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Abstract: We report on the first aerosol profiling campaign in the Paraíba valley, a hub connecting
the region between the two largest Brazilian metropolitan areas, São Paulo and Rio de Janeiro. São
Paulo Sanitation Technology Company (CETESB) air quality and Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) data show homogeneous behavior of the atmosphere
throughout the region. A more detailed description of the particulate material in the local atmosphere,
including its temporal dependence, can be obtained by using ground-based lidars. Measurements
were carried out with a backscatter lidar system in two industrial cities, Volta Redonda and Lorena.
The aerosol backscatter profiles present several peaks at different altitudes, indicating the presence of
aerosol in several atmospheric layers. In addition, The Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) air-mass back-trajectories indicate a possible detection of long-range aerosol
transported from biomass burning areas of South America. The present study emphasizes the
importance of investigating and monitoring the emission of particulate matter at this important hub
connection between two dense populated regions of Brazil.

Keywords: lidar; CALIPSO satellite; remote sensing; aerosol monitoring; industrial emissions

1. Introduction

Atmospheric composition plays an important role in the Earth’s radiation budget
and the understanding of its physical, chemical and optical properties is important to
address the effects on climate, weather conditions and air quality [1–3]. The determination
of atmospheric composition is becoming increasingly important for large urban centers
and megacities where the impact of air pollution is extremely worrying. In these locations,
serious problems are faced, such as overpopulation, disorderly growth, large vehicle fleet,
poor quality of the collective transportation system and others [4–7].

In recent years, several studies have been focused on the monitoring of emission
sources and analysis of primary and secondary formation of pollutants of large urban
centers in Brazil [7,8]. In 2012 de Miranda et al. [9] and de Andrade et al. [8] conducted
two similar studies to quantify PM2.5 and black carbon concentrations in six large Brazilian
urban centers and to correlate them with harmful health effects and the increased mortality
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risk. Ref. Pérez-Martínez et al. [10] used mobility data and emission models to investigate
the relation of air quality and short-lived climate pollutant impacts related to on-road
transportation in the Metropolitan Area of São Paulo (MASP). Several other studies in
different regions of Brazil were conducted in order to investigate the composition of organic
matters present in the aerosols and the effects of inorganic chemical composition on the
aerosol hygroscopicity of urban polluted areas [11,12]. Concerning the large fleet of light
and heavy-duty vehicles in the large urban areas of Brazil, several efforts have been made
to understand the correlation between secondary inorganic and organic particle formation,
particle number concentrations, ozone and fine particles with the vehicle emissions [13–15].

In addition, atmospheric pollution and aerosols are recognized as risk factors for
health, associated with several diseases and premature deaths. The emission of particu-
lates, especially with diameter smaller than 10 µm, is correlated with respiratory problems
that increase mortality and cancer in some urban areas [16–20]. Other studies developed
an approach based on the atmospheric model employing specific arrangements of the
physical and chemical processes to study the effects and impacts of air pollution in the
large cities and their neighborhood, focusing on the pollution episodes [21], air quality
forecasting [22,23], and regional and long-distance pollution transport [24–26]. In this
context, to enhance the accuracy and the air quality predictions based on these forecasting
and pollution transport models it is necessary to improve the inventories database and
increase the coverage area for atmospheric monitoring.

Brazil has a historical deficiency in atmospheric monitoring in almost all its territory
and the Paraíba valley is one of the regions where there is a lack of monitoring data.
The Paraíba valley is a geographic region formed by the hydrographic basin of the Paraíba
do Sul river and it is located among three different Brazilian states, Rio de Janeiro, São Paulo
and Minas Gerais. Important natural reserves are located in this region, such as Mantiqueira
mountains, Sea Ridge (Serra do Mar) and important reserves of the original Atlantic rain
forest, despite being an urbanized and industrialized region with more than 3 million
people living in their cities. Moreover, connecting the cities of São Paulo and Rio de Janeiro,
and crossing all the Paraíba valley, there is one of the longest and important Brazilian
highways, the Presidente Dutra Highway (PDH) or BR-116, a longitudinal highway that
begins in the northeastern region of Brazil and goes to the extreme south Brazilian region,
crossing a total of 10 states, with a total of 4486 km of extension with an intense flux of
heavy and light-duty vehicles.

Recently, in an attempt to cover the lack of monitoring in these large populated regions,
Duarte et al. [27] presented a high-resolution air quality study over a large urban area
of Brazil, encompassing the Metropolitan area of São Paulo, Campinas, Paraíba valley
and the Sea Ridge, by employing the European Air Pollution Dispersion-Inverse Model
(EURAD-IM) to simulate detailed features of aerosols and investigate air pollution cases
based on particulate matter concentrations. The EURAD-IM study demonstrated exchange
of pollutants between MASP and the Metropolitan area of Rio de Janeiro (MARJ), which
also affects the Metropolitan Area of the Paraíba valley (MAPV) by transportation of air
pollutants. Furthermore, the MAPV can suffer from the impact of the large fleet of light
and heavy-duty vehicles commuting every day by the Presidente Dutra Highway.

Remote sensing techniques such as lidar, an acronym for light detection and
ranging [28], are widely used to retrieve atmospheric features and monitor air pollu-
tion. In the MASP, the lidar technique is used to study aerosol optical properties and
their impact on air quality [29–31], to monitor long-range aerosol transportation from
biomass burning areas [32–35], to study Cirrus cloud optical properties [36,37] and volcanic
ashes [38], and also to study the daily aerosol boundary layer behavior [39] and its relation
with air quality [40]. In this context, a collaborative effort between three Brazilian research
institutions, Instituto de Pesquisas Energéticas e Nucleares-IPEN, Universidade Federal
Fluminense-UFF/Volta Redonda and Universidade de São Paulo-USP/Lorena, studied the
vertical distribution of atmospheric aerosols by employing a remote sensing lidar system
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in two different periods and two different urban sites impacted by industries and highway
road emissions, and also by aerosol transport episodes.

The main contribution of this paper is to report the measurements of vertical aerosol
distribution using a ground-based lidar in the Paraíba valley region. As far as we know,
there are no articles in the literature using such a technique to study the aerosol optical
properties in this region. The paper is structured as follows: The campaign sites and
the instrumentation used in this work are described in Section 2. Section 3 presents the
theoretical approach used to invert the lidar signal in order to obtain the aerosol optical
coefficient profiles. The data retrieval, as well as the result analysis, are described in
Section 4. Finally, the conclusions are presented in Section 5.

2. The Campaign Sites and Instrumentations

In this section, we present a description of the campaign sites, the remote sensing
instruments and the air quality dataset.

2.1. Campaign Sites—Paraíba Valley Region

Volta Redonda is a medium size city with about 260,000 inhabitants, located at the
Paraíba valley region, 141 km from the city of Rio de Janeiro, in the state of Rio de Janeiro.
It grew up around one of the largest steel producers in Latin America, the Presidente
Vargas Steelworks, which is the most important Companhia Siderúgica Nacional (CSN)
manufacturing unit and one of the state’s main sources of revenue. This steelworks alone,
with its two blast furnaces, produces 12.8 thousand tons of pig iron per day. In addition,
CSN has a cement plant at the Presidente Vargas unit, with a capacity of 4.3 million tons
per year.

Besides, other metallurgical factories were established in the region in order to supply
CSN demand, forming a great industrial complex that contributes to local atmospheric
pollution and makes imperative a meticulous control of air quality [41,42].

Halfway between the two most important Brazilian cities, Rio de Janeiro and São
Paulo, and approximately 133 km from Volta Redonda, at the borders of Presidente Dutra
Highway (PDH), is located Lorena, a medium size city with about 90,000 inhabitants, which
belongs to the state of São Paulo.

Similarly to Volta Redonda city, Lorena, immersed in the metropolitan region of the
Paraíba valley, is surrounded by many kinds of industries, as well as by other large urban
areas that contribute to the emission of particulate matter into the atmosphere.

The first lidar campaign in the Paraíba valley was carried out in Lorena and Volta
Redonda cities, whose geolocations are marked in red color in the map of the region of the
Paraíba valley, see Figure 1a. The Rio de Janeiro and São Paulo megacities are also marked,
as well as other important regions along the PDH.

2.2. Instruments

In this section, we describe the instruments and data employed in this work. Firstly,
we present the ground-based system used, the mobile MSP-lidar II setup.

In order to acquire information about the atmosphere of the Paraíba valley, such
as composition, homogeneity and optical properties, we used the data basis from São
Paulo Sanitation Technology Company—CETESB—and from the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations—CALIPSO—satellite. We applied the Hybrid
Single Particle Lagrangian Integrated Trajectory—HYSPLIT—model in order to study air
mass transport. In this way, we also present, in the next subsections, the CETESB air-quality
stations, the remote sensing system on board the satellite platform and a brief explanation
of the HYSPLIT model.
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Figure 1. (a) Map of the region of the Paraíba valley with Lorena and Volta Redonda marked in red
color. The Rio de Janeiro and São Paulo cities are also marked, as well as other important regions
along the Presidente Dutra highway. (b) Lorena local map showing the lidar position (red pin) and
nearby companies. (c) Volta Redonda local map. The lidar location is marked by a red pin while
the yellow contour indicates the CSN area. One of two blast furnaces of the company, marked by a
yellow pin, is 700 m away from the lidar position.

2.2.1. Lidar System

The laser remote-sensing techniques, such as lidar, are very important due to their
long-range non-invasive probes of the chemical composition and physical properties of the
atmosphere. The lidar technique is based on the emission of a pulsed collimated laser beam
in the atmosphere and on the detection of the backscattered radiation by the suspended
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aerosol particles, molecules and atoms present in the air. The intensity of the backscattered
light is recorded as a function of time, and thus provides the required spatial resolution
of the measurement. The mobile MSP-lidar II setup (Commercial Raymetrics LR101-V-
D200) used in this work consists of a Q-Switched Nd:YAG laser (CFR 200 by Quantel
SA) operating at the second harmonic frequency of 532 nm, with 6.7 ns pulse duration,
20 Hz repetition rate, and a maximum pulse energy of 130 mJ. The emitted laser beam is
expanded (4×) and pointed vertically to the zenith. The beam has a divergence of less
than 0.5 mrad. The backscattered laser light is detected by a 20 cm diameter Cassegrainian
telescope (F# = 4.5) with 1 mrad Field of View (FOV) that provides the full overlap around
180 m. This FOV value, in accordance with the detection electronics, permits probing the
atmosphere up to the free troposphere (12–15 km). The backscattered laser radiation is
sent to the signal acquisition unit, consisting of two Hamamatsu R7400 Photo Multiplier
Tubes (PMTs) coupled to narrow band (1 nm FWHM) interference filters for the elastic
backscatter channel, at 532 nm. The PMT output signal is digitized by a lidar Transient
Recorder TR-20-160 (LICEL) with an acquisition analog channel with 12 bits resolution at
20 MHz sampling rates. Each data profile is acquired using an integrated time of 100 s,
with a typical spatial resolution of 7.5 m. This mobile system is part of the Latin America
Lidar Network (LALINET) [43,44] and has been used in other studies [32,45].

2.2.2. CETESB Air Quality Stations

The air quality index and particulate matter concentration in the São Paulo state is
provided by CETESB, which started air pollution and air quality monitoring in 1975 [7].
The CETESB has a total of 61 automatic stations to monitor concentrations of inhalable
particles (PM2.5 and PM10) and gas concentration such as sulfur dioxide (SO2), nitrogen
monoxide and dioxide (NO and NO2), nitrogen oxides (NOX), carbon monoxide (CO),
and ozone (O3). The CESTEB air quality network provides near real-time data based
on hourly averages that are available in a web platform and since 2013 has changed its
regulations in order to include standards for fine particle and gas concentrations more
restrictive and based on guidelines established by WHO [7,46]. According to the CETESB
annual report [46], the main sources of pollution in Paraíba valley is light-duty vehicles
(LDV, e.g., passenger cars) running on gasohol or hydrated ethanol, heavy-duty vehicles
(HDV, e.g., trucks and buses) running on diesel, and motorcycles running on gasohol
commuting by the Presidente Dutra Highway; industries of several types, such as chemical,
pharmaceutical, petrochemical, and steel and fertilizer manufacturing; and also long-range
pollutant transportation from sugarcane burning and forest fires. In order to provide
an air quality overview of the Paraíba valley region, monthly mean particulate matter
concentrations were retrieved from four CETESB stations installed in three different cities,
i.e., in São José dos Campos (with two stations—S. J. dos Campos and S. J. dos Campos-
Satelite), Taubaté and Guaratinguetá, as can be seen in Figure 1.

2.2.3. CALIPSO Satellite

In the last decades, several efforts have been made to achieve global Earth monitoring
using remote sensing techniques. As part of this effort, in April of 2006, the CALIPSO
satellite was launched in order to provide the vertical profile of the Earth’s atmosphere on a
global scale [47]. The satellite flies as part of the A-Train satellite constellation, in a 705 km
sun-synchronous polar orbit with an equator-crossing time of about 13:30 local solar time.
The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is the primary instrument
aboard CALIPSO and works based on a two-wavelength laser, 532 nm and 1064 nm, with a
pulse repetition rate of 20.16 Hz [48]. The CALIOP measures attenuated backscatter
coefficients using both mentioned wavelengths, with a horizontal resolution of 333 m and a
variable vertical resolution according to the values: 30 m from the ground up to 8.2 km,
60 m from 8.2 km up to 20.2 km, and 180 m from 20.2 km up to 30.1 km. Several CALIOP
data products are gathered from the attenuated backscatter signals and separated in two
categories to monitor the atmospheric optical properties: Level 1 profiles, composed by the
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attenuated profiles; and level 2, which are derived from level 1 products and are composed
of layer, profiles and vertical feature mask (VFM) products [49]. The CALIOP algorithms
use a set of information about the aerosol layers such as altitude, location, surface type,
depolarization ratio and integrated attenuated backscatter, in order to classify the aerosol
subtype in the troposphere region applying a selection scheme [50,51]. The CALIOP aerosol
subtype classification scheme for version 4 level 2 data enables the derivation of a total
of 11 different types of aerosol: Clean marine, dust, polluted continental/smoke, clean
continental, polluted dust, elevated smoke, dusty marine for the tropospheric region,
and polar stratospheric aerosol, volcanic ash, sulfate/other, smoke, for the stratospheric
region. For each aerosol subtype, it is assigned an extinction-to-backscatter ratio (i.e., lidar
ratio) and its uncertainty [50,51]. The lidar ratio is applied to another set of algorithms
and plays an important role in the aerosol extinction profile and aerosol optical depth
retrieval [52]. In this manuscript, Level 2 version 4.10 was employed to derive important
aerosol optical properties such as AOD, lidar ratio and aerosol subtype in order to describe
the aerosol mean profile, variability and trends in the MAPV.

2.2.4. HYSPLIT Air-Mass Trajectories

The HYSPLIT model is a hybrid model between the Lagrangian and the Eulerian
approach [53,54]. The Lagrangian method is applied to calculate the advection and diffusion
as backward trajectories of the air parcels, and the Eulerian method is applied to compute
the pollutant air concentrations using a fixed three-dimensional grid as a frame of reference.
The combination of these two methodologies allows the HYSPLIT model to compute air
parcel trajectories, complex transport, dispersion, deposition, and chemical transformation.
In this work, the HYSPLIT model was applied to estimate the backward trajectories of air
parcels for 72 and 120 h, with a temporal resolution of 6 h, in order to estimate the influence
of aerosol from long-range transportation during the Lorena and Volta Redonda campaigns.

3. Lidar Retrieval Methodology

The expected elastic return signal from a pure molecular atmosphere can be written as

Pm(λ, z) ∝
1
z2 βmol(λ, z) × exp

[
−2

∫ z

0
αmol(λ, z

′
)dz

′
]

, (1)

where λ is the wavelength of the radiation, z is the altitude above ground level (a.g.l.),
and αmol(λ, z) and βmol(λ, z) are the molecular extinction and backscatter coefficients.
The molecular extinction coefficient is computed as

αmol(λ, z) = Ns σray(λ, CO2)
P(z)/T(z)
Pstd/Tstd , (2)

where Ns is the molecular number density for standard atmosphere (2.5469× 1025 m−3),
σray(λ, CO2) is the total Rayleigh scattering cross section per molecule, written as a function
of the wavelength and the CO2 concentration factor CO2, and P(z) and T(z) are the pressure
and temperature for a given altitude. For calculation of the molecular backscatter and
extinction atmospheric components, we considered the same approach done by Bodhaine
et al. [55], taking into account the CO2 and total water vapour concentration (which is
considered small and does not significantly affect the above calculations). For λ = 532 nm
and CO2 = 392 ppm, the Rayleigh cross section is σray = 5.1706× 10−31 m2, considering
the King correction factor calculated as given in [55–57] in order to correct for dispersion
and scattering of light due to the effects of molecular anisotropy. For these calculations,
we used the depolarization values of the gases O2, N2, CO2 and Ar according to Bates [57].
In addition, the molecular backscatter coefficient is obtained by

βmol(λ, z) =
αmol(λ, z)

4π
Pray(θ, λ, CO2), (3)
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with the depolarization function

Pray(θ, λ, CO2) =
3

4(1 + 2γ)

[
(1 + 3γ) + (1− γ) cos2 θ

]
, (4)

where γ = ρn/(2− ρn) and ρn is the depolarization factor [56]. The proportionality factor
of Equation (1) can be obtained by comparison with the background (BG) subtracted elastic
signal, P(λ, z) − BG. Both the proportionality factor A and the background BG can be
obtained by performing the linear fit,

P(λ, z0) = A Pm(λ, z0) + BG. (5)

Notice that the linear relation is only true if no aerosols are present in the region
around z0 selected for the regression. While this could indicate that a region of very high
altitude would be a better one to perform the fit, the decrease of the signal-to-noise ratio
of the lidar measurement as a function of altitude makes difficult the choice of the best
region. In this work, the regions chosen to perform the fit were the ones that produced
a good quality fit and did not result in non-physical solution for the aerosol backscatter
coefficient. By defining the range corrected signal (RCS) as

S(z) = [P(λ, z)−BG]× z2, (6)

we can compare the scaled molecular simulated signal with the RCS, S(z0), to check if the
lidar apparatus was properly aligned.

The expected lidar return when aerosols are present in the atmosphere is

P(λ, z) ∝
1
z2 β(λ, z) × exp

[
−2

∫ z

0
α(λ, z

′
)dz

′
]

, (7)

with β = βmol + βaer and α = αmol + αaer, where βaer and αaer are the aerosol backscatter
and extinction coefficients. The retrieval of aerosol profiles was performed by applying
the Klett–Fernald–Sasano (KFS) inversion method ([28]). Therefore, the aerosol backscatter
coefficient βaer is obtained using the definition of particle extinction-to-backscatter ratio,
also known as the lidar ratio, Laer(z) = αaer(z)

βaer(z)
.

βaer(z) =
S(z) exp

[
−2

∫ z

z0

(Laer(z′)− Lmol) βmol(z′)
]

S(z0)
βaer(z0)+βmol(z0)

− 2
∫ z

z0

Laer(z′) S(z′) T(z′, z0) dz′
− βmol(z) (8)

in which Lmol(z) = αmol(z)/βmol(z) = 8π/3 sr and

T(z, zre f ) = exp

[
−2

∫ z

zre f

[Laer(z′)− Lmol ] βmol(z′) dz′
]

. (9)

The reference range zre f is chosen such that at zre f the aerosol backscatter coefficient
is negligible compared to the molecular backscatter value. It is important to note that
the value of Laer is not well known and depends on an a priori assumption; therefore, it
contains large uncertainties [28].

4. Data Retrieval and Results

The results retrieved in this study, based on satellite and ground-based remote sensing
systems, are presented and discussed in this section. First, we present results of air quality
analysis from stations installed on four cities of MRPV from 2015 to 2020, and an analysis
of aerosol optical properties retrieved from CALIPSO satellite from the period of 2006
to 2020 for Volta Redonda and Lorena in order to describe an overview of air pollution
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impact on air quality of the region. Subsequently, we present results from two important
campaigns developed in Volta Redonda and Lorena locations using the ground-based lidar.
These two campaigns mainly contributed to achieving, for the first time, the monitoring
of the vertical distribution of aerosol in the MRVP, detecting episodes of intense pollution
within the atmospheric boundary layer and also detecting detached aerosol layers above
the atmospheric boundary layer, which can indicate the possibility of long-range aerosol
transportation that will be investigated using the HYSPLIT trajectory model.

This first effort to monitor aerosol optical properties and their vertical distribution can
encourage initiatives to develop a monitoring network in this region and use the measured
atmospheric data to improve numerical prediction models of air quality indices.

4.1. Air Quality Overview over Paraíba Valley

As mentioned earlier, in order to provide an air quality overview of the Paraíba
valley region, monthly mean particulate matter concentrations were retrieved from four
CETESB stations installed in three different cities, São José dos Campos (S. J. dos Campos
and S. J. dos Campos-Satelite stations), Taubaté and Guaratinguetá, as can be seen in
Figure 1. Concentration values of PM10 were used since it is the single common product
for all stations.

The monthly mean particulate matter concentration, taking into account four CETESB
air quality stations spread across the metropolitan region of Paraíba valley, shows an
increase in air pollutant episodes during dry seasons, between June and October of the
subsequent years (2015 to 2020), reaching peaks of pollution during September for all
years, except 2019, as can be seen in Figure 2. The period of high values of particulate
matter concentration coincides with the dry season in the Southeastern region of Brazil,
when there is low precipitation and several episodes of biomass burning events that can
be detected all over South America [32–35], especially in September. These results show a
pattern in the aerosol concentration values and demonstrate that there is a homogeneity in
the Metropolitan Region of Paraíba valley.
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Figure 2. Time series distribution of the monthly mean particulate matter concentration for the period
of March of 2015 to December of 2020 for all four CETESB air quality stations over Paraíba valley .

4.2. CALIPSO Satellite Retrieval

The CALIPSO satellite data were used for two main purposes, to obtain the complete
overview of the aerosol optical properties in this axis connecting region between two major
capitals, São Paulo and Rio de Janeiro, and also to cover the absence of a second remote
sensing instrument, such as a sunphotometer, which can be used to tune the first guess of
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lidar ratio values and AOD retrievals. The 5 km aerosol layer data from CALIPSO version
4 were employed to retrieve the AOD and lidar ratio values at 532 nm for Volta Redonda
and Lorena sites, where monitoring campaigns were carried out with the MSP-LIDAR II
system. We calculated the mean and standard deviation of AOD values for the period from
2006 to 2020 retrieved by CALIPSO satellite at 532 nm in order to quantify aerosol optical
properties for both campaign sites. In order to reduce the dependence with horizontal
distances and increase the correlation between CALIPSO retrievals and the ground-based
measurements, only cloud-free measurements were considered with CALIPSO overpasses
inside a horizontal spatial range of 120 km centered at the closest distance between the
ground-based station and satellite ground-track [58–60]. It is important to note that AOD
values retrieved from the CALIPSO satellite can present large uncertainties considering
thin or undetected layers. Poor extinction retrievals from layers within the column can
impact the quality of the column optical depths. For instance, Kim et al. [61] uses two years
of CALIOP and Moderate Resolution Imaging Spectroradiometer (MODIS) data to quantify
the aerosol optical depth of undetected layers of aerosol (ULA), showing the fraction of
undetected backscattering layers are higher during daytime when compared to nighttime,
mostly because a large amount of solar background noise lowers the signal-to-noise ratio.
However, ULA is larger in the northern hemisphere and relatively larger at high latitudes,
which is an important point for our results over South America.

By analyzing aerosol optical depth values at 532 nm for both locations, we can see
similar AOD annual patterns. Volta Redonda presents AOD mean values of 0.15± 0.22,
with the lowest mean value in June, 0.10± 0.15, and the upper mean AOD in October
0.21± 0.29. The whisker plot results present high variation in the interquartile range values
in the months of September and October, where 50% of the total AOD values span from
0.06 to 0.25, as can be seen in Figure 3. Likewise, Lorena presents the same pattern of AOD
values at 532 nm, with a mean AOD value of 0.14± 0.20, with the lowest mean AOD of
0.10± 0.13 in July and the upper mean value of 0.20± 0.25 in October, as shown in Figure 4.
The whisker plot results also present high variation in the interquartile range values in
the months of September and October, where 50% of the total AOD values are allocated
between values of 0.05 and 0.24, which agreed with the increase of the particulate matter
concentration measured by the air quality stations of the Paraíba valley region, as presented
in Figure 2. The analyses present the same rationale for CALIOP lidar ratio at 532 nm
product for both locations. Lidar ratio products for Volta Redonda span from 44 sr to 70 sr
most of the year, with a mean value of 55 sr for all months. In the case of the Lorena site
campaign, the lidar ratio values span from 53 sr to 70 sr during most of the year, with mean
values of 55 sr for all months, as can be seen in Figures 3 and 4.

Figure 3. Cont.
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Figure 3. Whisker plots of the monthly AOD and lidar ratio from CALIOP/CALIPSO products at
532 nm over Volta Redonda-RJ, for the period of June of 2006 to December of 2020.

Figure 4. Whisker plots of the monthly AOD and lidar ratio from CALIOP/CALIPSO products at
532 nm over Lorena-SP, for the period of June of 2006 to December of 2020.

CALIOP’s aerosol subtype plays a critical role for the aerosol optical properties re-
trieval, more specifically, for extinction profiles of level 2 CALIPSO data. In the context of
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this work, the aerosol subtype classification is also important to derive the most relevant
types of aerosol present in the atmosphere of the Volta Redonda and Lorena sites. As can
be seen in Figure 5, it is possible to retrieve the most significant aerosol subtype from
the histogram of aerosol subtype frequency. Volta Redonda presents relevant frequency
values for polluted continental aerosol (≈28%), polluted dust (≈24%) and elevated smoke,
with 11% occurrence from June 2006 to December 2020. The Lorena site follows the same
pattern of aerosol classification, where most of the aerosol detected is flagged as polluted
continental (≈30%) and polluted dust (≈27%).

Figure 5. Frequency of occurrence of aerosol subtype flagged by CALIOP/CALIPSO data over
Lorena-SP and Volta Redonda-RJ for the period of June of 2006 to December of 2020.

The MSP-LIDAR II system was the only single remote sensing instrument employed
during the measurement campaigns in Volta Redonda and Lorena. In both locations there
is no structure for atmospheric monitoring, such as weather stations, sun-photometers,
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ceilometers, particulate matter sensors, etc. For this reason, CALIOP data products and its
aerosol subtype classification were applied as reference to constrain the lidar ratio value
applied to the inversion problem and to retrieve the backscatter profiles. In order to retrieve
particle backscatter profiles at 532 nm, the Klett–Fernald–Sasano inversion method [62–64]
was applied by tuning the initial lidar ratio assumption with the lidar ratio values from
CALIOP aerosol subtype classification algorithms [51].

4.3. Volta Redonda and Lorena Campaigns

The lidar data were collected in the Escola de Engenharia de Lorena (EEL) at Universi-
dade de São Paulo-USP (22.4152◦S and 45.1194◦W, 524 m above sea level) and in the Escola
de Engenharia Industrial Metalúrgica de Volta Redonda-EEIMVR at Universidade Federal
Fluminense-UFF (22.5160◦S and 44.1046◦W, 340 m above sea level). Figure 1b,c present
the locations (red pins) where the lidar apparatus was placed during the Lorena and Volta
Redonda campaigns. In Figure 1c, the yellow contour indicates the CSN area. The periods
of data collection were from 31 May until 24 July 2014, in Lorena, and from 6 November
until 9 December 2018, in Volta Redonda. In the latter campaign, the weather was rainy
and only measurements performed from 4 December 17:10 until 5 December 6:20 local time
were selected to be presented in this paper.

The lidar system was the only single remote sensing instrument employed during the
measurement campaigns in Volta Redonda and Lorena. Considering a small underesti-
mation of CALIOP lidar ratio values of 1.4%± 8.0% for polluted continental aerosol type
and −7.3%± 13.0% for polluted dust reported in [65], we used the CALIOP data products
as reference to constrain the lidar ratio value in order to retrieve the backscatter profiles.
Based on the mean lidar ratio values obtained from the boxplot analysis (Figures 3 and 4)
and the aerosol classification frequency presented in Figure 5, a fixed lidar ratio value
of Laer = 55 ± 22 sr was used in order to retrieve the backscatter aerosol profiles for
both campaigns.

We first report on the results related to the Lorena campaign. Due to the very dry
period in the 2014 Southern Hemisphere winter, the low frequency of rain provided several
good quality measurements. The aerosol backscatter profiles corresponding to three repre-
sentative days measured in bins of 100 s are presented in Figure 6. They were obtained by
using the Klett inversion given by Equation (8). The background of the lidar measurement
BG was determined by performing the linear fit described by Equation (5) considering an
altitude range z from 6000 m to 7000 m a.g.l.

On general, one can observe a large concentration of aerosols restricted to low altitudes,
with aerosol boundary layer typically at z . 500 m a.g.l., mainly at the beginning of the
day. As the atmosphere is heated by the solar radiation the aerosols are dispersed with a
consequent increase of the atmospheric layer, reaching a maximum of z ∼ 1000 m a.g.l. at
∼15:00 local time. While a clean atmosphere can be observed in the aerosol backscatter
profiles corresponding to 13 June (panel a in Figure 6), those corresponding to 4 June
(panel c) illustrate a day with βaer reaching a high value of 0.004 km−1 sr−1. In particular,
on 26 June (panel b), an aerosol layer at ∼3000 m a.g.l. can be observed at the beginning
of the measurement. Besides that, a narrow region in altitude can also be observed in the
end of the afternoon at ∼1000 m a.g.l. on 26 June and 1 July with smaller values of βaer
indicating intake of clear air.

For the Lorena lidar campaign, the HYSPLIT trajectory model [53,54] was employed
to calculate the air mass backward trajectories and derive information from where, when
and which altitude aerosol layers were transported. Five-day (120 h) back trajectories of air
masses starting at the Lorena coordinates were calculated using the GDAS database from
the Global Data Assimilation System for different altitudes ranging from 500 to 4000 m
a.g.l. For this particular case, the back-trajectories started on the 26 June at 06:00 UTC with
all plume altitude levels of 500, 1000, 2000, 3000 and 4000 m a.g.l. In this case it is clearly
seen in Figure 7 that aerosol plumes come originally from the north and northwestern
regions of Brazil, and the central portion of South America. The HYSPLIT air-mass back
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trajectories in Figure 7 show the plumes detected around 3000 m a.g.l. of altitude by the
lidar system. They come directly from several fire focuses spread all over the central portion
of South America. According to the active fire database from The National Institute for
Space Research (INPE), which relies on information extracted at 1000 m resolution from
daily AQUA MODIS data available at https://worldview.earthdata.nasa.gov/ (accessed
on 17 September 2021) and other satellites available at https://queimadas.dgi.inpe.br/
(accessed on 17 September 2021), there were more than 953 focuses of fire in the period of
22–26 June 2014 in the South America territory.

Figure 6. Aerosol backscatter profiles for three representative measurement days in Lorena city:
(a) Clean day; (b) day with possible transport of aerosols; and (c) polluted day.

The daily average backscatter profiles are presented in Figure 8 for the same days.
The averages were done in the following way. First, we separated the range corrected
signals in periods of 1 h. Then, we averaged the signals within the selected period in order
to estimate the aerosol backscatter profile for the corresponding period. For this, a scan
over the altitude of the region used to obtain the molecular fit was performed and the
best one was chosen. Notice that, with this procedure, the altitude range of the molecular
fit can be different for each time period during the day, reflecting the dynamics of the
atmosphere. Finally, the aerosol backscatter profiles were averaged over the different time
periods. The band corresponds to the uncertainty on the backscatter coefficient obtained
by assuming different lidar ratio values corresponding to 68% C.L. of the measurement
performed by the CALIPSO satellite. As commented before, we can see high magnitude
values of βaer on 4 June for altitude ∼500 m. Notice that the backscatter coefficient for the
referred day was multiplied by 0.25 in order to keep the same scale for all different days.
Besides, the other analyzed days present large dispersion of the aerosol content with the
boundary layer reaching altitudes of ∼2000 m a.g.l.

https://worldview.earthdata.nasa.gov/
https://queimadas.dgi.inpe.br/
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Figure 7. Five-day backward trajectories ending at Lorena site with different altitude levels, from 500
to 4000 m a.g.l., on 26 June 2014 at 06:00 UTC. Several fire focuses, represented by the red points,
are detected by AQUA MODIS monitoring and retrieved from the biomass burning database from
The National Institute for Space Research (INPE)—http://queimadas.dgi.inpe.br/queimadas/portal
(accessed on 17 September 2021).

Unfortunately, during the measurement campaign employed in Volta Redonda, the
weather conditions were not favorable for aerosol lidar measurements, with the occurrence
of long periods of cloud covered sky or heavy rain. For this reason, we present only
the results related to 4 December 2018. Figure 9 presents the corresponding image of the
aerosol backscatter profiles obtained in time bins of 100 s for the whole measurement period.
The white color corresponds to non-physical negative values of the aerosol backscatter
coefficient caused by a poor quality lidar retrieval due to a noisy signal in some time
periods. The aerosol boundary layer is not clearly defined, possibly because it is below
the overlap region of the detector, since the measurement was performed during the night.
The high magnitude values of βaer present from ∼23:00 to ∼02:00 were considered to be
originated by clouds and were discarded for the daily average backscatter profile, which
will be presented later. We can notice a very dirty atmosphere with aerosol content present
essentially at the whole range of altitudes considered, especially at altitudes between 1000 m
and 2500 m a.g.l. It is noteworthy to mention that the measurements were taken very close
to the CSN, as detailed in Figure 1c. The daily average backscatter profile was computed in
the same way as in Lorena’s analysis and is presented in Figure 10. While the magnitude of
the aerosol backscatter coefficient βaer is not too high as observed in polluted areas, one can
see several peaks at different altitudes, indicating the presence of aerosol layers throughout
the analysed atmosphere. In order to investigate the influence of transported aerosol
from large long-range distances in this particular case of the Volta Redonda campaign,

http://queimadas.dgi.inpe.br/queimadas/portal
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the HYSPLIT trajectory model was also employed to calculate the backward trajectories
and derive information about the altitude of aerosol layers reaching the measurement site.
Three-day (72 h) back trajectories of air masses starting at the Volta Redonda coordinates
were calculated using the GDAS database from the Global Data Assimilation System for
different altitudes ranging from 1000 to 6000 m a.g.l. For this particular case, the back
trajectories started on the 5th of December of 2018 at 06:00 UTC with plumes from 3000
to 6000 m a.g.l. of altitude coming from the west direction of South America and passing
through some fire focuses spread all over Paraguay, as can be seen in Figure 11. However,
in altitudes from 1000 to 2000 m a.g.l., the air-mass trajectories retrieved by the HYSPLIT
model show a local impact of aerosol transportation. Despite the results of the influence
of long-range aerosol transport obtained through the HYSPLIT model, it is necessary to
investigate the effects and impacts of particulate matter emissions into the atmosphere of
Volta Redonda, due to CSN production, based on the strong backscatter coefficient signal
retrieved by lidar detached from the aerosol boundary layer (in altitudes of 5000 to 6000 m
a.g.l.), as can be seen in Figure 10.
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Figure 8. Daily average aerosol backscatter profiles for three representative measurement days.



Remote Sens. 2022, 14, 1675 16 of 21

Figure 9. Aerosol backscatter profiles image in Volta Redonda city on 4 December 2018 retrieved by
KFS inversion method applying the lidar ratio value of 55± 22 sr.
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Figure 10. Daily average aerosol backscatter profile in Volta Redonda city on 4 December 2018.
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Figure 11. Three-day backward trajectories ending at Volta Redonda site with different altitude levels,
from 1000 to 6000 m a.g.l., on 5 December of 2018 at 06:00 UTC. Several fire focuses, represented by
the red points, are detected by AQUA MODIS and retrieved from the biomass burning database from
the National Institute for Space Research (INPE)—http://queimadas.dgi.inpe.br/queimadas/portal
(accessed on 17 September 2021).

5. Conclusions

We have reported on the first aerosol profiling campaign carried out with a backscatter
lidar system in Volta Redonda and Lorena, two industrial cities located in the Paraíba valley.
This very important region connects two large metropolitan areas (Rio de Janeiro and São
Paulo) and lacks remote sensing measurements. Additionally, we analyzed data from the air
quality station over the Paraíba valley region and data measured by the CALIPSO satellite.

While the air quality station analysis shows an increase in air pollutant episodes for
Volta Redonda and Lorena during dry seasons, satellite data analysis shows that both cities
present the same AOD annual pattern and similar lidar ratio values. These results highlight
the atmosphere homogeneity of the Paraíba valley.

In relation to the results obtained with the ground-based lidar campaigns, several
peaks observed in the aerosol backscatter profile of Volta Redonda and Lorena indicate
the presence of several aerosol layers detached from the aerosol boundary layer. HYSPLIT
air-mass back trajectories indicate a possible detection of long-range aerosol transported
from biomass burning areas of South America and also the influence of local pollution,
with detection of aerosol layers up to 4000 and 5000 m altitude in Volta Redonda. In the
particular case of Volta Redonda, it is speculated that the existence of aerosols at high
altitudes could also come from the activities of industries in the region, such as CSN
and others that supply its demand. It is very important to keep monitoring the region,
an important axis connecting the cities of Rio de Janeiro and São Paulo, ideally by repeating

http://queimadas.dgi.inpe.br/queimadas/portal
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the measurements for more days and in different seasons. New measurement campaigns
are being planned to monitor the Paraíba do Sul basin, and allow a better understanding
of the origins of aerosols. Furthermore, Raman lidar measurements could be very useful
to better characterise the atmosphere by avoiding the assumption of the lidar ratio and
reducing the uncertainty in the aerosol backscatter coefficient.
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Abbreviations
The following abbreviations are used in this manuscript:

AOD Aerosol Optical Depth
a.g.l. as ground level
BG Background
CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
C. L. Confidence limit
CSN Companhia Siderúgica Nacional
FOV Field of View
FWHM Full Width at Half Maximum
GDAS Global Data Assimilation System
HYSPLIT Hybrid Single-Particle Lagrangian Integrated Trajectory
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INPE National Institute for Space Research
IPEN Instituto de Pesquisas Energéticas e Nucleares
KFS Klett–Fernald–Sasano
LALINET Latin America Lidar Network
LR Lidar ratio
MODIS Moderate Resolution Imaging Spectroradiometer
MSP-LIDAR II Municipality of São Paulo Lidar II
Nd:YAG Neodymium-Doped Yttrium Aluminium Garnet
PDH Presidente Dutra Highway or BR-116
PMT Photomultiplier Tube
RCS Range Corrected Signal
SP São Paulo
RJ Rio de Janeiro
UTC Universal Time Coordinated
VR Volta Redonda
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