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Fábio J. S. Lopesa,b, Gregori A. Moreirab , Patricia F. Rodriguesb, Juan Luis
Guerrero-Rascadoc,d, Maria F. Andradea, Eduardo Landulfob

aInstituto de Astronomia, Geof́ısica e Ciências Atmosféricas (IAG) - Universidade de São
Paulo (USP), Rua do Matão 1226, Cidade Universitária, CEP 05508-090, São Paulo-SP, Brasil;
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ABSTRACT

The so-called Metropolitan Area of São Paulo, one of the largest megacities in the world, faces several problems
related to the air quality due the high concentrations of aerosols produced either by local sources or by long-range
transporting. Concerned with the elevated concentrations of aerosol and their impact in the air quality and the
climate changes inside MASP, a measurement campaign were conducted during the South hemisphere winter of
2012, when the low temperatures and the low level of precipitation contribute to the poor dispersion of aerosols.
A Raman Lidar system and air quality monitoring stations from University of São Paulo and Environment
Agency of São Paulo State (CETESB) were employed in order to monitor the increasing of aerosol load in the
atmosphere. Satellite data, in synergy with HYSPLIT air masses backward trajectories, were applied to track the
aerosol from the long-range distanced regions to Metropolitan Area of São Paulo. In the beginning of September
2012, MASP experienced episodes of high air pollution concentration, reaching Aerosol Optical Depth (AOD)
values up to 0.89 at 550 nm and particulate matter concentration up to 293 µg/cm3. Particle lidar ratio values
of 60 to 70 sr retrieved by a Raman Lidar system at 532 nm provided information of the aerosol type, helping to
determine the influence of biomass burning advected from large range distance to megacities such as São Paulo.

Keywords: Raman Lidar, CALIPSO, MODIS, AERONET, aerosols, biomass burning, Brazil, particulate mat-
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1. INTRODUCTION

The Earth’s radiation budget is drastically impacted by aerosol and clouds, since their physical and optical
properties affect the scattering and absorption processes of incoming solar radiation and also the outcoming
longwave terrestrial radiation.1 Nowadays, aerosols represent a huge challenge for the atmospheric science field
that has been searching for understanding the aerosol contributions to the climate change processes with some
degree of accuracy.2 The challenges come from the fact that aerosols can influence in the climate change
processes in different ways. In a direct manner, they can act to warm or either cool the atmosphere, and as
an indirect manner, they can act as a cloud condensation nuclei (CCN) affecting the concentration, size and
lifetime of clouds.3–5 Since aerosols affect climate processes on both local and global scales, representing a large
source of uncertainties in the prediction of climate changes, cities with population higher than 10 million of
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inhabitants, and thus with different sources of pollution, can represent a key role in the global process of climate
change.6 One of five largest cities in the world, the Metropolitan Area of São Paulo (MASP) has more than
20 million of inhabitants. Considered the richest and the most developed region of Brazil, MASP has several
sources of particulate matter pollution, the mainly one comes from the automotive fleet, achieving the amount
higher than 8 million of vehicles, of which 84.9% are light-duty vehicles, 5.8% are heavy-duty vehicles, and
9.3% are motorcycles.7 This fleet can be considered unique since most of the vehicles are fueled by ethanol
or by a gasoline-ethanol mixture.8 This large automotive fleet contributes to degrade of air quality at MASP,
especially during the winter season when a high-pressure semi static regime over the São Paulo city is often
observed.9,10 This event becomes highly favorable for air pollutant accumulation, especially during episodes of
intense temperature inversions, occurring typically at very low altitudes, less than 1000 m.11 During this period
the particulate matter concentration index can achieve values higher than those recommended by Environment
Pollution Agency (EPA), causing several health problems on the population and increasing the morbidity and
mortality due to respiratory or diseases.12,13 The air quality index and particulate matter concentration in the
MASP is provided by São Paulo Sanitation Technology Company (CETESB), which has 26 air quality stations
and is responsible for monitoring and controlling the air quality environment through Environmental Protection
Agency (EPA)-certified.14 The air quality network provides near-real time air quality data report based on hourly
averages that are available in a web platform. Hourly air quality reports take into account several pollutants such
as sulfur dioxide, ozone, nitrogen dioxide, carbon monoxide, sulfur monoxide, and particulate matter, both PM2.5

and PM10. Besides of local pollution sources, in certain periods of the year, mainly during the winter station,
from July to September, MASP suffers from the advection of aerosols transported from long-range distance areas
in the North and Central-Western portion of Brazil, and also from different areas of South American Continent.
As part of the Megacities Project NUANCE-SPS (NARROWING THE UNCERTAINTIES ON AEROSOL
AND CLIMATE CHANGES IN SAO PAULO STATE), which comprises the study of aerosol particles in the
atmosphere, addressing their sources, their evolution in the atmosphere and the potential impact on the climate
and human health, the present study intends to explore aerosol optical properties, their vertical distribution and
particulate matter concentration employing remote sensing ground-based instruments, and also to track the long-
range transport of aerosols and to identify their optical properties and their type using satellite data. An episode
of increasing of AOD and PM10 concentration related to a biomass burning transportation event detected in the
beginning of September 2012 using a Raman Lidar system and long-range tracked using HYSPLIT air masses
trajectories in synergy with Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and
AQUA satellite retrievals is presented.

2. INSTRUMENTS

A biaxial mode single wavelength elastic and Raman Lidar system (MSP-Lidar II) installed at the Nuclear and
Energy Research Institute (IPEN) was employed to measure independently profiles of the particle extinction
and backscatter coefficients and, thus, the respective particle extinction-to-backscatter ratio at 532 nm.15 A
frequency-doubled Nd:YAG laser (CFR200) is used as the light source. It emits pulses energy of 120 mJ nominal
at the 532 nm, with a repetition rate of 20 Hz and pulse duration of 9.2 ns. The light beam is expanded by
a factor of 3, in order to reduce the divergence of the expanded beam less than 0.2 mrad. The laser beam is
vertically directed to the atmosphere and the backscattered radiation is collected with a Cassegrain telescope
that has a primary mirror diameter of 200 mm and a focal length of 800 mm. The receiver field of view is
set to 1.25 mrad, and thus the complete overlap of laser beam and the telescope field of view is observed at
altitudes higher than 300 m above the Lidar system, which limits the minimum range of our measurements.
After separating and passing the respective interference filters, the photons elastically backscattered at the 532
nm wavelength and the photons inelastically (Raman) scattered by nitrogen molecules at 607 nm are detected
with photomultiplier tubes (PMTs, Hamamatsu type R9880U-110). The bandwidth of the filters in 532 and
607 nm channels are 0.5 and 1 nm, respectively. LICEL receiving electronics has provision to operate both
in analog and photon counting mode and to record data in 12-bit resolution. Data are averaged every 2 min,
with a typical height resolution of 7.5 m. Since Raman signal is too weak to be detected under bright daytime
conditions, measurements are proceed only during night-time, when the return signal no longer suffers from the
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solar background interference.16,17 In addition, the Raman signal is amplified and acquired by a photon counting
mode. Since 2008 the MSP-Lidar II system is part of LALINET (http://lalinet.org), that is a coordinated lidar
network focused on the vertically-resolved monitoring of the particle optical properties distribution over Latin
America.18

The CALIPSO satellite was launched in April 2006 and flies in a 705 km sun-synchronous polar orbit with an
equator-crossing time of about 13:30 local solar time, covering the whole globe in a repeat cycle of 16 days.19

The primary instrument aboard CALIPSO is the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP),
a two-wavelength laser (532 nm and 1064 nm) operating at a pulse repetition rate of 20.16 Hz.20 The CALIOP
data products are assembled from the backscattered signals measured by the receiver system and are divided in
two categories: level 1 products and level 2 products. Level 1 products are composed of calibrated and geolocated
profiles of the attenuated backscatter signal and are separated into the total attenuated backscatter profile at 1064
nm, the total attenuated backscatter profile at 532 nm (i.e., the sum of parallel and perpendicular signals) and
the perpendicular attenuated backscatter signal at 532 nm.19,21 The level 2 products are derived from the level
1 products and three different level 2 products are distributed according to the layer products, profile products
and the vertical feature mask (VMF). The set of CALIPSO algorithms uses an aerosol classification scheme to
assign each aerosol layer to one of the six aerosol types, namely dust, biomass burning, clean continental, polluted
continental, marine, and polluted dust.22 Several validation studies were conducted to show the accuracy of the
CALIPSO aerosol classification scheme,23–26 including in the South America region.27

The Moderate Resolution Imaging Spectrometer (MODIS) sensor is on board the polar orbiting satellites AQUA
launched in 2002. The sensor was the first designed to obtain global observations of aerosols with moderate
resolution (between 250 m and 1000 m depending on the wavelength used). MODIS has 36 spectral bands
between 0.4 and 14.5 µm, allowing the generation of several products related to aerosol, such as aerosol optical
depth over the ocean and land with a resolution of 10x10 km (at nadir), and the size and type distribution over
oceans and type of aerosol over the continent.28,29 In this study 550 nm AOD product from aerosol Level 2 were
used.

The AErosol RObotic NETwork (AERONET)30 is an international system of ground-based sun photometers
that provides automatic sun and sky scanning measurements. Using direct sun measurements, AERONET pro-
vides both AOD and the Ångström Exponent (Å), which gives the wavelength dependence of the AOD. By using
multiangular and multispectral measurements of atmospheric radiance and applying a flexible inversion algo-
rithm,31 the AERONET data can also provide several additional aerosol optical and microphysical parameters,
such as size distributions, single-scattering albedo and refractive index. The operating principle of this system
is to acquire aureole and sky radiance observations using a large number of solar scattering angles through a
constant aerosol profile, and thus retrieve the aerosol size distribution, the phase function and the AOD.

3. RESULTS AND DISCUSSION

A measurement campaign was coordinated during the Southern hemisphere winter season, from July to Septem-
ber 2012. The period considered is the dry season at the Southeastern part of Brazil, where MASP is located.
During the winter/dry season MASP can experience episodes of strong stable layer between the boundary layer
and the free troposphere. This stable capping inversion can trap pollutants and avoid their dispersion, contribut-
ing to episodes of high concentration of particulate matter. However, in this region, high pollution episodes can
also be intensified by the transport of aerosol biomas s burning from different parts of Brazil and South America
continent.

As a first step, coarse mode particulate matter (PM10) concentrations from the CETESB air quality stations,
AQUA/MODIS and CALIPSO/CALIOP AOD retrievals for cloud-free days during the campaign period are
derived. The CETESB air quality station installed at Ibirapuera Park, at 8 km from MSP-Lidar II system,
registered mean values of PM10 concentrations of 41 ± 28µg/m3, 41 ± 25µg/m3 and 54 ± 49µg/m3, for July,
August and September, respectively. All these mean values are higher than the particulate matter standards rec-
ommended by U.S. Environmental Protection Agency (http://www.epa.gov/airquality/particlepollution/) and
also by World Health Organization.32 The means values of AOD retrieved from AQUA/MODIS for July, August
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and September, respectively, are 0.15 ± 0.09, 0.15 ± 0.06 and 0.38 ± 0.16. These results show a large increasing
in the particulate matter concentration on September 2012, as can also be seen in the temporal distribution of
PM10 concentrations and AOD values retrieved by MODIS and CALIOP systems, presented in figure 1. The
same figure shows in the first half of September an evident increasing in AOD values retrieved by MODIS and
CALIOP systems, both in agreement to the increasing of PM10 concentrations.

A linear correlation between MODIS AOD retrievals and daily mean PM10 observations from Ibirapuera Station
is derived using only cloud-free days. A reasonably correlation of R = 0.60 are found for this period, with a slope
of 110.87µg/m3 and intersection value of 30.67µg/m3 within 30 cases analyzed, depicted in figure 2. These
results show a good correlation between different instruments used to monitoring the air pollution conditions
within the Metropolitan area of São Paulo.
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Figure 1. Temporal distribution of AOD values from MODIS and CALIOP systems and PM10 concentration from Ibira-
puera CETESB station at MASP, for the period of July to September of 2012.
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Figure 2. Scatterplot correlation between AQUA/MODIS AOD retrievals and CETESB air quality station PM10 concen-
tration for cloud-free cases during July to September 2012 measurement campaign at MASP.

The large increasing of PM10 and also the AOD values in September may be much more associated with aerosols
transported from long-range distance location to MASP than to a local episode of pollution. In order to better
understand the increasing of particulate matter concentration at MASP, different analysis using several tools have
been employed. HYSPLIT trajectory model33 was used to calculate backward trajectories and derive information
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from where, when and which altitude aerosols layers were transported to MASP. Five-days back-trajectories of
air-masses starting at the MSP-Lidar II coordinates (Lat : 23.56◦ S and Long : 46.74◦W ) were calculated, using
the GDAS database from Global Data Assimilation System, for six different altitudes ranging from 1000 to 4000
m above ground level (a.g.l.). The back-trajectories starting at 12, 15, 18 and 21 UTC and with altitude level
from 1000 to 2500 m a.g.l. came originally from North and North-Western direction. For all initial hours, the
air masses trajectories at altitude level from 3000 to 4000 m a.g.l. came from Central-Western part of Brazilian
territory, and thus it can be expected that biomass burning aerosols were advected from this source region to
MASP, as depicted in figure 3.
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Figure 3. Five-day backward trajectories ending at MASP at 12, 15, 18 and 21 UTC, at different levels 1000, 2000, 2500,
3000,3500, 4000 m a.g.l.) on September 10th 2012 at MSP-Lidar II measurement site.
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According to the National Institute for Space Research INPE (http://sigma.cptec.inpe.br/queimadas/estatis
ticas.php), the total of fire focus registered in 2012 was 193,838; increasing approximately 32% comparing with
the previous year. From the total number of focus fire, more than 62% of cases occurred only during July,
August and September, with monthly occurrences of 13,508; 46,289 and 62,099; respectively. Figure 4 depicts
the number of focus fire cases during the whole year of 2012 and the large increasing during the mentioned
period.
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Figure 4. Temporal distribution of the number of focus fire cases in the Brazilian territory during the year of 2012
retrieved by the National Institute for Space Research-IPEN. The peak with the large number of focus fire was achieved
in September.

It is well known that high concentrations of biomass burning aerosol particles, produced mainly in the Amazon
basin and the Brazilian Central-Western region, can be detected due fire activities in the tropical forest, savanna
and pasture during the dry season,34 and a portion of the biomass burning aerosol can be transported from
long-range distances and it can be detected over São Paulo State and over Metropolitan Area of São Paulo.35,36

By taking it into account, AERONET Level 2 data from Cuiabá-Miranda Station were employed to investigate
the optical properties of aerosols over the Central-Western region of Brazil during the period of this measurement
campaign. The Cuiabá-Miranda station (Lat : 15.73◦ S and Long : 56.02◦W ) is located at the same region where
the air masses trajectories has initiated in the HYSPLIT calculation presented in figure 3. During the mentioned
period the mean AOD and Ångström Exponent values retrieved at Cuiabá-Miranda station were 0.22±0.24 and
1.32 ± 0.27. From this total, 23% of the cases lying down in the sector II, with AOD and Ångström Exponent
values higher than their respective median values, which correspond to fine mode (high Ångström Exponent
values) and high absorption (high values of AOD) aerosol types, as shown in figure 5. The sector II can be
associated to the predominance of biomass burning aerosols in the atmosphere as the large Ångström Exponent
values corresponds to small sized particles and the large AOD correspond to strong absorbing aerosols.37 The
temporal distribution of AOD retrieved at the same AERONET station shows a large increasing of aerosol
quantity at the end of August and beginning of September. AOD values retrieved by MODIS/AQUA and
CALIOP sensors show good agreement between the three instruments, as depicted in figure 6.
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different types and sizes of aerosol according to the AOD and Ångström Exponent values.
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variations from the daily average values.

Some studies indicate that a bi-modal lognormal function is the most appropriate model for aerosol particle size
distributions,38,39 and it can represents several types of aerosols. Level 2 inversion data from AERONET were
employed to derived the lognormal size distribution of aerosol for the measurement campaign period. As can
be seen in figure 7, the log-normal distribution considerably changes during this period. Mostly of aerosols can
be found in the coarse mode range distribution in July and August, however the scenario surprisingly changes
in September, when the larger portion of aerosol were in fine mode range distribution. It represents a strong
evidence of mostly of aerosols detected were derived from biomass burning events,40 which can be corroborated
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with the extinction-to-backscatter ratio (CALIPSO lidar ratio - Scaliop) values assigned by CALIPSO satellite
and also, the extinction-to-backscatter ratio (AERONET lidar ratio - Saeronet) calculated employed by the single
scattering albedo (ω(λ)) and the 180◦ phase function (P (180◦)) from inversion data from AERONET using the
following equation,

Saeronet =
4π

ω(λ)P (180◦)
. (1)
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Figure 7. Monthly mean lognormal size distribution retrieved by Cuiaba-Miranda AERONET station during the period
of July to September of 2012, for cloud-free days. The error bars take into account variations from the average values
during the measuring period.

CALIOP lidar ratio values vary from 40 to 55 sr from July to August, while AERONET lidar ratio vary mostly
between 55 to 70 sr, presented in figure 8. According to CALIOP lidar ratio chart, this values can be associate
to dust and polluted dust aerosol type.22 From the middle of August to the end of September CALIOP lidar
ratio values is assigned as 70 sr, and classified as biomass burning aerosol for layers above the boundary layer
and polluted continental for low altitude layers. Moreover, the AERONET lidar ratio vary from 60 to 75 sr. It is
important to note that in the beginning of September, lidar ratio from CALIOP and AERONET, both provide
values of 70 sr which can be mostly related to biomass burning aerosol type.37 Mean values of Saer and Scaliop
for the whole period are 57.7 ± 12.6 sr and 59.1 ± 10.6 sr, respectively, showing a very good agreement, which
is expected according to the CALIOP-AERONET validation study conducted in South American region.27
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Mesurements of aerosol vertical distribution was conducted for several days during the campaign, however, in
this study we will focus in a Lidar Raman measurement on September 10th, when the air masses trajectories
arrived at MASP according to HYSPLIT analysis presented in figure 3. The time evolution of Lidar range
corrected signal for this specific day, depicted on figure 9, shows a planetary boundary layer (PBL) loaded by
large quantity of aerosols, verified by the color red which represents large backscattered signals detected by MSP-
lidar II. PBL heights were calculated applying two differents methods, Wavelet Covariance Transform (WCT)
and the gradient method.41–44 The mean PBL height during the whole period were 572 m a.g.l obtained by
the Gradient method, and 970 m a.g.l. according to the WCT method. The range corrected signal also shows
a significant quantity of aerosols load in the free troposphere. A portion of these aerosols aloft above the PBL
might have been transported from the Central-Western region of Brazil to MASP according to the HYSPLIT
air masses trajectories on figure 3.

Figure 9. MSP-Lidar II range corrected signal and the Planetary boundary layer altitude retrieved by WCT and gradient
method for measurement on September 10th, 2012.
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For this specific day, Lidar measurements were conducted since 13:00 UTC to around 23:20 UTC. Figure 10 shows
the particle backscatter, extinction and Lidar ratio profiles at 532 nm for September 10th from 21:52 to 23:03
UTC measured at MASP. Raman backscatter and extinction profiles show aerosol layers above the PBL. Large
quantities of aerosol are detected up to 3000 m a.g.l. and smooth aerosol layers are detected between 5000 to
6000 m. Particle Lidar ratio was derived using independent retrieval of backscatter and extinction profiles. The
Lidar ratio profile from 900 m to around 4000 m a.g.l. ranging from 60 to 100 sr. Mean Lidar ratio values for this
altitude region and for altitudes between 5500 to 6000 m a.g.l. are 77 ± 19 sr and 79 ± 22 sr, respectively. Figure
3 depicted HYSPLIT backward trajectories coming from the Central-Western region of Brazil and arriving over
MASP on 21 UTC at altitudes ranging from 2000 to 4000 meters a.g.l., in turn, the Lidar ratio profile for this
period time presents Lidar ratio values of 60-70 sr, which are in agreement with Lidar ratio values for biomass
burning aerosol retrieved by Cuiabá-Miranda AERONET station and also CALIOP sensor (figure 8). The Lidar
ratio values retrieved by MSP-Lidar II are in agreement with lidar ratio values for biomass burning aerosol
obtained in other studies.22,45,46
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Figure 10. Vertical profiles of aerosol extinction and backscatter coefficients, and Lidar ratio at 532 nm retrieved by Raman
measurements during night-time on September 10th at MASP. The error bars were calculated considering the effect of
signal noise in the final retrieval.

4. CONCLUSIONS

During July to September of 2012, a measuring campaign had been carried out in Metropolitan area of São
Paulo, using a ground-based Raman Lidar system, air quality stations, AQUA and CALIPSO satellites data
in order to monitor the particulate matter concentrations and AOD and identify any extreme pollution case.
Results showed a large increasing of PM10 concentrations and also AOD retrieved from MODIS and CALIOP
system on the month of September of 2012. Ground-based AERONET sunphotometer installed at Cuiabá-
Miranda Station in the Central-Western region of Brazil in synergy with CALIOP and MODIS have shown
a large increasing of AOD in the atmosphere on the end of August and beginning of September. Lidar ratio
retrieved by AERONET inversion data and also by CALIPSO layer products showed a predominance of biomass
burning aerosol type in this region, with can be corroborated by the increasing number of focus fire detected
all over the Brazilian territory. Air masses backward trajectories obtained by HYSPLIT model suggested that
biomass burning aerosols were advected to MASP on the beginning of September in several altitudes, ranging
from 2000 to 4000 meters a.g.l.. Aerosol layers in the free troposphere were detected by the MSP-Lidar II
according to the particle backscatter and extinction profiles. Independent Lidar ratio profile values between 60
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to 70 sr verified the presence of biomass burning over MASP. This study demonstrates the powerful combination
between ground-based and satellite remote sensing instruments and also air masses modeling to investigate the
transport of aerosol from long-range pollution sources which can affect the air quality in megacities such as São
Paulo.
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