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Abstract
We analyzed data measured by a Sun-photometer of the RIMA-AERONET network with the purpose to characterize the aerosol
properties in the atmosphere over Natal, state capital of Rio Grande do Norte, at the coast of Northeast Brazil. Aerosol Optical
Depth, Ångström Exponent, Volume Size Distribution, Single Scattering Albedo, Complex Refractive Index, Asymmetry
Factor, and PrecipitableWater were analyzed fromAugust 2017 toMarch 2018. In addition, MODIS and CALIOP observations,
local Lidar measurements, and modeled backward trajectories were analyzed in a case study on February 9, 2018, that consis-
tently confirmed the identification of a persistent aerosol layer below 4 km agl. Aerosols present in the atmosphere of Natal
showedmonthly mean Aerosol Optical Depth at 500 nm below 0.15 (~ 75%), monthly means of the Ångström Exponent at 440–
670 nm between 0.30 and 0.70 (~ 69%), bimodal Volume Size Distribution is dominantly coarse mode, Single Scattering Albedo
at 440 nm is 0.80, Refractive Index - Real Part around 1.50, Refractive Index - Imaginary Part ranging from 0.01 to 0.04, and the
Asymmetry Factor ranged from 0.73 to 0.80. The aerosol typing during the measurement period showed that atmospheric aerosol
over Natal is mostly composed of mixed aerosol (58.10%), marine aerosol (34.80%), mineral dust (6.30%), and biomass burning
aerosols (0.80%). Backward trajectories identified that 51% of the analyzed air masses over Natal originated from the African
continent.
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Introduction

One of the main atmospheric constituents is aerosols. These
atmospheric components can influence radiative forcing,
global climate, visibility (Seinfeld and Pandis 2016), human
health (Fuzzi et al. 2015), cloud formation (Koren et al. 2008),
precipitation, air quality (Orza and Perrone 2015), and the
carbon cycle, modifying the land and ocean uptake of anthro-
pogenic CO2 (IPCC 2018). Among the atmospheric aerosols,
there is desert dust, which is an important component of bio-
geochemical cycles (Abouchami et al. 2013) and fertilization
of the Amazon rainforest and oceans, contributing with micro-
andmacro-nutrients (Kaufman et al. 2006; Kumar et al. 2014).

Furthermore, aerosols are a considerable source of uncer-
tainties in the planetary energy budget (Wang et al. 2016;
IPCC 2018). A detailed knowledge of their optical and micro-
physical properties and distributions is required in studies of
the Earth’s climate and its temporal variations (Hamill et al.
2016) to reduce the uncertainties about the impact of aerosols
on climate (IPCC 2013; Foyo-Moreno et al. 2019). The effects
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of aerosol on the climate system can be roughly classified into
three categories: (i) direct aerosol interaction with the electro-
magnetic radiation (direct effect – Thorsen et al. 2020). (ii) A
fast feedback of the direct effect: aerosol scattering, and ab-
sorption reduce shortwave photon flux below the aerosol lay-
er, therefore can result in cooling of the surface. Moreover, in
case of absorbing aerosols, the aerosol layer gets warmer. A
cooler surface and a warmer aerosol layer translate to an in-
crease in the thermodynamic stability of the atmospheric be-
low the aerosol layer. Such aerosol effects on the thermody-
namic profiles are sometimes referred to as the semi-direct
effect (Hansen et al. 1997; Koren et al. 2004). (iii) The third
class of aerosol effects is related to aerosol-cloud interactions
in which aerosols affect cloud properties and lifetime and
thereby the planet’s radiation budget (Seinfeld et al. 2016).
The climate effects due to aerosol-cloud interactions are not
well understood and are considered the largest source of un-
certainty in climate predictions (IPCC 2018). Aerosol size
distribution and properties control droplet activation and ice
nucleation and therefore many of the cloud’s microphysical
properties are tight strongly to the dynamical ones. For exam-
ple, the initial droplet size distribution will determine fluxes of
latent heat and will affect buoyancy, updrafts in the cloud, and
droplet mobility (Feingold et al. 2016; Koren et al. 2015). The
overall effect is the result of many competing microphysical
and dynamical processes and feedbacks and thus depends
strongly on the type of clouds and the thermodynamic prop-
erties of the field (Seinfeld et al. 2016). To better understand
the details of these interactions under different conditions,
there is a need of monitoring and studying both aerosols of
anthropogenic and natural origins.

The monitoring and observation of atmospheric aerosols
can be performed by different remote sensing techniques. In
the last decades, worldwide remote sensing networks were
created to improve our knowledge on aerosols such as the
WMO’s Global Atmospheric Watch (GAW) (Wehrli 2000),
the European Aerosol Lidar Network (EARLINET)
(Pappalardo et al. 2014), the Latin American Lidar Network
(LALINET) (Guerrero-Rascado et al. 2016; Antuña-Marrero
et al. 2017), the NASA’s Micro-Pulse Lidar Network
(MPLNET) (Welton et al. 2001), the Asian Dust and
Aerosol Lidar Observation Network (AD-Net) (Nishizawa
et al. 2016), Network for the Detection of Atmospheric
Composition Change (NDACC) (De Mazière et al. 2018),
and also the Aerosol Robotic Network (AERONET)
(Holben et al. 1998). The latter is focused on the effort to
reduce uncertainties in the estimate of radiative forcing of
aerosols (Holben et al. 1998). In addition, instruments on-
board satellites such as CALIPSO (Winker et al. 2009;
Omar et al. 2009), Aqua/Terra (Remer et al. 2005),
EarthCARE (Illingworth et al. 2015), and Aeolus (https://
www.esa.int/) have been playing an extremely relevant role
in monitoring aerosols and clouds globally.

In order to study atmospheric aerosols, the Federal
University of Rio Grande do Norte in Natal, Brazil, has joined
the AERONET network through RIMA (Red Ibérica de
Medida fotométrica de Aerosoles) in 2016, through a collab-
oration with the Institute of Energy and Nuclear Research
(IPEN, São Paulo), the Research Group on Atmospheric
Chemistry Modeling and Observation (GP-MOQA, UFRN),
and the University of Granada (Spain). In the same year, Natal
also became part of LALINET, when a ground-based Lidar
was installed on the university campus in collaboration with
IPEN. Natal is located in a region where the long-range trans-
port of aerosols from the African continent frequently occurs
under the strong influence of the trade winds, mostly during
December, January, and February, when the Intertropical
Convergence Zone (ITCZ) is positioned further to the south
(Talbot et al. 1990; Swap et al. 1992; Landulfo et al. 2016;
Junior et al. 2018).

Some studies show the presence of desert dust from the
African continent in the atmosphere of southern hemispheric
regions, such as Ascension Island (Smirnov et al. 2002), the
Amazon basin (Liu et al. 2008; Ansmann et al. 2009; Ben-
Ami et al. 2010; Baars et al. 2011; Baars et al. 2012; Wang
et al. 2016; Moran-Zuloaga et al. 2018), and eastern Brazil
(Wang et al. 2016). These studies were possible due to avail-
able observed aerosol characteristics that are required to accu-
rately characterize the optical properties of representative
types of ambient aerosol particles. Once these properties are
determined, their impact on the Earth’s energy budget and
climate change can be assessed (Rizzo et al. 2013).

The Saharan Air Layer (SAL) has been described as a well-
mixed layer with a constant potential temperature, vapor
mixing ratio, and dust particles concentration with height
(Karyampudi and Carlson 1988; Karyampudi et al. 1999;
Berjón et al. 2019). In addition, the long-range transport of
aerosol in the SAL across the Atlantic plays an important role
for weather, climate, and ocean fertilization (Gasteiger et al.
2017). This layer can reach North and Central America during
boreal summer (JJA) and South America during boreal winter
(DJF) (Ben-Ami et al. 2012; Tsamalis et al. 2013), being
modulated ITCZ (Tsamalis et al. 2013). For this reason, the
SAL can play a fundamental role in transporting aerosols over
Natal during the months of December, January, and February.

An important part of Saharan dust is shown to be
transported within the SAL. This dust can be partly mixed
with biomass burning smoke (Formenti et al. 2008; Eck
et al. 2010) from December to February (Formenti et al.
2008; Weinzierl et al. 2011; Ben-Ami et al. 2012). The min-
eral dust is lifted to the atmosphere from many different
sources and therefore, the dust composition depends heavily
on the mineral content of the soil of its source region. It has
been shown that Ca, K, Na,Mg, and S rich dust is linked to the
Northern Sahara and Mediterranean sources, whereas Fe rich
dust is linked to the Southern Sahara (Rodríguez et al. 2020).
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Moreover, the presence of trace metals (Br, Cr, Ni, Zn, and Zr)
is influenced by industrial emissions in North Africa
(Rodríguez et al. 2020).

In this study, for the first time, a Cimel Sun-photometer was
used to characterize the optical and microphysical properties of
the aerosols present in the atmosphere over Natal. The paper
presents the following structure: We first present the instrumen-
tation in the “Instrumentation” section followed by the method-
ology (themeasurement site, the description of the calculation of
aerosol properties, the backward trajectories with the HYSPLIT
trajectory model, and the description of other remote sensing
techniques) in the “Methodology” section. In the “Results and
discussion” section, we present the results and discussion of our
analyses of the optical and microphysical properties as well as a
case study with a Saharan dust layer, and finish with our main
conclusions in the “Conclusions” section.

Instrumentation

The instrument used for the measurements in Natal is a Cimel
Sun-photometer, standard model CE-318. The Cimel follows
two measurement protocols, either direct Sun or sky measure-
ments, both within several programmed sequences. The direct
Sun measurements are performed in eight spectral channels
(between 340 and 1020 nm, being 440, 670, 870, and 940 nm
the standard channels), while sky measurements are per-
formed at 440, 670, 870, and 1020 nm in two sky observation
sequences (almucantar and principal plane) to acquire aureole
and sky radiance observations across a wide range of scatter-
ing angles from the Sun through a constant aerosol profile to
retrieve size distribution and phase function (Holben et al.
1998) known as inversion products (Dubovik and King
2000). The 940 nm channel retrieves the total column of water
vapor or perceptible water (cm) from direct Sun measure-
ments (Holben et al. 1998; Sinyuk et al. 2020).

To determine the spectral extinction of direct beam radia-
tion, a filtered detector performs its measurements according
to the Beer-Lambert-Bouguer law (Holben et al. 1998). Thus,
the digital signal (V) measured by the instrument is propor-
tional to the solar irradiance (Giles et al. 2019), and can there-
fore be expressed as an integer digital count or digital number
(Giles et al. 2019) in line with Eq. (1):

Vλ ¼ V0λ:d2:exp
−τλtotal : mð Þ ð1Þ

where Vλ is the measured spectral voltage of the instrument
dependent of wavelength λ, V0λ is the relative extraterrestrial
spectral calibration coefficient dependent on λ, d is the ratio of
the average to the present Earth-Sun distance, and m is the
optical air mass which is dependent on the secant of the solar
zenith angle. By these means, the total optical depth (τλtotal) is

calculated and thus provides retrievals from direct Sun mea-
surements as well as aerosol properties from inversion of spec-
tral sky radiances (Holben et al. 1998). In addition, the optical
depth is a parameter whose aerosol load is linked to the whole
atmospheric column, as an indicator of the radiation attenuation
by aerosol particles (Mateos et al. 2015), and the spectral de-
pendence of the AOD is quantified by the Ångström exponent
(Bennouna et al. 2011). These products allow to differentiate
between different aerosol types in the atmosphere and to ana-
lyze their different optical properties (Toledano et al. 2007).

In January 2016, Natal joined the RIMA-AERONET net-
work as the first Cimel in Natal and at the coast, and as the
second in Northeastern Region of Brazil (NEB), after the
AERONET station in Petrolina in the hinterlands of the state of
Pernambuco, approximately 900 km from Natal. The Sun-
photometers were brought to the Federal University of Rio
Grande do Norte through a partnership between the Institute of
Energy and Nuclear Research (IPEN, São Paulo), the Research
Group on Atmospheric Chemistry Modeling and Observation
(GP-MOQA, UFRN), and the University of Granada (Spain).
Currently, the Cimel of Natal maintains data at level
1.5 (Table 1), i.e., data processed by AERONET algorithms
and its inversion algorithm provides size distribution, refractive
index, and phase function (inversion products). Additionally,
along the years, the AERONET retrieval algorithm has evolved
from the Version 1 algorithm based on the inversion code of
Dubovik and King (2000), to Version 2 (V2) code developed
by Holben et al. (2006), which improves the inversion products.
Since recently, the Version 3 (V3) algorithm is being applied,
which provides quality cloud scanning and fully automatic in-
strument anomaly quality controls (Giles et al. 2019). Level 2.0
of V2 is equivalent to the new level 1.5 of V3. The detailed
descriptions about Version 3 and its processing may be found
in Sinyuk et al. (2020) and Giles et al. (2019).

Methodology

Characterization of the measurement site

Natal is the capital of the state of Rio Grande do Norte located
in the Northeastern Region of Brazil that comprises eight

Table 1 Cimel Sun-photometers operated in Natal labelled with
AERONET numbers, start and end operation dates, numbers of days,
and their product levels and versions

Identification Start date End date No. of days Level/
version

#420 29 Jan 2016 5 Jul 2016 47 2.0/V3

#752 9 Aug 2017 23 Mar 2018 102 1.5/V3
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more states (Alagoas, Bahia, Ceará, Maranhão, Paraíba,
Pernambuco, Piauí, and Sergipe) (Fig. 1). Natal is a coastal
city (05° 47′ 42″ S, 35° 12′ 34″ W, 30 m asl) whose territory
consists of sand dunes and Atlantic Forest, as well as the
unique local Caatinga, a wooded savanna-like biome typical
of the Northeastern region. Due to its location and regional
aspect, aerosols over Natal are expected to present character-
istics of biomass burning smoke, marine salt, and mineral
dust. Furthermore, according to the data of the Brazilian
Institute of Geography and Statistics (2020), Natal has a ter-
ritorial area of 167 km2 and an estimated population in 2019
of 884 thousand inhabitants. Furthermore, the larger
Metropolitan Region of Natal is composed of 15 municipali-
ties with a total population of 1.6 million people and a total
area of 3.68 thousand km2.

In agreement with the Brazilian National Institute of
Meteorology (2017), the average temperature in Natal is 26
°C, solar irradiation produces around 3000 h of sunshine per
year, and the rainfall averages to 1465 mm/year. The dry sea-
son in Natal lasts only 3 months, while the rainy season ex-
tends from January to September (Diniz and Pereira 2015),
with highest rainfall during the trimester from April to June

due to the EasterlyWave Disturbances (EWDs) (Motta 2004).
In addition, the evaporation of the sea frequently forms very
low clouds (cumulus and fractocumulus types) throughout the
whole year (Motta 2004).

The climate plays a fundamental role in the characteriza-
tion of aerosols because the aerosol load and composition in
the atmosphere depends on both natural and anthropogenic
emissions, atmospheric synoptic circulation patterns which
govern long-range transport, local meteorology, and topo-
graphical characteristics (Mateos et al. 2015). In accordance
with Alvares et al. (2013) who used the Köppen climate clas-
sification scheme, there are two main typical climate types in
the NEB: semi-arid climate in the hinterlands as well as in
parts of the states of Bahia, Piauí, and Maranhão, and tropical
climate that extends along the coast from Bahia to Rio Grande
do Norte (Da Silva et al. 2018). Annual rainfall of NEB is less
than 500 mm/year in the semi-arid areas and three times
higher (1500 mm/year) in the coastland (Reboita et al. 2010;
Oliveira et al. 2016). However, the main rainy season occurs
during distinct times of the year. In the hinterlands and at the
northern coast, the rainfall regime takes place during the aus-
tral summer (Marengo et al. 2011; Coutinho et al. 2016;

Fig. 1 Measurement site location in Northeastern Brazil (red line). The city of Natal is marked with a yellow line, and the location of the Cimel Sun-
photometer is highlighted with a red dot
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Reboita et al. 2016; Gomes et al. 2015), while the eastern
coast’s rainfall regime occurs during the austral autumn and
winter (Molion and Bernardo 2002; Reboita et al. 2016).

The rainfall regime in eastern NEB is influenced by the
main meteorological systems: (i) the Intertropical
Convergence Zone (ITCZ) (Marengo et al. 2011; Diniz and
Pereira 2015; Da Silva et al. 2018) when it is situated further
south (~ 4° S) (Hastenrath 1991; Marengo et al. 2011; Reboita
et al. 2016; Junior et al. 2018) during December to June
(Hastenrath 1991; Melo et al. 2009), (ii) the Upper
Tropospheric Cyclonic Vortex (UTCV) (Marengo et al.
2011; Da Silva et al. 2018), (iii) the sea and land breeze cir-
culation associated with the formation of squall lines (Reboita
et al. 2010; Da Silva et al. 2018) and with trade winds (Molion
and Bernardo 2002), and (iv) Easterly Wave Disturbances
(EWDs) (Diniz and Pereira 2015; Da Silva et al. 2018) that
move westward with the trade winds associated with the sub-
tropical ridges during the austral autumn and winter (Gomes
et al. 2015).

Furthermore, in austral summer and autumn, the low-level
winds of the atmosphere that reach the east coast of NEB are
mostly easterly, while in austral winter and spring winds are
from the southeast and more intense (Reboita et al. 2016). The
land breeze comes from south, southeast, or southwest and
converges with the southeast trade winds near the surface on
the east coast of NEB (Diniz and Pereira 2015), forming
clouds and precipitation. These wind patterns are responsible
for the aerosol transportation from distant sources. All these
presented phenomena favor NEB precipitation (Cavalcanti
et al. 2009) and, consequently, precipitation in Natal. In con-
trast, another common feature of NEB is droughts. They are
part of the natural climate variability in that region. They have
occurred in the past, are occurring in the present and, in agree-
ment with climate change projections, are likely to continue
and intensify in the future (Marengo et al. 2016).

Calculation of aerosol properties

Aerosol Optical Depth (AOD), Ångström Exponent (AE),
Single Scattering Albedo (SSA), Asymmetry Factor (AF),
Refractive Index - Real Part (RIRP), Refractive Index -
Imaginary Part (RIIP), and Volume Size Distribution (VSD)
were the properties used in the aerosol characterization in the
atmospheric column of Natal in combination with Precipitable
Water (PW). These parameters were statistically and tempo-
rally analyzed from August 2017 to March 2018 (Table 1).

In this study, the wavelength 440 nm was used for the
properties VSD, RIRP, SSA, RIIP, and AF with AOD (440
nm) values > 0.4 (Holben et al. 1998; Prats et al. 2008; Eck
et al. 2010). For more accurate information on the aerosol
type, the SSA (1020 nm) was analyzed using a similar ap-
proach to that of Foyo-Moreno et al. (2019) (difference spec-
tral in SSA (440 nm) and SSA (1020 nm)). In addition,

Derimian et al. (2008) explained that the differential aerosol
spectral absorption from the blue to the near-infrared spectral
region should be proportional to the associated concentrations
of iron and black carbon.

The wavelength 500 nm served for the calculation of AOD,
provided by AERONET with an accuracy of ~ 0.015 (Fuzzi
et al. 2015). Since the mineral dust absorbs significantly in the
blue and UV wavelengths, due to iron oxide impurities in the
dust (Sokolik and Toon 1999; Kaufman et al. 2002; Olmo
et al. 2008; Valenzuela et al. 2010), the 500 nm measurement
channel is considered the standard wavelength (O’Neill et al.
2000; O’Neill et al. 2001; Smirnov et al. 2002). The range
440–870 nm was used for the AE calculation and 940 nm
for PW. The AOD versus AE scatter plot is a common tool
to classify aerosol types and it is the most employed classifi-
cation scheme (Toledano et al. 2007; Foyo-Moreno et al.
2019). It is based on AE (440–870 nm) and AOD (500 nm)
according to the main climatologies developed within the
AERONET network (Eck et al. 1999; Holben et al. 2001;
Smirnov et al. 2002) and it is therefore used in our analysis.
Table 1 details the measurement periods for each Cimel
installed in Natal, while Table 2 presents the available days
with measurements and inversions at level 1.5 (V3).

HYSPLIT model

The HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model is a complete system for computing simple
air parcel trajectories, as well as complex transport, chemical
transformation, deposition simulations (Stein et al. 2015), and
dispersion of particulate matter such as the analysis by Galvão
et al. (2016) for João Câmara city (in Rio Grande do Norte).
According to Toledano et al. (2009), when analyzing the
backward trajectories, the main assumption is that there is a
link between the origin of the air mass, its path, and the aerosol
observations at the receiving site. For this reason, it is
important to know the air masses that arrive over the State
of Rio Grande do Norte. James (1939) already studied two
equatorial air masses over the Antlantic Ocean (North and
South Atlantic Equatorial Masses) that entered through the
north of South America and the coast of NEB. According to
Diniz and Pereira (2015), a unified air mass between the North
and South Atlantic Equatorial Masses, called Equatorial
Atlantic Mass, enters the atmosphere over the state of Rio
Grande do Norte. This air mass originates from the conflu-
ences of the southeast and northeast trade winds at the ITCZ
(Diniz and Pereira 2015). In addition, the persistent southeast
trade winds are responsible for the constant incursions of an-
other air mass, the Atlantic Tropical Mass (Diniz and Pereira
2015) to the coast of NEB.

In order to know the origin of the air masses that arrive in
Natal, we modeled their respective backward trajectories,
using the HYSPLIT model version 4, model vertical velocity,
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pattern projection, and Global Data Assimilation System
(GDAS 1) as the meteorological database, an operational sys-
tem from the National Weather Service National Centers for
Environmental Prediction. The trajectories were calculated
back in time for 10 days (240 h), which is close to the 12 days
of Ben-Ami et al. (2010), Landulfo et al. (2016) and Wang
et al. (2016). We analyzed every day that provided
AERONET 1.5 (V3), adding up to 102 days. Each day was
modeled with five backward trajectories at 500, 1500, 3000,
4000, and 6000 m arrival heights above ground level (agl) at
Natal (coordinates of the UFRN-CIMEL), with a frequency of
24 h for each trajectory and arrival time (20:00 UTC). These
heights were selected for our analyses due to the transatlantic
aerosol transport from the African continent that generally
occurs around 3000 m height (Liu et al. 2008; Ansmann
et al. 2009; Baars et al. 2012; Kumar et al. 2014; Orza and
Perrone 2015; Wang et al. 2016; Moran-Zuloaga et al. 2018)
and also to observe possible transport at other heights.

Other remote sensing techniques

In this s tudy, the MODerate-resolut ion Imaging
Spectroradiometer (MODIS) (Remer et al. 2005; Levy et al.
2010) aboard Terra and Aqua satellites and the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) (Winker et al.
2009) aboard the CALIPSO satellite were used to verify the
aerosol optical properties during a 1-day case study such as
AOD and aerosol subtype classification scheme from the
CALIOP system. In order to complement our aerosol analysis
using AOD from the Sun-photometer, the local height of aero-
sol layers was observed using quick-look images from the
Range Corrected Signal (RCS) at 532 nm retrieved from the
Lidar system installed in Natal (DUSTER Lidar). Then, Lidar
qualitative data was employed in agreement to the air masses
backward trajectories retrieved by HYSPLIT model.

The level 2 products of the sensors CALIOP (532 nm)
(Version 4.10) and MODIS (550 nm) (Collection 6.1) were

used for comparison. The horizontal resolution of the MODIS
product is 10 km × 10 km, while the horizontal resolution of
the CALIOP Lidar is 5 km. According to Omar et al. (2013),
the differences due to the spectral variation (500 nm and 532
nm) between the two instruments (AERONET/CALIOP) may
be disregarded.

These remote sensing techniques allowed an analysis of
aerosol optical properties and aerosol layer heights for 1-day
case study on February 9, 2018. On this day, apart from mea-
surements of the Cimel Sun-photometer, data from the
CALIOP (aerosols type and layer height) and MODIS
(AOD) sensors were available, which can be considered for-
tunate: MODIS has a daily overpass but a minimum AOD
detection threshold (0.03–0.05) (Remer et al. 2005) that elim-
inates many measured pixels over the NEB, while CALIOP
has a sparse overpass of around every 2 weeks. Both are
hampered by very frequent cloud coverage in the region (De
Oliveira et al. 2019). During the period of the AERONET
measurements, the MOnitoring Aerosol Long-range
Transportation OVer Natal II (MOLOTOV II) campaign with
the in Natal-located DUSTER Lidar was occurring, which
began in December 2017 and was finished on February 26,
2018. The ground-based Lidar measurements face the same
challenges with the low and dense cloud coverage in Natal as
all other instruments. However, for the day of February 9, it
was possible to obtain a Lidar profile. Thus, our case study
focuses on an exceptional day, where we had measurements
from all four instruments.

Results and discussion

Origin of air masses

The number of backward trajectories coming from the African
continent to Natal (261) and the quantity arriving from other
regions (249) are depicted in Fig. 2, adding up to 510 back-
ward trajectories modeled throughout the analyzed period for
five arrival heights (500, 1500, 3000, 4000, and 6000 m agl
for 102 days, where observations by the Cimel Sun-
photometer were also available. Trajectories originating from
the African continent arrive in Natal between 1500 and 4000
m agl, mostly at around 3000 m (70), thus validating the
results found in the studies for dust layers at 3000 m altitude
(Holben et al. 2001; Olmo et al. 2006, 2008; Toledano et al.
2009; Ben-Ami et al. 2010; Kumar et al. 2014; Orza and
Perrone 2015and Wang et al. 2016). Within the atmospheric
boundary layer, at 500 m, only 22 backward trajectories reach
back to the African continent, while at 6000 m height, more
than the double (47) trajectories show this behavior.
Trajectories from other origins show an inverse behavior:
500 m was the height with most backward trajectories origi-
nating from other directions (80), decreasing to 32 at 3000 m

Table 2 Days with observations and days with inversions of the Cimel
Sun-photometer measurements in Natal from August 2017 to
March 2018, using AERONET level 1.5 (V3) data

Months No. of days with
observations

No. of days with inversions

August 2017 10 5

September 2017 9 8

October 2017 10 6

November 2017 11 4

December 2017 16 2

January 2018 15 5

February 2018 14 -

March 2018 17 -
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height and increasing at 6000 m (55). These air masses are
likely governed by the ITCZ and by the Easterly Wave
Disturbances during the modeling period of the backward
trajectories.

Aerosol optical properties

The measured monthly averages of AOD (500 nm) in Natal
during the analyzed period ranged from 0.10 to 0.15 (Fig. 3a).
These values are close to those found by Smirnov et al. (2002)
for coastal areas and continental seas (AOD (500 nm) > 0.12).
Probably, the low variability of AOD (500 nm) in most of
those measurement months is due to the influence of local
sources, such as the ocean. However, in February 2018, the
AOD (500 nm) average was exceeded (0.20), that can be
associated with the transport of dust and biomass burning
from the African continent (DJF) (Formenti et al. 2008;
Weinzierl et al. 2011; Ben-Ami et al. 2012; Tsamalis et al.
2013) in accordance with the backward trajectories (above
50% come fromAfrican continent) in the previous subsection.

The density histogram (Fig. 3b) shows that the AOD (500
nm) over Natal is dominant in the region between 0.05 and
0.15 for ~ 75% of the values, and between 0.15 and 0.20 for ~
20% of all AOD values. Similar results were obtained by
Holben et al. (2001) for Greenbelt (USA) (modal value about
0.1), for Sevilla (NewMexico) (modal value around 0.07), for
HJ Andrews (Oregon) (below 0.1 for 30% during the rainy
season), for Sal Island (Cape Verde) (~ 0.20 for 30% of the
AOD values), for Mongu (Zambia) (maximums 0.10 to 0.20),
and for Thompson (Canada) (AOD less than 0.20). The decay
of the frequency density in the histogram (Fig. 3b) to values
above 0.20 is represented by ~ 5% of them. In general, for
Holben et al. (2001), modal AOD values lower than 0.20 are
attributed to the presence of marine aerosols and AOD be-
tween 0.20 and 0.50 to desert aerosols, depending on the

characteristics of the measurement site. Furthermore, an
AOD lower than 0.20 can also be attributed to biomass burn-
ing aerosols (Sena and Artaxo 2015).

Figure 3c shows that the monthly averages of AE (440–870
nm) are between 0.30 and 0.70 for December 2017 to
March 2018, the lowest monthly average being in
November 2017 (0.35 ± 0.13), and the maximum monthly
average in October 2017 (0.67 ± 0.19). The last value is close
to those found by Holben et al. (2001) in Cuiabá (Brazil) (~
0.60 to 0.70) during June and December 1993, and January
1994, during the nonburning season. A high variability is
noticeable in December 2017, reinforcing the influence of
aerosol sources associated with regional meteorology (ITCZ)
in DJF (Hastenrath 1991; Melo et al. 2009; Junior et al. 2018).
Although there is an AOD increase in February (Fig. 3a), the
mean AE remained around 0.54 ± 0.10 for the same month
and a similar behavior was found by Eck et al. (2010) in Ilorin
(Nigeria) where the dust events dominated months were
February through June (0.60) with a maximum AOD increase
of 1.10 in January and February.

The highest AE variability during the measurement period
occurred from August to December 2017. Variations in AE
suggest significant variations in particle size distributions for
periods of mixed aerosol size and type (Eck et al. 2005).
September presents the highest concentration of AE values
in the 1st quartile, while the largest amplitude (maximum
and minimum values) is presented in December. The high
variability of September and December may partially be the
effect of high sensitivity of AE values to variations of AOD
(Vergaz et al. 2005). In other words, values with very low
levels of AOD can cause higher errors in the exponent (Tan
et al. 2015; Foyo-Moreno et al. 2019). This has been evi-
denced in the study of Wagner and Silva (2008) where AE
is systematically over- or underestimated depending on
whether the relative error of the shorter wavelength is larger
or smaller comparedwith the relative error of the longer wave-
length. Also, the AE high variability may arise from the con-
tribution of external sources, such as biomass burning smoke
transported by the SAL-ITCZ (the “Origin of air masses” sub-
section) coming from the Africa continent in the biomass
burning season that occurs from November through March
(Eck et al. 2010). Finally, the contribution of small biomass
burning activities in and around the Metropolitan Region of
Natal (National Institute of Space Research 2020) may also
result in varying AE. De Oliveira et al. (2019) analyzed AOD
data from MODIS for NEB and found elevated AOD in
September 2010 due to the contribution of biomass burning
activities in the western part of NEB. Paixão (2011) showed
AE monthly mean values increase during the dry season,
reaching the high values in August to November due to the
emission of biomass burning aerosols in, e.g., Alta Floresta, Ji
Paraná, and Cuiabá. These studies corroborate with the burn-
ing season in Central Brazil that occurs from August to

Fig. 2 Bar graph for the backward trajectories from Africa (blue color)
and from other directions (red color) in five different height levels (500,
1500, 3000, 4000, and 6000 m agl) from August 2017 to March 2018
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October (Hoelzemann et al. 2009; National Institute of Space
Research 2020). It can be said that in general, this period is
marked by high fire activity in several regions and biomes in
Brazil due to different anthropogenic activities, such as defor-
estation, pasture maintenance, slash burn practices, and sugar
cane harvesting.

The density histogram for AE (440–870 nm) (Fig. 3d)
shows modal values between 0.30 and 0.70 (~ 69%). It is also
relevant to highlight values between 0.70 and 1.10 (more than
20%) as they are close to the results found by Toledano et al.
(2007) (mode around 1.2). The results of this optical property
over Natal resemble those of Smirnov et al. (2002) for
Ascension Island with dominant values typically below 1.0
(coastal sites) under scenarios with predominance of coarse
particles. Expected values of marine aerosols typically have
low optical depths (less than 0.15) combined with AE lesser
than 1 and dust values generally have large particle sizes and
high optical depths (AOD > 0.15) (Knobelspiesse et al. 2004).
Therefore, AE > 1 is mainly determined by fine mode, known
as submicron aerosols (Kaufman 1993), from the anthropo-
genic combustion sources (Eck et al. 1999), while AE < 1 is
largely determined by coarse mode, known as supermicron
particles (Kaufman 1993), such as desert mineral and sea salt
particles (Eck et al. 1999).

Precipitable Water

The instantaneous values of PW (Fig. 4) range from 2.43 to
5.21 cm, with an increase in values from December 2017 to

March 2018, which corresponds to the period of influence of
the ITCZ (Hastenrath 1991; Marengo et al. 2011; Reboita
et al. 2016; Junior et al. 2018). This is reinforced by the in-
crease of the monthly average (red dots) during the observa-
tion period with a range from 3.80 ± 0.37 to 4.10 ± 0.37 cm
(December to March) and, again, February 2018 stands out
with a more elevated monthly average of 4.22 ± 0.48 cm.
Furthermore, the east trade winds from the ocean carry hu-
midity to the coast of NEB (Reboita et al. 2012) and the
Easterly Wave Disturbances (EWDs) carry large amounts of
moisture to the region (Gomes et al. 2015). The ITCZ also
caused an increase of PW in the results found by Smirnov
et al. (2002) during the austral summer (DJF) of Tahiti, in
the results found by Holben et al. (2001) during June to
September in Cape Verde and from November to December
in Mongu (Zambia). The increase in Precipitable Water was
also observed by Paixão (2011) during the rainy months in
Brazil.

We estimated the correlation between PW and AOD (500
nm) as to 0.43. Monthly averages of AOD (500 nm) during
the analyzed period remain below 0.20 (Fig. 3a), whereas the
PW presents a considerable increase fromDecember toMarch
(Fig. 4). In Natal, the aerosol layers that result from African
dust or biomass burning transport and which increase the usu-
al AOD (550 nm) signal occur usually at 3–5 km height, far
above the atmospheric boundary layer (between 280 and 1800
m agl during the rainy season, according to Da Silva 2015)
and the precipitating clouds within, which does not permit to
infer a direct “cause and effect” relationship between

Fig. 3 Boxplots and histograms for instantaneous values of AOD (500
nm) and AE (440-870 nm) from August 2017 to March 2018 in Natal. a
AOD (500 nm) versus months, where the base of the boxes represents the
first quartile, the center lines represent the median, the top of the boxes
represents the third quartile and the red dots the monthly averages. b

Frequency density versus AOD (500 nm). c AE (440–870 nm) versus
months, where the base of the boxes represents the first quartile, the center
lines represent the median, the top represents the third quartile and the red
dots are the monthly averages. d Frequency density versus AE (440–870
nm)
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atmospheric PW and aerosol load. Both variables are rather
driven by, and thus directly correlated to, the general meteo-
rology of the region. A negative correlation between these two
variables, due to the washout effect and wet deposition (Eck
et al. 2005), is therefore not to be expected. Holben et al.
(2001) considered no correlations between PW and AOD
(500 nm) for Mauna Loa, Hawaii and Sal Island,
Cape Verde, as well as Muyimbwa et al. (2015) who reported
a correlation coefficient of 0.48 in Bergen, Norway.

Aerosol microphysical properties

Some aerosol microphysical properties retrieved from
August 2017 to January 2018 are displayed in Fig. 5, Fig.
6, Fig. 7, and Fig. 8 such as SSA and AF are key param-
eters for the estimation of the direct radiative impact of
aerosol particles (Valenzuela et al. 2010). The SSA (440
nm) remains around 0.80 for the observation period that
according to Dubovik et al. (2002), Hamill et al. (2016),
and Foyo-Moreno et al. (2019) is a value that is typical of
particle absorption (lowest SSA) such as biomass burning
smoke, urban-industrial aerosols, desert dust, and dust
coated by smoke. On the other hand, the oceanic aerosol
shows the highest SSA (lowest absorption). The lowest
average in August (0.71 ± 0.09) (Fig. 5a) and, once again,
September 2017 (0.85 ± 0.06), with the highest average,
stand out suggesting the presence of biomass burning ac-
tivities in the Metropolitan Region of Natal (National
Institute of Space Research 2020). Similar behavior was
found by Paixão (2011) for Cuiabá (0.88) during the dry
season (April to September). These results are close to
those found by Dubovik et al. (2002) for biomass burning
in the African Savannah in Zambia (0.88 ± 0.02), by Prats
et al. (2008) for a range from 0.82 to 0.97 characterized as
desert dust (Huelva - Spain), and also by Foyo-Moreno
et al. (2019) for SSA values of ~ 0.80 (Huelva - Spain)
and ~ 0.81 (Granada - Spain) that were explained by con-
tribution of carbonaceous species in pollution events. Our
results are also comparable to those of Giles et al. (2012)
for mixed aerosol SSA (0.86 and 0.87) and biomass burn-
ing SSA (0.85 and 0.87).

September also shows SSA values close to 1.0 (outliers)
referring to non-absorbing aerosols (Foyo-Moreno et al.
2019), e.g., marine particles. This feature is expected for
water-soluble aerosol (Dubovik et al. 2002) because the ab-
sorption may be influenced by moisture content, relative hu-
midity (Dubovik et al. 2002), and aging during transport
(Valenzuela et al. 2010). However, the SSA (440 nm) for
other months is quite low, probably due to the inversions only
for AOD (440 nm) > 0.4.

In general, this microphysical property points to biomass
burning and mineral dust aerosols for the measurement period
in Natal. Positive values of SSA (440 nm)-SSA (1020 nm) are
typical of anthropogenic pollution and biomass burning, while
negative SSA (440 nm)-SSA (1020 nm) are typical of dust
particles (Dubovik et al. 2002; Foyo-Moreno et al. 2019).
Figure 5b shows negatives values in some months, which also
suggests the presence of mineral dust over Natal likely locally
transported from the sand dunes during the period of more
elevated wind intensity from August to October.

The AF is indicative of the rate of radiation scattered for-
ward and is related to the particle size (Valenzuela et al. 2010).
For the observation period, AF (Fig. 6) also did not change
significantly and ranged between 0.73 and 0.80, with a max-
imum that occurs in November 2017 (0.78 ± 0.04) and the
minimum occurring in October 2017 (0.74 ± 0.04). From
August 2017 to October 2017, there is a slight decay with
the biggest uncertainties in September (0.76 ± 0.05) and from
November 2017 to January 2018, the monthly averages re-
main around 0.76; thus, these ranges are an indicative of pre-
dominance of coarse mode aerosols. These values agree with
those of Dubovik et al. (2002) for desert dust and oceanic
aerosol found in Cape Verde and Lanai (Hawaii) (0.73 ±
0.04 and 0.75 ± 0.04, respectively), as well as Taylor et al.
(2015) who found values of 0.74 for mineral dust.

The Refractive Index - Real Part (Fig. 7a) remains around
1.50 with the lowest average in December 2017 (1.44 ± 0.03)
and the highest average in August 2017 (1.53 ± 0.06). The
Refractive Index - Imaginary Part (Fig. 7b) is variable over the
measurement period, with a monthly maximum in August
2017 (0.05 ± 0.03) and the minimum in November 2017
(0.01 ± 0.01). However, there are no indications of a relation

Fig. 4 Boxplots for instantaneous
values of Precipitable Water (cm)
each month from August 2017 to
March 2018 in Natal. Red dots are
the monthly averages
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to biomass burning, as this aerosol type is strongly absorbent
(Kaufman et al. 2002). The observations of the RIRP and
RIIP, respectively, are similar to those found by Dubovik
et al. (2002): for mixed and industrial urban aerosol in
Greenbelt (USA) (RIRP = 1.47 ± 0.03, RIIP = 0.01 ± 0.00),
for biomass burning in the Brazilian Cerrado (RIRP = 1.52 ±
0.01, RIIP = 0.02 ± 0.00) and in the African Savannah
(Zambia) (1.51 ± 0.01, 0.02 ± 0.00), and for desert and oce-
anic dust in Bahrain (Persian Gulf), Solar (Saudi Arabia), and
Cape Verde (1.55 ± 0.03, 1.56 ± 0.03 and 1.48 ± 0.05, for the
RIRP, respectively). Also, Perrone et al. (2005) classified the
days with values of 1.46 ± 0.09 and 1.50 ± 0.07 (real part) as
urban industrial aerosols in Lecce (Italy). Additionally, the
dust particles are moderately absorbent with values of the
RIIP from 0.005 to 0.05 (Perrone et al. 2005). This shows that
the observations for Natal related to the RIIP (0.01 ± 0.01 to
0.04 ± 0.03) suggest moderately absorbent particles for our
dataset.

All of these aerosol properties (Fig. 5, Fig. 6, and Fig. 7)
remain without significant variations and do not have a strong
relationship with the rainy months in Natal, suggesting that
they are more linked to the internal and external sources of
aerosols. Nevertheless, there is a clear link between these mi-
crophysical properties and coarse mode aerosols (marine aero-
sol and mineral dust).

The VSD over Natal is bimodal (Fig. 8) with a dominant
volume in the coarse mode, related to the local sources such as
the sea, the sand dunes, and the external sources (Africa con-
tinent). The value of the coarse mode is shown (0.02 ± 0.01
μm3/μm2) with a radius of 2.94 μm and the fine mode stands
out (0.004 ± 0.002 μm3/μm2) with a radius of 0.19 μm. The
radius that separates coarse mode and fine mode is 0.33 μm
which is close to those found by Smirnov et al. (2002) at five
islands around the globe (0.40 μm); by Taylor et al. (2015) for
the dust cluster (0.35 μm); and by Foyo-Moreno et al. (2019)
(between 0.4 and 0.5 μm) for seven locations of the different
AERONET stations. For Giles et al. (2012), the fine mode
particles have a radius < 1.0 μm in the volume size distribu-
tion, typically combustion-produced particles (Eck et al.
2010), while mixtures composed of natural aerosols (radius
> 1 μm) are predominately coarse mode particles (Eck et al.
2010). The effective radius is a VSD-derived parameter which
describes the aerosol size as the single-scattering properties of
the size distribution are more related to the effective radius
(Hansen and Travis 1974). For the coarse mode, the effective
radius is 1.97 ± 0.26 μm and ranges from 1.58 to 2.99 μm
from August 2017 to January 2018, while the fine mode is
0.16 ± 0.03 μm ranging from 0.12 to 0.26 μm for the same
period. The low uncertainties in the effective radius can be
related to a constancy in the aerosol type of the fine mode
through the observation period, whereas the high uncertainty
of the coarse mode can refer to different aerosol types. Similar

Fig. 5 a Boxplots for instantaneous values of Single Scattering Albedo
(440 nm) versus months, where the red dots are the monthly averages. b
Scatter plot for instantaneous values of spectral difference in SSA (440–

1020 nm) for eachmonth. Both charts are of the same period fromAugust
2017 to January 2018 in Natal

Fig. 6 Boxplots for instantaneous values of the Asymmetry Factor versus
months from August 2017 to January 2018 in Natal, where the red dots
are the monthly averages
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results were found by Prats et al. (2008) (0.14 ± 0.02 μm for
fine mode and 1.96 ± 0.41 μm for coarse mode) in El
Arenosillo (Spanish Atlantic coast).

The greatest uncertainties are present in coarse mode main-
ly in the VSD tail (radii values > 4 μm) can be associated to
the coarse aerosols such as maritime aerosol that interact with
intense winds from the east and southeast NEB coast, mineral
dust (local from dunes and remotely from African continent),
or even the particle sizes that interact with the humidity
brought by the land breeze and southeast trade winds near
the surface, forming clouds, and precipitation (Diniz and
Pereira 2015). Additionally, the large particles of mineral dust
(100 μm in diameter) are found in the regions of their origin
and the particles predominantly smaller than 10 μm are
transported over long distances (Seinfeld and Pandis 2016).

Aerosol typing

Figure 9 provides the aerosol typing in the atmosphere over
Natal from August 2017 to March 2018. It is expected that
aerosol typing determines predominantly marine aerosols.
The AOD instantaneous values associated with its respective
AE instantaneous values classify the aerosols within ranges

based on the climatologies by Holben et al. (2001) and
Smirnov et al. (2002): (i) mixed aerosol consisting of mineral
dust and marine aerosol and likely biomass burning (Formenti
et al. 2008; Eck et al. 2010). This means that this mixed aero-
sol type is classified in an intermediate range between the
characteristics of both mineral dust and marine aerosol,
representing 58.10% of the total; (ii) marine aerosol
(34.80%) originated from sea salt; (iii) mineral dust (6.30%)
originated from soil (from local sand dunes and from African
continent); and (iv) biomass burning (0.8%) originated from
both local and remote sources (the “Origin of air masses” and
“Aerosol optical properties” subsections). The high percent-
age of mixed aerosol is related to the challenge in
distinguishing sea salt aerosols from those of dust, since both
are associated with low Ångström exponents (Holben et al.
2001). Other characteristics of marine aerosols are low optical
load, low AE, and high SSA (low absorption, values close to
1) (Dubovik et al. 2002) as shown in Fig. 5a.

The AOD (500 nm) averages of aerosol typing are 0.08 ±
0.01 for marine aerosol, 0.14 ± 0.03 for mixed aerosol, 0.23 ±
0.04 for mineral dust, and 0.17 ± 0.07 for biomass burning.
The AE (440–870 nm) averages are 0.51 ± 0.17 (marine aero-
sol), 0.51 ± 0.20 (mixed aerosol), 0.54 ± 0.17 (mineral dust),

Fig. 8 Volume Size Distribution
averages for instantaneous values
(μm3/μm2) and respective radii
(in μm) for the period from
August 2017 to January 2018 at
Natal by Cimel Sun-photometer,
where red dots are the averages
and black bars are the standard
deviations

Fig. 7 Boxplots for instantaneous values of the Refractive Index from August 2017 to January 2018 in Natal. Red dots are the monthly averages. a Real
Part versus months. b Imaginary Part versus months
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and 1.08 ± 0.07 (biomass burning). It is possible to see that AE
averages are predominantly around 0.50, meaning AE values
over Natal are considered to be mostly coarse mode (AE < 1).
These data are compatible with those found by Knobelspiesse
et al. (2004) for AOD (500 nm) in North America (dust: 0.17,
marine: 0.08), in the Pacific (marine: 0.09), and in South Asia,
where values for marine aerosol were in the range of mixed
aerosol (0.14).

Over the whole measurement period, there are instanta-
neous values of aerosols classified as mineral dust; however,
the mineral dust predominance occurs during February 2018
(11 days) followed by December, January, and March (3 days
during each month), possibly because the ITCZ is at its south-
ernmost position during this period (DJFM), facilitating the
arrival of Saharan dust over the region (Melo et al. 2009;
Reboita et al. 2012; Junior et al. 2018). Thus, the location of
the ITCZ can be a good indicator of the dust meteorology
(Ben-Ami et al. 2012). In Fig. 3a, February 2018 also has
the higher AOD for the period. Biomass burning aerosols
are present in October (during 4 days) and December (during
3 days), coinciding with the burning periods in Africa
(Formenti et al. 2008; Weinzierl et al. 2011; Baars et al.
2012; Ben-Ami et al. 2012) and in the Metropolitan Region
of Natal (National Institute of Space Research 2020). Those
classified asmixed andmarine aerosols are present throughout
the whole data collection period.

Case study

In accordance with the performed analysis, February 2018
(Fig. 3a and 3c) includes 11 days with aerosols classified as
mineral dust, without the strong influence of the marine aero-
sol, i.e., this month presents the highest number of occur-
rences of this aerosol typing followed by December,

January, and March, each month with 3 days of mineral dust
classification. Two atypical days in February 2018 stood out,
according to the outliers of Fig. 3a and 3c (days 9 and 28). We
chose February 9 for our case study since it is the only day
with overpasses of MODIS and CALIPSO satellites, as well
as a short measurement of the DUSTER Lidar for terms of
intercomparison.

The aerosol typing of February 9, 2018, specifies mineral
dust for all observations of this day with AOD (500 nm) rang-
ing from 0.30 to 0.37 and AE (440-870 nm) between 0.45 and
0.65. MODIS detected AOD between 0.30 and 0.45 at the
coast of Rio Grande do Norte where Natal is located (Fig.
10). The CALIPSO overpass (Fig. 11) classified the aerosols
near Natal as marine aerosol, dust, and dusty-marine mixed
aerosols as described by Kim et al. (2018) for aerosol subtype
by CALIOP. These are the most predominant aerosol sub-
types provided by CALIOP Version 4.10. Thus, the MODIS
and CALIOP sensors are completely in line with the Cimel
Sun-photometer classification for February 9, 2018.

The backward trajectories modeled for February 9, 2018
(Fig. 12) show that the air parcels at 3000 and 4000 m above
Natal origin from Central Africa and Nigeria where part of the
Sahel region is located (northern Nigeria). The air masses at
3000 and 4000 m are the result of an ITCZ located further
south (~ 4° S) (Hastenrath 1991; Marengo et al. 2011; Reboita
et al. 2016; Junior et al. 2018). These backward trajectories fit
the findings of Wang et al. (2016) who found that more than
half of the dust in Central America and northern South
America was coming from northwestern Sahara, followed
by the contribution of the western Sahel (20–30%). Also, the
authors found that the high sensitivity to emissions from the
Bodélé depression is limited to the east of Brazil during the
months of January 2014 to April 2014.

Fig. 10 MODIS daily average AOD at 550 nm derived from Aqua and
Terra satellites, Level 2, Collection 6.1, and 10 km × 10 km resolution on
February 9, 2018, at the coast of Rio Grande do Norte

Fig. 9 Scatter plot for instantaneous values of Aerosol Optical Depth
(500 nm) versus Ångström Exponent (440–870 nm) in Natal from
August 2017 to March 2018. Colors indicate different aerosol types:
blue (marine aerosols), red (mixed aerosols), green (mineral dust), and
black (biomass burning)
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Since the HYSPLIT backward trajectories for February 9,
2018, display aerosol air masses reaching Natal at 3000 and
4000 m, we used our local ground-based DUSTER Lidar
quick-look image generated by the Range Corrected Signal
(RCS) at 532 nm to identify the altitude of the aerosol layer
for this case. Figure 13 presents the temporal evolution of the
aerosol particles suspended in the atmosphere by RCS at

532 nm retrieved by DUSTER Lidar, which is the sum of
particle and molecular backscatter signal corrected by the
square distance for the wavelength of 532 nm. In Fig. 13, it
is possible to identify some aerosol layers below 4000 m
height, which are in agreement with aerosol layers detected
at 3000 m by the CALIOP system (Fig. 11), and with the air
mass backward trajectories coming from the African continent
at the same height is as strong indication of the transcontinen-
tal transport of aerosol layers from Africa to South America
(Liu et al. 2008; Ansmann et al. 2009; Baars et al. 2012; Ben-
Ami et al. 2010; Kumar et al. 2014; Orza and Perrone 2015;
Wang et al. 2016; Moran-Zuloaga et al. 2018).

Conclusions

For the first time, the optical and microphysical properties in
the atmospheric column of Natal, Brazil, were characterized
by a Cimel Sun-photometer of AERONET V3, level 1.5 ob-
servations from August 2017 to March 2018. We also have
verified the data of Cimel Sun-photometer, local Lidar mea-
surements, backward trajectories, and satellites Aqua/Terra
and CALIPSO for a case study on February 09, 2018.

Most of the AOD (500 nm) values remained below 0.15 (~
75%) and held characteristics of marine aerosol. The aerosol
load increased in February 2018 which could be attributed to
the intrusion of dust and biomass burning from local and re-
mote sources. All monthly averages for AE (440–870 nm)
remained between 0.30 and 0.70 (69%) from December
2017 to March 2018, meaning that aerosols over Natal are

Fig. 11 Aerosol subtype observed by CALIOP, Version 4.10, Level 2
products, vertical resolution of 5 km, from 4:04 to 4:18 UTC on February
9, 2018. The closest region to Natal is highlighted with a red circle, the
color bar represents the subtypes of aerosols: 1-marine, 2-dust, 3-polluted
continental/smoke, 4-clean continental, 5-polluted dust, 6-elevated

smoke, 7-dusty marine, 8-polar stratospheric cloud aerosol, 9-volcanic
ash, 10-sulfate/other (numbers 6, 8, 9, and 10 by Kim et al. 2018), and
N/A-not applicable, available on https://www-calipso.larc.nasa.gov/
products

Fig. 12 Backward trajectories finalized at 20:00 UTC on February 9,
2018, based on GDAS meteorological data, HYSPLIT Model Version
4, Revision 515 and calculated by the AERONET Data Synergy Tool,
available at https://aeronet.gsfc.nasa.gov/cgi-bin/bamgomas_interactive
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dominated by coarse particles (AE < 1). Monthly averages of
AE (440–870 nm) from August 2017 to December 2017
showed a high variability that could be attributed to local
biomass burning activities. The increase in PW occurred con-
tinuously from December 2017 to March 2018, which is the
typical period of a southward ITCZ influence. Therefore, the
measured optical properties suggested two distinct periods: (1)
August to November in which aerosol composition has ma-
rine contribution as well as from local sources such as biomass
burning and sand dunes and (2) December to March in which
the ITCZ is closer to Natal, and allows long-range transport of
dust and smoke from the African continent.

Due to high cloud coverage and numerous rain occurrences
over Natal, statistically significant measurements of monthly
averages of AERONET inversion products (VSD, SSA,
RIRP, RIIP, and AF at 440 nm) are reported only from
August 2017 to January 2018. The SSA remained around
0.80, which is considered a low value representative for high
absorption and can be characteristic for biomass burning aero-
sols or dust coated by smoke. The RIRP was around 1.50 and
the RIIP varied between 0.01 and 0.04, which are character-
istic of moderately absorbent aerosols. The AF ranged be-
tween 0.73 and 0.80 for the period, which is an indicative of
coarse mode predominance. Furthermore, the VSD showed to
be bimodal also showing that the coarse mode was predomi-
nant. The microphysical properties did not show a clear sea-
sonality but were more linked to the aerosol types.

In summary, optical and microphysical properties of aero-
sols over Natal showed a dependence on local sources such as

dunes, fires, and ocean, and remote sources such as African
desert dust and biomass burning, being associated with a wide
variation of VSD coarse mode and of the AE. This depen-
dence on sources was most noticeable in September,
December, and February. The aerosols also showed to be high
and moderately absorbent.

The aerosol typing confirmed, by its optical and micro-
physical properties, the predominance of marine aerosol
(34.80%), mineral dust (6.30%), mixed aerosol (58.10%),
and biomass burning (0.80%). Most days classified as mineral
dust (11 days) occurred during February 2018 pointing out the
aerosol transportation from abroad during this month under
the influence of the ITCZ. In addition, the backward trajecto-
ries modeled by HYSPLIT identified that half of the air
masses originated from the African continent (51%), especial-
ly at 3000 m agl, which were likely modeled by the ITCZ and
Easterly Wave Disturbances. Additionally, the case study
showed an agreement between aerosol typing of the Cimel,
MODIS AOD, and the CALIOP aerosol subtype for aerosol
layers from African continent at 3000 and 4000 m agl
modeled by HYSPLIT and identified by the DUSTER Lidar
system, during February 09, 2018, in the atmospheric column
of Natal.

Finally, the Cimel Sun-photometer proved to be a reliable
tool for obtaining aerosol properties in Natal and its dataset
will be extremely useful for obtaining an effective Lidar ratio
(Guerrero-Rascado et al. 2009), as well as to provide informa-
tion for calibrating and validating (or consistency checking)
satellite-based products (Jeong et al. 2018), such as from

Fig. 13 Profile DUSTER Lidar on February 9, 2018, at Natal from 18:42 to 18:53 UTC with vertical resolution of 3.75 m, temporal resolution of 10 s,
and wavelength of 532 nm
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EarthCARE and AEOLUS, and also aerosol transport models
on a regional scale.
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