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Abstract

Numerous studies globally have centered on atmospheric air pollution due to its profound health and climate effects. NASA’s
AERONET (National Aeronautics and Space Administration - AErosol RObotic NETwork) network has been one of the
world’s leading tools for accessing the physical properties of atmospheric aerosols from various sources, mainly anthropogenic
ones. This study proposes a new approach to evaluate the Aerosol Optical Depth (AOD) and precipitable water vapor (PWV)
seasonality and the influence of short-term perturbations, such as the presence of local and regional aerosol sources or
meteorological events, based on the temporal autocorrelation function (ACF). We introduce the adimensional seasonal
assessment autocorrelation function, A ,cgy, as a parameter to quantify the influence of the short-term perturbation, and we
use its average, (A cgy)» as a proxy for seasonality loss. The smaller (A ,cgy), the lower the influence of high-frequency
perturbations on seasonality. Nine AERONET network sites in South America with different environmental characteristics
were evaluated. The selected sites were Sdo Paulo, Rio Branco, Manaus, ATTO (Amazon Tall Tower Observatory),
AltaFloresta, Ji-Paran4, Cuiaba, Buenos Aires, and La Paz. The results showed that sites with less local anthropogenic aerosol
sources acting as short-term perturbations had pronounced AOD seasonality and a linear relationship between the ACF
functions of AOD, PWYV, and the simulated direct solar radiation. As local anthropogenic sources become more prominent,
the AOD ACF is attenuated and has less amplitude in seasonal oscillations. In addition, the relationship between AOD and
PWYV ACF becomes more attenuated. Buenos Aires has shown to be the most affected site, with (A cp oop) 0of 0.47, followed
by Sao Paulo and La Paz. The areas in the Amazonian deforestation arc had relatively close average Acgaop, With Alta
Floresta representing the most influenced by short-term perturbations. Central Amazonian sites had the lowest A g aop
averages, of about 0.25, which means that constant local anthropogenic sources do not dominate the AOD seasonality and that
the wet deposition still plays an essential role in regulating the aerosol sources in the atmosphere. In contrast, the behavior
of (A crpwy) in the Amazon region varies mainly due to meteorological influences, with the highest values observed in
the central region, likely related to the high amount of water vapor in the atmosphere, and more pronounced seasonality
near deforestation arcs and major cities. The proposed method eliminates the need for a reference site when comparing
seasonalities of different time series, enabling valid comparisons across different areas without a comparative reference
point. The method can be further applied to other atmospheric time series, including greenhouse gases.
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ies in different regions since its impacts on the environment,
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Ribeiro et al. 2019). By studying air pollution, scientists and
policymakers can better understand the health risks associ-
ated with exposure and take steps to reduce exposure and
protect public health.

Atmospheric aerosols can be emitted directly from the
source (primary aerosols) or be formed in the atmosphere
(secondary aerosols) (Seinfeld and Pandis 2016). Regardless
of the emissions and formation mechanism, they can remain
in the atmosphere for periods from a few hours to a few weeks.
Air masses can even transport them from one continent to
another, crossing large ocean regions (Holanda et al. 2020,
2023). The atmosphere is a complex system driven mainly by
solar radiation, which modulates processes at different spatial
and temporal scales (Seinfeld and Pandis 2016). Seasonal
variations are associated with climate and regional emissions,
while variations with shorter periods usually indicate short-
term perturbations. Pollutant concentrations at a specific
atmospheric region arise from overlapping processes across
various temporal and spatial scales.

Urban regions are an intense and constant source of
atmospheric aerosols, either by secondary formation
due to the presence of reactive compounds such as O,
and NO, radicals or by direct emission from vehicle
exhausts (Brito et al. 2018). In megacities like Sdo Paulo,
Brazil, with a population of ~ 20 million inhabitants in
its metropolitan area, the concentration of atmospheric
aerosols is, on average, of ~ 12,000 cm~ (dos Santos et al.
2016; Monteiro dos Santos et al. 2021). Many studies have
shown that vehicular emissions in Sdo Paulo considerably
contribute to air pollution (Monteiro dos Santos et al. 2021;
Brito et al. 2018). In highly polluted cities, such as many
of them in China and India, the high atmospheric aerosol
concentration causes breathing problems and radically
affects vision (Cheung et al. 2005; Tiwari et al. 2011).

In contrast, in tropical forests like the Amazon, the
predominant sources of aerosols depend directly on the
availability of rain. In the wet season, isolated places such
as the Amazon Tall Tower Observatory (ATTO) (Andreae
et al. 2015) in central Amazon present very low aerosol
concentrations of ~ 300 cm™3, and the aerosol number
concentration in the atmosphere is mainly dominated
by secondary organic aerosols formed locally and
regionally (Andreae et al. 2018; Franco et al. 2022). Urban
sites close to or in the forest, such as Manaus, have their
atmosphere influenced by urban emissions, which even
favor the formation of secondary aerosols far away from the
forest (Nascimento et al. 2021, 2022). However, significant
aerosol plumes affect urban and isolated Amazonian sites due
to local and regional biomass burning during the dry season.
This influence depends more on the distance of these sites
from the sources, in which particle concentrations can easily
exceed 10,000 cm™ (Artaxo et al. 2002; Franco et al. 2022;
Ponczek et al. 2022). The aerosol load is so intense that it

@ Springer

can make Amazonian sites equally or even more polluted in
specific periods than most densely populated cities.

NASA’s AERONET (National Aeronautics and Space
Administration - AErosol RObotic NETwork) project has
been one of the world’s leading tools to provide direct access
to concentrations and physical properties of aerosols and
precipitable water vapor content in the atmosphere. The
network has photometers installed in several places around
the planet, whether they are remote regions such as the
Amazon, Antarctica, and the Sahara desert or even rural,
urban, coastal, and island areas (da Silva Palacios et al.
2020; Kambezidis and Kaskaoutis 2008; Kaskaoutis et al.
2007; Holben et al. 1998). This makes AERONET one of
the main tools for scientists to study atmospheric aerosols’
seasonal behaviors and their impacts under different
environmental conditions. The aerosol optical depth (AOD)
seasonality is fundamental in understanding the effects
of the various sources that contribute to the atmospheric
particulate load (Morais et al. 2022). AERONET is
frequently utilized to validate data obtained from satellites.
It assists in proposing corrections aimed at enhancing the
accuracy of satellite data (Palacios et al. 2022; Carra et al.
2020; Zhao et al. 2002; Prasad and Singh 2009). Therefore,
high-frequency variations in the AOD signal, also seen as
short-term perturbations, broadly indicate local and regional
disturbances or emissions. Human activities, such as burning
fossil fuels and emitting industrial pollutants, or natural
events, such as forest fires or volcanic eruptions, can cause
these disturbances. It is essential to understand how these
different processes affect air quality at different scales to
develop effective strategies for monitoring and mitigating
pollutants.

Studying AOD seasonality with statistics is fundamental
because AOD is an indirect measure of the aerosol load in
the atmosphere (da Silva Palécios et al. 2020; Artaxo et al.
2022). Using statistical methods to analyze AOD data makes
it possible to understand and evaluate the patterns of aerosol
concentrations over time, including any seasonal variations.
This information can be used to improve air quality forecasts
and predictions and develop better regulations related to air
pollution. Furthermore, AOD is also important for assessing
the radiative forcing of the Earth’s atmosphere, which
measures the difference in energy absorbed by the Earth’s
system and energy reflected in outer space (Seinfeld and
Pandis 2016). Understanding the seasonality of AOD can
help better understand the Earth’s energy balance, which is
crucial for climate change research.

Traditionally, the study of seasonality involves
decomposing a time series into its periodic behavior and
trend components. By measuring the amplitude of the
periodic oscillation by calculating the maximum and
minimum values, an indication of the degree of seasonality
can be obtained (Nworof and Chineka 2007). However, this
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method only provides relative comparisons between sites,
making it difficult to obtain absolute comparisons between,
for example, different studies. This lack of standardization
generates challenges when attempting to synthesize results
from multiple studies or comparing results across other
regions or periods. To overcome these challenges, there
is a need for a standardized and universally applicable
method for quantifying seasonality that can provide absolute
comparisons between sites.

A few studies use autocorrelation to assess the seasonal
behavior of AOD and column-integrated water vapor in
the atmosphere (PWV). However, most of them use the
technique to access the performance of a regional model
for predicting PM2.5 (Chau et al. 2021) or to investigate
spatial and temporal relationships between AODs of
different locations (Hua et al. 2016; Yang and Hu 2018).
None investigated the temporal autocorrelation seasonal
variability of AOD and PWYV, particularly in South
America. Studying environmental sites in South America
with different aerosol sources and meteorological conditions
is crucial for understanding the impact of aerosols on air
quality, visibility, climate, and human health in the region.
It enables researchers to characterize aerosols’ composition
and infer the contribution of different sources, such as
industrial emissions and natural, to the environment.

This study proposes a new approach to evaluate the AOD
and PWYV seasonalities based on the seasonal pattern of the
simulated direct local solar radiation. This is performed from
a statistical perspective with the temporal autocorrelation
function. We use time series with daily averages of AOD
and PWYV obtained through the AERONET network in
nine sites in South America, with at least seven years of
continuous measurements. The sites were categorized into
three subgroups: two sites representing tropical Amazonian
forested conditions, four sites representing a mixture of
urban and forested Amazonian conditions, where biomass-
burning aerosol plumes play an important role mainly during
the dry season, and three sites representing strong urban
conditions. We simulate the direct solar radiation time series
for each site through radiative transfer calculations. This
data serves as a seasonal time series reference, devoid of
meteorological and other atmospheric influences. It provides
a consistent representation of direct solar radiation specific
to each location.

2 Methodology

This section describes the AERONET photometers used to
obtain the AOD and PWYV measurements, the environmental
conditions of the AERONET sites considered in this

study, and the approach applied to calculate the statistical
correlations based on the autocorrelation function.

2.1 AERONET sun and lunar photometers

The AERONET network is a NASA measurement program
that uses remote sensing to monitor optical and physical
parameters of atmospheric aerosols and precipitable
water vapor content. In particular, AOD, absorption AOD
(AAQOD), and precipitable water vapor in the atmosphere are
applied to air quality monitoring (Chu et al. 2016; Jin et al.
2019). AERONET uses automatic solar and lunar spectral
radiometers, model CIMEL Electronic 318, which allow
continuous measurements every 5 min. From the incident
solar radiation, the AERONET’s algorithm can obtain the
extinction coefficient (o, ;) and, therefore, the AOD, which
is the integral of o, , over the atmospheric vertical profile,
as defined below

top of atmosphere
AOD = / @) z. ()
s

urface

The AERONET algorithm can automatically model
the absorption and scattering of radiation through
approximations in the geometry of the aerosol particles.
They are generally divided into two subcategories: spherical
and non-spherical aerosols. The Mie scattering theory is
considered for the spherical ones, in which the particles
are homogeneous spheres (e.g., with the same complex
refractive index for all particles, regardless of size) of
different diameters. In the case of non-spherical particles, a
method based on the Scattering Matrix Modeling is applied,
assuming that these aerosol particles have spheroidal shapes,
are homogeneous, and are randomly oriented (Dubovik
et al. 2006). The algorithm also considers whether the
measurements are direct or indirect (inversions). Direct
measurements are obtained from the radiance, made with the
collimator of the radiometer pointed at the solar disk, and
provide data on the aerosol optical depth and the scattering
Angstrﬁm exponent.

Indirect measurements, obtained by inversion algorithms
with a photometer from diffuse radiance data, allow knowing
the size distribution of the aerosols, the effective radius of
the distribution, the complex refractive index of the particle
(obtained with the scattering and absorption components),
and the water vapor content in the atmosphere. AERONET
uses the near-infrared (NIR) wavelength region (typically
around 940 nm) to measure atmospheric water vapor
content. This wavelength region is chosen because it is
minimally affected by other atmospheric constituents and
provides a strong signal for water vapor absorption. By
measuring the intensity of sunlight in this wavelength region
and using algorithms to correct for other atmospheric effects,
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«Fig. 1 AERONET sites throughout South America selected for this
study. Their coordinates and AERONET data coverage information
are presented in the table on the left side

AERONET can accurately estimate the amount of water
vapor present in the atmosphere. It is worth mentioning
that the instruments of the AERONET network returned to
NASA approximately every year for calibration and testing.
All data collected by the various photometers around the
planet can be freely downloaded online (https://aeronet.gsfc.
nasa.gov/).

2.2 AERONET sites

This study evaluated nine AERONET sites across South
America, whose geographical distributions are shown in
Fig. 1. The sites were chosen where the AOD and PWV time
series were long and robust enough for statistical significance
and whose sources of aerosols were more diversified
between natural, urban, and biomass-burning emissions.
We defined at least seven years of continuous AERONET
measurements as the minimum period to fulfill the specified
criteria. All AOD and PWV data were obtained at level 1.5
because many sites did not have data processed at level 2.0.
This becomes particularly significant when considering that
level 2.0 typically underestimates seasonal PWV because
of the absence of measurements during cloudy conditions,
which represent the wettest and highest PWV periods. In
addition, the data were obtained at the daily average level.
Figure 1 also presents the sites, their geographic coordinates,
and the coverage period of measurements obtained by the
AERONET network photometers.

Alta Floresta, ATTO, Cuiab4, Ji-Parana, Manaus, and Rio
Branco are sites located close to or in the Amazon rainfor-
est but with different patterns of aerosol source emissions.
ATTO and Manaus, located in the central Amazon, repre-
sent the cleanest tropical rainforest. It is worth mentioning
that the Manaus AERONET site was located about 30 km
northeast of the city and represented quite well-forested con-
ditions. Alta Floresta, Cuiab4, Ji-Parana, and Rio Branco
represent sites inside the deforestation arc, with strong local
and regional biomass burning events, especially during the
dry season. More details of these six Amazonian sites can
be found elsewhere (Morais et al. 2022; Pal4cios et al. 2022;
da Silva Palacios et al. 2020; Artaxo et al. 2022).

Sao Paulo is a megacity located in southeastern Brazil,
with over 20 million people in its metropolitan area (dos
Santos et al. 2016). It falls under the Koppen climate
classification as a Cwa type (Alvares et al. 2013). This means
it has a humid subtropical climate with hot summers (C) and
a dry winter season (w). There’s a noticeable distinction
between the seasons, with a rainy season typically occurring
in the warmer months. Sao Paulo has faced significant air

pollution problems in recent years, mainly due to its high
levels of vehicle traffic and industrial activity (Brito et al.
2018; Abe and Miraglia 2016). The most common pollutants
in the city include PM, NO,, O;, and carbon monoxide
(CO) (Brito et al. 2018; Monteiro dos Santos et al. 2021).
The Brazilian government has implemented measures to
address air pollution in S&o Paulo, such as regulations for
vehicle emissions, promoting alternative transportation
options, and improving air quality monitoring and
reporting (de Fatima Andrade et al. 2017). However, the city
continues to face challenges in improving air quality, and
more action may be needed to address ongoing air pollution
problems.

La Paz is the administrative capital of Bolivia and
is located in the Andes Mountains at an elevation of
approximately 3600 ms above sea level. The city has a
high-altitude, subtropical plateau climate with relatively
cold temperatures and high solar radiation levels. La Paz
faces air pollution problems due to its high altitude and
mountains around it, which can trap pollutants in the
city’s atmosphere (Wiedensohler et al. 2018). The city
also experiences high vehicle traffic, industrial activity,
and residential heating and cooking, contributing to air
pollution (Borsdorf and Haller 2020). The most common
pollutants in La Paz are PM, NO,, and sulfur dioxide (SO,
) (Mardoiiez et al. 2022; Wiedensohler et al. 2018). In recent
years, the Bolivian government has addressed air pollution
in La Paz such as implementing regulations for vehicle
emissions and promoting alternative transportation options.
Still, the city continues to face air quality challenges.

One of the biggest cities in South America is Buenos
Aires. The metropolitan region, which consists of 24
districts, covers 3880 km? and houses at least about ~13
million people (INDEC 2010). It is situated along the
western edge of the de La Plata Estuary. According to the
National Weather Service, the area has a moist temperate
climate with a mean annual temperature of 18 °C, rainfall
from 1000 to 1200 mm, and predominant winds from the
east and north. The interaction of meso-synoptic systems
and intraseasonal events determines weather conditions over
the short and medium term. As Sdo Paulo, on a seasonal
level, the weather is influenced by the movement of the
semi-permanent South Atlantic subtropical anticyclone,
which is modulated by larger-scale phenomena related to
climate variability (Cuneo et al. 2022; Oliveira et al. 2022).

2.3 Pysolar: a python library for solar radiation
simulation

Pysolar is a robust Python library designed for precise solar
geometry calculations (Reda and Andreas 2004; Stafford
2015). It is a valuable tool for obtaining accurate direct
solar radiation values for a specific location. The library
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also provides functions to determine the sun’s position
and incidence angles relative to a particular point on the
Earth’s surface. The library allows the obtaining of direct,
diffuse, and total solar radiation and solar energy incident
on tilted surfaces. Direct solar radiation represents the
amount of solar energy that arrives at the Earth’s surface
directly from the sun, given in W/m?. The time series of
solar radiation derived from Pysolar is free from local and
regional influences and considers a clear sky condition.

2.4 Statistical autocorrelation data analysis

Autocorrelation is a statistical procedure that describes
the correlation of a time series with itself at different time
lags (Hair 2011). It is often used to determine the presence
of temporal dependencies in a time series, such as a gradual
decay or periodicity. The autocorrelation function (ACF)
measures the similarity between a time series and a lagged
version of itself. The autocorrelation coefficient at lag %,
denoted as p,, measures the correlation between the time
series and its lagged version at lag k. The following equation
gives the mathematical representation of the ACF

ACF(k) = p, = % @

0

where k is the lag, y, is the k-th order autocovariance, and y,
is the O-th order autocovariance, which is simple the variace.
The following expression gives the autocovariance

7 = EIX, — )X — )], 3

where Xt is the time series at time ¢, u is the mean of the
time series, and E is the expectation operator. The ACF
can be computed for different lags k, and the results can be
plotted as autocorrelation. The plot can reveal patterns in
the autocorrelation coefficients, such as a gradual decay or
periodicity. Still, it cannot be used to reconstruct the original
time series. After calculating the ACF, all-time series were
smoothed with a moving average function with 3 data points.

2.4.1 Seasonal assessment autocorrelation function

We introduce and define the seasonal assessment
autocorrelation function, A,qr, as a parameter to assess
the AOD variation rates based on the simulated local solar
radiation incidence. The equation is expressed by

<’ aACFva,' 3 ’aACFsun )2
ok ok
Axcrx = 5 4
OACFyy | | | 2ACF,
ok ok
Where ACF,,; and ACF, \ represent the autocorrelation

time series of the variable of interest, which in this study
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is ACF,opy, and of the solar radiation on k-lag days,
respectively. The quantity A,cgy is normalized and varies
from O to 1. Values closer to zero represent a stronger
similarity between the variation rate of the ACFs of the
variable of interest and the solar radiation. In contrast, values
closer to 1 mean decoupling between the seasonal variability
of the variable of interest compared to that of solar radiation.
Thus, it is possible to characterize a particular site using the
average A ,c i defined as (A ¢ ), on the considered k-lag
days. The following cases for (A ¢ ) are examined:

— If (Apcr k) ~ 0, the AOD and PWV seasonalities
have rates of change identical to local solar radiation
seasonality,

— If (Axcr ) ~ 1, the AOD and PWV seasonalities are
completely decoupled from the local solar radiation
seasonality.

The magnitude of (A,cp ) measures the strength of the
seasonal attenuation. Since this is a normalized number, it
can be used to compare different sites worldwide directly. In
this study, we considered a time interval of about one year,
with k = 400 days, a statistically significant time stamp to
assess the variability in the AOD and PWV autocorrelation
time series.

3 Results and discussions
3.1 Temporal variability of AOD and PWV

Figure 2 shows the AOD at 500 nm and PWYV time series for
all selected sites. The AOD and PWYV seasonal patterns are
evident for all Amazonian sites. In particular, the quantita-
tive characteristics of this behavior are already discussed in
several studies (Morais et al. 2022; da Silva Palacios et al.
2020; Artaxo et al. 2022; Palacios et al. 2022). For the sites
in the Amazon biome, the maximum peaks in AOD are
mainly due to local and regional biomass-burning plumes,
which are the main aerosol source during the dry season
in the rainforest. The contrasting differences between those
maximum peaks from sites in the central Amazon and those
in the deforestation arc are worth noting. The sites in cen-
tral Amazon (ATTO and Manaus Embrapa) are much less
affected by local biomass burning, reflecting maximum
AOD peaks reaching values between 1 and 1.5. In contrast,
the sites in the deforestation arc (Rio Branco, Alta Floresta,
Ji-Paran4, and Cuiaba) have much higher AOD values dur-
ing the dry season, with peaks reaching values between 3
and 5. Interestingly, those values are even much higher than
those found on the urban sites investigated in this study (La
Paz, Sao Paulo, and Buenos Aires), showing how powerful
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Fig.2 AERONET AOD in 500 nm and PWV time series for all the nine sites considered in this study. Please note the different y-axis

the biomass burning events are in fueling the atmosphere
with aerosols.

On the other hand, the wet deposition mechanism
dominates in regulating the atmospheric aerosol population
during the wet season. In the Amazon sites, the wet
deposition, in addition to a strong reduction in biomass
burning, drops the AOD to very low values of ~ 0.1 (Morais
et al. 2022), exactly when the PWYV has the higher values.
For the AERONET sites in central Amazon, during this
season, the atmosphere is mainly dominated by local
natural sources, with primary aerosol emissions from the
canopy and soil, or secondary aerosols formed directly on
the atmosphere from the organic compounds also emitted
by the vegetation (Andreae et al. 2018; Franco et al. 2022).
Occasionally, seasonal episodic events of long-range
transported aerosol plumes, e.g., from the Sahara desert,
contribute to the atmospheric aerosol load. In contrast,
during the wet season, the sites in the deforestation arc
have two main general aerosol sources: the natural aerosols
from the rainforest plus the episodic events of long-range
transported aerosols, and mainly the local urban emissions.
Although the intense Amazonian rain events remove those
aerosols, with the increase of local sources, they can still be
present in the atmosphere.

The heavily urbanized sites (La Paz, Sdo Paulo, and
Buenos Aires) show a weak AOD seasonality, much
different from the other sites. There is still the presence of

AOD peaks, but most of them are sporadic. In urban cities,
the low aerosol seasonality may be explained by regional
and long-term aerosol plume events that reach the city. For
example, recently, Sao Paulo received a substantial biomass-
burning aerosol plume from the Amazon that, together
with meteorological conditions on that particular day,
obfuscated the sunlight in the municipality region (Pereira
et al. 2021) entirely. Also, the very low AOD seasonality
may be explained by weekends and vacations, which reduces
vehicular emissions. Despite that, in general, the AOD
values are relatively constant throughout the year, showing
that even the wet deposition cannot compete with the intense
local aerosol sources, which are dominant.

3.2 AOD and PWV autocorrelations

The Eq. 2 was applied to the AOD and PWYV time series
considering a day lag of k = 1000 days, which is equiva-
lent to about five and a half years of seasonal variability.
Figure 3a shows that each site’s autocorrelation series is
different. Sites in the Amazon region are the ones that show
more pronounced oscillations throughout the years, which
is mainly driven by the biomass burning emission dynamics
and the meteorological conditions of the forest, with ACF
peaking at 0.3-0.5 and minimum values of ~ - 0.3. In con-
trast, urban sites have the lowest annual autocorrelations and
oscillations. It is worth noting that the AOD ACF values for
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these sites oscillate around 0, with peaks of ~ 0.1 every 12
months.

Unlike the ACF AOD, the ACF PWYV, presented in
Fig. 3b, shows a clear seasonal pattern for all sites. The
ACF PWYV oscillates between negative and positive values
every 6 and 12 months, respectively, with some sites with
higher correlations than others, but the ACF values were
not stationary around 0. The behavior of the ACF PWV has
different peaks and valleys from site to site, very similar
to what is observed in Fig. 3c. This depends on the mete-
orological conditions of each location and is not directly
associated with local sources since PWV is the water vapor
in the atmosphere. Figure 3c shows the seasonal pattern
obtained for the simulated solar radiation. As expected, the
ACEF solar radiation is the unity every year after the initial
start and decays for values close to or lower than zero every
six months. Sites with clear ACF seasonality in AOD must
also have a marked seasonality in PWV and solar radiation
ACEF in an ideal case. It is also important to note that the
ACF does not depend directly on the absolute number of
the quantity it takes into account but only on the correlation
coefficient from day lags. The metric efficiently compares
quantities exclusively related to the autocorrelation time
series.

@ Springer

Figure 4 shows the ACF variability obtained for each
site’s AOD, PWYV, and direct solar radiation time series in
logarithmic x-scale. The relationship between the variables
is evident. The AOD ACF in all sites follows the PWYV sea-
sonal pattern, which is directly related to the wet deposition
mechanism. However, the differences in the seasonal pattern
of AOD ACFs from site to site are remarkable. The AOD
and PWV ACFs are very similar in central Amazonian sites,
and both time series have nearly the same autocorrelations
over time. It is worth noting that the mentioned behavior
is also very similar to the solar radiation ACF, although
the correlation magnitude is different. The ACFs smoothly
decay over the first ~100 days and with the same pattern,
although more minor differences are observed in Manaus
Embrapa. For instance, during the first six months, the mini-
mum ACFs were — 0.24 and — 0.30 for AOD and PWV at
ATTO, respectively, and in Manaus, it was ~ — 0.32 for both
ACFs, respectively. After the first 12 months, the maximum
ACFs were 0.30 for both AOD and PWV at ATTO, respec-
tively, and in Manaus, it was 0.24 and 0.33 for AOD and
PWYV, respectively.

The AOD, PWV, and solar radiation ACFs decay for
the Amazonian deforestation arc sites also have a similar
smooth pattern. However, the differences between AOD
and PWV ACFs are more evident, representing clearer
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Fig.4 ACF time series for AOD in 500 nm (black), PWV (blue), and direct solar radiation (red). The x-axis is displayed in logarithmic to

improve visualization

differences between AOD and solar radiation ACFs. The
AOD ACF’s seasonal behavior is more attenuated than
at ATTO and Manaus. The difference in the AOD and
PWYV autocorrelations becomes more significant, and the
AOD ACF time series tends to get closer to zero when the
most negative correlations are expected. After the first six
months, in Rio Branco, the AOD and PWV ACFs were
—0.16 and — 0.35, respectively; in Alta Floresta, it was
—0.21 and - 0.39, respectively; in Cuiaba, it was — 0.18
and — 0.41, respectively and in Ji-Parana it was — 0.24
and — 0.46, respectively. After 12 months, in Rio Branco,
the AOD and PWV ACFs were similar, of 0.37; in Alta
Floresta, it was 0.36 and 0.62, respectively; in Cuiaba, it
was 0.36 and 0.55, respectively, and in Ji-Parana it was
0.44 and 0.63, respectively. It is worth noting that the PWV
autocorrelations were higher at the sites in the deforestation
arc than at the central Amazon. This is likely because the
precipitable water vapor in central Amazon’s atmosphere is
always very high, with much more complex meteorological
dynamics, and varies very little compared to what is found
at the deforestation arc. This means the differences between
dry and wet seasons at these sites are more pronounced than
in the central Amazon, which is corroborated by different
studies in the literature (Smith et al. 2023).

Strongly urbanized sites show the most significant
differences between AOD, PWYV, and solar radiation ACFs.
In particular, there is almost a complete uncoupling between
the behavior of AOD and PWV ACFs in the first ~100 days.
The AOD ACF tends to zero much faster than other sites.
Buenos Aires has the fastest drop for oscillations, around O.
During peaks and valleys of seasonality, a minor relevance
of meteorological effects is still observed in the AOD pattern
but with a strongly attenuated behavior. After six months, all
these sites had AOD ACF of ~ 0, while PWV ACF varied
between — 0.30 and — 0.42 for Buenos Aires, Sdo Paulo, and
La Paz. After 12 months, the AOD ACF ranged between
0, 0.15, and 0.11 for Buenos Aires, Sdo Paulo, and La Paz,
and the PWV ACF ranged between 0.32, 0.46, and 0.43
for Buenos Aires, Sdo Paulo, and La Paz, respectively. The
results indicate that local aerosol processes strongly affect
the seasonal AOD cycle compared to the PWV.

The relationships between AOD, PWYV, and solar radiation
ACFs were evaluated through linear regression between both
functions and are shown in Figs. S1-S3, together with their
fit statistics. Central Amazonian sites were the only ones that
showed a clear linear relationship between the components in
Figs. S1 and S2. As short-term perturbations become more
relevant, the linearity of the relationship between AOD and
PWYV ACFs and AOD and solar radiation ACFs are lost.
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This behavior is evident for sites in the deforestation arc,
where the contribution of short-term perturbations is also
significant. As the AOD ACF decreases, the autocorrelations
tend to concentrate in values closer to 0, with a non-linear
pattern on Figs. S1 and S2.

Linear fits were presented only to emphasize the non-
linear behavior since they are inadequate for most cases.
AOD ACF mitigation is even more evident in Sdo Paulo,
La Paz, and Buenos Aires. The relationships between AOD
and PWV ACFs and AOD and solar radiation ACFs lose
all linear behavior, and the AOD ACF component tends to
concentrate on values very close to zero. At the same time,
the PWV ACF continues to show oscillatory values due to
its seasonality. The results show that the seasonality of AOD
is increasingly attenuated as local aerosol sources become
more significant. Figure S3 presents the relationship between
PWYV and solar radiation ACFs, where the linearity between
these components is clear for all sites, with R2>0.95 and
p-value < 0.05. This shows that, although the linearity in
the water vapor component of solar radiation, the different
meteorological mechanisms that dominate in each site
make the angular coefficient, a, different. Future studies
may investigate in detail the possible relationships between
the different meteorological mechanisms that dominate the
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water vapor in the atmosphere and this coefficient a, which
is not within the scope of this work.

3.2.1 The influence of local aerosol processes on the AOD
and PWV autocorrelation time series

The influence of short-term perturbations in modifying the
seasonality pattern of the AOD and PWYV time series was
quantified by obtaining a point-by-point Acg  (Eq. 4) for
each site and the results are shown in Figure 5. Here, we con-
sidered k = 400 days, covering about one year of lag days.
Since the analyzes are developed with a fixed k value, we
will identify as (A scg, aop) and (Ascgpwy) the average val-
ues obtained by Eq. 4 for AOD and PWYV, respectively. Sites
with constant urban emissions had the highest (Axcg aop)
followed by sites in the deforestation arc. In contrast, the
central Amazon sites were the ones that presented the low-
est (A,cr, aop)» €videncing the stronger seasonal behavior
of AOD compared to solar radiation. In addition, the results
also allow for comparing different sites, evaluating them,
and classifying them according to the degree of influence
of short-term perturbations. Among the most urbanized
sites, Buenos Aires was the most impacted by short-term
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Fig.5 Histogram of (A cg aop) and (A scgpwy) With k =400 days for each site with the mean standard deviation represented as whiskers
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perturbations, followed by Sao Paulo and La Paz, with
(Ack, aop) €qual to 0.47, 0.42, and 0.38, respectively.

Among the sites in the deforestation arc, Alta Floresta
stands out, followed by Rio Branco, Cuiab4, and Ji-Parana,
with (A scr a0p) €qual to 0.39, 0.36, 0.35, and 0.33 respec-
tively. Note that the coefficient (A \cg sop) in Alta Floresta
is higher than in La Paz, which indicates that short-term
perturbations at Alta Floresta, likely due to biomass burning,
are more intense than the atmospheric aerosol processes in
La Paz. ATTO and Manaus present (A ,cg sop) €qual 0.24
and 0.26, respectively. The results are consistent with what
is observed in Figs. 2 and S1, demonstrating that the pre-
sented method is applicable to assess the influence of aerosol
sources in regulating the AOD seasonality.

In contrast, the behavior of (A,cgpwy) Was different,
likely due to the influence of local and regional meteorologi-
cal characteristics on the seasonal pattern of precipitation.
In particular, sites in the Amazon’s central region had the
highest values, 0.31 and 0.30, for ATTO and Manaus, respec-
tively. However, these values are still considered low com-
pared to AOD. The highest (A ,cgpwy) values in the central
Amazon region are associated with a large amount of water
vapor present throughout the year, although its seasonality is
well known (Franco et al. 2022). However, the situation var-
ies according to the location of the study points, especially
in the vicinity of the deforestation arc and large cities, where
(Axcrpwy) values are very close. Seasonality is more evi-
dent in these areas, with oscillation amplitudes seen in Fig. 4
higher than those in the Amazon’s central region.

4 Conclusions

This study proposes a new approach to evaluate the AOD
and PWYV seasonality and the influence of local aerosol pro-
cesses on AOD seasonal behavior. The seasonal assessment
autocorrelation function, A ,cgy, was introduced and defined
as a parameter to quantify the influence of short-term influ-
ences on AOD and PWYV seasonality regardless of reference
sites. Nine sites from the AERONET network located in
South America with differing environmental characteristics,
such as forested, urban, and heavily urbanized areas, were
selected for the study and proof of concept. It was observed
that sites with a cleaner atmosphere and less anthropogenic
emissions displayed more significant AOD seasonality and
a linear relationship between AOD and PWV autocorrela-
tion functions. In contrast, as local anthropogenic sources
increase, the AOD autocorrelation function smooths and
exhibits less amplitude in seasonal oscillations and a loss
of linearity compared to the PWV autocorrelation function.
The heavily urbanized sites demonstrated this behavior, with

AOD autocorrelation values close to zero regardless of the
number of lag days considered. Buenos Aires was the most
impacted site, followed by Sdo Paulo and La Paz. The sites
in the deforestation arc had relatively similar (A,cp aop)s
with Alta Floresta having the highest, which is even higher
than the one for La Paz. Of the sites in central Amazon,
both (A scr, aop) Were very similar, of ~0.25, with Manaus
showing a slightly higher value likely due to urban emissions
reaching the site. In contrast, (A \cg, pwy) displays a different
behavior compared to (A ,cg aop)- likely due to local and
regional meteorological influences on precipitation season-
ality. The central region of the Amazon shows the highest
values, with ATTO and Manaus recording 0.31 and 0.30,
respectively, although these values are still relatively low
compared to AOD peaks. In areas near deforestation arcs
and bigger cities, (Axcg pwy) Values are similar and dem-
onstrate more pronounced seasonality. The study’s results
were robust and consistent with the seasonal behavior of
the AOD and the expected results based on the chosen study
sites. This new method provides a quantitative approach to
assessing the influence of local aerosol processes on AOD
seasonality, allowing for comparison between different sites.
Moreover, the technique has the potential to be applied to
other atmospheric time series, such as the seasonality of
greenhouse gases, black carbon aerosols, and many different
meteorological variables.
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