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Abstract.

Extreme biomass burning (BB) events, such as those seen during the 2019-20 Australian bushfire season, are becoming more

frequent and intense with climate change. Ground-based observations of these events can provide useful information on the

macro- and micro-physical properties of the plumes, but these observations are sparse, especially in regions which are at risk of

intense bushfire events. Satellite observations of extreme BB events provide a unique perspective, with the newest generation of5

geostationary imagers, such as the Advanced Himawari Imager (AHI), observing entire continents at moderate spatial and high

temporal resolution. However, current passive satellite retrieval methods struggle to capture the high values of aerosol optical

thickness (AOT) seen during these BB events. Accurate retrievals are necessary for global and regional studies of shortwave

radiation, air quality modelling and numerical weather prediction. To address these issues, the Optimal Retrieval of Aerosol

and Cloud (ORAC) algorithm has used AHI data to measure extreme BB plumes from the 2019-20 Australian bushfire season.10

The sensitivity of the retrieval to the assumed optical properties of BB plumes is explored by comparing retrieved AOT with

AERONET level 1.5 data over the AERONET site at Tumbarumba, New South Wales, between 1 December 2019 00:00 UTC to

3 January 2020 00:00 UTC. The study shows that for AOT values > 2, the sensitivity to assumed optical properties is substantial.

The ORAC retrievals and AERONET data are compared against the JAXA Aerosol Retrieval Product (ARP), MODIS Deep

Blue over land, MODIS MAIAC, Sentinel-3 SYN and VIIRS Deep Blue products. The comparison shows the ORAC retrieval15

significantly improves coverage of optically thick plumes relative to the JAXA ARP, with approximately twice as many pixels

retrieved and peak retrieved AOT values 1.4 higher than the JAXA ARP. The ORAC retrievals have accuracy scores between

0.742 - 0.744 compared to the values of 0.718 - 0.833 for the polar-orbiting satellite products, despite successfully retrieving

approximately 28 times as many pixels over the study period as the most successful polar-orbiting satellite product. The AHI

and MODIS satellite products are compared for three case studies covering a range of BB plumes over Australia. The results20
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show good agreement between all products for plumes with AOT values � 2. For extreme BB plumes, the ORAC retrieval

finds values of AOT > 15, significantly higher than those seen in events classified as extreme by previous studies although with

high uncertainty. A combination of hard limits in the retrieval algorithms and misclassification of BB plumes as cloud prevent

the JAXA and MODIS products from returning AOT values significantly greater than 5.

1 Introduction25

Aerosols are an important component of the Earth’s atmosphere with significant effects on the Earth’s radiation budget (Bel-

louin et al., 2020). Overall, aerosols are considered to have a net cooling effect, but there remains a high level of uncertainty

regarding the effects of some aerosol species, such as organic and black carbon (Arias et al., 2021). Aerosols affect cloud

formation and weather. For example Connolly et al. (2012) found that the inclusion of aerosols in modelling of the convective

system known as Hector in Northern Australia improved the accuracy of the storm’s development. Huang and Ding (2021)30

demonstrated that aerosols can have a significant impact on temperature forecasts. Biomass burning (BB) events release large

amounts of black and brown carbon aerosol into the atmosphere (Andreae, 2019; Pan et al., 2020), which can directly affect the

local and global radiation budget by absorbing and scattering short-wave radiation, known as the “direct radiation effect”, or

through interaction with clouds, known as the “semi-direct effect” and “indirect effect” (Ackerman et al., 2000; Haywood and

Boucher, 2000; Bellouin et al., 2005; Lisok et al., 2018; Matus et al., 2019; Shi et al., 2019; Liu et al., 2020). Characterisation35

of aerosols is important for numerical weather prediction (NWP), where assimilation of aerosols is needed to ensure accurate

incident radiation and temperature predictions (Huang and Ding, 2021; Juliano et al., 2022), as well as in global reanalysis

products of aerosols (Flemming et al., 2017; Gelaro et al., 2017). BB aerosols affect air quality, most notably through the

emission of particulate matter under 2.5 µm in diameter (PM2.5), which is know to have serious impacts on people’s health

and can remain suspended in air for several days (Engel-Cox et al., 2004; Reisen et al., 2013; Chen et al., 2017; Sorek-Hamer40

et al., 2020).

1.1 Measuring Aerosols

Observations of aerosols, such as BB, are important for evaluating their uncertainties in models and impacts (Schutgens

et al., 2020; Vogel et al., 2022; Zhong et al., 2022). Ground-based instrumentation, such as the AErosol RObotic NETwork

(AERONET) (Holben et al., 1998), can accurately monitor atmospheric aerosol properties in the area above the site location45

and are a useful tool for building global aerosol climatologies. AERONET data is used in the development of aerosol classi-

fications and models for satellite retrieval products (Omar et al., 2009; Lyapustin et al., 2018). However, AERONET sites are

sparse, with very few sites in regions such as Australia.

Satellites provide global observations. Active instruments in low Earth orbit (LEO), such as the Cloud-Aerosol Lidar with

Orthogonal Polarization (CALIOP) (Winker et al., 2009), retrieve profiles of aerosols in the atmosphere along the sub-orbital50

path, but have a narrow swath, greatly limiting coverage. Passive LEO instruments, such as the Moderate Resolution Imaging

Spectroradiometer (MODIS) (Justice et al., 2002) and Sea and Land Surface Temperature Radiometer (Sentinel-3) (Coppo
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et al., 2010), have wider swaths and can retrieve aerosol properties over a larger area with moderately high resolution and

shorter revisit times. Passive geostationary (GEO) satellite instruments, such as the Advanced Himawari Imager (AHI) on-

board Himawari-8/9 (Bessho et al., 2016), Advanced Baseline Imager (ABI) on-board the GOES-16 and GOES-17 satellites55

(Schmit et al., 2017; Goodman, 2020) and the Flexible Combined Imager (FCI) on-board the recently launched MTG-I1

satellite (Holmlund et al., 2021) have been used to provide high temporal and moderately high spatial resolution aerosol

products. Passive satellite instruments rely on retrieval algorithms that require a representation of the surface re�ectance and

aerosol microphysical properties alongside cloud masking, all of which are sources of error.

1.2 Wild�res in Australia60

Biomass burning events have been frequent throughout Australia's history. Indigenous people across Australia engaged in

cultural or cool burning before colonisation and, more recently, states across Australia have moved to prescribed burns as

part of �re management strategies (Gott, 2005; Morgan et al., 2020). There have been several signi�cant uncontrolled BB

events, known as bush�res in Australia, in recent years, such as the Black Saturday bush�res in 2009 and the 2019-20 Black

Summer bush�res, which were exacerbated by hot, dry conditions and a build-up in combustible material (Cruz et al., 2012;65

van Oldenborgh et al., 2021). The conditions for �re events are expected to become more intense and extreme with climate

change (Abram et al., 2021; Canadell et al., 2021).

In the case of the 2019-20 Australian bush�re season, over 110 Tg of biomass was burnt, releasing approximately 1.7 Tg

of particulate matter with a diameter < 2.5 µm (PM2.5) into the atmosphere (Li et al., 2021a). The �res had a signi�cant

impact on people's health (Walter et al., 2020; Graham et al., 2021) and directly resulted in the deaths of 34 people (Wen et al.,70

2022). It is estimated that there were approximately 417 excess deaths associated with the very high concentrations of PM2.5

(Arriagada et al., 2020) and approximately 3 billion animals were estimated to have either been killed or displaced as a result of

�re (Dickman, 2021). Large �res have also occurred in North America, Siberia and Southern Europe (Markowicz et al., 2016;

Zhuravleva et al., 2017; Ribeiro et al., 2020; Fernández-García et al., 2022), but have not matched the scale of the Australian

bush�res (Boer et al., 2020; Collins et al., 2021). When �res on these scales occur in mountainous regions with large valleys,75

Kochanski et al. (2019) demonstrated that smoke can cause inversions and lead to high optical thickness throughout the region.

This suggests that, in regions of Australia with similar topography, such as the SE coast of Australia which is dominated by the

Great Dividing Range (see Fig. 1), BB events can lead to high optical thicknesses and high levels of pollution. These optically

thick plumes are clearly visible in satellite imagery, as well as in the very poor air quality measurements seen along the SE

coast of Australia during the 2019-20 bush�re period (Graham et al., 2021). This paper will focus on the 2019-20 �res as a80

study of high impact, high aerosol loading events.

1.3 Satellite Measurements

Previous analysis of the 2019-20 �res has mostly focused on optically thin stratospheric layers or publicly available tropo-

spheric satellite aerosol optical thickness (AOT) products (Torres et al., 2020; Chang et al., 2021; Hirsch and Koren, 2021; Li

et al., 2021b; Attiya and Jones, 2022; Papanikolaou et al., 2022; Sellitto et al., 2022; Isaza et al., 2023). Li et al. (2021b) found85
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that AOT440 nm values over the Tumbarumba AERONET site reached 2.74. Torres et al. (2020) found TROPOspheric Mon-

itoring Instrument (TROPOMI) AOT388nm values > 5 in plumes transported over New Zealand, whereas Papanikolaou et al.

(2022) found a maximum in CALIOP AOT532 nm of 0.54 in lower tropospheric layers near �re spots. For the summer months

of 2019-20 in Victoria state, Chang et al. (2021) found AOT550 nmvalues slightly greater than 0.3 in MODIS L3 monthly data.

Upon closer inspection of the AERONET data used by Li et al. (2021b), AOT500 nmvalues > 6 can be seen at the Tumbarumba90

site (https://aeronet.gsfc.nasa.gov/cgi-bin/data_display_aod_v3?site=Tumbarumba; last access 06 June 2023), which is located

at approximately 35.7083� S, 147.9499� E, near Canberra (see Fig. 1), suggesting that these studies have not explored the more

optically thick events during the 2019-20 bush�re season.

A review of passive retrievals for extreme smoke plumes from �res in North America and Siberia offers some insight into

why the retrievals may be restricted. The 2012 Western Siberian �res were found by Zhuravleva et al. (2017) to reach AOT550 nm95

of approximately 3.54 in MODIS level 3 daily data, with subsequent signi�cant cooling effects on the surface. Markowicz et al.

(2016) found that �res in Canada from July 2013 produced AOT500 nm anomalies up to 1.5 times the climatology for July at

several AERONET sites, with similar enhancements observed over Polish and Central European AERONET sites. However,

Markowicz et al. (2016) observed that AOT data from SEVIRI and MODIS did not reach AOT values greater than 0.6. Petrenko

et al. (2017) showed that average MODIS BB AOT observations and adjusted GOCART model BB AOT values were less than 2100

for regional results of reanalysis-�lled MODIS Dark Target observations of almost 900 �res across the globe. These values are

all considered extreme, but are signi�cantly less than the peak in AOT500 nmseen at the Tumbarumba AERONET site during the

2019-20 bush�re season. Eck et al. (2019) demonstrate that the AERONET products are capable of dealing with extrapolated

AOT550 nm values as high as 13, well beyond the upper limits seen in these previous studies. Much of this under prediction is

the result of misclassi�cation of aerosol as cloud and limitations in the retrieval models. For example, the algorithm theoretical105

basis document (ATBD) for MODIS Multi-Angle Implementation of Atmospheric Correction (MAIAC) algorithm states that

the AOT470nmretrieval is limited to a maximum of 4 (Lyapustin and Wang, 2008), well below the peak seen in the Tumbarumba

data. Previous work has demonstrated that operational cloud masks for the Himawari-8 AHI instrument misclassify the more

extreme smoke plumes as cloud (Robbins et al., 2022), which is also seen in other retrievals of high AOT events (Wei et al.,

2019; Ye et al., 2022). These all prevent proper classi�cation of the values of AOT seen during the 2019-20 Australian bush�re110

season and limited our ability to study the impacts of this event. In addition, current aerosol retrieval algorithms assume that

an aerosol layer is translucent and well mixed, meaning that extreme AOT values are not physically sensible in these types of

retrieval.

Some attempts to overcome these limitations have been made. For example, Mukai et al. (2021) demonstrated that existing

satellite data can be used to carry out retrievals of extreme biomass burning plumes by utilising the UV band of the second-115

generation global imager to correctly identify optically thick BB plumes and van Donkelaar et al. (2011) showed that simply

relaxing the cloud screening of the MODIS aerosol products signi�cantly improved coverage of the biomass burning plumes

from the 2010 Moscow �res, but these methods have not been applied to geostationary meteorological satellites.

In this study, we present a novel method for retrieving BB aerosol optical properties from Himawari-8 AHI using the

Optimal Retrieval of Aerosol and Cloud (ORAC) algorithm (Thomas et al., 2009; Poulsen et al., 2012; McGarragh et al.,120
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2018). Using data from the 2019-20 Australian bush�res, we demonstrate that this retrieval method, in combination with

the cloud mask developed in Robbins et al. (2022), is capable of retrieving extreme values of AOT well beyond what current

retrieval algorithms can retrieve. These results demonstrate the limitations of current satellite retrieval products, suggesting that

AOTs from the 2019-20 Australian bush�res and other large-scale �res around the globe are likely to have been systemically

underestimated, which will alter estimates of the extent of BB plumes and the �res' radiative impact.125

2 Data Sources

2.1 AERONET

The AERONET (Holben et al., 1998; Giles et al., 2019) project is a network of sun-sky photometers located across the globe

collecting information on aerosol optical properties, such as the complex refractive index, AOT and classi�cation of aerosols,

e.g. �ne or coarse. This data is extracted from the raw output using the V3 inversion algorithm developed by Sinyuk et al.130

(2020), which provides improved cloud clearing over the previous algorithm, as well as being more capable of handling

extreme AOT values. The maximum value of AOT reported by AERONET is approximately 7 as the instrument is unable to

automatically locate the sun under such large attentuations.

For the period of this study (1st December 2019 - 2nd January 2020), only version 3 level 1.5 Direct Sun AOT data from

the Tumbarumba AERONET site was available at the time of publication. The level 1.5 data is cloud-cleared, but has not gone135

through the full QA screening required to report the data at level 2.0. Level 1.5 data is considered suitable for this work and

has been used in similar studies (González et al., 2020; Li et al., 2021b; Yang et al., 2021).

2.2 Himawari-8 AHI

The Himawari-8 satellite is a geostationary meteorological satellite operated by the Japanese Meteorological Agency (JMA),

which is positioned above 140.7� E and carries AHI. AHI is a passive satellite instrument which produces whole visible disk140

images every 10 minutes across 16 bands at 0.5-2 km spatial resolution at nadir (see Table 1), with the exception of scheduled

“house–keeping times” at 02:40 and 14:40 UTC (Bessho et al., 2016). The raw digital counts for each band, along with the

calibration information, is published as L1b Himawari Standard Data (HSD) �les.

Two Himawari aerosol products are considered in this study. The Japan Aerospace Exploration Agency (JAXA) produces a

level 2 (L2) Aerosol Retrieval Product (ARP) for AHI, which provides aerosol optical thickness (AOT), AOT uncertainty and145

Angstrom exponent on a regular 0.05� latitude-longitude grid every 10 minutes (Yoshida et al., 2018). The ORAC algorithm

is applied to AHI to retrieve AOT and effective radius at the native resolution of AHI (2 km� 2 km at nadir). The calibration

outlined in block header 5 of HSD �les is used to extract the radiances.
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2.3 MODIS

MODIS is a passive instrument on-board NASA's Terra and Aqua satellites. The satellites operate in sun-synchronous LEO150

with the constellation providing rapid return-to-target times, allowing for moderate spatial (0.25-1 km) and daily temporal

coverage. The sun-synchronous orbit means that areas are viewed at approximately the same local solar time by each satellite.

This is late morning for Terra and mid afternoon for Aqua.

In this study, AOT values from the Collection 6.1 Deep Blue (DB) (Sayer et al., 2019) and MAIAC (Lyapustin et al., 2018)

algorithms are employed. The DB product (MOD04_L2 for Terra and MYD_L2 for Aqua) is provided at 10 km resolution for155

each MODIS granule, whereas the MAIAC product (MCD19A2) is provided at 1 km resolution, with data from each MODIS

granule regridded to a sinusoidal grid.

2.4 Sentinel-3

The Sea and Land Surface Temperature Radiometer (SLSTR) is a dual-view passive instrument carried on-board the Sentinel-

3A and Sentinel-3B LEO satellites (Coppo et al., 2010), along with the Ocean and Land Colour Instrument (OLCI). For the160

period of this study, the L2 AOD product is not available, but the SYN product is available to compare with AERONET and

other retrievals. This product only provides AOT data over land and is regridded to the OLCI native grid (North and Henkel,

2010; Henocq et al., 2018).

2.5 VIIRS

The Visible Infrared Imaging Radiometer Suite (VIIRS) on-board NASA's Suomi National Polar-orbiting Partnership (SNPP),165

NOAA-20 and NOAA-21 satellites is a passive instrument that provides aerosol optical thickness data at 6 km spatial resolution

for each VIIRS granule. Level 2 data is produced using the Deep Blue algorithm over land (Sayer et al., 2018; Hsu et al., 2019).

For this study, the AERDB_L2_VIIRS_SNPP collection 1.1 products available over the full validation period are used.

3 Methodology

Two types of analysis have been carried out as part of this study:170

– A sensitivity study to assumed optical properties in retrieving AOTs from biomass burning plumes in AHI data.

– Case-studies comparing retrieved properties for relatively low AOT plumes over land, as well as for an extreme plume

at the coast of SE Australia.

3.1 ORAC, Optimal Estimation and State Vectors

Throughout this work, the ORAC algorithm is applied to AHI data to retrieve AOTs at 550 nm, effective radii and (where175

possible) heights for all pixels. ORAC is an optimal estimation algorithm that utilises Bayes theorem to minimise a cost function
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whilst accounting for uncertainties ona priori information and satellite measurements (Rodgers, 2000). ORAC contains two

approaches to retrieving properties; one for aerosol (Thomas et al., 2009) and one for cloud (Poulsen et al., 2012; McGarragh

et al., 2018). The aerosol approach assumes that the aerosol plume is optically thin, well-mixed in the atmosphere and the

surface re�ectance makes a signi�cant contribution to the top of atmosphere re�ectance. Therefore, both AOT and the surface180

re�ectance are included in the retrieved variables (Thomas et al., 2009). In the case of high AOT BB plumes, like those from the

2019-20 bush�res, the aerosol is thick enough that the surface contributions are a suf�ciently minor source of error that they can

be held constant during the retrieval. The cloud approach uses an estimate of surface re�ectance based on MODIS observations

over land and the Cox-Munk algorithm over ocean (Cox and Munk, 1954; Sayer et al., 2010). This approach is used for

high AOT plumes and the conventional aerosol approach would be the correct method for dealing with more conventional185

BB plumes. The novelty of using the cloud approach is that signi�cantly higher values of optical thickness can be retrieved

compared to the aerosol approach. The cloud approach uses two radiative transfer models that are considered separately,

but resolved simultaneously: the solar radiation component and the thermal radiation component. A full description of this

technique can be found in Prata et al. (2022), McGarragh et al. (2018) and Poulsen et al. (2012). Similarly to the methodology

described in Prata et al. (2022), cloud fraction is ignored in the state vector as all pixels are assumed to contain some level of190

aerosol. The cloud mask developed in Robbins et al. (2022) is used to remove cloud pixels that may be erroneously retrieved

and contaminate further analysis in case-studies and height comparisons. In addition, a cost threshold is applied, such that

pixels which have not adequately �tted the observations are not included in the study.

The ORAC algorithm can evaluate any combination of visible/infrared observations in atmospheric windows (e.g. that lack

substantial absorption). In this study, a short-wave (SW) channel retrieval scheme is chosen that uses AHI bands 1 and 3-5,195

with the 0.51 µm band omitted as it does not match with the corresponding band in MODIS (see Appendix A). The 2.3 µm

band is not used as it con�icts with information regarding effective radius that is captured by the 1.6 µm band, as well as being

less sensitive to AOT from BB, as AOT values from BB drop off rapidly with wavelength. Smoke, including biomass burning

plumes, are usually considered transparent in the long-wave (LW) and literature regarding the optical properties of biomass

burning material in the LW is sparse. However, the characterisation of biomass burning by Sutherland and Khanna (1991)200

reveals that smoke has weak absorption in the AHI 10.4 µm band (see Fig. 2), suggesting that it is possible to retrieve aerosol

information from optically thick plumes.

Throughout this study, it is assumed that the smoke particles are spherical. The review of Tumbarumba AERONET data

from December 2019 in Li et al. (2021b) indicates that �ne-mode AOT dominates, with BB median radius of 0.14-0.25 µm.

Therefore, all ORAC retrievals use values of 0.195� 0.055 µm for the �rst guess anda-priori of effective radius.205

3.2 Development and Utilisation of Look-Up Tables

The ORAC algorithm relies on of�ine parameterisation of the multiple scattering properties of a cloud or aerosol layer. This

information is stored in look-up tables (LUTs), which are used in the forward model to describe the macro- and micro-physical

properties of a cloud or aerosol layer, such as biomass burning plumes. These LUTs are generated using the DIscrete Ordinates

Radiative Transfer (DISORT) code (Stamnes et al., 1988). A full description of this generation and the limitations of this210
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method can be found in McGarragh et al. (2018). For this study, 3 new LUTs have been developed for AHI. These are the

mean biomass, increased biomass and decreased biomass LUTs. The SW optical properties are derived using data from the

Tumbarumba AERONET site during 2019, with the mean values for refractive index (RI) used for mean biomass, the mean

RI plus one standard deviation for increased biomass and the mean RI minus one standard deviation for decreased biomass. It

should be noted that, although all these LUTs are derived from within the bounds of measurement uncertainty, the decreased215

biomass and increased biomass development is an over-simpli�cation and assumes that changes in optical properties have no

in�uence on other properties of the aerosol, which is not true. Nakajima-King plots (Nakajima and King, 1990) for these LUTs

(see Fig. 3) indicate that for the effective radii that are observed during the 2019-20 bush�re period, there may be a relatively

�at cost surface that leads to a wide range of solutions within the bounds of instrument and model error, leading to relatively

high uncertainties at high AOT values. The thermal infra-red (TIR) response is derived from properties described in Sutherland220

and Khanna (1991). The 3 versions of the LUTs are used to investigate how sensitive single-view aerosol retrievals of high

AOT biomass burning events are to the refractive index

3.3 Collocation Methodology

For the sensitivity study, AERONET data between 01 December 2019 UTC 00:00 (inclusive) and 03 January 2020 UTC 00:00

(exclusive) has been collocated with ORAC retrievals, JAXA ARP, MODIS Deep Blue, MODIS MAIAC and Sentinel-3 SYN225

data. Beyond January 2020, AERONET data at Tumbarumba may have become contaminated (ash possibly in the collimator

and on the lens; Ian Lau, personal communication; 25 November 2021) and other particulates after large �res around this site

(González et al., 2020). The period chosen overlaps with the time identi�ed by Li et al. (2021b) at which there were smoke

plumes over the Tumbarumba site.

AERONET data is provided between 440 nm to 1640 nm, but shorter wavelengths tend to become saturated at lower values230

of optical depth than bands at longer wavelengths (Giles et al., 2019). Eck et al. (2019) demonstrated that during extreme BB

events, higher values of AOT are retained for the 675 nm band and extrapolation of AOT at 550 nm from these values allows

high AOT events to be studied with AERONET data. Therefore, to ensure that all values of AOT are compared at the same

wavelength and reduce the likelihood that data is missed due to saturation of the channel under extreme smoke plumes, the

AOT at 675 nm has been extrapolated to 550 nm using the equation,235

� � = � � 0

� �
� 0

� � �
; (1)

where� � is the AOT at some wavelength,� , � � 0 is at some reference wavelength,� 0, and� is the Angstrom exponent for that

range.

To ensure the best match in time between all products, AERONET data has been averaged in 10 minute segments to match

the temporal resolution of AHI. The AERONET data has been binned from the start of an AHI scene time, e.g. 00:00 UTC,240

to the approximate end of the scene time, e.g. 00:10 UTC. This introduces some temporal error to the AERONET data, as

instantaneous AOTs may be signi�cantly higher or lower than the derived mean. Given the relatively short time period over
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which this downsampling occurs, it is not expected that there will be signi�cant jumps in AOT and the standard deviations of

the temporally downsampled bins are retained within this analysis.

As the JAXA ARP has a spatial resolution of approximately 5 km, whilst ORAC retrieves values at 2 km resolution (at245

nadir), two datasets are presented for ORAC retrievals. The �rst is derived from the collocated pixel that corresponds to the

Tumbarumba site, which gives the best match for comparing against AERONET data and is referred to as the pixel-wise

comparison. The second set is for a 3� 3 pixel region around the site, such that the retrieved values are at approximately 6 km

spatial resolution and is referred to as `spatially-downsampled'. This gives a more suitable comparison to JAXA ARP, but at

the expense of accuracy when comparing to AERONET. JAXA ARP data is taken from the pixel collocated with Tumbarumba.250

The AOT at 500 nm is extrapolated to 550 nm by using the Angstrom exponent provided for each ARP pixel using Eq. 1.

Several AOT products from polar orbiters are compared in this study. The Deep Blue and MAIAC products from MODIS

are included when a MODIS granule is coincident with the Tumbarumba site. As the MAIAC product is provided at 1 km

resolution, a 5� 5 pixel mean about the Tumbarumba site is calculated, with the population mean and standard deviation

retained for analysis. Similarly, the Sentinel-3 SYN product is included where available. As the product is provided on the255

OLCI grid at 300 m resolution, a 17� 17 pixel grid about the Tumbarumba site is calculated when a Sentinel-3 overpass is

coincident. VIIRS Deep Blue products, at 6 km spatial resolution, are also included where coincident with the Tumbarumba

site.

It should be noted that the comparison makes no assumption regarding the heights of the plumes, and have not been parallax

corrected. This will introduce some unquanti�ed error into the study. The heights of extreme BB plumes in this region are260

generally < 3 km, with AHI viewing zenith angles of approximately 40� . This suggests the plumes are shifted by < 2.5 km due

to parallax, which is within the spatial window of the downsampled AHI data. In addition, for all downsampled products, if

there is a failed retrieval within the downsampled region, i.e. a pixel is masked such that only the �ll value is available, that

whole region is �agged as a failed retrieval to ensure that the comparison between the high resolution and lower resolution

products is as consistent as possible. To evaluate the skill of �agging an aerosol event, several metrics are presented for this265

comparison, including the true positive rate (TPR), false positive rate (FPR) and the Kuiper skill score (KSS). The KSS is

calculated by,

KSS = TPR � FPR =
a

(a + c)
�

b
(b+ d)

; (2)

wherea is the number of true positives,b is the number of false positives,c is the number of false negatives andd is the

number of true negatives (Hanssen and Kuipers, 1965).270

For the case studies presented, retrievals from ORAC using the mean biomass LUT are compared to the JAXA ARP, MODIS

DB and MODIS MAIAC. The AOT data from each product is shown without any downsampling and only pixel-level quality

control measures applied. For the ORAC product, this is the pixel-wise quality control, whilst for the other products, only failed

retrievals are not shown. For all products, the minimum AOT is set as 0.2 to ensure that only signi�cantly high values of AOT

are shown as this study is focused on the analysis of thick plumes.275
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To ensure temporal matching, the AHI products that include the MODIS granule data are compared to each other, i.e. the

MODIS granule is within 10 minutes of the start of the corresponding AHI scene. The AOT data for each product is plotted

over true colour RGBs generated from AHI 5 km regridded radiances, which is from the matching AHI timestamp. Within each

plotted region, a2� � 2� area is highlighted and the distribution of AOT for each product is shown in violin plots. The region

is chosen to focus on the distribution of high AOT pixels and ignore erroneously retrieved cloud or background AOT that is not280

the focus of this study.

3.4 Quality control for retrievals

To maximise the number of available pixels, only failed retrievals from the JAXA ARP, MODIS, VIIRS and Sentinel-3 products

are omitted and quality control �ags are ignored to ensure that high AOT pixels are included. This is done to test the accuracy

and skill of the retrieval products at higher values of AOT than may be considered acceptable for operational purposes.285

For ORAC retrievals, all pixels used in the collocation are included unless they are declared as cloud by the cloud mask

described in Robbins et al. (2022) or the cost is greater than 5. The use of a cost threshold is important as cost is a measure of

how well the retrieval describes the aerosol type in the pixel. High cost suggests that the retrieved state resulted in a poor �t

between the forward model and the measurements, i.e. the pixel does not correspond to the aerosol optical properties described

in the LUT or may be misclassi�ed cloud, clear air or some other aerosol species. Applying this mask ensures a more consistent290

comparison between the operational retrieval products and the ORAC retrievals. The cloud mask developed in Robbins et al.

(2022) was speci�cally developed to improve differentiation between clouds and optically thick aerosol plumes, but likely

leads to some cloud contamination in AHI retrievals, which can be seen in case studies. This is considered acceptable for

research purposes, where individual case studies can be checked and AERONET data can help to indicate if cloud is present in

collocated pixels, depending on the application a conservative cloud mask could be used.295

4 Results and Discussion

4.1 Sensitivity Analysis

For the study period, between 00:00 UTC on 01 December 2019 (inclusive) to 00:00 UTC on 03 January 2020 (exclusive),

there were 1115 successful ORAC retrievals with AERONET data available. Figure 4, shows the distribution of retrieved

ORAC AOT values versus AERONET AOT values. The �gure indicates that all three LUTs produce a good agreement with300

AERONET when a linear �t is applied, with correlation of 0.758, 0.741 and 0.755 for decreased biomass, mean biomass and

increased biomass respectively. The vast majority of the collocated data are clustered in the low AOT region (AOT� 2) with

a similar distribution across all the LUTs, whereas the distribution of high AOT values (AOT > 2) is more widely spread. This

suggests that under less extreme circumstances, i.e. AOT� 2, the sensitivity of the ORAC retrieval to the assumed optical

properties of the biomass plume is relatively small.305
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However, for larger values of AOT (AOT > 2), the ORAC AOT values begin to diverge from AERONET for the decreased

biomass and increased biomass LUTs. As can be seen in Fig. 4b, the mean bias for mean biomass is smallest of the three LUTs.

This suggests that, under more extreme circumstances, such as the smoke plumes seen during the 2019-20 Australian bush�res,

the sensitivity of the retrieval to assumed optical properties becomes much more important, which can lead to systematic under-

or overestimation of AOT if the aerosol type is considered too absorbing (increased biomass) or less absorbing (decreased310

biomass).

Figure 5 shows that the ORAC mean biomass retrieval compared to the JAXA ARP using the strict quality controls set out in

Sect. 3.2 (with the exception of the cutoff for AOT < 0.2), provides improved temporal coverage. In addition, ORAC retrieves

AOT values > 5. In this high AOT case the JAXA ARP fails due to misclassifying the aerosol as cloud. This can also be seen

over the whole study period as shown in in Table 3. ORAC successfully retrieve approximately 2 times as many pixels as315

the JAXA ARP. When compared to the LEO satellite products, the mean values of ORAC are generally closer to AERONET

values, whilst providing signi�cantly improved coverage, successfully retrieving approximately 28 times as many pixels as

the most successful LEO product (MODIS Deep Blue) with smaller values of mean bias and similar values of RMSE (see

Table 2). Figure 5 also demonstrates the impacts of viewing and solar geometry on the geostationary retrievals, where the high

solar zenith angles towards the beginning and end of the day lead to higher uncertainties on the ORAC retrievals, which are a320

function of the changing signal to noise ratio.

The LEO products have lower uncertainties when compared with the ORAC retrievals. These low uncertainties are important

to note, as the AOT values and associated uncertainties generally underestimate AERONET values. In addition, Fig. 5 shows

the AERONET values at higher AOT are well outside the range of uncertainty for the LEO retrieval. This is likely due to

two reasons. Firstly, as can be seen in Table 2, both MODIS products are capable of retrieving high AOT plumes, with� A
Max325

values of 7.562, where AERONET data is also available. In addition, values as high as 3 can be seen in Fig. 5. Table 3 shows

the skill of each satellite product �agging an aerosol event, with the truth value assigned by the presence of an AERONET

retrieval. The relatively high accuracy of these products at �agging (0.778 and 0.764 for MODIS Deep Blue and MAIAC

respectively) is greater than the accuracy of the ORAC retrievals (0.743, 0.744 and 0.742 for decreased biomass, mean biomass

and increased biomass respectively). This indicates that cloud masking in these products is not a major issue. Instead, it would330

suggest that the parameterisation of the the biomass burning plumes in the MODIS retrieval products is for a type that is not

absorbing enough, leading to the small values for gradient seen in Table 2. This is consistent with the results of Shi et al.

(2019), where the operational MODIS DB product was found to underestimate the AOT values for the 2015 Indonesian �res.

Secondly, internal limits in the algorithms can lead to systematic underestimation of the retrieved AOT. In the case of MAIAC,

the maximum value of AOT440 nm is set at 4 (Lyapustin and Wang, 2008). When coupled with the large values of� seen335

during biomass burning plumes, this leads to much smaller values of� R
Max retrieved (2.927 and 3.085 for Deep Blue and

MAIAC, respectively) when compared to AERONET. In the case of the Sentinel-3 SYN product, the low values of� A
Max

and� R
Max suggest that the conservative cloud masking of the SYN algorithm prevents retrievals of extreme biomass burning

plumes. The VIIRS DB product shows similar performance to the MODIS DB and MAIAC algorithms, with the same issue

of systematic underestimation of AOT when compared with AERONET, suggesting the same mischaracterisation of the BB340
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plumes is present in the VIIRS DB algorithm. It should be noted that the VIIRS DB product has the highest accuracy of all

products when compared to AERONET (see Table 3), but still appears to suffer from the upper AOT limit problem.

The ORAC retrieval results indicate that the mean biomass LUT corresponds best with the biomass burning plumes through-

out this study.

4.2 Case Studies over Australia345

Three case studies from the 2019-20 bush�re season in Australia have been selected to demonstrate the performance of satellite

measurements of AOT during extreme biomass plume events. The three case studies show BB plumes of varying optical

thickness (AOT > 2) over a range of surface types. Regions are selected from within the case study areas to highlight where

the use of the BB LUT is appropriate and where MODIS DB and MAIAC products are also available.

4.2.1 Moderately Thick AOT over Vegetation350

The �rst case study over Melbourne and the SE coast of Australia from 13 January 2020 03:50 UTC shows a moderately

optically thick (2 � AOT � 5) smoke plume (see Fig. 6). Overall, the cloud mask for the ORAC retrieval captures the optically

thick regions of the smoke plume that the JAXA ARP misses (see Fig. 6c and d). In addition, the ORAC retrieval resulted in

signi�cantly higher values of AOT when compared to the MODIS products.

Within the section of the plume shown in the2� � 2� box, Fig. 6b shows that the less optically thick region over vegetation355

is retrieved with reasonable agreement between all 4 products, with mean values for AOT of around 1.5 for ORAC, DB and

MAIAC, whilst the JAXA ARP gives a slightly lower value. The distribution of AOT values seen in Fig. 6b suggests that, under

conditions that would normally be considered extreme smoke plumes by Zhuravleva et al. (2017) and Markowicz et al. (2016),

all products perform similarly and would be suitable for use in further studies.

4.2.2 Moderately Thick AOT over Semi-Arid Land360

In this case study, a moderately high AOT smoke plume from the 2019-20 bush�re season at 00:30 20 December 2019 UTC

over the east of Australia is presented. Figure 7 shows that all of the satellite products retrieve signi�cant portions of the

biomass burning plume towards the centre of the scene. The distribution of the AOTs within the2� � 2� box for the ORAC,

Deep Blue and MAIAC products generally agree, with mean values between 2 and 3 (see Fig. 7b). However, for the JAXA

ARP product shown in Fig. 7d, the most optically thick areas are not retrieved, whilst the AOT distribution (see Fig. 7b) is365

more widely spread compared to the other products. The peak values of this distribution are located around the edge of the

more optically thick region of the plume. This, in combination with the large value for gradient in Table 2, suggests that the

optical properties for biomass burning are set for a more absorbing aerosol type in JAXA ARP. This is likely to be the category

2 �ne aerosol type described in Omar (2005) that is used in the JAXA ARP algorithm as described by Yoshida et al. (2018),

which is not derived from data over Australia. In addition, the more optically thick plumes towards the bottom of this scene370

are not retrieved by the JAXA ARP, whilst the other products are capable of retrieving the AOT values. Inspection of the QA
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�ag for the JAXA ARP indicate that the plume was correctly classi�ed but retrievals failed. Figure 7b shows that ORAC and

MODIS MAIAC have similar dsitributions, with two peaks above and below AOT values of 2, whilst the MODIS Deep Blue

product has a single, wide distribution peaking towards an AOT value of 3. The single peak is likely due to the lower spatial

resolution of this product.375

4.2.3 Extreme AOT

The extreme biomass burning plume (AOT values » 2) presented in Fig. 8 at 03:30 01 January 2020 UTC is taken during

the peak of the 2019-20 Australian bush�res. Figure 8a shows that the plume is extremely optically thick and covers a large

area along the SE coast, with the most optically thick regions of the plume to the SE of the Great Dividing Range. Figure

8c shows that ORAC retrieves AOT values greater than 15, although with high uncertainty, and a mean value of 10, which380

are signi�cantly higher than those seen in events classi�ed as extreme by previous studies, where the highest values of AOT

from satellite instruments were approximately 5 (van Donkelaar et al., 2011; Markowicz et al., 2016; Petrenko et al., 2017;

Zhuravleva et al., 2017; Shi et al., 2019; Mukai et al., 2021).

Both visual inspection and the cloud mask developed in Robbins et al. (2022) suggest that this plume is not cloud contami-

nated, but it can be seen in Fig. 8d that the JAXA ARP cloud mask misclassi�es most of the BB plumes, which prevented any385

retrieval from being carried out in the most extreme regions of the plume. The MODIS products have not been cloud-cleared in

these optically thick regions, however Fig. 8b shows that the maximum retrieved value is approximately 5, signi�cantly lower

than those found by ORAC or observed by AERONET. Of particular note is the distribution of the MODIS MAIAC AOT

values, which shows a narrow distribution of AOT around the peak value, suggesting that the MAIAC algorithm is capable of

retrieving values closer to those seen by ORAC, but is constrained by the internal maximum AOT threshold of the algorithm.390

This is apparent in Fig. 8f, where it can be seen that the retrieved AOT values from MAIAC are almost completely homoge-

neous across the whole of the plume, despite signi�cant differences observed in the true colour RGB from AHI in Fig. 8a and

the ORAC retrieval in Fig. 8c. A similar issue for the Deep Blue retrieval can been seen in Fig. 8b and e, where the distribution

of AOT values is relatively narrow and heavily skewed towards the maximum value, with a notable cutoff at that maximum.

The gaps in the JAXA ARP data and underestimation of AOT in the MODIS products seen in this case study suggests that395

there has been a systematic underestimation of AOT values during the 2019-20 Australian bush�re season, as plumes of this

magnitude were present for many days along the SE coast of Australia. This would have led to systematic underestimation in

climate data sets and the estimation of radiative impacts. In addition, the lack of high quality AOT data for the full bush�re pe-

riod will have consequences for air quality (AQ) modelling, which often ingests satellite AOT products to assess concentrations

of particulate matter on the ground (Inness et al., 2019).400

5 Conclusions

In this study an aerosol property retrieval algorithm targeted at biomass burning plumes measured by the AHI instrument on-

board Himawari-8 has been presented. It uses the cloud approach from the ORAC algorithm with BB LUTs developed for the
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2019-20 Australian bush�re season and the NN cloud mask developed in Robbins et al. (2022). Three LUTs were developed

utilising refractive index information for the BB plumes from the Tumbarumba AERONET site: decreased biomass, mean405

biomass and increased biomass. A sensitivity study compared available AERONET AOT values at 550 nm to ORAC retrievals

using these 3 LUTs for the period between 00:00 UTC on 01 December 2019 (inclusive) and 00:00 UTC on 03 January

2020 (exclusive), showing that 1115 retrievals were successfully collocated. Linear �ts of the LUT data with AERONET

showed coef�cient of determination values of 0.758, 0.741 and 0.755 for decreased biomass, mean biomass and increased

biomass respectively, but the mean bias of the mean biomass retrieval is smallest, suggesting that this LUT best described410

the optical properties of the BB plumes from the 2019-20 bush�re season. The similar clustering of low AOT values for all

the LUTS but divergence of ORAC values at higher optical depths (AOT� 2) suggests the sensitivity to assumed optical

properties becomes signi�cant during these extreme events. The ORAC retrievals were compared against JAXA ARP, MODIS

DB, MODIS MAIAC, Sentinel-3 SYN and VIIRS DB products for the study period. The ORAC retrievals had the smallest

mean bias (0.269 for mean biomass) compared to the other satellite products, whilst retrieving higher values of AOT. This415

underestimation of AOT corresponds with the �ndings of Shi et al. (2019) and suggests that even where AOT data has been

available from LEO satellite products, the optical thickness of the BB plumes have been underestimated and therefore the full

impacts of the 2019-20 bush�res have likely not been studied in full.

Case studies of optically thick BB plumes from the SE coast of Australia during the 2019-20 bush�re season showed that,

under less extreme conditions, the ORAC, JAXA ARP, MODIS DB and MODIS MAIAC products generally agree on AOT420

values for BB plumes, with the minor exception of regions of higher AOT values failing to be retrieved in the JAXA ARP. In

the case of a more extreme BB plume, the ORAC retrieval found AOT values > 15, although with high uncertainty, which are

signi�cantly higher than those seen in events classi�ed as extreme by previous studies (van Donkelaar et al., 2011; Markowicz

et al., 2016; Petrenko et al., 2017; Zhuravleva et al., 2017; Shi et al., 2019; Mukai et al., 2021). The corresponding JAXA

ARP mis-classi�es the more optically thick regions as cloud, whilst the MODIS products reach the upper limit of the retrieval425

algorithms. This suggests that there has been systematic underestimation of AOT values throughout the 2019-20 bush�re

season and implies that similar scale �res which produced BB plumes with AOT > 5 have not been studied in full. As this data

can be used for air quality modelling, the lack of satellite AOT data may impact health studies and AQ forecasts for people in

regions impacted by extreme plumes. The omission of extreme plumes will affect long-term climatological studies, particularly

those investigating the impacts of BB on the atmosphere and weather. However, it should be noted that this study covers the430

development of a scienti�c product, not an operational one, and further work will be needed to balance the cloud approach for

extreme plumes with the aerosol approach for typical conditions in an operational setting.

Throughout this study, there has been a lack of ground-based instrumentation to validate AOT retrievals, as well as a lack

of active instrument data that is collocated with cloud-free BB plumes. This makes validating satellite products over Australia

challenging. Over the period covered in this study, only the Tumbarumba AERONET site was active in the vicinity of the more435

extreme BB plumes. In addition, there are no publicly available ground-based lidar sites in this region. Overall, the lack of

ground-based instrumentation across Australia, and particularly in more populated regions, poses a serious challenge to any

study of aerosols and satellite AOT retrievals in the region. Therefore, an increase in ground-based sites would provide the
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opportunity to comprehensively validate the satellite products during the next extreme bush�re event, leading to higher quality

satellite products for Australia and improved forecasts.440

The optical properties used in this study were derived from AERONET data that is publicly available in near-real time.

Therefore applying this same technique to similar situations across the globe when and where AERONET data is available, e.g.

across much of North America, could lead to signi�cantly improved BB AOT products globally. However, on an operational

scale, this technique may not be viable as it could lead to inconsistent time-series of AOT, as well as potentially excessive

computational costs. A compromise could be to generate more speci�c look-up tables for areas that are prone to burning, e.g.445

Australia temperate forest, Canadian Boreal forest, etc, and using these to generate a more accurate, global product that remains

consistent through time.

Appendix A: Himawari-8 Band 3 versus MODIS Green Bands

The ORAC algorithm makes use of the MODIS BRDF product to estimate the surface re�ectance of a clear sky scene for use

in the aerosol and cloud retrievals. This includes re�ectances across the visible spectrum, such as the green vegetation bands450

in bands 5-7 (see Fig. A1). However, the equivalent of the green band in Himawari-8 AHI is centred at 0.51 µm, which is

not centered on the re�ectance peak of healthy vegetation of 0.55 µm (Knipling, 1970) and leads to vegetated areas appearing

dark in true colour imagery (Miller et al., 2016). With respect to ORAC retrievals utilising the MODIS BRDF, this leads to a

signi�cant difference between expected re�ectances in the green band, as it can be seen that there is very little overlap between

the AHI green band and the MODIS green bands in Fig. A1. In addition, under the conditions seen during the 2019-20 bush�re455

season, large swaths of land were burnt, changing the colour of the surface signi�cantly in the MODIS BRDF, but less so in

the AHI green band. Therefore, although the cloud approach of ORAC is less sensitive to the characterisation of the surface, to

ensure that this difference does not cause issues in the retrieval due to the signi�cant uncertainty associated with the different

characterisations of vegetated surface re�ectance, the Himawari-8 AHI band 2 is not included in the retrievals.

Appendix B: VIIRS and Sentinel-3 Case Studies460

The VIIRS and Sentinel-3 AOT products are not collocated within the 10 minutes of MODIS and AHI products, so aren't

included in the case studies section. However, the closest spatially and temporally matching products are presented in Fig. B1

for each case study. Figures B1a and c show that the VIIRS product has similar performance to the MODIS products during

less optically thick BB plumes, but signi�cantly underestimates AOT for the more optically thick plume seen in Fig. B1e.

Figures B1b, d and f all demonstrate that the Sentinel-3 SYN product has no data available for large areas within BB plumes465

and generally has signi�cantly lower values of AOT when compared to the other operational AOT products, suggesting that

AOT values will be even more severely underestimated in climatologies derived from this data than climatologies derived from

other operational AOT products.
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author. AERONET data is available from the AERONET site (https://aeronet.gsfc.nasa.gov/cgi-bin/data_display_aod_v3, last access: 04

August 2023; Holben et al. (1998); Giles et al. (2019)). The AHI L1b data used in the ORAC retrievals is available on NCI Gadi (Bureau

Of Meteorology, 2022). The JAXA ARP is available from the P-TREE system (https://www.eorc.jaxa.jp/ptree/, last access: 04 August

2023; Yoshida et al. (2018)). The MODIS, Sentinel-3 and VIIRS products are available from the NASA EarthSearch system (https://search.475
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(2019); Sayer et al. (2019)).

Author contributions.DJVR led the study, carried out the analysis and wrote the manuscript. CAP assisted in the analysis, provided scienti�c

advice and assisted in the writing of the manuscript. STS assisted in the analysis of results, provided scienti�c advice during the study

and helped to edit and review the manuscript. SRP assisted in the development of code and assisted in the analysis. ATP assisted in the480

development of code and helped to edit and review the manuscript. RGG created the new Aerosol LUTs and assisted in the analysis. ACP

assisted in the development of code.

Competing interests.The authors declare that they have no con�ict of interest.

Acknowledgements.This research/project was undertaken with the assistance of resources and services from the National Computational

Infrastructure (NCI), which is supported by the Australian Government. This study was partly funded through NERC's support of the485

National Centre for Earth Observation, award number NE/R016518/1. We thank Ian Lau and David Barker for their effort in establishing

and maintaining the Tumbarumba site.

16



References

Abram, N. J., Henley, B. J., Gupta, A. S., Lippmann, T. J. R., Clarke, H., Dowdy, A. J., Sharples, J. J., Nolan, R. H., Zhang, T., Wooster,

M. J., Wurtzel, J. B., Meissner, K. J., Pitman, A. J., Ukkola, A. M., Murphy, B. P., Tapper, N. J., and Boer, M. M.: Connections490

of climate change and variability to large and extreme forest �res in southeast Australia, Communications Earth & Environment, 2,

https://doi.org/10.1038/s43247-020-00065-8, 2021.

Ackerman, A. S., Toon, O. B., Stevens, D. E., Heyms�eld, A. J., Ramanathan, V., and Welton, E. J.: Reduction of Tropical Cloudiness by

Soot, Science, 288, 1042–1047, https://doi.org/10.1126/science.288.5468.1042, 2000.

Andreae, M. O.: Emission of trace gases and aerosols from biomass burning – an updated assessment, Atmospheric Chemistry and Physics,495

19, 8523–8546, https://doi.org/10.5194/acp-19-8523-2019, 2019.

Arias, P. A., Bellouin, N., Coppola, E., Jones, R. G., Krinner, G., Marotzke, J., Naik, V., Palmer, M. D., Plattner, G.-K., Rogelj, J., Rojas,

M., Sillmann, J., Storelvmo, T., Thorne, P. W., Trewin, B., Achuta Rao, K., Adhikary, B., Allan, R. P., Armour, K., Bala, G., Barimalala,

R., Berger, S., Canadell, J. G., Cassou, C., Cherchi, A., Collins, W., Collins, W. D., Connors, S. L., Corti, S., Cruz, F., Dentener, F. J.,

Dereczynski, C., Di Luca, A., Diongue Niang, A., Doblas-Reyes, F. J., Dosio, A., Douville, H., Engelbrecht, F., Eyring, V., Fischer, E.,500

Forster, P., Fox-Kemper, B., Fuglestvedt, J. S., Fyfe, J. C., Gillett, N. P., Goldfarb, L., Gorodetskaya, I., Gutierrez, J. M., Hamdi, R.,

Hawkins, E., Hewitt, H. T., Hope, P., Islam, A. S., Jones, C., Kaufman, D. S., Kopp, R. E., Kosaka, Y., Kossin, J., Krakovska, S., Lee,

J.-Y., Li, J., Mauritsen, T., Maycock, T. K., Meinshausen, M., Min, S.-K., Monteiro, P. M. S., Ngo-Duc, T., Otto, F., Pinto, I., Pirani,

A., Raghavan, K., Ranasinghe, R., Ruane, A. C., Ruiz, L., Sallée, J.-B., Samset, B. H., Sathyendranath, S., Seneviratne, S. I., Sörensson,

A. A., Szopa, S., Takayabu, I., Treguier, A.-M., van den Hurk, B., Vautard, R., von Schuckmann, K., Zaehle, S., Zhang, X., and Zickfeld,505

K.: Technical Summary, in: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment

Report of the Intergovernmental Panel on Climate Change, edited by Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan,

C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J. B. R., Maycock, T. K.,

Water�eld, T., Yelekçi, O., Yu, R., and Zhou, B., Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,

https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_TS.pdf, 2021.510

Arriagada, N. B., Palmer, A. J., Bowman, D. M., Morgan, G. G., Jalaludin, B. B., and Johnston, F. H.: Unprecedented smoke-

related health burden associated with the 2019–20 bush�res in eastern Australia, Medical Journal of Australia, 213, 282–283,

https://doi.org/10.5694/mja2.50545, 2020.

Attiya, A. A. and Jones, B. G.: Impact of Smoke Plumes Transport on Air Quality in Sydney during Extensive Bush�res (2019) in New

South Wales, Australia Using Remote Sensing and Ground Data, Remote Sensing, 14, 5552, https://doi.org/10.3390/rs14215552, 2022.515

Bellouin, N., Boucher, O., Haywood, J., and Reddy, M. S.: Global estimate of aerosol direct radiative forcing from satellite measurements,

Nature, 438, 1138–1141, https://doi.org/10.1038/nature04348, 2005.

Bellouin, N., Quaas, J., Gryspeerdt, E., Kinne, S., Stier, P., Watson-Parris, D., Boucher, O., Carslaw, K. S., Christensen, M., Daniau, A.-

L., Dufresne, J.-L., Feingold, G., Fiedler, S., Forster, P., Gettelman, A., Haywood, J. M., Lohmann, U., Malavelle, F., Mauritsen, T.,

McCoy, D. T., Myhre, G., Mülmenstädt, J., Neubauer, D., Possner, A., Rugenstein, M., Sato, Y., Schulz, M., Schwartz, S. E., Sourdeval,520

O., Storelvmo, T., Toll, V., Winker, D., and Stevens, B.: Bounding Global Aerosol Radiative Forcing of Climate Change, Reviews of

Geophysics, 58, e2019RG000660, https://doi.org/10.1029/2019rg000660, 2020.

Bessho, K., Date, K., Hayashi, M., Ikeda, A., Imai, T., Inoue, H., Kumagai, Y., Miyakawa, T., Murata, H., Ohno, T., Okuyama, A., Oyama,

R., Sasaki, Y., Shimazu, Y., Shimoji, K., Sumida, Y., Suzuki, M., Taniguchi, H., Tsuchiyama, H., Uesawa, D., Yokota, H., and Yoshida,

17



R.: An Introduction to Himawari-8/9- Japan's New-Generation Geostationary Meteorological Satellites, Journal of the Meteorological525

Society of Japan. Ser. II, 94, 151–183, https://doi.org/10.2151/jmsj.2016-009, 2016.

Boer, M. M., de Dios, V. R., and Bradstock, R. A.: Unprecedented burn area of Australian mega forest �res, Nature Climate Change, 10,

171–172, https://doi.org/10.1038/s41558-020-0716-1, 2020.

Bureau Of Meteorology: Bureau of Meteorology Satellite Low Level Data, https://doi.org/10.25914/6TV5-F523, 2022.

Canadell, J. G., Meyer, C. P., Cook, G. D., Dowdy, A., Briggs, P. R., Knauer, J., Pepler, A., and Haverd, V.: Multi-decadal increase of forest530

burned area in Australia is linked to climate change, Nature Communications, 12, 6921, https://doi.org/10.1038/s41467-021-27225-4,

2021.

Chang, D. Y., Yoon, J., Lelieveld, J., Park, S. K., Yum, S. S., Kim, J., and Jeong, S.: Direct radiative forcing of biomass burning aerosols from

the extensive Australian wild�res in 2019–2020, Environmental Research Letters, 16, 044 041, https://doi.org/10.1088/1748-9326/abecfe,

2021.535

Chen, J., Li, C., Ristovski, Z., Milic, A., Gu, Y., Islam, M. S., Wang, S., Hao, J., Zhang, H., He, C., Guo, H., Fu, H., Miljevic, B., Morawska,

L., Thai, P., LAM, Y. F., Pereira, G., Ding, A., Huang, X., and Dumka, U. C.: A review of biomass burning: Emissions and impacts on air

quality, health and climate in China, Science of The Total Environment, 579, 1000–1034, https://doi.org/10.1016/j.scitotenv.2016.11.025,

2017.

Collins, L., Bradstock, R. A., Clarke, H., Clarke, M. F., Nolan, R. H., and Penman, T. D.: The 2019/2020 mega-�res exposed Australian540

ecosystems to an unprecedented extent of high-severity �re, Environmental Research Letters, 16, 044 029, https://doi.org/10.1088/1748-

9326/abeb9e, 2021.

Connolly, P. J., Vaughan, G., May, P. T., Chemel, C., Allen, G., Choularton, T. W., Gallagher, M. W., Bower, K. N., Crosier, J., and Dearden,

C.: Can aerosols in�uence deep tropical convection? Aerosol indirect effects in theHector island thunderstorm, Quarterly Journal of the

Royal Meteorological Society, 139, 2190–2208, https://doi.org/10.1002/qj.2083, 2012.545

Coppo, P., Ricciarelli, B., Brandani, F., Delder�eld, J., Ferlet, M., Mutlow, C., Munro, G., Nightingale, T., Smith, D., Bianchi, S., Nicol, P.,

Kirschstein, S., Hennig, T., Engel, W., Frerick, J., and Nieke, J.: SLSTR: a high accuracy dual scan temperature radiometer for sea and

land surface monitoring from space, Journal of Modern Optics, 57, 1815–1830, https://doi.org/10.1080/09500340.2010.503010, 2010.

Cox, C. and Munk, W.: Measurement of the Roughness of the Sea Surface from Photographs of the Sun's Glitter, Journal of the Optical

Society of America, 44, 838–850, https://doi.org/10.1364/josa.44.000838, 1954.550

Cruz, M., Sullivan, A., Gould, J., Sims, N., Bannister, A., Hollis, J., and Hurley, R.: Anatomy of a catastrophic wild�re: The Black Saturday

Kilmore East �re in Victoria, Australia, Forest Ecology and Management, 284, 269–285, https://doi.org/10.1016/j.foreco.2012.02.035,

2012.

Dickman, C. R.: Ecological consequences of Australia�s “Black Summer” bush�res: Managing for recovery, Integrated Environmental As-

sessment and Management, 17, 1162–1167, https://doi.org/10.1002/ieam.4496, 2021.555

Eck, T. F., Holben, B. N., Giles, D. M., Slutsker, I., Sinyuk, A., Schafer, J. S., Smirnov, A., Sorokin, M., Reid, J. S., Sayer, A. M., Hsu, N. C.,

Shi, Y. R., Levy, R. C., Lyapustin, A., Rahman, M. A., Liew, S.-C., Cortijo, S. V. S., Li, T., Kalbermatter, D., Keong, K. L., Yuggotomo,

M. E., Aditya, F., Mohamad, M., Mahmud, M., Chong, T. K., Lim, H.-S., Choon, Y. E., Deranadyan, G., Kusumaningtyas, S. D. A., and

Aldrian, E.: AERONET Remotely Sensed Measurements and Retrievals of Biomass Burning Aerosol Optical Properties During the 2015

Indonesian Burning Season, Journal of Geophysical Research: Atmospheres, 124, 4722–4740, https://doi.org/10.1029/2018jd030182,560

2019.

18



Engel-Cox, J. A., Holloman, C. H., Coutant, B. W., and Hoff, R. M.: Qualitative and quantitative evaluation of MODIS satellite sensor data

for regional and urban scale air quality, Atmospheric Environment, 38, 2495–2509, https://doi.org/10.1016/j.atmosenv.2004.01.039, 2004.

Fernández-García, V., Beltrán-Marcos, D., Fernández-Guisuraga, J. M., Marcos, E., and Calvo, L.: Predicting potential

wild�re severity across Southern Europe with global data sources, Science of The Total Environment, 829, 154 729,565

https://doi.org/10.1016/j.scitotenv.2022.154729, 2022.

Flemming, J., Benedetti, A., Inness, A., Engelen, R. J., Jones, L., Huijnen, V., Remy, S., Parrington, M., Suttie, M., Bozzo, A., Peuch, V.-H.,

Akritidis, D., and Katragkou, E.: The CAMS interim Reanalysis of Carbon Monoxide, Ozone and Aerosol for 2003–2015, Atmospheric

Chemistry and Physics, 17, 1945–1983, https://doi.org/10.5194/acp-17-1945-2017, 2017.

Gelaro, R., McCarty, W., Suárez, M. J., Todling, R., Molod, A., Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Reichle,570

R., Wargan, K., Coy, L., Cullather, R., Draper, C., Akella, S., Buchard, V., Conaty, A., da Silva, A. M., Gu, W., Kim, G.-K., Koster, R.,

Lucchesi, R., Merkova, D., Nielsen, J. E., Partyka, G., Pawson, S., Putman, W., Rienecker, M., Schubert, S. D., Sienkiewicz, M., and Zhao,

B.: The Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2), Journal of Climate, 30, 5419–5454,

https://doi.org/10.1175/jcli-d-16-0758.1, 2017.

Giles, D. M., Sinyuk, A., Sorokin, M. G., Schafer, J. S., Smirnov, A., Slutsker, I., Eck, T. F., Holben, B. N., Lewis, J. R., Campbell, J. R.,575

Welton, E. J., Korkin, S. V., and Lyapustin, A. I.: Advancements in the Aerosol Robotic Network (AERONET) Version 3 database

– automated near-real-time quality control algorithm with improved cloud screening for Sun photometer aerosol optical depth (AOD)

measurements, Atmospheric Measurement Techniques, 12, 169–209, https://doi.org/10.5194/amt-12-169-2019, 2019.

González, R., Toledano, C., Román, R., Mateos, D., Asmi, E., Rodríguez, E., Lau, I. C., Ferrara, J., D'Elia, R., Antuña-Sánchez, J. C.,

Cachorro, V. E., Calle, A., and de Frutos, Á. M.: Characterization of Stratospheric Smoke Particles over the Antarctica by Remote Sensing580

Instruments, Remote Sensing, 12, 3769, https://doi.org/10.3390/rs12223769, 2020.

Goodman, S. J.: GOES-R Series Introduction, in: The GOES-R Series, pp. 1–3, Elsevier, https://doi.org/10.1016/b978-0-12-814327-8.00001-

9, 2020.

Gott, B.: Aboriginal �re management in south-eastern Australia: aims and frequency, Journal of Biogeography, 32, 1203–1208,

https://doi.org/10.1111/j.1365-2699.2004.01233.x, 2005.585

Graham, A. M., Pringle, K. J., Pope, R. J., Arnold, S. R., Conibear, L. A., Burns, H., Rigby, R., Borchers-Arriagada, N., Butt, E. W., Kiely,

L., Reddington, C., Spracklen, D. V., Woodhouse, M. T., Knote, C., and McQuaid, J. B.: Impact of the 2019/2020 Australian Mega�res

on Air Quality and Health, GeoHealth, 5, e2021GH000454, https://doi.org/10.1029/2021gh000454, 2021.

Hanssen, A. and Kuipers, W.: On the Relationship Between the Frequency of Rain and Various Meteorological Parameters. (with Reference

to the Problem Of Objective Forecasting), Koninkl. Nederlands Meterologisch Institut. Mededelingen en Verhandelingen, Staatsdrukkerij-590

en Uitgeverijbedrijf, https://books.google.com.au/books?id=nTZ8OgAACAAJ, 1965.

Haywood, J. and Boucher, O.: Estimates of the direct and indirect radiative forcing due to tropospheric aerosols: A review, Reviews of

Geophysics, 38, 513–543, https://doi.org/10.1029/1999rg000078, 2000.

Henocq, C., North, P., Heckel, A., Ferron, S., Lamquin, N., Dransfeld, S., Bourg, L., TOTE, C., and Ramon, D.: OLCI/SLSTR SYN L2

Algorithm and Products Overview, in: IGARSS 2018 - 2018 IEEE International Geoscience and Remote Sensing Symposium, IEEE,595

https://doi.org/10.1109/igarss.2018.8517420, 2018.

Hirsch, E. and Koren, I.: Record-breaking aerosol levels explained by smoke injection into the stratosphere, Science, 371, 1269–1274,

https://doi.org/10.1126/science.abe1415, 2021.

19



Holben, B., Eck, T., Slutsker, I., Tanré, D., Buis, J., Setzer, A., Vermote, E., Reagan, J., Kaufman, Y., Nakajima, T., Lavenu, F., Jankowiak,

I., and Smirnov, A.: AERONET—A Federated Instrument Network and Data Archive for Aerosol Characterization, Remote Sensing of600

Environment, 66, 1–16, https://doi.org/10.1016/s0034-4257(98)00031-5, 1998.

Holmlund, K., Grandell, J., Schmetz, J., Stuhlmann, R., Bojkov, B., Munro, R., Lekouara, M., Coppens, D., Viticchie, B., August, T.,

Theodore, B., Watts, P., Dobber, M., Fowler, G., Bojinski, S., Schmid, A., Salonen, K., Tjemkes, S., Aminou, D., and Blythe, P.: Meteosat

Third Generation (MTG): Continuation and Innovation of Observations from Geostationary Orbit, Bulletin of the American Meteorolog-

ical Society, 102, E990–E1015, https://doi.org/10.1175/bams-d-19-0304.1, 2021.605

Hsu, N. C., Lee, J., Sayer, A. M., Kim, W., Bettenhausen, C., and Tsay, S.-C.: VIIRS Deep Blue Aerosol Products Over

Land: Extending the EOS Long-Term Aerosol Data Records, Journal of Geophysical Research: Atmospheres, 124, 4026–4053,

https://doi.org/10.1029/2018jd029688, 2019.

Huang, X. and Ding, A.: Aerosol as a critical factor causing forecast biases of air temperature in global numerical weather prediction models,

Science Bulletin, 66, 1917–1924, https://doi.org/10.1016/j.scib.2021.05.009, 2021.610

Hutchinson, M., Stein, J., Stein, J., Anderson, H., and Tickle, P.: GEODATA 9 second DEM and D8: Digital Elevation Model Version 3 and

Flow Direction Grid 2008, http://pid.geoscience.gov.au/dataset/ga/66006, [last access: 27 March 2023], 2008.

Inness, A., Ades, M., Agustí-Panareda, A., Barré, J., Benedictow, A., Blechschmidt, A.-M., Dominguez, J. J., Engelen, R., Eskes, H., Flem-

ming, J., Huijnen, V., Jones, L., Kipling, Z., Massart, S., Parrington, M., Peuch, V.-H., Razinger, M., Remy, S., Schulz, M., and Suttie, M.:

The CAMS reanalysis of atmospheric composition, Atmospheric Chemistry and Physics, 19, 3515–3556, https://doi.org/10.5194/acp-19-615

3515-2019, 2019.

Isaza, A., Kay, M., Evans, J. P., Prasad, A., and Bremner, S.: Air quality impacts on rooftop photovoltaic energy production during the

2019–2020 Australian bush�res season, Solar Energy, 257, 240–248, https://doi.org/10.1016/j.solener.2023.04.014, 2023.
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Figure 1. Digital elevation model (DEM) derived from Geoscience Australia data (Hutchinson et al., 2008) of the SE coast of Australia with

the locations of major cities (stars) and the Tumbarumba AERONET site (red circle). The DEM shows the Great Dividing Range dominating

the topography of the SE coast, extending all the way from Victoria in the south of mainland Australia to Queensland in the north. The inset

map shows the wider context of the region, with the region of interest highlighted by the black square, in relation to the Australian region.
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Table 1. Description of Himawari-8 Advanced Himawari Imager bands and their associated purposes (Bessho et al., 2016; Zhang et al.,

2018; Robbins et al., 2022).

Band Number Central Wavelength [µm] Spatial resolution at nadir [km] Purpose

1 0.47 1 Aerosols

2 0.51 1 Composite imaging

3 0.64 0.5 Vegetation; aerosol over water

4 0.86 1 Cirrus clouds; vegetation

5 1.6 2 Phase; particle size; snow

6 2.3 2 Land; phase; particle size; snow

7 3.9 2 Clouds; night time fog

8 6.2 2 High altitude water vapour

9 6.9 2 Mid altitude water vapour

10 7.3 2 Low altitude water vapour

11 8.6 2 Total atmospheric water; cloud phase; dust

12 9.6 2 Ozone

13 10.4 2 Surface temperature; clouds; atmospheric window

14 11.2 2 Clouds; atmospheric window

15 12.4 2 Total water; ash; atmospheric window

16 13.3 2 Air temperature; cloud height
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Figure 2. The spectral response for band 13 in Himawari-8 AHI (red, https://www.data.jma.go.jp/mscweb/en/himawari89/space_segment/

srf_201309/AHI-08_SpectralResponsivity.zip; last access 21 March 2023) overlaid onto the imaginary component of the refractive index for

biomass burning described in Sutherland and Khanna (1991) (blue).
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Figure 3. Nakajima-King plots for the (a) decreased biomass, (b) mean biomass and (c) increased biomass LUTs at a solar zenith angle of

20◦, satellite zenith angle of 40◦ and realtive azimuth angle of 54◦. These values are chosen as they are approximately the viewing angle

of AHI to the Tumbarumba site with a solar zenith angle at approximately mid-day during the study period. The optical depth (orange) and

effective radius (blue) are plotted for AHI band 3 (0.64 µm) on the x-axis and AHI band 5 (1.61 µm) on the y-axis.
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Figure 4. Heatmaps of the distribution of collocated ORAC AOT values versus AERONET AOT values at 550 nm for (a) decreased biomass,

(b) mean biomass and (c) increased biomass LUTs, along with the linear fits (blue line), 1:1 fit (dashed black line) and associated statistics

for each LUT.
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Figure 5. Time series for (a) 31 December 2019 - 01 January 2020 and (b) 01 January 2020 - 02 January 2020 of the retrieval products used

in the sensitivity study during the peak values seen in the AERONET data. For the ORAC retrievals, only the mean biomass values are shown

to prevent significant clutter in the figure. Note that there are no Sentinel-3 SYN data plotted as there are no successful retrievals for this

product in this time period.
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Table 2. Resulting statistics of collocations between the retrieval products and AERONET where both retrievals are successful for the whole

study period. The number of collocations where both the retrieval product and AERONET are successful are shown in the first column. The

second and third column show the maximum retrieved AOT value in the study period where both retrievals are successful for AERONET and

the retrieval product respectively. The fourth and fifth columns show the gradient and offset for the linear fit between the retrieval product

and AERONET. The mean bias of the collocated data and the root mean squared error (RMSE) are shown in the sixth and seventh column

respectively. Finally, the Pearson correlation coefficient is shown in the final column.

Retrieval Product # Matches τA
Max τR

Max Gradient Offset R2 Mean Bias RMSE r

ORAC: decreased biomass 822 9.701 3.823 0.581 0.309 0.813 0.269 0.303 0.902

ORAC: mean biomass 826 9.701 5.080 0.728 0.296 0.841 0.269 0.355 0.917

ORAC: increased biomass 820 9.701 7.552 0.961 0.267 0.860 0.291 0.439 0.927

JAXA ARP 378 1.675 3.632 1.567 0.013 0.730 0.298 0.237 0.855

MODIS Deep Blue (Land) 30 7.562 2.927 0.346 0.285 0.698 0.578 0.432 0.835

MODIS MAIAC 21 7.562 3.085 0.433 0.155 0.908 0.420 0.258 0.953

Sentinel-3 SYN 14 0.666 1.136 1.470 0.151 0.925 0.293 0.108 0.962

VIIRS Deep Blue (Land) 25 5.957 2.755 0.449 0.186 0.860 0.355 0.259 0.927
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Table 3. Comparison between satellite versus AERONET retrievals showing the skill of each satellite product at flagging an aerosol event

successfully. The truth label is set by AERONET, i.e. if AERONET provides an AOT value, the label is 1 (BB present), but if AERONET

does not provide an AOT value, the label is 0 (masked as cloud or too optically thick to retrieve information). It should be noted that this

may introduce some bias where high AOT values in the retrieval products are classified as false positives. The first column provides the total

number of pixels collocated between the satellite product and AERONET regardless of if either retrieval is succesful. The second column

shows the number of matches, which is equivalent to the number of true positives (TP) for the satellite product assuming AERONET is truth.

The third column shows the true positive rate (TPR) and the forth column shows the false positive rate (FPR). The fifth column shows the

accuracy of the satellite product. The final column shows the Kuiper skill score (KSS) for the retrieval product (Hanssen and Kuipers, 1965).

Retrieval Product Total Pixels # Matches TPR FPR Accuracy KSS

ORAC: decreased biomass 2493 822 0.653 0.165 0.743 0.488

ORAC: mean biomass 2493 826 0.656 0.167 0.744 0.489

ORAC: increased biomass 2493 820 0.651 0.165 0.742 0.486

JAXA ARP 2460 378 0.304 0.117 0.591 0.187

MODIS Deep Blue (Land) 72 30 0.968 0.366 0.778 0.602

MODIS MAIAC 72 21 0.583 0.056 0.764 0.528

Sentinel-3 SYN 39 14 0.667 0.222 0.718 0.444

VIIRS Deep Blue (Land) 48 25 0.962 0.318 0.833 0.643
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