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Abstract: This paper presents an analysis of the morphology and columnar microphysical properties
of atmospheric aerosols in Mexico City (MC) for the period 2022–2023. The morphological study
focused on the structure description of soot particles and tar balls (TB). By transmission electron
microscope (TEM) and scanning electrode microscope (SEM), voluminous soot aggregates mixed
with TBs were observed. The chemistry shows that both soot and TBs are mostly carbonaceous
species with well-defined morphologies. On the other hand, the columnar aerosol microphysical
properties recovered from AERONET show that the particles have a bimodal aerosol size distribution
(ASD) with two modes: fine and coarse. The ASD remains constant without showing significant
seasonal changes, only with some variability for coarse particles. The aerosol optical depth (AOD)
value is significantly high, typical of urban areas. The real (n) and imaginary (k) parts of the complex
refractive index (CRI) were obtained from the photometric measurements. The CRI values show
seasonal variations, with spring being the season with the highest values for n, while the highest
values for k were measured in winter.

Keywords: atmospheric aerosol; aerosol microphysics properties; sun photometric observations;
aerosol morphology; complex refractive index; absorbing atmospheric particles

1. Introduction

Atmospheric aerosols are a combination of solid or liquid particles that stay suspended
in the air. These particles play a crucial role in the planet’s radiation balance [1]. They
scatter and absorb solar and infrared radiation in the atmosphere, leading to direct ra-
diative forcing [1,2]. Aerosols also indirectly influence climate because they act as cloud
condensation nuclei (CCN), which affect the microphysical properties of clouds [1,3]. To
understand the complex interactions between aerosols, radiation, and clouds, as well as
their impact on air quality, it is necessary to study their direct and indirect effects. The most
effective way to understand these effects is through a detailed analysis of aerosol optical
properties (AOP), which are largely dependent on key microphysical parameters, such as
particle morphology, size distribution, and the complex refractive index [4,5].

The study of aerosol morphology provides valuable information about the particle
structure, mixing state, and aging process [6–9]. A detailed description of the particle shape
reveals information about its formation process and surface characteristics, which describes
the ability to react chemically with other aerosols [8,10]. Numerous theoretical approaches
have been developed to better understand the morphology of atmospheric particles. The
calculation of dynamic shape factors (χ) is a frequently employed method, but it has its
limitations. Specifically, it is not sensitive enough to detect the finer details of particle
shapes, and it is necessary to know the particle density [11]. The methods that are effective

Atmosphere 2024, 15, 108. https://doi.org/10.3390/atmos15010108 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos15010108
https://doi.org/10.3390/atmos15010108
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-4929-4620
https://orcid.org/0000-0003-0879-7467
https://orcid.org/0000-0002-4213-7043
https://doi.org/10.3390/atmos15010108
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15010108?type=check_update&version=1


Atmosphere 2024, 15, 108 2 of 17

in studying aerosol morphology involve calculating the fractal dimension (DF), which is a
mathematical concept used to describe the complexity and self-similarity of irregular or
fragmented geometric shapes [6–9]. In recent decades, the use of sophisticated electron
microscopy techniques and the rapid advancements in computer language and image
recognition techniques have made DF a widely used parameter to describe the morphology
of soot particles [8]. Carabali et al. (2016, 2012) have employed the DF parameter to
study aerosol transport in the MC pollutant plume and to describe the morphological
distributions of soot emitted by wood-burning stoves [12,13].

The complex refractive index (CRI) is another essential microphysical parameter of
aerosols, which is used in radiative transfer calculations [14,15]. CRI is generally described
as m = n + ik, where n is the real part, describing the scattering characteristics of particles,
while ik is the imaginary part that relates the absorption properties of aerosols. CRI is
highly dependent on aerosol composition and is an important input for models simulating
aerosol—electromagnetic radiation interactions. Measuring CRI for aerosols is compli-
cated because its value can vary depending on factors such as aerosol composition, size,
and atmospheric conditions [14,15]. Therefore, measurements and estimation techniques
must take these variations into account to provide accurate results. A combination of
spectroscopic methods (e.g., ultraviolet violet (UV) and infrared spectroscopies (IR)) and
modeling is usually used to estimate the CRI in atmospheric particles [4,5]. For the MC
basin, Dubovik et al. (2002) reported a mean CRI of 1.47-0.006i recovered from sun pho-
tometric measurements, while Moffet and Prather (2009) found a value of 1.49 for the n
part of the CRI from theoretical Mie calculations [16,17]. These CRI values not only show
a high load of these particles but also demonstrate the presence of highly scattering and
absorbing aerosols in the MC atmosphere.

CRI values can be retrieved from spectral measurements of AOD, direct and diffuse
radiation, using a sun photometer. This method has been successfully applied in the world-
wide Robotic Aerosol Network (AERONET) [18,19]. The AERONET project, which was
launched in the 1990s, is a global network that measures aerosol microphysical properties,
such as aerosol size distribution, AOD, precipitable water vapor (PW), and the Angstrom
exponent (AE). The primary goal of the project is to monitor AOP from the ground for the
long term. Mexico City has been using a sun photometer associated with AERONET since
1999 to continuously measure AOP. This has contributed to a better understanding of air
quality in the region [20].

This paper presents a study of the microphysical properties of atmospheric aerosols
in MC. The morphological analysis of recently sampled particles evidences important
structural details of soot and TB, the two most common types of particles in the atmo-
sphere of the MC basin. The columnar optical properties of the aerosols were also studied.
Specifically, the CRI and the ASD retrieved from the AERONET site in Mexico City were
analyzed. This article is organized as follows: a brief description of the measurement site
and instrumentation is presented in Section 2. The morphology and chemical character-
istics of the individual particles are discussed in Section 3.1; the results obtained from
the fractal distribution curves are described in Section 3.2; the optical parameters of the
aerosols and their seasonal variability is presented in Section 3.3; the size distribution of
the aerosols can be found in Section 3.4; a detailed description of the complex refractive
index is given in Section 3.5; and in Section 3.6, an aerosol type classification based on the
spectral measurements of AE and AOD retrieved from AERONET is discussed. Finally,
Section 4 presents the main conclusions.

2. Materials and Methods
2.1. Study Region

The Mexico City (MC) Metropolitan Area, also called the MCMA, is a large region in
central Mexico that includes MC and 60 other municipalities (Figure 1). With a population
of over 20 million people, it is one of the largest and most densely populated metropolitan
areas in the Americas [21]. This city is known for its poor air quality, which is caused by a
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combination of factors such as heavy traffic, industrial activities, and the city’s complex
geography. The observation equipment utilized in this research was placed on the roof
of the Institute of Atmospheric Sciences and Climate Change (ICACC) building at the
Universidad Nacional Autónoma de México (UNAM) campus, located in southern MC
(19◦20′ N, 99◦10′ W, 2250 m. a. s. l.). MC experiences three distinct seasonal periods, spring,
winter, and rainy, due to its subtropical climate. Spring is from March to May, followed by
the rainy season from June to October, and finally, winter is from November to February.
While the exact dates may vary, these three seasonal periods are widely acknowledged and
accepted [22,23].
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Figure 1. (a) Map of Mexico and geographic location of MC; (b) map of MC and location of SRO;
(c) AERONET site in the SRO at UNAM main campus; and (d) image of the sun photometer CIMEL-318.

MC experiences three distinct seasons throughout the year due to its location in a
subtropical zone. According to several meteorological studies, MC has three seasons: winter,
from November to March; the spring season, from April to May; and the rainy season,
from June to October [22,23]. The winter season is characterized by a dominant westerly
current that brings an anticyclonic flow and clear skies, leading to a strong nocturnal
thermal inversion [22,23]. This inversion persists until several hours after sunrise, when it
is eroded by turbulent mixing generated by the strong solar heating of the surface. Spring
is the warmest season due to higher sunshine, which leads to an increase in temperatures
and evaporation rates, ultimately resulting in a drier environment. In April and May, the
temperature usually reaches 30 ◦C with low relative humidity. Spring is also considered
a dry season because rainfall tends to be lower compared to the summer months [22,23].
During the rainy season, prevailing easterly winds interact with the mountains surrounding
Mexico City, forcing upward movement and convection. Clear mornings with infrequent
thermal inversions mix pollutants with turbulent eddies. Convection over the mountains
dilutes pollutants with vertical updrafts within the clouds. Precipitation has a large gradient
within the basin, ranging from 400 mm to 1200 mm per year [22,23].
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2.2. Aerosol Sampling

Aerosol particles were sampled in an 8-stage Micro Orifice Uniform Deposit Impactor
(MOUDI, Model 100, MSP Corp.) [24]. MOUDI separates aerosol particles based on their
aerodynamic size using eight impactor stages. Each stage consists of a set of nozzles and
impactor plates that allow particles of a certain size range (from 0.8 to 10 µm) to be collected
in each stage. Copper TEM grids with 200 mesh (Ted Pella Gilder grids, LF-200-Cu) coated
with a thin film of collodion polymer were used to collect atmospheric particles. These
grids were attached on 47 mm aluminum foils with double-sided carbon adhesive tape.
Subsequently, the impact plates of the MOUDI were coated with aluminum foils equipped
with the TEM grids. The MOUDI inlet flow rate was calibrated at 30 L/min, and sampling
times of 20 min were set to avoid particle saturation on the TEM grids [12,25].

To study the morphology of atmospheric particles, aerosol samples were collected
in the different seasons of the year: winter, spring, and rain. Sampling was performed
in periods of three days for each season of both years, 2022 and 2023. The schedule of
days sampled for each year is listed in Table 1. A total of 18 TEM grids with atmospheric
particulate samples were obtained. Multiple aerosols are impacted within each TEM grid,
but due to the operational limitations of the TEM, it was only possible to obtain 5 particle
micrographs per TEM grid. In total, thirty particle images were obtained for each season,
mainly winter and spring. It was not possible to obtain good particle images for the rainy
season due to technical problems associated with the rupture of the polymer coating of the
TEM grid and the humidity of some samples.

Table 1. Schedule of atmospheric aerosol sampling.

Season 2022 2023

Winter January 18–20 January 24–26
Spring May 03–05 May 7–9
Rainy August 16–18 August 15–17

2.3. TEM and SEM Micrographs

Atmospheric particle micrographs for morphology studies were performed on SEM
and HRTEM microscopes. These instruments are located at the Central Microscopy Labora-
tory (CML) of the Physics Institute (UNAM) [25]. SEM instruments (SEM JEOL-JSM-7800F)
operate with voltages that fluctuate between 1 and 10 kV and are equipped with an
energy-dispersive X-ray spectrometer (EDS) (Oxford Instruments, Abingdon, Oxfordshire,
UK), which uses the AZtec 2.1 software for the analysis. The HRTEM instrument (JEOL
JEM-2010F) operated at 200 kV near the Scherrer focus, with a theoretical point-to-point
resolution of 0.20 nm and a spherical aberration of 0.5 mm. To capture images of the
aerosols, TEM grids were directly introduced into the SEM and HRTEM without any prior
treatment. The images were taken with a CCD camera and further processed using the
GATAN digital micrographic system (version 3.7.0, Roper Technologies, Inc., Sarasota,
FL, USA).

2.4. Fractal Dimension Analysis

Fractal dimension (DF) is a mathematical tool commonly used to describe the shape
of non-spherical particles [9,26]. This concept was first introduced by the mathematician
Benoit Mandelbrot, who assigned the term DF to Richardson’s plot slope for the particle
perimeter. The Richardson scheme or log—log plot is a graphical tool used to describe
“self-similarity” and measure the perimeter of irregular shapes and objects [26]. The main
characteristic of a fractal object is the self-similarity of its structure in different enlargements.
This property can be studied by using the border-based fractal dimension equation [26,27].

L = KLλL
1−D f (1)
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where KL is a constant, L is the perimeter, λL is the segment length (the length at which the
perimeter is cut into small sections), and Df is the fractal dimension.

The perimeter fractal dimension (PFD) of aerosol particles was calculated from the
HRTEM micrographs. The calculation process begins with the processing of the digital
particle images using the free software SCION Image 4.0, which optimizes the images and
extracts the particle coordinates. SCION also provides the area of the particle and the length
of its perimeter in pixels. Subsequently, these results were introduced into a computer code
that calculate the fractal dimension of the particles [27]. In this study, a total of 60 particles
collected in both the spring and winter seasons were analyzed. In each season, 30 particles
were analyzed using a computational code that calculates the DF parameter of each particle.
Based on the obtained DF results, fractal distribution curves (FDC) were plotted.

2.5. AERONET Station in Mexico City

The aerosol optical parameters were measured with a CIMEL sun photometer (CE-318),
which is an automatic sun—sky-scanning spectral radiometer. The CE-318 was installed at
the Solar Radiation Observatory (SRO), located on the roof of the ICACC building (Figure 1).
Developed by NASA in 1992, the CIMEL is a state-of-the-art instrument designed to mea-
sure the optical properties of atmospheric aerosols. This sun photometer is a multi-channel
radiometer that measures the direct solar irradiance at various wavelengths (340, 380, 440,
500, 675, 870, 937, and 1020 nm). These channels cover a range of wavelengths from the
ultraviolet (UV) through the visible and into the near-infrared (NIR) regions of the electro-
magnetic spectrum. Each channel is sensitive to different atmospheric components and
aerosols, which allows for the characterization of aerosol properties and other atmospheric
parameters such as the water vapor (PW) content. Numerous studies have previously
described the instrumentation, data acquisition, retrieval algorithms, and calibration pro-
cedures in detail, which all conform to the rigorous standards of the AERONET global
network [15,18,19,28].

The AOD values are calculated using the measurements of absorbed solar radiation in
the spectral range of 340–1020 mn. This calculation is based on the Beer—Lambert—Bouguer
law, which relates the attenuation of light to the concentration of absorbing and scattering
particles in the atmosphere. Dubovik and King (2000) present an analysis of the uncer-
tainty associated with the retrieval of AOD from AERONET [15]. The aerosol Ångström
exponent (α440–870) (also referred to here as AE) is a parameter used to describe the spec-
tral dependence of aerosol optical properties. It describes how the AOD changes with
wavelength. The AE is calculated using measurements of aerosol optical depth at two or
more wavelengths within the UV to NIR spectral range. In this work, precipitable water
(PW), aerosol size distribution (ASD), and the complex refractive index (CRI) data with
real (n) and imaginary (k) components were retrieved from the AERONET measurements
for the studied period. For retrieving data from AERONET, there are three quality levels
available: 1.0, 1.5, and 2. In this work, the level 1.5 database was utilized. This level
contains raw measurements that are directly taken from the instrument, including direct
sun/sky radiance and sky radiance measurements.

2.6. Aerosol Classification

The remote sensing formalism reported by Gobbi et al. (2007) was used to classify
the aerosols and to know the predominant particle type in the MC atmosphere. In this
method, the relationship between angstrom exponent (AE(440, 870)) and its difference dAE
(AE(440, 675)—AE(675, 870)) is plotted, which generates a scheme that allows for estimating the
contribution of fine aerosol to the AOD [20,29].

3. Results
3.1. Morphology and Chemical Characteristics of Individual Particles

The study of atmospheric aerosols with high-resolution instrumentation can provide
valuable insights into the particle physics characteristics that influence their optical proper-
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ties and behavior in the atmosphere. Figure 2 shows the HRTEM images of aerosols that
were sampled in MC’s atmosphere at different periods of the year. Figure 2a shows the
HRTEM image of a soot particle sample in the winter, which has a diameter (dp) of 1.5 µm
and is made up of chains of several nanometer-sized carbon particles that are intercon-
nected. Likewise, when soot combines with larger particles, they can form more intricate
structures such as agglomerates and fractal-like shapes. Figure 2b shows the HRTEM
image of nanometer spherical particles (dp < 700 nm) that are bound together. These types
of particles are called tarball (TB) and are known for their unique spherical shape and
composition, which mostly consists of carbon and oxygen. Nevertheless, depending on the
emission source and atmospheric mixing process, they may also contain minor amounts
of other elements [25]. According to a study conducted by Rios et al. (2023), the spring
season in Mexico City is known for having a high number of forest fires, resulting in a
large amount of TB in the atmosphere [25]. These particles are primarily made up of black
or brown carbon and are mainly produced from biomass burning emissions. Something
important that has recently been reported is the formation of voluminous carbonaceous
aggregates, where the TBs are attached to the soot chains, as shown in Figure 2c [25]. Aside
from their intricate morphology, these particles are also notable for their ability to absorb
solar radiation efficiently. The EDS spectrum in Figure 2d reveals the elemental composition
of the TB particles joined to soot aggregate (TB—soot aggregate in Figure 2c). According to
the spectrum, these particles are mainly composed of carbon (C), followed by silicon (Si),
and two comparatively weaker signals of oxygen (O) and sulfur (S). This composition is
characteristic of both soot and TB particles.
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Figure 2. HRTEM images of (a) a soot particle, (b) three TB particles joined, and (c) a TB—soot
aggregate. Panel (d) shows the EDS spectrum of the TB—soot aggregate.

Figure 3 shows the SEM micrograph of the TB—soot aggregate. These types of particles
were very numerous on the TEM grids. The intricate arrangement observed in the soot—TB
system could have been created via a coagulation process that occurred naturally in the
atmosphere (Figure 3a). It is worth noting that inter-particle collisions within the MOUDI
stage cannot be completely discarded during the sampling process. To prevent collisions
and avoid saturation of the TEM grids, the sampling times were programmed for 15 min.
Figure 3b also shows a magnification of the TB, where its almost spherical shape is observed.
The elemental composition mapping reveals that the system is only composed of carbon,
oxygen, and a low percentage of silicon (Figure 3c,d).



Atmosphere 2024, 15, 108 7 of 17

Atmosphere 2024, 15, x FOR PEER REVIEW 7 of 18 
 

 

in the atmosphere (Figure 3a). It is worth noting that inter-particle collisions within the 
MOUDI stage cannot be completely discarded during the sampling process. To prevent 
collisions and avoid saturation of the TEM grids, the sampling times were programmed 
for 15 min. Figure 3b also shows a magnification of the TB, where its almost spherical 
shape is observed. The elemental composition mapping reveals that the system is only 
composed of carbon, oxygen, and a low percentage of silicon (Figure 3c,d). 

 
Figure 3. SEM image of (a) tarballs attached to soot aggregate and (b) tarball in high magnification 
mode. (c,d) correspond to the EDS elemental mapping. 

3.2. Fractal Distribution Curves 
Figure 4 shows the fractal distribution curves (FDC) of particles collected in the at-

mosphere of MC during spring and winter. According to the morphological model em-
ployed in this study, the fractal dimension values range from 1.00 to 1.40. Round-shaped 
particles tend to have DF values of around 1.00, while those with irregular shapes tend to 
have DF values that are close to 1.40. The FDC for the particles collected in the spring 
shows two modes: one at DF = 1.12 and the other at DF = 1.26. It seems that the first mode, 
with the high counts, corresponds to rounded-shaped particles, which might be associ-
ated with aged aerosols. On the other hand, the second mode (DF = 1.26), with a lower 
count value, represents particles with more complex shapes. These particles are most 
likely fresh emissions. The FDC for the particles collected during the winter showed two 
modes located at different values of the fractal scale. The first mode, at DF = 1.05, suggests 
a high presence of aged particles, while the second mode, around DF = 1.19—which is 
almost in the middle of the scale—reveals the presence of moderately irregular particles. 
These results suggest that the aging of aerosols is more likely to occur during winter due 
to favorable meteorological conditions. On the other hand, during spring, the FDCs ob-
served a trend towards more irregular aerosol shapes, which could be attributed to the 
continuous pollutant emissions from forest fires. These emissions can lead to the for-
mation of new particles that contribute to a high presence of soot and TB particles. 

Figure 3. SEM image of (a) tarballs attached to soot aggregate and (b) tarball in high magnification
mode. (c,d) correspond to the EDS elemental mapping.

3.2. Fractal Distribution Curves

Figure 4 shows the fractal distribution curves (FDC) of particles collected in the
atmosphere of MC during spring and winter. According to the morphological model
employed in this study, the fractal dimension values range from 1.00 to 1.40. Round-shaped
particles tend to have DF values of around 1.00, while those with irregular shapes tend
to have DF values that are close to 1.40. The FDC for the particles collected in the spring
shows two modes: one at DF = 1.12 and the other at DF = 1.26. It seems that the first
mode, with the high counts, corresponds to rounded-shaped particles, which might be
associated with aged aerosols. On the other hand, the second mode (DF = 1.26), with a
lower count value, represents particles with more complex shapes. These particles are most
likely fresh emissions. The FDC for the particles collected during the winter showed two
modes located at different values of the fractal scale. The first mode, at DF = 1.05, suggests
a high presence of aged particles, while the second mode, around DF = 1.19—which is
almost in the middle of the scale—reveals the presence of moderately irregular particles.
These results suggest that the aging of aerosols is more likely to occur during winter due to
favorable meteorological conditions. On the other hand, during spring, the FDCs observed
a trend towards more irregular aerosol shapes, which could be attributed to the continuous
pollutant emissions from forest fires. These emissions can lead to the formation of new
particles that contribute to a high presence of soot and TB particles.

Atmosphere 2024, 15, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 4. Fractal distribution curves (FDC) for atmospheric particles sampled in MC during the 
spring and winter seasons. 

3.3. Aerosol Optical Parameters 
This study analyzed the seasonal patterns of AE, PW, and AOD in MC during 2022 

and 2023. The data were collected through 903 daily observations over two years. Figure 
5 displays the time series of AE, PW, and AOD, while Figure 6 shows their monthly aver-
ages. The behavior of the AE, PW, and AOD parameters over the studied period can be 
observed through their respective time series. The AE, as shown in Figure 5a, is a param-
eter that characterizes the size distribution of atmospheric particles based on their spectral 
dependence on optical extinction. The AE value ranges from 0.8 to 1.9, with a mean value 
of 1.41. This variation in the AE value demonstrates the existence of both coarse and fine 
particles, the latter being the dominant type. Higher values of the AE (~1.49) measured 
during the spring months (March–May) indicate the dominance of fine fine-mode aero-
sols, which typically include particles like sulfates, nitrates, and organic matter, which are 
often found in higher concentrations in the atmosphere of the MC basin [30,31] The AE 
value (1.41) for winter was slightly lower than that obtained for the spring season. This 
result indicates that there is no substantial change in the particle size distribution between 
the winter and spring seasons despite the significant variation in weather conditions. The 
lowest AE value (1.37) was registered during the rainy season. The wet deposition pro-
cesses during these months are highly favorable for capturing and removing aerosol par-
ticles from the atmosphere, which significantly impacts the AE value. The PW measure-
ments in Figure 5b correspond to the total water vapor column in the atmosphere. The 
PW time series shows a cyclic variation, with high values registered between June and 
September. August has the highest PW values, with a maximum value of 1.7 cm. On the 
contrary, the spring and winter seasons present the lowest values of PW, with a mean of 
1.0 cm. 

In the case of the AOD (Figure 5c), the results show that there is a significant monthly 
variation. October presented the highest mean AOD value of 0.42, followed by May with 
a mean of 0.39. However, it should be noted that the AOD values for the rainy months of 
July and August were 0.36 and 0.35, respectively. These values could have been affected 
by the presence of clouds during these months. It is important to note that photometric 
measurements can be susceptible to errors during the rainy season due to the presence of 
cloudy days. Carabali et al. (2017) indicate that the presence of cirrus clouds can affect the 
accuracy of AOD measurements, resulting in an overestimation during sun photometer 
measurements [20]. This phenomenon is known as “cirrus contamination” and has been 
extensively investigated [15,32]. The results obtained in the present work are comparable 
with those obtained by Carabali et al. (2017), who reported a climatological study of aer-
osol microphysical properties for the period 1999–2014.  

Figure 4. Fractal distribution curves (FDC) for atmospheric particles sampled in MC during the
spring and winter seasons.



Atmosphere 2024, 15, 108 8 of 17

3.3. Aerosol Optical Parameters

This study analyzed the seasonal patterns of AE, PW, and AOD in MC during 2022
and 2023. The data were collected through 903 daily observations over two years. Figure 5
displays the time series of AE, PW, and AOD, while Figure 6 shows their monthly averages.
The behavior of the AE, PW, and AOD parameters over the studied period can be observed
through their respective time series. The AE, as shown in Figure 5a, is a parameter that
characterizes the size distribution of atmospheric particles based on their spectral depen-
dence on optical extinction. The AE value ranges from 0.8 to 1.9, with a mean value of 1.41.
This variation in the AE value demonstrates the existence of both coarse and fine particles,
the latter being the dominant type. Higher values of the AE (~1.49) measured during the
spring months (March–May) indicate the dominance of fine fine-mode aerosols, which
typically include particles like sulfates, nitrates, and organic matter, which are often found
in higher concentrations in the atmosphere of the MC basin [30,31] The AE value (1.41) for
winter was slightly lower than that obtained for the spring season. This result indicates
that there is no substantial change in the particle size distribution between the winter and
spring seasons despite the significant variation in weather conditions. The lowest AE
value (1.37) was registered during the rainy season. The wet deposition processes during
these months are highly favorable for capturing and removing aerosol particles from the
atmosphere, which significantly impacts the AE value. The PW measurements in Figure 5b
correspond to the total water vapor column in the atmosphere. The PW time series shows
a cyclic variation, with high values registered between June and September. August has
the highest PW values, with a maximum value of 1.7 cm. On the contrary, the spring and
winter seasons present the lowest values of PW, with a mean of 1.0 cm.
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In the case of the AOD (Figure 5c), the results show that there is a significant monthly
variation. October presented the highest mean AOD value of 0.42, followed by May with a
mean of 0.39. However, it should be noted that the AOD values for the rainy months of
July and August were 0.36 and 0.35, respectively. These values could have been affected
by the presence of clouds during these months. It is important to note that photometric
measurements can be susceptible to errors during the rainy season due to the presence of
cloudy days. Carabali et al. (2017) indicate that the presence of cirrus clouds can affect the
accuracy of AOD measurements, resulting in an overestimation during sun photometer
measurements [20]. This phenomenon is known as “cirrus contamination” and has been
extensively investigated [15,32]. The results obtained in the present work are comparable
with those obtained by Carabali et al. (2017), who reported a climatological study of aerosol
microphysical properties for the period 1999–2014.

3.4. Aerosol Size Distribution

The time series of the aerosol size distribution (ASD) obtained from sun photometric
measurements at the MC AERONET site during the study period is presented in Figure 7.
The ASDs were derived from daily measurements, and a total of 772 observations were
considered for the analysis. The ASD provides important information about the aerosol
particle sizes in the entire atmospheric column. By analyzing the shape of the distribution,
it is possible to identify the types of aerosols present (fine and coarse particles), their size
ranges, and how these distributions change over time. The colormap used to plot the
distributions has “x” and “y” coordinates for Julian days and the size, while “z” indicates
the volume of each mode (fine and coarse) in the distribution. The figures show that the
ASD is bimodal, with one mode for fine particles with a mean size of around 0.18 µm and
another for coarse particles of around 5.05 µm. The contour maps show that both fine and
coarse particle modes are present throughout the year, with a significant variation in the
volumetric concentrations that may be seasonally dependent. From Figure 8, it should be
noted that although the ASD curves show a predominance of coarse particles, there are
certain periods of the year, such as winter, when fine particles show a dominant presence
(Figure 8).

In MC, coarse particles originate mainly from dust resuspension due to soil aridity
and strong winds. These results contrast those reported by Carabali et al. (2017), where
the predominance of fine particles is reported for the period 1999–2014 [20]. This slight
reduction in the volume of fine aerosol in the atmospheric column could be attributed to
the mitigation and control measures implemented by the environmental authorities in the
past, as well as the partial lockdowns due to the pandemic situation at the beginning of
2022 [33,34].
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Figure 8 shows the seasonal aerosol size distributions (ASD) for the studied period.
The curves show a bimodal distribution where the coarse mode volume (Vc) predominates,
except for the winter, where the fine particle volume (Vf) is slightly higher. The seasonal
particle volumes in the fine mode are almost comparable, and only in the rainy season was
the Vf slightly lower. Precipitation during the rainy season contributes to a decrease in
the amount of particulate matter in the air. The coarse mode particle volume (Vc) shows
significant seasonal variations. Spring is the season with the highest particle volume,
followed by the rainy season. The lowest values of Vc were registered in winter. The
high values during spring are due to soil resuspension and possibly to the formation and
coagulation processes that favor an increase in aerosol size.
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Figure 9 shows the average hourly time series of effective fine radius (Reff) and effective
coarse radius (Refc) for the studied period. The time series trends show that Reff remains
stable throughout the year, maintaining a mean value of 0.16 µm. Refc, on the other hand,
shows considerable variability throughout the year, with a mean value of 2.90 µm. The
constant radius value in the fine mode could be an indicator of the type of sources and
their particulate emission dynamics. The urban area’s high population density results in
significant anthropogenic activity, which could explain the steady emission rate throughout
the year. The Refc values display a significant degree of variability, which is strongly
influenced by meteorological changes. These Refc fluctuations may be linked, to some
extent, to the levels of precipitable water in the atmosphere. The results obtained are
consistent with the findings of Saha and Moorthy (2004), who observed that changes in
aerosol size are influenced by high relative humidity conditions [35].
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3.5. Complex Refractive Index

The optical properties of aerosols are influenced by their physical and chemical charac-
teristics. Electromagnetic theory suggests that the CRI is a crucial physical parameter that
determines how particles scatter and absorb radiation. The CRI is composed of two parts:
real (n) and imaginary (k), which are values depending on the specific composition of
the aerosols (e.g., dust, soot, water droplets, or various chemical compounds). Figure 10
presents the statistical analysis of the CRI measured during different seasons of the studied
period. The box plots in the figure were constructed with daily observations of n and k parts
of the CRI retrieved from the AERONET measurements. In addition, distribution curves
are plotted next to the box plots, visually showing the dispersion of the data. The n values
tend to exhibit a wider range of variations, while the k values are much more consistent.
Figure 11 shows the wavelength dependence of the n and k parts of the CRI measured in
the different seasons of the year. The data in Figure 11 show that the CRI has a spectral
dependence, in which values for the n part tend to increase with the wavelength. It was
observed that the rainy season had the lowest n values, while the highest was registered
during the spring, followed by those values measured in the winter. On the other hand,
the imaginary part of the complex refractive index shows a different trend, characterized
by a stronger wavelength dependence, with minimum values measured at 675 nm. The
highest values were obtained for the winter season, followed by those in spring. The lowest
k values were measured in the rainy season, except for the values at 900 and 100 nm, which
are slightly higher than those in winter.
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Table 2 shows the CRI values and other optical parameters of the atmospheric aerosols
(AOD and AE) measured at different locations worldwide. For comparative purposes, the
mean values found in this work are also listed. The values of seasonal n reported in this
study are higher than those found in other urban areas, except for Paris (France), whose
value (n~1.52) was measured in a different wavelength (532 nm), and Sahara (Africa),
which has the highest value (n~1.53). Beijing and Kanpur show slightly lower n values
than those observed for MC. One possible reason for this could be the variety of sources
emitting within MC’s urban area, which include mineral dust resuspended from soils by
wind action, mainly in the spring [36]. In addition, there remains significant industrial
activity within MC’s air basin, which favors the emission of inorganic matter that enhances
the scattering properties of aerosols [37]. The main reason behind the high value of n



Atmosphere 2024, 15, 108 13 of 17

that has been reported for the atmospheric particles in the Sahara is due to the dispersion
characteristics of the prevailing type of aerosols in the region, whose particles are primarily
mineral dust from the desert [38].

Table 2. Comparison between the values of the CRI and other aerosol optical parameters obtained in
this study and those determined for other sites.

Site n k AOD
(550 nm) AE Date of Studies Reference

Beijing, China 1.48 0.010–0.013 0.56–1.58 0.88–1.22
2005–2009,
2011–2012,
2014–2015

[14,39,40]

Kanpur, India 1.40–1.48 0.014–0.015 0.50–0.95 1.35–042 2011–2012 [39]

Shanghai, China 1.39–1.45 0.007–0.014 0.72 1.10–1.60 2010–2012 [41]

Sahara, Africa 1.53 0.0014 0.1–0.6 - 2006 [42,43]

Paris, France 1.51 (532 nm) 0.017 (532 nm) 0.15 - 2000, 2009–2010 [44,45]

Sao Paulo, Brazil 1.44 0.014 0.14–0.53 0.85–1.58 2007 [46]

Mexico City 1.49 0.017 0.33 1.41 This study

The results of this study show that the value of k is higher than those reported for the
different cities (Table 2). The result obtained for MC is only comparable to that reported
for Paris, although the measurement in that city was taken at 532 nm. Furthermore, the
seasonal maximum value of 0.019 (440 nm) during winter in MC suggests that the k-value
could potentially be influenced by weather conditions at that time of the year. During
winter, the height of the boundary layer is reduced due to low temperatures, which leads to
an increase in the concentration of aerosols in the vertical column of the atmosphere. These
favorable conditions for aerosol mixing have a significant impact on the microphysical
properties of the particles. In winter, for instance, the size distribution showed a bimodal
curve dominated mainly by fine particles. Although, by definition, the CRI is an intrinsic
property of the particles that do not depend directly on their concentration, its value can
be influenced by the particle diameter, the degree of agglomeration of the particle, and
its size distribution in the atmosphere. The high k-value found in this analysis is a clear
indication of the strong absorbing nature of aerosols in MC, which poses a significant risk
to the radiative balance of the urban area. In highly populated urban areas like the MC
basin, the value of k is primarily attributed to the existence of soot and organic matter in the
aerosol particles—as well as minerals and other compounds present in the aerosol, which
contribute to a lesser extent.

3.6. Aerosol Classification: Identification of Major Aerosol Types

The graphical method proposed by Gobbi et al. (2007) was used to classify the
aerosols measured in MC during the studied period [29]. The method visually examines
the relation between AE and dAE to identify the fine aerosol contribution to the AOD,
which, in turn, provides the respective particle size. This information can be very useful
in various applications. For instance, it can be used to track mixtures of anthropogenic
aerosol with dust, discern aerosol growth from cloud contamination, and observe aerosol
humidification. Additionally, negative values of the difference (dAE) in the scheme indicate
the predominance of fine-mode aerosols, while positive differences demonstrate a bimodal
distribution of particles [29].

The data presented in Figure 12 are derived from a comprehensive analysis of 3500 direct
sun photometer observations collected at the AERONET site in MC between 2022 and 2023.
By using a color-coded system, the plot clearly shows the contribution of fine particles
to AOD, with the blue dots indicating AOD values ranging from 0.15 to 0.3, green dots
indicating AOD values ranging from 0.3 to 0.4, red dots indicating AOD values ranging
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from 0.4 to 0.7, and black dots indicating AOD values ranging from 0.7 to 1.0. Additionally,
the plot presents continuous black lines depicting a fixed fine-mode size (Rf), while the
dashed blue lines indicate the percentage contribution of particles to the AOD.
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Figure 12a depicts all the data used in the analysis. It is interesting to note that the
region with the highest density of data is situated at AE~1.5 with positive values of the
difference at dAE~0.12. This observation suggests that the most significant contribution to
the AOD in Mexico City (which is less than 70%) is due to fine particles with an approxi-
mately fixed radius (Rf) of 0.10 µm. The positive region of dAE indicates that the aerosol
size distribution tends to be bimodal. Based on the schematic in Figure 1a, it can also be
inferred that the coarse mode particles contribute to approximately 30% of the AOD.

Figure 12b–d represents the aerosol classification for the spring, rain, and winter
seasons, respectively. The data shown in the diagrams are significantly different in terms
of the number and distribution. However, it is important to note that there are several
common features present in all of the diagrams. One of the most significant features is
that almost 80% of the particles in each scheme fall within the range of radii between
0.10 and 0.15 µm. Based on the analysis, it can be inferred that there is no significant
temporal variation in the mean particle size. This observation is in line with the finding
for the Reff, which had a nearly constant value of 0.16 throughout the analysis period. It is
worth mentioning that this consistency in the mean particle size and Reff values indicates a
steady particle size distribution.

Another interesting fact is that in Mexico City’s atmosphere, there are aerosols that
generate AOD values of < 0.7 throughout the year, which is considered significantly high.
These high extinctions indicate the absorbing nature of the aerosol and can be associated
with hygroscopic growth and/or coagulation by aging of the aerosols in a fine mode [29].
However, it is important to note that some data with extinctions between 0.1 and 0.7 in the
rainy season scheme are probably caused by cloud contamination effects. Carabali et al.
(2017) found that there is a positive correlation between water vapor and high AOD values
in the rainy season in MC [20].
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4. Conclusions

The revelation of TB being attached to complex soot structures is one of the most
interesting results of this work. These structures, which are referred to here as “TB-soot ag-
gregate”, consist of voluminous carbonaceous agglomerates with intricate structures. The
amount and type of emission sources, such as old diesel-burning engines and biomass burn-
ing, which are present in the MC area, along with specific meteorological conditions within
the MC basin, may create a favorable environment for the TB—soot aggregate formation in
the atmosphere. Despite containing lower levels of other chemical elements, these particles
are predominantly composed of carbon, which evidences its absorptive characteristics.

Upon calculating the particle fractal dimension, some slight seasonal variations in the
morphological behavior of the particles were observed. These variations could be attributed
to the influence of meteorological conditions during different seasons. Furthermore, it was
noted that during the winter season, the particles tend to undergo a more pronounced
aging process. This observation may be related to an increase in particle concentration due
to the low mixing layer height. During the spring season, the number of aerosol particles
with irregular shapes is notably higher. This increase can be attributed to the continuous
emissions of aerosol particles caused by forest fires. Furthermore, the fractal distribution
curve for spring indicates that there is a significant presence of aged aerosol particles. These
aged particles are more likely to form under the influence of high solar radiation intensity,
which is prevalent during the spring months.

In this study, columnar optical characteristics of aerosol in MC from 2022 to 2023
were analyzed using sun photometer observations. It found that the global mean AOD
(500 nm) is 0.34, which is typically observed in urban areas. The mean AE value of
approximately 1.41 indicates the presence of two particle modes (fine and coarse) that
remain relatively constant throughout the analyzed period. The coarse mode dominates
the size distribution, except during the winter season. Further analysis reveals that the
specific radii of the fine and coarse modes are 0.16 and 2.90 µm, respectively, with the latter
exhibiting significant variations throughout the year. The average CRI value for the period
studied was 1.49-0.017i (400 nm). For MC, the CRI presented a seasonal variation, with the
highest values in winter and spring. The low values observed in the rainy season are due
to a reduction in contamination.

Finally, according to the microphysical observations of aerosol in Mexico City, it can
be stated that the particles tend to be significantly absorbing. This can be evidenced by
the LRC, whose value (1.49-0.017i) is higher than those measured in other urban areas. In
addition, it was found that fine particles with radii in the range of 0.10–0.15 µm make the
most significant contribution to the AOD in Mexico City, representing almost 80% of it.
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