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As the impacts of climate change become increasingly evident, understanding the role of atmospheric aerosols
in regulating Earth’s climate is crucial. Despite their significance, the optical properties of aerosols remain unclear
to the general public and, particularly, to students in Physical and Earth sciences. This paper presents a didactic
approach to exploring variations in aerosol optical properties, focusing on refractive indices and utilizing data
from the National Aeronautics and Space Administration’s (NASA) AErosol RObotic NETwork (AERONET)
under typical atmospheric conditions in central Amazon. The discussion presented here can be integrated
into undergraduate and graduate university courses, linking Physics and environmental sciences and enhancing
theoretical discussions in electromagnetism courses with observational data. The Amazon rainforest, with its
dynamic atmospheric conditions influenced by seasonal changes, biomass-burning events, and long-range aerosol
transport, provides a rich context for this analysis. Our study identifies seasonal patterns in aerosol optical depth,
with biomass burning affecting light scattering at shorter wavelengths. African dust and smoke show strong
absorption across a broader spectrum. We characterize the refractive index’s wavelength-dependent behavior
for the different aerosol conditions, highlighting their unique optical properties. This interdisciplinary analysis
contributes to a deeper understanding of atmospheric sciences and its implications for climate modeling and
environmental assessment.
Keywords: Atmospheric aerosols, refractive index, Amazon, AERONET, didactic approach.

1. Introduction

Optical atmospheric phenomena are pivotal for numer-
ous scientific and environmental applications, ranging
from weather prediction to climate modeling and air
quality assessment [1, 2]. Among the atmospheric com-
ponents, aerosols, defined as solid or liquid particles in
suspension, are optically active in the visible range of
the electromagnetic spectrum (400–700 nm). Most of the
solar radiation reaching the Earth system is in the visible
range, so the presence of aerosols leads to a variety of
optical atmospheric phenomena, such as red sunset after-
glow and haze. Atmospheric aerosols have size ranges
from a few nanometers to tens of micrometers, being
emitted by natural sources, like soil dust resuspension
and biogenic emissions, and anthropogenic sources, such
as fossil fuel and biomass combustion [1].

Atmospheric aerosols interact directly with solar
radiation through scattering and absorption processes,
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diminishing the radiation reaching the Earth’s sur-
face [3]. That leads to a global cooling effect of about
0.5◦C, counteracting part of the warming caused by
the increase in greenhouse gas concentrations since
the Industrial Revolution [4–6]. Aerosols also indirectly
affect climate, influencing cloud microphysical properties
and their ability to scatter sunlight and precipitate [7].
Therefore, aerosols are critical in regulating the Earth’s
radiative balance.

However, aerosols also pose significant risks to human
health, contributing to respiratory and cardiovascular
diseases [8]. To mitigate these health impacts, stricter
air quality regulations have been adopted worldwide,
targeting a reduction in aerosol emissions [9]. This
creates a complex dilemma: reducing aerosols improves
public health but removes their cooling effect, poten-
tially leading to a more rapid increase in global tem-
peratures and precipitation rates by 2100 [10]. From
a broader perspective, this trade-off underscores the
importance of integrated climate and air quality policies.
Solutions must balance the dual goals of improving
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health outcomes and addressing climate change [11].
For example, transitioning to cleaner energy sources
and adopting technologies that reduce both greenhouse
gas and aerosol emissions can mitigate global warming
without exacerbating health risks [12, 13]. Such strate-
gies have the potential to ensure that the reduction in
aerosols does not disproportionately accelerate warming,
highlighting the necessity of addressing the root causes
of both greenhouse gas emissions and aerosol pollution.

Aerosol optical properties are determined by their
physical and chemical characteristics, like particle size
distribution, morphology, and chemical composition.
The latter determines the aerosol refractive index, which
is an intensive property. Even though the aerosol-
radiation interaction depends on many other attributes
of the particles, such as its size and geometry, the real
component of the refractive index provides insights into
radiation scattering, while the imaginary component
informs about radiation absorption, both exhibiting
wavelength (λ) dependency [3, 14]. In turn, the aerosol
chemical composition depends on the characteristics of
emission sources and atmospheric processes.

The study of atmospheric aerosols, particularly con-
cerning their physical properties, has a long and rich
history tracing back to pioneering work by scientists in
the 19th century [15–17]. Early investigations, such as
the theoretical studies by Lord Rayleigh in the 1870s
and Lorenz in the 1890s on light scattering, laid the
groundwork for understanding the interactions between
light and small and larger particles [18, 19]. By the
early 20th century, Ångström’s work, together with the
development of the Mie theory for particles with sizes
of the order of the radiation wavelength, introduced
mathematical models to quantify the wavelength depen-
dency of aerosol scattering, forming an essential basis for
modern aerosol science [20–22]. However, these studies
were limited by the available technology, relying on rudi-
mentary optical instruments and manual observations
to infer aerosol properties from atmospheric phenomena
like haze and red sunsets.

Throughout the 20th century, technological advances
transformed how aerosols were understood and their
properties measured. At the beginning of the century,
the first nephelometers and relatively modern sun pho-
tometers were introduced, providing an initial method
for assessing the optical properties of aerosols [17].
The first photometers measured solar radiation’s
attenuation at specific wavelengths as it passed through
the atmosphere [23, 24]. Typically, they consisted of
a photosensitive element, such as a photodiode or
photoresistor, combined with filters to isolate specific
wavelengths of sunlight. The data collected required
manual recording and interpretation, and although
innovative for their time, these instruments lacked the
precision and standardization needed for large-scale or
comparative studies.

The 1980s marked a revolutionary shift with the
advent of automated and digital sun photometers for

measuring atmospheric aerosols. A major milestone was
the establishment of National Aeronautics and Space
Administration’s (NASA) AErosol RObotic NETwork
(AERONET), a global collaborative network that stan-
dardized automated and calibrated sun photometers
to ensure high-quality data [25–27]. These instruments
enabled precise measurements of aerosol optical depth
(AOD), refractive indices, and other critical radiative
properties, facilitating comparative studies on a global
scale. AERONET provided significant advancements by
offering consistent data under various environmental
conditions, becoming a cornerstone for climate and
atmospheric research.

Given the relevance of aerosols to the Earth’s radiative
balance, climate, and air quality, it is essential to
educate the public, especially young scientists, about
aerosol properties and environmental impacts. This
study proposes a didactic approach utilizing data from
NASA’s AERONET network to examine, among other
optical properties, the refractive index variation due
to the presence of atmospheric aerosols under typical
atmospheric conditions in the central Amazon. We aim
to augment theoretical frameworks discussed in electro-
magnetism undergraduate and graduate courses with
empirical data. The Amazon rainforest was selected as
the focus of this study due to its dynamic atmospheric
conditions influenced by seasonal variations, biomass-
burning events, interactions with adjacent regions, and
long-range transport of aerosols and smoke [28–31]. This
mixture of aerosol compositions and distributions offers
a rich opportunity to evaluate the differences in the
refractive indices. The pristine Amazonian atmosphere,
which is typically very clean, serves as a baseline for
comparison, allowing us to assess the impact of external
aerosol sources on their optical properties.

Specifically, we examine AERONET data collected in
atmospheric conditions characterized by natural Ama-
zonian aerosols, regional biomass-burning events, and
African dust and smoke advection. By incorporating
AERONET data into discussions on refractive indices,
we strive to enhance the pedagogical effectiveness of
physics and environmental education. This approach
offers students practical insights into complex scientific
concepts and opens new possibilities for interdisciplinary
didactic methods, thus bridging the gap between theo-
retical knowledge and real-world applications.

2. Theoretical Framework

The refractive index, defined here as m = n + ik
(following the literature [1]), is a complex number
governing the behavior of electromagnetic radiation as
it propagates through different mediums [14], including
the atmosphere [32]. Its significance lies in its ability to
dictate the deviation of light rays, influencing how they
are scattered or absorbed when transitioning between
different mediums. At a given wavelength, the refractive
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index’s real part, n, is defined as the ratio between
the light speed in the medium and in the vacuum. In
contrast, the imaginary part, k, describes the absorption
properties of the medium [14]. Atmospheric gases and
aerosols exhibit absorption and scattering properties
that depend on their composition and physical proper-
ties [1, 32].

When electromagnetic radiation interacts with atmo-
spheric components, certain wavelengths can be
absorbed or scattered, reducing the radiation’s intensity
reaching the Earth’s surface. The scattering of electro-
magnetic radiation by aerosols, in particular, depends
on the size of the particles relative to the wavelength
of the incident radiation. This interaction falls into
two primary scattering regimes: Rayleigh scattering and
Mie scattering [32]. Rayleigh scattering occurs when
particles are much smaller than the wavelength of the
radiation (radius ≪ λ), leading to a strong wavelength
dependence where shorter wavelengths are scattered
more efficiently. This mechanism is responsible for phe-
nomena such as the blue color of the sky. In contrast,
Mie scattering becomes significant when particle sizes
are comparable to the wavelength of the radiation
(radius ∼ λ).

The Mie theory describes most aerosols’ optical prop-
erties, which explains how light interacts with particles
of this size range. According to this theory, aerosol
optical properties are determined by two key param-
eters: the refractive index, m, and the size parameter
(x = 2πr/λ). The size parameter x is critical for
identifying the scattering regime. When x is much less
than 1, the particle is significantly smaller than the
wavelength, resulting in Rayleigh scattering. When x
is approximately 1, the particle size is comparable to
the wavelength, leading to Mie scattering, characterized
by more complex scattering patterns in both forward
and backward directions. For x much greater than 1,
the particle is much larger than the wavelength, and
scattering approximates geometric optics, with light
predominantly scattered in the forward direction. For
more details, the reader is referred to [33].

Different materials have distinct refractive indices,
which determine their ability to absorb and scatter
radiation at specific wavelengths. For example, gases
such as ozone (O3), nitrogen oxides (NOx), carbon
dioxide (CO2), methane (CH4), and water vapor have
absorption bands in the ultraviolet (UV) and/or infrared
(IR) regions of the electromagnetic spectrum [1]. In the
visible and near-infrared ranges, atmospheric aerosols
may absorb radiation, notably through components
such as black and brown carbon [34, 35], and scatter
radiation, as seen in sulfate aerosols [32]. The aerosol
absorption and scattering efficiencies depend strongly on
particle size distribution and chemical composition. In
turn, aerosol physical and chemical properties are very
dynamic, depending on the characteristics of emission
sources and atmospheric processes like size-selective
particle removal and chemical reactions. Consequently,

aerosol optical properties vary in space and time, and
this variability can be used to infer the influence of dif-
ferent emission sources and atmospheric processes [32].

2.1. Mathematical formulation of the refractive
index of atmospheric aerosols

The refractive index is intrinsically linked to the prop-
erties of the medium, such as permittivity and perme-
ability [14]. Those quantities, in turn, depend on the
constituents of the medium. For a general and didac-
tic discussion on the refractive index of atmospheric
aerosols, it is typically sufficient to consider the following
approximations:

1. The magnetic field can be neglected [36];
2. The atmosphere can be modeled as a dielectric

medium [2] composed solely of dry air and diluted
atmospheric aerosols with a concentration of about
tens of µg/m3 [1, 37].

The first consideration is verified as most aerosols
encountered in typical atmospheric conditions demon-
strate minimal magnetic behavior [36], rendering the
electric field the primary focus for the subsequent analy-
sis. Furthermore, the second approximation is supported
by the capacity of AERONET sun photometers and
their retrieval algorithms to discern water vapor from
aerosol radiative effects effectively. Therefore, although
the density of water vapor, which strongly depends on
the latitude and longitude [2], is typically found in the
atmosphere at orders of magnitudes of about a few
g/m3, it does not impact the following analysis. In addi-
tion, AERONET retrievals also discount the absorption
contributions of O3, NOx, CO2, and CH4 [38]. An atmo-
sphere composed exclusively of dry air at λ = 589 nm has
a refractive index of m = 1.00029 + 0i [1]. For different
wavelengths, ranging from 250 nm to 1690 nm, n for dry
air varies very little, from 1.00031 to 1.00027 [39]. Thus,
discounting the absorption contributions from gases, the
dry air atmosphere is approximately transparent to solar
radiation, so the interaction with radiation is mainly due
to atmospheric aerosols. Therefore, we can focus solely
on the electric field induced by the solar radiation in
the atmospheric aerosols to derive the refractive index
equation.

The following demonstration is didactically adapted
to our considerations and based on widely used Physics
course bibliography [14, 40, 41]. When solar radiation
penetrates the atmosphere, it induces polarized charges
in the constituents of the medium. This polarization
phenomenon results in the displacement vector (D)
being expressed as a function of the electric field (E)
and the polarization (P)

D = ε0E + P = ε0E + ε0χe(ω)E
= ε0(1 + χe(ω))E = ε0εr(ω)E,

(1)

where ε0 represents the vacuum’s permittivity, εr(ω)
represents the effective permittivity, which is a function
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of the frequency (ω) of the incident radiation, and
χe(ω) is the electric susceptibility. The polarization, in
general, does not oscillate in phase with the electric
field, implying that χe(ω) is a complex number and,
therefore, εr(ω) is also a complex number, e.g., εr(ω) =
εr1(ω) + iεr2(ω).

We now consider a monochromatic plane wave of the
form

E(r, t) = E0ei(k·r−ωt), (2)

where k is the propagation vector.
Under the assumption of a dry atmosphere containing

suspended aerosol particles, the atmosphere behaves like
an insulator since these particles represent only a small
fraction of the atmosphere in terms of volume and mass.
Thus, treating the atmosphere as “source-free” simplifies
Maxwell’s equations, aiding the study of electromagnetic
fields on macroscopic scales without compromising accu-
racy. The macroscopic Maxwell’s equations for a source-
free system are

∇ · D = 0 (3)
∇ · B = 0 (4)

∇ × E = −∂B
∂t

(5)

∇ × H = ∂D
∂t

. (6)

For a wave like the one represented by Equation (2),
the operators ∂/∂t and ∇ are expressed as

∂E
∂t

= −iωE, ∇ · E = ik · E (7)

Thus, the Maxwell’s equations in the atmosphere can
be represented as

ik · D = 0 → iε0εr(ω)k · E = 0 (8)
ik · B = 0 (9)

ik × E = iω

c
B (10)

ik × H = − iω

c
D =→ ik × B

µ
= − iω

c
ε0εr(ω)E, (11)

where c is the speed of light in vacuum, defined as
c = 1/

√
µ0ε0; µ0 is the vacuum’s permeability, and ε0

is the vacuum’s permittivity.
From Equations (8) and (9), it is obtained that the

electric and magnetic fields are perpendicular to k.
To get the dispersion relation for electromagnetic waves
in the atmosphere, we apply (k×) in Equation (10) and
using Equation (11), it is shown that

ik × (k × E) = iω

c
k × B (12)

ik × B = −iωµε0εr(ω)
c

E (13)

⇒ ik × (k × E) = iω

c

(
−ωµε0εr(ω)

c

)
E, (14)

where here we applied the triple cross product property,
ik×(k×E) = i[k(k ·E)]−i[k ·k(E)]. From Equation (8),
k · E = 0, then

−ik2E = −iω2

c2 µε0εr(ω)E (15)

⇒ k2 = ω2

c2 µε0εr(ω). (16)

Equation (16) expresses the dispersion relation for
waves in our modeled atmosphere (note that it is the
same as for a dielectric medium). The wave velocity (v)
depends on the frequency. Since the refractive index is
defined as m = c/v and v = ω/|k| then

m =
√

µε0εr(ω) =
√

µε0(εr1(ω) + iεr2(ω)) ⇔ m(ω)
= n(ω) + iκ(ω). (17)

Thus, m is a complex number dependent on the
frequency, which directly implies that k = k1 + ik2
is also a complex number. If we consider here a wave
propagating in the ẑ direction, the wave represented by
Equation (2) can be expressed as

E(z, t) = E0ei[(k1−ik2)·z−ωt] = E0e−k2zei(k1z−ωt). (18)

Note that Equation (18) has two important compo-
nents:

• The term e−k2z is associated with the imaginary
refractive index and represents the attenuation of
the radiation due to absorption from the atmo-
spheric aerosols in the atmosphere. This compo-
nent can also be interpreted as the transfer of
energy from the electromagnetic wave into the
aerosol particles;

• The term ei(k1z−ωt) is associated with the real
component of the refractive index and represents
the wave oscillation through the atmosphere.

The presence of different aerosol populations in
the atmosphere, with different chemical compositions,
results in different interactions of the particles with the
electromagnetic radiation, absorbing or scattering it.
Also, this interaction depends directly on the wavelength
since ω = ω(λ). Thus, we exemplify these conditions
and dependencies using AERONET data in the following
sections.

3. Materials and Methods

The following sections outline the AERONET network,
the Amazon Tall Tower Observatory (ATTO) site in
central Amazon, and the selected periods for assessing
various sources and their effects on the aerosol optical
properties, particularly the real and imaginary compo-
nents of the refractive index.
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3.1. AERONET sun photometers

AERONET is a collaborative network of ground-based
remote-sensing photometers established by NASA and
maintained by worldwide partner scientists [25]. The
network comprises solar and lunar spectroradiometers
of the Cimel Electronic 318A and 318T models, subject
to strict standardization of calibration and processing
to ensure data quality. Although other networks like
Pandora measure atmospheric properties with solar
photometers, AERONET is the largest and best known
for atmospheric aerosols.

Figure 1 shows the ATTO’s sun photometer, installed
at 80 m height. The AERONET available data is
classified into three quality levels: 1.0, 1.5, and 2.0, which
consist of all unscreened data, automatically cloud-
cleared data, and manually inspected calibrated data,
respectively [26]. This study considers daily average
data level 1.5 between February 2016 and April 2024
obtained from the AERONET public domain repository,
accessible at https://aeronet.gsfc.nasa.gov/.

The AERONET provides data on various physical
properties of the atmospheric aerosols. Each sun pho-
tometer measures the irradiance received at ground level
across different wavelengths at a given time. Retrieval
algorithms calculate the AOD and the precipitable
water vapor. The AOD is a measure of the radiation
extinction at a particular wavelength due to aerosol-
atmosphere interactions from the surface to the top of
the atmosphere (TOA, defined as 100 km height [31]).

Figure 1: Cimel sun photometer from the AERONET network
at the Amazon Tall Tower Observatory (ATTO) site.

The AOD is calculated as

AOD(λ) =
∫ TOA

surface
σext,λ(z)dz, (19)

where σext,λ(z) is the extinction coefficient, which
accounts for the scattering and absorption of radiation
by atmospheric aerosols and is wavelength-dependent

σext(λ) = σscat(λ) + σabs(λ). (20)

The AOD is an extensive property, which means that
it depends on the particle number concentrations. In
fact, higher aerosol loading results in greater radia-
tion extinction and AOD values, respectively [28, 31].
Therefore, AOD infers the column aerosol loading in the
atmosphere. The AERONET provides AOD data in sev-
eral wavelengths. Considering the coincident products
(e.g., when all the AERONET products were available
simultaneously), wavelengths from the visible 440 nm
to near-infrared 1020 nm were considered for the daily
average data.

AERONET also provides data obtained through
inversion algorithms, which refer to computational
methods that retrieve or infer specific parameters or
properties of interest from observed data [26, 38]. The
AERONET inversion algorithms consider a sort of
assumptions, such as those described in Section 2, to
compensate for the absorption by different gases in
the atmosphere. The algorithms also discriminate the
aerosol geometry into spherical and non-spherical parti-
cles and their vertical distribution along a plane-parallel
atmosphere with different surface refletances [38]. For
detailed information on the inversion algorithms, the
reader is referred to the AERONET documentation [42].
In this study, in addition to AOD, we use the following
inversion products: refractive index (real and imaginary
parts), absorption AOD (AAOD), the asymmetry factor
(AF), the single scattering albedo (SSA), and aerosol
volume distribution as a function of particle size. Unlike
the AOD, the AAOD accounts only for the aerosol
absorption effects, being a measure of the atmospheric
column loading of light-absorbing particles such as black
carbon and mineral dust. In addition, the aerosol particle
size distribution is a key physical property, influencing
the aerosol scattering efficiency under the Mie scattering
regime [43].

The spectral dependency of both the AOD and AAOD
is useful to infer the presence of different aerosol popu-
lations [28, 44]. The AOD (and the AAOD) typically
decreases with wavelength as a power law function

AOD(λ) = βλ−α, (21)

where β is known as the turbidity coefficient and α
is the Ångström exponent [3]. The α parameter is a
widely used to describe the wavelength dependence of
the AOD, as defined in Equation 21. The Ångström
exponent is an intensive optical property, which means
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that it is independent of the quantity of aerosol present
and instead reflects the size distribution and spectral
dependency of aerosol particles. Typically, α is positive,
indicating that AOD decreases with increasing wave-
length, a behavior characteristic of fine-mode aerosols
like smoke or pollution. However, a negative Ångström
exponent is also possible and occurs under specific
atmospheric conditions. A negative α suggests that AOD
increases with wavelength, which is generally associated
with the dominance of larger particles, such as coarse-
mode aerosols (e.g., mineral dust or sea salt). This
behavior arises because larger particles scatter light
more efficiently at longer wavelengths than shorter ones,
resulting in an inverse spectral dependency. This can also
occur in mixed aerosol populations if the coarse-mode
particles significantly outweigh the fine-mode particles
in terms of optical contribution, effectively reversing the
expected trend [1]. In general, it is considered that a
larger α value indicates a stronger decrease in AOD
with wavelength, suggesting dominance by fine-mode
aerosols, while smaller values are indicative of coarse-
mode particles such as dust.

Equation 21 can be viewed as a specific application
of the Beer-Lambert-Bouguer law, which describes the
attenuation of light intensity as it propagates through a
medium. In atmospheric optics, the total optical depth,
τ(λ), a key parameter in the Beer-Lambert-Bouguer law,
is the sum of contributions from various atmospheric
components. The AOD represents the contribution of
aerosols to the total optical depth and thus encapsulates
the aerosol-specific attenuation properties. The Beer-
Lambert-Bouguer law is given by

I(λ) = I0(λ)e−τ(λ), (22)

where I(λ) is the transmitted intensity of light at
wavelength λ, I0(λ) is the initial intensity, and τ(λ) is
the total optical depth. In this context, AOD(λ) is a
component of τ(λ) and is parameterized in Equation 21
to capture its spectral behavior due to aerosols. This
wavelength dependence of the AOD expressed through
α and β provides valuable insights into aerosol size
distributions and compositions.

In this work, the scattering Ångström exponent (SAE)
characterizes the wavelength dependence of aerosol scat-
tering properties, providing insight into the aerosol
size distribution and composition. SAE is derived from
AERONET data as the exponent between 440 and
870 nm, using the following relation [32]

SAE = −
ln

(
AOD(λ1)
AOD(λ2)

)
ln

(
λ1
λ2

) , (23)

where AOD(λ1) and AOD(λ2) are the aerosol optical
depth values at wavelengths λ1 and λ2, respectively.
This intensive optical property indicates how aerosol
scattering efficiency varies with wavelength, with higher

SAE values suggesting a larger proportion of fine-mode
aerosols that scatter light more efficiently at shorter
wavelengths. Additionally, the absorption Ångström
exponent (AAE) was estimated analogously using the
wavelength pair 440-880 nm, but with the AAOD
instead of the AOD, to characterize the wavelength
dependence of the aerosol absorption. AAE values help
distinguish between different aerosol types based on their
absorption properties, with higher values indicating a
greater decrease in absorption efficiency with increasing
wavelength.

Two other key intensive aerosol properties that are
important for quantifying their radiative effects are the
single scattering albedo, SSA, and the asymmetry factor,
AF. The SSA is defined as the ratio of scattering to total
extinction (scattering + absorption) by aerosol particles.
It quantifies the relative importance of scattering versus
absorption in the aerosol’s interaction with light. SSA
values range from 0 to 1, where a value close to 1
indicates that scattering dominates, while a value closer
to 0 suggests strong absorption. This property is critical
for determining whether aerosols contribute to cooling
(scattering) or warming (absorption) of the atmosphere
and is thus a key parameter in assessing their radiative
forcing [32].

In addition, the asymmetry factor quantifies the direc-
tionality of radiation scattering by aerosol particles. It is
defined as the average cosine of the scattering angle (θ),
given by

AF = ⟨cos θ⟩ =
∫ 2π

0

∫ π

0
cos(θ)P (θ) sin(θ) dθ dϕ, (24)

where P (θ) is the scattering phase function, representing
the angular distribution of scattered light, and sin(θ)
accounts for the spherical geometry of the scattering
process. The asymmetry factor ranges from -1 to 1.
A positive AF indicates forward scattering, with values
closer to 1 typical of larger particles that strongly
scatter light in the forward direction. An AF near 0
signifies isotropic scattering, and negative values rep-
resent backward scattering. This parameter is critical
for understanding how aerosols influence the angular
distribution of solar radiation in the atmosphere and
is a key input for radiative transfer models in climate
studies [32].

It is worth mentioning that the AERONET net-
work estimates the complex refractive index of aerosols
through a simultaneous inversion of direct solar radia-
tion and sky radiance measurements at multiple wave-
lengths [26]. This inversion retrieves the aerosol par-
ticle size distribution and the refractive index by fit-
ting observed radiances to a theoretical model based
on Mie scattering for homogeneous spherical particles.
The refractive index can vary with wavelength, and
smoothness constraints are applied to ensure a gradual
spectral variation, thus improving the stability and
accuracy of the retrieval. The process employs statistical
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Figure 2: Geographic location of the Amazon Tall Tower Observatory (ATTO) site. The colors represent the land cover in the
region, where, for example, green stands for forest, blue for water bodies, and the other colors for different coverage.

optimization techniques, accounting for different levels
of measurement noise and uncertainties in the data.
The retrieval algorithm adjusts the model iteratively,
minimizing the difference between observed and simu-
lated radiances while applying a priori constraints to the
aerosol characteristics.

Although this study focuses solely on using the
AERONET network to investigate the optical properties
of atmospheric aerosols, it is important to acknowledge
the availability of additional data sources that can com-
plement and enhance future research. Remote sensing
data products, such as those from MODIS (Moderate
Resolution Imaging Spectroradiometer) [45] and MISR
(Multi-angle Imaging Spectroradiometer) [46], provide
valuable spatial coverage and can help identify regional
and global patterns in fine-mode and coarse-mode
aerosols. These datasets offer an opportunity for cross-
validation with ground-based observations, strengthen-
ing the analysis of aerosol dynamics and providing a
broader spatial context.

3.2. The ATTO site

The ATTO site is located in central Amazon, approxi-
mately 150 km northeast (upwind) of Manaus city [47].

Figure 2 shows the site’s geographical location. The site
was selected due to its privileged location, which enables
the study of different atmospheric conditions due to the
confluence of air masses throughout the year [48].

During the wet season, which spans from February
to May, pristine conditions prevail at the site due to
the strong rain showers [49], cleaning the atmosphere.
Also, air masses crossing mostly untouched regions of
the Amazon rainforest prevail during the wet season.
When pristine conditions are observed, atmospheric
aerosols, with an average number concentration of
280 cm−3 [50], are mostly emitted by biogenic sources,
such as spores, fungi, soil dust, and bacteria, or produced
in the atmosphere by the oxidation of volatile organic
compounds [51–54]. Figure 3, obtained with scanning
electron microscopy, shows aerosols collected during the
wet season 2019 at the ATTO site using a polycarbonate
filter. The particles present a spherical-like shape, which
agrees with the literature for the region [55], and average
sizes of about 100 to 500 nm.

In contrast, during the dry season, which spans from
August to November, regional biomass burning domi-
nates the atmospheric aerosols [28, 52], with average
particle number concentrations of 1400 cm−3 [50]. Par-
ticularly, most of the atmospheric carbonaceous aerosols
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Figure 3: Aerosols sampled at the ATTO site, in central Ama-
zon, with polycarbonate filters during the wet season of 2019.
The image was obtained from scanning electron microscopy.

during this period are black carbon [44, 56], which
strongly interacts with solar radiation, mainly in the
near-infrared portion of the spectra [57]. During both
wet and dry seasons, sporadic long-range transport
events bring African dust and smoke to the Amazonian
atmosphere [30, 58].

Recent studies have shown the influx of atmospheric
smoke plumes from the African continent throughout the
year and pointed out that it contributes to up to 30% of
the black carbon fraction in the Amazonian dry season.
In contrast, during the wet season, the fraction of black
carbon due to African pollution may reach averages
up to 60 % [30]. In particular, during the wet season,
and due to the direction of the air masses, Saharan
dust is transported from the African continent to South
America, which impacts the aerosol population at the
ATTO site strongly. Therefore, studying the different
aerosol populations, with their particular chemical com-
position and mixture, is a rich opportunity to evaluate
the variability of atmospheric refractive index in the
atmosphere.

3.2.1. Selection of the atmospheric conditions

To exemplify the different aerosol influences in the
refractive index discussed in Section 2, three different
atmospheric conditions were selected. They illustrate the
contributions of biogenic, regional biomass-burning, and
African dust and smoke emissions on the real and imag-
inary parts of the refractive index. The considerations
made here are based especially on the discrimination of
the optical properties of aerosols presented in [30]. In
addition, we use information from Ångström matrices

to separate the different contributions of aerosols. The
reader interested in deepening the knowledge about
Ångström matrices can consult [59]. The criteria to
identify the different atmospheric conditions was based
on aerosol physical properties investigated in previous
studies:

a. Pristine conditions: days with average AOD at
440 nm ≤ 0.1 [60, 61].

b. African dust and smoke conditions: days with
average SAE and AAE satisfying the conditions:
1.0 ≤ AAE ≤ 1.5 and −1 ≤ SAE ≤ 1.5 (see
Fig. 5 from ref. [44]).

c. Regional biomass-burning conditions: days with
average AAE and SAE satisfying 1.5 ≤ AAE ≤ 3.5
and SAE ≥ 1.5 (see Fig. 5 from ref. [44]).

4. Results and Discussions

4.1. Characterization of aerosol physical
properties under the selected conditions

Figure 4 presents the AOD and AAOD time series
at 440 nm from February 2016 to April 2024 at the
ATTO site. The data reveal a seasonal pattern, which
can be interpreted by observing that the dry season
corresponds to the period with a marked increase in
aerosol emissions, as shown by the AOD peaks in the
time series. Conversely, the wet season shows minimal
aerosol loading, represented by consistently lower AOD
and AAOD values. It is worth mentioning that this
pattern occurs in all years and is very well characterized
in the literature [29].

In the wet season, the average and standard error
values for AOD and AAOD were, respectively, 0.124(8)
and 0.0062(8), reflecting the clean atmospheric condi-
tions typical of this period. High precipitation rates
contribute significantly to atmospheric cleansing, as
raindrops capture and remove aerosol particles through
wet deposition. This seasonal cycle is consistent with
known patterns of aerosol optical properties in the
Amazon Basin [28, 44].

Conversely, the dry season is characterized by
markedly higher AOD and AAOD average values of
0.32(1) and 0.0191(9), respectively. This period coin-
cides with increased biomass-burning activities, emitting
large amounts of aerosols. This high aerosol loading
can significantly influence the regional radiation bud-
get [62], impacting climate and weather patterns. The
peaks in AOD during the dry season are primarily
attributable to biomass burning. However, an important
fraction of black carbon (∼30%) comes from long-range
transport plumes originating from the western African
continent [30]. Fires release a mix of organic particles
and black carbon, which are highly effective at scattering
and absorbing solar radiation, as evidenced by the AOD
and AAOD peak correlation.
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Figure 4: Time series of (a) aerosol optical depth (AOD) and (b) absorption AOD (AAOD) measured at 440 nm from 2016 to 2024
at the ATTO site. Please note the different y-axis.

Figure 5: Wavelength-dependency of (a) aerosol optical depth
(AOD) and (b) absorption AOD (AAOD). The quantities were
obtained with data from 2016 to 2024. Each color represents a
different atmospheric condition. The error bars are the standard
error, defined as σE = σ/

√
N, where σ is the standard-deviation

and N is the number of observations. Please note the different
y-axis.

Figure 5(a) illustrates the AOD as a function of
wavelength for the three distinct atmospheric conditions:
African dust and smoke, biomass burning, and pristine
conditions. The average AOD at 440 nm is highest
under biomass burning conditions (0.37), followed by
African dust and smoke conditions (0.28) and pristine
conditions (0.07). This indicates that the aerosol loading
in the atmosphere is greater during the biomass burning
period and when there is intrusion of African dust and
smoke, resulting in greater extinction of solar radiation.
The spectral dependency of AOD also differs between
atmospheric conditions, reflecting the different particle
chemical compositions and size distributions.

Under biomass burning conditions, the AOD exhibits
a more pronounced decrease with wavelength, ranging
from 0.37 at 440 nm to 0.09 at 1020 nm. This steeper
spectral dependency indicates that the aerosol popu-
lation was dominated by particles with sizes compa-
rable to the shorter wavelengths of the visible spec-
trum, with high scattering efficiencies. In fact, biomass
burning emissions typically generate fine-mode particles

(radius < 0.5 µm), effectively scattering light at shorter
wavelengths. Figure 6 shows the aerosol volume size
distribution with a predominance of fine mode particles
under biomass burning conditions, corroborating this
result. Figure 6 shows that the aerosol populations differ
significantly during the three selected conditions. For
biomass-burning conditions, the peak in dV/d ln r, where
V and r are the aerosol volume and radius, respectively,
is at 148 nm, of 0.039(3) µm3/µm2. This fine mode peak
is much more pronounced compared to the African and
pristine conditions of 0.018(9) and 0.0053(2) µm3/µm2,
respectively, at 148 and 113 nm, respectively.

On the other hand, under African dust and smoke
conditions, the variation of AOD with wavelength is
less pronounced, ranging from 0.28 at 440 nm to 0.17
at 1020 nm. This implies that the aerosol particles

Figure 6: Average aerosol volume size distributions for the three
selected periods obtained with data from 2016 to 2024. The
x-scale is logarithmic. The error bars are the standard error,
defined as σE = σ/

√
N, where σ is the standard-deviation and

N is the number of measurements.
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are larger, a typical characteristic of mineral dust
transported over long distances. Larger particles affect
solar radiation more uniformly over a wider range of
wavelengths, resulting in an AOD curve that decreases
less steeply with wavelength. This is also corrobo-
rated by Figure 6, which shows a strong peak of
0.048(10) µm3/µm2 at about 2.9 µm in dV/d ln r for
the African conditions at the aerosol coarse mode. In
contrast, biomass-burning and pristine conditions pre-
sented, at 3.9 and 2.9 µm, respectively, peaks of 0.016(1)
and 0.0072(3) µm3/µm2, respectively. In addition, under
pristine conditions, the AOD is very low and nearly
constant across wavelengths, indicating a relatively clean
atmosphere with a minimal concentration of aerosols. It
is worth noting that although almost constant, the AOD
decreases from 0.076(1) to 0.033(1), which indicates that
natural aerosols are more efficient in scattering radiation
at shorter wavelengths closer to the UV region.

Figure 5(b) shows the AAOD as a function of wave-
length for the same atmospheric conditions. Similarly to
AOD, the AAOD is highest in biomass burning periods,
followed by African dust and smoke conditions, and is
lowest under pristine conditions. During the biomass
burning period, the AAOD is particularly high above
700 nm, consistent with the higher concentration of fine
mode aerosols (Figure 6) and the absorption efficiency
of carbonaceous aerosols emitted from wildfires. It
is worth noting that the average AAOD at 440 nm
for biomass-burning and African advection periods
is the same (0.019), likely due to the presence of
carbonaceous particles in both scenarios that strongly
absorb radiation at shorter wavelengths. That leads to a
steeper spectral dependency for AAOD during African
advection conditions due to the presence of mineral
dust aerosols, which affect the absorption efficiency
differently across the spectrum. On the other hand, the
smaller and more homogeneous carbonaceous particles
from regional biomass burning showed more uniform
absorption spectra.

The AAOD is significantly lower across all wave-
lengths under pristine conditions, consistent with the
lower aerosol concentrations presented in Figure 6.
The AAOD remains nearly constant across the spec-
trum, suggesting that the particles present are from
local sources, such as biogenic ones or secondary
organic aerosols, which do not have strong wavelength-
dependent absorption characteristics compared to the
other aerosol conditions. However, it is important to note
that from 675 to 1020 nm, the AAOD increases slightly
from 0.0022(2) to 0.0025(2), respectively. This behavior,
the opposite of the trend observed in other atmo-
spheric conditions, indicates that natural aerosols (most
likely secondary organic aerosols) may also efficiently
absorb radiation in the visible red to near-infrared
electromagnetic range. The constancy and low values
of AAOD in pristine conditions imply that the atmo-
sphere is relatively clean, with minimal contributions

Figure 7: Wavelength-dependency of the (a) single scattering
albedo and (b) the asymmetry factor. Each color represents a
different atmospheric condition. The error bars are the standard
error, defined as σE = σ/

√
N, where σ is the standard-deviation

and N is the number of measurements. Please note the different
y-axis.

from anthropogenic or large-scale natural events such
as atmospheric plumes of dust or wildfires.

Figure 7(a) and (b) highlight the SSA and AF spectral
behavior, respectively. The SSA values are high across
all wavelengths, ranging from approximately 0.91 to
0.98, indicating scattering dominance, also highlighted
by the positive AF values. Biomass-burning aerosols
show overall the lowest SSA, decreasing from about 0.95
at 440 nm to ∼ 0.91 at 1020 nm, highlighting significant
absorption by carbonaceous particles like black carbon.
In contrast, African dust and smoke aerosol conditions
have the lowest SSA at 440 nm, of about 0.93.This
indicates a significant contribution from both dust
and brown carbon aerosols, which dominate absorption
in the near-ultraviolet region [63]. Pristine conditions
exhibit the highest SSA at 440 nm, reaching 0.98, but it
decreases to approximately 0.93 at 1020 nm. This trend
is likely attributed to secondary aerosols formed from
oxidized isoprene, which may absorb radiation in the
visible and near-infrared regions [31].

The AF shown in Figure 7(b) reflects the directional
scattering properties of light by the different aerosol
conditions. African dust and smoke exhibit the high-
est asymmetry values (AF > 0.68) across all wave-
lengths, indicating substantial forward scattering typical
of larger particles. Biomass-burning aerosols show a sig-
nificant decrease in the asymmetry factor with increas-
ing wavelength, suggesting less directional scattering
for smaller particles. As shown in Figure 6, biomass-
burning aerosols are dominated by fine particles (sub-
micron size). These smaller particles are more efficient
at scattering shorter wavelengths but scatter light less
directionally as the wavelength increases, leading to the
observed decrease in AF. Under pristine conditions, the
asymmetry factor is relatively stable and shows the
lowest values (AF ≈ 0.65), reflecting more isotropic
scattering, typical of smaller or natural particles. These
patterns on SSA and AF emphasize the dominant role of
forward scattering for all aerosol types, with important
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implications for Earth’s radiative balance and climate
processes.

4.2. Wavelength-dependency of the aerosol
refractive indices

Figure 8 illustrates the wavelength dependence of the
imaginary and real parts of the refractive index for
aerosols under the three selected atmospheric conditions.
As shown in Equation (18), the imaginary and real
parts of the refractive index are directly related to
the absorptive and scattering properties of the aerosols,
respectively, providing insights into how different aerosol
types interact with solar radiation. Figure 8(a) shows
that, for biomass burning conditions, the imaginary part
of the refractive index increases with wavelength, from
0.008(1) to 0.009(1) at 440 and 1020 nm, respectively. In
contrast, the real component decreases from 1.507(4) to
1.491(5) at 440 and 1020 nm, respectively. These trends
indicate that this particular aerosol population rich in
black carbon and organic compounds absorbs radiation
more effectively at longer wavelengths (e.g., red and
near-infrared) and less at smaller ones (e.g., UV). In
contrast, the real component decreases with increasing
wavelength. This behavior is typical of carbonaceous
particles in the infrared region, such as the black and
brown carbon components [57, 64]. In particular, [65]
shows that for the wavelengths in the UV and visible
range, brown carbon dominates the absorption, which
ceases at about 660 nm, while black carbon dominates
the absorption afterward. The literature also corrobo-
rates these results.

If we consider exclusively the core of a pure black
carbon aerosol, its refractive index is 1.67 + 0.67i [66].
However, in the atmosphere, biomass-burning aerosols
are aged and oxidized, which adds a coating to the parti-
cles, changing their optical properties. For example, [67]
have shown that biomass-burning oxygenated aerosols
(BBOA) have a real refractive index at 520 nm ranging

Figure 8: Wavelength-dependency of the (a) imaginary and (b)
real components of the refractive index. Each color represents a
different atmospheric condition. The error bars are the standard
error, defined as σE = σ/

√
N, where σ is the standard-deviation

and N is the number of measurements. Please note the different
y-axis.

from 1.47 to 1.64 and an imaginary part ranging from
less than 0.01 to about 0.04. According to the authors,
this strong variability in both real and imaginary parts
depends mainly on the combustion efficiency and parti-
cle age.

Under African dust and smoke conditions, the real
part of the refractive index shows an initial small
increase with wavelength from 440 nm up to 675 nm,
from 1.523(23) to 1.535(20), followed by a neglectable
decrease, remaining roughly constant up to 1020 nm.
In contrast, the imaginary part strongly decreases from
0.0046(7) at 440 nm to 0.0019(3) at 675 nm and then
remains roughly constant up to 1020 nm. This behavior
suggests mineral dust particles absorb more efficiently in
the UV-visible spectrum. The presence of such minerals
in African dust can lead to enhanced absorption at these
wavelengths, distinguishing it from biomass-burning
aerosols. For example, a similar behavior, particularly
for the imaginary part, was obtained for Saharan dust
at the UV-visible range [68]. From 305 to 955 nm,
the imaginary component of the refractive index varied
from 0.05 to 0.003, which agrees with what has been
observed for the ATTO site, especially considering that
this particular aerosol population aged about 14 days
from the Saharan region to the central Amazon. In
addition, for the real component of the refractive index,
it has been considered that dust particles are within the
range from 1.48 to 1.56 [69], which also agrees with what
has been observed for the ATTO site.

Under pristine conditions, the imaginary part remains
constant from 440 to 660 nm, of 0.0044(7), increasing
afterward to 0.008(1) at 1020 nm. On the other hand,
the real part of the refractive index decreases with
the wavelength increase from 1.529(5) at 440 nm to
1.507(6) at 1020 nm. This indicates that the biogenic
aerosols are relatively efficient in absorbing radiation in
the red-infrared range, which agrees with the increase
in the AAOD and decreases in the AOD for the same
spectral range. It is worth mentioning that most of
the fine mode biogenic aerosols in central Amazon are
secondary organic aerosols produced by the oxidation of
the volatile organic compound isoprene, emitted by the
vegetation [29]. It has been observed that the imaginary
part of the refractive index of isoprene-oxidized aerosols
depends strongly on the oxidation process. A previous
study had shown that the imaginary part at 375 nm
varied from 0.012 for aerosols formed in the presence of
ozone and SO2 to virtually zero when other chemical
compounds were involved in the oxidation process [70].

A notable characteristic of these pure isoprene-formed
aerosols is that the imaginary part decreases as the
wavelength increases, becoming negligible at 800 nm.
In contrast, the real part shows some variability,
ranging from 1.474(12) at 375 nm to 1.411(29) at
781 nm. However, this variability is less pronounced than
that observed for the imaginary part. The differences
observed between the refractive indices for pure aerosols
derived from isoprene oxidation products and those
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found in pristine environments in the Amazon are also
due to contributions from primary, biogenic particles,
whose contrast certainly changes the aerosols’ optical
properties. In practice, obtaining an average refractive
index for the Amazon’s primary biogenic components
of aerosols is highly complex [1]. This complexity arises
from the dependence on numerous factors, including
meteorological conditions, availability of solar radiation,
and seasonal variations. These factors influence the
various sources and emissions of particles, making it
challenging to determine a consistent average refractive
index. This is an important open question for future
Amazonian studies.

Therefore, the distinct spectral behaviors of the imag-
inary part of the refractive index under these different
conditions highlight the diverse optical properties of
aerosols from various sources. Biomass-burning aerosols,
with their strong absorption in the UV and visible
regions, contrast sharply with the mineral dust aerosols
from African conditions, which show enhanced absorp-
tion in the visible red to near-infrared regions. Pristine
conditions, with their characteristic absorption pattern,
further underscore the contrast between natural and
pollution-influenced aerosol properties.

5. Conclusions

This paper applies the concept of refractive index to
atmospheric aerosols treated as a dielectric medium.
It examines changes in the refractive index and other
critical aerosol optical properties under different atmo-
spheric conditions in the central Amazon, using data
from the AERONET network. By analyzing data col-
lected during natural Amazonian conditions, regional
biomass-burning events, and African dust and smoke
advection, we provided a comprehensive view of how
different aerosol sources impact the real and imaginary
components of the refractive index. The study presents
a well-known physical characterization of aerosol opti-
cal properties, where distinct seasonal patterns are
observed. Higher AOD and AAOD were observed during
the dry season due to biomass burning. In particular,
the biomass-burning conditions were associated with
the dominance of fine particles, leading to a greater
influence on radiation scattering, especially at shorter
wavelengths. During the wet season, characterized by the
prevalence of periods of pristine conditions, lower values
of AOD and AAOD were observed, reflecting the clean
atmospheric state typical of this period. In contrast,
periods influenced by African dust and smoke advection
exhibited larger aerosol particles, affecting solar radia-
tion more distinctly across a range of wavelengths.

Our analysis showed distinct wavelength dependencies
of the aerosol-intensive properties, such as SSA, AF, and
the refractive indices under different atmospheric condi-
tions. Particularly for the refractive index and biomass-
burning aerosols, the imaginary part of the refractive

index increased with wavelength, indicating enhanced
absorption at longer wavelengths, typical of carbona-
ceous particles. Conversely, the real part decreased
with wavelength, highlighting their important and not
negligible scattering properties. Under pristine condi-
tions, biogenic aerosols efficiently absorb red-infrared
radiation, with the imaginary part of the refractive
index increasing at longer wavelengths and the real part
decreasing. This behavior is likely influenced by the
oxidation of isoprene from vegetation. For African dust
and smoke conditions, the real part of the refractive
index initially increased with wavelength up to 675 nm
before stabilizing, while the imaginary part decreased
significantly. This behavior suggests that mineral dust
particles from Africa absorb more efficiently in the UV-
visible spectrum, distinguishing them from biomass-
burning aerosols. This distinction highlights the unique
optical properties of different aerosol types and their
varied interactions with solar radiation.

The characteristic seasonal aerosol behaviors in the
Amazon have important implications for climate mod-
eling and environmental assessments. The results dis-
cussed in this study can improve the representation of
aerosol radiative effects in climate models, particularly
for tropical regions, where aerosol sources and seasonal
variability are highly dynamic. Thus, understanding
these behaviors is crucial for assessing radiative forcing
and developing strategies to mitigate the impacts of
climate change. In addition, incorporating AERONET
data into the theoretical frameworks of electromag-
netism courses can potentially enhance the pedagogical
effectiveness of physics and environmental education.
Students gain practical insights into the complex inter-
actions between aerosols and electromagnetic radiation,
bridging the gap between theoretical knowledge and
real-world applications. This interdisciplinary approach
enriches the learning experience and fosters a deeper
understanding of atmospheric science and its implica-
tions for climate and environmental studies.
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