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ABSTRACT

The Amazon region is an excellent laboratory for analysis of natural aerosols in the wet season; however, in the dry season
the biomass burning emissions highly influence it, which considerably alters the physical and chemical properties of the
atmosphere. We analyzed long-term time series (2000-2017) of optical and radiative properties of aerosols during dry and
rain seasons from nine AERONET stations located in the Amazon Basin (Western Brazil). Aerosols have been classified
into two groups: organic carbon (OC) and elemental carbon (EC), which allowed quantification of their effects on the
radiative forcing for these sites. It was possible to conclude that the optical depth values of aerosols (AOD 500 nm), which
remained in a downward inclination beginning in 2010 to 2012, returned to rise since 2013. The analysis showed that the
fraction of biogenic particles varied from approximately 38% to 67% at the site of Manaus EMBRAPA. However, for ATTO
this fraction remained practically constant throughout the year, around 68% as the fraction of OC-EC went from
approximately 16 to 27%. In that way, the study found that in the central Amazon region, in the dry season, the OC fraction
generates instantaneous effects of up to —100 W m in the radiative surface forcing (FR-Surface), while in the Cerrado
region (Cuiaba) the instantaneous values reached up to —350 W m2. The impact of the primary biogenic particles on the
radiative flux resulted in a mean, approximately —20 W m? FR-Surface, representing 45% of the total effect caused by
aerosols in the Amazon.
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INTRODUCTION

Human activities have contributed strongly to the intense
and continuous changes in the global climate is which has
intensified since the Industrial Revolution (Hansen et al.,
2013; Rap et al., 2013; Scott et al., 2018a). The constant
intensification of factors such as deforestation, urbanization,
and use of fossil fuels have influenced the radiative balance
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of Earth, changing the chemical composition of the atmosphere
and the physical properties of the Earth's surface (Scott et
al., 2018a, b). Climate changes observed over the last few
years, such as the increase in average terrestrial temperature,
modify the dynamics of the atmosphere and oceans, which
in turn alter local and regional hydrological patterns causing
an increase in occurrences of extreme events, such as prolonged
droughts and floods (Spracklen et al., 2009; Carslaw ef al.,
2010).

Human activities are quickly changing the earth's surface,
and this fact is evident especially in the tropics. Tropical
forests, and in particular the Amazon rainforest, are suffering
from high rates of deforestation and burning (Scott ef al.,
2018a). In the Amazon Basin, deforestation is not randomly
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distributed, the most impacted region coincides through the
agriculture and pasture boundaries with the forest, this region
is known as the “Deforestation Arc” and is located in the
states of Maranhdo, Para, Tocantins, Mato Grosso, Rondonia
and Acre (Martin et al., 2016; Scott et al., 2018a). This
region is a site of intense agricultural activities, often followed
by intense logging fires, which are either spontaneous or
planned by man and occur mainly during the dry season.
Particulate matter released into the atmosphere by these
activities directly affects the radiative balance between the
atmosphere and the biosphere through the absorption and
scattering of solar radiation. In the direct effect, both absorption
and scattering influence the fluxes of radiation directly
incident on the surface and its reflected component to the top
of the atmosphere (Arneth ef al., 2010; Poschl et al., 2010).

Large loads of burnt aerosols affect the Amazon Basin in
the dry season, and the plumes generated in these burnings
strongly impact local and regional radiative flows (Artaxo et
al., 2013; Sena et al., 2013). Some of the effects of the
burning plumes have already been studied in this region
(Artaxo et al., 2013; Sena et al., 2013). In particular, some
studies evaluated the effects of natural aerosols in the Amazon
region (Martin et al., 2016; Scott et al., 2018b). However,
several issues related to the interaction of natural aerosols
with direct solar radiation remain open to discussion. In the
wet season, a condition practically free of burnt aerosols, the
intense metabolism of the Amazon forest emits into the
atmosphere natural particles that form the set of aerosols called
primary biogenic aerosols (Artaxo ef al., 2013). During the
dry season, the high number of condensation nuclei changes
the microphysics and the optical properties of the clouds,
influencing the processes of convection and precipitation
(Martin et al., 2016; Scott et al., 2018b). Whereas in the wet
season the low number of aerosols that act as condensation
nuclei (formed essentially by biogenic aerosols) characterize
clouds similar to those found on the oceans, which is why
the Amazon is also called the "Green Ocean" (Martin et al.,
2016; Scott et al., 2018Db).

Changes in radiation fluxes caused by aerosols can interfere
with surface temperature and thereby alter the sensible and
latent heat fluxes in the layers near the surface. These changes
can modify the vertical profile of temperature, height of the
boundary layer, local and regional circulation and rates of
cloud formation and precipitation (Hallquist et al., 2009;
Poschl et al., 2010; Martin et al., 2016). The disturbance
caused by the aerosols in the radiative balance contrasts to
the effect of the gases in several aspects, among them the
fact that particulate matter generally has a short average
lifetime in the atmosphere, unlike most greenhouse gases,
ranging from hours to weeks. Thus, the spatial distribution of
the aerosol concentration has a great heterogeneity, because
it depends heavily on sources and transport mechanisms.
These facts make it difficult to analyze the global effects of
aerosols on climate (Ward et al., 2012; Scott et al., 2014;
Andreae et al., 2015).

In this way, the present work sought to broaden the
understanding of the interaction of solar radiation with
atmospheric aerosol particles in the Amazon Basin, in the
dry and wet seasons, through a long series of measurements

by remote surface sensing (AERONET network). In addition
to characterizing the seasonal and interannual differences of
the optical and radiative properties of the aerosols in forest
and Cerrado sites, the fractions of organic carbon (OC) and
elemental carbon (EC) were also separated, which allowed
quantification of their effects on the radiative forcing of each
site.

EXPERIMENTAL METHODS

Study sites

This research evaluated the optical properties of aerosols
in nine sites of the AERONET network, shown in Fig. 1.
Table 1 hold the sites with their respective geographic
coordinates and data periods available and used. Eight of the
studied sites are within the limits of the Legal Amazon and
only the site of Campo Grande (Campo Grande SONDA) is
not part of this region. This site was taken into account due
to its local characteristics, which allowed the comparison of
the optical properties of the aerosols in that site with those
of the site of Cuiaba (Cuiaba Miranda). This is necessary,
since both belong to the Cerrado biome and are directly
impacted by the biomass burning of the Deforestation Arc.

The sites of ATTO (Amazon ATTO Tower) and Manaus
(Manaus EMBRAPA) are located upwind of the plume of
Manaus, whereas the Manacapuru site (ARM Manacapuru) is
located downwind. The ATTO site is about 160 km north of
Manaus, in the region, where hundreds of km of undisturbed
forest-covered areas extend. The origin of the air masses on
the ATTO site varies throughout the year, depending on the
seasonal variation of the Intertropical Convergence Zone
(ITCZ) over the Amazon Basin, which results in large changes
in meteorological conditions and atmospheric composition
(Andreae et al., 2012). During the wet season, air masses
arrive predominantly from the northeast region of the ATTO,
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Fig. 1. Location of analyzed AERONET sites.
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Table 1. Coordinates and sampling period of radiometers used in this work.

Site Localization Period
Latitude (°S) Longitude (°W)

ATTO 2.14 59.00 2016-2017
Manaus 2.89 59.97 2011-2017
Manacapuru 3.21 60.59 2013-2015
Alta Floresta 9.87 56.10 2000-2017
Ji Parana 10.93 61.85 2006-2015
Rio Branco 9.96 67.87 2000-2017
Abracos Hill 10.76 62.35 20002005
Cuiaba 15.73 56.02 2000-2017
Campo Grande 20.44 54.54 2003-2017

over miles of primary forest cover. During this period, long-
distance transport events from the Atlantic and Africa
brought episodes of marine aerosols, Sahara sand, and West
African biomass burning. At the end of May, this pattern
changes abruptly due to the displacement of the ITCZ to the
north of the region, in this case, the site samples air masses
of the Southern Hemisphere.

The site of Manaus is located approximately 25 km north
of the municipality of Manaus in the Brazilian Agricultural
Research Corporation (EMBRAPA) (Barbosa et al., 2014).
This region is also located on the top of the plume of Manaus
so that the characteristics of this region are very similar to
that of the ATTO site, however, there is also a predominance
of pastures. The Manacapuru site is located downwind in the
Manaus plume, which suffer direct impact by the urban
emissions of both the municipality of Manaus and Manacapuru,
which belongs to the metropolitan region of Manaus, located
approximately 100 km away. The installation of the
AERONET radiometer in Manacapuru was part of a field
campaign of the GoAmazon experiment, which aims to
investigate and understand how the pollutants of Manaus in
the middle of the tropical forest can influence the life cycle
of aerosols and clouds (Martin et al., 2016).

The sites of Alta Floresta, Abracos Hill, Ji Parana (Ji
Parana SE), and Rio Branco are located in the Deforestation
Arc and strongly impacted by the burnt aerosols. The site of
Alta Floresta (State of Mato Grosso) is located in the south
of the Amazon Basin, a transition area between forest and
pasture, presenting the largest record of burn outbreaks in
Brazil. The sites of Ji Parana and Abracos Hill are installed
in pasture areas, and the Rio Branco site is located in a
region near the urban center of this city.

The Cuiaba and Campo Grande sites are part of the Cerrado,
and Cuiaba is located in the Cerrado-Pantanal transition
zone. The radiometer for this site is located approximately
20 km from the urban perimeter, in a region with small trees
and twisted branches, amidst a mixture of pasture and
flooded surfaces. Campo Grande is located in a rural area,
also close to the limits of the urban area. Around this site,
there is a predominant vegetation of Cerrado and urban parks
of conservation areas. Both sites are directly influenced by
local biomass burning in the dry season.

Database, AErosol RObotic NETwork (AERONET)
AERONET (AErosol RObotic NETwork) is a global

remote sensing aerosol monitoring network, installed at surface
level and maintained by NASA's Earth Observing System
(EOS) (Holben et al., 1998). AERONET equipment embraces
a series of automatic and identical spectral radiometers
distributed by the planet Earth. The measurements allow the
near real-time monitoring of the optical thickness of the
aerosols, precipitating water column and particle size
distribution, among other physical and optical properties of
aerosols. The products supplied by AERONET are freely
available online at http://acronet.gsfc.nasa.gov/, which contains
all the information about the monitoring system.

The AERONET network follows a protocol for data quality
assurance, divided according to the level of processing, which
varies between 1.0, 1.5 and 2.0. Level 1.0 data represents
gross measurements, with no corrections and with all points
acquired by the photometer. Level 1.5 has processed
measures that eliminate cloud and rain contamination. At the
2.0 level, a cut is made for the optical depth of the aerosol in
the channel of 440 nm (AOD 440 nm), the AOD in 440 nm
has to be greater than 0.4, which minimizes uncertainty for
AOD values ranging from 0.01 to 0.02 (Eck et al., 1999).

In this work, were used the direct products of level 1.5
and 2.0, since the values of AOD are extremely low in the
Amazon region during the wet season. In the characterizations
developed in this study were used the products of AOD at
500 nm of level 2.0 and the products of inversion: single
scattering albedo (SSA), scattering aerosol optical depth
(SAOD), absorption aerosol optical depth (AAOD), refractive
index (IR), volumetric size distribution (VSD), absorption
Angstrom exponent (AAE), extinction Angstrom exponent
(EAE), aerosols radiative forcing to the surface (ARFsur),
level 1.5.

Methods of Analysis

The Angstrom exponent can be derived for both scattering
and absorption. The scattering component (SAE) represents
the spectral dependence of the scattering coefficient bycq; or
the scattering optical thickness (zya) With the wavelength.
The values of the scattering Angstrom exponent have direct
relation to the average particle size. In the case of a unimodal
size distribution, SAE values greater than 2.0 indicate the
predominance of fine-mode particles, which are usually
associated with urban pollution or biomass burning. SAE
values close to 1.0 indicate the presence of coarse-mode
particles, typically associated with sea salt and mineral dust



142 Palacios et al., Aerosol and Air Quality Research, 20: 139-154, 2020

(Schuster et al., 2006). Analogously, the absorption Angstrom
exponent (AAE) represents the spectral dependence of the
absorption coefficient (bu). This optical parameter have
relation to the physical and chemical properties of the aerosol
(Rizzo et al., 2011). Black carbon (BC), for example, has a
47! spectral dependence, which give us an AAE equal to 1.0
(Bergstrom et al., 2002), and for the aerosols of OC from the
biomass burning the absorption of radiation is more
significant in ultraviolet (UV) spectral regions, resulting in
AAE values greater than 1.0 (Kirchstetter, 2004). AAE values
greater than 1.5 are commonly observed in mineral dust
aerosols (Russell et al., 2010).

AERONET's inversion products were explored in the
discussion of scattering and absorption of radiation by
aerosols in the atmospheric column, quantifying the radiative
forcing and the radiative forcing efficiency for all sites.
Linear regressions were carried out to evaluate the influence
of radiation absorption and scattering on the descending
radiative flux on the surface and ascending at the top of the
atmosphere in the dry and wet seasons for each site. The
influence of fractions of EC, OC and biogenic particles on
the radiative flux was quantified. The optical property
measurements for forest regions in the wet season were used
to model the optical properties of the primary biogenic
aerosol, quantifying its effect on the radiative flux.

RESULTS AND DISCUSSION

Variability of Optical Depth of Aerosols

The entire region of the Amazon Basin, as well as much
of the South American continent, exhibits a significant
change in the optical properties of aerosols during the dry
season (Hoelzemann ef al., 2009). The temporal distribution

of the optical depth of the aerosol at 500 nm (AOD 500 nm)
shows the seasonality of the values of AOD 500 nm. That
according to Sena et al. (2013) and Artaxo ef al. (2013) occur
due to the high rates of burn outbreaks in the dry season in
both the southern region of the Amazon rainforest and in the
entire central-west region of Brazil, as seen in Fig. 2. The
great variability in aerosol composition over the southern
Amazon region in the dry season is due to the biomass
burning in the Deforestation Arc region, which is highly
related to the variability of the AOD 500 nm over this region
(Fuzzi et al., 2007).

Between the 2004 and 2012 years, in the Legal Amazon,
it occurs a significant reduction in the deforestation rate,
from 27800 km? ano! to 4660 km? ano~' (INPE-PRODES,
2018) or, about six times. However, the deforestation rates
and the number of fires do not follow the same temporal
trend. The reduction in deforestation rates (from 2004 to
2012) were not observed for number of fires. This can
indicates a fire-use change that initially is associated to areas
already deforested and currently to pasture and crop land-
use management (Ten Hoeve et al., 2012). The arc of
deforestation region, localized in the south of Amazon river
basin, is also a agricultural frontier that presents record fires
number in dry season (Ten Hoeve et al., 2012; Artaxo et al.,
2013).

The years 2005 and 2010 are reported particularly by the
works of Marengo et al. (2008) and Marengo et al. (2011)
respectively, as well as a large amount of carbon released
into the atmosphere in these two large drought records. The
relationship between the burning records in Brazil and the
values of the AOD 500 nm shows that both the Amazon
forest region and the Cerrado regions have direct correlation
by the biomass burning. In Fig. 2, it is possible to observe
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that the highest aerosol loads occur in the sites of Alta
Floresta, Cuiaba, Ji Parana, Rio Branco, and Abracos Hill.
Although the Cuiaba site is not located in the region of the
arc of Amazonian deforestation, the values of AOD 500 nm
are as high as those found in the Alta Floresta site, because
in addition to local burnings typical of Cerrado and pasture,
this region also influenced by transport of particles from the
south of the Amazon Basin. The sites that less impacted by
biomass burning are located in central Amazonia (Manaus
EMBRAPA, Manacapuru, and ATTO). In addition, these
sites did not include 2005, 2007 and 2010 measures that
were those with severe droughts in the Amazon region,
provoking historical records of fires in Brazil (Marengo et
al., 2008; Marengo et al., 2011; Ten Hoeve et al., 2012).

In Fig. 2, the maximum values for AOD 500 nm are
increasing from the year 2013, so that the increase in
deforestation rates is directly influencing the aerosol load
emitted into the atmosphere, this increase in AOD values of
500 nm is noticeable both in sites located in the arc of
deforestation and in the central region of the Amazon. The
maximum value of AOD 500 nm went from approximately
0.8in 2013 to 1.5 in 2015 on the site of Rio Branco. For the
Manaus EMBRAPA site, this increase was even more evident,
ranging from 0.8 in 2013 to 2.3 in 2015. For Manacapuru,
this increase in the values of AOD 500 nm have been
observed for the year 2015 compared to 2014, rising from
0.8 in 2014 to 2.4 in 2015. The report of this variation is
unprecedented, since the time series of AOD 500 nm followed
a downward trend until the year 2013, accompanying the
reductions of annual rates of deforestation in the Amazon.
However, from the year 2013, the general trend on the AOD
500 nm series has been increasing again, as well as the
annual rates of deforestation, evidencing that deforestation
in the Amazon has a direct impact on the aerosol load.

The work of Sena et al. (2013) reported in a time series of
annual deforestation rates and annual average of AOD 550
nm (1988-2012) that even after the regions are deforested
the values of AOD 550 nm remain high. That suggest that
the fires move to the Cerrado region, since even decreasing
rates of deforestation mean annual values of AOD 550 nm
remain high. The increase in deforestation rates has a direct
impact on the aerosol loads emitted in the Amazon, however,
even if there is a reduction in deforestation rates, the aerosol
loads still take some time to take a downward trend. This
work suggests that deforested areas not burned immediately
at the time of deforestation but carried out in later periods,
causing a gap between deforestation and high AOD recorded
by biomass burning.

The sites located in central Amazonia also show seasonal
variations, which means that they also are impacted by the
emissions of fires. For low values of AOD 500 nm, a good
coherence between the data of Manaus EMBRAPA and
ATTO is observed, that is, in free conditions of the action of
the fires these distributions are very similar. However, for
the values of AOD 500 nm above 0.3, a dispersion between
measurements is observed, with the highest values occurring
over EMBRAPA. Considering the months from January to
June as wet season and from July to December as the dry
season, the averages for the rainy and dry seasons respectively

for the site of Manaus EMBRAPA were 0.09 +0.05 and 0.20
+ 0.10 and for the ATTO site of 0.09 + 0.04 and 0.18 + 0.09.
The mean values and their respective deviations for the rainy
season clearly demonstrated that there is no difference for
the values of AOD 500 nm between the two sites. Already
for the dry season, the averages for the AOD 500 nm on the
site of Manaus EMBRAPA were slightly higher, however,
within the deviation values, there is practically no difference
between the means for the AOD 500 nm between the ATTO,
and Manaus EMBRAPA.

Scattering and Absorption Properties in the Atmospheric
Column

Fig. 3, illustrate the spectral dependence of the absorption
(AAOD) and scattering aerosol optical depth (SAOD) for
the dry and rainy seasons of each site. That shows the strong
dependence of both the AAOD and the SAOD with the
wavelength. The highest absorption and scattering values
occur at 440 nm. Among the sites most impacted by the fires
in the dry season, Cuiaba stands out for its absorption values.
The sites located in the arc of deforestation (Alta Floresta, Ji
Parand, Rio Branco, and Abracos Hill) presented similar
behaviors. The site of Manacapuru presented in the dry season
an AAOD near the values found in the sites belonging to the
arc of deforestation, while the sites of Manaus EMBRAPA
and ATTO presented extremely low values for AAOD both
in the dry season and in the wet season. Table 2 shows the
mean values and their deviations for AAOD and SAOD at
440 nm for the dry and wet seasons for the sites studied.

The Campo Grande site, although similar to that of Cuiaba,
presented a very distinct behavior, with low values of AAOD
in the dry season, which suggests that the effects of biomass
burning may be different in these two typical Cerrado regions.
In the wet season, Campo Grande has values of AAOD similar
to the values found for the site of Manaus EMBRAPA and
is very close to those found for ATTO. For SAOD, Campo
Grande has the lowest values of all the analyzed sites. In the
dry season, the aerosols on Campo Grande become more
absorptive and their values of AAOD exceed the values
found in Manaus EMBRAPA and ATTO, however, still
below the values found for the other sites. For SAOD in the
dry season, the values of Campo Grande remain low, similar
to the values found in Manaus EMBRAPA.

The values of SAOD found in Cuiaba in the dry season
are similar to the values found in Rio Branco, in the arc of
deforestation and close to those found in Manacapuru. The
highest values of SAOD in the dry season occurred in the
sites of Abracos Hill, Ji Parand, and Alta Floresta, evidencing
that the biomass burning contributes significantly to the
radiation scattering. The fact that Campo Grande has low
SAOD values both in the dry season and in the wet season,
as well as low AAOD values in the wet season (values close
to those found in central Amazonia) may be related to the
location of the AERONET radiometer, where there are
several parks and conservation areas near this site. The
increase in dry season AAOD values is due to the Cerrado
burning; however, it is observed that this impact is much
lower than that found in Cuiaba. Fig. 4 shows the typical
annual variability for the values of AAOD and SAOD at
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Fig. 3. Spectral dependence of AAOD and SAOD for the dry and wet seasons of each site.

Table 2. Mean values (with respective deviations) for AAOD and SAOD at 440 nm of the dry and wet seasons of each

analyzed site.

Site Dry season Wet season
AAOD SAOD AAOD SAOD

Alta Floresta 0.05 +0.05 0.70 £0.70 0.01 +£0.01 0.09+0.13
Cuiaba 0.07 £0.07 0.49 £0.48 0.02 £0.02 0.10£0.12
Ji Parana 0.04 £0.03 0.70 £0.67 0.01 £0.01 0.08 £0.06
Rio Branco 0.05+0.05 0.55+0.50 0.02 +£0.01 0.10+0.12
Abracos Hill 0.05+0.03 0.76 £ 0.56 0.02 £0.02 0.12+0.10
Campo Grande 0.03+£0.02 0.31+0.36 0.01+0.01 0.07 £ 0.07
M. EMBRAPA 0.02+0.02 0.30+0.21 0.01 +£0.01 0.15+0.16
Manacapuru 0.04 £0.03 0.41+0.29 0.01+£0.01 0.12+0.13
ATTO 0.01 £0.01 0.20 +0.08 0.01 £0.01 0.09 +0.01

440 nm, presenting the effect of aerosols on the extinction
of radiation throughout the year. The shaded region (Fig. 4)
highlights the period with the maximum records of fires in
Brazil, it is possible to observe that the scattering effect is
predominant in the extinction of the radiation in both
analyzed regions. However, the amplitude of the spreading
and absorption events are higher over the Alta Floresta region,
since this site has direct influence by the emissions in the
Deforestation Arc. The site of Manaus EMBRAPA presented
low values of scattering and absorption even for the period
considered as dry season, it should be noted that the period
corresponding to the maximum scattering and absorption
values extends to the month of November. Differently from
the sites located in the region of the Deforestation Arc and
in the Cerrado, local burns may influence the regions located

closer to the center of the Amazon Basin. In the Amazon
region, precipitation rates are very high, which makes it
difficult to burn the forest, so farmers clear the forest at the
end of the rainy season (May—June) and let the chopped
wood dry until September, which causes emission of large
amounts of gases and particles into the atmosphere (Artaxo
et al.,2013). Every year, from September to November, large
plumes of smoke can be easily observed by satellite images
(Andreae, 2009).

The analysis of the absorption and scattering of aerosols
was complemented by evaluating their refractive indexes.
This optical property is a mathematical function belonging
to the complex numbers and has two components: the real
part, "n", associated with scattering component of the aerosols,
and the imaginary part, "k", associated with absorption. The
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Fig. 4. Monthly variation of SAOD and AAOD for the Alta Floresta and Manaus EMBRAPA sites.

real part of the index provides, therefore, information regarding
the ability to spread radiation in a given medium, while the
imaginary part is directly related to how it dissipates as the
material penetrates. Fig. 5 shows the spectral dependence of
the refractive index for all analyzed sites. It is observed that
the real component practically does not vary with the
wavelength in the wet season, that is, the aerosols spread
radiation at the studied wavelengths of isotropic form. The
sites with most spread properties are Cuiaba, Alta Floresta,
and Campo Grande, followed by the other regions of the arc
of deforestation (Ji Parana, Abracos Hill, and Rio Branco).
The less scatter sites are concentrated in the central region
of Amazonia (Manaus EMBRAPA, ATTO, and Manacapuru).
During the dry season, a small dependence of the real part
with the wavelength is observed, where the maximum values
were reached at 870 nm, a fact explained by the great variety
of aerosols added in the atmosphere as products of fires.

The imaginary part of the refractive index (Fig. 5) shows
two main results: the absorption of radiation is more
efficient in the rainy season, the period where the index
practically does not vary with the wavelength; the absorption
during the dry season in Cuiab4 exceeds the absorptions of
the other sites, even those that are in the region of the
Deforestation Arc. The lowest absorptions for both the dry
season and the wet season are found in the regions of central
Amazonia. Absorption and scattering analysis in the dry and
wet seasons were further complemented by the evaluation of
the single scattering albedo (SSA), seen in Fig. 6.

For the sites of Manaus EMBRAPA and ATTO the values
of SSA at 440 nm practically did not vary from the dry

season to the wet season, in Manaus EMBRAPA the average
values of SSA at 440 nm were 0.93 £ 0.06 and 0.93 + 0.07,
and for ATTO 0.91 £ 0.04 and 0.92 + 0.05, respectively for
the dry and wet seasons. For the Manacapuru site, there was
also no variation between the dry and wet seasons, however,
the mean values of 0.88 + 0.04 and 0.87 £ 0.08 for the dry
and wet seasons respectively show that the particles in this
site are more absorbent than those found in the sites of
EMBRAPA and ATTO. In the sites located in the arc of
deforestation (Alta Floresta, Ji Parana, Rio Branco, and
Abracos Hill) a small reduction in albedo values were observed
in the wet season. In Ji Parana for example, the mean SSA
440 nm was 0.92 £ 0.03 in the dry season and 0.86 = 0.08 in
the wet season. This fact evidences the predominance of the
scattering during the dry season and a reduction of the
scattering accompanied by the increase of the absorption
during the wet season. The Cuiaba site, unlike the others,
presented low values of SSA 440 nm even for the dry season.
The average values were 0.85 + 0.09 and 0.81 £+ 0.14 (dry
and wet, respectively). This result is consistent with previous
analyses related to AAOD, SAOD, and complex refractive
indices. However, the site of Campo Grande also did not
show variations between dry and wet seasons, however, the
values observed for SSA 440 nm were close to those found
in the region of the Deforestation Arc in the wet season.
The strong increase in aerosol concentrations is still
accompanied by a change in particle size distribution. The
majority of the particles emitted during the burning events
belong to fine-mode aerosol (Schafer et al., 2008), in addition
to this, the size distribution varies radically in regions highly



146 Palacios et al., Aerosol and Air Quality Research, 20: 139-154, 2020

——e— Alta Floresta Cuiaba Ji Parana Rio Branco Abracos Hill
=——e— Campo Grande =——e— Manaus EMBRAPA Manacapuru =—e— ATTO
Wet season 156 Dry season

8 1.5 ~_\/—‘ g . /‘
&:1.48/ i 0_: 145/\—

—

1.46 1.48 =
1. 1.46
500 600 700 800 900 1000 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
Wet season Dry season
0.06 0.03
005},
= = 0.025
@ 0.04 g
£ S 0.02fm——
& 0.03 g
éooz S———— = 0.015
0_: ’ D_ﬁ .
0.01 001 e—
0.005
500 600 700 800 900 1000 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Fig. 5. Spectral dependence of the real and imaginary refractive index for the dry and wet seasons of each site.

——e— Alta Floresta Cuiaba Ji Parana Rio Branco Abracos Hill
e Campo Grande =——e— Manaus EMBRAPA Manacapuru =—e— ATTO
Wet season
0.95 T T T T T T

09F -

0.75 1 L 1 1 1 ——
500 600 700 800 900 1000
Wavelength (nm)
Dry season
0.95 T T T T T T
| ————

o'g.‘\ ——— -

0.75 A A AL L A
500 600 700 800 900 1000

Wavelength (nm)

Fig. 6. Spectral dependence of the SSA for the dry and wet seasons of each site.



Palacios et al., Aerosol and Air Quality Research, 20: 139-154, 2020 147

influenced by biomass burning in the dry season (Eck et al.,
2010). Fig. 7 shows the mean values for the entire available
period of each site of the size distributions, where clearly all
sites have a bimodal distribution. The average volumetric
radius for fine-mode particles is approximately 0.15 pm for
all sites. For coarse-mode, the average volumetric radius
varies between 5.0 and 6.0 pm depending on the site analyzed.
Although the values of the mean volumetric radius are close
in practically all sites, the volumetric concentration differs
significantly, it is observed that the highest concentrations
of fine-mode particles are recorded in the arc of deforestation
sites, Abracos Hill, Ji Parana, Alta Floresta, and Rio Branco.
For the coarse fraction, the highest concentrations are obtained
for the sites belonging to central Amazonia, Manacapuru
and Manaus EMBRAPA.

The analysis of the size distribution is complemented by
Fig. 8, which presents the average of the distributions for the
dry and wet seasons for the Alta Floresta, Cuiaba, Manacapuru
and Manaus EMBRAPA sites. The high concentrations of
particles belonging to the fine-mode are reached during the
dry season, while the concentration of coarse-mode is more
evident in the wet season. The emission by fires in the arc of
deforestation explains the high concentrations of particles in
the fine-mode for Alta Floresta in the dry season, while in
the rainy season the local impacts and the biogenic emission
may be the major responsibility for the distribution of
coarse-mode.

Cuiaba presents a lower volumetric concentration than the
values found for Alta Floresta and the other sites of the arc
of deforestation, the optical properties for this region showed a
more absorptive type of aerosol, which will be better
investigated through analysis of the OC and EC fractions in
this region. The size distribution found in Campo Grande did
not show significant variation between the dry and wet

seasons, suggesting that although this site has the same
characteristics typical of the Cerrado of Cuiaba, it is less
impacted by the aerosols of fires in the dry season.

Classification Guideline for Aerosols

The scatter plots between the scattering Angstrom
exponent (SAE) and the absorption Angstrom exponent
(AAE), the so-called Angstrom matrix, provide indications
of the possible sources for the aerosols since the SAE allows
a separation of the fine and coarse fractions of the particles
and the AAE allows the evaluation of its absorptive properties.
Fig. 9 shows the result of the methodology quoted above for
the Ji Parana site. In the wet season, the aerosols were
classified as biogenic particles (BG), and the low values for
SAE indicate the predominance of coarse particles. In the
dry season, the emissions of OC and EC, biomass burning,
overlap the biogenic particles by raising the fraction of fine
particles. The separation of the OC and EC fractions is given
on the basis of the AAE values because the EC is a highly
efficient absorber at all wavelengths when compared to the
OC, which absorbs only at low wavelength values (Bahadur
etal.,2012).

For Ji Parana, as well as for practically all the sites located
in the arc of deforestation, during the dry season, in addition
to the OC and EC classifications, a large fraction of the
aerosols were classified as a mixture between OC-EC. When
comparing the dry season with the wet season, it is noted that
the mixture between OC and EC, with isolated records of OC,
dominates the great contribution of the biomass burning. The
work of Brito et al. (2014) observed that, on the Amazon,
OC represents 82% of the ultrafine material, and thermal
combustion analysis showed that the OC represents the
dominant fraction of aerosol derived from biomass burning,
with 84% (Mayol-Bracero, 2002).
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The same methodology was applied to all the AERONET
sites used in this work. The dry season in Alta Floresta
evidenced a mixed composition of a series of particulate
material being possible to verify through the Angstrom
matrix with large distributions of the fractions of EC and OC
in the region. The vast variability over the Alta Floresta
during the dry season can be explained by the addition of
biomass burning particles from the local forests and by the

addition of particulate material from pasture and Cerrado
fires carried to the site through transport in the atmosphere.
Because of the high concentration of fine particles in the dry
season, Rizzo et al. (2013) states that the dispersion of
radiation in the Amazon Basin is substantially influenced,
changing abruptly in the wet season due to the great removal
of this material by precipitation.

For the Rio Branco site, the behavior of the SAE and AAE
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distribution was similar to that found in Alta Floresta. The
Angstrom matrix showed a predominance of coarse particles
in the wet season and fine in the dry season, a fact also
explained by the chemical variations of the biomass burning
emissions in the Amazon Basin (Artaxo ef al., 2013; Brito
et al., 2014). For the Cuiaba site, the distribution of the
Angstrom matrix showed similar behavior to the sites
located in the Amazonian biome, evidencing the predominance
of coarse particles during the wet season. This may be
associated with urban emissions and soil dust suspension
since the site is located in an area near the urbanized region
of the capital Cuiaba in the state of Mato Grosso. In the
location of the CIMEL radiometer, the present vegetation is
low and typical of the Cerrado, so that, over this region, the
biogenic contributions are somewhat limited. In the dry
season, the influence of the fires was clearly detected due to
the large distribution of points on the Angstrom matrix in
the fraction of OC and EC, as well as by the mixture between
these two classifications. Through the analysis of the values
obtained for SAE, we can see a small reduction when
compared to the sites of Alta Floresta and Rio Branco. Such
reduction suggests a small increase of the particles in the dry
season when compared to the sites located to the north, in
the Amazon biome.

The small difference detected in particle size between
Cuiab4, Alta Floresta, and Rio Branco may be associated,
besides the form of combustion that occurred in the burning
process, to the process of transporting these particles of fires
over the regions located in the Cerrado. For the Campo

Grande site, as discussed by Hoelzemann et al. (2009),
industrial urban influences predominate over the wet season.
In the dry season, the largest contributions are due to biomass
burning. For Campo Grande, the fraction of the dispersion
in the Angstrom matrix for the rainy season is in a transition
band between OC and EC, which strongly characterizes the
emission of fossil fuel combustion, vehicular and urban
emission. The quantification of the types of aerosols classified
in the dry and wet season is presented in percentages in
Table 3 and 4, respectively.

Its observed for the sites of Ji Parana, Rio Branco, and
Abracos Hill that the sum between OC-EC and OC blend
fractions exceeds 60%, this also occurs for Alta Floresta and
Cuiaba. For sites located in central Amazonia, the values
found for the OC are extremely low, however, records for
biogenic particles remain high, reaching 67.97% BG in the
ATTO site. Table 4 represents the quantification for the types
of aerosols in the rainy season, and Table 3 can be analyzed
in parallel to evaluate the changes of the constituents according
to the period of drought or rain. In Alta Floresta and Ji
Parana, they have similar or even larger biogenic aerosol
fractions than the values found in central Amazonia, which
is also true for the Cuiaba and Campo Grande sites. For the
ATTO site, there is practically no variation for BG fraction
between dry and wet seasons, however, the OC-EC blend
fraction is reduced from 27 to 16%. For Manacapuru this
reduction was even more evident, from 43 to 23%. In the
wet season, it was still possible to visualize a small fraction
(1.48%) of mineral dust on the site of Manaus EMBRAPA.

Table 3. Quantification of the types of aerosols (for dry season) on the AERONET sites used in this study, (BG: Biogenic),
(EC: Elementary Carbon), (OC: Organic Carbon), (OC-EC: Mixture of OC and EC).

Dry season
Site BG (%) EC (%) OC (%) OC-EC (%)
ATTO 67.97 4.49 -- 27.52
Manaus E. 38.74 4.45 0.68 53.37
Manacapuru 4545 8.78 2.51 42.63
Alta Floresta 23.77 11.97 15.13 49.48
Ji Parana 11.38 21.00 12.81 54.67
Rio Branco 8.77 14.12 10.04 66.88
Abracos Hill 5.82 26.54 18.78 48.85
Cuiaba 21.45 5.63 11.52 58.95
Campo Grande 38.35 6.87 4.11 48.21

Table 4. Quantification of the types of aerosols (for rainy season) on the AERONET sites used in this study, (BG: Biogenics),
(EC: Carbon Elementary), (OC: Organic Carbon), (OC-EC: Mixture of OC and EC), (D: Dust).

Wet season

Site BG (%) EC (%) OC (%) OC-EC (%) D (%)
ATTO 68.51 14.81 -- 16.67 --
Manaus E. 66.17 1.11 -- 23.30 1.48
Manacapuru 88.37 5.81 -- 5.23 --
Alta Floresta 80.57 4.67 0.12 14.31 -

Ji Parana 77.73 13.01 -- 9.17 --
Rio Branco 39.63 14.99 -- 44.39 --
Abracos Hill 54.96 22.05 -- 22.97 --
Cuiaba 75.41 3.28 0.42 19.67 --
Campo Grande 67.51 13.65 -- 17.69 =
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Mineral dust detection events in the central Amazon during
the rainy season are related to the long-distance transport of
dust from the Sahara Desert.

During the wet season the Central Amazon sites
atmosphere is extremely clean, which is explained by winds
predominantly coming from the northeastern at ATTO site
that crosses several kilometers over preserved forest (Andreae
et al., 2012). Thereby, in that season the major contribution
of aerosols is due to biogenic emissions. Eventually, during
February and March, winds from Saara desert transports
aerosols to the study area (Martin et al., 2016) and during
the dry season the burning events add large carbon quantity
to the atmosphere increasing the mixture ratio of OC-EC.

Sites located in the arc of deforestation have the
composition of aerosols, in the wet season, mainly formed
by BG, emitted locally by the remaining vegetation. However,
in the dry season, this region is directly impacted by local
burning more than are that sites at the Central Amazon. At
the Cuiaba and Campo Grande sites, the dynamics of the
emission sources are completely different, since in the wet
season local industrial emissions predominate, which are
increased by emissions of local burning and of particulate
matter from the northern during the dry season.

The long-distance transport of aerosol particles follows
the same pattern of atmosphere circulation, making that
Amazon forest emissions be transported to out of south
American continent by pathway: the tropical Pacific and
south Atlantic oceans (Freitas et al., 2000). The convective
motion aids the aerosol transport by making, in certain
conditions, that emissions reaches Caribbean region (Andreae
et al., 2001). The aerosols are basic components in the
terrestrial energy balance, although their role is still not fully
understood. The so-called direct effect of aerosols on
climate is consisted of mechanisms that affect the surface
solar radiation flux, which can lead to both surface heating
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or cooling, depending on the intrinsic properties of aerosol
variations and surface reflectivity.

Change in aerosol-induced solar energy flux affects the
temperature profile of the atmosphere as well as the heat
conserved in the oceans, cryosphere and biosphere as a
whole. One of the main forms to study and evaluate the
biomass burning aerosol-induced climate changes is through
the future projections of the atmosphere state including this
perturbation. Such a projections are obtained by physical-
based mathematical model that, to be physically consistent,
needs to confident field data and suitable parametrization to
treat the aerosol emissions and transport.

Impacts on Radiative Fluxes

The value of surface radiative forcing (FR-Surface) for
the sites of Alta Floresta and Cuiab4d in the dry season
reached daily averages that exceeded -160 Wm™. In the case
of FR-Surface values, all the extinction of the radiation that
does not directly affect the surface is taken into account, in
this way, the values of spreading and absorption act together
causing low values even for the site of Cuiaba, whose
absorption stands out in relation to the other sites.

During the dry season, the FR-Surface instantaneous
values were related to the optical scattering depth (SAOD
440 nm), the values of SAOD 440 nm were still separated as
a function of the OC and EC fractions. The linear adjustment,
shown in Fig. 10 for the Alta Floresta site, showed that the
greatest impacts on the radiative flux occurred due to the
scattering related to the fraction OC with instantaneous
maximum values that reached up to —400 W m. The same
behavior was observed for the Cuiaba sites with instantaneous
values up to —350 W m=, and —-100 W m= for Manaus
EMBRAPA.

Fig. 10 still shows a linear relationship between the
scattering of the EC fraction with the FR-Surface, this event
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is indeed very strange, since the EC is responsible for the
absorption of the radiation and not for the scattering. The
explanation for this phenomenon can be attributed to a
failure in the method of separation of the fractions OC and
EC by the Angstrom matrix, in which biogenic particles in
the fine fraction can be considered as EC. In order to evaluate
the possible contributions of scattering and absorption on
FR-Surface to the different regions, the radiative forcing
efficiency was determined for both SAOD 440 nm and
AAOQOD 440 nm in dry and wet seasons. Table 5 shows the
values of the R? coefficient of determination between the
FR-Surface and the values of SAOD and AAOD 440 nm as
well as the values obtained for scattering radiative forcing
efficiency (EF-SAOD) and absorption radiative forcing
efficiency (EF-AAOD).

By means of the values of R?, it was possible to observe
that during the dry season both the scattering and the
absorption have a good direct relation with FR-Surface,
already in the wet season, this behavior is only observed for
the absorption. An exception was observed at the site of
Manaus EMBRAPA, which presented a better relationship
than the one found in the dry season. The EF-SAOD values
in the dry season show that the impact of scattering on the
radiation flux is more evident in the forest. This is due to the
increase of scattering particles (OC) by biomass burning.
For Cuiaba, the competition between the OC and EC fractions,
by the burning of Cerrado and pasture, makes EF-SAOD
smaller than in Forest, which corroborate with previous data.
The site at Manaus EMBRAPA found the lowest value of
EF-SAOD was due to the lower impact of burnt aerosols on
the region. The EF-AAOD values in the dry season again
indicate the strong absorptive power of the aerosols on
Cuiaba, whose EF-AAOD value was approximately 15%
higher than the other sites. In the wet season, the behavior
of EF-AAOD was very similar to the dry season, however,
it was observed that for Alta Floresta and Cuiaba the
absorption effect is the majority over the radiation flux. For
Manaus EMBRAPA, a competition was observed between
the spreading and the absorption in the rainy season, with an
R? value of 0.79 and 0.70 for the SAOD and AAOD fractions,
respectively.

Effect of Biogenic Particles
The fraction classified as biogenic aerosol showed an
egalitarian dispute between absorption and scattering, where

the plot influenced the FR-Surface instantaneous to —
80 W m. The impact caused by the sum of the scattering
and absorption influences of the primary biogenic particles
results, on average, in approximately 20 W m 2 FR-Surface.
This value is practically the average seasonal value found
for the entire rainy season (—21.27 W m2). The effect of the
biogenic particles on FR-surface in the central Amazonia
represents up to 45% of the total effect caused by the aerosols,
comparing this value with the mean of the FR-Surface in the
dry season (—41.05 W m™).

The results show that biogenic aerosols are responsible
for both absorption and scattering. Thus, any simulation or
even radiative forcing modeling that assesses the impact of
burnt aerosols on the Amazon should take into account the
interaction of the radiation with these "background particles".
To quantify the effect of biogenic aerosols on the climate, the
values of AOD 500 nm (AERONET) for Manaus EMBRAPA
in the rainy season were still applied to the dynamic model
proposed by Procopio et al. (2003), thus determining the
values of FR-Top 24 hours, as seen in Fig. 11.

Fig. 11 represents the annual FR-Top statistics 24 hours,
considering only the wet season. It is observed that in
general, the effect of the biogenic particles cools the climatic
system, however, the magnitude of the values of FR-Top 24 hr
makes it clear that these particles influence very little on the
climate. Some estimates of FR-Top 24 hr for Amazonia
quantify the effect, for the whole period (dry and wet), on
values ranging from —5.2 to —8.2 W m? (Procopio et al., 2004;
Sena et al., 2013; Sena and Artaxo, 2015), that is, the biogenic
component represents only about 7% of the effect of aerosols
on the climate. It was also observed that the mean values of
FR-Top 24 for the years 2012, 2014, 2015 and 2016 are very
similar, however, in the years 2010 and 2013 the averages
reached positive values, evidencing the dispute between the
processes of scattering and absorption of the biogenic
particles on the direct radiation flux. The uncertainties related
to the years with negative averages are higher, evidencing
the difficulty of quantifying the spreading effect for the
biogenic particles.

SUMMARY AND CONCLUSIONS
With long-term measurements of the optical properties of

aerosols, it was possible to conclude that the values of AOD
500 nm, which remained in a reduction trend from 2010 to

Table 5. Regression adjustments performed between FR-Surface and values of SAOD 440 nm and AAOD 440 nm, R? values

and radiative forcing (EF) efficiency for SAOD and AAOD.

Dry season
Site R? EF-SAOD (W m %/SAOD 440 nm) R? EF-AAOD (W m %/AAOD 44 Onm)
Alta Floresta 0.89  —89.65 0.80 —-1196.40
Cuiaba 0.73 9437 0.79  —869.00
Manaus E. 0.69 -106.86 0.60 -1015.30
Wet season
Site R? EF-SAOD (W m%/SAOD 44 Onm) R? EF-AAOD (W m %AAOD 440 nm)
Alta Floresta 0.57 -133.10 0.80 —1040.30
Cuiaba 0.26 —-121.43 0.88 —805.59
Manaus E. 0.79 —122.56 0.70 —-1196.80
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Fig. 11. Annual statistics for the values of FR-Top 24 hours, for the rainy season in the site of Manaus EMBRAPA.

2012, returned to an increasing trend from the year 2013.
The time series of AOD 500 nm found that the analyzed sites
showed a clear seasonal variation, with the maximum
reached during the dry season, due to biomass burning. The
increasing trend of the maximum value of AOD 500 nm
accompanies the increase of deforestation rates in the legal
Amazon, which was approximately 5000 km? to 8000 km?
per year from 2014 to 2016 (Supplementary material). The
time series still showed that the sites present in the central
Amazon area impacted as the others, the Manaus EMBRAPA
website, for example, reached values of 2.5 nm AOD of 2.5 in
the dry season of 2015, a figure higher than the maximum found
on Rio Branco, which is directly affected by deforestation arc
burning emissions.

Comparing the values of AOD 500 nm between the sites
of ATTO and Manaus EMBRAPA can be verified that for
low AOD values. The characteristics of the aerosols are similar,
however, for high values of AOD 500 nm, the site of Manaus
EMBRAPA is more impacted, i.e. under the influence of
aerosols of fires the values of AOD 500 nm is higher on
Manaus EMBRAPA. Through the analysis of the absorptive
properties in the atmospheric column, it was possible to verify
that the use and occupation of the soil interfere scattering in
the absorption processes. Based on the analysis of AAOD,
SAOD, refractive indices (real and complex) and (SSA), it was
observed that in the dry season the sites of central Amazonia
had the lowest values of scattering and absorption, while the
sites belonging to the Deforestation Arc presented high
values of scattering and absorption in the dry season.

The optical properties for the Cuiaba site stood out in the
absorption during the dry season, all analyzed variables
indicated the same result, that the aerosol in Cuiaba is more
absorptive than in other regions. For the sites in central
Amazonia, the values of SSA 440 nm practically did not
vary from the dry season to the rainy season, in Manaus
EMBRAPA, for example, the mean SSA 440 nm values for
the dry and wet seasons were 0.93 £+ 0.06 and 0.93 £ 0.07,
respectively.

The spectral analysis verified that the fraction of biogenic
particles goes from approximately 38 to 67% in the site of
Manaus EMBRAPA, for ATTO, this fraction remains
practically constant throughout the year, around 68%, since
the OC-EC blend fraction increased from approximately
16% to 27%. OC fractions increased in all sites in the dry
season, also because of biomass burning emissions, for Alta
Floresta, for example, the fraction of OC 0.12 to 12.81%. It was
found that in the central Amazon, in the dry season, the OC
fraction generates instantaneous effects of up to —100 Wm>
in the radiative surface forcing (FR-Surface), while in the
Cerrado region (Cuiaba) the instantaneous values reached
up to —350 Wm. The impact of the primary biogenic particles
on the radiative flux resulted in an average of approximately
—-20 Wm 2 FR-Surface, representing 45% of the total effect
caused by aerosols in the Amazon. In Cuiaba, in the Cerrado,
unlike the others, presented low values of SSA 440 nm even
for the dry season, the mean was 0.85 + 0.09 and 0.81 £ 0.14
(dry and wet, respectively).
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