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Abstract

In Part II of this chapter, we intend to show the significant advances and results 
concerning aerosols’ tropospheric monitoring in South America. The tropospheric 
lidar monitoring is also supported by the Latin American Lidar Network (LALINET). 
It is concerned about aerosols originating from urban pollution, biomass burning, 
desert dust, sea spray, and other primary sources. Cloud studies and their impact on 
radiative transfer using tropospheric lidar measurements are also presented.

Keywords: lidar, LALINET, aerosols, atmospheric sciences, remote sensing,  
air quality, environment
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1. Introduction

In Brazil, there are four lidar systems dedicated to the study of aerosols in the 
troposphere. Installed at Embrapa in Manaus (Western Amazon), there is a lidar 
system coordinated by the Atmospheric Physics Laboratory (LFA) of the Institute 
of Physics at the University of São Paulo [1]. In São Paulo, there are two other 
systems, the SPU Lidar Station, installed at the Institute of Energy and Nuclear 
Research (IPEN/CNEN) and coordinated by the Laboratory of Environmental 
Applications of Lasers (LEAL) hosted in the Center for Lasers and Applications 
(CELAP) of the referred institute, and the scanning lidar system located at 
CEPEMA (Centre for Training and Research in Environment) in Cubatão (State of 
São Paulo) [2–5]. Figure 1 shows an example of the aerosol profile retrieved at SPU 
Station.

The DUSTER Lidar system, situated at the Department of Atmospheric and 
Climate Sciences (DCAC) at the Federal University of Rio Grande do Norte 
(UFRN), can measure marine aerosols’ physical and optical properties. It can also 
measure aerosols (mineral dust) that cross the Atlantic Ocean and come from the 
desert Sahara, and aerosols originated from fires in the African continent [6, 7]. The 
lidar system’s design and installation in Natal result from a technical and scientific 
collaboration among UFRN and IPEN. The DUSTER Lidar system is a biaxial 
monostatic lidar with a typical spatial resolution of 7.5 m. Brazil is a country with 
continental dimensions where different aerosols are generated, whether by natural 
or anthropogenic sources. The two systems mentioned above, SPU Lidar Station in 
São Paulo and DUSTER Lidar system in Natal, can measure different aerosols types.

Quality assurance and quality control programs developed by the European 
Aerosol Research Lidar Network (EARLINET) [8] are being implemented at the 
LALINET stations of São Paulo, Manaus, and Natal. This implementation intends 
to increase the capability to provide a reliable dataset in collaboration with three 
EARLINET stations (Bucharest, Granada, and Munich) in the framework of the 
project APEL (Assessment of atmospheric optical Properties during biomass burn-
ing Events and Long-range transport of desert dust) [9, 10]. The main objective is 

Figure 1. 
Quick-look of the Lidar Range Corrected Signal (RCS) at 532 nm measured at SPU Lidar Station on 02 July 
2019. The signal between 10 and 14 km indicates cirrus clouds.
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to make the final data products from the two networks comparable and study the 
similarities and differences in aerosol loads, transport heights, types, and properties 
[11]. The evaluation will be done at the hardware and software levels. At the hard-
ware level, the quality of the signals will be checked using the specific EARLINET 
procedures, and, at the software level, the LALINET data processing algorithms will 
be compared with the EARLINET Single Calculus Chain [12–14]. The last is a fully 
automatic evaluation process that can be used for virtually any lidar configuration 
and was validated for several EARLINET lidar stations, being a powerful tool that 
allows lidar stations to retrieve the aerosol backscatter and extinction profiles from 
the raw lidar data (Figure 2).

In Bolivia’s case, the Laboratory for Atmospheric Physics of Universidad Mayor 
de San Andrés (LFA for its acronym in Spanish) is carrying out some studies related 
to urban aerosols and pollution monitoring in the metropolitan region of La Paz 
and El Alto. This region is one of the fastest-growing urban settlements in South 
America, with the particularity of being located in very complex terrain at a high 
altitude over the Andes. With a total population of around 1.8 million inhabitants is 
the second most populous urban area in Bolivia. La Paz city is located in a stepped 
valley, whose height starts at 3200 m a.s.l. (southern area), going up to 4000 m a.s.l. 
(in the north). The metropolitan area includes El Alto city (4100 m a.s.l), adjacent 
to the west’s valley, and is extended over the Altiplano plateau. The valley has many 
basins that converge in the lower part of the city generating complex air fluxes.

An elastic lidar system was installed in the Science Campus of the Universidad 
Mayor de San Andrés (16.5333 S, 68.0667 W, 3420 m a.s.l.) in 2007 to study the 
boundary layer’s behavior in this complex terrain. The lidar system was developed 
by improving an old system donated by the European Space Agency to the LFA and 
an essential collaboration of the Raman Lidar Laboratory of NASA’s Goddard Space 
Flight Center. The instrument regularly worked for some years collecting data every 
Monday. These ancillary data were used for different short-term studies [15].

In 2011, this lidar acquired an additional relevance when a new Global 
Atmosphere Watch (GAW) station was set up near the metropolitan area at Mount 

Figure 2. 
Particle backscatter (Mm−1 sr−1) and extinction (Mm−1) coefficients and Lidar Ratio (sr), measured at SPU 
Lidar Station on 14 July 2019. Smoothed retrievals, obtained at 355 nm and 532 nm, using the Single Calculus 
Chain Algorithm.
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Chacaltaya (16.3502 S, 68.1314 W, 5240 m a.s.l.). This station was set up to study 
aerosols’ physical and chemical properties, measure atmospheric gas concentra-
tions, study the aerosols injected into the free troposphere, besides the effect of 
aerosols deposition onto the Andean glaciers. In this sense, the main task of the lidar 
system was to help with the study of the air fluxes that go from the metropolitan 
area to the Chacaltaya GAW station and vice versa and the behavior of the local 
atmospheric boundary layer, especially in connection with atmospheric pollution in 
the urban area.

Besides, in 2018 and thanks to a collaboration of the Andalusian Institute for 
Earth System Research, Granada, Spain, a Lufft CHM 15 k ceilometer was installed 
in the northern part of La Paz city, closer to the Chacaltaya GAW station than the 
LFA. The goal was to characterize the boundary layer height’s seasonal behavior 
through continuous measurements for at least one year. The Wavelet Covariance 
Transform (WCT) was used to estimate this behavior using both the ceilometer 
and the university campus’s lidar. Although we gained knowledge about the local 
ABL’s temporal behavior, it is clear that due to the complexity of topography in 
this region, extending this work’s main conclusions is not straightforward. More 
measurements and modeling are needed for this purpose.

2. Urban aerosols and pollution monitoring

2.1 The atmospheric boundary layer

The Atmospheric Boundary Layer (ABL) is the lowest section of the troposphere 
and is directly affected by the surface, responding to surface forcing within a one-
hour or less time scale. The ABL has turbulent properties and high variability in its 
daily cycle, and it is a fundamental parameter to several studies, e.g., air quality, 
numerical weather forecasting, climate modeling, and wind energy applications 
[16]. These characteristics, associated with the variations in the ABL stability, 
enable us to subdivide it into three main layers: The Convective Boundary Layer 
(CBL), the Stable Boundary Layer (SBL), and the Residual Layer (RL).

The ABL height (ABLH) is obtained from the vertical profile of some tracers 
like a potential temperature [17], vertical wind speed [18], relative humidity [19], 
and aerosols [11]. The radiosondes are the more traditional method to estimate the 
variation of some tracers indicated above and, consequently, estimate the ABLH. 
Nevertheless, in most regions, the radiosondes are launched only twice a day, which 
does not provide a detailed observation of the ABLH behavior. In this scenario, due 
to the lidar systems’ high temporal and spatial resolution, the utilization of this 
kind of equipment to estimate the ABLH and other ABL properties had increased 
significantly in the last decade, mainly in South America [20–30].

Elastic lidar and ceilometers can estimate the ABLH from the characteristic 
reduction in the aerosol concentrations in the transition region between the Free 
Troposphere (FT) and ABL. Figure 3 presents an example of the ABLH and its 
subdivisions, both estimated from elastic lidar data. Moreira et al. estimated 
the Urban ABLH to the city of São Paulo (Brazil), using elastic lidar data, from 
a method based on the curtain-plot of the Range Corrected Signal and Wavelet 
Covariance Transform (WCT), respectively [31, 32]. Both algorithms were vali-
dated by radiosonde data, resulting in high correlations during convective and 
clear sky conditions. Also, based on WCT, Niesperuza et al. estimated the ABLH to 
Medellín (Colombia), demonstrating the influence of the selections of the param-
eters in the Haar Wavelet performance [33]. Salvador et al. performed a comparison 
among the ABLH estimated from elastic lidar, SODAR, and Weather Research and 
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Forecasting Model (WRF), finding a high positive correlation during the convective 
period [26]. Besides, elastic lidar data can also observe aerosol plumes’ movement 
as the mixing level in the CBL region, from the skewness and kurtosis profiles. 
This method was applied in the city of São Paulo [34]. The methodology can be 
applied in studies about air quality providing a better observation about pollutant 
concentrations.

In comparison with elastic lidar, Doppler lidar provides more possibilities to 
identify the ABLH due to the capacity to obtain the wind speed profile, which can 
be applied as a tracer from its variance. Using Doppler Lidar data, Moreira et al. 
estimated the ABLH from the variance in the wind speed profile in São Paulo [24]. 
This method was compared with radiosonde data demonstrating a high correlation 
in CBL and SBL situations. The wind speed profile was used to detect low-level jets 
(LLJ). Then from the maximum of LLJ, the SBL height was estimated [25]. Marques 
et al. used the maximum variance in the Noise Ratio to estimate the ABLH. Such a 
result was compared with radiosonde data, reaching high correlations in stable and 
convective situations [28].

2.2 Retrievals from the LiDAR-CIBioFi station at Cali-Colombia

In Colombia (Cali), to detect the ABL altitude, lidar signals obtained from the 
LiDAR-CIBioFi station at Universidad del Valle are employed. The study site is 
georeferenced in Figure 4. The methodology employs an interplay between the 
Gradient [32, 33] and WCT [34] Methods, as described in detail in Ref. [27].

Statistical validation of the implemented instrumentation is performed to sup-
port the data quality by contrasting atmospheric profiles retrieved by radiosondes 
launched at the local international airport, a few kilometers away from our station. 
The maximum vertical gradient level of potential temperature is used to detect the 
ABL top (ABLT) by employing radiosonde profiles. A linear relationship between 
the daily ABLT evolution retrieved by the lidar station and the radiosonde profiles 
goes as follows: ABLLiDAR = 0.967 × ABLRadio - 0.022. It is statistically significant 
at the 95% confidence level and R2 (consider the separation between the radiosonde 
launching site and the lidar station, see Figure 4b).

Once the data are validated, the ABLT levels are compared against the available 
local Particulate Matter (PM) concentration information. The correlations between 

Figure 3. 
ABL and its subdivisions. WCT and Gradient Methods, applied in elastic lidar data, estimated the CBLH and 
RLH. The aerosol profiles were measured at SPU Lidar Station on 03 August 2020.
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daily ABLT evolution and PM concentration data from three representative city 
ground-stations (Cañaveralejo, Pance, and UniValle), shown in Figure 4c, are 
analyzed. A strong negative relationship for the Cañaveralejo station gives R2 = 0.79, 
while the Pance station exhibits an unencouraging positive slope with a correlation 
coefficient R2 = 0.13, meaning a PM concentration increase for higher ABLT values, 
with PM values above the World Health Organization limits. The UniValle station, 
located about 100 m away from the LiDAR-CIBioFi station, reveals a low negative 
correlation (R2 = 0.20) for the ABLT evolution for all months, especially at the 
beginning of the wet season.

An innovative method for retrieving the ABL top from LiDAR signals was 
developed at the LiDAR-CIBioFi station. It consists of training a convolutional 
neural network (NN) in a supervised manner, driving it to learn how to retrieve this 
dynamical parameter on real, non-ideal conditions and, in a fully automated and 
unsupervised process [31]. The Wavelet Covariance Transform (WCT) is used as a 
labeling method for constructing the training data set and as a baseline method for 
comparison with the trained NN.

The dataset used for the model’s training and tuning is composed of 15,000 
signals extracted from daytime measurements taken during December 2018 and 
February 2019. The signals were labeled using WCT, with a custom search threshold 
for each one; this was done to ensure the labels’ quality and, consequently, the 
neural network predictions [31].

It is expected that the corrected training of the model replicates the predic-
tions of a signal-by-signal fine-tuned WCT but in a completely automated and 
non-supervised process. The convolutional neural network proposed for the ABLT 
detection is compared to WCT in a supervised variant (custom search threshold for 

Figure 4. 
(a) The location of Valle del Cauca county (the gray area) and the city of Cali (white area) in Colombia 
(altitude values according to the color scale). (b) The light color shape represents Cali’s rural area. The 
blue region is linked to the city’s urban area. The red dots mark the LiDAR-CIBioFi system’s location at 
Universidad del Valle (UniValle) and the radiosonde station (at Cali’s international airport). (c) Political 
and administrative division of Cali. The blue dots place the Air Quality Monitoring System (SVCA) ground 
stations of the local Administrative Department of Environmental Management (DAGMA).
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all time evolution) and unsupervised WCT (full signal as input during all time evo-
lution) [31]. WCT was chosen as the labeling and comparison method for its ease of 
implementation and well-known robustness and performance, as for the past two 
decades, it has been used to measure the ABLT in numerous case studies [31].

On 14 August (Figure 5a), clouds around 4 km height, with some formations 
around 2 km, were detected, with the latter being very close to the boundary layer’s 
height, thus posing a challenge for accurate ABLT detection. Besides, some cases of 
changes in density were detected after 14 h [31].

The first single lidar measured profile (Figure 5b), taken at about 12:30 h, 
exhibits a well-mixed layer, making it easy to discriminate between ABL and free 
troposphere. This condition allows a straightforward evaluation of the predic-
tions: the NN gives very similar results to the supervised WCT (about 1.8 km), 
while the unsupervised WCT located the ABLT in a cloud formation above 
4 km height [31]. In contrast, the second profile (Figure 5c), taken at 15:40 h, 
gives very different results for the supervised (sup.) WCT, the unsupervised 
WCT, and the NN. The supervised WCT located the ABLT at 500 m, below the 
expected result.

The unsupervised WCT placed the result at around 4 km, in a cloud formation pat-
tern, while the NN located the ABLT about 2.6 km, following its actual behavior [31]. 
The temporal evolution of the LiDAR measurement profiles of Figure 5 clarifies that 
the unsupervised WCT detection locates the boundary layer position at cloud forma-
tion height, erroneously placing the ABLT in most cases [31]. The supervised WCT 
shows ABLT detection problems, severely underestimating ABLT for cases of proxim-
ity to clouds (see, e.g., around 12 h), and in cases of residual layers (e.g., after 14 h). 
Despite the drawbacks of supervised WCT and unsupervised WCT, Figure 5 clearly 
shows that our convolutional NN estimation of ABLT is more resilient to nearby clouds 
than WCT [31].

Figure 5. 
Lidar retrievals for 14 August 2019 [30]. (a) Temporal evolution of the ABL, and (b), (c) Two selected single 
profiles. They point out different scenarios treated with our method: the measurements exhibit b Profile 1 
(12:30 h), a well-mixed layer where NN and sup. WCT values are very similar, and c, Profile 2 (15:40 h), 
shows conditions where the NN estimation differs from supervised and unsupervised WCT values; the latter 
profile exhibits an extended ABL a height of about 2.6 km for the NN prediction. The intensity of the signals is 
given in arbitrary units (a. u.) [31].
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The SVCA is the local Air Quality Monitoring System, a governmental policy 
for continuously monitoring air quality and assessing the pollutants trend. This 
air quality network provides information in the medium and long term to support 
developing strategies to attend to the air pollution effects from a holistic view. This 
network is composed of nine ground stations distributed, as shown in Figure 4. 
There are six stations to measure PM10 concentration and four stations for PM2.5 
concentration measurements. These stations count with automatic analyzers 
technology for monitoring aerosols and gases such as ozone, carbon dioxide, and 
others. Employing the raw data retrieved by these stations, the local Administrative 
Department of Environmental Management (DAGMA) makes monthly and annual 
reports, which can be found [31] at http://www.cali.gov.co/dagma.

Hourly raw data from three ground base stations that belong to the SVCA net-
work were used to analyze the daily behavior of PM10 and PM2.5. Due to its proximity 
to the LiDAR-CIBioFi station, Cañaveralejo, Pance, and UniValle stations have been 
picked. Specifically, the UniValle station is about 100 m away from the LiDAR-
CIBioFi, and for a direct intercomparison with ABL altitude is a primary source of 
data. The data retrieved from these ground stations are significant since they are the 
only available aerosols data source that features Cali to support environmental public 
policy reinforcement; these are meant to control day-by-day vehicular fleet restric-
tions and industrial emissions.

One way to assess the impact of PM concentration on public health and radia-
tive forcing is to study its response according to the ABL vertical and horizontal 
dynamics. We account for PM10 and PM2.5 concentrations retrieved by the automatic 
analyzers and the vertical atmospheric profiles from LiDAR-CIBioFi. The correla-
tions for the PM as a function of the ABL altitude retrieved by the LiDAR system, 
the vertical response of PM for each station, according to the ABL daily evolution 
during July, August, September, and October 2018, are analyzed. The daily data are 
used as a first step to identify PM daily behavior within the ABL.

The hypothesis to understand the relationship between PM and ABL is that the 
aerosol’s mass volume has an inverse behavior to the ABLT evolution. Figure 6 shows 
how daily data from Cañaveralejo station (red dots) already comply with this hypoth-
esis: PM10 concentration decreases with the ABL height; this behavior is a continuous 
trend for each of the four covered months, regardless of the temperature and solar 
radiation transition along the day. Especially in the mornings, the Cañaveralejo sta-
tion reports the maximum concentration amongst the three stations, with values not 
above the local 24-hour limit.

Regarding Pance (green dots) and UniValle (blue crosses) stations, the regressions 
exhibit odd behavior, particularly during July and August 2018: Figure 6a and b show 
that Pance’s PM10 concentration dangerously grows with increasing ABL height, a 
situation of concern since this means that the population remains exposed to high con-
centrations within a large air volume mass in the ABL. Since we do not have additional 
information about the emission source, we postulate that Pance high concentrations 
could be attributed to tropical forests’ haze. Nevertheless, it is necessary to warn on 
this behavior and spot possible emission sources, and identify such aerosols’ optical 
properties.

The Pance and Cañaveralejo stations were chosen due to their proximity to the 
LiDAR-CIBioFi station, but their locations correspond to a different landscape, and 
the ABLT dynamics could be very different from that of UniValle’s. Since UniValle 
station is located about 100 m away from the LiDAR-CIBioFi station (and within 
the same university campus), it is a direct source for PM data comparison/analysis 
against ABLT dynamics; it is, however, necessary to keep in mind that UniValle 
station only makes measurements of fine (PM2.5) particles concentration. Even 
though UniValle station shows PM2.5 values well below those of PM10 Pance and 
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Cañaveralejo stations during July, August, and September, during October 2018, 
Pance and UniValle registered very similar values for PM2.5 and PM10 against the 
ABL height; this means a high worrying indicator of fine (PM2.5) particles concen-
tration at UniValle. The linear regression between UniValle and Pance stations and 
the ABL height shows similar behavior. Thus, PM2.5 concentration values are kept 
almost constant during the whole day and ABL height evolution. These fine par-
ticles’ size allows them to stay longer in the atmosphere, explaining the regression 
line trend.

All data for each station in Figure 6 and corresponding regressions were 
organized chronologically. Hence, regarding air quality, unquestionably, the most 
critical report is that for UniValle station due to the size of measured particles and 
the worrying linear regression balance with the ABLT daily evolution. The reported 
concentration levels are slightly above the local annual threshold and the World 
Health Organization (WHO) 24-hour PM limits.

To summarize, the ABLT results obtained at the LiDAR-CIBioFi station were 
compared against three PM SVCA ground-stations (Pance, Cañaveralejo, and 
UniValle) to analyze the behavior of the correlation with PM concentration near the 
LiDAR station. The Cañaveralejo station that carries out PM10 measurements shows 
an inversely proportional relationship with the ABLT, indicating that the population 
is not overexposed to PM10 concentration as higher ABLT values are reached. On the 
other hand, PM10 and PM2.5 concentrations retrieved by Pance and UniValle stations 
show a different relationship with ABLT. Unexpectedly, the linear correlation slopes 
for each one of these stations were quite close to zero. The slope’s mean value for 

Figure 6. 
(a) Linear regression between PM (μg m−3) concentration and ABLT (or PBL top-planetary 
boundary layer top) altitude retrieved by LiDAR-CIBioFi in July 2018. (b), (c), and (d) denote the same 
as in (a) except for the month of data collected (August, September, and October 2018, respectively).
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Pance station was 1.67, reporting positive values for July and August, which means 
that PM10 concentrations increased with increasing ABLT, a word of warning due 
to a possible negative impact on public health. On the other hand, the slope’s mean 
value for UniValle (PM2.5) station was −3.85, with negative monthly mean values.

3. Detection of biomass burning events

Wildfires generate large amounts of suspended particles in the atmosphere and 
increase the levels of carbon monoxide. The presence of these particles reduces 
both visibility and solar radiation reaching the Earth’s surface. Besides, they act 
as cloud condensation nuclei, modifying the climate and the air composition and 
being harmful to human health [35]. On 8 November 2019, a dense feather of 
smoke was detached from Australia’s coasts due to the intense fires that affected the 
region. These smoke layers were dragged by the winds to South America, entering 
Argentine territory on 14 November and remaining in suspension until the next 
day. In the particular case of the fires in Australia, a large amount of soot not only 
affected the entire surrounding region, devastating forests, and wildlife: the effects 
were seen around the planet, with measurements of the transport of aerosols at 
thousands of kilometers from the emission sources. An immediate effect of the 
accumulated soot from such a biomass burning was the alteration of river courses 
and the drinking water production in Eastern Australia [36].

The Australian fires started in September 2019 and intensified in November, 
given the drought conditions that affected the region. It was the second warmest 
summer registered, having a rainfall regime below the Australian summer average 
[36]. These major fires produced dense smoke plumes, detected by the Suomi NPP 
(National Polar-orbiting Partnership) VIIRS (Visible Infrared Imaging Radiometer 
Suite) satellites. The images are presented in Figures 7 and 8 for 8 November, and in 
Figures 9 and 10, for 9 November. The figures show Australia’s east coast, the most 
affected area. Figures 7 and 9 show the Earth’s surface’s natural-looking satellite 
images, called True Color RGB images (I1-M4-M3). Meteorological clouds can be 
distinguished in white and smoke layers in translucent gray tones. Figures 8 and 10 
show another combination of spectral bands (M11-I2-I1), which allows observing, 
in shades of blue, the smoke plumes and, in reddish shades, the scars left on the 
surface of the Earth by fires (burned surface) [37]. These smoke plumes crossed the 
Pacific Ocean, reaching the American continent and Argentine territory in mid-
November 2019.

Measurements from sensors onboard satellites and ground-based platforms 
were used to analyze the November biomass burning aerosols intrusion event 
from Australia. Within the satellite measurements, the data from the OMPS sensor 
(Ozone Mapping Profiler Suite) [38, 39] onboard the Suomi NPP satellite were ana-
lyzed for the study of the space–time variability of the Aerosol Index (AI Aerosol 
Index). AOD (Aerosol Optical Depth) measurements at 550 nm were retrieved 
from the MODIS (Moderate Resolution Imaging Spectroradiometer) instrument 
onboard the TERRA satellite [40, 41]. Additionally, the total columnar CO (carbon 
monoxide) content and the AI were sensed by the TROPOMI (TROPOspheric 
Monitoring Instrument) instrument onboard the Sentinel-5P satellite [42, 43]. 
AI is a qualitative index that indicates aerosol’s presence at the higher layers of 
the atmosphere, absorbing or reflecting UV radiation. The main types of aerosols 
detected with this index are desert dust, biomass burning, and volcanic ash plumes. 
An advantage of AI is that it can be calculated for clear and (partially) cloudy 
ground pixels.
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Figure 7. 
Satellite image of Australia’s east coast from 8 November 2019. VIIRS - Suomi NPP sensor (combination: 
I1-M4-M3).

Figure 8. 
Satellite image of Australia’s east coast from 8 November 2019. VIIRS - Suomi NPP sensor (combination: 
M11-I2-I1).
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Figure 9. 
Satellite image of Australia’s east coast from 9 November 2019. VIIRS - Suomi NPP sensor (combination: 
I1-M4-M3).

Figure 10. 
Satellite image of Australia’s east coast from 9 November 2019. VIIRS - Suomi NPP sensor (combination: 
M11-I2-I1).
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The ground-based aerosol optical depth (AOD) data is obtained from the 
AERONET/NASA sun photometer network measurements at Buenos Aires, 
CEILPA-BA (34.555 W, 58.506 S, 26 m), Córdoba, and Pilar (31.667 W, 63.883 S, 
333 m) stations, at Level 1.5 (data where the clouds have been extracted automati-
cally) [44, 45].

The AOD is the aerosol vertical column integrated extinction at a given wave-
length. This dimensionless quantity indicates how much aerosols attenuate the 
solar radiation as it passes through the atmosphere. Another value, the Ångström 
coefficient (or exponent), shows the AOD spectral dependence, and it is related 
to the root mean square distribution of the aerosol radii. It is calculated as the 
slope of the linear fit of the spectral AOD in a particular wavelength interval in 
a log–log scale graph. By relating the AOD at 440 nm and the Ångström coef-
ficient, it is possible to classify the aerosol type using the classification table of 
Reference [46].

Measurements from the lidar instrument installed at CITEDEF were analyzed 
to determine the height of the aerosol layers. The normalized aerosol backscatter-
ing coefficient was calculated at 532 nm [47–49]. This system allows measuring 
the atmosphere’s profiles from a few meters to several kilometers, exceeding the 
tropopause height up to the lower stratosphere. Table 1 summarizes the variables 
analyzed, the sensors, and the platform employed.

Figure 11 shows the AI’s space–time evolution measured by the OMPS sensor 
from 8 to 13 November 2019. The images show how a high AI value (greater than 5) 
smoke plume emerges from Australia’s coasts on day 8 November 2019. This plume 
advances over the Pacific Ocean and reaches the coast of South America on 13 
November 2019.

On 14 November 2019, the Australian smoke arrived over Argentine territory for 
the first time, through Neuquén province and covering the country’s entire central 
region. Figure 12 shows the AI coverage map (OMPS), indicating aerosols’ presence 
throughout the area.

Figure 13 shows the TROPOMI sensor AI measurement for 14 November. The 
AI retrieved from OMPS and TROPOMI show similar values, around 1, in almost 
the entire territory and, in particular, values between 2 and 3, in the province of 
Entre Ríos. Both overlapping measurements are plotted in Figure 14 to compare 
the AI measurements coverages with the two sensors. The TROPOMI measurement 
is taken as the basis, and the polygon (red outline) from the OMPS AI coverage is 
superimposed. It can be seen that the presence of aerosols in the upper layers of the 
atmosphere is the same for both sensors. It is known that biomass burning is one of 
the primary sources of CO release to the atmosphere. Figure 15 shows the regional 

Platform Sensor Variable

Satellite Suomi NPP OMPS AI

Satellite Sentinel 5p TROPOMI CO
AI

Satellite TERRA MODIS AOD (550 nm)
Ångström coefficient

Ground-based LIDAR Aerosol backscatter

Ground-based Sun Photometer AOD (440 nm)
Ångström coefficient

Table 1. 
Instruments and variables used to analyze the November biomass burning aerosols intrusion event.
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Figure 11. 
Spatial–temporal evolution of the smoke plume through the OMPS sensor analysis of the Aerosol Index (AI), 
from 8 to 13 November 2019.

Figure 12. 
Aerosol Index (AI), calculated by the OMPS sensor measurements for 14 November 2019.
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Figure 13. 
Aerosol Index (AI), measured with the TROPOMI sensor for 14 November 2019.

Figure 14. 
Comparison of the Aerosol Index (AI) coverages, calculated with the TROPOMI sensor (in color palette) and 
the OMPS sensor (polygon in red), for 14 November 2019.
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total columnar abundance of CO measured by the TROPOMI instrument [50]. The 
values observed throughout the region are not high.

A slight increase of CO measurements was observed in the same area where 
AI values were high, as shown in Figure 16, where the CO measurement overlaps 
the AI coverage (OMPS - red polygon). CO measurements reached a maximum of 
0.04 mol/m2 over the province of Entre Ríos.

A slight increase of CO measurements was observed in the same area where 
AI values were high, as shown in Figure 16, where the CO measurement overlaps 
the AI coverage (OMPS - red polygon). CO measurements reached a maximum of 
0.04 mol/m2 over the province of Entre Ríos.

Another interesting measurement to analyze the aerosols’ presence is the 
AOD, which indicates at which level the aerosols prevent the sunlight from pass-
ing through the atmosphere. Aerosols scatter and absorb sunlight, resulting in 
reduced visibility. An AOD of less than 0.1 is characteristic of a clean atmosphere, 
with a very low number of suspended particles and maximum visibility. The AOD 
increases due to the increase of suspended particles, and this causes visibility loss.

Figure 17 shows the AOD measurement at 550 nm from the MODIS - TERRA 
sensor for 14 November 2019. Maximum values of 0.6 are observed in the southern 
part of the province of Entre Ríos. Values about 0.3 in the vicinity of the City of 
Buenos Aires and 0.2 in the vicinity of the City of Córdoba are also observed.

This satellite measurement can be contrasted with the AERONET/NASA sun 
photometer measurements available at Buenos Aires and Córdoba. Figure 18 shows 
the AOD temporal evolution at 440 nm for 14 and 15 November 2019 for the Buenos 
Aires station and 15 November 2019 for the Córdoba station. At both stations, the 
values are higher than 0.1 along the two days.

Figure 15. 
CO in the total column from TROPOMI-Sentinel-5P for 14 November 2019.
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Figure 16. 
CO in the total column from TROPOMI-Sentinel-5P and the coverage of the AI (OMPS - red polygon).

Figure 17. 
AOD at 550 nm from MODIS-TERRA for 14 November 2019 (logarithmic scale).
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The Ångström coefficient calculation can be used to provide additional information 
related to the size of the aerosols. The higher this coefficient is, the smaller the particle 
size. Values less than 1 suggest the domain of coarse particles (e.g., dust), and values 
greater than 1 suggest the domain of fine particles (e.g., smoke). Figure 19 shows the 
Ångström coefficient from MODIS-TERRA product, where maximum values of 1.8 are 
observed in the southern part of Entre Ríos (in light blue), and 1.1 in the surroundings 
of Buenos Aires and south of Santa Fe (in green).

Figure 18. 
Temporal evolution of the AOD at 440 nm during 14 and 15 November 2019 (BA: CEILAP-BA station (blue); 
CO: Pilar station (red)).

Figure 19. 
Ångström coefficient (Blue) of MODIS-TERRA for 14 November 2019.
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The Ångström coefficient was calculated from the AERONET/NASA sun 
photometers’ AOD data at 870, 670, 500, and 440 nm. Figure 20 shows the AOD 
at 440 nm versus the calculated Ångström coefficient. This style of graphs allows 
classifying the type of aerosols suspended in the atmosphere. From such an analy-
sis, it can be extracted that most of the particles are originated from biomass burn-
ing, therefore being of the types Biomass Burning and Contaminated Continental, 
according to the classification table in Ref. [46].

Measurements with the lidar system made it possible to determine the aerosol 
layers’ heights over the City of Buenos Aires. Figures 21 and 22 show the normal-
ized aerosol backscattering spatial–temporal evolution at 532 nm. On the horizontal 
axis is UTC’s time (Local Time is UTC-3 h); on the vertical axis is the height in kilo-
meters (the tropopause is about 13 km). The color palette shows the intensity of the 
signal. The blue color represents a clean, molecular atmosphere (without suspended 
particles), and the red color indicates particulate material. For both days, numerous 
well-defined layers of aerosols were observed above the atmospheric boundary layer 
at various heights and with different intensities, up to 13 km.

This work analyzed one event of the arrival of smoke plumes from Australia’s 
intense fires to the Argentinean territory in November 2019. The study deter-
mined that, during that period, the AOD values were about 0.25, on average, 
and the Ångström coefficients were about 1.2. The aerosol layers were found 
above the atmospheric boundary layer, between 2 km and 13 km of altitude, in 
the vicinity of the City of Buenos Aires. The CO values were slightly increased 
without presenting significant risk values for human health. The importance of 
conducting this type of study is to show that in such aerosols transport events, 
particles can be transported for hundreds of kilometers from their origin and 
affect the climate, air quality, and visibility of other areas very distant from the 
emission source. Satellite measurements, in combination with sun photometers 
and lidar systems measurements, have allowed an essential synergy for the 
detection and spatial–temporal monitoring of the smoke columns that, generated 
thousands of kilometers away, arrived in Argentine territory. Together, these 
measurements help understand wildfires’ environmental impacts in short and 
long time series, as they provide relevant data for climate and particle dispersion 
models [51].

Figure 20. 
Ångström coefficient versus AOD (440 nm) for 14 and 15 November 2019 (BA: CEILAP-BA station (blue); 
CO: Pilar station (red)).
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4. Dust transport

The long-range transport of desert dust has an essential impact on the atmo-
spheric radiative balance, with a global impact on climate, air quality, and human 
health [52, 53]. It is estimated that between 1 and 2 billion tons of dust are trans-
ported from Sahara each year through the atmosphere [54, 55].

Knowledge of the transport mechanisms of dust aerosols from the Sahara Desert 
to the South American continent can help understand its impact on the balance of 
nutrients in the Amazon basin [56, 57] and its nutrients deposition in the equato-
rial Atlantic [58]. Dust transport from the Sahara over the Atlantic Ocean can 
reach distances greater than 5000 km from its origin and is more intense during 
December, January and February at 5 N, and during June, July, and August at 
20 N latitude. During the boreal winter, desert aerosols are transported across the 
Atlantic towards the northeast coast of South America, and in the summer, they can 
reach the Caribbean Sea [59].

The most favorable periods to observe the presence of Saharan dust with a 
lidar in the atmosphere of the city of Natal (located about 5 S) are in December, 
January, and February. In this period, Oliveira et al. [60] found the mineral dust 

Figure 21. 
Spatial–temporal evolution of the normalized aerosols backscattering at 532 nm for 14 November 2019.

Figure 22. 
Spatial–temporal evolution of the normalized aerosols backscattering at 532 nm for 15 November 2019.
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predominance occurred during February, followed by December, January, and 
March in 2018. Research with lidar on aerosols in the Natal atmosphere focuses 
on the long-range transport of mineral dust and also smoke from biomass burn-
ing from the African continent, occurring under the strong influence of the trade 
winds, during austral summer, when the Intertropical Convergence Zone (ITCZ) 
is positioned further to the south [61, 62]. In a case study on 09 February 2018 
(Reference [60]), Oliveira et al. show that aerosol plumes were identified below 
4000 m altitude.

Landulfo et al. were the first to identify an aerosol plume with a lidar, at 3000 m 
altitude in Natal’s atmosphere, on 01 June 2016 [63]. Direct measurement of the 
Sun and radiances of the sky with a CIMEL solar photometer may also be used to 
identify the measured dust aerosol, as in Ref. [60]. Similar aerosol identification 
studies were carried out [57, 61, 62, 64, 65], showing that African dust’s transatlan-
tic transport reaches the Caribbean. Episodes of mineral dust particles transported 
from Africa to the Amazon between January and April were also observed [66].

The DUSTER Lidar system started operating in 2016 with operational data 
collection campaigns called MOnitoring aerosol LOng-range Transportation OVer 
Natal (MOLOTOV) Zero (March 2016 to July 2016.), MOLOTOV I (December 2016 
to mid-February 2017), MOLOTOV II (January and February 2018), and APEL 
(Assessment of Atmospheric Optical Properties During Biomass Burning Events 
and Long-Range Transport of Desert Dust) (November and December 2017), at the 
Federal University of Rio Grande do Norte (UFRN), in Natal.

Also, during the campaigns MOLOTOV Zero and MOLOTOV I, eighteen cirrus 
cloud profiles were analyzed (7 during MOLOTOV Zero and 11 from MOLOTOV I). 
Part of the research was conducted to calibrate the DUSTER system, applying the 
Δ90° method [67]. The main physical parameters of cirrus clouds obtained from 
lidar data were their thickness, base height, top height, and linear particle depo-
larization (δp) [68, 69]. The determination of parameters such as base height and 
top height was calculated from the analysis of the depolarization profiles obtained 
for each data interval. Data from radiosondes launched by the Natal airport (about 
7 km from the DUSTER system) were used to obtain the average cirrus temperature. 
The average depolarization value for cirrus clouds during the MOLOTOV Zero cam-
paign was δp(cirrus) = 0.43 ± 0.15 with an average base height of 14.23 km and an 
average top height of 15.53 km [70]. The average temperature of cirrus during this 
campaign was −69.23°C. The average thickness of the cirrus found was 1.30 km. For 
the MOLOTOV I campaign, the average value was δp(cirrus) = 0.49 ± 0.13 with the 
average base height equal to 12.96 km and the average top height equal to 14.44 km. 
The average thickness found was 1.48 km. The average cirrus temperature found for 
this campaign was −62.06°C [70].

5. Cloud studies

Clouds play an important role in Earth’s radiation budget as they reflect incom-
ing solar radiation and absorb outgoing thermal radiation emitted from the surface, 
the atmosphere, and other clouds [71]. In tropical regions, Cirrus clouds are omni-
present [72] and hence affect the radiation balance significantly because of their 
sizable horizontal extent (hundreds to thousands of km) and long lifetime (hours to 
days). Cirrus optical properties, altitude, vertical and horizontal coverage control, 
radiative forcing, and detailed measurements are of absolute value [73, 74].

Studies reporting cirrus properties over tropical South America used to be 
scarce, with most studies based on in-frequent satellite observations [72, 75]. For 
obtaining detailed geometrical and microphysical properties of Cirrus clouds, 
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especially the sub-visible type, ground-based lidars are indispensable. For this 
reason, many lidar groups around the world have used such measurements to 
obtain and report these characteristics in mid-latitudes [74] and tropical regions 
[76]. A similar effort is being made in South America, mostly under the auspices 
of LALINET. Here we review studies from five LALINET stations (Cuba, Manaus, 
Natal, São Paulo, and Punta Arenas), and we also discuss results from Reference 
[77], who report on measurements in Buenos Aires. It is compiled a set of statistics 
for optical and geometrical properties of cirrus occurring in this side of the world, 
summarized in Table 2.

The first studies were performed in Cuba by the lidar group in Camagüey using 
6-years (1993 to 1998) elastic lidar data [78]. The lidar measurements were per-
formed for detecting aerosols in the stratosphere, and hence were conducted mostly 
on clear nights to the naked eye, thus introducing a bias in the cloud measurements 
towards subvisual cirrus clouds. Indeed, from 131 clouds measured, only 8% were 
thick (COD >0.3), 67% were thin (0.03 < COD <0.3) and 25% were sub-visual 
(COD <0.03). Sub-visual and thin cirrus have an average cloud top and base at 14.1 
and 11.6 km, respectively, with thick clouds occurring at slightly lower altitudes. 
The authors estimated the respective optical depths to be 0.50 ± 0.27, 0.07 ± 0.05, 
and 0.02 ± 0.01, but these are an upper limit as they were calculated assuming a 
lidar ratio (LR) of 10 sr, which we now know is too low.

In a follow-up study, Barja and Antuña performed radiative transfer simulations 
(GFDL model, Freidenreich and Ramaswamy, 1999) of the impact of cirrus clouds 
on solar radiation (SW) [83]. They have found that the daily mean value of SW cir-
rus radiative forcing (CRFSW) has an average value of −9.1 W m−2 at the top of the 
atmosphere (TOA) and −5.6 W m−2 at the surface (SFC). There is a linear relation 
between CRFSW and COD, with a slope of - 30 W m−2/COD at TOA. The local radia-
tive heating effect where the cirrus is found ranged from 0.35 to 1.24 K day−1, with 
an average of 0.63 K day−1. These results were the first to show that tropical cirrus 
radiative impact on Earth’s energy balance is essential.

In the Amazon region, Gouveia et al. used continuous measurements (July 
2011 to June 2012) at the Manaus station [1] to retrieve the optical and geometrical 
properties of cirrus clouds during day and night [79]. The cirrus frequency of 
occurrence was about 88% during the wet season and not lower than 50% during 
the dry season, with a mean column optical depth of 0.25 ± 0.46. The cloud top and 
base heights, as well as cloud thickness and cloud optical depth, were, respectively, 
14.3 ± 1.9 (std) km, 12.9 ± 2.2 km, 1.4 ± 1.1 km, and 0.25 ± 0.46, similar to the values 
reported in Cuba. These clouds have a significant radiative impact with such a high 
frequency of occurrence and altitude over the dark-pristine Amazon forest (albedo 
about 0.12).

Gouveia then used these measured optical depths and vertical profiles of the 
cirrus extinction coefficient [84], at 5-min and 200 m resolutions, and calculated 
the cirrus radiative forcing (CRF) with libRadtran [85]. Cirrus in the Amazon 
region produced a net CRF at TOA and SFC of +15.3 and − 3.7 W m−2, respectively, 
much more intense than predicted for 3 European sites (+0.9, +1, and + 1.7 W m−2 at 
TOA) [74, 86]. Optically thicker cirrus, in general, have more prominent net CRF, 
with instantaneous CRF that could reach extremes up (down) to +140 (−65) W m−2 
for the night (day) time [85]. Together, the vertical profiles with total COD >0.3 
were responsible for about 72% (62%) of the TOA (BOA) net CRF, which means 
that a large fraction of the CRF is generated by optically thin cirrus (COD <0.3) 
that are harder to detect by radars and passive instruments on board of satellites 
[86]. A definite daily cycle of the optical depth was found and shows a minimum 
about local noon and a maximum in the late afternoon (~16 h LT), associated with 
the diurnal precipitation cycle. This results in a mean instantaneous TOA (SFC) 
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Loc. Camagüey, Cuba Manaus, Brazil Natal, Brazil São Paulo, Brazil B. Aires, Argentina P. Arenas, Chile

Ref. [78] [79] [80] [81] [77] [82]

Lat. 21 N 3 S 6 S 23 S 35 S 53 S

Period 1993–1998 2011–2012 Jan-Feb 2017–2018 Jun-Jul 2007 2001–2005 2016–2018

λ (nm) 532 355 532 532 532 532

Freq. 41% 74% 67% 54% — 45%

Top 14.1 ± 1.4 14.3 ± 1.9 13.4 ± 1.6 12.4 ± 0.6 11.8 10.8 ± 2.2

Base 11.6 ± 1.5 12.9 ± 2.2 11.5 ± 1.9 10.2 ± 0.7 9.6 9.0 ± 2.4

COD 0.50 ± 0.27 0.35 ± 0.55 — 0.27 ± 0.22 — 0.25 ± 0.32

LR (sr) 10 (fixed) 23.6 ± 8.1 — 26 ± 12 — —

Table 2. 
Cirrus clouds’ properties were measured by different LALINET stations, from north to south, during the last 15 years. Columns indicate latitude (deg) of the station, period of study and 
wavelength, frequency of occurrence, cirrus layer average top and base altitudes, column cloud optical depth (COD), and lidar ratio (LR).
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net CRF ranging from +1.7 (−23) W m−2 in the afternoon to +47 (+3.1) W m−2 at 
night [86]. The cirrus clouds produced an average in-cloud heating rate ranging 
between −1 K day−1 to +2 K day−1 vertical profile from 8 to 18 km (in-cloud), but 
with instantaneous values that can reach values higher than 10 K day−1 for portions 
of the cloud with high ice water content [86].

The DUSTER Lidar station at Natal, Brazil, is the most recent addition to the 
network. Cirrus measurements started only recently, and Santos reports on mea-
surements during January–February (pre-rainy season) of 2017 and 2018 [80]. 
A total number of 35 clouds were studied and showed cirrus up to 16 km. These 
clouds are lower than those in Manaus and were never observed above the tropo-
pause at 17–18 km. The reason is the less vigorous convection in this coastal site, 
which resembles an oceanic precipitation regime. The frequency of occurrence and 
average cloud top altitude was 74% (57%) and 13.9 km (12.3 km) in 2017 (2018), 
respectively. In situ data obtained by radiosondes (9.5 km away) for selected case 
studies showed an increase of the relative humidity in the layer where the lidar 
identified the cirrus clouds, from around 10–20% below/above the cloud to around 
40–55% in the cloud altitude region.

Cirrus clouds over São Paulo, in the subtropics of South America, were studied 
by Larroza [81]. She analyzed 34 days, from June to July 2007, using the method-
ology described in Ref. [87]. The cirrus frequency of occurrence was 54%. The 
vertical distribution of cloud tops showed peaks at 9.6, 10.6, 12.3, and 13.9 km, with 
an average of 12.4 km. These cirri were optically thinner (0.27) and occurred at 
lower altitudes (cloud top 12.4 km) than their tropical counterpart but had a similar 
lidar ratio of about 26 sr. The clouds observed were either produced by the passage 
of cold fronts or transported from the tropics or mid-latitudes.

Going into the mid-latitudes, Lakkis et al. used data from a lidar system in 
Buenos Aires, Argentina, that was not part of LALINET [77]. They studied 60 
diurnal cirrus clouds from 2001 to 2005. Unlike the tropics and sub-tropics, cirrus 
tops were only found very close to the tropopause (~380 m), with cloud tops at 
11.8 ± 0.86 and bases at 9.6 ± 0.9 km. Unfortunately, the low statistics did not allow 
the calculation of a frequency of occurrence, nor did the authors report values 
of optical depth or lidar ratios. The southernmost LALINET station is at Punta 
Arenas, Chile (53°S, 71°W), a sub-Antarctic region. Lidar cirrus measurements 
there began in October 2016 and continue to the present. A preliminary result of 
cirrus clouds’ geometric characteristics in the region, over two years (from 2016 
to 2018), shows that the cirrus’ mean base height is 9.0 ± 2.4 km and the mean top 
height is 10.8 ± 2.2 km. In the same site in November 2018, the Leipzig Aerosol and 
Cloud Remote Observations System (LACROS) [88] was deployed by the Leibniz 
Institute for Tropospheric Research (TROPOS) in collaboration with the University 
of Magallanes (UMAG) for the field experiment DACAPO - PESO (Dynamics, 
Aerosol, Cloud And Precipitation Observations in the Pristine Environment of the 
Southern Ocean). Cirrus clouds measurements are being performed with a Raman 
polarization lidar that will allow the calculation of LR and COD at multiple wave-
lengths, which will be reported in a future study.

There has been a great effort to study cirrus clouds in South America, with 
measurements taking place from 1993 to today, and from 21 N to 53 S. Table 3 
summarizes the main characteristics, and we can see how the cirrus altitude changes 
from the Tropical (high, 14.3 km) to the sub-Antarctic regions (low 10.8 km). The 
frequency of occurrence also becomes smaller, reducing from 74% in Manaus to 45% 
in Punta Arenas. Deep convection, prevalent in the tropics and sub-tropics, pushes 
the tropopause upward and creates optically and physically thick cirrus clouds from 
the anvil’s detrainment. From the subtropics towards the polar regions, convection is 
limited by the lack of surface heating, and the mixing of tropospheric air depends on 
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uplift by frontal systems. This does not reach high altitudes, and the primary cirrus 
production mechanism will be the large-scale lifting of water vapor, rendering phys-
ically and optically thinner clouds. Lidars can directly observe the optical depth, and 
Table 3 shows that it also becomes smaller, decreasing from 0.35 in Manaus to 0.25 
in Punta Arenas. Unfortunately, there are not enough LR estimations to allow for a 
comparison. They were calculated only for Manaus and São Paulo, and the results 
are in close agreement, indicating similar crystal habits and formation mechanisms, 
as expected. Similar relation of the cirrus features and latitude was first reported 
by Cordoba-Jabonero et al. using data from the LALINET subtropical station of São 
Paulo and ground-based lidar located in Belgrano Antarctic Station [88].

Another aspect of this LALINET effort is the diversity in the methods and the 
timespan of the different studies, limiting our ability for a more in-depth com-
parison. The combination of the Klett and transmittance methods, as described 
by Larroza [87] and Gouveia et al. [79], can be applied to elastic data from any of 
the LALINET lidars, providing COD and LR with high temporal resolution (e.g., 
5-min), during both day and night. The use of radiative transfer models to calculate 
the cirrus’ radiative impact could also be performed for all stations doing cirrus 
measurements. It would be essential to homogenize cirrus clouds’ analysis through-
out the network groups, even by sharing analysis algorithms. Moreover, it should 
be emphasized that these critical analyses could be automatized and performed 
unattended on a unique central server. These facts highlight the importance of 
establishing systematic data sharing in the context of LALINET and GALION.

6. Conclusions

Tropospheric lidars can provide impressive results: aerosol studies related to 
volcanic eruptions, tropospheric systems, biomass burning, and dust transport 
(both into and out of the continent) were conducted over the past 15 years. 
Pollutant dispersion studies in large cities of South America employing PBL dynam-
ics, conducted in different sites, and with specific conditions, greatly aid local air 
quality authorities. More recently, studies on clouds and their impact on radiative 
transfer have been carried out. Given the geographical location of the lidar sites, 
essential comparisons can be carried on along a wide longitudinal interval, and 
tropospheric-stratospheric circulation experiments can be performed, as well as 
their climatological interpretation.
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