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Abstract: The characteristics of South American biomass burning (BB) aerosols transported over
northern and central Argentina were investigated from July to December 2019. This period was
chosen due to the high aerosol optical depth values found in the region and because simultaneously
intensive biomass burning took place over the Amazon. More specifically, a combination of remote
sensing observations with simulated air parcel back trajectories was used to link the optical and
physical properties of three BB aerosol events that affected Pilar Observatory (PO, Argentina, 31◦41′S,
63◦53′W, 338 m above sea level), with low-level atmospheric circulation patterns and with types
of vegetation burned in specific fire regions. The lidar observations at the PO site were used for
the first time to characterize the vertical extent and structure of BB aerosol plumes as well as their
connection with the planetary boundary layer, and dust particles. Based mainly on the air-parcel
trajectories, a local transport regime and a long transport regime were identified. We found that in all
the BB aerosol event cases studied in this paper, light-absorbing fine-mode aerosols were detected,
resulting mainly from a mixture of aging smoke and dust particles. In the remote transport regime,
the main sources of the BB aerosols reaching PO were associated with Amazonian rainforest wildfires.
These aerosols were transported into northern and central Argentina within a strong low-level jet
circulation. During the local transport regime, the BB aerosols were linked with closer fires related to
tropical forests, cropland, grassland, and scrub/shrubland vegetation types in southeastern South
America. Moreover, aerosols carried by the remote transport regime were associated with a high
aerosol loading and enhanced aging and relatively smaller particle sizes, while aerosols associated
with the local transport pattern were consistently less affected by the aging effect and showed larger
sizes and low aerosol loading.

Keywords: biomass burning; northern and central Argentina; AERONET; SAVER-Net lidar; HYSPLIT

1. Introduction

Biomass burning (BB) emissions cause severe air pollution, visibility reduction, and
public health risks [1,2]. BB emits large amounts of various aerosols and gases and has an
important role in the regional and global climate system [3,4]. Aerosols emitted from BB
can directly influence Earth’s radiative energy balance by the absorbing and scattering of
solar radiation [5–7] and indirectly alter the microphysical properties of clouds by acting
as cloud condensation nuclei [8,9]. They are composed of various chemical components,
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where black carbon and organic carbon are the two most significant ones in terms of light
absorption [4].

Large amounts of biomass are burned in South America in mostly human-induced
fires related to shifting cultivation, deforestation, and the burning of agricultural
wastes—e.g., [10]. Fire activity in the Amazon basin and much of South America co-
incides with the dry season, from July to December—e.g., [11]. Particularly large fire
activity was observed in 2019 during July–December, which affected more than 90.000 km2

of tropical moist forest biomes, 75% of which were within the Amazonian basin [12].
The northern and central Argentina (NCA, 23◦–36◦S, 57◦–67◦W) [13] region is heavily

influenced by fire activity during the dry season [11,14]. This region is affected by both
local or short-range BB emissions as well as by remote or long-range transport of BB
aerosols [11,15]. The long-range tropospheric transport of pollutants is caused by Amazon
rainforest wildfires in South America—e.g., [16–19]. These aerosols and gas-phase species
are transported to the south by the South American low-level jet (SALLJ), which is a
low-level flow with a jet vertical profile whose maximum intensity is below 1.5 km above
ground level (AGL) [20]. In addition to the long-range transport of BB pollutants, the short-
range transport of BB aerosols towards NCA is controlled by weather regimes associated
with mid-latitude synoptic disturbances and the associated transient systems [16]. The
origin of these BB aerosols is related to near-range fires, which occur mainly in deforested
areas of the tropical forest and temperate cropland, grassland, and scrub/shrubland of
territories of southeastern South America (SESA: 20◦–36◦S, 50◦–67◦W) (mostly within the
Chaco province of Argentina and Paraguay) [11,14]. The Amazonian smoke represents a
significant part of the BB-related aerosol loading over the NCA region, explaining between
30 and 40% of the total aerosol loads from August to September [11]. The remaining 60 to
70% of the loads from these months are almost entirely due to SESA fires [11]. Observations
show that smoke plumes of BB commonly reach the free troposphere or even exceed it and
penetrate the stratosphere [8]. The plume’s typical height is defined as an altitude where
BB aerosol type is most probably found. In the Amazon region, it can range from a few
hundred meters to 6 km AGL; within the planetary boundary layer (PBL), most smoke
plumes peak out between 1.6 and 2.5 km AGL—e.g., [21–26].

The characterization of BB aerosol properties usually requires the combination of
multiple sources of information, such as circulation models and well-calibrated instrumen-
tation. The lack of direct measurements is one of the issues in researching BB aerosols and
how they affect NCA. The Pilar Observatory (PO: 31◦41′S, 63◦53′W, 338 m above sea level,
ASL) is one of the major endeavors in measuring aerosol and gas-phase properties in this
region [13].

The wildfires in the region of the Amazonian rainforest in South America have long
been identified as one of the largest contributors to BB pollutants globally, with impacts
ranging from local to regional and global scales [27]. As a result, the Amazon region has
been the focus of several aerosol characterization studies in recent years—e.g., [28–32].
Pérez-Ramírez et al. [33]; Rosário et al. [18]; and Freitas et al. [16], among others, studied
aerosol optical properties during the dry season in Amazonia. By contrast, there is a
limited number of studies conducted in SESA and NCA because of scarce measurements in
these regions. For example, Ulke [34] analyzed the microphysical and optical properties
of aerosols and their long-range transport by SALLJ over Buenos Aires city (34◦36.2′S,
58◦22.9′W, 25 m ASL), located South of the SESA region. Previous studies on aerosols
in Argentina have used light detection and ranging (lidar) information from the South
American Environmental Risk Management Network (SAVER-Net) to evaluate only the
vertical and temporal distribution of aerosol plumes—e.g., [35,36]. Also, the Aerosol
Robotic Network (AERONET) sun photometer observation has been used to classify aerosol
types from long-term monitoring and to study particular events [13,37]. García et al. [38]
and Della Ceca et al. [39] used satellite data and an aerosol transport model to identify
sources of aerosol in cities located in the NCA region.
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Measurements of aerosol optical depth (AOD), Ängstrom exponent (α), single-scattering
albedo (SSA), and fine-mode fraction (FMF) obtained from ground-based or remote sensors
can be used to describe the optical properties of aerosols. The AOD is a measure of the
extinction of radiation by aerosol scattering and absorption in the atmosphere. This param-
eter indicates the concentration of aerosol loading present in the atmosphere. High AOD
values associated with burning activities were found in South America—e.g., [11]. Notably,
Olcese et al. [40] identified short episodes of BB with higher AOD values (up to 0.4) lasting
no more than two days at the Centro Espacial Teófilo Tabanera site (31◦31′S, 64◦2′W, 730 m
ASL), situated near the PO site. Most of these episodes have their origin in fires and/or
in long-range transport. A similar situation was reported in Buenos Aires by Ulke [15].
The growth of aerosols can be attributed to the process of mass accumulation resulting
from the condensation of gaseous sulfuric acid, organic compounds, and other molecules
present in the background environment, as well as interactions with other atmospheric
contaminants and gases [41]. The α is a measure of the wavelength dependence of AOD
and is a qualitative indicator of the dominant particle size. A higher α (>1) can be associated
with the prevalence of smaller particles, while a lower α (<1) points to larger particles [41].
The smaller particles are referred to as the fine-mode or accumulation-mode aerosols. These
particles have radii between 0.1 and 0.25 µm and are formed due to gas-to-particle con-
versions mainly from anthropogenic activities. The larger particles comprise the coarse
mode. They have radii between 1.0 and 2.5 µm, originating from natural sources such
as wind-blown mineral dust and sea salt. Values of α between 1.2 and 2.6 related to BB
aerosols have been reported in different parts of South America [35,42,43]. The chemical
composition of aerosols changes during their life cycle; this process is referred to as aging
effects. In general, the values of α between ~0.8 and 1.5 may be linked to aged BB aerosol
plumes—e.g., [44,45]. By contrast, higher α (1.8 or greater) may point to freshly nucleated
secondary aerosols and/or younger BB aerosol plumes. These last are mostly made of
carbonaceous material, mostly black carbon, and organic carbon, which come from incom-
pletely burned biomass [44,46]. According to Reid et al. [46], aerosol particles age during
the course of one to four days, increasing in size on average. The development of particles
in the fine mode, which achieves characteristic radii of roughly 0.2 µm, was demonstrated
to be explained by mechanisms related to condensation and coagulation [47]. Additionally,
aerosols can scatter or absorb shortwave light, as measured by SSA depending on their
compositions, shapes, and sizes. SSA is defined as the ratio of aerosol scattering to aerosol
extinction, and thus higher values of SSA indicate aerosols that are more highly scattering
than absorbing, while lower SSA indicates higher absorbing aerosols. In particular, SSA
equal to 1 indicates totally scattering aerosol, and SSA equal to 0 indicates totally absorbing
aerosol. In general, BB aerosols originating from forest fires have a higher scattering effi-
ciency and larger particle sizes than those originating from crop, grass, and shrubland fires,
which is likely due to the relative contribution difference between flaming and smoldering
combustion phases [47,48]. The FMF provides quantitative information on the nature of the
size distribution of aerosol particles in the atmosphere. FMF ranges from 0 to 1; when FMF
is equal to 1, it represents pure accumulation-mode particles, whereas an FMF equal to 0
represents single coarse-mode particles. Any intermediate FMF value represents a bimodal
particle size distribution, where both accumulation and coarse modes can contribute to
the total AOD in proportion. Atmospheric aerosols generally have a bimodal particle
size distribution.

The combination of AOD and α parameters can help to identify aerosol types based
on frequency distributions of AOD and aerosol size distribution—e.g., [42]. The threshold
values based on AOD and α for aerosol-type classification depend on particular charac-
teristics of the site of study [35,37]. On average, for specific BB aerosol events, studies
over South America reported AOD and α values from AERONET greater than 0.2 and 1,
respectively [42,43]. Particularly, in Tucumán city, located in the NCA region, Casasola
et al. [37] identified BB aerosol type using AOD at 440 nm greater and equal to 0.2 and α at
440–870 nm between 1.5 and 2.6.
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One of the main challenges associated with studying BB aerosols over the NCA region
is linking the atmospheric transport mechanisms and type of vegetation burned in fire
regions with their optical and physical properties in a data-scarce area.

This study addressed this research challenge by focusing on the characterization of
South American BB aerosol smoke plumes transported over the NCA region from July
to December 2019. This particular case was selected due to the extreme AOD values
detected in the region and because it happened within a period of extreme biomass burning
events all over the Amazon [12]. More specifically, we studied the relationship between
the aerosol optical and physical properties of selected BB aerosol events at the PO site,
atmospheric transport mechanisms, and the vegetation types burned in fire regions (SESA
and Amazonia). As a novelty of this study, the information from various sources, including
modeling and new remote sensing datasets, was analyzed together. For the first time in
the NCA region, the vertical structure and extension of BB aerosol plumes at the PO site,
as well as their connection with PBL and the dust particles present in the atmosphere,
were studied using ground-based lidar measurements. In this context, new information
on the particle extinction coefficients for dust and BB aerosols retrieved from elastic lidar
signals was also presented. We also assessed how the height of the air masses controlled by
identified atmospheric transport mechanisms changed as they traveled to the PO location.

2. Study Area

In our study, three BB origin regions were defined over South America. These were the
Amazonia region (4–20◦S, 50–70◦W), the SESA region (20–36◦S, 50–67◦W), and the NCA
region (23–35◦S, 57–67◦W), which is part of the SESA area. The PO site, which belongs to
the observation network of the National Meteorological Service of Argentina, was the focus
of this study. The location of BB origin regions and the PO site along with the land use and
land cover (LULC) classification derived from European Space Agency (ESA) Sentinel-2
imagery [49] is shown in Figure 1. The most common LULC categories in the selected three
regions were trees, crops, grasses, and scrubs/shrubs. In SESA, the category “trees” mostly
describes the tropical forests, whereas in Amazonia, the prevalent tree type is the rainforest.

Figure 1. LULC classification over the study area from ESA Sentinel-2 imagery at 10 m resolution
(shaded). The white dot indicates the location of Pilar Observatory (31◦41′S, 63◦53′W, 338 m ASL),
while the black squares indicate the location of the Amazonia region (1), the southeastern South
America (SESA) region (2), and the northern and central Argentina (NCA) region (3).
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3. Materials and Methods

In this study, both observational and numerical modeling data were used. More
specifically, the data sources involved in this research were the following: (a) the sun
photometer data from AERONET; (b) the multiwavelength Raman and polarization lidar
data from SAVER-Net; (c) the carbon monoxide (CO) total column Level 2 data from the
TROPOspheric Monitoring Instrument (TROPOMI); (d) the Fire Information for Resource
Management System (FIRMS) data from the Moderate Resolution Imaging Spectroradiome-
ter (MODIS); (e) the LULC data from ESA Sentinel-2; and (f) the HYbrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model. Additionally, data from the Cloud–
Aerosol Lidar with Orthogonal Polarization (CALIOP) Lidar Level 2 Vertical Feature Mask
(VFM) and MODIS True Color were used.

Data and methods used for analysis are described in the following subsections.

3.1. Data
3.1.1. Ground-Based Remote Sensing Measurements
AERONET

The AERONET program is an international federation of standardized ground-based
Cimel sun and sky scanning radiometer networks, which includes hundreds of sun pho-
tometers covering a large portion of Earth’s surface to provide measurements for aerosol
research. The program is supported by the National Aeronautics and Space Administration
(NASA) and expanded by federation with many non-NASA institutions.

The AERONET sun photometers are set up to measure every 15 min to retrieve
AOD at multiple wavelengths (from 340 to 1640 nm) in the whole atmospheric col-
umn. These data are utilized to calculate further aerosol optical and physical properties
(e.g., volume size distribution, complex index of refraction, among others), provided by the
AERONET algorithm [42,50–52]. Further descriptions of the instrumentation, calibration,
methodology, data processing, and data quality are described at the AERONET website:
https://aeronet.gsfc.nasa.gov/, last access: 25 April 2024.

The PO AERONET site has been active since April 2017, thus providing the longest
available dataset in the NCA region. In the current study, we characterized the aerosol
optical properties at the PO site with AERONET data Version 3. To ensure the highest
quality of data for this study, AERONET Version 3 retrievals at Level 2.0 have been used
for AOD, α, and FMF. For the SSA retrievals, AERONET Level 1.5 was used. Because
of the strict AERONET Level 2.0 criteria, SSA information is almost always unavailable
during the study period at the PO site. So, caution is advised regarding the conclusions
derived from SSA in this paper. A similar approach in the NCA region was carried out by
Olcese et al. [40].

More specifically, in this study, we calculated the daily and hourly mean values of AOD
at 440 nm (AOD(440nm)), of α at 440–870 nm (α(440–870nm)), of SSA at 440 nm (SSA(440nm)),
and of FMF of AOD 500 nm (FMF(500nm)).

Since the data at the smaller wavelengths are particularly sensitive to BB aerosols, the
440 nm and 500 nm spectral channels and the 440–870 spectral range have been widely
used for BB aerosol fraction and optical properties studies in different regions of the
planet—e.g., [40,42,43,53]. In this direction, for example, previous studies carried out in
the NCA region have reported that the AOD(440nm) and α(440–870nm) relationship shows
an optimal separation among different aerosol-type clusters [35,37]. In addition to that,
SSA(440nm) and FMF(500nm) have been used in this region to study the absorbing properties
and dominant particle size distribution characteristics—e.g., [40]. Level 2.0 hourly data
were completed with AERONET 1.5 or 1.0 (if Level 1.5 information was not available) for
specific case studies. The Level 1.0 data were carefully quality controlled manually using
meteorological and lidar observations, verifying the absence of clouds.

https://aeronet.gsfc.nasa.gov/
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SAVER-Net Network

The SAVER-Net network was developed in the framework of a tri-national project
involving Argentina, Chile, and Japan to monitor atmospheric environmental risks such
as atmospheric aerosols, stratospheric ozone, and ultraviolet radiation, and to provide
real-time information for atmospheric hazards and risk management purposes [54]. For
more information, visit: http://www.savernet-satreps.org/es/, last access: 25 April 2024.

The PO SAVER-Net site instrumentation includes a multiwavelength Raman and polar-
ization lidar, which retrieves the optical and physical properties of the atmospheric aerosols.

The PO lidar has been working since April 2017 and is co-located with the AERONET
sun photometer described above. The lidar instrument consists of an Nd:YAG laser source
emitting at 355, 532, and 1064 nm at 10 Hz with a pulse width between 4 and 7 ns. Its
reception system is capable of detecting the elastic lines and three Raman channels: 387,
408, and 607 nm [55]. Each lidar signal is saved with a 10 s acquisition time. After
18 signals are acquired, a 12-minute rest period is taken to extend the laser’s flash lamp
replacement period.

In this work, the backscatter signal at 1064 nm and two components of the lidar
extinction coefficient at 532 nm were used. The first data was used to estimate the heights of
BB aerosol plumes. The second information was used to evaluate the physical characteristics
of aerosol present in the atmosphere. The lidar extinction coefficient was retrieved from
elastic lidar signals using the Fernald inversion method [56], by assuming an extinction-to-
backscatter ratio of 50 sr. Next, it was separated into two components (spherical BB aerosol
and non-spherical dust aerosols) using depolarization ratio measurement. The separation
method is based on the Asian dust and aerosol lidar network (AD-Net) method, which
divides aerosol components into spherical (mainly air pollution aerosols) and non-spherical
(dust) aerosols [57].

CO Total Column from TROPOMI Instrument

TROPOMI is the single payload aboard the ESA Sentinel-5 Precursor mission, launched
in October 2017 [58]. The level of air pollution at the PO site was evaluated using total
column CO mass with daily global coverage and a spatial resolution of up to 5.5~7 km2.

FIRMS and True Color from MODIS Instrument

The product FIRMS uses observations from the MODIS instrument aboard the NASA’s
Terra and Aqua satellites to detect active fires. The FIRMS product has a spatial resolution
of 1 km and a temporal resolution of one day. For more information see https://modis-
fire.umd.edu/files/MODIS_C6_Fire_User_Guide_C.pdf, last access: 5 February 2023. The
FIRMS algorithm includes a quantification of the fire detection confidence ranging from
0 to 100%. Usually, detections with a confidence level over 30% are considered true
detections [59]. In this paper, the analysis of the location of active fires was based on
FIRMS/MODIS products. Additionally, this study used True Color images created by the
combination of band 1 (645 nm), band 4 (550 nm), and band 3 (470 nm) data of MODIS
Level 1B to associate the smoke plumes with fire locations.

LULC Map Derived from ESA Sentinel-2 Satellite

The global map of LULC derived from ESA Sentinel-2 imagery provides ten LULC
class types. It is produced at 10 m resolution by a deep learning model trained using over
5 billion hand-labeled Sentinel-2 pixels, sampled from over 20,000 sites distributed across
all major biomes in the world [49]. The LULC data were used to determine the vegetation
types present in the burned areas.

VFM from CALIOP Instrument

The Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
satellite was launched by NASA in April 2006 to study the Earth’s atmosphere and the
impact of clouds and aerosols on climate [60]. This satellite carries the CALIOP instru-

http://www.savernet-satreps.org/es/
https://modis-fire.umd.edu/files/MODIS_C6_Fire_User_Guide_C.pdf
https://modis-fire.umd.edu/files/MODIS_C6_Fire_User_Guide_C.pdf
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ment, which uses a laser to measure the vertical distribution of clouds and aerosols in the
atmosphere. Further information is available on the website: https://calipso.cnes.fr/en/
CALIPSO/lidar.htm, last access: 5 February 2023.

In this article, we utilized the CALIPSO lidar Level 2 VFM product. With a horizontal
resolution of 333 m and a vertical resolution of 30 m from the ground up to 8.2 km, this
product offers information on the altitude and type of atmospheric clouds and aerosols.
Aerosol layers in the troposphere are divided into six aerosol subtypes by the CALIPSO
aerosol-type identification algorithm. The marine subtype primarily consists of sea salt
(i.e., NaCl). The desert dust subtype is mostly associated with mineral soil dust. The clean
continental subtype corresponds to background or rural aerosols, which are light-loaded
aerosols such as sulfate (SO4

2−), nitrates (NO3
−), ammonium (NH4

+), and organic carbon.
The polluted continental/smoke subtypes are background aerosols with a substantial
fraction of urban pollution and/or a smoke layer with tops lower than 2.5 km AGL. The
polluted dust subtype is a mixture of desert dust and smoke or urban pollution. The
elevated smoke subtype refers to aged smoke layers that mainly include soot and organic
carbon with tops higher than 2.5 km AGL.

3.1.2. HYSPLIT Model

The HYSPLIT Lagrangian trajectory model was developed by the Air Resources Labo-
ratory of the National Oceanic and Atmospheric Administration. The model is a complete
system for computing atmospheric trajectories, complex dispersion, and simulations using
either puff or Lagrangian particles [61,62]. It is widely used for a variety of applications,
such as modeling smoke from wildfires, tracing the source of radionuclides, and modeling
volcanic ash dispersion. The model has the capability to combine both Lagrangian and Eu-
lerian approaches to simulate the dispersion of a given substance along the flow. Equations
for the calculation of trajectories in HYSPLIT can be found in Stein et al. [63] and references
therein. Additional details are available at https://www.ready.noaa.gov/HYSPLIT.php;
latest accessed on 5 February 2023.

In this work, we used only the Lagrangian computation of air-parcel trajectories in
HYSPLIT model version 4.0 to identify possible source regions for the BB aerosols detected
at the PO site during BB aerosol events. Air parcels at the PO site were backtracked up to
72 h prior to their arrival time at the site. These trajectories are computed taking into account
the three-dimensional atmospheric flow, but without explicitly considering the potential
effect of small-scale or unresolved turbulent effects. Atmospheric flow data with a 1-degree
horizontal and 3 h resolution, used in the computation of the back trajectories, are obtained
from the Global Data Assimilation System (GDAS). Given the relatively coarse resolution
of this dataset, the potential effects of phenomena such as deep convection are not explicitly
taken into account in the computation of the trajectories. For more information about
the GDAS data visit: https://www.emc.ncep.noaa.gov/gmb/gdas/; latest accessed on
5 February 2023.

Due to possible errors in the numerical methods and input meteorological fields, there
are several uncertainties in the trajectory calculation. Therefore, the HYSPLIT was run
in ensemble mode, which generates numerous trajectories, to represent the uncertainty
related to the computation of the air mass’s origin [62]. Each member of the trajectory
ensemble shares the same arrival height and starting point, which is the PO site. A fixed
grid factor—one meteorological grid point in the horizontal direction and 0.01 sigma units
in the vertical—was used to offset the meteorological data to calculate each ensemble
member. We employed 27 ensemble members in this work, and we assumed that each
member had the same probability of representing the true air mass trajectory.

In this paper, the synoptic-scale circulations associated with BB aerosol intrusions
at the PO site were characterized using the GDAS Final Analysis (FNL) with a spatial
resolution of 0.25◦ and a temporal resolution of 6 h. The GDAS/FNL information is
available at https://rda.ucar.edu/datasets/ds083.3/index.htmlajax/#description; latest
accessed on 25 April 2024.

https://calipso.cnes.fr/en/CALIPSO/lidar.htm
https://calipso.cnes.fr/en/CALIPSO/lidar.htm
https://www.ready.noaa.gov/HYSPLIT.php
https://www.emc.ncep.noaa.gov/gmb/gdas/
https://rda.ucar.edu/datasets/ds083.3/index.htmlajax/#description
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3.2. Methods

The following method describes the procedures implemented to characterize various
aspects of the July–December 2019 BB aerosol events, including the aerosols’ optical and
physical properties, the atmospheric circulation patterns, and the types of vegetation that
were present in the burned areas. The schematic flowchart of methods is shown in Figure 2.

Figure 2. Schematic diagram of the methods used to accomplish the objective of the paper.

For this purpose, we described the monthly and regional distribution of fires for SESA,
NCA, and Amazonia using MODIS-FIRMS as well as the daily properties of aerosols at the
PO site. These properties of aerosols included the TROPOMI daily CO total column mass,
and the mean daily AOD(440nm), SSA(440nm), α(440–870nm), and FMF(500nm) from AERONET.
This analysis determined a BB season in the NCA region defined by the peak fire months
with high daily CO total column and large variability in aerosol optical properties during
the study period.

After this, we defined a BB aerosol event based on AERONET data as those days in
which two criteria simultaneously met: mean daily AOD(440nm) ≥ 0.2 and α(440–870nm) ≥ 1;
with mean hourly AOD(440nm) ≥ 0.2 and 1.2 ≤α(440–870nm) ≤ 2.6. It was not straight-
forward to determine the optimal thresholds of AOD(440nm) and α(440–870nm) that best
identified the BB aerosol types. The initial thresholds were established from the existing
bibliography [37,42,43] and slightly modified to fit our dataset. Our selected two-tiered
validation approach, based on daily and hourly timescales, allowed the hourly analysis of
BB aerosol events and helped ensure that possible episodes were not excluded from the
database. The BB aerosol event where lidar information was available at the PO site was
selected for further analysis.

Next, a detailed procedure used to characterize all selected BB aerosol events
(i.e., with lidar data available) for this study using multi-source data is outlined.



Remote Sens. 2024, 16, 1780 9 of 25

We investigated the height and hour of their atmospheric BB aerosols arriving at
the PO site employing the SAVER-Net lidar and hourly AERONET data. Using this
information, we computed the ensemble of 27, 72-h HYSPLIT backward trajectories. The
back trajectories were initialized during the BB aerosol event at the PO site, every hour
if the mean hourly condition previously mentioned above (mean hourly AOD(440nm) ≥
0.2 and 1.2 ≤ α(440–870nm) ≤ 2.6) was satisfied. Each starting height for the trajectories was
defined as the height of the maximum backscatter detected in the lidar over the time span
of the BB aerosol event.

At this point, we identified the low-level atmospheric circulation patterns connected
to the BB aerosols reaching the PO site. For this identification, we used mainly the air
parcel trajectories and the fields of 0.25◦ GDAS/FNL data (wind speed, wind direction,
and geopotential height). In this stage, we also assessed how the height of the air masses
controlled by identified atmospheric transport mechanisms changed as they traveled to the
PO location.

Simultaneously, we studied the temporal evolution of the mean daily and hourly opti-
cal properties of aerosol (AOD(440nm), SSA(440nm), α(440–870nm), and FMF(500nm)) involved in
the BB aerosol event. Also, we described the vertical structure and extension of BB aerosol
plumes as well as their connection with PBL and dust particles. In this case, the aerosol
extinction coefficients retrieved with the AD-Net method were employed to confirm the
existence of the spherical BB aerosols previously detected by both PO AERONET and lidar
and to investigate the possible presence of non-spherical dust aerosol during the selected
BB aerosol event.

Finally, we combined back trajectories with the MODIS True Color image, the MODIS-
FIRMS detected fire points, and the ESA Sentinel-2 vegetation cover to specify the type of
vegetation burned in fire regions (SESA and Amazonia). Following the paper of Adam
et al. [64], our paper accounts only for those MODIS-FIRMS fires with more than 30%
confidence that occurred within a range of 50 km from each of the air mass back trajectories
ensemble members. The land cover extracted at the fire’s location was then used to
characterize the vegetation type associated with the fires, potentially contributing to a
particular BB aerosol event at the PO site. Eventually, the BB aerosol event could be
associated with wild rainforest fires in Amazonia and/or with fires in the SESA region of
tropical forest and a mixture of crop, grass, and scrub/shrub. Additionally, we integrated
the back-trajectory analysis with the CALIOP-VFM aerosol classification data whenever
the back trajectories coincided with the CALIOP instrument’s field of view in both space
and time.

The information obtained above related to atmospheric circulation patterns and the
type of vegetation burned was linked to mean daily AOD(440nm), SSA(440nm), α(440–870nm),
and FMF(500nm) properties and also summarized for all cases.

4. Results
4.1. Characterization of the South American Distribution of Fires and the Daily Properties of
Aerosols at the PO Site

Figure 3 presents the number of active MODIS-FIRMS fires within the three selected
regions and the TROPOMI CO total column mass at the PO site from July to December
2019. Figure 3a(left) shows that, in most regions, the peak of the fire season spans from
August to September; however, fire activity was still relevant in Amazonia during July
and October. The spatial distribution of the fire spots (August to October 2019) indicates
potential sources of BB aerosols (Figure 3a, right). The number of fires in the SESA region
remained constant during August and September, with a large contribution of fires (~30%)
from the NCA region. Figure 3b shows CO total column mass at the PO site, which reaches
higher values from August to October, and maximum values of more than 0.03 mol/m2 at
the ends of August and September, in close agreement with the distribution of the number
of fires. During this period, three BB aerosol events were detected based on the criteria
described in Section 3.2. These events correspond to local CO total column mass maxima
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for August, September, and October. Two of the three events analyzed last for only 1 day,
emphasizing their transient nature, while one event lasts for 7 days. Although BB aerosol
types were likely present over 26 days, only 9 days meet the requirement for the availability
of lidar data.

Figure 3. (a) Number of active fires detected by MODIS-FIRMS in Amazonia (in red), southeastern
South America (SESA) (in green), and northern and central Argentina (NCA) (in blue) regions
represented in the histogram from July to December 2019 (left) and spatial distribution of fire location
for the same regions from August to October 2019 (right); (b) TROPOMI CO total column from July
to December 2019 at the Pilar Observatory site. The gray shades indicate the three periods in which
BB aerosol event criteria have been met and lidar information was available at the PO site. These
three cases are indicated as Case 1, Case 2, and Case 3.

Figure 4 shows the variation of daily averaged AOD(440nm) and α(440–870nm) through-
out the study period. The observed mean daily AOD(440nm) was between 0.03 and 0.51,
the mean daily α(440–870nm) varied between 0.48 and 1.74, and the mean daily SSA(440nm)
fluctuated between 0.6 and 0.99. Overall, the averaged conditions indicated likely a rel-
atively clear atmosphere (mean daily AOD(440nm) ≈ 0.17 ± 0.09), with a dominance of
fine-mode particles (mean daily α(440–870nm) ≈ 1.17 ± 0.27) and a moderate fraction of
non-absorbing particles (mean daily SSA(440nm) ≈ 0.9 ± 0.1). It is important to note that the
average conditions are made considering the gaps in the time series that may arise due to
cloudy conditions and/or instrument malfunction.

Figure 4. Daily mean AOD(440nm) (black line, left axis), daily mean α(440–870nm) (red line, right axis)
by AERONET Level 2.0, and daily mean SSA(440nm) (blue line, right axis) by AERONET Level 1.5
at the Pilar Observatory site from July through December 2019. The gray shades indicate the three
periods in which BB aerosol event criteria have been met and lidar information was available at the
study site. These three cases are indicated as Case 1, Case 2, and Case 3.
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The increase in AOD(440nm) standard deviation during the August–October period is
indicative of a large variability in aerosol characteristics, which suggests that the arrival
of BB aerosols to PO occurred during sporadic BB aerosol events. This period of August
to October 2019 was also characterized by high daily values of the total column CO at the
PO site and an elevated number of fire events in South America (Figure 3a(left),b), and,
in consequence, can be defined as the BB season of the NCA region. For the BB season,
the average daily SSA(440nm) was higher than 0.87, reaching a maximum of 0.93, which
suggests the existence of highly scattering particles. Moreover, the daily mean α(440–870nm)
covered the range of values found for the study period, indicating the presence of fine- and
coarse-mode particles at the site. The minimum and maximum mean daily AOD(440nm)
were 0.04 and 0.51 and corresponded to 2 August and 30 September 2019.

Although, in this study, three BB aerosol events have been identified, in the following
two subsections, we present a detailed analysis for the 23–30 September 2019 case. The
detailed discussion of this case is motivated by its length, intensity, and complexity in terms
of the combination of different transport regimes. The properties of the other two cases are
briefly discussed in Section 4.4.

4.2. Overall Characteristics of the 23–30 September 2019 BB Aerosol Event

From 23 to 30 September 2019, the PO site recorded the longest-lasting BB aerosol
event. Figure 5 shows the time–height distribution of the range-corrected lidar signal at
1064 nm at the PO site. Figures 6 and 7 show the extinction coefficient at 532 nm for BB
(spherical) and dust (non-spherical) at the study site. Figure 8 shows the time series of
mean hourly AOD(440nm), SSA(440nm), α(440–870nm), and FMF(500nm) and the periods when
BB aerosol event criteria were met at the PO site. Figure 9 shows the back trajectories
calculated by HYSPLIT for air parcels arriving at the PO site at different arrival times
during the BB aerosol event.

Figure 5. Range-corrected SAVER-Net lidar signal at 1064 nm (arbitrary units) at the Pilar Observatory
site from 23 to 30 September 2019.

Figure 6. Extinction coefficient at 532 nm (Mm−1) for spherical BB aerosol at Pilar Observatory
SAVER-Net lidar from 23 to 30 September 2019.
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Figure 7. Extinction coefficient at 532 nm (Mm−1) for non-spherical dust aerosol at Pilar Observatory
SAVER-Net lidar from 23 to 30 September 2019.

Figure 8. Time series of hourly averages of AOD(440nm) (black line, left axis), FMF(500nm) (green line,
left axis), and α(440–870nm) (red line, right axis) by AERONET Level 2.0, and SSA(440nm) (blue line,
right axis) by AERONET Level 1.5 at the Pilar Observatory site for 23–30 September 2019. Hourly
AERONET Level 1.0 data were used on 23 and 30 September. The gray shade indicates the time span
when BB aerosols were found at the site based on hourly AERONET data.

Figure 5 shows two distinct periods in the lidar signal’s intensity and structure. A
weaker signal period from 23 to 25 September seems to be associated with a plume of
aerosols above the surface that is partially mixed with the PBL during the daytime. The
growth of the PBL can be well recognized in the lidar data from 23 to 27 September. During
these days, a relatively high signal layer started to grow from the surface around 12 UTC
(9 a.m. local time). The growth of this layer lasted until the early afternoon, which is
consistent with the behavior of a convectively driven PBL. The vertical extent of this layer
provides a proxy for the height of the PBL in this period, which roughly reached maximum
heights between 1.5 and 2 km AGL. These maximum PBL heights are consistent with the
top of the residual layer, subjectively estimated from morning radiosonde data taken at
Cordoba airport. During 26–30 September, the lidar signal is much stronger, so it obscures
the evolution of the PBL. Figure 8 shows that the mean hourly AOD(440nm), SSA(440nm),
α(440–870nm), and FMF(500nm) gradually decreased from 23 to 25 September and increased
from 26 to 30 September. This behavior is consistent with the observed intensity of the
lidar signals. These two periods are also associated with two particle size distributions:
one biased towards larger sizes with light-absorbing properties during the first period,
and the other biased towards smaller sizes with less light-absorbing properties during the
second period.
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Figure 9. The 27-member ensemble HYSPLIT back trajectories initialized at different hours origi-
nating at the Pilar Observatory site at 1.5 km AGL, driven by the 1◦ GDAS data from the period of
23–30 September 2019. The white dot indicates the location of the Pilar Observatory site.

The results of the extinction coefficients in Figures 6 and 7 show that the lidar signal
in Figure 5 consists mostly of BB aerosol plumes. This is in good agreement with the BB
aerosol identification results from the AERONET data shown in Figure 8. The maximum
extinction coefficient of BB aerosol plumes reaches up to 700 Mm−1 at 15:30 UTC on
27 September. Extinction coefficients for dust in Figure 7 show the sudden appearance
of dense dust at 15 UTC on 30 September, while the hourly mean values of α(440–870nm)
and FMF(500nm) in Figure 8 also indicate the presence of large particles, and the results are
consistent with each other. The dust layer height increases with time, reaching an altitude
of 1.5 km around 19 UTC. Figure 6 shows that the BB aerosol plume remains above the PBL
during this process. The maximum extinction coefficient of dust reaches up to 300 Mm−1

at 17 UTC on 30 September.
The upper BB aerosol plume was first detected by lidar above PBL on 23 September

(Figure 5). Unfortunately, hourly AERONET Level 2.0 data were not available for this
day (Figure 8); however, according to Level 1.0 data, these plumes at 1.5 km AGL may
be associated with BB aerosol type starting at 16 UTC (mean hourly AOD(440nm) ≈ 0.21
and α(440–870nm) ≈ 1.24). On 24 September, the BB aerosol plume heights gradually de-
scended and mixed into the PBL after 11 UTC. On 25 September, the descending plume
with a weak lidar signal was not clearly identified as a BB aerosol event according to
our AERONET-based criteria; although, as indicated above, lidar data suggests that this
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plume is mainly associated with spherical aerosols. On 26 September, the plume extended
upward, reaching a height of 3 km. Compared with previous days, aerosol backscatter
intensity increased, and a BB aerosol plume identified by AERONET was merging with
the developing PBL starting at 11 UTC. A similar evolution was observed on 27 September.
This day, a plume with multiple layers of aerosols was related to BB aerosol type (confirmed
by lidar and AERONET daytime observations), and the mean hourly measurements were
0.82 for SSA(440nm), 1.58 for α(440–870nm), 0.31 for AOD(440nm), and 0.81 for FMF(500nm). This
plume continued through 28 and 29 September, with a detection of BB aerosols. The lidar
image shows that the BB aerosol event peaked on 30 September, which is also reflected
by AERONET, especially between 10 and 12 UTC (with hourly mean maximum values of
AOD(440nm) ≈ 0.58, α(440–870nm) ≈ 1.76, and FMF(500nm) ≈ 0.93). In summary, for this case,
the BB aerosol plume had mean hourly AOD(440nm) values between 0.20 and 0.58, mean
hourly α(440–870nm) between 1.22 and 1.88, mean hourly SSA(440nm) from 0.75 to 0.92, and
FMF(500nm) from 0.67 to 0.93.

Figure 9 shows that, between 23 and 29 September, most back trajectories originated
to the south of PO, reaching the center of SESA, and then went back and reached PO
on a north-northeasterly flow. To better understand the resulting trajectories, Figure 10
shows the low-level atmospheric circulation at 850 hPa. During the first part of the event
(23–27 September), a weak anticyclonic flow dominated the area surrounding PO. This is the
typical circulation found after the passage of cold fronts. A weak north-northeasterly flow
is found east of the Andes, which explains the displacement of the air parcels to the south in
the last part of the trajectories. A stronger northerly flow from Bolivia to central Argentina
started on 28 September, as can be seen in Figure 10. This flow is associated with a SALLJ
event. By 30 September, this flow was significantly stronger. The increased SALLJ is directly
associated with the highest BB aerosol loading that took place between 10 and 12 UTC
on 30 September (Figure 8). After these hours, high AOD(440nm) and lower α(440–870nm)
values from hourly AERONET Level 1.0 suggested the presence of dust aerosols. A strong
cold front reached the PO site approximately at 15 UTC, producing a sudden increase in
the wind speed and a change in the wind direction to the southeast. This change in the
low-level circulation is associated with the change in the dominant aerosol type from BB to
dust within the PBL, as shown in Figure 6.

Between 23 and 28 September, most trajectories experienced subsidence, some of them
starting at altitudes as high as 5.5 km AGL (Figure 9). This behavior is consistent with the
weak anticyclonic circulation that dominated the flow during this period (Figure 10). In
this event, and due to the subsidence associated with the anticyclonic circulation, the air
parcels entered the PBL at the end of their trajectory (i.e., 12–24 h before reaching the PO
site). This reduced the time period in which the air parcels were in contact with fire plumes.
During 29 and 30 September, the number of trajectories that remain close to the surface
for almost the entire track period is significantly higher. This increases the chance for the
parcels to interact with fire plumes along the trajectory, particularly those that are far from
the PO site.
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Figure 10. Wind speed (shaded ms−1), wind direction vectors (arrows), and geopotential height
(contours, mgp) at 850 hPa for 24 September 2019 at 12 UTC (upper left), 26 September 2019 at
12 UTC (upper right), 28 September 2019 at 12 UTC (lower left), and 30 September 2019 at 12 UTC
(lower right) from the 0.25◦ GDAS/FNL analysis.

4.3. Two Case Studies of Short and Long BB Aerosol Transport Events: 27 and 30 September 2019

Figures 11 and 12 depict potential sources for the BB aerosols reaching the PO site
along with their possible trajectories on 27 and 30 September 2019.

Figure 11. (left panel) 72-hour backward trajectories determined with the HYSPLIT model with
27 members starting at the Pilar Observatory site at 1.5 km AGL on 27 September 2019 at 12 UTC.
The lines show the air mass back trajectory during 24–27 September. Different colors correspond
to different dates, as indicated in the right panel legend. The dots indicate the location of fire points,
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and their color indicates the day on which they were within a 50 km range of a back-trajectory
ensemble member. The shade corresponds to the True Color image taken by MODIS at 14:05 UTC
on 27 September 2019. (right panel): Back-trajectory heights as a function of time. Different colors
indicate different days, as in the (left panel).

Figure 12. (left panel) As in Figure 11, but for 30 September 2019 at 10 UTC. The lines show the
air mass back trajectory during 27–30 September. Different colors correspond to different dates, as
indicated in the right panel legend. The dots indicate the location of fire points, and their color
indicates the day on which they were within a 50 km range of a back-trajectory ensemble member.
The shade corresponds to the true color image taken by MODIS at 14:35 UTC on 30 September
2019. The blue, green, and yellow squares in the figure indicate the daytime (DT, ascending) and
nighttime (NT, descending) trajectories of the CALIPSO satellite for 27, 28, and 30 September 2019;
(right panel): Back-trajectory heights as a function of time. Different colors indicate different days, as
in the (left panel).

Figure 11 shows the results for the 27-member ensemble of HYSPLIT back trajectories
initialized on 27 September 2019 at 12 UTC at 1.5 km AGL at the PO site. This figure also
shows the superposition of the information of the MODIS True Color image (27 September
2019, 14:05 UTC) and of the MODIS-FIRMS detected fires contained within a range of 50 km
of each back-trajectory ensemble member. Back trajectories suggest that the sources of the
BB aerosols reaching PO were associated with a short-range transport regime driven by a
weak anticyclonic circulation. In general, the height of back trajectories ranged between 1.5
and 4 km AGL. These heights decreased with time, which is consistent with synoptic-scale
downward motions associated with the anticyclonic flow. The combination of the MODIS-
FIRMS fires and the time–height HYSPLIT back-trajectories data shows that the most likely
sources of BB aerosols were located northeast of the SESA region up to one day before
reaching PO. At the BB aerosol source region, the fire density reached 60 fires per km2 and
the land cover and land use were dominated by cropland, grassland, and scrub/shrub. At
the beginning of the back trajectories, the height of the air parcels was above 2.5 km AGL,
which is most likely above the PBL top. Thus, it is unlikely that the fires that were close to
the back trajectories during this period contributed to the BB aerosol loading observed at
the PO site. The total amount of aerosols produced at the detected fires during this period
seems to be relatively low since the MODIS True Color composition did not clearly show
smoke plumes associated with the detected fires in northern and central Argentina (and
particularly those most likely contributing to BB aerosol loading at the PO site, yellow and
red dots in Figure 11).

Figure 12 shows the ensemble of backward trajectories starting at the PO site at 1.5 km
AGL on 30 September 2019 at 10 UTC in combination with the MODIS True Color image
(30 September 2019, 14:35 UTC) and MODIS-FIRMS fire points. Figure 13 shows the
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aerosol sub-type profile from CALIOP-VFM for 27, 28, and 30 September that intersects the
back trajectories.

Figure 13. The upper, middle, and lower figures show the aerosol layers measured on the daytime
(DT, ascending) and nighttime (DT, descending) trajectories of the CALIOP instrument aboard the
CALIPSO satellite for 27, 28, and 30 September 2019. Aerosol types are abbreviated in the legend be-
neath the image: 0, “Not determined”; 1, “Marine”; 2, “Desert dust”; 3, “Polluted continental/smoke”;
4, “Clean continental”; 5, “Polluted dust”; 6, “Elevated smoke”. The images correspond to trajectories
identified with blue (upper panel), green (middle panel), and yellow (lower panel) squares in
Figure 12.

In this case, the combination of back trajectories and fire points indicated that the
most likely sources of the BB aerosols that reached PO were located over the northwest-
ern Amazonia region two days before (Figure 12). The long-range transport or remote
regime driven by SALLJ was responsible for carrying these particles to PO. However, some
contribution from closer fires over northern Argentina was also possible. The land cover
at the fire locations changed along the back trajectories. On 27 and 28 September (long-
range transport), the land cover was primarily characterized by rainforests. However, by
30 September (short-range transport), the land cover changes to crop, grass, and scrub/shrub
vegetation. Unlike the previous case displayed in Figure 11, most trajectories remained
close to the surface during the 72 h prior to arrival at the PO site. This means that air parcels
are likely to be within the PBL during most of their displacement, particularly favoring the
contribution of long-range aerosol sources from the Amazonia. On this day, a dense smoke
plume was revealed by the MODIS True Color image, extending from the Amazonia to the
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south up to the NCA region, indicating likely larger total aerosol loads in comparison with
the case discussed in Figure 11. The aerosol layer was so thick that it obscured the land
from view in several areas.

According to Figure 13, the aerosol subtypes identified by CALIOP-VFM for 27, 28,
and 30 September are likely composed mainly by a mixture of dust and smoke aerosols
(categories 2, 3, 5, and 6 in Figure 13). Category 2 is related to the “Desert dust” aerosol
subtype, which is mostly associated with mineral soil dust. Category 3 is associated with
the “Polluted dust” aerosol layer, which is a mixture of desert dust and smoke or urban
pollution. Category 5 is linked to the “Polluted continental/smoke” aerosol subtypes,
which are background aerosols with a substantial fraction of urban pollution and/or a
smoke layer with tops lower than 2.5 km AGL. Category 6 is related to the “Elevated
smoke” aerosol subtype, which refers to aged smoke layers that mainly include soot and
organic carbon with tops higher than 2.5 km AGL. The particles observed over the study
site were probably determined to be a mixture of locally emitted pollutants transported
over varying distances. Specifically, the aerosol layers that contributed to the presence of
BB aerosols at the PO site on 30 September could be associated with “Elevated smoke”
aerosols found in Amazonia on 27 September (upper Figure 13) and 28 (middle Figure 13)
and “Polluted continental/smoke” aerosols and “Elevated smoke” aerosols detected in the
NCA region on 30 September (lower Figure 13). This description is in close agreement with
the identification of an aged BB aerosol plume in Amazonia, transported by the remote
pattern into the NCA region previously dominated by layers of fresh smaller particles and
of aged larger particles.

4.4. Summary of BB Aerosol Events Characteristics

Table 1 summarizes the properties of the three BB aerosol events detected at the PO
site. The table includes values of mean daily AOD(440nm), SSA(440nm), α(440–870nm), and
FMF(500nm), obtained from the period of detection of BB aerosol with AERONET data.
Different atmospheric transport mechanisms and vegetation types burned at the sources
are also identified. Two atmospheric transport mechanisms (local and remote patterns) are
observed. The remote pattern is related to the northerly circulation driven by SALLJ. The
local pattern is associated with easterly and southerly circulation driven by a weak post-
frontal anticyclonic circulation. The types of vegetation burned are mainly rainforest (RF),
tropical forest (TF), and a combination of crop, grass, and scrub/shrub (CGSS). RF is mainly
located in the Amazonia region, while TF and CGSS predominate in the SESA region.

Table 1 shows that, during the remote transport period, aerosols reaching the PO site
originated from fires associated with all the above-mentioned vegetation types. On the
other hand, the local pattern carried BB aerosols mainly from the SESA region, which are
associated with TF and CGSS vegetation types. It is important to note that BB aerosols
from Amazonia may have a higher total aerosol loading contribution than BB aerosols
from SESA.

In all three cases, the daily mean values of α(440–870nm) varied from 1.10 to 1.70. The
mean daily SSA(440nm) was approximately 0.84. The calculated mean daily FMF(500nm)
indicated values in the range from 0.67 to 0.88. The mean daily AOD(440nm) ranged from
0.22 to 0.54. As a result, considering the group of events, the values of these parameters
suggested aerosol loading associated with a bimodal particle size distribution biased
towards smaller sizes. In consequence, all events were likely dominated by light-absorbing
fine-mode aerosols, possibly resulting from a mixture of aging smoke and dust particles.

Observing the longest-lasting BB aerosol event (23–30 September), the mean daily
AOD(440nm), SSA(440nm), α(440–870nm), and FMF(500nm) developed from the local to the remote
pattern. This implies the existence of two bimodal distributions of particle sizes likely
originating from a combination of dust and aged smoke particles: one for the local pattern
biased towards larger sizes with light-absorbing properties and lower aerosol loading, and
the other for the remote pattern, biased towards smaller sizes with less light-absorbing
properties and higher aerosol loading. The enhanced aging of BB aerosols associated
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with the remote pattern may be caused by the contribution of BB aerosols from forested
areas to the PO site. The scattering efficiency strongly depends on the particle size, and, in
consequence, the smaller a particle is, the less efficient the scattering of light that takes place.
In this case, the particle density (total number of particles per cm3) for smaller particle
sizes resulting from the remote pattern could probably have increased to compensate for
the lower dispersion efficiency. Additionally, we think that the larger particles linked to
local patterns may be caused by the transport of fine dust alongside BB aerosols to the site
of study.

Table 1. Values of mean daily AOD(440nm), α(440–870nm), and FMF(500nm) by AERONET Level 2.0 and
SSA(440nm) by AERONET Level 1.5, and their daily standard deviation (σ) obtained from hourly
measurements during the three BB aerosol events (Cases 1, 2, and 3). An asterisk indicates that Level
1.0 hourly AERONET data were used in the computation.

Characteristics Case 1 Case 2 Case 3

Date 2019-08-26
2019-09-

23/24/-/26/
27/28/29/30

2019-10-13

Period of detection of BB
aerosols UTC Time [h] 11 to 20 16 (09-23) to 12 (09-30) 15 to 20

Transport mechanism Remote Local/Local/-/Local/
Local/Local/Local/Remote Local

Mean daily α(440–870nm) (σ) 1.70
(±0.06)

1.10 */1.36/-/1.41
1.43/1.53/1.60/1.54 *

(~±0.22)

1.64
(±0.06)

Mean daily SSA(440nm) (σ) 0.91
(±0.02)

0.92/0.80/-/0.80
0.80/0.83/0.84/N/D

(~±0.03)
N/D

Mean daily FMF(500nm) (σ) 0.88
(±0.02)

0.67 */0.73/-/0.77
0.76/0.78/0.81/0.84 *

(~±0.05)

0.86
(±0.02)

Mean daily AOD(440nm) (σ) 0.25 *
(±0.04)

0.3 */0.30/-/0.23
0.32/0.33/0.40/0.54 *

(~±0.08)

0.39
(±0.06)

Vegetation type RF+CGSS CGSS/CGSS/-/CGSS/
CGSS/TF+CGSS/TF+CGSS/TF+RF+CGSS CGSS

5. Discussion and Conclusions

In this paper, the characteristics of South American biomass burning (BB) aerosols
transported over the northern and central Argentina (NCA) region were investigated
from July to December 2019. More specifically, we studied the link between the optical
and physical properties of three BB aerosol events that affected Pilar Observatory (PO,
Argentina, 31◦41′S, 63◦53′W, 338 m ASL), the atmospheric transport mechanisms, and
the vegetation types burned in the identified fire regions. Two patterns of atmospheric
circulation—a local pattern and a remote pattern—were examined in the framework of the
research. The sources of origin of these BB aerosols were associated with wild rainforest
fires in Amazonia and with fires in southeastern South America (SESA) of tropical forest
and a mixture of crop, grass, and scrub/shrub. The objective of the paper was achieved
by combining data from remote sensing measurements with trajectory modeling. For the
first time in the NCA region, the vertical structure and extension of BB aerosol plumes at
the PO site as well as their connection with PBL and dust were estimated by ground-based
lidar. In this context, the BB and dust particle extinction coefficients retrieved from elastic
lidar signals were presented. We also assessed how the height of the air masses driven by
the atmospheric transport mechanisms changed as they traveled to the PO site.
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We found that the selected BB aerosol events correspond to local maxima in the CO
total column mass estimated by TROPOMI during August–October (BB season). The
high variability in the mean daily AOD(440nm) for this period suggests that the arrival
of BB aerosols at the PO site occurred during sporadic BB aerosol events rather than
continuously. These results are consistent with findings reported by Ulke [15] in Buenos
Aires city and Olcese et al. [40] at the Centro Espacial Teófilo Tabanera site (situated near
the PO site), regarding the sporadic occurrence of the events and, consequently, a relatively
low frequency of days with smoke particles annually.

The results indicate that the type of vegetation burned as well as the atmospheric
transport patterns can lead to variations in the BB aerosol’s optical and physical properties,
which were examined both on hourly and daily time scales. Based on the analysis of the
three selected BB aerosol event cases, we reach the following conclusions:

The local transport pattern was associated with a northeastern postfrontal anticyclone
circulation that carries BB aerosols to the PO site from the SESA region, including the
NCA region. The air mass back trajectories that arrived at the PO site, with a prevailing
southeasterly or southerly wind direction, typically traveled above 1.5 km AGL. As a result,
the only fires that had the potential to contribute effectively to the aerosol loading at PO
were those that were close by (less than 2000 km). These fires may involve BB aerosol
plumes that can reach at least 1.5 km AGL on average.

The remote pattern was linked with a northerly circulation driven by the South
American low-level jet (SALLJ) and which was responsible for transporting BB aerosols to
the study site from remote sources in the Amazonia as well as from closer sources within the
SESA region. The back trajectories that arrive at the PO site associated with a predominant
northerly or northeasterly wind direction tend to travel very close to the surface. This
situation would facilitate the long-range transport of the aerosols from Amazonia to the
PO site. Our results add to the understanding of the BB aerosol transport routes in South
America and confirm the findings from previous studies on the importance of BB for the
boundary layer aerosol budgets—e.g., [15–19,21–26].

The values of mean daily AOD(440nm), α(440–870nm), SSA(440nm), and FMF(500nm) suggest
a bimodal distribution of aged BB aerosols with light-absorbing properties biased towards
smaller sizes when averaged for all three BB aerosol events.

During the longest-lasting BB aerosol event observed in this work, the values of optical
and physical parameters followed a gradual change from the local to the remote pattern.
Analysis of this event implies that the local pattern contained rather aged, larger-size light-
absorbing particles and lower aerosol loadings, while the remote pattern contained aged,
smaller-size particles with lower absorption and higher aerosol loadings. These results are
consistent with the findings of the smoke particle analysis carried out in the SESA region
by previous studies. In this direction, Ulke [15] shows how BB aerosol events, that were
observed in Buenos Aires during northerly circulation, showed a statistically significant
increase in aerosol optical depth and Ångström exponent, reflected by an increase in the
peak of the derived volume size distribution in the fine fraction size range, which also
shifts slightly towards bigger radii. Olcese et al. [40] also highlighted that trajectories
arriving at the Centro Espacial Teófilo Tabanera site from the Northeast region also lead
to a large amount of fine particles, probably having an origin related to biomass burning.
We hypothesize that the enhanced aging of BB aerosols associated with the remote pattern
may be caused by the contribution of BB aerosols from forested areas to the PO site. In
these areas, mainly linked to Amazonia, CALIOP-VFM identified a mixture of dust and
smoke aerosols. The reduced scattering efficiency could be compensated by the number
concentration of smaller particles during the remote pattern period. Additionally, we
acknowledge that the larger particles linked to the local pattern may have a contribution
that originated by the transport of fine dust alongside the BB aerosols’ trajectory to the PO
site. We plan to study in more detail the dust aerosol characteristics and origin over the PO
site, during the longest-lasting BB aerosol event.
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In the last case of study, lidar showed multiple high-signal layers associated with BB
aerosols extending from the surface up to 3 km AGL. Some of these layers were eventually
mixed within the convective-driven diurnal PBL. The analysis of the polarized lidar signal
at 532 nm enables the separation of BB and dust particle profiles for the days under
consideration, revealing the dynamics of these two particle groups. The BB aerosol plumes
were detected arriving at the PO site on 23 September and intensified significantly on
30 September, when the maximum intensity of the northerly low-level jet was reached. By
the afternoon of 30 September, the BB aerosol plume was mixed within the PBL with dust
possibly associated with the wind shift and gustiness produced by a strong cold front. The
average height of BB smoke plumes arriving at the PO site in this study was 1.5 km AGL.
This is in good agreement with the previous results published in South America—e.g.,
~1.5 km [22,24]; ~2 km [21,25]; 2.25 km [23].

The methodology used in this study provides additional insight into aerosol transport
mechanisms in the South American region, bringing important information about potential
aerosol sources and their characteristics, which can be used for better understanding the
potential health impacts of aerosol exposure and developing effective strategies to mitigate
the effects of aerosols on air quality. While acknowledging the limitations of the approach
based on selected case studies, our results successfully contribute to filling the major gap in
the knowledge on aerosols and aerosol transport in the NCA region.

Future research directions should focus on a more accurate characterization of the
aerosol properties, so that the aerosol types estimated from remote sensors can be com-
pared against aerosol type estimations based on in situ observations. This is essential to
better narrow the potential sources of the aerosols as well as possible modification pro-
cesses along their transport. Another interesting research avenue for future studies is to
conduct a comprehensive characterization of the impact of regional circulation patterns
on the aerosol properties within the study area. This can be achieved, for example, by
performing back-trajectory analysis over a longer study period and under different fire
activity scenarios. Also, more research is required to understand the impact of climate
variability at different time scales on aerosol transport as well as the impact of fire activity
variability. On the methodological side, future research should focus on incorporating
advanced source estimation approaches that incorporate different sources of uncertainty in
the computation of the backward trajectories (e.g., uncertainties associated with small-scale
turbulence and deep convection, among others), as well as an objective and robust way to
link the properties of the sources with those of the detected aerosols.
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AD-Net Asian dust and aerosol lidar network
AERONET Aerosol Robotic Network
AGL Above ground level
AOD Aerosol optical depth
AOD(440nm) Aerosol optical depth at 440 nm
ASL Above sea level
BB Biomass burning
CALIOP Cloud–Aerosol lidar with Orthogonal Polarization
CALIPSO Cloud–Aerosol lidar and Infrared Pathfinder Satellite Observations
CGSS Crop, grass, and scrub/shrub
CO Carbon monoxide
ESA European Space Agency
FIRMS Fire Information for Resource Management System
FMF Fine-mode fraction
FMF(500nm) Fine-mode fraction of aerosol optical depth at 500 nm
GDAS Global Data Assimilation System
HYSPLIT HYbrid Single-Particle Lagrangian Integrated Trajectory
lidar Light detection and ranging
LULC Land use and land cover
MODIS Moderate Resolution Imaging Spectroradiometer
NASA National Aeronautics and Space Administration
NCA Northern and central Argentina
PBL Planetary boundary layer
PO Pilar Observatory
RF Rainforest
SALLJ South American low-level jet
SAVER-Net South American Environmental Risk Management Network
SESA Southeastern South America
SSA Single-scattering albedo
SSA(440nm) Single-scattering albedo at 440 nm
TF Tropical forest
TROPOMI TROPOspheric Monitoring Instrument
VFM Vertical feature mask
α Ängstrom exponent
α(440–870nm) Ängstrom exponent at 440–870 nm
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