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Abstract: Airborne particulate matter is a major pollutant globally due to its impact
on atmospheric processes and human health. Depending on their aerodynamic size,
particles can penetrate the respiratory system, with ultrafine particles (UFPs) reaching the
bloodstream and affecting vital organs. This study investigates the particle number size
distribution (PNSD), particle number concentration (PNC), and lung-deposited surface
area (LDSA) in Bogotá, Cali, and Palmira, Colombia. Measurements were conducted at
four sites representing different urban and industrial backgrounds using an Electrical Low-
Pressure Impactor (ELPI+). Due to the availability and operation of the device, observations
were limited to a few days, so the results of this study are indicative and not generalized
for the cities. UFP concentrations were highest in Cali (28,399 cm−3), three times higher
than in San Cristóbal, Bogotá. Fine particles (FPs) exhibited similar patterns across the
three cities, with higher concentrations in San Cristóbal (2421 cm−3). Coarse particles
(CPs) were most prevalent in Palmira (41.37 cm−3), and the highest LDSA values were
recorded in Palmira and Cali (>80 µm2/cm3), indicating a higher potential for respiratory
deposition. These findings highlight the importance of PNSD in health risk assessment in
urban areas, providing valuable insights for future studies and strategies to manage air
quality in Colombia.

Keywords: ultrafine particles; particle number distribution; lung deposition; ELPI+

1. Introduction
Airborne particles, known as particulate matter (PM) or atmospheric aerosol, are

among the most relevant pollutants worldwide [1]. Their presence and dispersion in
the environment are associated with multiple risks, both for vegetation and atmospheric
processes, as well as for human health. In vegetation, PM can affect morphological attributes
such as growth, reproduction, and leaf size [2]. In the atmosphere, PM is susceptible to
chemical reactions that contribute to new particle formation and growth, cloud formation,
and precipitation [3,4]. Additionally, depending on their composition and size, PM can
have a warming or cooling effect on the atmosphere. For example, black carbon (BC)
contributes to global warming by converting solar radiation into heat [5], while sulfates, a
secondary component of PM, partially block sunlight, generating atmospheric cooling.
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Particulate matter represents a public health risk, especially for vulnerable populations
such as the elderly, pregnant women, and children [6], and can lead to cardiovascular
and cerebrovascular diseases [7,8]. Depending on their aerodynamic size, particles have
different entry routes and effects on the respiratory system. Coarse particles (CPs, 2.5 to
10 µm) tend to deposit in the tracheobronchial region, while fine particles (FPs, 0.1 to 2.5 µm)
can reach the alveolar system, and ultrafine particles (UFPs, <0.1 µm) have the potential to
enter the bloodstream and affect vital organs [9–11]. Given that these effects vary depending
on particle size and specific characteristics, understanding their size distribution in different
environments—as well as the influence of meteorological variables such as wind speed and
direction, relative humidity, temperature, atmospheric pressure, and local geographic and
environmental characteristics—is crucial.

The particle number size distribution (PNSD) has been studied in various environ-
ments, including urban and rural areas, polar regions, traffic and industrial settings, and
indoor spaces, especially in developed countries, using instruments such as the Scanning
Mobility Particle Sizer (SMPS, TSI Inc., Shoreview, MN, USA), and the Electrical Low-
Pressure Impactor (ELPI+, Dekati Ltd., Kangasala, Finland), among others. In Madrid,
Gómez et al. [12] found that particles smaller than 80 nm predominated in urban areas, with
higher concentrations in winter due to emissions from heating devices. De Marco et al. [13]
measured particles of 20–50 nm in rural areas and of 0.4–0.5 µm in urban areas in Italy,
highlighting vehicular emissions and biomass combustion as primary sources. Kalaiarasan
et al. [14] observed that nucleation-mode particles (6–30 nm) dominated indoor environ-
ments, urban areas, and traffic zones in London. The highest concentrations were observed
near traffic, with a clear correlation between wind speed and particle size. Additionally,
they identified that nucleation-mode particles contribute more significantly to the respira-
tory deposition dose (RDD), underscoring their relevance to human health. In a long-term
study across 21 sites in Europe, Leinonen et al. [15] found that particle size and concen-
tration distributions varied according to environmental and meteorological conditions,
and they classified the fitted modes into three categories—nucleation (<20 nm), Aitken
(20–100 nm), and accumulation (>100 nm)—based on their geometric mean diameters.

In South America, PM concentrations have focused on mass fraction measurements
(PM10 and/or PM2.5) but not on the size and number distribution of airborne particles.
Particle size distribution (PSD) studies have been sparse and conducted only in Chile [16]
and two Brazilian cities: Canoas [17] and Porto Alegre [18]. In Santiago, the authors used
an aerosol spectrometer (GRIMM Aerosol Technik, DURAG Group, Hamburg, Germany)
to analyze particle distribution between June 2018 and May 2019. The results indicated
that particles with diameters less than 1 µm represented 99 percent of the total number
of respirable particles. Additionally, the authors observed that low temperatures (<10 ◦C)
and high humidity (>80%) increased the proportion of particles in the accumulation mode,
suggesting a strong meteorological influence on PSD. In Canoas, three PSD modes were
identified: nucleation, Aitken, and accumulation, with 33.6% directly associated with ve-
hicular traffic. Environmental conditions affected seasonal concentration variations, while
daily peaks coincided with peak traffic hours. The observed bimodal distribution suggests
that both local sources and climatic conditions play a key role in particle dynamics [17]. In
Porto Alegre, the three main PSD modes were also identified. However, nucleation- and
Aitken-mode particles constituted more than 86% of the particles present in the air, with a
prevalence of smaller particles near local sources such as vehicle exhaust [18].

The lung-deposited particle surface area (LDSA) metric, which focuses on particles
with the highest alveolar deposition in the size range 10 nm to ~400 nm, has been used to
assess potential respiratory impacts [19–24]. For instance, Liu et al. [21] reported that 50%
of LDSA deposits are in the alveolar region, 34% in the tracheobronchial region, and 16%
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in the head and throat. Additionally, the authors observed LDSA values range from 20 to
85 µm2/cm3, with higher levels in traffic-dense areas. This metric enables a more direct
assessment of health risks, as particle deposition is linked to lung inflammation and chronic
respiratory diseases (COPD) such as asthma [8,25–27]. UFPs also contribute to oxidative
stress and epithelial damage due to their high surface area and reactive composition [28].
Furthermore, UFPs can cross the alveolar–capillary barrier and enter systemic circulation,
where they may trigger systemic inflammation linked to cardiovascular effects such as
increased blood pressure [28], higher risk of myocardial infarction and arrhythmias [29],
and activation of inflammatory and coagulation markers, particularly affecting vulnerable
populations [30]. Additionally, their presence in the brain has been associated with neu-
roinflammation and potential links to neurodegenerative diseases like Alzheimer’s and
Parkinson’s [28,31,32]. The cytotoxic and toxic effects of particulate matter on human lung
cells have been widely demonstrated in several studies. Faruqui et al. [33], Yan et al. [34],
and Moreno-Ríos et al. [32] explored the toxic effects of particulate matter on human lung
cells. Faruqui et al. [33] found that exposure to traffic-related particles, particularly soot
at 100 µg/mL, caused the greatest cytotoxicity and oxidative stress in alveolar epithelial
cells. Similarly, Yan et al. [34] observed that acute exposure (4 h) to PM2.5 from residential,
industrial, and vehicular sources led to oxidative stress, apoptosis, inflammatory damage,
and DNA injury in alveolar cells, with vehicular emissions being the most toxic. Com-
plementing these findings, Moreno-Ríos et al. [32] reviewed the literature, showing that
ultrafine particle components (ions, metals, and organics) trigger oxidative stress, leading
to inflammation, genotoxicity, mutagenicity, and potential neurotoxicity through organ
accumulation. These findings reinforce the importance of LDSA as a key indicator for
evaluating the impacts of particles on human health.

This study estimates, for the first time, PNSD, PNC, and LDSA in three cities in
Colombia: Bogotá, Cali, and Palmira. Due to the availability and operation of the sampling
device, observations were limited to a few days, especially in Cali, so the results of this
study are indicative and not generalized to the cities. Nevertheless, this approach provides
insights into a preliminary understanding of aerosol dynamics in urban and suburban
areas in Colombia and contributes to understanding the potential health implications of
PM exposure. We also emphasize that these results can raise the awareness of society and
government, leading to new research studies and highlighting the need for continuously
monitoring of PM number in addition to mass.

2. Materials and Methods
2.1. Measurement Sites

The study of PNC and PNSD was conducted in three Colombian cities: Bogotá, Cali,
and Palmira (Figure 1). These cities were strategically selected due to their geographic,
demographic, and environmental characteristics, making them key points for evaluating air
quality in the national context. Additionally, due to the diversity of emission sources, Cali
and Palmira are particularly affected by agro-industry emissions, along with traditional
sources such as traffic, while Bogotá is mainly influenced by traffic emissions. PM2.5

concentration data were collected from the air quality monitoring networks.
In Bogotá, measurements were taken at two points of the Air Quality Network:

Las Ferias (Lat: 4.690700◦; Long: −74.082483◦) and San Cristóbal (Lat: 4.572553◦; Long:
−74.083814◦). In both campaigns, the sampler inlet was positioned 4.6 m above ground
level. Las Ferias (FER) is an urban traffic station located in the geographic center of the city.
San Cristóbal (SCR) is a background station located in a park in the southeastern part of the
city, surrounded by vegetation and a secondary traffic route. In Palmira, the campaign was
conducted at the National University of Colombia campus in an administrative building at
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an altitude of approximately 27 m (Lat: 3.512294◦, Long: −76.307611◦), a suburban area
in the Cauca River valley, southwest of the country, located 27 km northeast of Cali. This
monitoring point is influenced by various air pollution sources, including agro-industry
and vehicle emissions. In Cali, measurements were carried out at the Universidad del Valle,
Meléndez campus (Lat: 3.375000◦; Long: −76.534444◦), specifically on the rooftop of the
CibioFi building, approximately 25 m above ground level. The campus is located in the
south-central part of the city, surrounded by major and busy roads connecting the north
and south of Cali. It is important to clarify that the different heights used in this study were
determined primarily by logistical and security constraints specific to each monitoring site.
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Figure 1. Geographic location of Colombia and monitoring points in Bogotá, Palmira, and Cali.

Table 1 presents some characteristics of each site and monitoring period for each
campaign. The difference in monitoring periods between 2017 and 2023 is due to the avail-
ability of the ELPI+ equipment and funding opportunities. On numerous occasions, during
sampling, the ELPI+ was out of operation due to vacuum pump failure. Furthermore, the
time elapsed between the Palmira and Cali campaigns was partly a consequence of the
COVID-19 pandemic, which spanned from 2020 to 2022.

In Bogotá, the Ferias (FER) station (Urban Traffic) [35] and the San Cristóbal (SCR) [36]
station (Urban Background) recorded average PM2.5 concentrations of approximately
13 µg m−3 during the study period of each site. In Palmira (PAL), classified as Urban–
Industrial, the average concentration was around 20 µg m−3 [37]. In Cali (CAL), an Urban
Background site, PM2.5 concentrations reached 14 µg m−3 [38]. PM2.5 concentrations were
taken from the air quality monitoring network in each city.
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Table 1. General information on monitoring campaigns.

City—
Monitoring

Location

Population
(Millions of
Inhabitants)

Temperature a

(◦C)
Precipitation b

(mm) PM2.5
c (µg m−3) Zone Classification Dates

Bogotá—Ferias
(FER) 7.9 13.1 797 13 (FER)—13

(SCR)
Urban Traffic 23/6/2017–

5/7/2017
Bogotá—San

Cristóbal (SCR) Urban Background 27/9/2017–
10/10/2017

Palmira (PAL) 0.35 23.5 894 20 Urban–Industrial 14/8/2018–
16/9/2018

Cali (CAL) 2.3 23.9 1483 14 Urban Background 25/3/2023–
29/3/2023

a Average air temperature in each city, b accumulated annual precipitation in each city, c average of PM2.5 for the
study period at Bogotás’s site, and annual average of PM2.5 at Palmira and Cali.

2.2. Measurement and Instrumentation

PNC and PSD were determined using an ELPI+ device [39]. The ELPI+ instrument
is based on a unipolar particle charger, a cascade impactor with 15 stages—14 stages
that classify particle size and an additional filter stage—and electrometers to measure the
collected particles on each stage [40].

The aerosol passes through a unipolar diffusion chamber based on a needle-type
corona discharge. The discharge generates a positive voltage (3.5 kV) and a constant
current of 1 µA to achieve stable charging conditions for the aerosol particles passing
through it. In the next stage, the remaining ions from the corona discharge are removed
from the flow using an ion trap. In the ion trap, particles pass through two concentric cones
with a potential difference of 20 V, resulting in an electric field that removes ions from the
flow [40].

The cascade impactor classifies and captures particles according to their aerodynamic
diameter, from 0.006 to 0.054 µm (ultrafine particles, UFPs, Stages 1–4), 0.09 to 2.5 µm (fine
particles, FPs, Stages 5–12), and 2.5 to 10 µm (coarse particles, CPs, Stages 13–14) [41]. Stage
14 has a cutoff diameter of 10 µm (pre-separator for coarse particles), while the subsequent
stages have progressively smaller cutoff diameters (for fine and ultrafine particles), reaching
17 nm in Stage 2 [42]. Järvinen et al. [40] present the collection efficiencies of the cascade
impactor stages of the ELPI+, as well as the charging efficiency of the corona charger in the
size range of 0.01 to 10 µm.

The 13 impactor stages and the filter stage are separated by electrical insulators and
connected to a multichannel electrometer. The unipolar charged particles deposited on
the impactor stages are detected by measuring the electrical current of each stage. The
final stage is the filter that collects particles small enough to evade collection by impact in
the preceding stages. The downstream pressure is measured and can be adjusted to the
manufacturer-specified value of 40 mbar using a control valve located between the filter
stage and the external vacuum connection. For the analysis, the factory-provided impactor
properties for the ELPI+ were used as initial values, including a flow rate of 10 L/min, a
density of 1 g/cm3, and a dilution factor of 1 [40]. Additionally, the equipment is equipped
with a vacuum pump that facilitates the aspiration of the sampled air, allowing it to flow
through the instrument.

Once the charge detected by the ELPI+ electrometer is obtained for each stage, it
is multiplied by the conversion vectors presented in Table 2. The result allows for the
calculation of the number, diameter, area, volume, and mass of particles in each ELPI+ stage.

At the beginning of the campaigns in Bogotá, the ELPI+ device was compared against
a reference Scanning Mobility Particle Sizer (SMPS) to assess measurement uncertainty. The
comparison indicated that the ELPI+ tends to overestimate particle number concentrations
(PNCs) when Stage 1 is included, while better agreement was observed when excluding it.
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Specifically, the relative root mean square error (rms) between the PNC measured by the
ELPI+ (excluding Stage 1) and the SMPS was 414.3 cm−3 [43].

Table 2. Conversion vectors used to calculate current, number, diameter, area, volume, and mass
from the charge detected by the electrometer in each ELPI+ stage.

Conversion Vectors 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Cutting diameter Di (µm) 0.01 0.023 0.038 0.071 0.11 0.20 0.31 0.48 0.76 1.23 1.95 3.10 5.18 8.16
Aerodynamic Diameter

D 50% (µm) 0.006 0.017 0.03 0.06 0.108 0.17 0.26 0.4 0.64 1 1.6 2.5 4.4 6.8

Current dI/dlogDp [fA] 2.28 4.51 3.31 4.435 4.47 4.35 6.13 4.86 5.28 4.43 5.68 4.49 4.49 5.84
Number dN/dlogDp [1/cm3] 476.81 345.44 114.50 68.74 34.99 17.11 13.24 6.00 3.57 1.59 1.11 0.48 0.24 0.17

Diameter dD/dlogDp [µm/cm3] 4.74 7.36 4.46 4.91 4.19 3.45 4.20 2.91 2.73 1.96 2.17 1.48 1.26 1.41
Area dA/dlogDp [µm2/cm3] 0.15 0.49 0.55 1.10 1.58 2.19 4.19 4.44 6.56 7.61 13.37 14.42 20.44 36.20

Volume dV/dlogDp [µm3/cm3] 0.00 0.00 0.00 0.01 0.03 0.07 0.22 0.36 0.84 1.56 4.37 7.46 17.66 49.23
Mass dM/dlogDp [mg/m3] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.05

Current I [fA] 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Number N [1/cm3] 209.48 76.63 34.56 15.50 7.83 3.93 2.16 1.23 0.68 0.36 0.20 0.11 0.05 0.03

Diameter D [µm/cm3] 2.08 1.63 1.35 1.11 0.94 0.79 0.69 0.60 0.52 0.44 0.38 0.33 0.28 0.24
Area A [µm2/cm3] 0.07 0.11 0.16 0.25 0.35 0.50 0.68 0.91 1.24 1.72 2.35 3.22 4.56 6.20

Volume V [µm3/cm3] 0.00 0.00 0.00 0.00 0.01 0.02 0.04 0.07 0.16 0.35 0.77 1.66 3.94 8.43
Mass M [mg/m3] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Source: Dekati 2011 [39].

Meteorological data for Bogotá were obtained from the official Bogotá air quality
monitoring network, which systematically records atmospheric variables relevant to air
quality and meteorological assessments. For the municipality of Palmira, meteorological
measurements were sourced from the Universidad Nacional de Colombia, specifically from
a monitoring site established and operated by the institution, where data collection began
approximately one year prior to the start of the study period. In the case of Cali, meteo-
rological data were provided by the Sistema de Vigilancia de la Calidad del Aire de Cali,
managed by the Departamento Administrativo de Gestión del Medio Ambiente (DAGMA).
Since these data are not publicly available, a formal request was submitted. In response,
the data corresponding to a single monitoring station, operated by the Universidad del
Valle (Univalle), were made available and subsequently used for the analysis.

The data were processed in hourly averages according to the monitoring periods of
each campaign for subsequent correlation analysis.

2.3. Calculation of the Deposited Fraction in the Respiratory Tract

The LDSA concentration was determined based on the measured deposition efficiency
for the tracheobronchial, alveolar, and head airways regions of the respiratory system.
However, in this study, LDSA was specifically calculated for the alveolar region, while
deposition efficiencies for the other regions of the respiratory system are presented in
the Supplementary Information (Figure S1). For this purpose, we used Equation (1),
recommended by Mateus-Fontecha [43], who adopted the alveolar deposition efficiency as
a function of particle size, based on the dosimetric model of the International Commission
on Radiological Protection—ICRP [44]. The calculation of LDSA requires the measurement
of the entire PNSD followed by a summation of the surface area (S) of particles in each size
stage, weighted by the lung deposition efficiency (η).

LDSA = S × η (1)

In this study, the alveolar deposition efficiency was determined by interpolation, using
the geometric mean cutoff diameter of each ELPI+ stage (Table 2). This interpolation was
based on the lung deposition function for the alveolar–interstitial region, described by the
ICRP [44].
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The surface area assumes that particles are spherical and can therefore be estimated
using Equation (2), where the surface area of each stage (Sn) is equal to the number of
particles (N) multiplied by the geometric mean (Dia) of each stage (n) of the ELPI+. The
hourly variability of the particle surface area was calculated using Equation (3), which
indicates the sum of the surface area (St) from Stages 2 to 14 of the ELPI+.

Sn =
[

N ∗
(

D2
ia

)
∗ π]n

(
µm2/cm3

)
(2)

St =
[

N ∗
(

D2
ia

)
∗ π]n = ∑n=14

n=2 (S)hourly

(
µm2/cm3

)
(3)

Additionally, the normal distribution of the data was calculated with the Shapiro–Wilk
test to indicate whether the distribution of the data was nonparametric [45]. Also, the
Spearman correlation coefficient was selected, according to the data distribution, to assess
the relationship between meteorological parameters and PNCs.

3. Results
This section presents the descriptive results for PNC and PSD for the three cities

(Bogotá, Palmira, and Cali), along with the influence of meteorological parameters. It is
important to note that the results are indicative and not generalized for the cities due to the
low number of observations, and they are not comparable given the different monitoring
periods between cities.

3.1. Particle Number Concentrations (PNCs)

Figure 2 presents the descriptive statistics of three particle classifications in the four
sites: UFPs, FPs, and CPs. In general, San Cristóbal, Palmira, and Cali recorded higher
average concentrations of UFPs, with Cali being around three times higher (28,399 cm−3)
than San Cristóbal (8901 cm−3) and higher than Palmira (18,180 cm−3). Las Ferias had the
lowest UFP values (7845 cm−3). The largest concentrations of UFPs at the Cali sampling
point, an urban background site, might be due to the immediate surroundings including
major avenues, parking lots, and industrial activities.
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Figure 2. Descriptive statistics of PNC in Las Ferias (FER) sampling 23/6/2017–5/7/2017, San
Cristóbal (SCR) sampling 27/9/2017–10/10/2017, Palmira (PAL) sampling 14/8/2018–16/9/2018,
and Cali (CAL) sampling 25/3/2023–29/3/2023. The red dots are the maximum values, the blue dots
are the mean values, and the black dots are the minimum values.

The FP concentrations exhibit moderate variability among the four monitoring zones,
ranging from 1678 cm−3 in Palmira to 2421 cm−3 in San Cristóbal. Despite these differences,
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the relatively narrow range suggests that common emission sources, such as mobile and
stationary activities, may contribute significantly to FP levels. FPs are primarily formed by
the growth of UFPs through heterogeneous condensation, as well as through agglomeration
and coagulation processes. On the other hand, CPs show relatively constant and low
concentrations in all sites, suggesting that their primary source could be dust resuspension.
The sampling site in Palmira records the highest concentrations, 40 times higher than the
average values reported in Bogotá and Cali. Palmira is recognized as a major agricultural
hub of Colombia [46], and 72% of its land is used for agriculture [47]. The farming of
sugarcane stands out, which requires constant burning of residual material. Both ash and
resuspended dust associated with farming and biomass burning activities could explain
the high values of coarse particles in this municipality.

Figure 3 shows the diel cycle of UFPs at the four monitoring sites. In Las Ferias, San
Cristóbal, and Cali, the influence of traffic is visible in the morning peak of UFPs, but in
Cali, the PNC (51,836 cm−3) is much higher than that in Las Ferias (12,997 cm−3) and San
Cristóbal (25,665 cm−3). In Las Ferias, PNC levels remain relatively stable throughout
the day, with minor fluctuations and a maximum value in the morning. In contrast, San
Cristóbal exhibits a bimodal pattern, with two pronounced peaks occurring in the morning
and the afternoon. Palmira also displays a bimodal pattern, but with the highest peak
around midnight, which could be influenced by agricultural burning practices that take
place at night. Cali shows the highest PNC values among the four sites, explained by the
surrounding emission sources, as previously mentioned.
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3.2. Particle Number Size and Mass Distributions

The particle number size distribution (PNSD) and particle mass size distribution
(PMSD) across the four locations reveal distinct patterns (Figure 4). At all sites, the PNSD
exhibits a sharp peak at small diameters (<0.025 µm), indicating a dominance of ultrafine
particles, which are typically linked to combustion sources such as vehicle traffic and in-
dustrial emissions. Ferias and San Cristóbal show secondary peaks around 0.100–0.250 µm,
suggesting contributions from particle growth and atmospheric aging. Cali and Palmira
show higher concentrations (>30,000 cm−3) compared to Bogotá (<15,000 cm−3). This
suggests the presence of more nucleation and gas condensation precursors in Cali and
Palmira, probably related to a warmer environment. In Bogotá, the Aitken accumulation
mode (30 to 100 nm), which consists of particles formed from the nucleation mode and
additional precursors associated with combustion, is notable, showing a bimodal distri-
bution. In Palmira, this mode is less pronounced, while it is absent in Cali, resulting in a
unimodal distribution.

Regarding the particle mass size distribution (PMSD), San Cristobal shows several
peaks associated with the accumulation (30 to 300 nm) and the coarse modes (>300 nm) but
with relatively low concentrations (<0.03 mg m−3). These peaks might be associated with
combustion sources, secondary formation, and dust resuspended by vehicles. In Las Ferias,
the mass distribution is also bimodal, with the accumulation mode and coarse particles
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showing higher concentrations (<0.175 mg m−3) than San Cristobal due to larger traffic
volumes. In Cali, coarse particles reach 0.5 mg m−3, associated with dust, and in Palmira,
the largest mass distribution is observed (up to 8 mg/m3) related to particulate generation
during agricultural fires and biomass burning.
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As expected, the PNSD was dominated by UFPs, while the PMSD was dominated by
CPs (Table 3). However, in San Cristóbal, FPs constitute 82% of the PMSD. In Palmira, 85%
of the PNSD belong to the UFP category, with Stage 1 exhibiting the maximum normalized
particle number concentration (32,622 cm−3). Regarding fine particles, approximately
9275 cm−3 were found (Stages 5–12 of the ELPI+). The high proportion of UFPs suggests a
distinctive characteristic of Palmira, which coincides with the trends observed in Cali. It
can be inferred that both cities face similar challenges in terms of air pollution from UFPs,
indicating a significantly polluted environment. In Cali, UFPs constitute 89% of the PNSD.
According to the statistical analysis, the sum concentrations of UFPs and FPs were 78,504
and 9709 cm−3, respectively, with no significant percentage of coarse particles (PM2.5–10).

Table 3. Distribution of particle size fractions (UFPs, FPs, CPs) for PMSD and PNSD across different
locations.

Particle Size
Ferias San Cristóbal Palmira Cali

PMSD PNSD PMSD PNSD PMSD PNSD PMSD PNSD
UFPs 0.17% 73% 0.46% 74% 0.01% 85% 0.16% 89%
FPs 21% 27% 82% 26% 6% 15% 27% 11%
CPs 78% 0% 17% 0% 94% 0.12% 73% 0.01%

3.3. Twenty-Four-Hour PNSD Variation

Figure 5 illustrates the hourly variation in PNSD across the four different locations.
Distinct diurnal patterns are evident in each location, with notable peaks observed at smaller
aerodynamic diameters (<0.1 µm) during the early morning (four sites) and late afternoon
(Cali), possibly due to traffic emissions. Ferias shows a maximum peak for particles with
aerodynamic diameters around 0.1 µm. San Cristóbal exhibits a bimodal configuration,
with higher particle concentrations at aerodynamic diameters below 0.025 µm and around
0.1 µm, primarily between 6:00 and 8:00.
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The PNSD in Palmira and Cali shows a pronounced peak in the Aitken-mode region
(30 to 110 nm). Larger particles show lower concentrations. Cali shows higher concentra-
tions across all particle sizes with a peak of 5 × 104 cm−3 at Dp < 0.025 µm after midday.
Palmira, on the other hand, has lower values (3 × 104 cm−3) with a peak at Dp < 0.025 µm
between 6:00 and 9:00. As mentioned earlier, the presence of higher concentrations of
precursors for particle condensation and coagulation processes in Cali can be inferred.

3.4. Correlation of Particle Number Concentration with Meteorological Variables

Bivariate polar concentration plots were used to relate wind speed and direction
measured during the campaigns with the total particle concentration (Figure 6). This
technique was used to determine the location of possible sources of these particles. The
highest UFP concentration in Cali (>25,000 cm−3) was related to low wind speeds (<1.5 m/s)
from the east, where the municipalities of Yumbo and Palmira are located. These are
well known for their industrial and agro-industrial activities, respectively. In the other
monitoring sites, the UFPs showed concentrations > 15,000 cm−3, where higher wind speeds
(>4 m/s) and varying wind directions were observed. In San Cristobal, UFPs primarily
originate from the north and west, with wind speeds ranging between 2 and 4 m/s.
Regarding FPs, the three sites exhibit similar wind direction patterns to those of UFPs.
However, it is noteworthy that Las Ferias shows higher FP concentrations compared to the
other sites, although San Cristóbal also shows elevated FP concentrations (>6000 cm−3),
predominantly from the north and, to a lesser extent, from the west.

For CPs, PNCs are consistently lower (<500 cm−3) across the four sites, indicating
that CPs come from local sources. In Palmira, CPs primarily originate from the northwest,
which corresponds to the location of nearby crop fields. In San Cristobal, CPs are mainly
transported from the east–southeast direction, where a major secondary road is located. This
suggests that resuspension of particulate matter due to vehicle traffic may be contributing
to the observed CP concentrations.

The Spearman correlation plot (Figure 7) shows the relationship between meteorologi-
cal variables (temperature, relative humidity (RH), rain, wind speed, and wind direction)
and the concentrations of UFPs, FPs, and coarse particles. In Palmira and Cali, there is a
positive correlation between temperature and UFPs and an inverse correlation between
RH and UFPs. The Las Ferias site did not experience rain during the monitoring period,
so no correlation value is presented. Wind speed shows moderate negative correlations
with particles in general, indicating that higher speeds favor the dispersion of pollutants.
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However, the increase in particle concentration is mainly associated with wind direction,
as winds from the west–south and north quadrants increase PNC.
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Coarse particles show weaker correlations with meteorological variables in Las Ferias,
San Cristobal, and Cali, which may reflect their predominant origin in local resuspension
processes. This analysis highlights how meteorological conditions influence the concen-
trations of particles of different sizes in each station, with Cali showing the most marked
relationships between temperature and UFPs. Nevertheless, in Palmira, CPs show high
correlation with temperature (−0.74), relative humidity (0.78), and wind speed (0.57).

3.5. LDSA—Respiratory Deposition

In all cities (Figure 8), the aerodynamic diameter range between 0.071 and 0.310 µm
dominates the LDSA distribution, suggesting that FPs have a significant influence on lung
deposition with a contribution of 82.4% (Ferias), 90.2% (San Cristóbal), 73.6% (Cali), and
67.5% (Palmira), greater than UFPs (7.5–14.3%, respectively, Palmira and Cali) and CPs
(0.6–25%, respectively, San Cristóbal and Palmira). The cities of Palmira and Cali show the
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highest LDSA values (>80 µm2/cm3), followed by San Cristóbal and Las Ferias (between
50 and 80 µm2/cm3). The observed differences may be attributed to variations in local
emission sources (vehicular traffic, industry, and combustion), as well as meteorological
factors. Figure S2 shows the variation in the Lung-Deposited Surface Area (LDSA) distribu-
tion as a function of aerodynamic diameter for the median values corresponding to ET1,
ET2, BB, bb, and AI, in the three cities.
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In Bogotá, the distribution at the Las Ferias station shows a more moderate peak in
the same aerodynamic diameter range (0.071 and 0.310 µm) but with maximum values
not exceeding 50 µm2/cm3. This result reflects a lower intensity of particles in this range
compared to Palmira and Cali, possibly due to differences in emission sources or the urban
configuration of the area.

In Palmira, the LDSA distribution shows a bimodal behavior, with the first peak in
the aerodynamic diameter range between 0.071 and 0.310 µm, reaching values close to
80 µm2/cm3. The second peak is related to aerodynamic diameters greater than 3.10 µm.
This finding suggests that particles in this size range are predominant in the city and may
have a higher capacity for deposition in the respiratory tract. In Cali, the distribution shows
a bimodal pattern, with the first peak in the aerodynamic diameter range at 0.310 µm and
the second at 3.102 µm. The highest peak in the graph indicates that particles with an
aerodynamic diameter close to 0.3 µm contribute the most to the surface area deposited in
the lungs. Although the second peak represents a relevant contribution, larger particles
may not reach the alveolar regions, and their interaction may impact the upper respiratory
tract due to the particle size (between 3.10 and 8.16 µm).

3.6. Hourly LDSA Size Distribution in Three Colombian Cities

The results highlight the spatial and temporal variability of LDSA distributions among
the studied cities. FPs (0.1 to 0.3 µm) are the main contributors to LDSA in all three cities,
with differences in magnitude and predominant sources. Additionally, the highest peaks
were observed in Ferias, San Cristóbal, and Palmira in the morning hours (between 5:00
and 9:00), with secondary peaks occurring mainly in the afternoon–evening hours (15:00 to
21:00) (Figure 9). Bogotá (San Cristóbal) recorded the highest LDSA levels, approaching
225 µm2/cm3 in the range between 0.1 and 0.5 µm.
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Bogotá and Palmira show similar FP patterns, with higher peaks in the morning
and evening rush hours. The higher morning rush hour peak could be attributed to a
combination of reduced atmospheric mixing due to lower boundary layer heights, along
with increased emissions from on-road vehicles and local sources concentrated during
early commuting hours. Nonetheless, Palmira shows the highest peak with CPs, reaching
concentrations of 1200 µm2/cm3. In Cali, greater fluctuations are observed throughout the
day, possibly due to a combination of more diversified sources.

4. Discussion
This study analyzes the spatial and temporal variability of UFP, FP, CP, and LDSA

concentrations across four sampling sites. The preliminary results reveal distinct diurnal
cycles and size distribution patterns shaped by local meteorology, emission sources, and
atmospheric processes. The discussion explores the factors driving these variations, com-
pares the findings with previous studies, and assesses the potential health risks of elevated
UFP and LDSA levels in urban environments.

The elevated UFP values observed in Cali might be due to the presence of nucleation
or homogeneous condensation precursors, such as sulfur compounds from fossil fuels and
biogenic and anthropogenic VOCs generated by transport, commercial, and residential
sectors. Kwon et al. [48] identified diesel exhaust as a major source of UFP emissions,
highlighting that sulfuric acid derived from sulfur oxidation during combustion promotes
nucleation and increases UFP counts. The authors also noted that road transport, industrial
processes, residential and commercial activities, and agricultural sources account for 69%
of total UFP emissions in urban areas across the European Union. In Palmira, the high
UFP concentrations could be linked to agro-industrial emissions and the application of
fertilizers on crops surrounding the monitoring station. Kammer et al. [49] observed the
formation of new particles at a periurban agricultural site during nights with elevated NO2

concentrations. They suggested that two processes could drive nocturnal UFP formation:
(i) the conversion of NH4NO3 from the gas phase to the particulate phase and (ii) the
condensation of gases from VOC oxidation by NO3 radicals, which are influenced by
NO2 levels.

CP levels in Palmira are likely associated with sugarcane agriculture. Dattamudi
et al. [50] in Louisiana and Le Blond et al. [51] in Brazil and Ecuador reported that sugarcane
field burning is a significant source of CP emissions. Le Blond et al. [51] specifically
found that CP levels reached 1807 µg m−3 (median concentration) during pre-harvest
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burning. These findings suggest that the elevated CP levels observed in Palmira could
be attributed to both direct emissions from biomass burning and the resuspension of ash
during harvesting, highlighting the substantial impact of agricultural practices on local air
quality. UFP pollution originates from both natural sources, such as biological particles,
and anthropogenic sources, including suspended vehicular dust, vehicular traffic, and
industrial emissions [32]. Kwon et al. [48] and Li et al. [52] confirmed that vehicular traffic
remains the primary source of UFP emissions, while Al-Dabbous and Kumar [53] attributed
73% of UFPs to traffic emissions and 9% to industrial sources. UFP concentrations also tend
to increase with population density. Kumar et al. [54] reported UFP concentrations ranging
from 8020 cm−3 in Los Condes (Chile) to an extreme 3 × 105 cm−3 in New Delhi (India) and
links the high levels to urban growth and expanding road traffic. The average UFP levels
in this study range between 7800 in Bogotá—Las Ferias and 28,400 cm−3 in Cali. Bogota’s
urban characteristics are similar to Santiago, which is reflected in UFP levels as well as in
annual average PM2.5 concentrations, namely 16 µg m−3 in Bogotá and 22 µg m−3 in Chile.
Industrial and agro-industrial activities, which emit gases that can increase secondary
particle formation, may explain the higher UFP levels measured in Cali and Palmira.

In Cali and Palmira, increased UFP levels around midday coincide with peak solar
radiation and temperature, suggesting that nucleation or homogeneous condensation
processes involving VOCs from traffic, agriculture, industry, and biogenic emissions may
be taking place. This supports Ahlm et al. [55], who reported that UFPs, primarily organic
(77%), tend to peak in the afternoon due to new particle formation influenced by sunlight
and reactive gases such as OH, O3, SO2, and VOCs. Similar patterns were reported by
Vratolis et al. [56] in Greece and Giemsa et al. [57] in Germany, where UFP concentrations
peaked during morning and afternoon hours, primarily due to vehicular traffic. Giemsa
et al. [57] recorded UFP values exceeding 10,000 cm−3 in Augsburg, Germany, with peaks
surpassing 20,000 cm−3 at traffic monitoring stations, whereas values above 20,000 cm−3

were only observed in Cali in this study. In Palmira and San Cristóbal, UFP PNCs did not
exceed 8000 cm−3, and in Las Ferias, they remained below 4000 cm−3.

In Bogotá, PNCs were lower in Las Ferias compared to in San Cristóbal. The city’s
annual air quality report indicates that PM levels are typically lower from June to Au-
gust, when higher wind speeds enhance atmospheric dispersion, and levels increase from
September to November. At San Cristóbal, PM2.5 concentrations rose by 2 µg m−3 com-
pared to the previous year, with a trend of increasing values from February to March, a
decline in June–July, and another rise toward November. This station uniquely shows a
persistent upward trend, likely linked to changes in wind patterns that hinder pollutant
dispersion and to the role of VOCs in tropospheric ozone formation [58]. Blanco [41] and
Mateus-Fontecha [43] characterized the number and size of particles present in the air at
two air quality stations: San Cristóbal as an urban background station and Las Ferias as a
traffic station, using an ELPI+. Both authors found that Aitken- and accumulation-mode
particles predominate in the city, with a unimodal distribution in Las Ferias and a bimodal
distribution in San Cristobal. These results suggest that vehicular sources and condensation
processes play an important role in particle formation in Bogotá. Ning and Sioutas [59]
explained that vehicle engines emit a complex mixture of gas vapors and particulate mat-
ter, where nucleation and condensation are key processes driving particle formation and
growth. Hot exhaust gases cool rapidly during dilution, leading to the supersaturation
of low-volatility compounds and subsequent particle formation through nucleation or
condensation onto pre-existing particles.

Wang et al. [60] reported that combustion contributes to over 80% of PM1 formation,
SO2 contributes to more than 50% of PM1–2.5 formation, and road dust accounts for 85% of
PM2.5–10 formation. Consistent with this, Franco et al. [61] found that UFPs made up over



Atmosphere 2025, 16, 558 15 of 20

80% of particulate matter in a study conducted in Medellín, Colombia, with an average
concentration of 4603 cm−3. The high concentration of UFPs (Dp > 0.027 µm), which rapidly
decreases for larger diameters, reflects new particle formation through nucleation. Similar
bimodal patterns have been reported by Wang et al. [60] in New York, with morning peaks
corresponding to traffic and afternoon peaks reflecting frequent nucleation events.

The diurnal behavior observed in this study reflects traffic-driven patterns reported
by Fung et al. [62], Lepistö et al. [20], and Liu et al. [21], where morning and evening
peaks are linked to traffic emissions. Morning and evening peaks have been consistently
recorded in high-traffic environments such as Street Canyon, where Lepistö et al. [20]
reported LDSA values of 37.2 µm2/cm3, and Liu et al. [21] observed values between 60 and
120 µm2/cm3. In Bogotá, Palmira, and Cali, similar patterns emerged, suggesting that
vehicular traffic, industrial emissions, and long-range transport contribute to the observed
UFP levels. Belkacem et al. [63] found that bimodal patterns in urban sectors are directly
influenced by road traffic.

The high LDSA values observed in San Cristóbal (200 µm2/cm3) surpass those
recorded in other urban areas worldwide by a large margin. Reche et al. [64] reported
LDSA concentrations of 37 ± 26 µm2/cm3 in Barcelona, while Kuuluvainen et al. [65]
observed values between 12 µm2/cm3 in park areas and up to 94 µm2/cm3 at traffic sites.
Population density and annual average PM2.5 in Bogotá (16,000 inhab/km2 and 16 µg
m−3) are similar to those in Barcelona (16,000 inhab/km2 and 17 µg m−3). The observed
peaks in LDSA concentrations during working hours and the decline on weekends align
with patterns reported in urban environments. Fung et al. [62], for example, reported
diurnal cycles with peak concentrations at the same hours, reinforcing the influence of
traffic patterns on UFP levels. Nevertheless, the unexpectedly high LDSA levels in San
Cristóbal are worthy of further research. One important factor may be related to the fact
that the San Cristóbal site is located at the base of the Eastern hills of the city, an area with a
higher density of vegetation. Biogenic emissions from this area might create condensation
nuclei for UFP formation.

Although our findings point to traffic-related emissions, as well as agriculture and
industrial activities, as relevant contributors to the observed UFP and LDSA concentrations,
we acknowledge that, based on the short-term measurements, these attributions cannot
be confirmed with certainty. Nevertheless, the spatial patterns observed, such as higher
LDSA and UFP levels near traffic corridors, are consistent with the evidence presented
worldwide. To strengthen source attribution in future research, it would be valuable to
incorporate observations for new particle formation from complementing devices in order
to characterize the physical and chemical characteristics of the aerosols. The inclusion of
tracer species (e.g., black carbon for traffic, potassium for biomass burning, and sulfates for
secondary aerosols) could further improve spatial resolution. Integrating these approaches
with long-term datasets would allow for a more robust understanding of the sources
driving LDSA and UFP exposure in urban environments like Bogotá, Cali, and Palmira.

Influence of Size and LDSA Distribution on Health

LDSA is a key indicator for assessing the respiratory impact of UFPs. In our study,
particles in the 0.177–0.317 µm (FPs) range contributed most to LDSA across all cities
(67.5–90.2%). This is consistent with the findings of Kuuluvainen et al. [65], who reported a
strong correlation between LDSA and PM2.5 mass, but with significant variation depending
on the environment, from 1.8 in suburban areas to 7.2 m2/µg in traffic-influenced sites.
These findings suggest that identical PM2.5 concentrations may lead to markedly different
LDSA exposures depending on particle sources. Similarly, our data show higher LDSA
levels in traffic-impacted zones, even when PM2.5 levels were comparable. Conversely,
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UFPs accounted for a smaller fraction of LDSA (7.5–14.3%) across sites, despite being the
dominant contributors to total PNC. This reflects their limited contribution to surface area
deposition due to their small size. Nevertheless, consistent with the findings from Kwon
et al. [48], systemic health effects linked to PM2.5 exposure may still be often attributable to
the UFP fraction.

Moreover, although our study covered a limited monitoring period, our findings align
with previous epidemiological evidence showing significant health risks associated with
short-term UFP exposure [66,67]. For instance, Bergmann et al. [67] reported increased
risks of COPD mortality (OR = 1.13), asthma-related hospital admissions (OR = 1.08), and
other respiratory and cardiovascular outcomes within short exposure lags of 0–4 days.
These effects were particularly pronounced at UFP concentrations above 5000 cm−3. In
our measurements, UFP levels frequently reached or exceeded this threshold in all sites
of monitoring, highlighting the potential health relevance of even short-term exposure
episodes in urban environments.

Our findings are further supported by Zhang et al. [68], who emphasized that UFPs
and FPs not only penetrate deep into the pulmonary region but also induce systemic
oxidative stress and inflammation through mechanisms involving reactive oxygen species
(ROS) generation and immune cell activation. These effects are amplified by the high LDSA,
which increases the contact surface between inhaled particles and alveolar tissue. Therefore,
even during short-term sampling campaigns, the observed LDSA peaks in urban areas
possibly associated with intense vehicular activity may reflect not only increased exposure
but also enhanced toxicological risk due to particle source, size, and surface reactivity.

Beyond particle size and deposition site, particle composition and source significantly
influence toxicological risk. Chang et al. [69] identified aged traffic emissions and secondary
aerosols as key contributors to LDSA, with concentration peaks at noon and in the evening
linked to photochemical aging and poor dispersion. These periods also showed the highest
excess lifetime cancer risks (ELCRs), up to 4.0 × 10−4. In our study, we observed similar
LDSA levels (20–80 µm2/cm3) during these timeframes, suggesting that even without
chemical speciation, short-term exposure in traffic-impacted environments may imply
comparable health risks.

Despite some logistical limitations, these results represent an important starting point
for future research that integrates simultaneous measurements of particle number, mass,
surface area, and physicochemical characteristics alongside medical data. Notably, this
study provides valuable insight into the cities of Cali and Palmira, urban areas with limited
prior monitoring but increasing growth and environmental pressure, highlighting the need
for continued air quality and health impact assessments in emerging urban settings.

5. Conclusions
The monitoring of particulate matter in Colombia has traditionally focused on the

mass concentration of PM10 and PM2.5. The measurement of parameters such as particle
number concentration and particle size distribution has been limited to research studies.
FPs and UFPs are larger in number than mass and greatly contribute to LDSA across all
sampling sites. In this study, Palmira and Cali, urban centers much smaller than Bogota and
with smaller populations, experience larger values of PNC and PNSD due to anthropogenic
(industrial, agriculture, and traffic) and natural (biogenic VOCs) sources in addition to
a warmer environment. In particular, in Palmira, coarse particles are also significant
(40 times larger than in Cali and Bogotá) due to burning of agricultural residues and dust
resuspension. In Bogotá, the contributions of UFPs and FPs are comparable, suggesting a
contribution from vehicular traffic, one of the most important sources in the city.
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Cali and Palmira have the highest LDSA levels, indicating a greater capacity and risk
of UFPs to deposit in the respiratory tract. San Cristóbal also records high levels, surpassing
Las Ferias. In all cities, UFPs (0.1–0.3 µm) dominate the LDSA distribution, associated with
vehicular traffic and local emissions.

This exploratory work highlights the importance of conducting long-term measurements
with different sampling devices to characterize the physical and chemical properties of
aerosols, understand new particle formation mechanisms, and assess potential health impacts.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/atmos16050558/s1, Figure S1: Deposition fraction curves in
alveolar, bronchiolar and head airways published by (International Commission on Radiological
Protection, 2015). Each curve corresponded to ET1, anterior nasal passage; ET2, posterior nasal
passage, pharynx, and larynx; BB, bronchial; bb, bronchiolar; AI, alveolar interstitial for median
aerodynamic diameter; Figure S2: Variation in LDSA Distribution with Aerodynamic Diameter, to
ET1, ET2, BB, bb, AI, for median aerodynamic diameter. Table S1: Deposition rate by diameter of the
ELPI+ to ET1, ET2, BB, bb, AI. References [44,70–74] are cited in Supplementary File.
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