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Abstract: A 12-year analysis, from 2005 to 2016, of atmospheric aerosol optical properties focusing
for the first time on Northeast Brazil (NEB) was performed based on four different remote sensing
datasets: the Moderate Resolution Imaging Spectroradiometer (MODIS), the Aerosol Robotic Network
(AERONET), the Cloud-Aerosol LIDAR with Orthogonal Polarization (CALIOP) and a ground-based
Lidar from Natal. We evaluated and identified distinct aerosol types, considering Aerosol Optical
Depth (AOD) and Angstrom Exponent (AE). All analyses show that over the NEB, a low aerosol
scenario prevails, while there are two distinct seasons of more elevated AOD that occur every year,
from August to October and January to March. According to MODIS, AOD values ranges from 0.04 to
0.52 over the region with a mean of 0.20 and occasionally isolated outliers of up to 1.21. Aerosol types
were identified as sea spray, biomass burning, and dust aerosols mostly transported from tropical
Africa. Three case studies on days with elevated AOD were performed. All cases identified the
same aerosol types and modeled HYSPLIT backward trajectories confirmed their source-dependent
origins. This analysis is motivated by the implementation of an atmospheric chemistry model with an
advanced data assimilation system that will use the observational database over NEB with the model
to overcome high uncertainties in the model results induced by still unvalidated emission inventories.

Keywords: MODIS; CALIPSO; Lidar; aerosols; Dust; Northeast Brazil; trajectory model

1. Introduction

Atmospheric aerosols are one of the main sources of uncertainties when describing atmospheric
chemistry and physics [1]. The diversity of aerosol types, their different formation, aging and removal
processes, along with challenging measurement limitations burden modelling efforts with critical
uncertainties. These uncertainties result from the highly variable presence of different aerosol types
with distinct physical and optical properties in the NEB atmosphere and how they interact and
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influence e.g., cloud formation, precipitation, the radiation budget, dynamics, biogeochemical and
chemical processes, and consequently, affect global climate [2-5] as well as the reliability of global and
regional climate simulations. The variability of aerosols is a result of the aerosol’s manifold natural
and anthropogenic emission sources, or, in case of secondary aerosols, the not yet fully understood
chemical formation processes [6—8]. Main emission sources include soil erosion and mineral dust,
volcanoes, vegetation, oceans, vegetation fires and other combustion processes, such as those from
industrial and transport activities [9-11]. Aerosols influence air quality locally as well as remotely.
Their intercontinental transport can lead to changes in chemical properties of the entire lower and
middle atmosphere. Moreover, it can enhance pollution in regions where emission rates are either
generally low or contribute on top of local emissions. As an example, in South America, biomass
burning aerosols from the central part of the continent (mainly Brazil and Bolivia) are frequently
advected towards the south and then east during the dry season from June to October each year [12,13].
Since the beginning of 2019 deforestation in the Amazon and associated fires in central South America
have dramatically risen [14]. Very recently, in South America, biomass burning emissions from the
central part of the continent (mainly Brazil and Bolivia) are frequently advected towards the south
and then east during the dry season from June to October each year [9]. Since the beginning of
2019 deforestation in the Amazon and associated fires in central South America have dramatically
risen [10]. Very recently, from 18 to 20 August 2019, biomass burning aerosols were transported in
an unprecedented amount over most of the southeast and south of Brasil, reaching the population
of the main cities such as Sao Paulo in the region on 19 August. Around 15 local time (18 UTC) the
sky turned black, extinguishing almost completely the sun light by an interaction, yet to be better
investigated, of the very intense smoke haze from the North / Northwest and clouds arriving with an
antarctic cold front from the South [15].

Also, on an intercontinental scale, biomass-burning aerosols and mineral dust are transported
regularly from Africa to Central and South America [4,16,17]. Mineral dust is not only considered
the major aerosol component over the globe, but also one of the most important aerosol types in the
atmosphere [18,19], as well as the major contributor to aerosol mass and optical depth. The impact on
atmospheric dynamics occurs by both direct and semi-direct effects, altering radiation, cloud coverage,
precipitation patterns, in general cloud optical properties and microphysics [20,21], as well as they are
considered to play an important role in some of the biogeochemical cycles [22]. They can also interact
with ice clouds. Globally, the Saharan desert is the main source of mineral dust. Part of the mineral
dust emissions is advected to many different regions such as Europe, India and the Americas, during
distinct seasons of the year [23].

The aerosol transport from Africa to the Americas has been studied since the 1970s [24], and efforts
remain ongoing considering aerosol influences on the climate of the Americas [25-27]. However,
dust aerosols influence climate change and their full consequences are as yet not sufficiently well
understood. The aerosol dust from African is a source of natural fertilizer in the Amazon Basin [28].
The transport of dust aerosols to Latin America occurs seasonally, largely modulated by a northward
shift of the Inter-Tropical Convergence Zone (ITCZ), during late austral winter and a southward shift
in spring [27,29,30]. According to [27], around 100 Tg of desert dust leaves Africa every year and
travels towards the Caribbean and southeastern USA and Central America during the austral summer
months. 30 Tg cross the 60° W longitude during winter months, and 13 Tg are deposited in the Amazon
basin, serving as an important nutrient for the rainforest. Another fraction of this dust moves to
lower latitudes in South America, reaching Northeast Brazil (NEB) while depending on the southward
movement of the ITCZ position to be able to cross the 5° S latitude. Along with dust, biomass burning
aerosols from fires in the sub-Sahelian region that occur on an annual regular basis from December to
February each year, are also advected towards South America contributing to the annual enhancement
of the aerosol loading during this time of the year [31]. Additionally, emissions from vegetation fires
from southern hemispheric Africa may reach Brazil during the respective fire season from July to
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September each year. The main meteorological systems controlling this transport are the west African
monsoon circulation, the low-level jet, and eastern African jets in higher altitudes [32].

In this context, characterization of the large spatial and temporal features of aerosols is still a
challenge, especially in areas where there are poor or no datasets of in-situ measurements. To fill
those gaps, until more local data become available, this paper shows a twelve-year analysis, from
2005 to 2016, of the optical properties of aerosols in the atmosphere of NEB, based on the analysis of
Aerosol Optical Depth (AOD) and Angstrom Exponent (AE) from different types of remote sensing
techniques. We aim to combine remote sensing data in a synergistic way, making use of their specific
and complementary potentials. In order to identify and quantify different aerosols types in NEB we
use data from the Moderate Resolution Imaging Spectroradiometer (MODIS) on board the AQUA and
TERRA satellites during the period from 2005 to 2014. MODIS data were used due to its high spatial
coverage, and data quantity [33,34]. Cloud-Aerosol LIDAR with Orthogonal Polarization (CALIOP)
data, on board of the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO),
from 2007 to 2016 were used to validate the Lidar Ratio from CALIOP with data from a sun photometer
of the Aerosol Robotic Network (AERONET) located in Petrolina in the state of Pernambuco (PE) [35].
Also, CALIPSO data collected within a radius of 120 km around Natal were used to obtain an AOD
characterization in that area [36-38]. The whole methodology of the CALIPSO data analysis was
based on the CALIPSO lidar ratio algorithm evaluated in Brazil by [39]. Another goal of this paper
is to compare the found results of this data base with data obtained from our ground-based Lidar
system called DUSTER, installed in the city of Natal and operating since 2016. By the analyses of this
study we aim to support the identification of aerosol types by combining the specific strengths of
different instrumentation techniques while mitigating their weaknesses for data assimilation purposes.
This paper is divided as follows: Section 2 presents the methodology applied to analyze the different
satellite measurements. In Section 3 we show the results of the analyses from MODIS in the entire
region of NEB. The analyses of CALIPSO in the cities of Petrolina and Natal, and the DUSTER/Lidar
analyses in the city of Natal are shown in case studies followed by the conclusions in Section 4.

2. Methodology

2.1. Description of the Region and Local Datasets

Northeast Brazil (NEB) is one of the five major Brazilian regions, with an extension of nearly
1.6 million km? and almost 57 million inhabitants, representing over one third of the country’s
population. NEB comprises nine states: Alagoas, Bahia, Ceara, Maranhao, Paraiba, Piaui, Pernambuco,
Rio Grande do Norte and Sergipe [40]. The NEB atmosphere is influenced by aerosols and gases emitted
locally as well as transported from other regions. The main meteorological systems that influence
the region, and consequently the atmospheric aerosol loading, are the Inter-tropical Convergence
Zone (ITCZ), onshore and offshore sea breezes, instability lines (IL), as well as westerly waves, among
others [41]. Figure 1 shows the area of Northeast Brazil and the aerosol inflow region. We used four
different datasets in our study:

The MODerate resolution Imaging Spectroradiometer (MODIS) is one of the EOS (Earth Observing
System) satellite sensors that circulates in a polar orbit onboard of the two satellites TERRA and
AQUA. MODIS has a spectral range of 36 channels or bands and a relative spatial resolution (1 km
or less depending on the band). It observes a swath of approximately 2,330 km wide and covers
between 14 and 15 orbits per day. The data is composed by 1,354 by 2,030 pixels at a nominal 1 km
resolution (near nadir). MODIS data is organized in five levels, from raw observations (Level 0) to
primary geophysical observations, designated as Level 2 (L2). The L2 aerosol product is known as
MODO04 (TERRA) and MYDO04 (AQUA). A latitude-longitude grid of 10 x 10 km? at nadir spatial
resolution was considered and includes the closest 6 hourly meteorological analyses from Global
Data Assimilation Model (GDAS) [42]. The operational MODIS aerosol retrievals are separated in
three algorithms that consider assumptions about the Earth’s surface and the aerosols types above
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these surfaces. Two of those algorithms were developed for vegetated land surfaces and remote
oceans regions. We selected the corrected and combined land and ocean product from MODIS called
Optical_Depth_Land_And_Ocean (AOD) at 0.55 micron. This product contains only AOD values for
the filtered, quantitatively useful retrievals over dark targets (dark in visible and longer wavelengths).
For more detailed explanation on the product and MODIS data the reader is referred to [42].
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Figure 1. Northeastern Brazil and atmospheric aerosol inflow region. Scale 1 : 300 000.

Aerosol information was derived from both MODIS instruments on board the AQUA and TERRA
satellites from the US National Aeronautics and Space Administration (NASA) during a period of
10 years (from 2005 to 2014), to make best use of all available data and allow a characterization of
the dominant aerosol type present in the atmosphere. Since the region is large, an analysis using
solely data at one location (for instance, from the AERONET site at Petrolina-PE), would not provide
a reliable characterization. Also, the satellite overpasses occur in different periods: AQUA crosses
the NEB during the afternoon and TERRA during the morning accounting for diurnal variations due
to eventual specific anthropogenic aerosol emission or formation activities or cloud coverage in the
region. The dataset was used for NEB (Figure 1) to quantify the aerosols in the region, characterize the
periods in the year with higher aerosol loading and achieve a better understanding of inter-annual
variability as well as the predominant particle types over the region.

The AERONET (Aerosol Robotic NETwork) is a federation of ground-based remote sensing aerosol
networks established by NASA and the french Centre National de la Recherche Scientifique (CNRS),
meanwhile expanded by different collaborators. The network provides a long-term, continuous and
readily accessible public domain database of aerosol optical, microphysical and radiative properties
for aerosol research, characterization, satellite validation among others (https://aeronet.gsfc.nasa.govy/).
AERONET measurements are site specific, as the instruments are fixed, with retrievals in intervals of up
to 15 min during the daylight period. Those measurements provide data in three different processing
levels, from level 1.0 (raw data) to level 2.0 (quality-assured data). In this paper we selected the level
1.5 (automated cloud-screened data), because level 2.0 data are not available until the year 2014 and
would thus not cover the analyzed full ten-year period.

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite
combines an active lidar instrument with passive infrared and visible images that provides vertical
structure and properties of thin cloud and aerosols all over the globe. It was launched on 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. The data are composed of calibrated
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and geolocated profiles of the attenuated backscatter signal and available in two wavelengths, 1064 nm
and 532 nm. We selected level 2 data, derived from level 1 data, that includes aerosols and clouds
profiles. CALIPSO algorithms have a scheme to classify aerosols, in six different types of aerosols
as dust, biomass burning, clean continental, polluted continental, marine and polluted dust [43-45].

From the four operating Lidars in Brazil, one is located in Northeast Brazil, in the city of Natal and
is the most recently installed (since 2016). The DUSTER, as it is called, is part of the Latin American
Lidar Network (LALINET) and is the only depolarization Lidar system in the country operating
since the beginning of 2016, intended mainly to detect and identify aerosol dust layers from the
Saharan Desert advected across the Atlantic Ocean. Those observations occur in coordination with
a sun photometer (CIMEL Ce318 radiometer included in RIMA-AERONET (Red Ibérica de Medida
fotométrica de Aerosoles), deployed in Natal) and with CALIPSO satellite overpasses [46]. The system
was designed to create a database of African dust transportation, and to characterize optical aerosol
properties. These data can be assimilated by chemical and radiative models [47]. The DUSTER system
has four channels: 1064 nm, parallel 532 nm (||), perpendicular 532 nm (L) and 355 nm, coupled with a
Cassegranian Carbon Plastic telescope of 300 mm. The laser emits at wavelengths of 1064 nm, 532 nm
and 355 nm, with energy per pulse of about 300 mJ, 150 m] and 90 m], respectively. The detection box
has an Avalanche Photodiode (APD) for 1064 nm radiation detection and 3 photomultipliers, for both
polarizations at 532 nm and 355 nm. The signal is digitized by a transient recorder operating in analog
and photon counting modes (Licel [47]. A paper describing the DUSTER/Lidar system of Natal in
detail is currently in preparation.

2.2. Characterization of Aerosol Types in NEB

Aerosols have different optical and microphysical properties. The importance of their impact
consists of understanding their effects in the atmosphere. To characterize the aerosol type,
AOD combined with the Angstrom Exponent (AE) was analyzed, since AOD provides information on
the aerosol attenuation characteristics and AE of the predominant aerosol sizes [48,49]. The classification
was referenced by [49-51], as shown in Table 1.

Table 1. Characterization of aerosol type by combination of Aerosol Optical Depth and Angstrom
Exponent according to [49-51].

Aerosol Type AOD AE
Biomass burning >0.35up to 1.5 >1.5
Continental 0.2-0.35 >1.05
Desert dust >0.4upto1.2 <0.5
Marine >0.15 <0.6
Pollution + dust >0.06 <0.8

2.3. Analyses over Two Distinct Cities in the NEB Region

So far there are two different cities in the NEB region that measure atmospheric aerosol data
on an operational basis: the coastal city of Natal in the state of Rio Grande do Norte, located at the
northeastern most point of South America and Petrolina, located 870 km southwest of Natal, about
700 km off the coast. Both cities have emission sources of different aerosol types. Natal is a seaside city
with evidence of dust emissions throughout the year. Due to the economy, the main emission sources in
Petrolina are result of industrial pollution and biomass-burning derivatives from agricultural activities
that occur regularly in the region.

In Natal AOD at 532 nm (level 2 data) derived from the CALIOP/Lidar on board of the CALIPSO
satellite was analyzed. Two datasets from CALIOP were considered: level 1B (attenuated total
backscattered data) and level 2 (provides information about aerosols layers, cloud aerosols types,
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extinction profiles and backscattering). The satellite overpasses occur in Natal during night (around
04:00 UTC) and early afternoon (16:00 UTC) in a frequency of approximately 16 days. DUSTER data
were considered only when CALIPSO overpasses coincided with radii of influence under 120 km
from the Lidar location in Natal. [52] suggests that to have a strong correlation between CALIPSO
and Lidar data, it is necessary to consider intervals of up to 3 h and distances up to 60 km. An eligible
correlation is considered in the interval of 6 h with distances up to 120 km [53]. This distance was
obtained from the CALIPSO OVERpass Locator Algorithm (COVERLAI) by [54], adapted to the region.
According to [54] and [55], the correlation between instrument measurements on board of satellites and
those that are ground-based decreases by 20% at distances above 200 km, and by 10% at distances up to
140 km, within an hour of difference. Besides the analysis of AOD and Lidar Ration (LR), backscatter
profiles from DUSTER/Lidar and from CALIOP were compared, only when the smallest distance
between the satellite footprint and the DUSTER (around 60 km), was observed.

Petrolina is located at the western part of the state of Pernambuco, approximately 700 km from
the coast. Petrolina is the only city with consolidated AERONET data in NEB, since 1993. The CIMEL
sun photometer in Natal was only installed in 2016, therefore an analysis of AOD and AE derived from
the sun photometer in Petrolina was performed, in the period from 2007 to 2016. Both parameters are
interpolated at 532 nm. Furthermore, a comparison between AERONET and CALIOP data was made
to validate the information given by the satellite.

During the analyzed period (2007-2016), 614 satellite passages were obtained (during the day,
because all the satellites from the A-train constellation are located at a 705 km orbit and cross the
equator, approximately at 1:30 (in the morning and night). A distance (or radius of influence) from
120 km between the satellite footprint and the AERONET station was defined to obtain representative
and comparable data pairs. During the analyzed period, out of the 614 CALIOP overpasses, only 177
were considered for two reasons: (1) availability of AERONET data; and (2) not all the overpasses
were inside the radius of influence of the satellite. In order to distinguish aerosol layers from clouds an
evaluation of the quality and degree of reliability of CALIPSO data was applied. From the 177 days,
we selected only those in which AERONET data and CALIOP overpasses coincided, and those that
were within the criteria from the Cloud-Aerosol Discrimination Score (CAD). The selection criteria
based on CAD considered values in the interval of -50 and —100, for cloud data profiles with 5 km
resolution. As a result, 54 measurements without cloud contamination were considered for analyses.

3. Results and Discussion

This section describes the general findings of the 10-year analysis from 2005-2014 of MODIS
AQOD over the whole NEB region, describing inter-annual and intra-annual variations in the time
series, defining the seasons of more elevated AOD, mean, median, and minimum and maximum
values. In addition to MODIS, AOD datasets available in the cities of Natal/RN and Petrolina/PE from
2007-2016 are analyzed for CALIOP/CALIPSO and AERONET AOD in the case of Petrolina.

3.1. Aerosol Loading over Northeast Brazil

Figure 2 shows the daily averaged time series from both TERRA and AQUA MODIS Aerosol
Optical Depth for each year of the ten-year period from 2005-2014. During the whole period the
years with the most elevated AOD values were 2005, 2007, 2010 and 2012. All these years showed
elevated values of AOD during some months, that are being referred to as typical periods in this paper
(Figure 3). Figure 2 reveals that, visually, most of the AOD daily averages in NEB are characterized by
low values, ranging from about 0.1-0.3, which indicates that NEB is a region with low amounts of
atmospheric aerosols during most part of the year. Using all of the MODIS AOD dataset from 2005 to
2014, the mean AOD is calculated at 0.20, the lowest AOD found during this period was 0.04 and the
maximum value that was reached was 0.52. The detection limit of MODIS is reported as 0.03-0.05 [56].
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Figure 2. Aerosol Optical Depth daily averaged time series derived from the MODIS instrument aboard
TERRA and AQUA satellites for the period of 2005 to 2014. Different colors represent the individual
years, while the black line is the median of all annual time series.

The low values are in accordance with [57], where the authors performed a characterization of AOD
in all regions in the world, and indicated that South America, in general, has mostly low AOD values,
except during the South American main biomass burning season (from July to October). The NEB is
not affected by these emissions, due to the typical atmospheric circulation patterns. However, it is
possible to observe two typical periods with an enhancement of AOD, during the first and second
half of the years that is repeated during every year of the analyzed period. The first period or AOD
season occurs from January to March and corresponds to the season when dust aerosols from the
Saharan desert are more frequently advected to South America [56]. This indicates that some dust
layers may be transported over NEB, enhancing AOD values. According to literature, during austral
summer (December to April), the ITCZ is generally in its southernmost position [21]. This change of the
circulation patterns is the main reason that aerosols are transported from Africa to South America [47].
The study by [19], with MODIS data from 2001 to 2003, revealed that during austral winter, a large
fraction of smoke transported to the Americas is also composed by dust, resulting in AOD values of 0.3
in Cape Verde, in the middle of the Atlantic Ocean, half-way to South America. AOD values slightly
reduce to 0.22 when reaching the coast of South America. [23] performed an analysis of long-range
transported aerosols from Africa to the Amazon, based on LIDAR (Light Detection and Ranging)
observations during February 2008, in which AOD values ranged from 0.1 to 0.4. The values found
in that study, as well as the period of the years observed, are in accordance with the AOD values
presented in our study.

The second AOD season was found during the second half of all analyzed years, from August to
October. In September 2010, a day with a particularly high AOD peak was observed and is explored in
a specific case study further on. This pattern can be explained by the fact that NEB has an extended
coastal region, and during this time of the year, high intensity onshore winds, transport great amounts
of sea spray [22]. Additionally, in the same period in southern hemispheric Africa, the biomass burning
season occurs from June to October in that part of the continent, moving from the equator southwards
with time and peaking in terms of emissions usually in September. During this period large amount of
biomass burning and dust aerosols are emitted into the atmosphere and transported to other regions
of the planet. Plenty of studies consider the long-range transported aerosols from Africa to South
America, and how those enhance AOD in specific regions, such as in the Amazon. Some of these
studies show that during the transport to the Caribbean and Amazon, some of the dust plumes pass
over the NEB, but none of them specifically studied this region yet. [47] used LIDAR data and showed
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that some of the aerosols plumes from the African continent reached NEB, on 1 June 2016, in the coastal
city of Natal. They observed a plume of pure dust, polluted dust and marine aerosols in the atmosphere
of Natal that was originated from Africa. The plume was confirmed by CALIPSO images. [22] and [23],
and more recently [58] and [59], show that aerosols emitted in southern hemispheric Africa, during
the fire season from June to October, travels towards South America. The second peak with elevated
AOQOD values, coincide with the months when this transport occurs, which can be one of the reasons for
the atypically high values observed throughout the years. In addition, the results found in this paper
agree with those found by [47].
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Figure 3. Box plot of MODIS TERRA and AQUA Aerosol Optical Depth for 2005 (a), 2007 (b), 2010 (c)
and 2012 (d). The bottom part of the boxes corresponds to the first quartile (Q1), the line in the middle,
the median (Q2) and the third quartile (QQ3) is represented by the upper part. The flags on each box,
correspond to the minimum and maximum values found.

Figure 3a—d represents the box plot analyses for four years of the analyzed period: 2005, 2007,
2010 and 2012. These years, among all, yielded the most elevated AOD values. The box plots deliver
more detailed information on the variability of the dataset. They represent the data range between the
quartile 1 (Q1-25%) and quartile 3 (Q3-75%). The first three months of the years, correspond to the
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so called “window of opportunity”—the typical period that occurs when desert dust from Africa is
advected to the Americas [47] that, along with locally emitted aerosols (for instance: local sand/dust,
urban pollution, marine and biomass-burning), is responsible for the enhancement of AOD in the NEB
region. These are the months of the dry season in NEB, which can also lead to an enhancement of
aerosol loading, due to precipitation and wind intensity decrease.

NEB is a region in Brazil with a unique biome called Caatinga, which is a type of wooded savanna
vegetation consisting mainly of small, thorny trees that shed their leaves seasonally. The Caatinga
occupies 10% of the Brazilian territory and is the main biome of the NEB states. The westernmost part
of NEB is covered with another type of biome called Cerrado that occupies 20% of the Brazilian territory,
has a similar vegetation as the Caatinga and both are called “Brazilian Savannas”. The Cerrado
occupies the western part of the states of Maranhao, Bahia and Piaui. Mainly the Cerrado but also the
Caatinga are characterized by exploitive use of the soil, such as cutting and burning agriculture [60]
emitting considerable amounts of aerosols into the atmosphere every year, further enhancing the
aerosol loading in NEB. According to the INPE/QUEIMADAS websit [14] that monitors biomass
burning activity in Brazil, there are two main seasons when biomass burning activities increase within
NEB. One is in January, when the highest biomass burning activities occurs in the region. And the
second one occurs from July to October. These activities happen especially in the western part of NEB,
mostly in the Cerrado, in the states of Maranhao, Bahia and Piaui. This pattern was observed during
all years of the analyzed period. These fires are likely the main reasons for the higher AOD in the
region. Even considering that the aerosols originating from Africa reach NEB and contribute to the
enhancement of AOD (such as in September 2010), the probability is low that only intercontinental
aerosols contribute significantly to the loading.

3.2. Analyses of the Cities Natal and Petrolina from 2007 to 2016

3.2.1. CALIPSO, MODIS, and AERONET AOD Time Series Analysis in Natal-RN

Figure 4 presents the time series of the monthly average AOD from CALIOP/CALIPSO for the
period from 2007 to 2016, in the city of Natal. In total, the mean AOD of the original complete time
series is 0.09, ranging from 0.02 to 0.96. The detection limit of CALIOP is reported as 0.02-0.04 [56].
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Figure 4. Monthly averaged AOD time series derived from CALIOP/CALIPSO data for the city of Natal,
in the period from 2007 to 2016, each year represented by a different color. The black line represents the
monthly mean of all years during the period.

In the figure, it is possible to observe that Natal exhibits low aerosol loading, during all the years,
with monthly mean values between 0.08 and 0.10 during most of the months. Differently from the
whole NEB (Figure 2), it is possible to observe a slight enhancement of the AOD from March to July in
Natal, especially in the years of 2007, 2008 and 2010. One fact that might explain the enhancement
during this period is the transport of dust aerosols from the Saharan desert that sometimes may also
happen occasionally outside the “window of opportunity” which usually occurs from December
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through February as shown by [47]. Those latter typical seasons are enabled by the southern shift
of the ITCZ. By this shift, the region is under the influence of circulation patterns that are similar as
those observed in the Caribbean [47], enhancing the precipitation over NEB. The DUSTER/Lidar was
installed in Natal in 2016 to further investigate the impact of this phenomenon on the NEB.

The highest monthly mean AOD from CALIPSO observed during the analyzed period was 0.16
and occurred in June 2008. The monthly average variation of CALIPSO AOD at 532 nm represented by
box plot analysis can be found in Figure 5, for the whole period from 2007 to 2016 of CALIPSO data,
correlated with the dry (August to February) and wet (March to July) season in Natal, represented by
the orange and blue boxes, respectively. It is possible to observe that in Natal the behavior of the AOD
is similar to the data in the whole NEB region, as shown in Figure 3. In general, the AOD around the
city is considered low, with medians (Q2) ranging from 0.08 to 0.13, according to CALIPSO data. Natal
is a coastal city, with high intensity onshore trade winds during most of the year that are responsible
for advection of aerosols towards the inner part of the state. This meteorological pattern might be
responsible for the low aerosol loading observed by CALIPSO, despite the metropolitan area of Natal
with all kind of urban emissions, apart from natural emissions by surrounding sand dunes and the
sea breeze. We considered CALIPSO data in a radius of 120 km centered in the city of Natal, leading
to consideration of measurements far outside the metropolitan area of Natal, including the ocean.
However, the number of overpasses within this radius is low, about at maximum 8 per month, apart
from frequent cloud contamination due to the abundance of low cumulus clouds, especially close to

the coast.
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Figure 5. Box plot of the monthly AOD variation from CALIOP/CALIPSO Lidar data at 532 nm in
Natal, for the period of 2007 to 2016. The dry season (August to February) is depicted in orange, while
the wet season (March to July) is represented in blue.

During the wet season, the AOD median ranged from 0.20 to 0.50, with its maximum of 0.42
in March (represented by the upper flag in Figure 5). In the months of the dry season, the monthly
variation of AOD ranged from 0.08 to 0.50, with the maximum monthly mean of 0.46 (February).
The minimum values are very similar, very close to 0.02 for all months of the period, represented by
the bottom flag. The third quartile (Q3) also corroborates the slight enhancement of AOD during the
dry season, compared to the wet season. Comparing CALIPSO with MODIS (Figure 3), it is possible to
observe the same feature, in terms of AOD variability throughout each year. Both satellite products
show that during the wet season, there is a decline of AOD, for the whole NEB region including Natal.
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This inter-comparison is important as it shows that although the satellites use different measurements
techniques and wavelengths, the patterns observed by both methods are consistent.

3.2.2. CALIPSO and AERONET AOD Time Series Analysis in Petrolina-PE

Figure 6 represents the AOD time series of AERONET and CALIPSO for terms of comparison
for the city of Petrolina, from 2007 to 2016. The Wilcoxon non-parametric statistical test was used
to analyze these time series. By this test a significance level of 5%, a statistical difference between
AERONET and CALIPSO was evidenced. AOD from CALIPSO showed an average of 0.24 + 0.03
while AERONET AOD yielded a lower average of 0.11 + 0.01 (0.01 is the detection range of AERONET
data [56]). The significantly higher values observed by CALIPSO, occurred during the same months
as those observed by MODIS during the months of May, August, September and October 2014.
The difference between both datasets is clear: While CALIPSO shows AOD values near 1.4, in some
cases, the maximum values detected by AERONET are around 0.4. The difference between the data
might be explained by the fact that the satellite footprint from CALIPSO captures more information
about aerosols than the sun photometer. Therefore, we assume that the estimates of AERONET are
missing out part of the aerosols, while CALIPSO takes into consideration all the information regarding
aerosols in the total atmospheric column, following [52]. Such as in Natal, CALIPSO AOD was taken
into account with a radius of 120 km around Petrolina. Therefore, differences might in addition be
correlated with the large spatial variability of the aerosols within the boundary layer [60,61].
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Figure 6. AOD time series from the AERONET sun photometer (solid line) and CALIPSO (dotted line)
for the city of Petrolina, from 2007 to 2016.

The scatter plot between AOD and AE at 532 nm, of the AERONET data in Petrolina is shown
in Figure 7. Data from AERONET were interpolated from 500 nm to 532 nm, to be able to directly
compare the sun photometer results and the data derived from CALIPSO at the same wavelength. It is
possible to observe that most of the AOD values range between 0.01 and 0.32, and AE between 0.0
and 1.6. This indicates that the main aerosol type in Petrolina’s atmosphere is characterized as marine
(AOD < 0.15 and AE < 0.60). Although Petrolina is a city far from the coast, the wind configuration in
NEB is responsible for the advection of marine aerosols and gases towards the inner part of the state.
Mixtures of dust and pollution with AOD between 0.06 and 0.55 and AE from 0.06 to 0.85, pure smoke
(AOD <1.10 and AE > 1.50) and pure dust (AOD > 0.40 and AE < 0.50) were found, according to the
classification shown in Table 1. Those events are featured by a very turbid atmosphere, resulting in
low AE owing to the extinction by the larger dust particles [43]. The same pattern was observed in the
entire NEB.
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Figure 7. Scatter plot of Aerosol Optical Depth versus Angstrom Exponent for the period from 2007 to
2016 at Petrolina-PE. The colored boxes represent the different aerosol types found at the AERONET site.

The AERONET site in Petrolina is located at a rural area outside the city, near the border of the
state of Bahia, which is one of the most industrialized states in NEB, with many automobile factories,
oil refineries, amongst others. Those industries emit plenty of aerosols into the atmosphere, and along
with the predominant meteorological systems in the region plenty of the emissions are transported
to Petrolina, enhancing the aerosol loading at the AERONET site. Also, local agricultural activities
may be responsible for the dust suspension which enhances the aerosol loading over the region [50].
Consequently, plenty of the detected dust events are influenced by local processes in Pernambuco,
since it is a semi-arid region and is also impacted by the state’s industries. Additionally, local biomass
burning emissions may impact the atmospheric aerosol loading.

3.3. Case Studies

Three days with interesting data aspects were chosen for three case studies (CS-1, CS-2, and
CS-3) to achieve a deeper insight into the regionally occurring processes. For this purpose, three
days were chosen to identify the responsible aerosol source region and -attribution. Case study CS-1
investigates long-range transport across the Atlantic over the NEB in general, based on MODIS data on
27 September 2010 (Section 3.3.1.). Case study CS-2 investigates, on 6 December 2016, how the aerosol
backscatter profiles of the ground-based DUSTER/Lidar in Natal/RN and CALIOP/CALIPSO compare
(Section 3.3.2). Finally, case study CS-3 focuses on the city of Petrolina, comparing AERONET and
CALIOP/CALIPSO AOD on 1 November 2007 (Section 3.3.3).

3.3.1. CS-1: Long-range Transport of Saharan Dust over Northeast Brazil

Over the whole NEB region, the day 27 September 2010 was selected for the first case study CS-1
using AOD from MODIS/TERRA and AQUA and CALIOP/CALIPSO data. The results of this case
study are shown in Figure 8a—e. It is possible to see an elevated aerosol plume in the MODIS AOD
product. In Figure 8a it is possible to observe the aerosol plume crossing the northern part of the
Atlantic towards Central America. Although this first plume does not reach the NEB, it is possible to
observe a second plume in the southwestern part of the region (around 10E and 17W) with high AOD,
ranging from 0.45 to 0.75. By the time this plume reaches the coast of Brazil, AOD has reduced to 0.20
by atmospheric cleaning processes. In Figure 8b, that includes the NEB, it is possible to observe AOD
ranging from 0.01 to 0.30, in most of the region. One of the features that we observe in this study is
that the MODIS AOD product has a low amount of AOD pixels over land in the region, especially
in locations with low AOD values. Also, the global algorithm that detects AOD over land, in some
continental areas of the world, is not suitable for regions with low aerosol loading, which was visible
in all observed cases [32,33]. Close to the boundary of the domain, in the state of Maranhao (between
—10S and 55), it is possible to observe a pixel with AOD of 1.2, as could be seen in Figure 2. This is
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the only pixel with such an elevated AOD value in the whole area, therefore we can affirm that the
enhancement occurred due to locally emitted aerosols. The area in its vicinity is characterized by arid
soil, and Caatinga biome, with frequent biomass burning activities that might be the reason for the
local AOD enhancement. Regardless of the high AOD found in Figure 8a, we cannot exclude the fact
that some of the aerosols present in NEB are due to long-range transported aerosols, that may aid
increasing the aerosol loading in the region. To further investigate this, we performed three simulations
with the HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated Trajectory model) [62,63]
considering backward trajectories of 10 and 12 days, all ending on 30 September 2010. We considered
three height levels, 500 m (red line), 1500 m (blue line) and 2500 m (green line) in the simulations.
The 500 m backward trajectory, shows that the aerosols originated from the ocean and reached the
south American continent in the NEB after five days (not shown), suggesting that the particles found in
Figure 8b, are also advected from the ocean. Possibly, due to deposition processes, not all the particles
reach the interior of NEB, but those that do, will influence the AOD in the region.
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Figure 8. Case study CS-1 on 27 September 2010. MODIS AOD at 550 nm derived from AQUA and
TERRA satellites. (a) Northwest Africa, the Atlantic Ocean and NEB, (b) NEB, (c) and (d) show the
10 and 12-day simulations of HYSPLIT backwards trajectories, respectively, ending over the state of
Maranhao on 30 September 2010 at 13UTC. The red backward trajectory corresponds to 500 m, blue to
1500 m and green to 2500 m height. (e) presents the aerosol subtype for September 27 displaying the
presence of (1) clean marine (in blue), (2) dust (in yellow), (3) polluted continental (in red), (4) clean
continental (in green), (5) polluted dust (in brown) and (6) smoke (in black) aerosols.

CALIPSO aerosol classification was used to identify the aerosol types present in NEB during the
study. The aerosol subtypes include dust, biomass burning, clean continental, polluted continental,
marine and polluted dust. Figure 8d shows a CALIPSO aerosol subtype image for 27 September 2010,
in which it is possible to observe in the orange circle, the presence of all 6 aerosol types within the
first 5 km of the atmosphere. According to the figure, the predominant aerosol type is polluted dust.
It is also possible to observe a small fraction of clean continental aerosols, clean marine and polluted
continental and a very small fraction of pure dust. In the area close to the highest AOD pixel, mentioned
before the CALIPSO aerosol subtypes were identified mostly as smoke, polluted continental and
polluted dust. The identified aerosol types by CALIPSO corroborate that aerosols from biomass
burning were most likely responsible for the enhancement of the AOD in the region.

3.3.2. Second Case Study (CS-2) over Natal/RN

The second case study (CS-2) refers to the city of Natal. DUSTER/LIDAR data are collected and
processed to observe the backscatter profiles in Natal since 2016. For case study CS-2 these profiles
were compared to level 1 data from CALIPSO on 6 December 2016, with 81 km distance between the
satellite footprint and the DUSTER.

Figure 9 corresponds to the DUSTER and its backscatter profiles at 335nm (a), 532nm (b) and
1064nm (c). It shows the aerosol layer detected by DUSTER (yellow/green in Figure 9a, white in
Figure 9b, and located between 1-3 km height in accordance with the same observation by CALIPSO
(Figure 9d—the red circle represents the region of Rio Grande do Norte), represented by yellow/red
plumes at the same altitude. A challenge of measurements in the Natal atmosphere is the frequent
presence of low clouds, as shown by the white lines between 1-2 km altitude. The presence of such
clouds is common in the region and might be responsible for enhancing the AOD detected by the
satellite as well as interfering with the DUSTER signal. Figure 9e shows Figure 9e shows the backward
trajectories calculated by the HYSPLIT model which are based on reanalysis data from the Global Data
Assimilation System (GDAS). From the simulations it is possible to observe transport of air masses
from west Africa between 2-3 km altitude, which were responsible for the presence of the dust aerosols
in the atmosphere of Natal. It is also possible to observe an unusually high dust aerosol layer in
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15 km height, as shown by the CALIPSO aerosol subtype classification (Figure 9f). The air masses
observed in 15 km height, detected by CALIPSO originated from the northern part of Brazil according
to HYSPLIT, and correspond to inter-seasonal air masses associated to transport patterns related to the

South Atlantic Convergence Zone [47].
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Figure 9. Case study CS-2 on 6 December 2016. (a) Backscatter profile at 355nm (a), 532 nm, and
(b) 1064 nm (c) from DUSTER/LIDAR; (d) Backscatter profiles at 532 nm from CALIOP/LIDAR; (e)
7-day simulations of the backwards trajectories from HYSPLIT; (f) aerosol subtype from CALIPSO,
displaying the (1) marine (in blue), (2) dust (in yellow), (3) polluted continental/smoke (in orange), (4)
clean continental (in green), (5) polluted dust (in brown), (6) elevated smoke (in black), (7) dusty marine
(in light blue), (8) PSC (in white), (9) volcanic ash (in gray), (10) sulfate/other (in dark gray) aerosols.

3.3.3. Third Case Study (CS-3) over Petrolina

The third case study focuses on November 1, 2007, where the satellite overpass at Petrolina
(with a surface projection distance of 48 km) coincided with the measurements of the sun photometer.
On this day, the sun photometer presented an AOD of 0.12 and AE of 0.93 that, combined with the
attenuated backscatter integrated coefficient, indicated the presence of dust aerosols in Petrolina at
about 1-3 km height. Those aerosols can be seen by the backscatter profile at 532 nm from CALIPSO,
within the red circle (Figure 10a). The attenuated backscatter coefficient from CALIPSO shows, by its
aerosol subtype, the presence of a dust layer (highlighted by the red mark), among marine and polluted
aerosols in Petrolina (Figure 10b). The AERONET/PETROLINA site is located at a rural area, where
the main production is from the agricultural sector. Thus, it is possible that the identified dust aerosols
are locally emitted. The HYSPLIT backward trajectories (Figure 10c) show that air masses originate
from the Atlantic Ocean and advect aerosols from Africa to Petrolina.
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Figure 10. Case study CS-3 on 1 November 2007 at Petrolina/PE. (a) Total attenuated backscatter at
532 nm from CALIOP/CALIPSO. (b) Aerosol subtype from CALIOP/CALIPSO displaying the presence
of (1) clean marine (in blue), (2) dust (in yellow), (3) polluted continental (in red), (4) clean continental
(in green), (5) polluted dust (in brown) and (6) smoke (in black) aerosols (c¢) 10-day simulations of the
backwards trajectories from HYSPLIT.
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4. Conclusions

This study comprises a combination of different remote sensing aerosol databases and analyses to
contribute to our understanding of the occurrences, types, and behavior of aerosols over Northeast
Brazil (NEB). In general, it is possible to conclude primarily from the analysis of the 10-year MODIS
dataset (2005-2014) over NEB that the region has a general feature of low aerosol loading during all
the years, with MODIS daily mean AOD of 0.20, ranging from 0.04 to 0.52, with most peaks around
0.3 and much less above this value. The different AOD products are consistent and show the same
behavior. However, the inter-comparison of AOD from AERONET and CALIOP/CALIPSO data in
Petrolina show that the AOD measured by the AERONET sun-photometer was systematically about
60% lower than the AOD derived from CALIOP/CALIPSO retrievals. We assume that the estimates
of AERONET are missing out part of the aerosols, while CALIPSO takes into consideration all the
information regarding aerosols in the total atmospheric column, following [52].

During all the period of MODIS AOD data we observed two well defined regular seasons, with a
light AOD enhancement. One of these periods generally occurs early in the year, from January to
March, while the second one occurs in the second half, from August to October. During the first AOD
season most particles originate from the Sahara and are advected towards South and Central America,
due to the southward shift of the Inter-Tropical Convergence Zone (ITCZ).

Another fact that explains the AOD increase are certainly activities in the region related to
biomass burning, semi-artisanal ceramics production and sugar cane burning activities. These activities
occur predominantly in, but are not restricted to, the states of Maranhao, Piaui and Bahia. A similar
situation occurs in the second elevated AOD duration. During that time, there are intensive biomass
burning activities taking place in southern hemispheric Africa during the dry season. Meteorological
systems, such as the west African monsoon circulation, low level jets and the eastern African jets,
are responsible for aerosol transport towards the Americas, including the NEB region, as could be seen
in the case studies.

In all the presented case studies (CS-1, CS-2 and CS-3), it was possible to observe that long-range
transported aerosols contribute regularly to the aerosol patterns in the region. We analyzed data from
three distinct measurement techniques, which all showed the same behavior. The MODIS case study
(CS-1) showed that an increase of AOD values occurred due to a locally emitted event in the state
of Maranhdo. However, it also showed, by means of the backwards trajectories and the CALIPSO
subtype, that aerosols originated from southern hemispheric Africa. The second case study (CS-2)
using data from the DUSTER/Lidar located in Natal, indicated the presence of a dust layer in 15 km
altitude, transported from southern hemispheric Africa, which was also confirmed by the HYSPLIT
backwards trajectories. The AERONET/CALIPSO case study (CS-3) showed that the values observed
by the Petrolina site, characterized the aerosols on 1 November 2007 as dust, which was also confirmed
by the trajectories and aerosol subtype classification. All the case studies presented a low aerosol
loading over the region and intercontinentally transported aerosols from Africa or the Atlantic.

The found minimum AOD values by MODIS, CALIOP/CALIPSO, as well as AERONET in our
study were all in the same order and identical or very close to their reported detections limits (0.03, 0.02,
and 0.01, respectively) [56]. Itis evident from the MODIS AOD time series analysis, that the data are very
scarce over the NEB and Southern Atlantic. Part of this may be explained by cloud coverage, and thus
contamination that hampers the retrieval. However, according to [56], the detection limit of MODIS
may be one of the reasons: since aerosol loading is generally low over the NEB region, many values
may be filled with the Retrieval Fill Value (RFV), such as investigated for CALIOP/CALIPSO by [56].
This study proposed a better algorithm for the CALIOP AOD product that substantially improved the
number of available AOD measurements. The same could be investigated for the other AOD products.
Additionally, a regionalization of the global MODIS AOD algorithm to optimize for the atmospheric
conditions of NEB would most probably improve the product.

In resume, the aerosols from the Northeast Brazilian region cannot be considered as having a
large impact on South America on a continental scale, as our results confirm. Rather, in the context of
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the constant uncontrolled and largely unplanned growth of urban areas in the region, land-use and
land-use change, as well as long and medium range transport of aerosols are of great interest and
contribute to the enhancement of aerosols and trace gases in the atmosphere.

The main goal of this study was to prepare and analyze a large aerosol database that will be
continuously expanded for the purpose of advanced data assimilation and analyses with regional
atmospheric chemistry models over the NEB region. The database will aid to compensate the high
uncertainties in the presently available emission inventories for the region. Therefore, it is crucial
to understand how this specific observational data is representative for the region to assure that
future model simulation will in fact be improved by using information from the variety of available
observations. Future studies will aim at a more comprehensive analyses of the satellite data over the
whole region with the additional exploration of product suites from the next generation of satellites,
such as ESA’s Sentinel-5 products of aerosols and trace gases.
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