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Abstract.

In central Amazonia, aerosol sources, weather, and chemical processes create a highly variable aerosol population. The
aerosols’ optical properties, shaped by composition and size, determine sunlight interaction and the regional radiation budget.
Previous studies observed differences in the particles’ physical properties during smoke events and described their vertical
gradients during clean periods. However, a complete characterization of these properties at two height levels considering
both seasons is still missing. This study connects aerosol optical measurements from the Amazon Tall Tower Observatory
(ATTO), at 60 and 325 m heights, to particle composition and sources, characterizing different aerosol populations, assessing
their vertical gradients, and associating them with the influence of various emission sources and atmospheric processes. A
seasonally segregated clustering method was applied to five years of optical data (2018-2023), allowing for the identification
of periods with low biomass-burning impact, long-range transport (LRT) events, and regional pollution episodes. Aerosols
from Saharan dust events showed the highest real and imaginary refractive index, along with a large inorganic mass fraction
(around 26%), which differs from typical Amazonian conditions. Furthermore, regional biomass-burning emissions during the
dry season promoted elevated fine-mode particle concentrations (median 2250 cm~?3), dominated by absorbing carbonaceous
material. These particles also showed the maximum mass scattering efficiency, which was consistently higher at the 60 m
height, underscoring the importance of vertical transport and aerosol aging processes. These results indicate that the clustering
method can discriminate between aerosol populations and elucidate differences between particles of different sources and

processes influencing the Amazonian atmosphere.
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1 Introduction

Globally, aerosols are critical in influencing human health and climate dynamics. The aerosol optical properties determine the
direct interactions between the particles in the atmosphere and the incoming solar radiation, and are a result of the particles’
shape, composition and size. Reflection, absorption, and scattering of solar radiation by atmospheric aerosol particles directly
and indirectly affect the global radiative forcing (Boucher, 2015). On average, the net direct effect is to reduce the amount
of radiation reaching the surface, effectively cooling the planet (Bellouin et al., 2020), although some aerosols can absorb
radiation and locally heat the atmosphere. Aerosols also modify atmospheric instability and consequently play an essential
role in the water cycle through influences in the formation, development, and life cycle of clouds (Rosenfeld et al., 2008;
Nascimento et al., 2021). In addition, the presence of scattering particles in the atmosphere can also have ecosystem impacts
in forests by increasing the photosynthetic activity of plants, as the leaves more effectively absorb diffuse radiation than direct
radiation (Cirino et al., 2014), although evapotranspiration is critically affected by high aerosol loads (Palacios et al., 2024).

Aerosol particles in the Amazon region can have a wide range of sources (Artaxo et al., 2013). Primary emissions from
biogenic sources within the forest comprise most of the coarse mode particles in the atmosphere during the wet season (Artaxo
et al., 1988; Poschl et al., 2010; Huffman et al., 2012), but are also frequently found in the fine mode (P6hlker et al., 2012, 2016;
Machado et al., 2021; Franco et al., 2022). Most of the mass of fine mode particles, however, is comprised of secondary organic
aerosols (SOA), formed by the oxidation products of volatile organic compounds (VOCs) such as isoprene and monoterpenes,
emitted by the vegetation (Chen et al., 2015; Yafiez Serrano et al., 2015, 2018; Machado et al., 2024b). With median aerosol
concentrations as low as 220 cm 3 in the fine mode (Rizzo et al., 2018; Franco et al., 2022), the wet season period frequently
presents pristine-like atmospheric conditions, with virtually undetectable human footprint in the aerosols at central Amazonia,
particularly during the rainiest months (April and May; Pohlker et al. (2016, 2018)).

In contrast, anthropogenic contributions such as biomass-burning particles are increasingly significant during the dry season
(Liu et al., 2020; Artaxo et al., 2022). Long-range transport (LRT) events happen throughout the year, bringing a mixture of
Saharan dust (mainly from December to April; Talbot et al. (1990); Moran-Zuloaga et al. (2018)), African biomass-burning
particles, and marine aerosols to Amazonia (Pohlker et al., 2019; Holanda et al., 2020). Furthermore, convective events such as
downdrafts, mainly during the wet season, transport air masses from higher altitudes in the atmosphere to within the boundary
layer, contributing to the aerosol population at lower levels (Wang et al., 2016a; Andreae et al., 2018). Previous studies found
that downdraft events, largely associated with precipitation events (Machado et al., 2021), are frequently accompanied by a
sudden increase in the concentration of ultrafine particles, with diameters smaller than 50 nm, which undergo growth processes
(Franco et al., 2022) such as photo-chemical reactions and deposition over existing particles, eventually reaching optically
active sizes and influencing climate by scattering radiation and acting as cloud condensation nuclei (Pohlker et al., 2016).

This variety of aerosol particle sources in central Amazonia has been thoroughly studied recently, as the particulate matter’s
climate effects might differ depending on their physical and chemical properties (Paldcios et al., 2020), which rely on their
origin and atmospheric processing. Previous studies have shown that the contribution of biomass-burning particles from Africa

to the absorption of radiation by aerosols in central Amazonia is significant, playing a major role during the beginning of the
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dry season (mainly August and September; Saturno et al. (2018); Holanda et al. (2020)), and most biomass-burning aerosols
are comprised of a mixture of fresh particles from South American fires and aged particles from LRT (Holanda et al., 2023).
In addition, the influence of El Nifio events on the dry season precipitation regime is significant, increasing the probability and
severity of droughts and the activity of fires (Alencar et al., 2006), as recently observed for 2024 (Marengo et al., 2024).

The spectral dependence of the intensive aerosol optical properties (e.g., the absorption and scattering Angstrém exponents)
provide hints at the aerosol populations’ composition and size distribution. The absorption Angstrbm exponent (AAE) relates
to the nature of the absorbing particles (Russell et al., 2010; Rizzo et al., 2011; Lack and Langridge, 2013; Szopa et al.,
2021), as values close to 1.0 indicate that the absorption comes mainly from black carbon (BC) particles from fossil fuel
and biomass burning, although the BC core size and coating thickness affect the AAE value for these particles (Wang et al.,
2016b). In contrast, higher AAE values are related to the presence of other absorbing compounds, either organic, such as brown
carbon (Andreae and Gelencsér, 2006), or inorganic, such as mineral dust. Similarly, the scattering Angstrém exponent (SAE)
is associated with the size distribution of the aerosols, with higher values indicating the predominance of smaller particles
belonging to the fine mode. In contrast, lower values indicate a strong presence of coarse mode particles (Schuster et al., 2006).

Other intensive optical properties, such as the refractive index, the mass scattering efficiency (MSE), and the single scattering
albedo (SSA), provide information about the intensity and the nature of the particle-light interactions in the atmosphere,
shedding light on the lifetime, coating state, and origin of the aerosol particles. Biomass-burning particles in the Amazon are
known to be highly absorbing, with a higher imaginary part of the refractive index, despite showing similar real parts to the
background population observed in the region (between 1.3 and 1.5), related to scattering (Martins et al., 1998; Guyon et al.,
2003; Reid et al., 2005; Rizzo et al., 2013; Franco et al., 2025). Similarly, the SSA is usually higher in the cleanest periods of the
wet season, when biogenic aerosols prevail. Moreover, aerosol MSE has yet to be thoroughly studied in Amazonia since only
a few studies have evaluated this property. Measurements in the southern region of the forest (Chand et al., 2006; Rizzo et al.,
2013; Ponczek et al., 2022) showed values between 4.8 and 5.0 m? g~ ! at 545 nm, while Franco et al. (2024) obtained slightly
higher values during clean wet season conditions (5.49 + 0.11 m? g~1), but with a pronounced vertical gradient, decreasing
with height. The chemical composition and aging stages of particles significantly affect these values (Hand and Malm, 2007),
reinforcing the need for studying the variations, seasonality, and vertical gradient of the aerosol optical properties in Amazonia.

Previous studies have examined the aerosol sources in central Amazonia, at the 325-m tall Amazon Tall Tower Observatory
(ATTO), using BC core size distributions to isolate the contributions from South American and African biomass-burning (BB)
particles (Holanda et al., 2023). Aerosols from different sources have distinct size distributions and compositions, with these
characteristics impacting the radiative properties as discussed above. Therefore, their optical properties could also be used to
identify and classify aerosol populations, evaluating their sources and the action of atmospheric processes. This study intro-
duces a novel method for distinguishing aerosol populations in central Amazonia by integrating optical properties and aerosol
composition, along with an analysis of the seasonal variations in the vertical gradients of optical and chemical characteristics.
This was achieved considering simultaneous measurements at the ATTO site from 60 and 325 m heights. Additionally, this

classification allows for a comprehensive characterization of the physical and chemical properties of these particles. Under-
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standing aerosol sources, transport mechanisms, and their representation in models is crucial for improving climate predictions

in the Amazon.

2 Methods
2.1 The Amazon Tall Tower Observatory

A variety of measurements are used in this study, mainly performed at the Amazon Tall Tower Observatory (ATTO). The site is
located in central Amazonia (S 2° 08’ 48”, W 59° 00’ 19”, 150 m.a.s.1.), about 150 km northeast of Manaus, the largest nearby
city, with over 2 million inhabitants. Surrounded by a nearly pristine forest with an average canopy height of 35 m (Lang
et al., 2023), the ATTO site is ideal for studying biosphere-atmosphere interactions in a tropical ecosystem. Atmospheric
measurements are performed at two 80 m high towers, one equipped with an aerosol inlet positioned at a height of 60 m, and at
the ATTO tower, which is 325 m tall, allowing an assessment of the atmospheric composition at multiple height levels above the
canopy. All instruments are located in containers at the base of the towers, where temperature and humidity are controlled, and
operate with a 2.5 um cutoff size, encompassing the fine mode and part of the coarse mode particles. Additional information

on the ATTO site can be found elsewhere (Andreae et al., 2015).
2.2 Instrumentation and data treatment

In this study, the measurements at the ATTO site were performed by numerous instruments, continuously sampling air from
heights of 60 and 325 m between May 2018 and December 2023, in 30-minute averages. The period from March to November
2020 was excluded from the dataset due to a lack of maintenance on-site and calibrations of the instruments caused by the
COVID-19 pandemic.

2.2.1 Aerosol optical properties

The aerosol optical properties were evaluated using multiple instruments. At both heights (60 and 325 meters), nephelometers
(Aurora Ecotech 3000) measure the light scattering component at three wavelengths in the visible spectrum (450, 525, and
635 nm). The nephelometers require frequent calibrations, performed during the considered period. The measurements were
normalized to standard temperature and pressure (STP) conditions (273.15 K and 1013.25 hPa), and truncation corrections
followed the standard procedure for this instrument (Miiller et al., 2011). Two Multi-Angle Absorption Photometers (MAAPs)
and two aethalometers (Magee Scientific AE33) measured the absorption coefficient, one for each height. The MAAP is
the reference instrument for equivalent black carbon (eBC) estimations, measuring at 637 nm, with an average absorption
efficiency of 11.4 m? g=! during the wet season and 12.3 m? g~! during the dry season, both values derived by Saturno
et al. (2018) for the ATTO site. The aethalometers operate at seven wavelengths (370, 470, 520, 590, 660, 880, and 950 nm).
The measurements were standardized for STP conditions, and the aethalometers were corrected following the procedure in

Saturno et al. (2018). A validation analysis for the absorption coefficients measured at ATTO can be found in Franco et al.
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(2024), where it has been found that, after corrections, the MAAP and AE33 measurements at the same height are within their
respective uncertainty when interpolated to the same wavelength.

The optical measurements also allow for the estimation of some intensive properties. The single scattering albedo (SSA)
was calculated with Equation 1, where 04.q:,» and ogps,» are the scattering and absorption coefficients measured at a partic-
ular wavelength. In this study, we chose to calculate the SSA at 637 nm, which required extrapolation of the nephelometer

measurements to this wavelength.

SSA/\:USC—‘”A (1)

Oabs,\ + Oscat,\

Furthermore, the scattering and absorption Angstrdm exponents (SAE and AAE, respectively) were calculated by fitting
the log-linear function shown in Equation 2 to the measured coefficients, where o()) is either the scattering or absorption

coefficient as a function of the wavelength A, and &,,,¢4,, is the mean Angstrbm exponent.

1og[o’()\)] = —dmean 1Og[)‘] +C (2)

In addition, the aerosol refractive indices (real and imaginary parts) were obtained following the methodology described by
Franco et al. (2024). Lastly, the black and brown carbon (BC and BrC, respectively) components of the absorption coefficients
were obtained following Wang et al. (2016b). Previous studies have already performed similar analyses for the Amazon region

(Ponczek et al., 2022; Morais et al., 2022) and specifically for the ATTO site as well (Saturno et al., 2018; Franco et al., 2024).
2.2.2 Aerosol size distributions

The particle number size distributions (PNSDs) were measured at both heights with two Scanning Mobility Particle Sizers
(SMPSs), TSI model 3082, coupled with Condensation Particle Counters (CPCs), TSI model 3772. These instruments operate
solely on the fine mode, measuring size distributions for particles from 10 to 400 nm in diameter. The measurements were
corrected for STP conditions and transmission losses due to dry deposition on the inlet lines, which is significant for particles
smaller than 50 nm. The transmission efficiency curve was explicitly obtained for the inlet line geometry (Von der Weiden et al.,
2009), and further details can be found in Holanda et al. (2023) and Franco et al. (2024). The aerosol number concentration for
each size mode is achieved by integrating the PNSDs for each size range, while the fine mode volume is calculated assuming
spherical particles (Seinfeld and Pandis, 2012). The determination of the modes’ mean geometric diameter (D) was achieved
by fitting a sum of three log-normal distributions to the PNSDs, similar to Franco et al. (2022), representing the Sub-50nm,
Aitken, and accumulation modes. In all cases, the multi-modal fitting was satisfactory and the sum of the three modes well
represented the PNSDs. The accumulation mode range was defined as particles with diameters between 100 and 400 nm, the
Aitken mode spans from 50 to 100 nm, and the Sub-50nm mode accounts for the particles between 10 and 50 nm in diameter.

Furthermore, in this study, the coarse mode was defined as comprising the particles with diameters larger than 1 um.
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2.2.3 Aerosol chemical composition

The aerosol fine-mode composition was measured at 60 and 325 m heights using two Aerosol Chemical Speciation Monitors
(ACSM) with quadrupole detectors. These instruments can detect the aerosol components evaporated at about 600 °C, includ-
ing organic compounds, nitrate, sulfate, ammonium, and chloride, and excluding refractive species such as minerals and soot.
The data processing was performed with the ACSM local v. 1.6.1.7 toolkit within Igor Pro version 6.37. The bulk aerosol
composition was determined using the fragmentation table according to Allan et al. (2004) and Canagaratna et al. (2015),
which reports bulk sulfate and does not resolve individual species (e.g., H2SO4, NHyHSOy, (N H4)250,). Given that sul-
fate typically accounts for < 5-15% of PM; mass at ATTO (Chen et al., 2009; Artaxo et al., 2022), this simplification has
a negligible impact on the bulk density estimates. All measurements were standardized to STP conditions, and furthermore,
two primary corrections were applied: the m/z dependent ion transmission calibration and the normalization by the N, signal,
which corrects for the system’s changing sensitivity and external variations, such as the air pressure. Calibrations were per-
formed occasionally with ammonium nitrate and ammonium sulfate particles with 300 nm mobility diameter as described in
Ng et al. (2011).

In addition, the aerosol concentration data was corrected by a collection efficiency (CE) to account for particle bouncing
and other minor effects (Docherty et al., 2013). The typical method of calculating a composition-dependent CE (Middlebrook
et al., 2012), which relies on the ammonium concentration, could not be applied to our dataset because the ammonium signals
were often too low and noisy, frequently falling below the instrument’s detection limit. Our approach was based on Heikkinen
et al. (2020), which addresses infrequent calibrations and unknown CE by applying an average of the calibrations and a final
varying correction based on an effective CE (eCE). The eCE corrects the changing instrument response over time and addresses
the correction for the bouncing effect.

The eCE was calculated as a four-month moving median ratio between the ACSM aerosol mass concentrations and the
difference between the mass estimates obtained from the SMPS and the eBC measurements. The SMPS-derived mass concen-
tration was calculated by multiplying the volume concentration, assuming spherical particles, by the average aerosol density
at the site. The ACSM aerosol composition was used to estimate aerosol density, with the following densities for the species:
P(NHy)250, = 1.77¢ cm ™3, PNHsNO; =172 ¢ cm 3, ppc =18g cm~3, and porg calculated based on Kuwata et al. (2012).
The resulting median + standard deviation values of po.4, based on daily calculations, were 1.53 +0.11 gcm ™ at 60 m and
1.6540.07 gcm ™2 at 325 m.

Figure S1 shows that the eCE consistently decreased over time at both heights, which implies that a single average calibra-
tion value applied for five years would not accurately represent the ACSM sensitivity changes throughout the entire period.
Lastly, Figures S1b-c show that the scatter and linear regression between ACSM daily concentrations and SMPS-derived daily
concentrations minus eBC indicate that the methodology could accurately represent ACSM aerosol concentrations at both

heights.
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2.2.4 Complementary measurements and data coverage

Meteorological parameters, such as air temperature (T), precipitation (Pa710) and relative humidity (RH), are measured at
the ATTO site with a compact weather station (Lufft, WS600-LMB) installed at 324 m, close to the aerosol inlet height.
Furthermore, the PMs 5 mass has been measured at 325 m since December 2021 using a T640 monitor (Teledyne API Inc.)
that evaluates the aerosol mass based on scattered light spectrometry. Data coverage was satisfactory throughout the analyzed
period for all instruments at both 60 and 325 m heights, as summarized in Table 1. Each instrument’s data coverage is shown

as monthly averages in Figure S2.

Table 1. Data coverage by all instruments used in this study during their respective analyzed periods, at different heights above ground at the

ATTO site.

Instrument MAAP  AE33  Nephelometer ACSM  SMPS T640
60 m 62.1% 67.7% 71.8 % 758 % 70.8 % -
325m 899% T76.1 % 86.9 % 85.6% 769% 91.5%

2.3 Season definitions

In this study, the definitions of the wet and dry seasons are a vital part of the methodology. In the literature, the usual definitions
for the seasons at ATTO were defined by Pohlker et al. (2016), with the wet season comprising the months of February to May,
while the dry season spans from August to November. However, as the changes in the ENSO phase and other large-scale
systems affect the precipitation regimes in the Amazon, the best description of the atmosphere allows for variable start and end
dates for the seasons. The present study solely divides the year into two sections based on the aerosol concentrations, without
transitional periods. Thus, the transitional periods can also be characterized as showing wet and dry season conditions based
on the aerosol concentrations found during December, January, June, and July. For this purpose, the number concentration of
accumulation mode particles at 325 m was chosen as the primary indicator of a change in the atmospheric patterns related to wet
and dry seasons. This choice of indicator variable is based on the scavenging and deposition of accumulation mode particles
during rainfall. This is much more common during the wet season, which means that the average number concentration of
accumulation mode particles should steadily increase at the beginning of the dry season.

The choice of the 325 m height data was based on the better representation of the larger scale of the atmosphere at this
height, whilst the 60 m measurements are more indicative of local processes within the canopy. Here, the transition dates were
defined by the 1-week moving mean of the accumulation mode number concentration and a threshold determined by the 90"
percentile of this variable during the fixed wet season (February to May). Once the moving mean becomes larger than the
threshold and does not return to lower values, the dry season starts, and when it falls below the threshold without increasing
again, the wet season starts. This method proved quite effective, as the 90" percentile threshold avoids ambiguity since the
moving mean does not cross this value many times during the transition period, and the obtained transition dates roughly

divide the year into two seasons of similar duration, as shown in Figure S3. There was slight variation among the years, with
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the dry season beginning usually in early June and the wet season starting in early December. The large-scale ENSO events
had some impact, as the dry season of 2023 (a strong El Nifio year) was the longest, starting in late May and ending only in

late December.
2.4 Clustering procedure

A cluster analysis procedure was performed to distinguish periods with similar aerosol optical properties associated with
different particle sources and atmospheric processes. This analysis consists of grouping data points that show similar values of
independent variables. For this study, the chosen clustering variables were the scattering and absorption Angstrém exponents,
and the eBC concentration, all measured at the 325 m height. These variables are not directly correlated, as both SAE and
AAE are intensive properties and come from independent measurements of separate aspects of particle-radiation interactions,
while the eBC concentration evaluates the amount of pollution in the atmosphere. This variable choice was motivated by the
Angstrijm matrix, which is a well-known method of separating possible particle populations based on intensive properties, as
well as the availability of measurements of the aerosol particles’ optical properties. The choice of the 325 m measurements was
based on a desire to represent a larger footprint area and larger-scale atmospheric conditions, whereas the ones from 60 m are
more affected by local canopy processes and the nocturnal boundary layer. To minimize the influence of outliers, the data were
organized into 3-hour averages, similarly to Holanda et al. (2023), before applying the cluster algorithms and manually verified
for occasional instrument failures. After these procedures, the final dataset consisted of over 10,000 samples, equivalent to 3.5
years of measurements, between May 2018 and December 2023.

There are many different clustering methods, each more suited to different applications and objectives within the algorithm,
the data, or the clusters themselves (Govender and Sivakumar, 2020). This study employed the k-means algorithm, which
performed the best on commonly used tools to evaluate cluster assignments (Aliaga et al., 2025), and more details about the
algorithm itself can be found elsewhere (MacQueen, 1967; Li et al., 2022). Here, the sample set consists of arrays of the three
predictor variables (SAE, AAE and eBC), which have been normalized through a Z-score calculation. This normalization is
necessary for the k-means algorithm to make all variables equivalent, as they have different distributions and units.

Although the k-means clustering method can be applied simultaneously to the entire dataset, the main processes and drivers
of aerosol population changes differ between the wet and dry seasons. Therefore, the dataset was first divided between wet and
dry seasons, and the clustering process was performed separately for the two periods before naming the clusters. Furthermore,
despite the need for variable equivalency within the algorithm, the best description of an aerosol population might not consider
all variables equally. Although the eBC concentration directly measures the amount of pollution in the atmosphere, both the
AAE and SAE are indirectly related to aerosol composition and size distribution, respectively. Weights were then attributed to
each variable in each season before applying the k-means algorithm. During the wet season, low particle counts in the optically
active range cause very low absorption and scattering coefficients, which greatly increase the uncertainties and fluctuations of
the AAE and SAE values. Due to these higher uncertainties on the intensive properties, it was chosen to increase the importance
of the eBC concentration for the algorithm by a factor of 1.5 during the wet season, applied directly to its normalized values.

Similarly, for the dry season measurements, the size distributions for different conditions are more similar due to the substantial
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concentrations in the accumulation mode contributing to the scattering of radiation (Rizzo et al., 2013), which motivated the
choice of decreasing the importance of the SAE values by a factor of 0.5 during this period before clustering.

Albeit this is an unsupervised method, meaning that the data points are not labeled before the execution of the algorithm, the
number of clusters has to be chosen first. This complex task was performed carefully because the clusters need to have some
physical meaning. The k-means algorithm was applied multiple times to each sample set, varying the number of clusters from
2 to 8, as shown in the example run of Figure S4. The evaluation of the optimal number of clusters was made using silhouette
scores (s), and the possibility of a physical interpretation of the clusters. For the wet season analysis, the silhouette score was
highest in the 2-clusters case, with a clear physical meaning for each one, and the consideration of one more cluster did not add
much information, which led to the final choice of 2 clusters for the wet season. Similarly, in the dry season, the s values of the
two and three cluster cases were the highest. Including the third cluster improved the interpretation of the results, resulting in
choosing 3 clusters for the dry season.

The sensitivity study shown in Figure S5 corroborates the choices mentioned above for the attributed weights. For the wet
season classification into two clusters, the eBC weight practically had no effect for values above 1.0. The separation of only the
relatively rare, more polluted periods from the overall cleaner background typical of the wet season, is one of the desired results
of this clustering effort. This is already achieved for an eBC weight marginally above 1.0, which indicates that the chosen value
of 1.5 is within the desired range. For the dry season, the occurrence of African plume events is relatively scarce as well, with
less than 15% of the days being flagged as such by Holanda et al. (2023). In this scenario, these events are identified only for
lower SAE weights, with the chosen value of 0.5 representing the most accurate separation from the regional biomass-burning

episodes.

3 Results and Discussion

The following sections discuss the seasonality of the aerosol optical properties, along with their vertical gradients between 60
and 325 m. The distribution of the identified clusters throughout the year is also discussed, allowing an interpretation of the

actual aerosol populations they represent.
3.1 Seasonality

Throughout the year, the eBC concentrations at ATTO vary significantly, with the cleanest months being April and May (with
median values of 0.025 pgm™3 at 325 m), while the highest concentrations were observed between August and October
(median of 0.36 ugm™?) . Furthermore, the eBC concentration was slightly higher at 325 m at times, with a statistically
significant difference being observed during pristine-like conditions, in line with the findings of Franco et al. (2024). The
aerosol intensive physical properties shown in Figure 1 also hint at a more profound change in the aerosol population throughout
the year. The SAE is lower at 60 m during the whole year due to the consistent presence of coarse mode aerosols closer to
the canopy (Schuster et al., 2006; Prass et al., 2021; Barbosa et al., 2022), mainly from primary biogenic sources. The higher

SAE values observed during the dry season result from a larger fraction of fine mode aerosols at both heights, mostly of
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anthropogenic origin, while the minimum observed between January and March at both heights indicates the higher abundance
of coarse mode particles, marking the peak of Saharan dust influx (Moran-Zuloaga et al., 2018).

During the wet season, there is significant variability in the SAE at 325 m, represented by the large variations in the in-
terquartile ranges, which could result from low scattering coefficients, increasing the uncertainty of the derived exponent.
In contrast, the annual cycle of the AAE is less pronounced, with lower values generally occurring at the dry-to-wet season
transition and the beginning of the wet season (December to February). This is due to a larger BC fraction in the absorbing
component of the aerosols, as during this time of the year, the intrusion of BC-rich plumes from Africa is frequent. The similar
AAE values between the two heights indicate that no local sources of absorbing particles are relevant. The similarity of eBC
at both heights is really impressive, showing that eBC is controlled by sources and processes that act similarly at 60 and 325
meters, such as long-range transport of absorbing particles, unlike the findings of Sun et al. (2020), obtained for a large urban
area, where the observed height gradient of BC concentration is indicative of nearby ground sources of pollution. Furthermore,
the diurnal cycles of these variables are shown in Figure S6, where it was noted that both the SAE and eBC exhibit minimal
variation in comparison to their seasonal cycle. Lastly, the diurnal trend in the AAE is more notable, which could result in
a similar diurnal cycle for the cluster fractions, but this was not observed in the results, as the difference between clusters is

larger than the magnitude of the diurnal cycles of the considered variables.

Seasonal cycle of the optical properties
(a) (b) (c)
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Figure 1. Seasonal cycle of the aerosol optical properties (SAE, AAE, and eBC concentration) averaged over 5 years from 2018 to 2023 at
the Amazon Tall Tower Observatory (ATTO) tower. The blue and red lines indicate the medians at 60 and 325 m above ground, respectively,

and the shaded areas mark the corresponding interquartile ranges.
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285 3.2 Cluster attribution and interpretation

The separation of the data into 5 clusters (2 in the wet season and 3 in the dry season, as detailed in the methodology) is shown
in the Angstrdm matrix in Figure 2a, with the dot colors indicating each cluster, obtained from the 325 m measurements.
The purple and blue clusters were assigned to the wet season data, while the green, yellow, and red clusters were within the
dry season. Furthermore, Figure S7 shows the Angstrom matrix for the 60 m measurements highlighted with the colors that

290 represent each cluster.
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Figure 2. Results for the clustering analysis of the aerosol optical properties at 325 m, using the k-means algorithm with 5 clusters and the
binary season separation. In panel (a), the Angstrom matrix shows the distribution of clusters, with the point size indicating the equivalent
black carbon concentration, and the different highlighted regions relate to possible particle composition as introduced by Cappa et al. (2016).

Panel (b) shows the annual cycle of the cluster frequencies.

During the wet season, the association of samples into the blue cluster occurred solely on relatively high eBC concentrations

(> 0.15 ug m—3), with low mean values of SAE and AAE, while the purple cluster indicates a cleaner atmosphere. Furthermore,

the annual cycle shown in Figure 2b indicates that blue cluster occurrence is quite common from December to February and
almost nonexistent during April and May, consistent with LRT events carrying Saharan dust and biomass-burning particles from

295 North Africa at the beginning of the wet season. These conditions are also characterized by low SAE and AAE values (medians
of 1.0 and 1.13, respectively), indicating a large contribution of coarse mode particles and low BrC fractions, consistent with

aged particles from faraway sources. Hence, from hereon, the blue cluster is referred to as “wet season LRT conditions”, and

the purple cluster as “near-pristine conditions”. Figure S7 also shows that during near-pristine periods the SAE rarely surpasses

2.0 at 60 m, highlighting the role of larger particles found at this height. During the analyzed wet seasons, 81% of the data was

300 considered near-pristine conditions, while 19% of the available measurements were classified as LRT events. This indicates that
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while the purple cluster defines the typical background conditions for the wet season, there might be some diluted LRT signal
within these samples, as the rigorous pristine conditions defined in the literature are much rarer. Pristine conditions are defined
in the literature (Pohlker et al., 2018) by periods with absorption by aerosols below the instrument’s detection limit, which is
an eBC concentration below 0.011 ug m ™2 for 30-min averages. These conditions are a subset only of the near-pristine cluster,
with the lowest eBC and particle concentrations, comprising around 11% of the conditions outlined by the purple cluster, or on
average 35 days per year.

In the dry season, red cluster samples show the highest AAE values and eBC concentrations, followed by yellow and green.
Green cluster measurements are usually associated with relatively low eBC concentrations within the dry season, meaning
there is little impact from biomass burning or other anthropogenic sources during these periods, which are more common at the
beginning of the dry season (mainly June and July). This represents another period of "background conditions", although for
the dry season in this case, which could be characterized by different aerosol sources such as distinct biogenic activity. During
the core of the dry season, from August to October, the more polluted clusters are more frequent, with occasional green cluster
points intercalated, indicating lower pollution concentrations usually occurring after rainfall. The difference in the seasonality
of these clusters, along with back trajectories calculated for continuous periods within each one (Figure S8) and their mean
values of AAE and SAE, indicate that the yellow cluster might be related to LRT conditions, with African biomass-burning
particles.

Similarly, the red cluster is more associated with regional BB pollution episodes, as these periods show higher AAE values,
indicative of a freshly emitted aerosol plume with a higher BrC fraction. The red cluster is more concentrated in October
and November, suggesting a higher importance of South American BB in the latter part of the dry season, in agreement with
(Holanda et al., 2020). Thus, the green cluster is named “dry season low-impact conditions”, the yellow represents “dry season
LRT events”, and the red cluster indicates periods with the influence of “regional pollution episodes”, as summarized in Table
2. The centroids of each cluster are also shown, which allows for the inclusion of more measurements into the same clusters
in the future, by calculating the closest centroid to each sample, after the season separation. During the analyzed dry seasons,
66% of the available measurements were classified as low-impact periods, 19% as LRT events, and 15% as regional pollution
events. The abnormally large fraction of yellow-classified points in September might be caused by a lack of data during Sep
2022 and 2023 due to failures in the 325-m aethalometer (Figure S2). During the dry season of the referred years, transport
of regional or even local pollution from biomass burning was more common than in previous years, with the 2023 EI Nifio
influencing the precipitation regime in Amazonia, increasing drought severity and the number of fires in the region (Espinoza
et al., 2024). If the data had been available for these months, the contribution of red cluster points occurring in September

would possibly be larger.
3.3 Cluster aerosol properties at 325 m

The aerosol populations represented by each cluster exhibit different physical and chemical properties. Figure 3a,d,g compares
the distribution of the predictor variables among the clusters with measurements from the 325-m height, where the lowest eBC

concentrations were associated with near-pristine conditions with a median value of 0.05 ug m~3. This cluster represents the
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Table 2. Summary of the identified clusters associated with their respective atmospheric conditions related to the aerosol populations. The

centroids of each cluster as determined by the k-means algorithm is also shown.

Cluster Aerosol Number of Mean eBC
Color  Season Mean SAE  Mean AAE
number population samples (ugm™3)
1 Purple W Near-pristine 3796 (37.3%) 1.83 1.15 0.064
et
2 Blue LRT-Wet 929 (9.1%) 0.99 1.15 0.33
3 Green Low-impact 3605 (35.4%) 2.06 1.28 0.14
4 Yellow Dry LRT-Dry 1003 (9.9%) 1.63 1.23 0.47
5 Red Regional BB 842 (8.3%) 2.08 1.62 0.47

background conditions of the wet seasons, with little or no influence of pollution. Meanwhile, the highest eBC concentrations
were classified into the more heavily polluted clusters of the dry season (yellow and red), both averaging almost 0.50 ug m~—2,
which is consistent with the influence of biomass-burning aerosols. A large SAE dispersion also characterizes near-pristine
conditions due to the higher uncertainty caused by very low scattering coefficients and a prominent Aitken mode (Figure
S9a,f). At the same time, the periods influenced by regional emissions of biomass-burning particles show the highest AAE
values, with a median of 1.59. The number of accumulation mode particles, fine mode volume, and PMs 5 mass increased from
clusters 1 to 5, and the scattering coefficient followed the same trend, as expected.

During the dry season, LRT conditions showed lower SSA values than the regional pollution episodes, with median values
and interquartile ranges of 0.82(0.79 — 0.85) and 0.88(0.85 — 0.90), respectively (Figure 3j). The statistical significance of
this difference was evaluated using both the Wilcoxon rank-sum test, which yielded a virtually null p-value, and a Z-test of
the means, which resulted in a Z-score above the 99% significance level, indicating that the SSA distributions for dry season
LRT and regional BB influences are indeed different. This hints at a higher contribution of BC absorption during events of
LRT and agrees well with the values obtained by Holanda et al. (2020). As shown in Figure 31, the fraction of the absorption at
440 nm attributed to BrC is on average 11% during dry season LRT and 13% during episodes of regional BB aerosols. This is a
statistically significant difference pointing to the same conclusion, although such a small difference might not fully explain the
radically contrasting AAE values between the two clusters. Amazonian BB aerosols are also known to have smaller BC cores
(Holanda et al., 2023), which is a factor in the AAE value of pure black carbon particles, being larger than 1.0 for diameters
between 100 and 200 nm (Wang et al., 2016b).

The average chemical composition of the non-refractive PM; aerosols during these events shows a higher eBC and inorganic
fraction for the LRT conditions. Only a 3% contribution of eBC and 12% of inorganic compounds were found during the
influence of fresh biomass-burning plumes. In contrast, dry season LRT events show 6% of eBC and 14% of inorganics (Figure
3i). Furthermore, despite having similar eBC mass concentrations, the regional pollution episodes show a much higher aerosol

load, with a 120% increase in the accumulation mode number concentration, a 103% increase in the fine mode volume, and
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between 50 and 60% in the PM5 5 mass and scattering coefficient, in comparison with the LRT events, as shown in Figures
3b,e,h,k.

LRT events in both seasons also showed the highest values of both real and imaginary parts of the refractive index. The real
part, related to radiation scattering, reached values of 1.40(1.34 — 1.49) and 1.35(1.30 — 1.53) for LRT events in the wet and
dry seasons, respectively, in contrast to mean/median values below 1.3 for the remaining periods (Figure 3c). The imaginary
part, indicative of light absorption, registered median values and interquartile ranges of 0.047(0.039—0.058) during wet season
LRT events and 0.030(0.022 — 0.046) during dry season LRT conditions, much higher than the average values between 0.010
and 0.020 for the other clusters (Figure 3f). These differences are statistically significant, and indicate that the aerosols arriving
in central Amazonia during LRT events from Africa are highly efficient in absorbing radiation and much more refringent than
those of local/regional biogenic origin.

Aerosols in central Amazonia are known for having a very stable chemical composition, in terms of the overall fraction of
each species, despite the substantial differences in concentration between the wet and dry seasons (Chen et al., 2009; Shilling
et al., 2018; Artaxo et al., 2022). Pristine periods, a subset of the near-pristine cluster, consist of particles with high organic
content (82%) and low eBC fraction (1%), while the more polluted periods of the dry season also show an organic fraction
above 80%. On the other hand, LRT events in the wet season are unique because their average aerosol chemical composition is
significantly different, with much higher eBC (17%) and inorganic (26%) fractions. Comparing the periods classified as LRT
in both seasons, the LRT conditions in the wet season also show much lower SAE and SSA values, consistent with highly
absorbing particles and a significant presence of dust and coarse mode aerosols. The differences between these clusters can
be attributed mainly to two factors. Firstly, the varying position of the Intertropical Convergence Zone (ITCZ) throughout the
year, primarily bringing dust from the Sahara Desert during the Amazonian wet season (Pohlker et al., 2019) and biomass-
burning particles from Southern-Hemisphere Africa during the dry season. Secondly, the frequency of precipitation leading
to wet deposition during the wet season and the different amounts of regionally influenced aerosols in the atmosphere upon
the arrival of the African plume. During the dry season, the low precipitation leads to an increased lifetime of aerosols in the
atmosphere, and the higher aerosol load of regional origin still dominates the physical and chemical properties observed at the
site, whereas the lower concentrations found in the wet season lead to an increased importance of the African plume to the
overall aerosol population.

Dry season low-impact periods, represented by the green cluster, are frequent during the transition months, mainly June and
July, as well as November and December. In the wet-to-dry transition, precipitation decreases gradually, keeping the aerosols
in the atmosphere for extended periods, leading to increased particle concentrations. However, biomass-burning aerosols have
virtually no impact during these months, keeping the eBC concentrations relatively low. In contrast, precipitation rapidly
increases during the dry-to-wet transition, leading to frequent wet deposition of aerosols and lowering the eBC concentration.
Transitioning to wet season conditions with frequent rainfall and low particle concentration is quicker. This study favors the
classification of points in the dry-to-wet transition period toward wet season clusters.

Furthermore, low-impact dry season and near-pristine wet season aerosols exhibit remarkably similar intensive properties,

with relatively high SAE and SSA values, and the single scattering albedo reaching 0.86(0.84 — 0.89) and 0.86(0.80 — 0.91),
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Figure 3. Box plots for the measured variables at the 325 m height when separated by the identified clusters, ordered from 1 to 5. The
whiskers extend to the 10** and 90*" percentiles, and the mean values are indicated with a red diamond. In (a) the eBC concentration, in (d)
the SAE, and in (g) the AAE are the clustering seed variables. In (b) the accumulation mode particles, in (e) the fine mode volume, in (h)
the scattering coefficient, and in (k) the PM2 5 mass are the extensive variables. In (c) and (f), the real and imaginary parts of the refractive
index, respectively, in (i) the chemical composition, in (j) the SSA, and in (1) the BrC fraction are the other intensive properties. Note that the
chemical composition fractions are shown from 50 to 100% to facilitate the visualization of more minor differences due to the strong organic

aerosol dominance.
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respectively. The characteristic refractive indices of these two clusters are also similar, with relatively low values in both the
real and imaginary parts, averaging around 1.28 — 0.014:. This indicates that the aerosol populations are quite similar, with
the main differences being the average lifetime of the particles in the atmosphere and the total aerosol load, which is 3 to 4
times higher during low-impact dry season periods. Despite their similarities, the BrC fraction of the absorption is significantly
higher during near-pristine and pristine wet season conditions, reaching 15 and 21%, respectively, against a median of 11% for
low-impact dry season periods. The importance of newly formed absorbing aerosols may be larger during the cleanest periods
(Updyke et al., 2012), as anthropogenic pollution in the atmosphere has little to no impact. The presence of absorbing fungal

spores might also contribute to this difference, as many spores are pigmented with melanin (Suthar et al., 2023).
3.4 Vertical gradients

This section explores the similarities and differences observed for the analyzed variables at the two height levels among the
identified clusters. The median 60 and 325 m PNSDs for the conditions outlined by each cluster are shown in Figure S9, with
the fitted parameters of the aerosol size distributions given in Table 3. The accumulation mode mean geometric diameter is
larger at 325 m for all clusters, highlighting the occurrence of upward transport and aging throughout the year. The difference
between the 60 and 325 m D, is larger during dry season LRT events, reaching 13 nm in these periods. This finding yields
similar conclusions reached by Franco et al. (2024), but now extended for the entire year, and the obtained values mostly agree
with Pohlker et al. (2016), showing consistency on these studies. Overall, the accumulation mode contributes to a larger volume
fraction of the fine mode aerosols at 325 m, especially during near-pristine conditions, when the Sub-50nm and Aitken modes
are more prevalent. A larger accumulation mode also characterizes Saharan dust events, shifted towards the largest diameters
with the peak located at 180.6 nm for the measurements at 325 m and at 176.2 nm for the particles measured at the 60 m

height.

Table 3. Parameters of the fitted bimodal log-normal functions to each cluster’s median particle size distributions. Dsyup—50, D ait and Dgcc
indicate the fitted mean geometric diameter of the Sub-50nm, Aitken, and accumulation modes, respectively. The missing values indicate the

cases when the fitting algorithm did not find a significant Sub-50nm mode.

325m 60 m
Cluster
DsubeO (IlIIl) DAit (nm) Dacc (nm) Dsub—SO (1'1111) DAit (nm) Dacc (nm)

Near-pristine 36.1 69.6 169.1 40.0 69.6 164.1

Wet LRT - 68.2 180.6 354 67.5 176.2
Low-impact 40.0 68.1 147.5 40.0 67.8 144.5

Dry LRT - 59.9 145.8 40.0 61.1 132.5
Regional BB - 724 154.8 33.2 72.5 152.3

As previously discussed in Section 3.1, the coarse mode particle concentration is always higher at 60 m, which is the cause

for the lower overall SAE. Additionally, the SAE gradient is more significant during near-pristine conditions, as shown in

16



415

420

425

Figure 4a, due to the lower aerosol load in the fine mode at both heights leading to the exacerbation of the coarse mode relative
contribution difference between 60 and 325 m. The AAE is similar between the two heights throughout the year, despite minor
differences found during near-pristine conditions, when it is higher at 60 m, and in regional pollution episodes, when it is higher
at 325 m. The significance of these differences was evaluated using the Wilcoxon rank-sum test, which yielded virtually null p-
values. Further verification was achieved using a Z-test of the means, confirming Z-scores above the significance level of 95%
for both cases, indicating that these differences are indeed significant. These differences could indicate a larger contribution of
pigmented biogenic particles such as fungal spores closer to the canopy, which becomes statistically significant during cleaner

periods when the influence of other particle sources is diminished.

Vertical gradients of aerosol properties on different atmospheric conditions
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Figure 4. Box plots of the vertical gradient comparison for the main aerosol properties at each cluster, with measurements at 60 and 325 m.
In (a) the SAE and in (b) the AAE, variables used in the clustering process, in (c) the SSA and in (e) the chemical composition, other intensive
properties of the aerosol population, and in (d) the fine mode volume, and extensive quantity. Note that the chemical composition fractions

are shown from 50 to 100% to facilitate the visualization of smaller differences due to the large organic aerosol dominance.

The SSA is lower at 325 m at all times, as the aerosol population closer to the canopy is less absorbing. This difference is
more prominent during the wet season, with greater importance of the aging processes of primary particles to the overall aerosol
population (Franco et al., 2024). The more advanced stages of aging and thicker particle coating at 325 m are consistent with

a higher aerosol volume at tower top height, found on most periods. The larger differences were found again in the wet season,
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with a fine mode aerosol volume 38% higher in near-pristine conditions and 55% higher during Saharan dust events. For the
dry season clusters, low-impact conditions and regional BB episodes showed the highest differences in aerosol volume towards
higher values at 325 m. At the same time, the pattern was reversed during LRT events, as higher volumes were observed at
60 m. The higher aerosol load during the dry season and the higher average lifetime of particles in the atmosphere lead to
smaller SSA and fine mode volume gradients.

The chemical composition of the aerosols at different heights shows minor differences that might be related to canopy
sources, vertical transport processes, and advection of air parcels with different origins. The organic fraction is identical at both
heights during the dry season, while a difference of, on average, 4 p.p. (percentage points) was found during the wet season,
with higher values at 60 m. This shows that biogenic emissions from below the canopy are increasingly important during the
wet season. Moreover, sulfate concentrations and fractions were significantly higher at 325 m during wet season LRT events,
while smaller differences occurred for the remaining conditions, highlighting the occurrence of Saharan dust intrusion. Finally,
statistical significance was achieved for larger ammonium and nitrate fractions observed at 325 m, which could be attributed
to biomass-burning aerosols transported together with the dust in LRT events or the formation of NO,, by lightning at higher
levels (Tost, 2017), as the differences appear to be more prominent during the rainiest periods, or in-canopy reactions with
emitted VOCs (Machado et al., 2024a).

Figures 5a and b compare the 60 and 325 m refractive indices. The real part has a more pronounced vertical gradient
during the wet season, with higher median values closer to the canopy of 1.47 and 1.58 during near-pristine and LRT events,
respectively. In contrast, medians of 1.29 and 1.41 were obtained at 325 m, highlighting the effectiveness of coating in reducing
the refringence of aerosols. Once again, the statistical significance of these claims was verified with the Wilcoxon rank-sum
test, which resulted in virtually null p-values. Dry season measurements yielded a less intense vertical gradient and more stable
values throughout the season, especially at 60 m height. Furthermore, the imaginary part is almost always higher at 325 m,
strengthening the current understanding of more absorbing aerosols at the top of the tower. Despite this, some variations occur,
with low-impact conditions showing no statistically significant difference between the two heights (at a median of 0.014). At
the same time, LRT events in both seasons have the largest gradient (0.051 at 325 m and 0.038 at 60 m during Saharan dust
events, and 0.035 against 0.025, respectively, during dry season African BB influx).

The brown carbon fraction of the total absorption at 440 nm also shows large differences among the clusters regarding its
vertical profile (Figure 5c). The largest gradients were found during near-pristine conditions when the median BrC contribution
is more than 50% higher at 60 m, agreeing with previous results (Franco et al., 2024). The processes that lead to this difference
can be elucidated by evaluating the diurnal cycles (Figure 5d,e), as the BrC fraction increases during the night at 60 m,
following the emission of absorbing organic compounds by the forest, from primary biogenic aerosol particles (Graham et al.,
2003; Huffman et al., 2012; Moran-Zuloaga et al., 2018), which are more prevalent close to the canopy (Prass et al., 2021).
Tropical fungi are known to emit their spores at night when humidity is high (Lobs et al., 2020), to protect them from the
intense UV radiation. As an additional protection measure, most spores use melanin as a pigment, which makes them highly

absorbing in the 440 nm range (Suthar et al., 2023), and might be a factor in the BrC gradient and diurnal profile.
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Figure 5. (a-c) Box plots of the vertical gradient comparison for the refractive index and BrC absorption fraction at each cluster, with

measurements at 60 and 325 m. (d-e) Median diurnal cycle of the brown carbon absorption fraction for each cluster.

In addition to the emission cycle, the nocturnal stable boundary layer development traps these particles at lower levels. The
stable layer also favors the dry deposition of accumulation mode particles, as the total eBC concentration at 60 m drops during
the night. The BrC fraction then decreases after sunrise due to photochemical degradation and the start of turbulent processes
and vertical transport. In contrast, at 325 m the BrC contribution increases during the early morning and afternoon, as BrC-rich
aerosols are transported upwards by turbulent vertical mixing. However, more polluted conditions of the dry season showed a
reversed gradient, with higher BrC fractions at 325 m, although still at very low values around 10%. These periods also show

mainly unclear and noisy diurnal cycles, as there are few simultaneous measurements available at both heights.
3.5 Aerosol mass scattering efficiency

In the previous sections, we showed how the clustering separation was able to distinguish different atmospheric conditions
by grouping periods with similar aerosol populations. For these different particle groups, the definition of mass scattering

efficiency (MSE) is the amount of scattering that a unit of aerosol particle mass can produce. The MSE can also be used to
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characterize the particle populations, as it indicates the scattering power of an aerosol type and relates mass concentration to
visibility and aerosol optical depth. Equation 3 describes the linear relation between the mass concentration and scattering

coefficient,

Oscat, A = Oscat,\ X (MNR—PMl + MO)7 3)

where 0.4+ 1s the scattering coefficient measured by the nephelometers, cscq+ is the mass scattering efficiency, My r—pas,
is the non-refractive fine mode mass, estimated by the ACSM, and M|, is the aerosol mass that scatters radiation but cannot
be measured by the ACSM, mainly part of the coarse mode between 1 and 2.5 um, as well as dust particles and BC. This is
a widely used method, applied by previous studies (Ponczek et al., 2022; Franco et al., 2024), but the assumption that Mj is
approximately the same for all considered points is flawed, especially during periods with large coarse mode contributions,
which most-likely leads to overestimations of the MSE values. Note that Equation 3 is wavelength-dependent, so the following
analyses were performed considering only the scattering coefficients at 525 nm. For the linear regressions applied to the
datasets corresponding to each cluster, the scattering coefficient and aerosol mass uncertainties are important steps to achieve
the correct values of as.q¢, and they were determined following previous works. Massoli et al. (2009) and Miiller et al. (2011)
determined that Aurora and TSI nephelometer measurements at 1 min time resolution show a 3.0% uncertainty, which converts
to 0.22% in 3-hour averages, as utilized in this study. This contribution is combined with a fixed value of 0.13 Mm™!, related
to the instruments’ lower detection limit. Similarly, the mass uncertainties are comprised of a relative term of 1.5% at the
utilized time resolution (Crenn et al., 2015), and an absolute value term of 0.08 ug m 3 related to the detection limit (Ng et al.,
2011). These errors were combined with a statistical uncertainty, represented by the standard deviation of the means for the
3-hour averages for both scattering and aerosol mass. In addition, to avoid biases that can occur with linear fitting methods
that consider uncertainties on both variables, the x-axis uncertainty was converted to the y-axis iteratively, and a standard least
squares fitting was applied.

Figure 6 shows the correlation plots between the aerosol mass and scattering coefficient measured at 60 and 325 m during
the conditions flagged by each cluster, while Table 4 summarizes the values found by the linear regressions for both heights,
which were statistically significant for all cases with the fitted coefficients showing p < 0.05. The correlation is higher for the
dry season clusters due to the higher aerosol mass and reduced relative uncertainty, as well as an increased fine mode fraction,
which leads to a better estimation of the total aerosol mass by the ACSM. The average MSE at 325 m is always lower than
at 60 m, as the presence of freshly emitted primary aerosols is more dominant closer to the canopy. These particles are very
efficient in scattering radiation, while more advanced aging stages and larger particle coating are responsible for a decrease of
MSE at higher levels.

Despite this general trend, distinct features can be observed for each cluster. The MSE at 325 m was nearly identical during

~1 at near-pristine conditions and (4.09 & 0.17) m? g~! for LRT events. In

the wet season clusters, reaching (3.96 4 0.07) m? g
fact, when performing a Z-test of these values, statistical difference is not achieved within a 95% confidence interval (Z = 0.7).

These results show remarkably stable values despite the very different aerosol compositions of the particle populations that
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comprise these clusters. This stability, however, is not observed at 60 m, where the mean MSE values increase from (5.99 +
0.14) m? g—! during near-pristine conditions to (7.34 £ 0.54) m? g~! during Saharan dust events, representing a 23% average
rise from one cluster to the other. Note that these values are probably overestimated due to the large coarse mode contributions
during wet season conditions, especially at 60 m. Similarly, low-impact and dry season LRT conditions also showed nearly the
same mass scattering efficiencies at 325 m, at (3.60 £ 0.05) m? g~ ! and (3.70 £ 0.20) m? g !, respectively, compatible within
the 95% confidence interval, and around 9% lower than the wet season average. Regional pollution episodes showed slightly
higher scattering efficiency, as the aerosol population is comprised of more freshly emitted particles, resulting in an average
MSE of (4.43 £0.10) m? g~ 1.

Furthermore, the linear coefficients of the regressions yielded different amounts of dust/coarse mode mass, which the ACSM
did not measure. Clusters 2 and 4, associated with LRT events, showed higher M values at 325 m, of (1.38 & 0.09) ug m~3
and (3.19 = 0.45) ug m~3 respectively, in comparison with the background conditions, indicating a high contribution of coarse
mode and dust particles during these events. Wet season near-pristine, dry season low-impact conditions, and regional pollution
episodes registered lower values of M, indicating a relatively lower impact of coarse mode and dust particles at the 325 m

height during these conditions.

Scattering efficiency by cluster
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Figure 6. Scatter plots of non-refractive PM; mass and scattering coefficient at 525 nm measured at 325 m (a-e) and 60 m (f-j) for each

cluster, with linear fit and the R? determination coefficient. The shaded areas indicate the 95% confidence interval.

Low-impact conditions showed the lowest MSE at both heights, with an average value of (5.11 % 0.05) m? g~! at 60 m,

agreeing with the values found by previous studies for the cleanest periods of the year. A direct comparison with near-pristine
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Table 4. Aerosol mass scattering efficiency and dust/coarse mode mass calculated for each cluster at 325 and 60 m.

325m 60 m
Cluster 5 1 4 N 4
Uscat (m g ) MO (N!] m ) QAscat (’I’I’L g ) MO (/J/g m )
Near-pristine 3.96 £0.07 0.38£0.02 5.99+0.14 0.32£0.03
Wet LRT 4.094+0.17 1.38+0.09 7.34£0.54 1.15+£0.13
Low-impact 3.60+0.05 0.41£0.05 5.11£0.05 0.444+0.03
Dry LRT 3.70+0.20 3.194+0.45 5.54£0.18 1.15+0.18
Regional BB 4.43+0.10 1.03+0.26 6.10+0.09 0.56 £0.12

conditions (mean MSE of (5.99 + 0.14) m? g—1) is possible, as the aerosols that compose these periods have similar intensive
properties. As previously stated, the main difference between these two clusters is the average lifetime of the particles in
the atmosphere due to the less frequent wet scavenging by rainfall. This increased lifetime during low-impact dry season
periods allows for aging processes to occur, lowering their MSE compared to near-pristine periods. Aerosol coating is usually
comprised of organic compounds and water vapor, both of which act as an absorbent layer, decreasing the scattering efficiency
of the particles (Li et al., 2011), as well as increasing the aerosol volume and mass faster than the scattering cross-section.
Furthermore, LRT events significantly affect the scattering efficiency at 60 m, especially in the wet season, with both wet and
dry season LRT events showing higher MSE values (reaching (7.34 £ 0.54) m? g~ ! and (5.54 4 0.18) m? g, respectively)
than during low-impact conditions, in contrast to what was found for the 325 m height. Based on these differences, one can
postulate that the more aged aerosols are almost permanently found at 325 m. In contrast, at 60 m, the particle population
is less aged and thus more responsive to sudden changes in chemical composition and lifetime of the arriving particles from
LRT, resulting in a more variable MSE at different events. Furthermore, the dry season scattering coefficients and NR-PM;
masses are more correlated than the wet season measurements at 60 m, as coarse mode particle bursts, mainly comprised of
bioaerosols (Prass et al., 2021), are frequent at this height during the wet season, when fungi are more active. The ACSM does
not measure these particles, but they do scatter radiation, leading to the events shown as apparent vertical lines in Figure 6f,g.
These measurements also show the lowest values of SAE within each cluster, reinforcing the higher importance of coarse mode

particles during these periods (Figure S10).

4 Conclusions

This study developed a comprehensive method for discriminating between five major aerosol populations associated with
different transport processes, sources and air masses in central Amazonia, using the aerosol optical properties measured at the
ATTO site at two different heights. The algorithm separated aerosol populations related to wet and dry season background
conditions, African LRT events, and regional biomass-burning influenced periods, and the resulting analyses proved effective
in resolving the vertical gradients of many physical and chemical properties of the identified aerosol populations. The main

takeaways from this effort are:
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o African biomass-burning particles exhibit lower AAE and SSA than South American BB aerosols and lower BrC fractions,
both at 60 and 325 m.

e Saharan dust events profoundly change the chemical composition of the central Amazonian atmosphere, introducing
particles with large inorganic (26% at 325 m and 20% at 60 m) and eBC (17% at 325 m and 19% at 60 m) fractions and, on
average, a higher refractive index (1.41 — 0.051¢ at 325 m and 1.58 — 0.038: at 60 m).

e Background conditions during both the wet and dry seasons, here identified as near-pristine and low-impact periods, show
similar optical and chemical properties, indicating that ecosystem-derived sources likely dominate the aerosols found during
these conditions.

e Vertical transport of fine mode aerosols likely promotes the aging of these particles, playing a major role in the gradients
observed between the 60 and 325 m mass scattering efficiencies.

The wet season clusters were mainly characterized by differences in the eBC concentration, with near-pristine conditions
showing the lowest aerosol loading and Saharan dust events bringing more particulate matter to the atmosphere. The aerosol
populations of these periods are very different despite the similar wind patterns and air mass trajectories caused by the large-
scale circulation and ITCZ position. Rainfall amounts were 3 times higher during near-pristine conditions, resulting in wet
deposition and scavenging of larger particles.

The findings in this study suggest that the differences observed on the intensive properties of periods dominated by African
and South American BB particles are likely related to lower BrC fractions on LRT particles (11% against 13% during regional
BB conditions), as the BrC is quickly degraded in the atmosphere, with a lifetime typically lower than the transport time from
Africa to South America (Wong et al., 2019; Fleming et al., 2020; Schnitzler et al., 2022). Furthermore, periods classified as
regional BB showed the highest aerosol loadings, indicating that the atmospheric and ecosystem impact during the dry season
is larger overall during fresh biomass-burning conditions, which was more common in recent years.

Similarities between near-pristine and low-impact conditions consisted of high SSA (0.85) and SAE (1.9) at 325 m, low
refractive indices (~ 1.3 — 0.0157), and relatively high BrC fractions with pronounced vertical gradients. In both cases, the
chemical composition is dominated by organics, showing a high predominance of biogenic particle sources, encompassing
primary emissions and SOA formation. This indicates that although the particle concentrations are higher during low-impact
than during near-pristine periods, the intrinsic characteristics of the aerosols are very similar between these periods, pointing to
the main difference being the decreased wet scavenging by precipitation, less common in the dry season, and increased lifetime
of the particles in the atmosphere, being able to achieve more advanced aging stages and higher concentrations.

The brown carbon vertical gradient was found to be steeper during the wet season, particularly under near-pristine condi-
tions, when larger BrC fractions are observed closer to the canopy. Vertical mixing processes tend to smooth out some of the
differences during the day, also lowering the vertical gradient of the BrC fraction as more BrC-rich particles can be transported
upwards after sunrise, and the emissions of pigmented bioaerosols may play a role in the observed fraction gradient during
near-pristine conditions. Further studies might benefit from a more thorough understanding of BrC formation processes near

the canopy in central Amazonia.
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Lastly, the importance of aging processes to the aerosol populations found at 60 and 325 m is highlighted when calculating
the mass scattering efficiencies of the particles during the conditions outlined by the five clusters. The MSE values found at
325 m are very stable throughout the year. This indicates that the coating thickness and aging stage of these particles are so
significant that they often overcome the different chemical compositions. In contrast, higher scattering efficiencies are usually
found at the 60 m height, on average 52% above the 325 m values, as freshly emitted/formed particles are less coated and scatter
radiation more efficiently. Future studies will analyze the particles’ internal structure with X-ray and electron microscopy to
better assess the coating effects. The differences among the clusters are also more significant than at 325 m, since the aerosols
are usually younger and less coated at 60 m, intensifying the impact of LRT plumes with highly aged particles and different
chemical compositions closer to the canopy.

Therefore, this study provides a comprehensive characterization of the commonly occurring aerosol populations in central
Amazonia, focusing on the intensive properties of the aerosols and the processes influencing their vertical gradients within the
boundary layer. These findings highlight the complex variability of aerosol sources and processes that must be considered in

modeling efforts of the Amazonian atmosphere.
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