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The 2019-20 Australian bushfire produced strong plumes that carried massive quantities
of gases and aerosols through the tropopause into the stratosphere. The 2019 El Nifio and
a rare sudden stratospheric warming (SSW) in the Southern Hemisphere (SH) that
occurred in austral spring 2019 caused reduced precipitation in eastern Australia,
which caused the strongest bushfire in history in terms of area and disaster degree.
High-intensity bushfires triggered chemical reactions, including the rapid secondary
formation of formic acid (FA). The strong intensity of the bushfire and the isolated
environment allowed their impacts to be well detected. We identified the most active
bushfire period (December 30-January 1) and its impacts on atmospheric components.
The trajectory and lifetime of bushfire plumes were analysed to reveal the bushfire process
and most active period. Based on multiple satellite and reanalysis products, unique
variations in atmospheric components were identified and attributed to three main
factors: bushfire development period, stratospheric heating mechanism and rapid
secondary formation of FA. The bushfire gradually increased in intensity from June,
reached its most active period from December 30-January 1, and then weakened.
The bushfire development period caused delays in the plumes and peak values of
gases (CO, SO,, FA and ozone) and temperature. The diurnal cycle, particle
concentration and time restricted the total radiative forcing of aerosols and gases,
which prevented a high rate of temperature increase similar to that of gas input from
plumes. The strong intensity of the bushfire caused rapid secondary formation of FA, which
caused a sharp increase in FA production from December 30-January 1.

Keywords: 2019-20 Australian bushfire season, plumes entering the stratosphere, El Nino year, rapid secondary
formation of formic acid, bushfire development period, stratospheric heating mechanism

INTRODUCTION

During the 2019-20 Australian bushfire season, colloquially termed black summer (Mocatta and
Hawley, 2020; Zhang et al., 2020), 890,000 ha were burnt in Australia (Filkov et al., 2020). The
burning area was nearly double that of Australia’s 2009 Black Saturday fires, which were some of the
largest and most devastating bushfires in the nation’s history that burnt 450,000 ha (Kepert et al.,
2013). The 2019-20 bushfire season was strengthened by the El Nifio year (Ehsani et al., 2020; Piper,
2020; Wang and Cai, 2020) and a rare sudden stratospheric warming (SSW) in the Southern
Hemisphere (SH) that occurred in austral spring 2019 (Rao et al., 2020a; Rao et al., 2020b; Lim et al.,
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2021). El Nifio years have been shown to be significantly related
to high temperatures and low rainfall, leading to increased
bushfire activity in Australia and New South Wales (Skidmore,
1987). In contrast, the 2019 SSW event in the SH, which
dramatically weakened the polar vortex throughout the depth
of the stratosphere, promoted a record strong swing of the
Southern Annular Mode (SAM) to its negative phase and
caused extreme hot and dry conditions over subtropical
eastern Australia (Birner and Albers, 2017; Lim et al., 2021;
Zhang et al., 2021). The strengthened bushfire produced
strong plumes that carried large quantities of gases and
aerosols through the tropopause into the stratosphere from
June 2019 to March 2020 (Yu et al,, 2019; Gibson et al., 2020;
Kablick et al., 2020).

Research has shown that the scale and intensity of the 2019-20
bushfire were among the strongest measurements on record
(Ehsani et al., 2020; Fromm and; Gibson et al., 2020; Kablick
IIT et al.,, 2020; Kablick IIT et al., 2020). The scale of bushfire
seasons is expected to increase under regional models of future
climatic conditions (based on the A2 and B2 scenarios of the
Intergovernmental Panel on Climate Change (IPCC)) (Moriondo
et al.,, 2006).

The local impacts of bushfires on atmospheric components
(mainly temperature, gas concentrations and water content) have
been well studied in several regions, including the eastern Iberian
Peninsula (Pausas, 2004), the Alaska-Yukon region (Kahn et al.,
2008), and southern California (Phuleria et al., 2005; Wu et al.,
2006). However, bushfire emissions are able to globally spread
and affect the atmospheric environment globally (Takegawa et al.,
2003), and their effects can even reach the stratosphere (Kloss
et al., 2019a; Tackett et al., 2019). For example, smoke has been
found to travel around the globe multiple times (Vernier and
Reed, 2020b). The colossal amounts of trace gases and aerosol
particles [mainly partially oxidized organic matter, black carbon
(BC) and soot] originating from the troposphere significantly
impact the optical, chemical and physical properties of the global
stratosphere by scattering and absorbing light, affecting
circulation patterns within the layer, and changing properties
related to precipitation, such as the abundance of cloud
condensation nuclei (CCN) (Xie et al, 2017). Consequently,
there is an urgent need to study the impacts of the 2019-20
Australian bushfire season on atmospheric components for
atmospheric impact assessment and to prepare for stronger
bushfire seasons in the future.

The 2019-20 Australian bushfire season was the most
extreme event on record, which is worthy of particular
attention. Recent studies have focused on the distribution of
ground fires (Seftor and Gutro, 2020; Vernier and Reed, 2020b;
Vernier and Reed, 2020a), simulation of smoke plumes from
fires such as rapid plume rise, propagation trajectory and
latitudinal spread of plumes. (Xu et al., 2017; Yu et al., 2019;
Dockrill, 2019; NASA Earth Observatory, 2019). The role of
SSW in the SH on bushfires has also been investigated (Rao
et al., 2020a; Rao et al., 2020b; Lim et al., 2021). In addition, the
discrepancy between the observed lifetime and dynamic lifetime
of stratospheric smoke is affected by photochemical reactions
that destroy organic particulate matter (Yu et al., 2019).

Australian Bushfire’s Impact on Atmosphere

However, the exact chemical composition, peak distribution
and photochemical reaction process have never been
mentioned. There are few studies on the bushfire-induced
variations in atmospheric components in the troposphere
and stratosphere, where the impacts are long-lasting due to
the stability of the stratosphere (Seftor and Gutro, 2020). In this
study, the atmospheric impacts of bushfires were analysed based
on remote sensing data from the Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER), Suomi
National Polar-orbiting Partnership (NPP), Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO), Ozone Monitoring Instrument (OMI), Infrared
Atmospheric Sounding Interferometer (IASI) and National
Centers for Environmental Prediction/National Center for
Atmospheric Research Reanalysis one projects (NNR), Fire
Information for Resource Management System (FIRMS) of
NASA and Australian Water Availability Project (AWAP).
The smoke plumes from the 2019-20 Australian bushfire
were shown to have transferred from the troposphere to the
stratosphere in December 2019 (Zhao et al., 2019; Chang et al,,
2020), leading to obvious peaks in the ultraviolet aerosol index
(UVALI), concentrations of gases (CO, SO,, HCOOH and ozone)
and temperature (Dockrill, 2019; Vernier and Reed, 2020a;
Seftor and Gutro, 2020). These changes affected tropospheric
circulation (Zhang et al., 2009; Hu et al., 2014) and induced
surface pressure changes corresponding to the northern annular
mode (NAM). Fire-triggered  thunderstorms,  or
pyrocumulonimbus (pyroCb) storms, occurred during the
2019-20 Australian bushfire season. The pyroCb storms
injected massive biomass burning emissions, including gases
and aerosols, into the stratosphere with a strong updraft
(Christian et al., 2019). The emissions that entered the
stratosphere are expected to affect the atmospheric
components for a long time due to the stability of this
atmospheric layer (Fromm et al., 2010; Peterson et al., 2018).

DATA AND DATA PROCESSING METHODS

Based on multiple satellite and reanalysis products from
Sounding of the Atmosphere, unique variations in atmospheric
components were identified.

Temperature, O; and H,O Data

The atmospheric components selected for analysis in this study
are temperature, O; and H,O. Ozone observation is a key task in
research on thermospheric, ionospheric, and mesospheric
energetics and dynamics using SABER aboard the
Thermosphere-Ionosphere-Mesosphere Energetics and
Dynamics (TIMED) satellite. The absorption of solar
ultraviolet (UV) radiation by ozone is an important heating
process in the atmosphere (Mai et al., 2020). Ozone also
participates in some exothermic reactions, converting the
energy absorbed by oxygen and itself into heat (Sheng et al,
2020). Therefore, the change in ozone content is regarded as an
important factor that can describe the energy balance. On the
other hand, temperature and humidity are the basic physical
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parameters employed to describe the atmospheric state (Mertens
et al,, 2001).

SABER (version 2.0) data were utilized as the basis for this
research. The accuracy of SABER data for the lower stratosphere
was low in the preceding version (Mlynczak and Russell , 1995;
Russell et al., 1999; Remsberg et al., 2008; French and Mulligan,
2010) but has been improved and validated in version 2.0 (Rong
etal,, 2009; Dawkins et al., 2018; Rong et al., 2019). An analysis of
the confidence interval of the data is provided in Calculation of
Anomaly Values of Atmospheric Components. SABER is one of the
four instruments carried aboard the TIMED satellite (Russell
et al,, 1999). SABER uses a 10-channel wideband edge-scan
infrared radiometer to complete the global measurement of
the atmosphere, covering a spectral band range from 1.27 to
17 um, and scans the tangent height between 15 and 120 km
(Mertens et al., 2001; Zhao et al., 2019). The TIMED satellite was
launched in December 2001 and is still working today. The
satellite has an orbital altitude of approximately 625km, an
orbital inclination of 74.0722° and an orbital period of
approximately 1.6h. In the northward yawing mode of
SABER, remote sensing data are obtained from 52°S to 83°N
over a period of approximately 60 days, whereas in the southward
yawing mode, remote sensing data are obtained from 52°N to 83°S
over a period of approximately 60 days. The two modes are
repeated and alternated to constitute the entire observation
cycle. Thus, SABER can guarantee continuous coverage of at
least 52° latitude in both hemispheres (Remsberg et al., 2003). The
SABER instrument performs an approximate global
measurement of the vertical motion temperature profile and
uses a nonlocal thermodynamic equilibrium inversion
algorithm to retrieve dynamic temperature in the low-medium
thermal layer from the measurement results of carbon dioxide
emissions in the 15um band around the edge of the Earth
(Mertens et al., 2004).

The latest publicly available temperature and O; and H,O data
from version 2.0 of SABER are applied in this study. The data
extend from June 1, 2018 to January 31, 2020 and cover the global
(80°S-80°N, 180°"W-180°E) stratosphere (10-50 km).

Smoke Trajectory Analysis

Data from the CALIPSO Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) lidar instrument and Suomi NPP Visible
Infrared Imaging Radiometer Suite (VIIRS) are chosen to
conduct the trajectory analysis.

The CALIOP aboard the CALIPSO satellite was developed to
provide global profiling measurements of clouds and aerosols and
properties to complement current measurements and improve
our understanding of weather and climate (Vernier and Reed,
2020a; Seftor and Gutro, 2020). The availability of CALIPSO data
is 99.7%.

This research uses the 532 nm total (parallel + perpendicular)
attenuated backscatter data (/km/sr) of CALIPSO in two periods
(UTC time 13:31:16.4 to 13:44:45.1 on January 1, 2020 and UTC
time 14:31:50.7 to 14:45:19.5 on December 31, 2019) (version
4-10).

The VIIRS true-colour images are processed at a resolution of
750 m per pixel and are available on a daily basis, with images for

Australian Bushfire’s Impact on Atmosphere

a one-year period available on Science on a Sphere. Changes over
the course of the year can also be observed.

This research employed true-colour imagery from the Suomi
NPP satellite’s VIIRS instrument for December 29, 2019, to
January 1, 2020.

Wind Direction

To predict the transportation path and influence scope of bushfire
smoke, NCEP/NCAR Reanalysis 1 (NNR) data are used in this
research (Kalnay et al, 1996). The NNR monthly zonal and
meridional winds at specific pressure levels (1,000, 925, 850 and
700 hPa) on a 2.5° latitude/longitude grid represent the global
wind direction below 3 km, which is essential for predicting the
general trajectory of bushfire smoke.

Ultraviolet Aerosol Index From the Ozone

Monitoring Instrument Satellite Sensor

The OMI sensor is a Dutch-Finnish instrument onboard the
Aura spacecraft of the NASA Earth Observing System that
launched in July 2004 (Levelt et al, 2006). OMI is the
successor of the Total Ozone Mapping Spectrometer (TOMS)
and is dedicated to monitoring the Earth’s ozone, air quality and
climate (Buchard et al., 2015). It measures the solar light scattered
by the atmosphere in the 270-500 nm wavelength range with a
spatial resolution that varies from 13 km x 24 km at nadir to
approximately 28 x 150 km along its scan edges (He et al., 2020a;
b). The UVALI retrieval is derived from the near-UV aerosol
retrieval algorithm (OMAERUV: aerosol absorption optical
thickness and single scattering albedo) (Torres et al,, 2007).
Based on the TOMS UV algorithm, the OMAERUYV algorithm
derives the UV AL aerosol absorption optical thickness (AAOT)
and aerosol single scattering albedo (ASSA) from the OMI. This
algorithm uses two wavelength bands in the near UV region (360
and 380 nm) and takes advantage of two unique features of near-
UV remote sensing: 1) low reflectance in all surface types
(including surfaces in arid and semiarid areas with strong
visible and near-infrared reflectance), which makes it possible
to retrieve aerosols over land, and 2) strong sensitivity to the types
of UV-absorbing aerosols, which makes it possible to distinguish
different UV-absorbing aerosols, such as sand dust, biomass
combustion, fossil fuel combustion source aerosols and pure
scattering particles, including sulfate and sea salt. (Li et al., 2018).

Quantitatively, the UVALI is defined as

UVAI = 100 log,,( I3k /154°)

where I} is the measured 360 nm OMI radiance and I is the
calculated 360 nm OMI radiance for a Rayleigh atmosphere.
Under most conditions, the UVALI is positive for absorbing
aerosols and negative for nonabsorbing (pure scattering) aerosols.
The UVALI is a qualitative measure that is useful for tracking
the long-range transport of volcanic ash, bushfire smoke and
dust over clouds and snow/ice and through mixed cloudy scenes.
In our research, the level-2 aerosol data product version 1.4.2
for the UVAI from December 29 to January 1 is employed.
This product was retrieved by the Belgian Institute for Space
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Aeronomy (IASB-BIRA) and published on the official website of
the National Aeronautics and Space Administration (NASA)
Goddard Earth Sciences (GES) Data and Information Services
Center (DISC).

Because the level-2 data are stored in HDF-EOS (swath) data
format, in this paper, all satellite data over the study area
(Australia to New Zealand) at the selected time are utilized,
and the daily UVAI data in the study area are extracted based
on longitude, latitude and time. The spatial and temporal
distribution characteristics of the UVAI in the study area are
analysed.

CO and SO, Carried by Smoke

CO and SO, data are retrieved from IASI radiance spectra using
the Fast Operational/Optimal Retrievals on Layers for IASI
(FORLI) algorithm. Data from both IASI sensors onboard the
Metop-B and Metop-C satellites are applied in this research. The
global distributions of CO (Hurtmans et al, 2012) and SO,
(Clarisse et al., 2011; Clarisse et al., 2013) are obtained from
IASI. The total CO mass and average SO2 plume top height in
30°-60°S from November to January are obtained by processing
the TASI data.

The IASI remote sensing instruments are nadir-viewing
atmospheric sounders based on Fourier transform
spectrometers (FTSs) that were developed by the Centre
National d’Etudes Spatiales (CNES) in cooperation with the
European Organization for the Exploitation of Meteorological
Satellites (EUMETSAT). They are onboard the EUMETSAT
Metop meteorological satellites, which have operated in a
polar, Sun-synchronous, low-Earth orbit since 2006.
(Metop-B was launched in September 2012, and Metop-C
was launched in November 2018.) IASI sensors were designed
with the goal of retrieving operational meteorological
soundings (temperature and humidity) with high vertical
resolution and accuracy for weather forecasting and the
goal of monitoring atmospheric composition (O;, CO,
N,0, CH4, SO, and CO,) at a global scale. Additionally,
they provide land and sea surface temperature, surface
emissivity, and cloud parameters (August et al., 2012). TASI
records thermal infrared emission spectra of the Earth
atmosphere system in the 645-2,760 cm™' region (apodized
spectral resolution of 0.5 cm™) with a surface swath width of
approximately 2,200 km twice per day.

Calculation of the Volatility of Atmospheric

Components

The population variance o? is used to measure the volatility of
atmospheric components in this research. The population
variance is used to calculate the difference between each
variable (observed value) and the mean of the population
(Wu, 2009). In statistics, the sum of the squares of the mean
deviation is used to describe the degree of variation in a variable,
and the population variance is defined as

02=Z(X_//‘)2
N

Australian Bushfire’s Impact on Atmosphere

where o2 is the population variance, X is the variable, u is the
population mean, and N is the total number of cases.

Calculation of Anomaly Values of

Atmospheric Components

This section aims to quantify the atmospheric anomalies caused
by 2019-20 Australian bushfires, which means that the annual
and interannual trend variability should be filtered. The trend of
the data must be fitted by a polynomial term of suitable degree,
whereas the seasonal cycle may be described by a series of
harmonic terms (Nakazawa et al., 1997a), which means that
the seasonal cycle and long-term trend should be removed.

y= iaiti +25: Zl:[ kt cos (j2mt) + cit sm(]27rt)] (1)

i=0 j=1

-

where “y” represents the sum of the data trend and seasonal cycle
and time (t) is expressed as the day based on the number of data
points between the start date (June 1, 2018) and the end date
(January 31, 2021). Independent variables were time (¢, £, 1) and
the series of harmonics £ cos (j27t) and ¢* sin (j27t).

Polynomies have been utilized in the analysis of data trends in
atmospheric components (Inoue et al., 2006; Capilla, 2007;
Artuso et al, 2009), wind direction and temperature
(Anderson-Cook, 2000; ernandez-Duque et al., 2017). A third-
degree polynomial has been considered since 1997 (Nakazawa
et al, 1997b), and other authors have adopted similar orders
(Inoue et al., 2006; Zhang et al.,, 2013; ernandez-Duque et al.,
2017).

To remove the seasonal cycle, the first five harmonics are
subtracted from the data. The first two harmonics refer to annual
behaviour, while the remaining harmonics give quarterly
information, that is, both harmonics give seasonal evolution
(Gloersen and Campbell, 1991; ernandez-Duque et al., 2017).

The anomaly is the result of the real value minus the sum of
the seasonal cycle and trend value.

Calculation of Daily Total Fire Events, Land
Surface Temperature/Air Temperature and
Air Temperature in Australia

The daily total fire events in Australia from 2001 to 2021 are
derived from the FIRMS. The data cover all of Australia, and the
source is MODIS Cé6.1.

The land surface temperature (LST) measurements from the
MODIS Aqua satellite are applied (1 km, daily), while gridded
(1 km, daily) air temperature (Ta) data are derived from gridded
Ta data of the AWAP.

PLUMES AND IMPACTS OF THE 2019-20
AUSTRALIAN BUSHFIRE SEASON ON
ATMOSPHERIC COMPONENTS

In this section, the plume trajectory and corresponding impacts of
bushfires on atmospheric components are discussed. Variation of
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FIGURE 1 | (A) Suomi NPP VIIRS true-colour imagery from December 29, 2019, to January 1, 2020 (background) revealing the trajectory of smoke, with the yellow
box showing the transport of the smoke plume over the Tasmanian Sea. (B) Data from the CALIOP lidar instrument showing the height, location and density of the smoke
plume as it moved towards and over New Zealand on December 31, 2019, and January 1, 2020.
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Atmospheric Components Over Australia illustrates the plumes
trajectory. Variation of Atmospheric Components over Australia
and Anomaly Analysis focus on the variability of the atmospheric
components over Australia (10°-42°S, 113°-153°E) caused by the
2019-20 Australian bushfire season. Variation in Atmospheric
Components in Southern Mid-Latitude Areas (30°-60°S) focuses
on the 2019-20 Australian bushfire season’s impacts on the
atmospheric components in southern mid-latitude areas
(30°-60°S). Research on the variability of the atmospheric
components over Australia covers a long time range but a
small spatial area to show the whole bushfire process. In
contrast, research on the variability of the atmospheric
components in southern mid-latitude areas covers a shorter
time range but a larger spatial area. The latter research (over
southern mid-latitude areas) focuses on the period in which the
influence of bushfires was found to be most pronounced in the
former research (over Australia).

Plumes Trajectory
On New Year’s Eve 2019, a series of massive thunderstorms,
known as pyroCb storms, generated by devastating fires across
the states of New South Wales and Victoria in Australia produced
a gigantic smoke layer covering 1.75 million square kilometres
over the Tasmanian Sea (Vernier and Reed, 2020a), as observed
by the VIIRS instrument aboard the National Oceanic and
Atmospheric Administration (NOAA)/NASA Suomi NPP
satellite (Figure 1A).

Smoke with a light brown colour originated in northeastern
Australia and gradually migrated across the Pacific Ocean

towards New Zealand. Due to cloud cover, smoke was not
obvious before December 29, but it was visible in the satellite
image from December 30, when smoke gradually began to enter
the stratosphere and cover all clouds in the troposphere below.
On January 1, 2020, the front of the smoke layer reached
New Zealand.

The remote sensing image from the space-borne lidar aboard
the NASA/CNES CALIPSO satellite reveals that the smoke
plume crossed the boundary of the troposphere and
penetrated deep into the stratosphere above New Zealand
(Figure 1B), which is consistent with the results of the UVAI
distribution (Figure 2).

Since there is no convection in the stratosphere, where the air
is stable and nonturbulent relative to that in the troposphere, the
clouds with smoke migrating towards New Zealand did not cross
the tropopause, as shown on the left side of Figure 1B. However,
the movement of smoke is not restricted by the tropopause and
continues to spread upward with the pyroCb cloud after entering
the stratosphere.

Bushfire emissions are able to enter the stratosphere through
the joint actions of pyroCb convection and dynamic upwelling of
Brewer-Dobson circulation (BDC).

A pyroCb event is an extreme weather phenomenon that is
associated with large bushfires at temperate latitudes. This
event can release a large quantity of smoke particles into the
lower stratosphere, often several kilometres above the
tropopause. The smoke is comprised primarily of
carbonaceous aerosols. Since updrafts originate from strong
surface inflow winds in a dry environment, the current
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conditions of Australia are very likely to trigger this
phenomenon (NASA Earth Observatory, 2020).

The bushfire areas were concentrated in southeastern
Australia, where westerlies dominated.

The smoke produced by Australian bushfires was controlled
by the westerlies and moved eastward (Figure 3), which could be

seen in the eastward movement of the peak total column (TC)
point of CO and FA (Figure 4). Under the action of the updraft,
the plumes enter the tropical stratosphere through the tropical
tropopause layer (TTL). There are reactive reservoirs in the upper
troposphere and lower stratosphere (UTLS), and smoke
undergoes various chemical processes and accumulates. After
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entering the stratosphere, bushfire smoke diffuses towards higher
latitudes while descending.

Variation of Atmospheric Components over

Australia

Based on SABER data, we analysed the maximum and average
stratospheric (10-50 km) component values (temperature, O,
and H,0) and trends over Australia (10°-42°S, 113°-153°E) for
the period from June 1, 2018 to January 31, 2020.

The increases in ozone concentration and temperature were
especially obvious on January 1. Ozone can be affected by bushfire
in two main ways. Bushfire emissions favour the photochemical
reaction of ozone by increasing ozone precursor levels (NO,, VOC,
and CO). On the other hand, the aerosols emitted absorb solar
radiation, which inhibits ozone formation (Konovalov et al., 2011;
Chubarova et al,, 2012; Parrington et al,, 2012). The promoting
effect of bushfires has been found to be greater than its inhibitory
effect such that ozone production is enhanced in plumes
(Konovalov et al, 2011). There is no ozone in bushfire
emissions, but the emissions promote ozone production
(Huijnen et al., 2012; Parrington et al, 2012; R'Honi et al,
2013). The trajectory analysis in “Plumes Trajectory” section

identified December 30-January 1 as the most active period of
bushfires, when large quantities of plumes were observed rising
into the stratosphere. The ozone variation after the plumes entered
the stratosphere (Table 1, 2), with the ozone level sharply
increasing (by 586.14%) and population variance at maximum,
revealed the impacts of the bushfire plumes on the stratospheric
components. The whole atmospheric component variation process
can be divided into two stages. In the first stage, large quantities of
plumes rose into the stratosphere from December 30-January 1.
The joint warming effects of ozone and aerosols, carried by plumes,
caused the stratospheric temperature to increase (Lacis et al., 1990;
Stevenson et al., 1998; Thornberry and Abbatt, 2004; Chung et al.,
2012; Bellouin et al., 2020; He and Zhang, 2020). In the second
period, the gases and aerosols were diluted, which induced slight
changes in the mean values.

There are two delay phenomena worth mentioning here: delay
of temperature variation relative to gas variation and delay of
plumes relative to the bushfire.

Regarding the first phenomenon, the ozone content increased
2 days before the temperature after the smoke-entering period
(light grey area in Figure 5A, Table 1B), ie., temperature
variation was delayed relative to that of gases (Feng et al,
2017). The delay was due to the notion that because heating is
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TABLE 1 | Comparison of stratospheric components before and after (A,B) smoke entered the stratosphere, (C) the 2019-20 Australian bushfire season begins.

(A) Average values before and after smoke entered the stratosphere

Average value
Time period Mean T Max T Mean O3 Max O3 Mean H,O Max H,O
(K) (XK) (ppmv) (ppmv) (ppmv) (ppmv)

Before smoke entered the
stratosphere
(June 1, 2018, to 232.62 262.28 1.01 26.61 5.72 9.55
December 29, 2019)
After smoke entered the
stratosphere
(December 30, 2019, to
February 1, 2020)
Difference between the 2

234.77 271.5 6.93 140.54 5.71 9.81

periods
Relative variation
percentage
(B) Absolute value and mean value variation
Time period Average value
Whole period Mean T Max T Mean O3 Max O3 Mean H>O Max H>O
(June 1, 2018, to February (X) (X) (ppmv) (ppmv) (ppmv) (ppmv)
1,2020) 232.74 262.79 1.34 32.95 5.72 9.56
Time period Peak value
After smoke entered the Mean T Max T Mean O3 Max O3 Mean H,O Max H,O
stratosphere (K) (K) (ppmv) (ppmv) (ppmv) (ppmv)
(December 30, 2019, to
February 1, 2020) 236.39 284.96 15.39 298.3 5.833 10.36

Absolute change 22.17 14.05

Relative variation
percentage of peak

Peak date January December | December
23,2020 31,2019 31,2019
(C) Population variance of anomalies before and after the 2019-20 Australian bushfire season
Time period Population variance c*
Before the 2019-20 Mean T Max T Mean O3 Max O3 Mean H,O Max H,O
Australian bushfire season ) (K) (ppmv) (ppmv) (ppmv) (ppmv)
(June 1, 2018, to June 1, anomaly | anomaly | anomaly | anomal anomal anomal
2019) 3.02 1731 1.52 ﬂ
Time period Population variance *
After the 2019-20 Mean T Max T Mean O; | Max O3 Mean H,O Max H,O
Australian bushfire season (K) (K) (ppmv) (ppmv) (ppmv) (ppmv)

(June 1, 2019, to February | anomaly | anomaly | anomaly | anomal anomal anomal
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TABLE 2 | Comparison of stratospheric components during the period from June 2019 to January 2020 and the period from June 2018 to January 2019.

Comparison of stratospheric components during the period from June 2019 to January 2020 and the
period from June 2018 to January 2019

Correlation coefficient of Mean Mean )
Time period two lines difference of | difference of O3 MF an difference
T 0s H,0 T (K) (ppmv) of Hx0 (ppmv)
Before smoke entered
the stratosphere
(June 1, 20‘; 8. to 0.92 0.45 0.54 -0.05 n0.32 0.06
December 29, 2019)
After smoke entered
the stratosphere 058 | 03 0.18 0.61 1.83 0.28
(December 30, 2019, to ' ' ’ ’ ' ’
February 1, 2020)
percentage

The deeper the red colour of the cells is, the larger the change is, and the deeper green colour is, the smaller the change is.

a dynamic equilibrium process, with sunlight being its main
source of energy (Simpson et al.,, 2014). Consequently, heating
was a slower process than the input of gas by plumes. The diurnal
cycle and particle concentration can affect the magnitude of
radiative forcing of aerosols and gases (Seftor and Gutro,
2020) and then restrict the rate of temperature increase.

The causes of stratospheric temperature variability over Australia
are numerous (Randel, 2015), among which the main cause is the joint
effects of ozone and aerosols. It has been shown that ozone depletion
(accumulation) can lead to cooling (heating) of the stratosphere since
ozone absorbs solar radiation in the UV and visible parts of the
spectrum (Lacis et al,, 1990; de et al., 1997; Stevenson et al., 1998).
Increasing ozone over Australia induced more UV absorption, which
heated the stratosphere in the daytime (Lacis et al, 1990). The
influences of atmospheric aerosols on climate radiation can be
divided into direct and indirect influences (Chung et al, 2012;
Stevens, 2015; Bellouin et al., 2020). Aerosol particles (mainly BC
and organic carbon (OC)) absorb and scatter solar radiation and heat
the air (Yu et al, 2019), directly changing the energy budget of the
Earth’s atmospheric system and affecting climate change (Chung et al,,
2012; Mitchell, 2016; Rapp et al., 2018). Aerosol particles can also act
as CCN, changing the optical properties and life cycle of clouds and
indirectly affecting climate (Stevens, 2015). In addition, these particles
are involved in the heterogeneous reaction of ozone, affecting the
ozone balance and indirectly affecting the energy budget of the Earth’s
atmospheric system (Kamm et al., 1999; Thornberry and Abbatt,
2004; He and Zhang, 2020). In summary, the heating of the
stratosphere in Australian areas was due to positive radiative
forcing due to increases in ozone and aerosols. It should be
mentioned that the dynamically induced upwelling in the BDC
also has an important role in temperature variation in the lower
stratosphere (ranging from ~20 to ~120hPa and peaks at
approximately 60-70 hPa) and the upper troposphere (Ueyama
and Wallace, 2010; Ravindrababu et al.,, 2019), of which the cover
height is a relatively small part of the whole span in this research
(10-50 km). Most importantly, the consequence of an accelerated

BDC is an additional cooling of the lower tropical stratosphere but a
warming in the high latitudes; thus, the influence of the two is
counteracted and can be disregarded at the global scale
(80°S-80°N, 180°W-180°E here) (Fu et al., 2010; Garny et al., 2011).

Regarding the second phenomenon, there was a delay between the
onset of the bushfire in June 2019 and the observed stratospheric
transport of bushfire plumes in December 2019, which was due to the
variation in temperature and the moisture content of the surface layer.

Here, we use the ratio of LST to Ta as an indication of the moisture
content of the surface layer (McColl et al,, 2010). High LST/T, suggests
that soil moisture is reduced, and vice versa. Negative soil moisture
anomalies are known to be a contributor to bushfire risk (Cai et al.,
2009), which means that LST/T, increased, reflecting negative soil
moisture anomalies, prior to the fire.

In 2019, the LST/T, in Australia was higher than the average and
increased steadily from below 1.1 in late March to above 1.14 in mid-
October (Figure 6A), when rapid bushfire events increased or a
bushfire burst period occurred (Figure 6B). The increasing LST/T,
reflected growing negative soil moisture anomalies in 2019. The peak
value of LST/T, existed almost simultaneously with the beginning of
the bushfire burst period, which means that the burst was very likely
the result of the low soil moisture and high temperature (Figure 6C)
in mid-October. The red trend curves (Figure 6) were calculated by
the Savitzky-Golay (S-G) filter. The filter removes the noise with
unchanged shape and width of the signal and had been used in other
AWAP data analysis research before (Huang et al., 2009).

In the beginning, the bushfire was weak, and the smoke
dissipated before it reached the stratosphere. However, the
bushfire intensity increased because of the ever-growing
temperature and decreasing soil moisture. As the bushfire
gradually developed, the smoke plume and density became
strong enough to transport smoke into the stratosphere. As
shown in Figure 5A, the ozone variation and temperature
variation were especially obvious from December 30-January
1, when the bushfire burst period occurred (Figure 6A). Ozone
diffused and rapidly left the airspace over Australia within a
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entering the stratosphere, from December 29, 2019, to January 1, 2020.)

FIGURE 5| 2018, to January 31, 2020 (10°-42°S, 113°-153°E) (The blue lines indicate outliers; the red dotted line is the zero anomaly line; and the distance between the
abnormal value and the zero line represents the portion of the atmospheric component changes affected by factors, except for the trend. The pale red area indicates the
beginning period of the 2019-20 Australian bushfire season, in the very beginning of June, whereas the light grey area indicates the period in which smoke was observed

month due to the immense momentum of pyroCb (Feng et al.,
2017; Ehsani et al., 2020; Fromm et al., 2020; Gibson et al., 2020;
Kablick et al., 2020).

Anomaly Analysis

To exclude trend influences on the measurements of the
atmospheric components, the anomaly values were calculated
(Figure 5B), and a statistical analysis was performed (Table 1C).

Consistent with the delayed temperature variation relative to gas
variation described in “Variation of Atmospheric Components over
Australia” section (Figure 5A), the temperature anomaly peak
occurred later than the ozone peak after smoke entered the
stratosphere (Figure 5B). The temperature anomaly experienced
rapid fluctuation immediately after the beginning of the bushfires,
reaching the peak absolute value of 12.58 K on June 20. This
fluctuation ended after approximately 1week, when the
temperature began to stabilize until reaching the highest anomaly
value of 13.05K on January 13, which was 2 days later than the
highest anomaly peak of ozone.

The ozone content was a great indicator of bushfire plumes
due to its original low TC, and the increase (decrease) in ozone
clearly showed the enhancement (abatement) of bushfires. Other
than exhibiting a sharp increase on January 11, 2020 and a small
increase on August 10, 2019 due to the 2019-20 Australian
bushfire, the TC of ozone remained substantially stable. As the
combustion area expanded with the development of bushfires, an

anomalous ozone peak occurred in January 2020, which was
higher than that in August 2019. In addition, the population
variance of ozone during bushfires doubled compared with the
value last year (Table 1C), which revealed the general impact of
bushfire plumes on ozone fluctuation (Andreae et al, 2005;
Zhong et al,, 2018). Temperature responds more slowly and
fluctuates less than ozone (Figure 5B) due to the delay in
temperature variation relative to the previously mentioned gas
variation (Xie et al., 2008; Simpson et al., 2014).

Variation in Atmospheric Components in

Southern Mid-Latitude Areas (30°-60°S)
Using IASI on Metop-B and Metop-C, the global distribution and
TC changes of CO and SO, were analysed. An especially serious
burning event in southeastern Australia was observed from
satellites on December 30-January 1 (Figures 7A1-D3), which
caused drastic increases in some gases (CO, SO,, and HCOOH)
and a slight increase in ozone (Figures 7E-H). The TC of SO, was
much lower than that of CO or HCOOH, leading to a shorter
dissipation time for SO, than for these other gases.

According to the original analysis, if the TC of a gas was large
enough, the gas would accelerate under the influence of the
westerlies, which would cause eastward movement of the peak
value point. However, the subsequent analyses showed that only
the peak point of HCOOH had obvious eastward movement
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(Figure 4A); the peak value points of the other gases were either
unresponsive or exhibited only slight changes (Figure 4B).
Formic acid (HCOOH, hereafter FA) is among the most
abundant and ubiquitous trace gases in the atmosphere (Goode
et al., 2000; Paulot et al., 2010; R’Honi et al., 2013; Millet et al., 2015).
Photochemical production and emissions, which are influenced by
biomass burning, are the main sources of FA (Paulot et al., 2010).
However, research has shown that secondary formation of FA occurs
in severe bushfires, which can produce large amounts of FA in a short
time (R'Honi et al., 2013). Evidence of rapid secondary formation of
FA in severe bushfire plumes has been found in many studies,
including studies of Alaskan fire (Goode et al., 2000), Californian
fire (Akagi et al., 2011; Akagi et al,, 2012) and Brazilian fire (Yokelson
et al, 2007). Consequently, FA is considered a more sensitive
indicator of severe bushfire plumes than other gases (R'Honi
et al, 2013). The secondary formation of FA occurred in the

severe period of the 2019-20 Australian bushfire season from
December 30 to January 10. Substantial amounts of FA were
produced at this time, which explains the eastward movement of
the peak point of FA from December 30 to January 18 (Figure 4A).
The secondary formation of FA led to an obvious increase in FA
production after the bushfire intensity reached a certain value. In
contrast, gases such as CO do not have such a formation mechanism,
so the eastward movement of the peak point of CO is not as obvious
as that of FA (Figure 4B).

It should be mentioned that the peak points of SO, and ozone
did not show obvious movement, as previously mentioned for CO
and FA. The number density of SO, in plumes was too low, so its
TC variation could not be easily detected. In contrast, the intrinsic
number density of ozone in the atmosphere was higher than that
of bushfire plumes (except the peak stage), so the detection of
ozone input is also difficult.
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CONCLUSION

This article discussed the impact of the 2019-20 Australian
bushfire on atmospheric components. The variations in the
components were unique due to three factors: development
period of the bushfire, mechanism of stratospheric heating and
rapid secondary formation of FA.

The development period of the 2019-20 Australian
bushfire influenced the variations in the atmospheric
components. The combustion area and intensity changed as
the bushfire developed, which directly affected the plume
strength. Generally, the bushfire gradually increased in
intensity from June until reaching the most active period
from December 30-January 1; it then weakened. During
the gradual enhancement period, the gradual strengthening
of the bushfire plumes from June caused a delay in the plumes
compared with the bushfire and a stronger ozone anomaly
peak in January 2020 than in August 2019. During the most
active period, the peak intensity of the bushfire caused
observable peak values of gases (CO, SO,, FA and ozone)
and temperature in the most active period of the bushfire
(December 30-January 1), and the FA trajectory was
especially obvious due to the secondary formation of FA.

The mechanism of stratospheric heating induced a delay in
temperature variation relative to gas variation. Heating is a
dynamic equilibrium process, in which sunlight serves as the
main source of energy. During this process, ozone- and aerosol-
induced radiative forcing had the main role. The diurnal cycle,
particle concentration and time can affect the magnitude of
radiative forcing due to aerosols and gases and restrict the
total radiative forcing. All of these factors made it impossible
for the rate of temperature increase to be as high as the rate of gas
input from plumes. More time was required to detect heating
than to detect the input of gases.

The rapid secondary formation of FA produced substantial
amounts of FA in the most active period of bushfire (December
30-January 1) and explained the observable eastward movement
of the peak point of FA. The rapid secondary formation led to a
sharp increase in FA production after the bushfire intensity
reached a certain value in the most active period; ie., FA
increased suddenly from December 30-January 1.

The 2019-20 Australian bushfire is special due to its
locations in time and space. Regarding its location in time,
it occurred during an “El Nifio” year, when the abnormal
warming of the Peru cold current east of the South Pacific
led to high temperature and precipitation in the coastal areas of
Peru, thus changing the atmospheric circulation. In addition,
the strong SSW in the SH also accounted for the hot and dry
climate in Australia. As a result, the precipitation in the eastern
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part of Australia, which is located in the western South Pacific
Ocean, was reduced, which helped the bushfire become the
strongest bushfire in history in terms of area and degree of
disaster. Powerful bushfires-trigger chemical reactions,
including the rapid secondary formation of FA. Regarding
its location in space, Australia is located on a small isolated
continent surrounded by oceans in the Southern Hemisphere,
which rendered observations of bushfires and plumes easier
than observations of other historical bushfires in the Northern
Hemisphere. The strongest intensity of the bushfire and the
isolated environment made the bushfire the best observed
bushfire in history.

The 2019-20 Australian bushfire season is extremely strong due to
the effect of El Nifio years and strong SSW in the SH. The strong
intensity of bushfires caused the plumes to enter the stratosphere and
triggered chemical reactions, including the rapid secondary formation
of FA. For the events of other years or weaker amplitude, the lower
intensity may not be enough to trigger chemical reactions, such as the
rapid secondary formation of FA, which was not indicated in early
bushfire research. In contrast, bushfires, such as the 2017 Canadian
wildfire (Kloss et al., 2019b), can cause similar but lower impacts on
the stratosphere if the plumes could manage to reach it. It would be
our future work to further investigate how generalizable the results are
to other years or events of weaker amplitude.
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