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Abstract: An extreme biomass burning event occurred in the Amazonian rainforest from July through
September 2019 due to the extensive wildfires used to clear the land, which allowed for more
significant forest burning than previously occurred. In this study, we reclustered the clear-sky
ambient aerosols to adapt the black carbon (BC) aerosol retrieval algorithm to Amazonia. This not
only isolated the volumetric fraction of BC (f;.) from moderate-resolution imaging spectroradiometer
(MODIS) aerosol data, but also facilitated the use of aerosol mixing and scattering models to estimate
the absorption properties of smoke plumes. The retrieved MODIS aerosol dataset provided a space
perspective on characterizing the aerosol changes and trends of the 2019 pollution event. A very
high aerosol optical depth (AOD) was found to affect the source areas continuously, with higher and
thus stronger aerosol absorption. These pollutants also affected the atmosphere downwind due to
the transport of air masses. In addition, properties of aerosols emitted from the 2019 Amazonian
wildfire events visualized a significant year-to-year enhancement, with the averaged AOD at 550 nm
increased by 150%. A 200% increase in the aerosol-absorption optical depth (AAOD) at 550 nm was
recognized due to the low single-scattering albedo (SSA) caused by the explosive BC emissions during
the pollution peak. Further simulations of aerosol radiative forcing (ARF) showed that the biomass-
burning aerosols emitted during the extreme Amazonian wildfires event in 2019 forced a significant
change in the radiative balance, which not only produced greater heating of the atmospheric column
through strong absorption of BC, but also reduced the radiation reaching the top-of-atmosphere
(TOA) and surface level. The negative radiative forcing at the TOA and surface level, as well as
the positive radiative forcing in the atmosphere, were elevated by ~30% across the whole of South
America compared to 2018. These radiative effects of the absorbing aerosol could have the ability to
accelerate the deterioration cycle of drought and fire over the Amazonian rainforest.

Keywords: satellite remote sensing; Amazon wildfire; black carbon; direct radiative forcing; aerosol
optical properties

1. Introduction

The Amazon has been the world’s most significant carbon sink from a global climate
perspective. It is estimated to capture up to 25% of global carbon generation in plants
and other biomass [1,2]. Thus, episodic and extensive biomass burning in the Amazon
rainforest has led to severe local and even significant global effects, making the viability of
the Amazon a global concern [3-5].

Human-driven deforestation of the forest has resulted in a major concern regarding
the increasing wildfires, which are used to clear land for agriculture, livestock, mining, and
lumber. Most forests are typically cleared using slash-and-burn processes; vast amounts of
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biomass are removed by first pulling down the trees in the Amazon using bulldozers and
giant tractors during the wet season, followed by torching the tree trunks several months
later in the dry season [6,7]. Excessive growth in deforestation in 2019 seriously threatened
this region [8,9]. Drier biomass, coupled with gradually rising ambient temperatures,
was able to promote fire spread, ultimately resulting in the most robust fire event in the
Amazon rainforest since 2013. The smoke from the fires darkened the city of Sao Paulo
despite being thousands of kilometers from the Amazon [10]. As of 29 August 2019, more
than 80,000 fires across Brazil had been reported, a 77% year-to-year increase for the same
tracking period. Over 906,000 hectares of forest within the Amazon biome were lost to fires
in this event [11].

The massive amount of smoke emitted from the Amazon rainforest results in very
high concentrations of atmospheric particles, potentially contributing significantly to the
excess carbonaceous content. Both absorption and scattering properties of these biomass
aerosols influence the fluxes of radiation directly incident on the surface and to the top-of-
atmosphere (TOA), and have significant impacts on global climate [12-14]. The monthly
average direct radiative forcing of smoke from biomass burning in the Amazon region was
reported to cause a negative direct radiative forcing during the dry season, varying from
several to tens of W m~2 at the TOA and from —20 to —70 W/m? at the surface [15,16].
Extensive investigations pointed out that the instantaneous effects of some extreme com-
bustion events could be as high as —30 W/m? at the top of the atmosphere and —80 W/m?
at the surface [17-19]. Significant changes in radiation can lead to spatial perturbations
and redistribution of energy, triggering subsequent changes in the surface energy budget,
surface—atmosphere flux exchange, atmospheric thermodynamic stability, and cloud evolu-
tion [14,20-23]. Over the past decades, an increasing number of studies have focused on
obtaining additional aerosol parameters from satellite signals to enhance the knowledge
of ambient aerosols [24-26]. However, the content of BC, an absorbing aerosol, has not
been retrieved in the Amazon wildfire based on the satellite sensors, but probably plays a
significant role in the radiative forcing of the wildfire smoke.

This paper characterizes the aerosol pollution during the 2019 Amazon wildfire from
a satellite remote-sensing perspective and studies its direct radiative forcing impact by
a comprehensive retrieval of different aerosol parameters. Here, a new aerosol retrieval
algorithm was adopted to extend the moderate-resolution imaging spectroradiometer
(MODIS) aerosol products [27]. The method was designed to estimate the black carbon (BC)
aerosol concentration parameters from the MODIS aerosol optical depth (AOD) by taking
full advantage of the high-quality products. It responds well to unexpected pollution events.
It gives reasonable estimations of additional aerosol absorption parameters, such as single-
scattering albedo (SSA), aerosol-absorption optical depth (AAOD), and BC volumetric
fractions. Based on these satellite aerosol datasets, we deeply analyzed the noticeable
changes and transport processes of each aerosol parameter before and after this intense
event. We also compared the retrievals for 2019 to those from 2018 to better understand the
impact of this severe pollution event, not only in terms of aerosol parameter changes, but
more importantly, also in terms of direct radiative forcing effects on climate.

2. Materials and Methods
2.1. MODIS
2.1.1. Operational MODIS Datasets

MODIS can monitor atmospheric pollution events on a daily scale [28]. This study
adopted the daily Level 2 AOD from MODIS to establish extended aerosol datasets [25].
The measurements from the MODIS Terra satellite were used, as the overpassing time is
approximately at 10:30 a.m. (local time) when cumulus clouds are weakly developed in
the morning, and more valid pixels can be captured in the images [29]. MODIS-combined
value-added AOD records with high-quality flags were selected, since they have excellent
accuracy over bright and dark surfaces. The AOD retrieved for a wavelength of 0.55 um had
a good comparison with the Aerosol Robotic Network (AERONET), within the expected
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error of +(0.05 + 15%) [25,30]. In addition, MODIS TOA reflectance data (MOD021KM)
and a surface-reflectance estimation strategy (from the Collection 6 AOD algorithm) were
also used. All satellite data were scaled to a spatial resolution of 10 km.

2.1.2. Algorithmic Framework for Estimating the Additional Aerosol Parameters

The framework of the algorithm is shown in Figure 1. The retrieval algorithm was
developed based on the BC retrieval algorithm in our previous study [27]. The forward
model was updated by coupling the mixing model to the satellite radiative transfer pro-
cess. The aerosol composition was parameterized using a certain fraction of BC (fp¢) and
background aerosol properties (BA) instead of a simple after-mixing definition. Thus, the
specific BC fractions could be retrieved over Lambertian surfaces depending on the forward
simulation that best fit the TOA radiance signals of MODIS.
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Further calculates absorption characteristics of mixed aerosols based on the retrieval
of f and BA.

Figure 1. The algorithmic framework for estimating the BC content and additional aerosol absorption
parameters from MODIS.

Additionally, some absorption characteristics of mixed aerosols can be further cal-
culated based on the retrieval of f,. and BA. Refractive indexes of an aerosol mixture
(RIp (A)), which is the square root of dielectric function (ep;(A)), can be calculated based
on the Maxwell Garnett effective-medium approximation (MG-EMA) [31]:

epc(A)—epa(A)
3 (e logaali))

€ epa(A)
1— foc (2eiimalsh

SM(/\) :sBA(/\) 1+ ) (1)

where epc(A) is the effective dielectric function of black carbon at wavelength A, and eg4 (1)
is the effective dielectric function of background aerosols at wavelength A.

The volumetric size distribution (VSD) of aerosol compounds can be well described
by the individual components of a mixture [32,33]:

e e vm
dinr _]‘:1 \/ﬂlnaje pl—In’ m])/Z( ) ] @

where V;(7) is the volumetric concentration of components j; and 7, ; and ¢; are the median
radius and geometric standard deviation of lognormal distribution, respectively.
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Finally, the spectral SSA (w) of aerosols can be further simulated by inputting the RI
and VSD retrievals into the MIE scattering model [34], and we therefore estimated the
AAOD (7;) using the following equation:

T =7(1—-w) ©)]

This algorithm has been tested and validated over China, and showed good agree-
ments with ground-based observations.

In this study, the aerosol absorption was parameterized by detailing the microphysical
parameters of BC and BAs, as well as their mixing states in the atmosphere, to retrieve
the BC volume fraction from satellite images. The flowchart of the proposed algorithm is
depicted in Figure 1.

2.1.3. Updating the Algorithm for the Amazon Rainforest Region

To apply the above framework for Amazonia, a reclustering of background aerosols
(BA) was required, mainly because ambient aerosols in different regions were significantly
influenced by regional surface types, emissions, and industrial structures, which are very
different [32]. Therefore, in this study, we used AERONET inversion data (including infor-
mation on SSA, RI, VSD) from 20152019 in the biomass burning season (July—-September)
of Amazonia for reclustering [35]. The strong scattering clusters were selected as the final
BA model, since BC strongly absorbs solar radiation. Only one scattering aerosol model was
recognized, while organics or dust, which are aerosols with weak absorptive characteristics,
were not evident in Amazonia. The relevant microphysical parameters of BA are shown
in Table 1.

Table 1. Clustered microphysical parameters of background aerosol.

0.441 pm 0.674 pm 0.871 um 1.02 um
nga L 1.462 + 0.024 1476 + 0.014 1.484 £0.011 1.486 + 0.009
kpa ? 0.0052 + 0.0033 0.0048 + 0.0033 0.0052 + 0.0033 0.0054 + 0.0032

w 0.938 £+ 0.010 0.927 £ 0.013 0.911 £ 0.016 0.907 £ 0.018
rpa > fine mode 0.547 +0.103
opa * fine mode 0.422 4 0.010
rpa ° coarse mode 3.117 4+ 0.086
o © coarse mode 0.654 £+ 0.018

1 Real parts of the refractive index (RI); > imaginary parts of the refractive index (RI); 3 radius of fine mode;* root-
mean-square error of fine-mode radius; 5 radius of coarse mode; © root-mean-square error of coarse-mode radius.

In addition, for the microphysical parameters of BC monomers, we still adopted

a wavelength-dependent RI (npc + kpci) over the visible and near-visible wavelengths

(Equation (4)) and a constant VSD (rpc = 0.095 um and opc = 1.80 pm) in the forward
simulation [36,37]:

npc(A) = 1.811 4 0.1263In A + 0.027In? A 4 0.0417 In> A .

kpc(A) = 0.5821 4 0.1213In A 4 0.2309In* A — 0.011n> A @

where npc(A) and kpc(A) represent the real and imaginary parts of the refractive index
(RI), respectively.

In the proposed algorithm, we assumed that the aerosol particles consisted of strongly
absorbing BC and scattering background aerosols. Therefore, it was vital to remove the
effects of BC in the clustering of background aerosol types. In our strategy, we performed
a two-step operation. In the first step, since BC is a fine particle with strong absorption,
we first removed all the strong absorption fine particles that may be affected by BC from
the AERONET dataset to be clustered. The threshold values set here were SSA675 < 0.9
and FMF > 0.4. In the second step, the processed dataset was clustered using the k-means
model. We set 4 clusters here, and similar types were combined. Finally, the strongest
scattering type was selected as the background aerosol. In this way, we could remove
the effects of BC from the clusters. In fact, unlike China (where we tested in the previous
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study), the background aerosol type in Amazonia was very homogeneous, so only one
background aerosol could be obtained.

The relevant contents, and more a detailed description, including the algorithm proce-
dure can be seen in the Supplementary Materials (Equations (51) and (52)).

2.2. AERONET
2.2.1. AERONET AOD and Inversions

In situ measurements are the primary means of discussing the accuracy of MODIS
aerosol datasets. AERONET is a global network of ground-based instruments that compose
an observing system to measure atmospheric aerosol properties. The system is equipped
with a CIMEL Electronique 318A (CE-318) spectral radiometer that measures sun and
sky radiances at several fixed wavelengths within the visible and near-infrared spectrum,
providing continuous cloud-screened observations of spectral AOD and aerosol-inversion
products (e.g., volume size distribution, aerosol complex refractive index, optical absorp-
tion, and the aerosol-scattering phase function) in different aerosol regimes [35].

All analyses in this study utilized the latest version 3.0 AERONET products outlined
by Giles et al. (2019) [38]. Figure 2 flagged six low-altitude AERONET sites around the
Amazonia basin that could have been affected by the 2018/2019 wildfires. A retrieval
only reached Level 2.0 when the level of 0.44 pm AOD was greater than 0.4, and other
almucantar and hybrid quality checks were satisfied [39]. Thus, level 1.5 inversions were
still used to increase the data available for analysis.

80° W 70°'W 60° W 50° W 40°'W

AERONET SITES

Figure 2. Low-altitude AERONET sites around Amazonia basin that could have been affected by the
2018/2019 wildfires.

2.2.2. Estimating the BC Volumetric Fractions from AERONET

For the BC content in the atmosphere, AERONET did not provide relevant records. It
can usually be estimated using the absorbing parameters of AERONET inversions. In this
study, the five-component (BC and other four weak/nonabsorbing components) inversion
method proposed by Wang et al. (2013) [40] was used. This method could effectively reduce
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the influence of weakly absorbing aerosols on BC retrievals by using the spectral SSA and
RI acquired by AERONET inversions. The algorithm was implemented with the following
cost function:

2
cal obs

N (kjf"—kgf’s)z (dSSAC“l—dSSA"b5>2
TRy

e

3

©)

where the superscripts ‘obs” and ‘cal’ represent the optical physical parameters of the mixed
heterogeneous aerosol provided by AERONET inversions and mixing-model simulation,
respectively. The modeled real (nCA”l) and imaginary (kCA“l) parts of the complex refractive
index were simulated by MG-EMA (Equation (1)); dSSA is the difference between SSAgy
and 55 Agy, which can be calculated as:

Yo MAEY 0 fi Vit L3y MAE ?%0; f; Vital

0.67 0.87 (6)
ext ext

dSSA =

T T

where MAE ? is the spectral mass absorption efficiency of components i at wavelength A
um; p ; and f; are the density and volumetric fractions of components i, respectively; Vi1
is the total aerosol volume concentration; and T 2, is the extinction AOD at wavelength A
um. The parameters of each component in the equation can be found in Supplementary

Materials Table S2.

2.3. Direct Radiative Forcing Simulation

In this study, the direct radiative forcing of the aerosols emitted from the pollution
event was simulated using the Santa Barbara DISORT Atmospheric Radiative Transfer
(SBDART) model [41], which is a tested and reliable physical model developed by the
atmospheric science community over decades. As mentioned above, the satellite inversion
results were reliable for the high-pollution scenarios. Although the uncertainty was rel-
atively high at a lower AOD, this did not affect the later conclusions regarding radiative
forcing, since low aerosol concentrations in the radiation were almost negligible, regardless
of the aerosol particles’ scattering and absorption strengths. The model was operated with
33 height layers and four radiative streams, and the direct radiative forcing of aerosols
(ARF) at TOA /surface levels could be calculated from the simulated up (F T /down (FY)
radiative flux:

ARF = (Fi B FT)aerosol B (Fi - FT) pristine (7)
where the subscripts ‘aerosol’ and “pristine’ represent the radiative flux with and without
aerosols, respectively. It was necessary to simulate the ARF at the TOA (ARFrp4) and
surface levels (ARFsgr), respectively, from which the atmosphere aerosol radiative forcing
(ARF ) could be further deduced:

ARFarym = ARFroa — ARFsrp 8)

Here, the MODIS aerosol dataset we retrieved provided AOD and SSA inputs required
for SBDART. Another required asymmetry factor was not a direct output in the algorithm,
but it could be obtained by MIE simulations based on the recomputed complex refractive
indexes and size distributions (Equations (1) and (2)).

3. Results
3.1. Comparing Satellite Aerosol Datasets with AERONET

Figure 3 shows the comparison of the AOD (0.55 um), SSA (0.55 um), AAOD (0.55 pm),
and BC volumetric fractions (fy.) obtained from MODIS with the ground-based AERONET
records. The points in Figure 3 are the matched records for 30 min before and after the
overpass time of MODIS, corresponding to the 5 x 5 pixels over the stations. The matchup
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criterion was to have at least 2/3 of the pixels from valid MODIS retrievals within a window
surrounding the AERONET site.

30 . , 1.00 . . . . ;
Y =0.865X - 0.0318
b R?-0.931 .
1 MB = 0.066 ]
RMSE = 0.096 “
204 . 1 0.90 -

1
MODIS SSA (550 nm)
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z 7
1
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Figure 3. The comparison of the MODIS aerosol datasets used in this study with the ground-based
AERONET records: (a) AOD (0.55 um); (b) SSA (0.55 um); (c) AAOD (0.55 um); (d) BC volumetric
fractions (fy.)-

Figure 3 shows different quantities of the AOD and other products. The main reason
was that AERONET provided AOD and SSA from two different products (AOD from the
Aerosol Optical Depth Datasets and SSA from the Aerosol Inversion Datasets). The records
for the AOD are much more numerous than those of the SSA. This was attributed to the
limitations of the AERONET inversion algorithm. Only those results that can converge
in the model are published. At the same time, the bad inversions are excluded from the
datasets. Furthermore, such inversion data reaches Level 2.0 only when the level of 0.44 pm
AQD is more significant than 0.4 and other almucantars, and the hybrid quality check is
satisfied. Thus, it is inevitable that the number of points in the AOD will be different from
those for the SSA.

The MODIS AOD demonstrated a high level of accuracy (Figure 3a). The correlation
coefficient (R?) with AERONET reached 0.931, with a mean error (MB) of only 0.066 and a
root mean square error (RMSE) of less than 0.1. Although an overall underestimation was
present, the MODIS AOD could easily be revised by a simple linear equation. In contrast,
the correlation between the MODIS SSA and AERONET inverted SSA appeared to be lower
(R? = 0.488) due to the uncertainty of the algorithm itself [27]. Thus, it was difficult to revise
satellite SSA by a simple linear function, such as the AOD. However, the error indicators
exhibited essentially the same levels as the uncertainty of the AERONET SSA (<0.03 when
AOD > 0.5), with a low MB of 0.028 and a low RMSE of 0.034. The low bias of the AOD
and SSA also made the MODIS AAOD very reasonable (Figure 3c), with an R? of 0.889,
MB of 0.002, and RMSE of 0.003. The BC volumetric fractions obtained by the MODIS
algorithm were compared with those retrieved using the AERONET method (Figure 3d).
The correlation coefficient was found to be 0.571, with an MB of 0.4% and an RMSE of 0.6%.
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In summary, the MODIS aerosol datasets produced by the updated algorithm could
provide full-coverage and reliable data over specific time periods, and provided further
details on biomass-burning aerosols in the Amazonia.

Our previous study revealed the main factors (i.e., AOD inputs, the surface-reflectance
hypothesis, and the variances in the background models for non-BC aerosols) that con-
tributed to the model errors. A summary of the uncertainty analyses for each factor con-
tributing to the model errors of primary retrieval in our algorithm (volume fraction of BC)
and a more detailed analysis of the errors can be found in the Supplementary Materials S2.
The uncertainty analyses for each factor are shown in Table S1.

3.2. Absorbing Aerosols Emitted during the 2019 Amazon Wildfire

Many studies have confirmed that the violent combustion of biomass simultaneously
releases large amounts of carbonaceous aerosols [42,43]. The smoke strongly absorbs
solar radiation, further affects the radiation balance, and deteriorates the climate in the
long term [44,45]. Figure 4 demonstrates a satellite image of the Amazon wildfire for
17 August 2019 (one day selected from this biomass burning event), which was remotely
sensed by using updated aerosol-detection algorithms and thermal anomalies detected by
MODIS satellites.

Figure 4a shows the MODIS RGB images of the study region and time. The wind-
borne anomalous plumes of smoke formed from the Amazon rainforest to the territory
of Paraguay, and the southern rainforest was especially covered with heavy smoke that
obscured the surface information from the space view. Using the fire and thermal-anomaly
detection algorithm of MODIS [46], a large number and density of fire counts from high-
temperature biomass burning were simultaneously identified near these smoke plumes.
Note that the firing density was very low in pristine forests, while about 60-70% of all
MODIS-measured fire anomalies were located at the junction of artificial land that ex-
panded into the rainforest (Figure 4b). The results implied that the wildfires and the severe
pollution smoke in the Amazon rainforest may have been attributable to the human-driven
deforestation of the Amazon rainforest.

The AOD distribution at 0.550 pm (Figure 4c) showed that the AOD of dense smoke
could reach 1.0 or even higher. For a region with a homogeneous climate environment
such as the Amazon rainforest, the magnitude of AOD in a daily variation also represented
the level of air pollution. These smoke plumes thus implied localized air pollution with
significant aerosol optical forcing. In addition, it can be seen that most high values for
the absorbing aerosol optical depth (AAOD > 0.1) in the study area were consistent with
the spatial distribution of the AOD (Figure 4d—f). These high values were attributed to
the strong absorbing BC in the atmosphere (Figure 4e). Usually, the volumetric fractions
of strongly absorbing BC in an aerosol compound introduced a very significant effect on
the absorption capacity of mixed heterogeneous aerosols, driving a shift from strongly
scattering aerosols (SSA > 0.95) to strongly absorbing aerosols (SSA < 0.90).
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Figure 4. Satellite monitoring of Amazon wildfire for 17 August 2019: (a) MODIS Terra RGB image
showing the biomass burning event over the Amazon; (b) MODIS fire and thermal-anomaly counts;
(c) retrievals of MODIS AOD (0.55 um); (d) AAOD (0.55 pum) retrieved by the proposed algorithm;
(e) fyc retrieved by the proposed algorithm; (f) SSA (0.55 pm) retrieved by the proposed algorithm.

4. Discussion
4.1. Variations in Aerosol Properties during the Transport of Polluted Air Masses

Atmospheric pollutants undergo regional and intercontinental transport to remote
areas at properties much different from the sources. In particular, for BC aerosols emitted
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from biomass burning, the shorter lifetime (a few days to weeks) and the aging process
often lead to changes in aerosol properties during the regional transport of polluted air
masses [45].

Figure 5a shows the RBG image for 22 August 2019 (day of year (DOY) = 234, another
day at the height of this event) from MODIS TERRA, overlaying the results of the forward
trajectory from one week earlier (15 August 2019, DOY = 227). The forward trajectories
and the above-ground level (Figure 5b) were simulated using the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model. This widely used model can simulate
air-mass transport trajectories from a given meteorological dataset at different altitudes and
times [47]. The forward trajectory simulation began from the location of the fire-hit area on
the border between Brazil, Peru, and Bolivia. In this case, the trajectory of the air masses
beginning on 15 August matched well with the distribution of the smoke after seven days.

80° W 70° W 60° W 50°W 40° W
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Figure 5. (a) RBG image for 22 August 2019 (DOY = 234) from MODIS TERRA, overlaying the results
of the HYSPLIT forward trajectory from one week earlier (15 August 2019, DOY = 227). (b) Above-
ground level (ABL) from HYSPLIT forward-trajectory simulation in (a). The location of the air mass
at the time of satellite imaging (14:00 UTC) is marked with blue dots. Three subregions were selected
based on the trajectory’s locations and times, respectively influenced by local rainforest aerosol
emissions, transported rainforest aerosols with other local emissions, and transported rainforest
aerosols without other local emissions. The RGBs and anomalous fire count corresponding to the
selected time is magnified in (c—e).

The region was divided into three subblocks according to the marked location of the
air mass at the overpass time of the satellite (14:00 LT). Region R1 had a high fire density,
indicating that local emission sources dominated the heavy smoke. Small trajectory changes
(Figure 5b) within the entire boundary layer during the first 0-2 days of fire contributed to
the accumulation of pollutants (magnified in Figure 5c). Afterward, the air mass carrying
pollutants reached region R2 after a long-distance transport (magnified in Figure 5d).
Transmitted rainforest-burning aerosols affected the area, along with the local emissions.
High-level aerosol loadings could also be explained via stable air conditions (a slight change
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in the trajectory). Region R3 was the position of the air mass one week after the rainforest
source emission (magnified in Figure 5e). Almost no active anomalous fire counts were
identified (Figure 5e), indicating that the contamination was mainly dominated by external
sources. Additionally, the air-mass dynamics were powerful in R3; the polluted air mass
rapidly spread to the ocean and rose to more than 2 km vertically. The characteristics of the
three subregions are summarized in Table 2.

Table 2. Characteristics of the three subregions.

Region Sources Trajectory Changes
R1 Local emission Weak
R2 Local gmlssmn and Weak
transmitted aerosols
R3 Transmitted aerosols Strong

Figure 6 shows the daily variations in the MODIS aerosol retrievals over these sub-
regions throughout the entire pollution event (July to September 2019). The changes in
aerosol properties before and during the event are summarized in Table 3. The retrievals
with more than 50% cloud coverage were ignored. Considering that the Amazon has a low
AOD without active biomass-burning activities, a threshold of 0.5 was applied, and the
region was affected by this severe event when the AOD was >0.5 consistently or repeatedly.
The results showed that the beginning of contamination detected in each of the three subre-
gions differed in time (corresponding to DOY = 215, 219, and 220, respectively). They were
consistent with the forward trajectory, as previously mentioned.

Table 3. Changes in aerosol properties of the three selected subregions before and during the event
in Amazonia (before event — during event).

Region AOD (0.55 um) AAOD (0.55 um) SSA (0.55 um) foe
R1 0.211 — 0.794 0.020 — 0.090 0.913 — 0.887 0.010 — 0.016
R2 0.170 — 0.661 0.012 — 0.072 0.931 — 0.897 0.007 — 0.014
R3 0.177 — 0.438 0.019 — 0.043 0.933 — 0.910 0.006 — 0.011

Before the event, all the aerosol parameters were at low levels. It is worth noting that
the SSAs (0.55 um) in R2 and R3 were very close to the background aerosols we clustered
(SSA of BA~0.932). In contrast, the aerosol absorption characteristics were stronger in R1,
even in the absence of extensive pollution, which was attributed to the perennially active
biomass burning in R1. When the pollution event occurred, the comparison suggested
significant changes in both aerosol loadings and absorption. The three subregions showed
more than double or triple changes in the AOD at 0.55 pm wavelengths before and during
the event. The BC content in the atmosphere consequently increased due to the evident
polluted air masses, with an increase of 50-100%. A significant increase in BC allowed the
mixed aerosol to change from scattering to absorbing, as shown by a decrease in the SSA
(0.55 um) and a significant increase in the AAOD (0.55 um). The variation in BC content
was most significant in region R2, which was related to its presence in both local emissions
and transmitted BC from R1.

4.2. Year-to-Year Comparison of the Same Periods in 2018 and 2019

The 2019 wildfires in Amazonia were among the worst events in recent years, with 85%
increased fire counts in Brazil compared to the same period in 2018, with more than half of
the fires were in Amazonia [48]. Figures 7 and 8 show the Amazonian spatial distribution
and daily variations of the four retrieved aerosol parameters in these two selected years.
The retrievals allowed us to identify some significant year-to-year differences from July
through September. According to the certain increase in wildfire events [49], we recognized
DOYs 200 to 250 as the wildfire period of this event.
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Figure 6. Daily variations in the MODIS aerosol retrievals over the three selected subregions shown
in Figure 5 throughout the entire pollution event in Amazonia (July to September 2019). (al-a4) AOD
at 0.55 um, AAOD at 0.55 um, SSA at 0.55 pm, and BC volumetric fractions (f,.) over region R1.
(b1-b4) Retrievals over region R2. (c1-c4) Retrievals over region R3.
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Figure 7. Averaged MODIS aerosol retrievals of Amazonia from July through September. The
columns from left to right are for the results of 2019, 2018, and year-to-year differences, respectively.
The rows from top to bottom represent AOD at 0.55 um, AAOD at 0.55 pm, SSA at 0.55 pm, and BC
volumetric fractions (f,).



Remote Sens. 2022, 14, 2080

14 of 20

0.5 T T T 0.10 T T
——2019 ——2019
— 0 —_—2
0.4- e 0.08 e 7 E
— T Pre Wlld.ﬁre After
E = Period
0.34 <= 0.06
% w
v v
202 g 0.04- 1
S =
< <
0.1 : Wildfire o 0.024 R
TP Period ! b
0.0 T T T T T T T T T 0.00 T T T T T T T T T
180 190 200 210 220 230 240 250 260 270 180 190 200 210 220 230 240 250 260 270
DOY DOY
1.00 T T T T T T T T T 0.030 T T
——2019 &) ——2019
——2018 E 0.0254 ——2018
=
) w»
£0.95 8
< %
f =
2 &
z )
7] ™
Z 0.90 s
E
Wildfire | = 0.005 - Wildfire
Pre / After s Pre . After
Period c - Period d
0.85 T T T T T T T T T 0.000 T T T T T T r T T
180 190 200 210 220 230 240 250 260 270 180 190 200 210 220 230 240 250 260 270
DOY DOY

Figure 8. Daily variations in the MODIS aerosol retrievals for South America from July through
September in 2018 and 2019: (a) AOD at 0.55 um; (b) AAOD at 0.55 um; (c) SSA at 0.55 um; (d) BC
volumetric fractions (f;.). The shading represents the peak of this event.

As shown in Figure 8, prior to the wildfire period (DOY < 220), the aerosol retrievals
did not differ significantly between 2018 and 2019. Although fluctuations could be recog-
nized due to occasional biomass-burning events or meteorology, these parameters were
kept at deficient levels. The AOD at 0.55 pm was less than 0.2, the AAOD at 0.55 um did
not exceed 0.02, the SSA at 0.55 pm was greater than 0.90 and exhibited stronger scattering
characteristics, and the BC with a volume fraction was less than 1.5%.

During the wildfire period (220 < DOY < 250) the differentiation of the parameters
in 2019 and 2018 gradually emerged. The spatial distribution showed a clear pattern
of the changes, extending from the source (fire-hit area on the border between Brazil,
Peru, and Bolivia) southeastward to the border between Paraguay and Argentina. The
enhancements in the AOD and AAOD at 0.55 pm were more pronounced than others
during this continuous event, with a 150% increase in the AOD and a 200% increase in the
AAOD compared to the same period in 2018. A small change in the absorption and BC
content could also be identified, with a change in aerosol toward absorbing compounds
(SSA at 0.55 pm <0.9), and more BC being emitted (fy, close to 2%).

After the wildfire period (DOY > 250), the AOD and AAOD at 0.55 pm in 2019
remained high and even elevated slightly. In contrast, the aerosol absorption and BC
composition did not rise as steeply as the AOD and AAOD did. This indicated that
although the air pollution from the wildfire events was still affecting the region, the new
generation of strongly absorbing BC particles from emission sources was under control,
with evidence that the volume fractions of BC in an aerosol particle were not further
increased, since previously emitted biomass BC could be thinly or partially encapsulated
and further coated with other materials. In addition, although two severe pollution events
also occurred in 2018 (near DOY = 250 and DOY = 270), a speedy dissipation process can
be identified, and the retrievals returned to pre-event levels within very few days. This
suggested that such occasional and effectively controlled events did not affect the region in
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the long term. In contrast, the earlier start and continuous burning in 2019 resulted in a
longer-range, longer-lasting, and widespread pollution event.

4.3. Direct Radiative Forcing Enhanced by the 2019 Amazonian Wildfire

Unnaturally emitted aerosol particles significantly impact global and regional climate
through direct radiative forcing [45]. Such a severe air pollution event over Amazonia is
bound to predict and significantly affect radiative balance.

Figure 9 shows the ARF calculations for aerosols (mixture of non-BC background
aerosols with embedded BC particles) produced during the 2019 Amazon fires (July—
September); the distribution shown in Figure 9 was obtained by averaging the ARF values
across South America. Thus, the range in the values corresponded to the temporal variations
throughout the entire duration of the contamination event. The results demonstrated the
negative radiative forcing at the TOA and surface levels, with mean values of —12 W/ m?
and —38 W/m? during the entire event, respectively, which confirmed the cooling effect
of the aerosol. ARF varied between different studies due to uncertainties associated with
different scales and approaches. However, the magnitudes of the ARF values proposed
in our study were within a reasonable range, and were similar to those for previous years
when severe fires occurred in the dry season (Table 4).
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Figure 9. Aerosol radiative forcing during 2019 wildfire event (July-September), during the same
period in 2018, and when the region was free from strong absorbing BC (pure background aerosol
(BA) with AODq 55,,m < 0.2 and SSA55,m > 0.92). ARF at the TOA, surface, and in the atmosphere
were simulated by the SBDART.

Compared with the ARF when the region was free from strong absorbing BC (pure
background aerosol with AOD 55,,m < 0.2 and SSA( 55,,m > 0.92), the 2019 event exhibited
a more than 2-fold enhancement, with changes of —6 W/m? and —22 W/m? at the TOA
and surface levels, respectively. The cooling effect represented 33% and 31% increases,
respectively, compared to the impact of biomass-burning activities during the same period
in 2018 (ARFros = —9 W/m?2, ARFsgr = —29 W/m?). In contrast, it seemed that the 2019
wildfire emissions generated a more significant heating effect in the atmospheric column.
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The AREF in the atmosphere was +26 W/ m?, an increase of 16 W/m? (160%) compared to
the pure background aerosol cases and of 6 W/m? (30%) compared to the same period in
2018. Higher ARF in the atmosphere was apparently caused by BC aerosols, which not
only heated the atmosphere through strong absorption, but also simultaneously reduced
the radiation reaching the TOA and surface levels.

Table 4. Dry-season radiative forcing (W/ m?) at the TOA, at the surface, and in the atmosphere over
the Amazonian region proposed in previous studies and in this study.

Reference ARFroa ARFsgp ARFarm Data
Procopio et al. (2004) [15] —5~—12 —21~—74 16~62 1993~2002, 2 sites
Sena et al. (2013) [50] 411 / / 2000~2009, satellite
retrievals
Sena and Artaxo (2015) [19] —-1~-9 / / ZOOONZO(.B’ satellite
retrievals
Palacios et al. (2020) [18] / —41 / 2000~2017, 9 sites
—-12 —38 2019, satellite

This study 26 (3~50)

(—4~-20) (—9~-70) retrievals

Recently, there has been an increasing awareness that BC has measurable effects on
atmospheric and land surface temperatures, primarily through radiative scattering and
absorption in the atmosphere and systematic albedo changes at surfaces. These two effects
make BC a strong driver of climate change from local to global scales [51,52].

For surface albedo, the events in 2019 provided a solid negative forcing at the surface
(—38 W/m?) by absorbing and blocking direct solar radiation, which directly led to the
darkening of the surface. This effect, in turn, may have reduced the evaporation and
rainfall over the region [53], and a drier environment is more likely to lead to frequent fires
and trapped in a cycle of deterioration. Atmospheric heating (positive radiative forcing,
+26 W/m?) can directly exacerbate the warming process and curb the thermoregulatory
capacity of the rainforest itself [54,55], especially for such vital pollution events. In addition,
the heating of the atmosphere can increase the thermodynamic stability of the atmosphere
and cause a decrease in precipitation, which not conducive to the diffusion of pollutants [56].
This makes it easier for these strongly absorbing particles to be deposited on the land and
ocean surfaces, forcing a longer-term influence on these surfaces.

Therefore, these radiation-related effects of absorbing aerosol in the long-lasting,
widespread wildfire events may accelerate the deterioration cycle of drought and fire. Brazil
was reported to have suffered the worst drought in the two years following 2019 [57,58].
The feedback effect of excessive anthropogenic burning of trees in 2019 on the extreme
drought climate in the Amazon from 2020 to 2021 is worthy of further investigations
in the future.

5. Conclusions

The characteristics of the severe smoke emitted during the extreme biomass-burning
events in the Amazon rainforest from July to September 2019 were studied through the
MODIS aerosol retrievals. Analyses of the retrieved total AOD, as well as the absorption
properties (SSA, AAOD, and BC content) were presented, and the major findings are
given below:

1  The aerosol dataset was established based on our previously proposed algorithm [27]
for BC estimation, which took advantage of the high-quality MODIS AOD dataset
and estimated the proportion of BC components in the smoke by refining the mixing
states of BC and non-BC aerosols. For the extremely high biomass-burning event
in the Amazon rainforest, we further calculated the spectral SSA and AAOD of the
smoke plumes using MG-EMA and an MIE scattering model. The new aerosol dataset
allowed for more robust aerosol monitoring than would have been possible with the
previously available aerosol database for polar-orbiting satellites;
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2 To make the algorithm usable in Amazonia, we updated the ambient aerosol micro-
physical features (non-strongly absorbing BC) by clustering the AERONET records
over the region, which were updated and used as an input of the retrieval algorithm.
The validation showed that the MODIS aerosol dataset was in good agreement with
the data from the AERONET distributed in and around the rainforest. With the help
of the high-quality MODIS AOD, the MODIS retrievals for AAOD, SSA, and BC ex-
hibited low biases compared to the AERONET inversions (Level 2.0). Such satellite
datasets with more parameters and full coverage are of great importance in detecting
pollution processes, radiative-forcing estimation, and simulation of environmental
climate effects for major events;

3 At the peak of this pollution event, the distribution of thick smoke with a high AOD
and high absorption characteristics was very similar to anomalous fire counts. The
AOD peaked above 1.0, emitting a large amount of BC (>3%) at the source. These
particles simultaneously led to a very strong absorption, with SSA 55,,m < 0.85 and
AAODg55,m > 0.1. In addition, we successively selected three subregions for full-
time monitoring based on the air-mass trajectories simulated by HYSPLIT. Significant
enhancements in various aerosol properties were found during the pollution event.
However, significant differences in the first detection, the duration, and the level of
detected pollution could be recognized in the three selected regions due to the distance
from the emission source, BC aging, and dynamics conditions. Accurately acquiring
the changes and trends of the entire pollution event is important for studying the
aging of aerosol particles from strong emission events;

4  The year-to-year comparison with 2018 showed that the 2019 Amazon rainforest
wildfire visually showed a significant enhancement in the aerosol properties. The
map-averaged AODy 55, increased by 150%, and the AAODg 55,,m by 200%, at the
pollution peak. Small changes in absorption and BC content were also found, with
more BC being emitted (map-averaged f, close to 2%), causing the aerosol to change
toward absorbing compounds (map-averaged SSA( 55,.m < 0.9). These enhancements
continued to deteriorate the atmospheric environment over the Amazon rainforest
and even all of South America;

5  Further simulations of the ARF showed that the massive absorption emitted during the
2019 Amazon fires forced a change in the radiative balance, which not only produced
a more significant heating effect on the atmospheric column through solid absorption,
but also reduced the radiation reaching the TOA and surface levels at the same
time. The mean values of negative radiative forcing at the TOA and surface levels
were —12 W/m? and —38 W/m?, respectively, and thus the ARF in the atmosphere
was +26 W/m?. All three ARF indicators increased by ~30% compared to 2018, and
more than doubled compared to the pure background aerosol environment over the
Amazonia, which may accelerate the deterioration cycle of drought and fire, most
likely by reducing the rainfall due to the cooling surface and enhanced thermodynamic
stability of atmosphere due to the atmospheric heating effect.
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