concentrations in the Law Dome record (Sup-
plementary Fig. 2a) and increased reconstructed fire weather, with periods
of elevated maximum temperatures consistent with 2000CE levels between
~500-800CE (Fig. 5¢). A nearby alpine lake sediment record (Club Lake)*
also indicates increased maximum temperature and elevated fire activity
around ~500-900CE (Fig. 5¢, d).

Implications for quantifying changing fire hazard frequency

Observational records, as well as palaeoclimate records extending only over
recent centuries, underestimate the range of possible natural variability in
elevated fire weather hazard frequency over southeast Australia. Previous
periods with elevated fire weather hazard frequency, consistent with the
decade preceding the Black Summer, all occurred prior to 1250CE. This
suggests that the existing annually resolved rainfall and drought
reconstructions*** in southeast Australia that cover the past ~500 years
likely underestimate the possible natural variability of rainfall and tem-
perature, and their contribution to fire weather over the Common Era
(Fig. 5). The LDsss fire weather prediction indicates consistent average fire

hazard between the full Common Era prior to the 20th century (FFDI
average =6.4) and the pre-industrial baseline used by the Intergovern-
mental Panel on Climate Change (1850-1900CE; FFDI average =6.7).
However, the 30-year loess filter indicates that within the Common Era
there are six extended periods (mid-year points; 290CE, 490CE, 900CE,
1000CE, 1200CE and 1720CE) with naturally elevated fire weather beyond
the pre-industrial baseline that is important to consider alongside anthro-
pogenic forcing. Local rainfall, temperature, and drought severity recon-
structions also indicate relatively (compared to 1850-1900 baseline) warmer
and drier conditions around 1200CE*”* and early 1700s**** (Fig. 5). Using
the 1850-1900CE baseline period for contextualising present day climate
change could underestimate the total possible fire weather hazard when the
anthropogenically forced trend in fire weather is combined with the full
range of possible natural variability evident over the Common Era.

Conclusions

Our reconstruction highlights the rarity of extended periods of elevated fire
weather hazard within a natural climate variability context and the
importance to plan for more intense and frequent fire weather beyond what
has been recorded in the observational record. We show that the intensity of
the 2019/20 Black Summer fire weather was unprecedented since obser-
vations began in 1950, but there are seven analogue periods of similar
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Fig. 5 | Fire weather reconstruction from the Law Dome summer sea salt (LDsss)
aerosol concentration record compared to local palaeoclimate records.

a Observed FFDI (Dowdy et al.**) and 2000+ year (1-2016 CE) FFDI mean
reconstruction over the forested east coast and alpine regions of southeast Australia
using the LDsss record (hatched area in map inset (g)). Light grey shading represents
95% prediction interval of the FFDI mean reconstruction. The long-term signal is
represented as a 30-year loess filter of the NDJF seasonal mean for observations (dark
red; the dashed line includes data to 2019/20 season, the solid line includes data to
2015/16 season) and FFDI mean prediction using LDsss (black). Red circles indicate
potential analogue seasons where the upper estimate (95% prediction interval) of the
reconstruction exceeded the observed FFDI over the 2019/20 season. b Number of
seasons over an 11-year period with NDJF seasonal FFDI observations and

prediction > 1960-1990 mean (7.13). Red squares indicate potential analogue per-
iods of increased decadal frequency of above-average fire weather. ¢ Reconstructed
maximum temperature from Yarrangobilly Caves (McGowan et al.**) and mean
summer temperature from Club Lake (Thomas et al.”). Approximate age model
dating error for Club Lake indicated by horizontal lines d Charcoal (>250 pum)
accumulation rate from Club Lake (Thomas et al.”*). Approximate age model dating
error indicated by horizontal lines. e Warm season (October-March) rainfall
reconstruction for East Coast and Southern Slopes NRM regions (Freund et al.").
f Austral summer (DJF) Palmer Drought Severity Index (PDSI) area average
reconstruction (Palmer et al.”) over the FFDI reconstruction region. g Map of
eastern Australia including the FFDI reconstruction area, 2019/20 burnt area, local
proxy records, and NRM rainfall reconstruction regions.

extreme fire danger caused by natural variability in the 2000-year recon-
struction. Additionally, the frequency of above-average fire weather in the
period leading up to and including the Black Summer (2010-2020) has only
occurred once since 1950 (early 1980s) and six times in the reconstruction.
Previous elevated fire weather hazard periods, such as the 485-495CE
period, could provide analogues for understanding fire weather variability
under a warmer and drier background climate. Nine years (out of 11) during
this period were estimated to have experienced above average (1960-1990)
fire weather hazard, with the mean reconstructed FFDI magnitude in 485CE
above the 1960-1990 mean + 20 threshold, and the peak reconstructed
value (upper estimate) exceeding the 2019/20 season (Fig. 5a). With
atmospheric carbon dioxide concentration relatively stable during this
period®, the elevated fire weather hazard and associated drier conditions
and warmer temperatures across southeast Australia indicated by both local
and remote palaeoclimate proxies demonstrate the extremes in fire weather
that are possible from natural climate variability alone.

While intervals of the Common Era provide examples of increased fire
weather magnitude and frequency in southeast Australia, the climate change

signal that is now driving the increase in fire weather is unprecedented over
the last two millennia (Fig. 5a). The climate change signal, as indicated by a
30-year loess filter of the seasonal FFDI, has moved outside of the historical
experience based on the reconstructed 1850-1900 preindustrial reference
period and is approaching the bounds of historical experience based on the
observed 1960-1990 reference period. At no other time during the last two
millennia of reconstruction did long-term changes in the FFDI state exceed
these thresholds. The extended perspective on the natural variability of fire
weather, indicated by the annually resolved Law Dome summer sea-salt
reconstruction, is important to consider in wildfire hazard planning, on top
of the recent observed and predicted increases in frequency, duration, and
intensity of fire weather in southeast Australia associated with anthro-
pogenic warming”***’*".

Methods

Law Dome summertime sea-salt concentration record

The Law Dome summertime sea-salt (LDsss) aerosol concentration
record’”” was used to reconstruct southeast Australian fire weather. The ice
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core site (Dome Summit South: DSS) receives a high annual snowfall of 0.69
metres of ice equivalent/year (~1.5 m of snowfall)**”* which produces sea-
sonally varying annual layers in the ice core and corresponds to annual and
seasonal climate signals™**’. The DSS composite record used in this study is
comprised of four overlapping ice cores; DSS1617 (1990-2016),
DSS97(1888-1989), DSS99 (1841-1887), and DSS Main (1841-0)*'. The
DSS ice core record was dated using seasonally varying water stable isotopes
(8”0 and dD) which peak in austral summer (early January average)
combined with confirmatory analysis of seasonally varying trace chemistry
species’’. These annually resolved and accurately dated layers” make the
Law Dome record useful for hydroclimate studies where accurate event
timing, duration and high sample temporal resolution (seasonal-annual) are
required®’. Over the Common Era, a conservative estimate of dating error
is zero between 2016-1815CE (Tambora eruption), then a maximum of
+1 year between 1815-1257CE (Samalas eruption), and a maximum of
+6/—11 years between 1257-422CE".

The LDsss record is derived from trace chemical analysis via ion
chromatography of discrete samples ranging from 2.5 cm to 5 cm resolution
over the 2000-year record™. The sample resolution between 1300-2016 CE
was 5 cm. This equates to an average sample resolution of 21 samples/year
for the period 1950-2016CE and 12 samples/year for the period
1300-1950CE. To contend with the thinning of annual layers with depth,
the sample resolution was increased to 3 cm from 980-1300 CE and 2.5 cm
between 10 BCE-980 CE (equates to an average of 8—11 samples per year for
the 10BCE-1300 CE). The mean annual sample resolution over the 2000-
year record is ~10 samples per year”. Assuming seasonally uniform
snowfall, the chloride record is split into 12 estimated monthly snowfall
accumulation bins, based on the estimated snowfall accumulation for each
year derived from the annual layer horizons. The LDsss record is then
calculated by averaging the sea-salt chloride concentration for December to
March (DJFM) period chloride log transformed™ concentrations (Supple-
mentary Fig. 7). The split between December and January in the ice core
record is determined by the placement of the annual horizon which is
informed by the summer water stable isotope peak and seasonally varying
trace chemistry. While Law Dome receives frequent snowfall, the accu-
mulation is not completely uniform™. Thus, the ice core ‘DJFM’ period
approximates the austral summer period but does not directly align with
DJFM atmospheric conditions. Udy et al.** observed the strongest con-
nection to atmospheric conditions from November to February (NDJF). To
develop the 2000-year record, at least two out of the four bins in the ‘DJFM’
ice core period were required to calculate a DJFM mean concentration. If
less than two bins over the DJFM period contained data (i.e. sample gap
from missing ice core material), the ‘DJFM’ year was removed from the
record. Refer to Vance et al.** for more details on the development of the
LDsss record.

Synoptic typing dataset. The daily synoptic typing dataset for the
southern Indian Ocean*, was used to classify the dominant large-scale
weather patterns of each day from January 1979 to October 2018. This
dataset was created using a self-organising maps algorithm on 500hPa
geopotential height daily anomalies from ERA-Interim reanalysis data™.
The synoptic typing dataset consists of nine key synoptic-scale weather
patterns over the southern Indian Ocean, ranging from zonal to mer-
idional anomalies”. Refer to Udy et al."’** for more detail.

Quantifying historical fire weather conditions. The daily Australian
McArthur Forest Fire Danger Index (FFDI)*** is used to represent the
influence of surface weather conditions on fire weather hazards over
Australia, and is based on daily maximum temperature, relative humidity,
wind speed, and recent rainfall”’. Here we quantify the relationship
between the Law Dome summer sea-salt (LDsss) aerosol concentration
record” and fire-promoting weather and climate conditions across Aus-
tralia based on the FFDI”. Increased FFDI values represent an increase in
the likelihood of fire activity in the region if fuels and ignition sources are
available, with hotter, drier, and windier conditions priming vegetation to

burn. The FFDI values used in this study are based on the calculations and
datasets described in Dowdy (2018)” and is calculated as:

FFDI = exp0.0338T—0.0345RH+0.0234V+0.243147 X DF0.987

where T is the daily maximum surface air temperature (°C), RH is relative
humidity (%), v is wind speed (km/h) and DF is the drought factor. The
input variables used in Dowdy (2018)*” FFDI calculations consist of a
gridded analysis of observations from the Australian Water Availability
Project (AWAP)® for daily maximum temperature, daily accumulated
rainfall (24 hr period to 09:00 local time each day) and vapor pressure at
15:00 local time. The vapor pressure observations were used to calculate the
relative humidity at the approximate time of maximum temperature. The
6-hourly NCEP-NCAR reanalysis data® were used for surface winds at
06:00 UTC to represent mid-afternoon wind speed over Australia.

The drought factor estimates the availability of fuel to burn by com-
bining soil moisture deficits (representing seasonal dryness) and recent
rainfall (past 20 days). The Keetch-Bryam Drought Index (KBDI) is a
simplified water balance model and estimates daily soil moisture deficit
based on the soil moisture deficit of the previous day, effective precipitation
(amount of precipitation infiltrating the soil), and evapotranspiration
(derived from the previous days soil moisture deficit, maximum tempera-
ture and mean annual rainfall to account for vegetation cover)®.

The daily Australian Gridded Climate Data (AGCD) vl maximum
temperature and rainfall data®, KBDI*, and ERA5 2 m temperature and
relative humidity® are used to investigate the relationship between LDsss
and the surface weather components of the FFDI calculation and vapour
pressure deficit (atmospheric aridity; calculated for each grid point using
ERA5 2 m temperature and relative humidity as inputs into the Nolan et al.”
equation). Daily datasets were aggregated to monthly and seasonal totals
(for rainfall, count of synoptic types, and count of high fire danger days
above 90th percentile) and averages (for FFDI, maximum temperature,
KBDI, and vapour pressure deficit). Despite the obvious relationship
between wind speed and fire weather, we excluded wind speed from our
analysis because variability in fire weather over timescales longer than
weekly is primarily driven by temperature, relative humidity, recent rainfall,
and drought conditions””. Monthly and seasonal wind speeds (in contrast to
daily or hourly extremes) are unlikely to force increased fire hazards com-
pared to the higher frequency winds associated with the passing of a cold
front™. Instead, monthly or seasonal wind speed conditions are more likely
to reflect the intensification or reduction in the surface easterly winds over

austral spring and summer**”’.

Synoptic-weather scale connection and Antarctic stratospheric
polar vortex influence. The potential climate dynamics driving the
relationship between the LDsss record and Australian climate were
investigated using a synoptic weather typing dataset for the southern
Indian Ocean*”** and indices representing the strength® and seasonal
breakdown timing anomaly® of the Antarctic stratospheric polar vortex.
Spearman correlation and linear regression analysis between the LDsss
record, synoptic type frequency, and stratospheric vortex indices were
performed between 1979-80 to 2015-16 over the October to January
(ONDJ) period as the coupling between the Antarctic stratospheric
vortex and tropospheric circulation is strongest over this period®. All
time series were detrended to remove linear trends and tested for auto-
correlation and normality (Shapiro Wilkes test). No significant auto-
correlation (lag-1) was detected. Spearman correlation was used to
account for some synoptic type frequency time series not being normally
distributed. The two-sided Student’s t-test was used to test the sig-
nificance (95%) of the observed correlation score.

The stratospheric vortex strength® and breakdown timing anomaly®’
datasets were also split into upper (>66%, n = 13) and lower (<33%, n = 12)
tercile years for the period 1979-2016 to explore frequency distribution and
mean changes in LDsss concentration and synoptic type frequency between
weak/early and strong/late stratospheric vortex conditions. The Wilcox
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Signed Rank Test was used to determine if the mean difference between the
upper and lower tercile groups was statistically significant at the 95% level.
The middle tercile group was not assessed.

Correlation between FFDI, LDsss, and large-scale modes of climate
variability. Pearson correlation analysis on detrended time series was
performed between the LDsss record, FFDI, and related climate variables
at each grid point across Australia over the late Austral spring-summer
season (November to February; NDJF). These results were compared to
the strength and spatial pattern of the relationships between SAM (using
the Marshall index’*) and ENSO (using the Southern Oscillation Index™)
with the FFDI” over NDJF. Two time periods (1950-51 to 2015-16 and
1979-80 to 2015-16) were selected to account for different dataset
lengths. Significance was tested using a two-sided Student’s ¢ test for
p <0.05. The false discovery rate” was also determined for the spatial
correlation between LDsss and FFDI as equivalent to p < 0.01.

Regional average FFDI was also calculated over the forested coastal and
alpine region of southeast Australia which includes southeast New South
Wales (including Australian Capital Territory) and Northeast Victoria
(Fig. 5g) and correlated with LDsss. This region is mostly east of the Great
Dividing Range, and was heavily impacted by the 2019/20 Black Summer Fires.

Odds ratio of high fire danger days occurring in low vs non-low
aerosol sea-salt concentration conditions. To determine the prob-
ability of a high fire danger day (FFDI > 90th percentile 1950/51 to 2015/
16) under different ice core sea-salt aerosol concentration conditions and
synoptic type occurrence, the number of days between November and
February with FFDI >90th percentile was calculated for each NDJF
season (using the FFDI gridded dataset).

A LDsss concentration threshold of 0.05 1 Eq L-1 (LDsss lower tercile
1950-2016) was used to classify low (<0.05 1 Eq L") and non-low (> 0.05
Eq L") sea-salt concentration seasons. An odds ratio was used to test the
ratio of the probability of occurrence of high fire danger days (count/season)
between low (22 years) and non-low (45 years) sea-salt years in the ice core
dataset. The null hypothesis was that there was no significant difference in
the number of high fire danger days between the two groups, and the odds
ratio would be 1. The null hypothesis was rejected if the odds ratio was
greater than 1.2 (p < 0.05) using the Fisher exact test.

The changes in the likelihood of high fire danger days occurring during
each synoptic type were also tested using odds ratio and the Fisher exact test
for significance (p < 0.05). For each synoptic type, the number of high fire
danger days within each NDJF season occurring on days classified as SOMx
(y") vs the number of high fire danger days on other days (y*) was tested
using the following equation:

Odds ratio SOMx =
y'(no.high fire danger days on SOMx)/z" (no.of non high fire danger days on SOMx)
y2(no.high fire danger days on non SOMx)/z>(no.of non high fire danger days on non SOMx)

Fire weather hazard reconstruction. The LDsss record (predictor vari-
able) was used to reconstruct area average seasonal (NDJF) FFDI over
eastern Australia (Fig. 5g). This region incorporates the coastal and alpine
regions of southeast Australia that were severely impacted by the 2019-20
Black Summer fires. The fire season for this region is generally between
October to March”. A linear regression model was trained over the
1960-1990 period and validated over 1994-2016. Observational data
between 1950-1959 were excluded from the model training period due to
uncertainty in the input data used to calculate the FFDI during this period
(e.g. number of available weather stations used in the rainfall and tem-
perature gridded datasets increase by >20% in the late 1950s)*. Additionally,
the 1950’s were an unusually wet period across eastern Australia due to high
frequency of East Coast Low systems and multiple La Nifia events>”. The
sensitivity of the results to excluding 1950-1959 from the training period was
tested by comparing the 2000-year prediction results from the two periods;
1960/61-1989/90 (modell: r*=0.4, p<0.0001) and 1950/51 — 1989/90

(model2: ¥’ =0.22, p <0.002). The difference between the 2000-year pre-
diction from the two prediction models was minimal (modell: mean
FFDI = 6.2, sd = 1.6; model 2: mean FFDI =6.5, sd = 1.3) (Supplementary
Fig. 7). Importantly, the number of elevated fire weather seasons in both
reconstructions that met or exceeded the 2019/20 magnitude (considering
the 95% prediction interval) were consistent. The years influenced by the
Pinatubo eruption (1991,1992 & 1993) were also excluded from the cali-
bration and validation periods due to the impact of stratospheric sulfate
aerosols on regional climate”. Sulphuric acid related to volcanic activity also
reacts with the chloride component of sea-salt in both the atmosphere and
the firn which can temporarily disrupt the deposition and preservation of the
chloride sea-salt concentration in the ice core records™”.

The predict function in R with the trained linear model and the 95%
prediction interval was used to calculate the 2000-year reconstruction using
the LDsss values. The prediction interval reflects the prediction uncertainty
around a single value in the reconstruction. All observed FFDI values in the
calibration period (1960-1990) are within the 95% prediction interval. In
the validation period (1994-2016), the observed FFDI values are within the
95% prediction interval for 21 of the 23 seasons. Two elevated fire weather
seasons in the validation period (2002/03, 2006/07) are underestimated by
reconstruction uncertainty (i.e. the upper prediction interval is less than the
observed FFDI) (Supplementary Fig. 3).

The model fit was assessed by comparing the mean reconstruction and
observations for the calibration, validation, 1960-2016 and 1951-2016
periods using Pearson and Spearman correlation score (r), adjusted 1%, root
mean square error (RMSE) and Nash-Sutcliffe model efficiency coefficient
(NSE) (Supplementary Table 2). RMSE is an absolute measure of the fit
representing the variance of the model errors, with smaller values indicating
a better fit. An NSE value greater than 0 indicates the reconstruction per-
forms better than the climatology of the reconstructed period'”.

The area average FFDI mean reconstruction was used to determine
above/below 1960-1990 FFDI average (FFDI = 7.13) conditions. The aver-
age FFDI over 1960-1990 was consistent between observations and recon-
struction. The accuracy of predicting above/below average FFDI conditions
was tested using a logistic regression model. An 11 yr running count of
above-average seasons was used to identify decadal periods with elevated fire
hazard over the 2000-year reconstruction.

The LDsss record currently only extends to the 2015/16 season so
cannot be directly compared to the 2019/20 Black Summer season. Based on
the synoptic weather conditions (i.e. frequent cold fronts), persistent and
record negative SAM conditions, and weakened Antarctic stratospheric
polar vortex observed over the 2019/20 fire season'*’' we expect the summer
sea-salt aerosol concentration in the next Law Dome update to be very low.

Time of emergence. The emergence of signals of long-term change was
assessed using observed and predicted FFDI. We used a 30-year loess
filter to calculate a moving long-term climatological value'* over the
2000-year reconstruction and observed datasets, and compared the
moving window value to the variability (20) within two reference periods;
1960-1990 (observed) and 1850-1900 (reconstruction). The observed
filter was calculated over 1951-2016 and 1951-2020 to account for the
overlap period with the ice core record that was only available to 2016.

Between 1951-2016, the reconstructed 30-year climatology has mini-
mal error (average difference 0.33/4% of observed value) but does under-
estimate the observed climatology (difference > 0.8/>10% of observed value)
between 1951-1954 and 2006-2016.

Comparison to historical records and local palaeoclimate records.
Prior to FFDI observations beginning in 1950, we compared the LDsss
FFDI mean reconstruction with historical records of major documented
fire events (e.g. Bushfire inquiry documents®), local archives that
extended back 2000-years within the reconstruction region (Club Lake"
and Yarrangobilly Caves") and multi-proxy palaeoclimate reconstruc-
tions (warm season rainfall for eastern and southeast Australia’ and the
Palmer Drought Severity Index®) (Fig. 5g).
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We also identify notable fire activity (area burnt >0.5M ha and/or
reports of property/lives lost) since 1900 based on synthesised information
available from Abram et al."; Canadell et al.'’, National Inquiry on Bushfire
Mitigation and Management”, NSW parliamentary analysis'” and a
UNSW fire history storyboard (https://100-years-of-bushfire-unsw-au.
opendata.arcgis.com/).

Data availability

The 2000-year FFDI reconstruction (FFDI mean magnitude and 11-year
frequency of above-average conditions) calculated in this study is available
through the Australian Antarctic Data Centre - https://doi.org/10.26179/
bjfa-rd82. Other datasets used in this study are available online in the fol-
lowing locations: ERA5:  https://cds.climate.copernicus.eu/cdsapp#
!/dataset/reanalysis-era5-single-levels?tab=overview. The daily synoptic
typing dataset for the southern Indian Ocean from 1979-2018: https://data.
aad.gov.au/metadata/records/AAS_4537_z500_SynopticTyping
SouthernIndianOcean, and the Law Dome summer sea-salt record from
https://data.aad.gov.au/metadata/records/DSS_2k _data_compilation. The
Marshall station index, representing the Southern Annular Mode: https://
legacy.bas.ac.uk/met/gjma/sam.html. The Southern Oscillation Index used
to represent El Nifio-Southern Oscillation is available from the Australian
Bureau of Meteorology - SOI: http://www.bom.gov.au/climate/enso/soi/.
The Australian Gridded Climate Data (AGCD) vl is published by the
Australian Bureau of Meteorology, and freely accessible to registered
researchers  here:  http://www.bom.gov.au/metadata/catalogue/19115/
ANZCW0503900567. FFDI and KBDI data were provided by Andrew
Dowdy and accessible for research by contacting the Australian Bureau of
Meteorology. The stratospheric vortex strength and breakdown timing
anomaly datasets were provided by EunPa Lim and available on request by
contacting the Australian Bureau of Meteorology. The palaecoclimate
reconstructions included in Fig. 5 were accessed from: Yarrangobilly Caves
- https://espacelibrary.uq.edu.au/view/UQ:22d3d4d; East Coast and
Southern Slopes rainfall reconstruction - https://doi.org/10.4225/49/
59e3ee30cdbbe; PDSI - https://www.ncei.noaa.gov/access/paleo-search/
study/20245. The Club Lake datasets were provided by Zoe Thomas and
are available on request by contacting the corresponding author https://doi.
org/10.1016/j.scitotenv.2021.149542.

Code availability

We used a combination of Python-v3 and R-v4.2.2 for our analysis. The
code used for each figure is available through the corresponding author’s
github  https://doi.org/10.5281/zenodo.11147969.  https://github.com/
dgudy91/SEAus_Fire_weather_2k_reconstruction.
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