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Australia’s Black Summer pyrocumulonimbus super outbreak
reveals potential for increasingly extreme stratospheric smoke
events
David A. Peterson 1✉, Michael D. Fromm2, Richard H. D. McRae 3, James R. Campbell1, Edward J. Hyer 1, Ghassan Taha 4,5,
Christopher P. Camacho1, George P. Kablick III 2, Chris C. Schmidt6 and Matthew T. DeLand7

The Black Summer fire season of 2019–2020 in southeastern Australia contributed to an intense ‘super outbreak’ of fire-induced and
smoke-infused thunderstorms, known as pyrocumulonimbus (pyroCb). More than half of the 38 observed pyroCbs injected smoke
particles directly into the stratosphere, producing two of the three largest smoke plumes observed at such altitudes to date. Over
the course of 3 months, these plumes encircled a large swath of the Southern Hemisphere while continuing to rise, in a manner
consistent with existing nuclear winter theory. We connect cause and effect of this event by quantifying the fire characteristics, fuel
consumption, and meteorology contributing to the pyroCb spatiotemporal evolution. Emphasis is placed on the unusually long
duration of sustained pyroCb activity and anomalous persistence during nighttime hours. The ensuing stratospheric smoke plumes
are compared with plumes injected by significant volcanic eruptions over the last decade. As the second record-setting
stratospheric pyroCb event in the last 4 years, the Australian super outbreak offers new clues on the potential scale and intensity of
this increasingly extreme fire-weather phenomenon in a warming climate.
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INTRODUCTION
An intense, multi-day outbreak of fire-induced and smoke-infused
thunderstorms (known as pyrocumulonimbus or pyroCb) occurred
during 29–31 December 2019 and 04 January 2020 in south-
eastern Australia. This Australian New Year Super Outbreak
(ANYSO) of pyroCb activity resulted in roughly 1.0 Tg of
cumulative smoke particle mass being injected into the lower
stratosphere1, consistent in magnitude with the initial ash and
sulfate plume of a moderate volcanic eruption2. ANYSO was part
of Australia’s extreme Black Summer3, which featured many
catastrophic bushfires that burned a record 7.4 million hectares of
land4, an area slightly smaller than the Czech Republic. ANYSO
occurred within three years of the Pacific Northwest Event (PNE) in
western North America (12 August 2017), which served as the
previous benchmark for an extreme, lower-stratospheric pyroCb
smoke mass injection (albeit three times smaller). The PNE
inspired a diverse set of recent studies aimed at understanding
fundamental pyroCb smoke plume processes and feedbacks in the
lower stratosphere1,2,5–8. ANYSO has raised the bar significantly in
terms of intensity and scale. Dramatic shifts in stratospheric
composition, radiative balance, and even regional circulation now
appear possible from extreme pyroCb events. Given the prospects
of continuing climate change, and the increasing intensity of
severe fire seasons globally9,10, pyroCb research is entering a new
phase focused on reconciling larger scales of potential atmo-
spheric impacts and climate feedbacks.
When compared with typical convective storms, pyroCbs are

characterized by relatively smaller cloud droplet and ice particle
size distributions, caused by an overabundance of smoke particles
that dominate nucleation, condensation, and freezing processes11.
Smaller inherent size distributions within the inner storm core

suppress precipitation12–14, which inhibits scavenging and redis-
tribution of smoke downward toward the ground. A considerable
quantity of smoke particle mass is therefore exhausted from the
top of pyroCbs through the high-altitude anvil outflow region,
forming an efficient vertical smoke-transport pathway15. PyroCb
activity is often characterized by extreme updraft velocities (up to
35 to 58 m s−1)16,17 that rapidly transport smoke particles directly
from the surface to the lower stratosphere, similar to an explosive
volcanic eruption2.
PyroCb activity was first recognized in 2000 and 200318,19, and

has only been routinely monitored and inventoried using the
satellite remote sensing advances of the last decade20. Scientific
and public interest has grown rapidly in response, as destructive
fire seasons in recent years have increasingly featured intense
pyroCb activity2,20–22. These unusual storms are driven by a
common meteorology, requiring dry air near the surface to
nurture vigorous fire activity, and a complementary moisture
source several kilometers aloft to facilitate condensation, latent
heat release, and subsequent enhancement to the buoyancy of
growing convective cells21,23–25. PyroCb development typically
occurs during local afternoon and evening, when diurnal cycles of
surface temperature, fire sensible heating, and atmospheric
instability reach their maximums22. The synergy of favorable
meteorology with broad and vigorous wildfire episodes generally
limits pyroCb development to active summertime fire seasons in
Australia, North America, and northern Asia20,22,26–28. The clima-
tological occurrence of favorable conditions likely explains why
pyroCb activity is endemic and far more frequent than volcanic
eruptions worldwide.
PyroCb smoke plumes reaching the lower stratosphere often

result from multiple large wildfires in close proximity that produce
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several intense convective updrafts over a period of only a few
hours2,27. PyroCb intensity and ensuing stratospheric plume
impacts therefore vary with the distribution and intensity of
certain types of regional wildfire activity during periods that
overlap with conditions that include conducive background
meteorology. While regionally-focused pyroCb outbreaks deviate
from single point sources associated with volcanic eruptions, the
ensuing smoke plumes exhibit many similarities, traveling
thousands of kilometers in both the upper troposphere and lower
stratosphere (UTLS), even encircling a portion of the globe1,2,29,30.
Smoke plumes ensuing from ANYSO reached extraordinary

altitudes in the middle stratosphere (20–35 km)1, where the
absorption of incoming sunlight by carbonaceous smoke particles
can perturb radiative forcing7 and facilitate photochemical
reactions that influence ozone chemistry8. ANYSO also revealed
that plumes injected by pyroCb activity can significantly alter the
dynamic circulation in the lower stratosphere1,30,31. This discovery
raises many new questions on the scale and impact of pyroCb
activity in the climate system at a time when stratospheric
geoengineering is being evaluated as a response to climate
change32 and tropospheric smoke sources are often omitted from
reviews of the lower-stratospheric aerosol system33,34.
Are the recent PNE and ANYSO harbingers of even larger

pyroCb outbreaks capable of rivaling the aerosol mass injection
magnitude of major volcanic eruptions35,36, such as the 1991
Pinatubo eruption? Is the potential for pyroCb super outbreaks
increasing in a warming climate? Could a series of large pyroCb
outbreaks rival the potential climate impacts expected following a
nuclear war8,37? Observations of the recent ANYSO provide
important clues to these now relevant and pressing questions.
By examining the many remarkable features of ANYSO, this study
identifies and characterizes important indicators of extremely

large smoke plumes ensuing from regional outbreaks of sustained
pyroCb activity. A variety of satellite, weather radar, and
meteorological measurements are employed, with a focus on
understanding distinct pyroCb and wildfire characteristics that
differed from both the PNE and prior canonical pyroCb analyses.
Specifically, we focus on the unusually long duration of ANYSO,
anomalously intense nocturnal pyroCb activity, and evolution of
the ensuing smoke plumes in the stratosphere. This analysis
provides critical perspective on the mechanics driving extreme
pyroCb outbreaks and their potential interactions with a warming
climate.

RESULTS
ANYSO in perspective
ANYSO is characterized here as a pyroCb ‘super outbreak’ because
of its exceptional scale and magnitude relative to historical
precedent2,29,38,39. It featured an unusually large number of
distinct, ice-capped convective columns (38 total), known as
pyroCb ‘pulses’, over a prolonged period (51 non-consecutive
hours). Each pyroCb pulse developed over a subset of particularly
intense wildfires, or ‘blow-up fires’, defined by rapid increases in
rate of fire spread and intensity (see Methods section), as well as
significant vertical smoke plume growth that extends above the
planetary boundary layer40–43.
Figure 1 (dark gray shading) depicts the expansive regions

burned by 109 individual blow-up fires documented during the
peak of the Black Summer fire season (25 Nov. 2019 to 4 Feb.
2020) across the states of Victoria and New South Wales, and the
Australian Capital Territory (ACT). Four of these blow-up fires
contributed to what was a relatively small pyroCb event on 21
December 2019. The subsequent and larger ANYSO that began on

Fig. 1 Map of the blow-up fires contributing to ANYSO pyroCb activity. Light brown shading shows the full area burned during the ‘Black
Summer’ fire season of 2019–2020, with 109 individual blow-up fires superimposed in dark grey. Perimeters of blow-up fires during the ANYSO
period are color-coded by date. Hatching in the same color scheme identifies the 13 blow-up fires that contributed to pyroCb development.
Numbers identify the approximate initiation points of 18 pyroCb sub-events, corresponding with the ANYSO timeline in Fig. 4.
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29 December was driven by 13 blow-up fires, which are shaded by
date of occurrence and numbered sequentially based on time of
pyroCb development (UTC). The total area burnt by the ANYSO
blow-up fires was estimated at 530,000 ha, or slightly larger than
the state of Delaware (land area) in the United States. An energy
release of ~1.3–5.1 ×1011 MJ was estimated for this subset of fires,
which is equivalent to 32–127 × 106 tons of TNT or more than
2000 times the energy of the Hiroshima atomic explosion (see
methods). While the fires driving the PNE burned in coniferous
forest, with significant logging slash buildup44, ANYSO burned
primarily Eucalyptus forest. These forests are notorious for
extremely rapid fire spread, reflecting eucalypt leaf litter build-
up, shrub layer flammability, and dense spotting over a range of
distances45.
ANYSO occurred in two distinct phases, with the first and

largest occurring during 29–31 December. This initial phase was
significant for many reasons, but most notably for its overall
duration of ~45 h (09:30 UTC, 29 December to 06:40 UTC, 31
December). Some of the most intense pyroCb activity occurred
during nighttime, which deviates from established conceptual
models for pyroCb growth21,22. The first phase of ANYSO included
28 blow-up fires (Fig. 1, green, blue, orange), with 10 generating
33 distinct pyroCb pulses, all of which injected smoke into the
UTLS. For comparison, the 2017 PNE2, 2009 Black Saturday38, and
2001 Chisholm pyroCb events29,39 each featured fewer than 10
pulses over a constrained period of <24 total hours, occurring
almost exclusively during the local late-afternoon and evening.
The second phase of ANYSO commenced on 04 January 2020,

after 3 days without pyroCb activity. It included more blow-up
fires than the first phase (35 total), but only three generated
pyroCb activity (Fig. 1, red), including five additional pulses. The
duration of pyroCb activity was more typical of previous
significant events, spanning just over six hours (03:00 to 9:10 UTC).
Figure 2a shows a true color satellite image (GeoColor) from the

Advanced Baseline Imager onboard the GOES-17 satellite on 02
January 2020. It highlights the stratospheric smoke plume
resulting from pyroCb activity during the first phase (ending on
31 December 2019), evidenced by dark smoke surmounting bright
regions of cloud cover. Figure 2b provides a similar display for 07
January, highlighting the plume initiated by the second phase of
pyroCb activity (04 January). The combination of radar and lidar
data applied in this study reveals that both ANYSO plumes were
injected directly into the lower stratosphere by earlier pyroCb
activity. These plumes covered much of the South Pacific Ocean
within 48–72 h of pyroCb cessation, similar to the continental-
scale plume generated by the 2017 PNE2 (Fig. 2c).
ANYSO’s first phase now stands as the largest known strato-

spheric injection of smoke particles linked to a distinct period of
pyroCb activity (0.2–0.8 Tg, Fig. 3). By itself, it was about a factor of
two larger than the PNE and an order of magnitude larger than
the 2001 Chisholm (0.01–0.1 Tg)29 and 2009 Black Saturday events
(0.05–0.1 Tg, see Methods section). The stratospheric plume was
consistent in magnitude with the initial stages of a moderate-scale
volcanic eruption. For instance, the Kasatochi eruption in Alaska
(7–8 August 2008) injected an initial 0.2–0.5 Tg of ash and sulfate-
based particles into the lower stratosphere2. While the Kasatochi
plume particle mass was at least an order of magnitude smaller
than plumes associated with extreme volcanic eruptions, such as
Pinatubo in 199135,36, the comparison is highly consistent with
more frequent, but less explosive eruptions.
ANYSO’s second phase injected an estimated 0.1–0.3 Tg of

additional smoke particle mass into the lower stratosphere, which
is consistent with that of the PNE (Fig. 3). The cumulative smoke
particle mass injected into the stratosphere by both phases of
pyroCb activity was 0.3–1.1 Tg (Fig. 3). This combined plume was
at least three times larger than the PNE and likely exceeded the
Kasatochi eruption. Comparisons with ‘bottom-up’ estimates of
the mass of smoke particles released by the blow-up fires

(0.1–1.2 Tg) indicates that these ‘bottom-up’ estimates are either
strongly underestimated using climatological/ecological mean
values of fuel loading and consumption, or that emitted smoke
particles are transported very efficiently to the stratosphere, or
both (see Methods section).

PyroCb activity driving smoke transport to the stratosphere
To account for the complexity of ANYSO, the aforementioned 38
pyroCb pulses were divided into 18 distinct ‘sub-events’, defined
as an individual pyroCb pulse or chain of several pulses anchored
to one of the 13 blow-up fire initiation points. Figure 1 reveals that
the majority of these blow-up fires produced a single pyroCb sub-
event. However, three blow-up fires were linked to multiple sub-
events, primarily during peak activity on 30 December. Figure 4
includes a detailed timeline of all 18 sub-events, with bars
representing individual pulses. Each pulse was identified using
thermal infrared (11 µm) brightness temperature (BT11) imagery
from the Advanced Himawari Imager (AHI) onboard the Himawari-
8 satellite (see Methods section). Full animations of the fire and
pyroCb activity observed by AHI during both ANYSO phases are
provided in Supplementary Information. All times related to this
analysis use UTC, which is 11 h behind the local time (LT) in
Eastern Australia (00:00 UTC= 11:00 LT).
Regional C-band weather radar (5 cm wavelength) echo-top

observations were incorporated to identify the approximate
injection altitude of each pulse relative to the tropopause (see
methods), revealing that 20 of the 38 pyroCb pulses (53%)
reached the lower stratosphere. However, when considering that
pyroCb echo-top observations can be underestimated by as much
as one kilometer14, it is possible that several more pyroCb pulses
actually reached that layer. The echo-tops from three pulses
extended directly into the stratospheric overworld46, coinciding
with a potential temperature (θ) >380 K. PyroCb activity was
especially intense during seven sub-events (Fig. 4, red boxes),
characterized by the highest pyroCb echo-top altitudes and
longest durations of echo-tops extending above the tropopause.
This subset likely represents the largest stratospheric injections of
smoke particles during ANYSO. Maximum radar echo-tops and θ
values observed during each pyroCb sub-event are summarized in
Supplementary Table 1.
The first phase of ANYSO began around sunset on 29 December

near the coast of eastern Victoria. While several blow-up fires were
observed on this date, only one contributed to pyroCb develop-
ment, burning ~32,500 ha. The first of four pyroCb pulses (sub-
event #1 in Figs. 1 and 4) developed at 09:30 UTC (20:30 LT), and
the final pulse ended 8 h later near 18:40 UTC (05:40 LT). The full
duration of this first sub-event occurred at night. BT11 imagery
(Fig. 5a) highlights the extremely cold cloud tops (BT11=−64 °C)
of the third pyroCb pulse, suggesting a likely overshoot above the
tropopause into the lower stratosphere. Radar echo-top observa-
tions confirm that this pyroCb pulse injected smoke particles at
least 15 km (θ= 374 K), which is 1.5 km above the tropopause
(13.5 km).
The most extreme pyroCb activity observed during ANYSO

occurred on 30 December. This was also the first known
occurrence of continuous pyroCb activity over an entire 24 h
period. Seven blow-up fires with associated pyroCb were
observed, burning 202,000 ha. Eleven distinct pyroCb sub-events
occurred in eastern Victoria and one in New South Wales (Fig. 1),
ultimately producing 25 individual pulses (Fig. 4). At least 13 of
these (52%) injected smoke into the lower stratosphere. Four of
the 11 pyroCb sub-events (#2, 10, 11, and 12) were responsible for
significant stratospheric smoke particle injections, with some of
the largest occurring at night or during the local morning hours.
Sub-events #2 and #4 coincided with the first intense daytime

pyroCb activity observed during the first phase of ANYSO. While
relatively short-lived, two of the three pulses from sub-event #2,
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injected smoke more than one kilometer above the tropopause
(maximum of 16.3 km, θ= 397 K). The third pulse of sub-event #4
persisted for more than 2 h, also injecting smoke above the
tropopause. Figure 5b highlights the mature stage of this pulse,
along with the remnants of sub-event #2 (second pulse) and
other sub-events using an existing daytime algorithm20 that

distinguishes the unique microphysics of pyroCb activity from
traditional convective clouds (orange shading, see methods).
The combined anvil cloud from sub-events #11 and #12

(Fig. 5c) reached altitudes of at least 15.8 km (BT11 <−70 °C, θ=
392 K), exceeding the tropopause by 2.3 km in the middle of the
night on 30 December (~16:00 UTC, 03:00 LT). This likely marked

Fig. 2 The three largest pyroCb smoke plumes observed in the stratosphere to date. Each true color image is based on the GeoColor
Algorithm (used with permission from the Cooperative Institute for Research in the Atmosphere) near local sunrise within 48–72 h of: a ANYSO
phase one, b ANYSO phase two, and c the 2017 Pacific Northwest Event (PNE). The ANYSO images are from GOES-17. The PNE image (GOES-
16) is adapted from our previous study2.
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the most extreme stratospheric smoke injection during the first
phase of ANYSO. The New South Wales pyroCb sub-event (#10)
generated six individual pulses over more than 11 h, which was
the most of the 18 sub-events (Figs. 1 and 4). The fifth pulse,
occurring during the local morning hours (31 December), was the
largest (Fig. 5d), also signifying a significant stratospheric
injection (14.7 km, θ= 371 K). Two additional pyroCb sub-
events developed on 31 December (Fig. 5e), supporting more
than four hours of intermittent daytime pyroCb activity.
While one of these sub-events (#13) produced three pulses, with
one injecting into the stratosphere, radar, and satellite data
suggest that the pyroCb activity this day did not significantly
contribute to the stratospheric smoke plume from the first phase
of ANYSO (Fig. 4).
The second phase of ANYSO occurred entirely on 04 January,

primarily during local daytime and early evening. Three blow-
up fires contributed to four pyroCb sub-events, with three
occurring in New South Wales and one in Victoria (Fig. 1). The
total area burned by these 04 January blow-up fires (245,000 ha)
exceeded the total area burnt by the blow-up fires on 30
December (~202,000 ha). Five intermittent pyroCb pulses
occurred over six hours (Fig. 4). Two pyroCb sub-events (#15
and #16) near the border between Victoria and New South
Wales were extremely intense when observed near sunset
(Fig. 5f), with echo-top altitudes reaching 16.4–16.7 km (θ=
375–390 K) and exceeding the tropopause (15.0 km) by
1.4–1.7 km. Both of these were comparable with the most
intense pyroCb sub-events on 30 December (#11 and #12, BT11
<−70 °C, θ= 392 K), each comprised of a single pulse that
persisted for ~75 min. When considering that the other pyroCb
pulses on 04 January did not significantly penetrate the
tropopause, the majority of the stratospheric smoke particle
mass injected during the second phase likely originated from
these two pyroCb pulses alone.

Meteorology supporting a pyroCb super outbreak
The majority of extreme pyroCb events are driven by a distinct set
of large-scale (synoptic) weather conditions21,23, especially those
resulting in the largest stratospheric smoke plumes (e.g., the 2017
PNE)2. Analysis of synoptic meteorology is also a critical step in
forecasting tornado super outbreaks47,48 and other severe weather
events. Figure 6a, b reveals that both phases of ANYSO pyroCb
activity developed as a strong anticyclonic circulation (high
pressure) began to weaken, just ahead of an approaching cyclonic
weather disturbance (low pressure trough) and its associated
surface-based frontal boundary. While this synoptic weather
pattern is well recognized for supporting extreme fire beha-
vior49,50, it also favors a deep, dry, and unstable near-surface
mixed layer surmounted by a moisture source and decreased
stability in the mid-troposphere. These thermodynamic conditions
match a previously developed conceptual model for pyroCb
activity21 that supports simultaneous development of extreme fire
behavior at the surface and deep, moist convection (thunder-
storms) aloft. The combination of approaching surface frontal
boundaries and a relatively strong upper-level jet stream provided
an additional dynamic forcing mechanism to enhance ascent in
the troposphere. The tropopause altitude remained relatively
uniform over the fires and pyroCb activity, within the warm air
mass ahead of the frontal boundaries. A more detailed
meteorological analysis for both ANYSO phases is provided in
Supplementary Figs. 1–6.
The key distinguishing characteristic of ANYSO’s first phase

was the anomalous and persistent transport of moisture in
the mid-troposphere over southeast Australia. Total precipitable
water was more than 20 mm higher than the 30-year climatol-
ogy over the blow-up fires in southeastern Australia near the
peak of pyroCb activity (Fig. 6a). Transport of this moisture
source was focused in the mid-troposphere along smaller
weather disturbances within the unstable air mass preceding
the primary cold front (Supplementary Figs. 1, 2, and 4). A series
of these prefrontal troughs persisted over southeastern Australia
from 06:00 UTC on 29 December until the primary frontal
boundary cleared the region around 09:00 UTC on 31 December.
Each prefrontal trough likely increased the potential for deep
flaming, through hot, dry, and windy fire weather near the
surface43. Upper-level dynamics also became increasingly
supportive of large-scale ascent in the region ahead of the
primary cold front, evidenced by diverging winds at the jet
stream altitude (250 hPa; Supplementary Fig. 3). The large
number of blow-up fires (28 total) and unusually long duration
of sustained pyroCb activity (~45 h) observed during ANYSO’s
first phase therefore resulted from a combination of favorable
thermodynamic conditions and enhanced dynamic forcing that
persisted over the fires in southeastern Australia within an
expansive prefrontal environment.
The approaching synoptic weather disturbances sustained

conditions suitable for extreme fire and pyroCb activity well after
sunset23,27,38, deviating from the typical diurnal cycle51. This is
evidenced in a time series of hourly fire radiative power (FRP, units
of MW, see methods) retrieved from AHI for all fire activity in
southeast Australia (Fig. 6c). FRP provides information on the
radiant heat output of fires detected from space and is commonly
used as a proxy for fire intensity52. The display in Fig. 6c reveals
that intense burning persisted during the entire duration of the
first phase, both during local daytime and nighttime. As high-
lighted in Fig. 5c, the most intense blow-up fires and highest
pyroCb echo-top altitudes (via sub-events #11 and #12) were
observed over Victoria during the local nighttime period on 30
December, ahead of the cold front as it approached the active
fires and associated FRP maximum. This nocturnal period also
coincided with the strongest low-level winds speeds and largest
burn rate by blow-up fires in the first phase, approaching

Fig. 3 ANYSO compared with stratospheric particle mass esti-
mates from other events. Bars indicate the approximate uncertainty
range of stratospheric aerosol particle mass injected. All mass
estimates are displayed using a logarithmic scale (x-axis). Color
scheme indicates event type and characteristics. This display
expands upon an earlier version provided in our previous study2.
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100,000 ha per hour (~5.6 times the area of the District of
Columbia, United States). In between the two ANYSO phases,
meteorological conditions did not match the pyroCb conceptual
model21, and no pyroCb activity was observed, despite continued
burning and large FRP.
Synoptic meteorology during ANYSO’s second phase was

similar to the first (Supplementary Fig. 5). However, the local
region along and ahead of the frontal boundary was narrower,
featuring only one prefrontal trough. Less moisture was available
in the mid-troposphere (Supplementary Fig. 6), with positive
precipitable water anomalies peaking farther east (Fig. 6b). Only
three out of thirty-five blow-up fires supported pyroCb activity
(Fig. 1), despite coinciding with the largest area burned by blow-
up fires and highest regional FRP values observed during the
entire ANYSO period (Fig. 6c). Synoptic weather progression was
also more rapid, which limited residence time in the relatively
narrow prefrontal environment, thereby constraining pyroCb
activity to approximately six hours.

Rapidly evolving synoptic weather features were a key factor
limiting the duration of significant pyroCb outbreaks prior to
ANYSO, including Black Saturday38, Chisholm11, and the PNE2. It is
possible that these events would have reached a magnitude
similar to ANYSO under more persistent synoptic weather
patterns. This is especially true for the PNE, given the large
number of active wildfires observed in western Canada during
201753. Similarly, the western United States did not experience a
pyroCb outbreak like ANYSO during the recent 2020 fire season,
despite coinciding with a record number of large wildfires and
several pyroCb events54–56. In this case, few large weather
disturbances were observed to nurture pyroCb development.
Future pyroCb super outbreaks will occur similarly in favored
regions at the confluence of large wildfires and favorable
meteorology, especially when the critical transition period
between transient disturbances persists for more than 24 h. This
is the primary attribute that must be characterized and monitored
as regional climate conditions continue evolving, particularly with

Fig. 4 Timeline of 18 pyroCb sub-events observed during ANYSO. Bars indicate 38 individual pyroCb pulses that injected smoke particles
into the UTLS. Each bar includes all 10-min intervals that coincide with AHI BT11 values below −35 °C (pyroCb threshold) near each
contributing blow-up (displayed in Fig. 1). Shading indicates the maximum radar echo-top altitude of each pulse relative to the tropopause
altitude (13.5 km for phase one and 15.0 km for phase two), identifying the 20 pulses that injected smoke directly into lower stratosphere.
PyroCb sub-events responsible for the largest stratospheric smoke injections are highlighted with red boxes. Inset picture shows an example
pyroCb pulse in its developing stages (taken during the 2019 Fire Influence on Regional to Global Environments Experiment - Air Quality
(FIREX-AQ)69, D. Peterson).
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regards to the propensity of increasing scales of pyroCb intensity
and stratospheric impact.
Smaller-scale meteorology also plays a significant role during

pyroCb outbreaks, including specific forms of surface fire spread
induced by the interaction of localized wind patterns with fuels
and topography28,43. Potential feedbacks induced by radiative
heating from large, regional smoke plumes may limit the potential
for pyroCb development when these plumes pass over blow-up
fires downwind. Future work is required to determine how these
variables contribute to plume structure and behavior that
ultimately initiates or suppresses pyroCb development24,25 and
injection of smoke particles into the stratosphere.

Initial stratospheric smoke plumes
Lower-stratospheric smoke plumes injected by both phases of
ANYSO were transported to the east of Australia (Fig. 2a, b), within
the eastward progressing high pressure ridge. Satellite observa-
tions of these nascent plumes represent distinct, individual
stratospheric injections and source terms. The corresponding

quantitative information (summarized in Supplementary Tables 2
and 3) facilitates a direct comparison with the PNE smoke plume
(Fig. 2c). These observations also set a foundation for future
modeling studies to understand potential downstream impacts on
atmospheric chemistry, radiation, and dynamic circulation.
The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP),

flown aboard NASA’s polar-orbiting CALIPSO satellite57, passed
over the young stratospheric smoke plume from ANYSO’s first
phase several times, revealing a mixture of ice and smoke particles
above the tropopause (Supplementary Fig. 7). By 02 January (01:40
UTC, 43 h after pyroCb cessation), ice crystal presence within the
plume had diminished, revealing a distinct residual smoke layer
averaging 3.5 km deep in the lower stratosphere (Fig. 7). This
observation occurred ~17 h before plume transport was influ-
enced by the dynamics of a large mid-latitude cyclone (Fig. 2a). A
similar CALIOP profile for ANYSO’s phase-two plume shows a
residual smoke layer averaging ~3.5 km in depth ~72 h after
pyroCb cessation (Fig. 8). Smoke particle mass densities in the
stratosphere were estimated at 40-140 µgm−3 for phase one and
13–47 µgm−3 for phase two2 (see Methods section).

Fig. 5 Key stages of ANYSO pyroCb activity observed from satellite. Grayscale shading indicates daytime BT11 from AHI, with colder, high-
altitude cloud tops displayed in white. Orange shading coincides with smoke-perturbed pyroCb cloud tops. Multi-color shading indicates
nighttime BT11, with high-altitude cloud tops displayed in red, yellow, and brown (e.g., #16). PyroCb sub-event numbers match those in Figs. 1
and 4, with a–e highlighting sub-events observed during ANYSO’s first phase and f highlighting peak activity during phase two. AHI pixels
with active fires are displayed in pink. The approximate position of an approaching surface cold front is denoted in white. Animations of this
imagery are provided in Supplementary Information for both ANYSO phases.
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Following previous studies2,29, the horizontal extent of both
stratospheric plumes was estimated using observations of Ultra-
Violet Aerosol Index (UVAI, dimensionless) retrieved from the
Ozone Mapping Profiler Suite (OMPS) Nadir Mapper, flown aboard
the Suomi National Polar-orbiting Partnership (S-NPP) satellite58.
UVAI is sensitive to the altitude of light-absorbing smoke particles
in the stratosphere (e.g., black and brown carbon), corresponding
with the largest values (e.g., >15–20)22,29. Comparison with
CALIOP profiling for both ANYSO plumes (Figs. 7 and 8) showed
that pixels with a UVAI at or above 15 were consistent with smoke
particles in the stratosphere, which mirrors the UVAI thresholds
applied to the 2001 Chisholm and 2017 PNE smoke plumes2,29.
Integration of each individual pixel area with a UVAI exceeding 15
yielded an instantaneous stratospheric smoke plume area of 1.6
million km2 for phase one and 1.1 million km2 for phase two.
The PNE plume coincided with the largest UVAI values observed

to date for any stratospheric aerosol plume worldwide2 (40–50+),
which is significantly larger than the UVAI observed early in the
lifetimes of both ANYSO plumes (25–44, Supplementary Figs. 8
and 9). The PNE plume also coincided with larger mass density
values (73–220 µgm−3). However, when compared with the PNE,
the ANYSO phase one plume occupied a much larger volume in
the stratosphere at about the same time period after pyroCb
cessation (48 h). Estimated smoke particle mass (0.2–0.8 Tg) was

therefore about twice as large as the PNE (0.1–0.3 Tg), despite
coinciding with a lower mass density (Fig. 3).

Downwind plume evolution and persistence
Over the weeks and months following ANYSO, the ensuing
stratospheric plumes encircled the Southern Hemisphere between
20°S and 90°S. The OMPS Limb Profiler (LP) instrument tracked the
downwind evolution of the stratospheric aerosol vertical profile
and its persistence. OMPS LP aerosol extinction coefficient (at
997 nm, see Methods section) averaged between 20°S and 90°S
increased by a factor of five between 15 and 20 km during the first
few months after ANYSO (~0.0005–0.0015 km−1; Fig. 9a) com-
pared with pre-injection background values (0.0001–0.0003 km−1).
The estimated e-folding aerosol decay time for the ANYSO plume
at altitudes below 18 km (120–150 days) was similar to that of the
PNE plume8. However, it nearly doubled to 250–350 days at
altitudes above 19 km (Supplementary Fig. 10). Stratospheric
aerosol extinction above this altitude persisted at values 150%
higher than background (December 2019) for at least 15 months
after initial injection (through March 2021; Fig. 9a), far exceeding
the stratospheric lifetime of the PNE smoke plume8,59. ANYSO
therefore set a new benchmark for detectable smoke plume
residence time in the stratosphere.

Fig. 6 Meteorology driving ANYSO pyroCb activity, regional fire activity, and timing.Maps in a and b display the primary synoptic weather
features as both phases of pyroCb activity reached maximum intensity, with cold fronts displayed in blue and prefrontal troughs in dashed
gray. Green shading indicates positive anomalies of total column precipitable water derived from the 30-year (1981–2010) NCEP/NCAR
climatology. Mean sea level pressure is displayed in black contours. Red box indicates the region with active wildfires and pyroCb
development analyzed in the hourly time series (c). Normalized FRP from AHI is plotted in blue. The area burned per hour by active blow-up
fires is plotted in red. Maximum pyroCb echo-tops are plotted in green, with the approximate tropopause altitude represented as a dashed
black line. Symbols coincide with the timing of the synoptic weather maps in a and b.
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Smoke particles (e.g., black carbon) in a pyroCb smoke plume
absorb solar radiation, warming the layer of the stratosphere
where they reside. The resulting diabatic heating effect
generates instability, causing the plume to rise after its initial
injection into the stratosphere8. The ‘diabatic lofting’ effect is
often strong enough to oppose the mean downward motion of
the UTLS Brewer–Dobson circulation60 over the mid- and high
latitudes, ultimately increasing plume lifetime in the strato-
sphere. OMPS LP reveals that the altitude of the ANYSO plume
increased from its initial injection at 14–17 km to 34 km within
40 days (Fig. 9a), extending well into the ozone layer. These
extreme altitudes are the highest ever reached by a wildfire
smoke plume in the historical record to date. As described by
previous studies1, the ANYSO plume even rivals the altitudes
reached by the sulfate plumes ensuing from climate altering
volcanic eruptions, such as Mt. Pinatubo in 1991, which reached
30–40 km35,36. For comparison, the 2017 PNE plume (previous
benchmark) ascended from 12–14 km to ~23 km6.
Figure 9b depicts zonally averaged aerosol extinction profiles on

26 March 2020, highlighting a very complicated aerosol particle
distribution in the global stratosphere. The ANYSO smoke is easily
distinguished by the magnitude of aerosol extinction in the
stratosphere south of ~30°S, and by the diabatic lofting of smoke

particles above 25 km in several latitude bands. These high-altitude
smoke observations likely coincide with at least three persistent,
blob-like smoke features that not only continued rising over time
(~34 km, potential temperature of 950 K), but also directly altered
wind patterns in the stratosphere1,30,31. Temperature perturbations
in the layers affected by absorbing smoke particles generated
potential vorticity (positive anomaly), which ultimately induced
anticyclonic circulation anomalies in the stratosphere for several
weeks30,31. Enhanced anticyclonic rotation was also observed with
the PNE plume in the Northern Hemisphere stratosphere,
evidenced by destruction of positive potential vorticity (negative
anomaly)31. This new discovery motivates the reexamination of
previous pyroCb smoke plumes to determine how often they
influence dynamic circulation in the stratosphere. More importantly,
it highlights the consequence of increasingly greater stratospheric
smoke injections from pyroCb outbreaks, and potential for even
greater perturbations to hemispheric circulation should their scale
and intensity increase in the future.

Comparison and potential interaction with volcanic plumes
An analysis of stratospheric aerosol optical depth (sAOD, 869 nm)
retrieved from OMPS LP across all available latitude bands (Fig. 10)

Fig. 7 Characteristics of the initial phase one stratospheric smoke plume. Top panel shows profiles of 532 nm attenuated backscatter
(km−1 sr−1) observed by CALIOP on 02 January 2020 for a daytime (ascending) CALIPSO overpass beginning 01:37 UTC. Dashed white lines
denote the approximate upper and lower bounds of the plume. Bottom panel shows near-coincident ultra-violet aerosol index (UVAI)
observations from OMPS. The CALIPSO satellite track is superimposed green, with black indicating the segment used in the top panel. The
horizontal extent of the stratospheric smoke plume (AI ≥ 15) is displayed in shades of yellow and red.
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reveals that the majority of significant stratospheric aerosol
plumes in recent years originated from volcanic eruptions (Nabro
2011, Kelut 2014, Calbuco 2015, Aoba 2018, Ulawun 2019, and
Raikoke 2019)61. However, the large pyroCb smoke plumes from
the ANYSO and PNE are also clearly distinguished. The impact
from ANYSO is particularly large, with sAOD reaching 0.015. Since
2012, this was only exceeded by the 2019 Raikoke eruption, which
affected the Northern Hemisphere stratosphere (Fig. 9b) and
produced sAOD values of 0.025 (Fig. 10). The lifetime of the
ANYSO plume is at least 15 months through the end of March
2021, which is comparable with Raikoke and the 2015 Calbuco
eruptions62. For comparison, the 2017 PNE produced a maximum
sAOD of 0.008 and dissipated after ten months59. The sAOD values
for both pyroCb events (ANYSO and PNE) easily exceeded those of
the Kelut (2014), Aoba (2018), and Ulawun (2019) eruptions. Two
of the four largest stratospheric plumes observed since 2012
therefore originated from regional outbreaks of intense pyroCb
activity. Figure 10 also reveals shorter periods of elevated sAOD
north of 45°N during the Northern Hemisphere fire seasons of
2014, 2015, 2018, 2019, and 2020, which may be a result of
‘typical’ seasonal pyroCb activity2,20–23,56.
While large and intense pyroCb outbreaks are a relatively new

phenomenon, they account for almost one third of the sAOD

budget during 2017–2020. The highest levels of sAOD observed
during the entire 25 year, post-Pinatubo era were observed
during 2019-202061, with ANYSO playing a significant role in
reaching that milestone (Fig. 10). However, several volcanic
eruptions also contributed. Figures 9b and 10 indicate that
stratospheric smoke from ANYSO likely mixed with the residual
volcanic plume from the earlier Ulawun eruption in Papua New
Guinea (26 June 2019)63. While this is especially evident in the
tropics, the mid- and high latitudes of the Southern Hemisphere
also contained diffuse remnants of the Ulawun plume prior to
ANYSO. Poleward transport of this volcanic plume (and others)
is evidenced in Supplementary Fig. 11, which provides a
corresponding display of aerosol extinction at three strato-
spheric altitudes. Similarly, portions of North America and
Siberia experienced prolific pyroCb activity during 2019 and
2020, which likely contributed to the elevated sAOD values
following the Raikoke eruption. The potential for increasing
pyroCb activity during the summer fire seasons in each
hemisphere (approximately six months apart) therefore has
significant implications for future stratospheric aerosol beha-
vior, including potential interactions with sulfate-based plumes
originating from volcanic eruptions. Detailed examination of

Fig. 8 Characteristics of the initial phase two stratospheric smoke plume. Top panel shows profiles of 532 nm attenuated backscatter
(km−1 sr−1) observed by CALIOP on 07 January 2020 for a nighttime (descending) CALIPSO overpass beginning 10:52 UTC. Dashed white lines
denote the approximate upper and lower bounds of the plume. Bottom panel shows ultra-violet aerosol index (UVAI) observations from OMPS
on 08 January 2020 at 00:00 UTC, which is ~13 h after the CALIOP observations in the top panel. The corresponding CALIPSO satellite track is
superimposed green, with black indicating the segment used above. The horizontal extent of the stratospheric smoke plume (AI ≥ 15) is
displayed in shades of yellow and red.
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this complex stratospheric aerosol loading situation will be
explored in future studies.

DISCUSSION
This study provides a quantitative analysis of the intense fire and
pyroCb activity observed during the Australian New Year Super
Outbreak (ANYSO) in southeastern Australia, revealing that 13
blow-up fires contributed to 38 distinct, ice-capped convective
columns, defined as pyroCb pulses. Two distinct phases of ANYSO
pyroCb activity resulted in two of the three largest smoke particle
injections into the lower stratosphere observed through March
2021, rivaling or exceeding the stratospheric impact from all
volcanic eruptions observed during 2012–2020. The large strato-
spheric smoke plumes ensuing from ANYSO reached altitudes
higher than smoke has ever been observed, encircled a portion of
the Southern Hemisphere, altered dynamic circulation1,30,31 and
persisted for more than 15 months. Fewer than 3 years earlier, the
Pacific Northwest Event (PNE) in Canada produced a persistent
smoke plume that encircled a portion of the Northern Hemi-
sphere2. These regional pyroCb outbreaks represent a new class of

stratospheric smoke plumes with the potential for significant
climate feedbacks on seasonal and hemispheric scales. Large
pyroCb outbreaks also serve as validation for nuclear winter theory,
which is based on smoke from burning cities rising into the
stratosphere and encircling the globe8,37,64. The extreme scale of
ANYSO therefore motivates a variety of future modeling work to
understand the impact of stratospheric smoke plumes on surface
cooling, stratospheric chemistry, and dynamic circulation.
Many regions worldwide have experienced extremely active fire

seasons and prolific pyroCb activity over the past four years
(2017–2020), including Canada, Alaska, eastern Siberia, and the
western United States. PyroCb outbreaks likely represent a
growing severe weather hazard in many of these fire prone
regions, presenting hazards for commercial aviation17 and all
forms of firefighting, including both ground and airborne
support38,65,66. ANYSO was driven by weather conditions similar
to several previous extreme events2,21,23–25, suggesting that
intense pyroCb activity, ensuing stratospheric smoke plumes,
and related hazards are predictable in a changing climate.
The exceptional duration of ANYSO’s first phase (10 blow-up

fires producing 33 pyroCb pulses over ~45 h) resulted in part

Fig. 9 Smoke plume evolution and persistence in the stratosphere. a Daily aerosol extinction profiles at 997 nm between 20°S and 90°S
measured by OMPS LP from 01 December 2019 through 29 March 2021. The display is only for profiles in the stratosphere, measured at least
1 km above the mean tropopause altitude. b Zonally averaged aerosol extinction profiles at 997 nm, calculated for 2.5° latitude bands on 26
March 2020. The black line denotes the mean tropopause altitude and the white contours are mean potential temperature (K). The primary
source of stratospheric aerosols in certain latitude bands is specified at the bottom.
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from slow progression of large-scale weather features that set
the stage for thunderstorm development over active fires. A
combination of intense wildfire activity and conducive meteor-
ology was also a key factor driving pyroCb development during
the PNE2. This motivates future studies to identify regions with
a high frequency of meteorological conditions supportive of
these unusual thunderstorms, especially concurrence with the
most active parts of the local fire season. Improved under-
standing of these mechanisms will facilitate advanced warning
of future pyroCb outbreaks and ensuing stratospheric smoke
plumes.
As environmental conditions become more supportive of

severe fire seasons9,10, it is logical to expect a higher frequency
and larger magnitude of pyroCb outbreaks, reflecting increased
coupling of the mixed layer with surface conditions (e.g., more
blow-up fires). However, the concurrence of this fire activity with
meteorology favorable for thunderstorm development is likely to
be a limiting factor in some regions. The recurrence interval of
pyroCb outbreaks also reflects the characteristics and availability
of fuels. In southeastern Australia, previous studies show that the
mitigating effect of prior fire activity on extreme wildfire
occurrence is limited67. Therefore, while the fires observed during
the Black Summer of 2019/20 burned at least 20% of the forests in
the ANYSO region68, sufficient fuels will likely be in place during
the next period of conditions favorable for a pyroCb super
outbreak.
The exceptional magnitude of ANYSO has initiated a new phase

of pyroCb research aimed at understanding larger scales of
potential atmospheric impacts and climate feedbacks. ANYSO also
revealed that a pyroCb super outbreak can significantly augment
the global stratospheric aerosol loading induced by preceding
volcanic eruptions, raising new questions on future aerosol
behavior in the stratosphere. Recent field experiments provide a
wealth of new in situ and remotely sensed observations of
individual pyroCb pulses and high-altitude smoke plumes16,17,69 to
facilitate improved climate modeling studies (https://
earthobservatory.nasa.gov/images/145446/flying-through-a-fire-
cloud). With these observations and the new insights from ANYSO,
there are sure to be new discoveries as research continues to
explore the role of pyroCb activity in the climate system.

METHODS
Stratospheric smoke particle mass from lidar (top-down
estimate)
The primary method applied to estimate smoke particle mass injected
into the stratosphere by pyroCb activity requires the combination of ‘top-
down’ CALIOP vertical profiling and UVAI observations, which were
obtained from the OMPS Nadir Mapper (NM). These calculations were
based on observations two to four days after pyroCb cessation
(Supplementary Table 2), when the stratospheric plume was comprised
primarily of residual smoke aerosol rather than ice particles. Regional
tropopause heights were determined using temperature profiles from
local radiosondes. Accompanying dynamic tropopause maps reveal
minimal variation in tropopause altitude to east of Australia, where the
nascent smoke plumes were transported (Supplementary Figs. 3 and 5).
The vertical extent of the plume above the tropopause was constrained
using vertical profiles of 532 nm backscatter and linear laser depolariza-
tion ratio from CALIOP. The average particle mass density (Mρ) of the
stratospheric smoke layer was calculated by:

Mρ ¼ βR
ε

(1)

where β is the average CALIOP Level 1 backscatter (units of m−1 sr−1) of
all pixels coinciding with stratospheric smoke, R is an assumed particulate
extinction-to-backscatter lidar ratio (units of sr), and ε is the particle mass
extinction coefficient (units of m2g−1). To account for a potential mix of
smoke particles, water/ice, and mineral dust, a range of 3.0 to 6.0 m2 g−1

was used for ε and a range of 40 to 70 sr was used for R5,70. Output is
therefore provided in an uncertainly range, based on the sensitivity of Mp

to the values of ε and R, which are dependent on the physical and optical
properties of smoke particles2.
The horizontal area of ANYSO’s initial plumes was constrained using

UVAI from OMPS NM. By pairing these data with CALIOP profiles, a UVAI
threshold of 15 was diagnosed to identify pixels containing stratospheric
smoke. The total area of OMPS NM pixels above that threshold was used as
an estimate of the horizontal extent of the stratospheric plume2,29.
Integration of Mρ over the smoke plume area and depth (diagnosed from
CALIOP profiles and assumed constant over the horizontal extent of the
plume) provided an estimate of the total smoke particles mass injected
into the stratosphere by each phase of ANYSO.
The upper bound of 70 sr for R provides consistency with several

existing studies on pyroCb smoke plumes, including ANYSO30. This is
slightly higher than the upper bound applied in our previous study of the
PNE plume (60 sr)2. However, ground-based lidar observations of the
ANYSO plume as it passed over South America reveal significantly larger
R values at 532 nm ranging from 75 sr to 112 sr71. The cumulative particle

Fig. 10 Comparing ANYSO with all significant stratospheric plumes observed during 2012–2021. Shading indicates daily OMPS LP
stratospheric aerosol optical depth (sAOD) calculated in five degree latitude bands using extinction profiles at 869 nm. White labels indicate
volcanic plumes and black labels indicate pyroCb smoke plumes. Numbers rank the five largest plumes in this record based on
maximum sAOD.
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mass estimate provided in Fig. 3 (0.3–1.1 Tg) increases to 0.5–1.6 Tg when
applying these larger values.
The CALIPSO orbit missed the core of the stratospheric plume on 02

January (Fig. 7), suggesting that the mass estimate for ANYSO phase one
may be slightly underestimated (due to a weaker β), regardless of the range
applied for R. Similarly, the lack of near-coincident CALIOP and OMPS NM
observations of the ANYSO phase two plume introduces additional
uncertainty into the corresponding mass estimate. When considering that
CALIOP (nighttime) preceded OMPS NM (daytime) by ~13 hr on 7-8 January
(Fig. 8), β likely represents observations near the edge of the plume. These
phase two observations (70-90 hr after pyroCb cessation) are also at least a
day later than the observations of ANYSO phase one and the PNE (~48 hr
after pyroCb cessation). When considering that UVAI values generally
decrease with time, application of the same UVAI threshold of 15 to ANYSO
phase two may underestimate plume area and the resulting particle mass.
Sensitivity of pyroCb smoke particle mass estimates to UVAI thresholds and
observation timing will be explored in a future study. The comparison with
‘typical pyroCb activity’ in Fig. 3 is simply a combined range of similar mass
estimates from pyroCb plumes analyzed during the 2013 fire season in
Western North America (coniferous forest)2,20.

Stratospheric smoke particle mass from UVAI (top-down
estimate)
The second top-down mass estimate method applied here is based
entirely on UVAI observations (again from OMPS NM, Supplementary Table
3), which facilitates analysis of stratospheric particle mass within the first
24 hr after pyroCb cessation or even while the event is still ongoing (e.g.,
ANYSO’s first phase). It employs a linear relationship between UVAI and
extinction aerosol optical depth (extAOD) previously identified for the
Chisholm smoke plume29, allowing the mass of stratospheric aerosol
particles per-pixel (Mp) to be calculated by

Mp ¼ extAOD´ Ap
ε

(2)

where Ap is the OMPS NM pixel area and ε is the particle mass extinction
coefficient. Following the lidar-based method described above2, a range of
3.0–6.0 m2 g−1 was used for ε. The stratospheric horizontal area of both
initial pyroCb plumes was also constrained using the same UVAI threshold
of 15 (refs. 2,29). Integration over the full smoke plume area provided an
estimate of the total smoke particle mass injected into the stratosphere.
The early, post-injection period targeted by this method often involves a

complicated mix of freshly injected smoke particles and cloud ice (i.e.,
decaying pyroCb anvil clouds), which likely introduces some uncertainty
into the resulting particle mass estimates. For example, the first OMPS NM
UVAI observation of the phase one plume occurred ~3 h before pyroCb
cessation on 31 December (Supplementary Fig. 8), revealing that at least
0.1–0.3 Tg of smoke particle mass was already in the stratosphere.
However, this early observation included several pyroCb anvil clouds that
were still intact or developing, and therefore does not serve as a direct
comparison with the lidar based approach in Fig. 7. The phase one plume
was split across multiple OMPS NM orbits on 01 January, which prevented
a second rapid mass estimate using this method.
The first UVAI observations of the phase two plume occurred ~17 h after

pyroCb cessation (Supplementary Fig. 9), yielding 0.1–0.3 Tg of particle
mass in the stratosphere. This UVAI-based estimate overlaps with the
range provided by the lidar-based approach (0.1–0.2 Tg, Fig. 3). When
considering the potential for underestimated smoke mass as described
above, the UVAI method upper bound of 0.3 Tg was used in this study
(Fig. 3). The UVAI method was also applied to estimate the smoke particle
mass injected by previous significant events in Australia, including Black
Saturday72 and the Great Divide event73 (Fig. 3).

Fire burned area estimates
Fire burned area estimates for the ANYSO blow-up fires (Fig. 1), were
estimated from a variety of remotely sensed data sources. Active fire
detections served as a base layer via the MODerate Resolution Imaging
Spectroradiometer (MODIS) instrument aboard the Terra and Aqua
satellites74. Pixels with elevated FRP (above 127 MW) were used as markers
for the elevated heat output from blow-up fires. Pseudo-elliptical areas,
with typically elevated Normalized-Difference Burn Index (NDBI) imagery
(NSW Government and Victorian Government)75, either in absolute terms
or relative to surrounding burnt areas, were used to refine blow-up area
extents. Deep flaming was occasionally confirmed from Sentinel 2 imagery

(https://www.sentinel-hub.com/). Bureau of Meteorology (BoM) weather
radar data (mainly from Wollongong, Canberra, and Bairnsdale) were used
as an additional confirmation of blow-up activity, when a convective core
(identified from reflectivity level) was stationary over a given fire. For more
information on BoM weather radar, please see the methods section on
echo-top data.
Blow-up fires were assumed to occur exclusively in regions dominated

by forest vegetation, as fires in Australian grassland fuels to do not
produce sufficiently intense or persistent pyro-convection. However, blow-
up fires in forest fuels may still leave insufficient fire ground residual heat
to satisfy the MODIS fire detection algorithm in subsequent overpasses.
The boundaries of large fire detection gaps within a blow-up area (typically
covering over 20 km2) were therefore constrained with NDBI mapping. This
combined approach set the foundation for estimating the area burned by
all blow-up fires observed during ANYSO, which often served as a pyroCb
source. Weather radar and Sentinel 2 imagery were used when available or
applicable as additional constraints.
Production of a consistent database for fire areas, including blow-up

fires, across multiple jurisdictions is a long-term goal in Australia. Research
efforts are still underway. The estimated fire expansion in Fig. 6c employed
this ongoing research for the set of ANYSO blow-up fires by assigning 60%
of the burnt area to the hour of peak estimated intensity from the data
sources discussed above, with 20% assigned to the hour on either side.
These values were then accumulated over the southeastern Australia study
region for each hour. While superior data sources may exist for individual
fires (e.g., airborne mapping), they are not consistently available across all
fires in all jurisdictions within southeastern Australia.
A variety of factors may affect this approach, including MODIS pixel

resolution, MODIS return-intervals, cloud cover, dense smoke in imagery,
parallax error, and radar coverage. However, the impact from these
combined factors was considered acceptable in the basic, regional-scale
estimates applied in this study. It is also acknowledged that active fire
containment efforts by Incident Management Teams (e.g., burn-outs, back-
burns, aerial suppression) may confound later interpretation of remotely
sensed data, which is based on a priori expectations of fire spread.

Mass of biomass consumed and energy released (bottom-up
estimate)
The total area burned in the Australia fire season exceeded 7 million ha
(ref. 4), but bottom-up smoke mass estimates were only based on the
fraction from the specific dates with pyroCb activity and the 530,000 ha
burnt by the 13 blow-up fires identified as pyroCb sources (methods
described above). The total fuel loading in Australian forested areas is on
the order of 300,000 kg of dry biomass per ha (ref. 4), which includes tree
trunks and soil carbon that are only partially consumed by even severe
wildfires. By assuming a range of potential fuel consumption of 15,000 to
60,000 kg ha−1, equivalent to 5–20% of total biomass (measurements of
near-surface non-trunk fuels fall near the bottom of this range, averaging
~20,000 kg ha−1)76, these 13 blow-up fires are estimated to have
consumed a total 7.9–38.8 Tg of fuels. These values were converted to
mass of particulate matter with a diameter of <2.5 µm (PM2.5) using
emission factors of 16.9–38.8 grams PM2.5 per kilogram dry fuel
consumed77 based on measurements of smoke from open burning in
eucalyptus. The resulting ground-based estimate of PM2.5 release from the
blow-up fires ranges from 0.1 to 1.2 Tg. Similar to previous studies2, this
bottom-up estimate appears low relative to the top-down estimate
(0.3–1.1 Tg, top-down methods described above). While recent modeling
work does suggest that emission factors of PM2.5 may be much greater
than climatological averages during extreme fire events78, future study is
required to examine direct correspondence between blow-up fires, greater
fire severity, and more fuels consumed.
To estimate the energy released by the 13 blow-up fires driving pyroCb

development, we assumed an effective heat of combustion of 18,700 kJ
kg−1, which is similar to previous studies11, and laboratory data from
eucalyptus fuels79. Multiplying by the total mass of fuel consumed
(7.9–38.8 Tg) yields an estimated energy release of 1.3–5.1 × 1014 kJ. This
estimate represents a maximum value for sensible energy release. It does
not account for the substantial fraction of combustion that is expended to
heat adjacent fuels and boil off fuel moisture, some of which is available as
latent heat, and converted to sensible heat higher in the atmospheric
column. The TNT and atomic bomb equivalents were based the heat of
combustion of TNT of 4 kJ g−1, with one Hiroshima atomic bomb
estimated at ~15 kT of TNT.
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OMPS LP data processing
OMPS LP retrieves aerosol extinction profiles at 510, 600, 674, 745, 869, and
997 nm wavelengths80. In addition, it provides some information about
cloud height and type, which is used to identify enhanced aerosol layers in
the stratosphere. The OMPS LP sensor uses three vertical slits separated
horizontally by 250 km, to provide near global coverage and more than
7000 profiles a day. All OMPS LP analysis is based on data from the center
slit, which has the most accurate calibration and straylight correction80.
The temperature, pressure, and tropopause altitudes are derived from the
geopotential height product provided by the NASA Global Modeling and
Assimilation Office operational model, and these fields are included in
OMPS LP Level 2 daily files.
OMPS LP aerosol extinction profiles at 997 nm were aggregated at 1-day

intervals for all measurements above the tropopause between 20°S and
90°S, and smoothed spatially using five points boxcar averaging to remove
any outliers (Fig. 9a). With this methodology, aerosol extinction values at
lower altitudes (e.g., 10 km) primarily represent observations at high
latitudes. Estimated e-folding aerosol decay times were calculated using an
exponential fit of OMPS LP aerosol extinction measurements at a range of
altitudes above the tropopause, with the background aerosols removed.
The background aerosol extinction profile was defined as the mean aerosol
extinction during December 2019, prior to ANYSO.
Zonally averaged aerosol extinction profiles at 997 nm (Fig. 9b) were

calculated for 2.5° latitude bands on 26 March 2020. When considering
OMPS LP observing geometry, 997 nm is considered to be the most
sensitive wavelength to aerosols in the Southern Hemisphere and lower
altitudes, where the Rayleigh scattering is high80. However, measurements
at 997 nm are only available after 26 November 2013. The stratospheric
aerosol optical depth (sAOD) daily time series were derived by integrating
aerosol extinction profiles above the tropopause and averaging every five
degrees of latitude (Fig. 10). Aerosol extinction profiles at 869 nm were
used to create the sAOD time series because measurements at that
wavelength are available throughout the OMPS LP data record.

PyroCb detection from satellite
The duration of ANYSO was analyzed at 10min intervals using AHI (e.g.,
Fig. 5). A key defining characteristic of pyroCb activity is the presence of
large anvil ice clouds in the UTLS. PyroCb detection therefore requires
cloud top BT11 to be lower than an approximated homogeneous liquid-
water freezing threshold of −35 °C (ice cloud). During nighttime, pyroCb
activity was identified exclusively using BT11, with intense updrafts
coinciding with the lowest (i.e., coldest) values below the −35 °C pyroCb
threshold. During daytime, a previously developed algorithm20 was
applied to take advantage of unusually small particles existing at the tops
of pyroCbs, which result from a large quantity of available cloud
condensation nuclei in the form of smoke particles (indirect aerosol
effects)13. Differences in brightness temperatures at 3.9 µm and 11.0 µm
become unusually large (near and greater than 50 K) in the presence of
such smaller particles. The algorithm is therefore able to effectively
distinguish pyroCb activity from traditional thunderstorms in the vicinity of
active fires. Imagery products based on these methods are posted in near-
real-time on the Naval Research Laboratory’s pyroCb website: http://www.
nrlmry.navy.mil/pyrocb-bin/pyrocb.cgi.

Radar echo-tops
Australia BoM level 2 weather radar were used for echo-top analysis. Two
sites were employed, Bairnsdale (Victoria, 37.89° S, 147.56° E) and Captain’s
Flat (New South Wales, 35.66°S, 149.51° E). Temporal resolution between
full volume scans is 6 and 10min for Captain’s Flat and Bairnsdale,
respectively. Captain’s Flat data were degraded to the Bairnsdale time grid.
These data were retrieved from the National Computational Infrastructure
portal maintained by Australian National University (http://dapds00.nci.org.
au/thredds/fileServer/rq0). Echo-tops were determined from each scan
volume at all columns between 5 and 200 km from the radar site. For each
column, the echo-top was identified as the height of the top-most vertical
mid-point of three consecutively stacked range bins with reflectivity
>10 dBZ, subject to the condition that this height was >8 km in altitude.
While the majority of the radar echo-top signal is assumed to result from
hydrometeors (primarily ice), it is possible that large pyrometeors (ash and
other large debris) were also mixed in81. Weather radar is generally not
sensitive to small smoke particles (PM2.5) in the high-altitude pyroCb
outflow (i.e., anvil cloud).

PyroCb echo-top assignment was determined by a search box of 0.20°
latitude and 0.25° longitude centered on the location of pyroCb anvils
identified by the AHI BT11 data described above. All 18 ANYSO pyroCb sub-
events were within range of either Bairnsdale or Captain’s Flat. PyroCb
echo-tops from all phase one sub-events were obtained from Bairnsdale,
except #10, 13, and 14 from Captain’s Flat. Echo-tops for all phase two sub-
events were obtained from Captain’s Flat, except #16 from Bairnsdale.
Echo-top potential temperature was calculated by linear interpolation
using the radiosonde profile (temperature, height, and potential tempera-
ture) closest in time to each radar observation. These data were primarily
retrieved from the Melbourne radiosonde site, available at http://weather.
uwyo.edu/upperair/sounding.html. The Wagga Wagga radiosonde site is
closer to the ANYSO region, but its data archive is not as comprehensive.
Thermodynamic profiles from Wagga Wagga therefore served as a
supplement to those obtained from Melbourne.

Fire radiative power
FRP data referenced in this study are based on observations from AHI at
10min intervals (Fig. 5). FRP was obtained from the Wildfire Automated
Biomass Burning Algorithm (WFABBA) as applied to AHI data. The WFABBA
uses the difference in ~4 µm (AHI Channel 7) radiance space between the fire
pixel and the estimated background to derive FRP, following the techniques
used with Advanced Baseline Imager (ABI) on the current generation of GOES
satellites82–85. The similarities between ABI and AHI allow for straightforward
application of the WFABBA to AHI fire detection and characterization. The
WFABBA provides FRP for the majority of detected fire pixels. However, cloud
cover can occasionally prevent WFABBA retrieval of FRP data84,85.
The hourly FRP time series shown in Fig. 6 is based on methods

developed in a previous study23. Instantaneous FRP observations from AHI
over southeastern Australia (domain of Fig. 1) were accumulated in hourly
intervals. Mean hourly FRP was calculated excluding fire pixels with
missing or invalid FRP retrievals. These mean hourly FRP values were
multiplied by the hourly total detected fire pixels to give a total hourly FRP.
This value was then divided by the number of scenes with detected fire
during each hourly interval, yielding a normalized hourly FRP time series.

DATA AVAILABILITY
The CALIOP data that support the findings of this study are available from https://
eosweb.larc.nasa.gov/project/calipso/calipso_table. OMPS NM data are available from
https://ozoneaq.gsfc.nasa.gov/data/omps/. A detailed timeline of ANYSO fire and
pyroCb activity is available from the corresponding author upon request, along with
derived stratospheric smoke mass estimates.
Imagery products based on AHI data, including the pyroCb detection product, are
posted in near-real-time on the Naval Research Laboratory’s pyroCb website: http://
www.nrlmry.navy.mil/pyrocb-bin/pyrocb.cgi. OMPS-NPP LP L2 Aerosol Extinction
Vertical Profile swath multi-wavelength daily 3slit Collection 2 V2.0, are accessible
from Goddard Earth Sciences Data and Information Services Center, accessed [11/10/
2020], https://doi.org/10.5067/CX2B9NW6FI27. The standard MODIS fire products
(MOD14) can be obtained from https://firms.modaps.eosdis.nasa.gov/active_fire/
#firms-shapefile. Data from NOAA’s Fire Detection and Characterization Algorithm,
which is the ABI implementation of the WFABBA, can be obtained from the NOAA
Comprehensive Large Array-data Stewardship System (CLASS) at https://www.class.
noaa.gov and from the participating members of the Big Data project enumerated
here: https://www.ncdc.noaa.gov/data-access/satellite-data/satellite-data-noaa-big-
data-project.
Australian weather radar data can be obtained in a compressed file format from the
NCI server with appropriate date syntax and radar station code. For example, full
volume scans from the Captain’s Flat location (code 40) on 2019/12/31 can be
retrieved here http://dapds00.nci.org.au/thredds/fileServer/rq0/40/2019/vol/
40_20191231.pvol.zip. More information about the radar sites can be found here
http://www.bom.gov.au/australia/radar/info/nsw_info.shtml#captains-flat40.
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