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Abstract: Black carbon (BC), a component of carbonaceous material, has an important role in the
environment, and it is considered a short-lived climate forcer that plays a vital role in the global
climate system. BC concentrations were analyzed during 2017 in two sites in Mexico, Juriquilla
and Altzomoni, which have different emission sources and atmospheric dynamics. The annual
average BC concentrations in 2017 were 0.84 ± 0.70 and 0.58 ± 0.37 µg m−3 for Juriquilla and
Altzomoni, respectively. The principal contributors for the highest BC concentration in Juriquilla
were anthropogenic sources, while pollutants transport from nearby cities was more important for
Altzomoni. Comparison between this analysis and previous reports from 2015 for both sampling
sites demonstrated an increase in BC concentration. Results of this study could contribute to a better
understanding of BC effects under different emission conditions and provide a scientific reference for
developing BC reduction strategies over Mexico.

Keywords: black carbon; air pollution; aerosol particles; Juriquilla; Altzomoni; photoacoustic
extinctometer

1. Introduction

Black carbon (BC) is a component of carbonaceous material produced by emissions
from anthropogenic combustion sources, including industrial emissions, road transport
(fossil fuels such as gasoline and diesel), electricity generating units, other power production
sources, domestic heating and biomass burning (wood and crop residues) [1–4]. It is
distinguishable from other carbon materials contained in atmospheric aerosol because
of the following physical properties: (a) it strongly absorbs visible light at all visible
wavelengths (the ability to retain and transform solar radiation into heat); (b) it is refractory
(vaporization temperature near 4000 K); (c) it is insoluble in water, organic solvents and
other components of atmospheric aerosol; and (d) it exists as an aggregate of tiny carbon
spherules [5–7].

It is considered a short-lived climate forcer (atmospheric lifetime of 4–12 days) that
plays a vital role in the global climate system because it influences cloud processes (acts
as cloud condensation nuclei), atmospheric heating and climate change and alters the
melting of snow and ice cover [7–10]. Bond et al. [5], in an extensive study about the role
of BC in climate change, concluded that this carbonaceous material is the second most
important agent of global warming after CO2, contributing to global warming with 55
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percent of carbon dioxide’s impact, more than any of the other greenhouse gases (GHG),
including methane.

BC also causes negative effects on human health because it is a component of fine
particles. BC can be inhaled into human bodies in long- or short-term exposure, leading
to a significant increase in the development of cardiovascular and respiratory diseases
and premature mortality. Nonetheless, the individual health effects of BC are not yet
well understood, and the health impact has generally been associated with the health
effects linked to particulate matter with a size less than 2.5 µm (PM2.5) [1,7,11]. The health
effects associated with BC include sub-clinical effects (ventricular repolarization, heart
rate variability, endothelial dysfunction, blood markers of inflammation and changes in
blood pressure and total plasma homocysteine) and clinical effects (arrhythmia, respiratory
symptoms, chronic and acute cases of asthma and other disorders), increasing in severity
from lung cancer and cardiovascular problems to premature deaths [4,7].

The emissions of BC are increasing worldwide, probably as a result of industrialization
as well as rapid and disorderly urban and economic growth in conjunction with the lack
of programs to prevent environmental pollution, contributing to climate change and the
accumulation of risks to health and well-being of the population [12,13]. According to the
latest National Greenhouse Gas Inventory 1990–2015, Mexico emitted 131.56 Gg of BC in
2015 [14]. Emissions were generated mainly from the energy sector (burning fossil fuels,
manufacturing and construction industries, transport, and fugitive emissions from the fuel
manufacturing), which contributed 125.97 Gg of BC (95.75%) of the total. These potential
effects led Mexico, in 2009, to adopt its first Special Program on Climate Change—Programa
Especial de Cambio Climático (PECC)—which sets Mexico’s long-term climate change
agenda, together with medium-term goals for adaptation and mitigation. Furthermore,
in April 2012, the Mexican Congress unanimously approved the General Law on Climate
Change (LGCC in Spanish), resulting in creating institutions and effective instruments for
GHG and particle emissions. In addition, Mexico has pledged to unconditionally reduce
25% of its greenhouse gases and short-lived climate pollutants emissions by 2030. This
commitment implies a reduction of 22% of GHG and a reduction of 51% of BC (COP21
Conference of the Parties, United Nations Framework Convention on Climate Change).

Several studies in Mexico have quantified BC concentrations, but most of them were
carried out in Mexico City’s Metropolitan Area [15–18]. A limited number were conducted
in other cities, such as Mezquital Valley, Hidalgo [2005 Campaign] [19]; Ciudad Juarez,
Chihuahua [Campaign 2008] [20]; Guadalajara [2008 Campaign] [21]; Tijuana [Cal–Mex
2010 Campaign] [22,23]; Altzomoni, Estado de México; Juriquilla, Queretaro and Monterrey
[2015 Campaign] [18]. All studies provided data for the assessment of BC impacts on air
quality and contributed to the evaluation of emission inventories, policies, and public
actions to reduce emissions. Nevertheless, these studies were focused on short periods. In
contrast, the study carried out by Peralta et al. [18] allowed us to establish a baseline to
determine the variability of BC through time in four sites in Mexico.

The present work aims at monitoring the BC concentrations in two sites of Mexico
during 2017, Juriquilla (semi-urban site) and Altzomoni (high-altitude site), and compares
the data with the results from Peralta et al. [18] from 2015 in order to assess the changes in
BC concentration between these two years.

2. Materials and Methods
2.1. Sampling Site

BC data were obtained at Juriquilla (JQRO) and Altzomoni (ALTZ) from January 2017
to December 2017. Both sites are part of the University Network of Atmospheric Obser-
vatories (RUOA, Spanish acronym) of the Universidad Nacional Autónoma de México
(UNAM). BC data were collected.

JQRO is in the northwest of Santiago de Queretaro within the UNAM campus on
the roof of a two-story building (20◦42′ N, 100◦26′ W) and 1945 m above mean sea level
(Figure 1). JQRO is a semi-urban site characterized by academic buildings interspersed
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with vegetation and surrounded by residential and commercial areas, and it is adjacent to
a highway with mixed traffic [24]. Juriquilla is located north of the Metropolitan Area of
Queretaro [25].
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Figure 1. National Park (ALTZ) and semi-urban (JQRO) sites.

ALTZ is located approximately 60 km southeast of the center of Mexico City, 70 km north-
east of Cuernavaca and 50 km west of Puebla with coordinates (19◦07′ N, 98◦39′ W) at 3985 m
above mean sea level (Figure 1) [26]. The observatory is on the slopes of the Iztaccihuatl
volcano, within the Izta-Popo Zoquiapan National Park. ALTZ is a site with vegetation
mainly represented by coniferous and oak forests, pastures, and induced vegetation [27].
In addition, ALTZ is close to Popocatepetl, a volcano active since 1997 [28].

Both sites monitor meteorological parameters such as wind speed and direction, tem-
perature, relative humidity, precipitation, and radiation (www.ruoa.unam.mx; accessed on
22 October 2021).

2.2. BC Measurements

BC concentrations were measured in real time using a photoacoustic extinctome-
ter (PAX, Droplet Measurement Technologies, Longmont, CO, USA) with a flow rate of
1 L min−1. PAX uses a modulated diode laser (1500 Hz) to simultaneously measure in situ
light absorption (Babs) and scattering (Bscat) of aerosol particles. The Babs was measured
using a small microphone (photoacoustic sensor) to detect the perturbations induced by
the heating of the light-absorbing particles to quantify the absorption coefficient, and
the Bscat was measured with a nephelometer; both measurements were performed at
870 nm [17,18,29]. The PAX was calibrated before and after the campaign according to
the method recommended by Droplet Measurement Technologies using ammonium sul-
fate particles and soot particles at high concentrations [30,31], following the procedure
in the PAX Operator Manual. A value of the mass absorption efficiency (MAE) equal to
4.74 m2 g−1 was used to estimate BC concentrations, derived using the λ-1 correction to
the 7.5 m2 g−1 value recommended by Bond et al. [31,32]. BC concentrations had a time
resolution of 1 min, but 60 min averages were used for analysis.

3. Results and Discussion
3.1. Seasonal Trends of BC

Black carbon concentrations obtained during 2017 at JQRO and ALTZ are presented in
Figure 2. JQRO showed an annual average of 0.84± 0.70 µg m−3 with a concentration range
of 0.10 to 6.16 µg m−3, while ALTZ presented an annual average of 0.58 ± 0.37 µg m−3

with a concentration range of 0.03 to 3.87 µg m−3 (See Table 1). Data from JQRO show a gap
for August and September due to equipment maintenance. The comparison between the
annual averages of both sites indicates a difference of 0.26 µg m−3. This difference might
partially be due to the different emission sources of each site; JQRO is a semi-urban site

www.ruoa.unam.mx
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inside a relatively large Metropolitan Area where the main emission sources are residential,
vehicular, and industrial activities, whereas ALTZ is a high-altitude natural reserve without
point emission sources nearby but with a regional influence from neighboring cities by
pollutants transportation [26].
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Table 1. Seasonal BC concentrations (µg m−3) for JQRO and ALTZ in 2015 (Peralta et al. [18]) and
2017. Average and standard deviations are shown.

Season JQRO 2015 ALTZ 2015 JQRO 2017 ALTZ 2017

S1 (dry-cold)
January–March 0.65 ± 0.46 - 0.91 ± 0.74 0.55 ± 0.34

S2 (dry-hot)
April–June 0.81 ± 0.31 0.26 ± 0.09 0.83 ± 0.57 0.63 ± 0.33

S3 (rainy)
July–September 0.68 ± 0.27 0.48 ± 0.8 0.62 ± 0.47 0.43 ± 0.25

S4 (dry-cold)
October–December 0.79 ± 0.49 0.34 ± 0.42 0.93 ± 0.84 0.72 ± 0.45

Annual 0.75 0.27 0.84 ± 0.70 0.58 ± 0.37

The sample period was divided into four seasons, considering the monthly tempera-
ture and precipitation values during 2017, for both sampling sites (Figures S2 and S3). July,
August, and September were the months with high precipitation due to the low-pressure
systems over the Pacific and Atlantic oceans that transport air masses laden with moisture
which generate rain in the country. In addition, the months with the highest temperature
were April, May, and June, with average temperatures above 20 ◦C and 6 ◦C for JQRO
and ALTZ, respectively. Based on this analysis, we divided the sampling period into four
seasons (similarly to Peralta et al. [18]): S1, from January to March (dry-cold season); S2,
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April to June (dry-hot season); S3, July to September (rainy season) and S4, October to
December (dry-cold).

Table 1 shows the BC concentrations during the four seasons. During 2017, the
maximum BC concentrations were observed during the cold seasons (S1 and S4) at JQRO
and during S4 at ALTZ. Weak convective processes characterized the cold months, causing
the accumulation of atmospheric particles in the boundary layer (i.e., a larger number
of particles), resulting in high BC concentrations [33]. The lowest BC concentration was
during the S3 season, which corresponds to the rainy season, where the pollutants are more
efficiently removed from the boundary layer by wet deposition. Season S1 presented values
of 0.91 ± 0.74 and 0.55 ± 0.34 µg m−3 for JQRO and ALTZ, respectively, and these values
are because this season represents a transition from a cold to a hot season, that is, from
season S4 to S2.

On the other hand, the month of May, included in season S2, showed high BC concen-
trations for JQRO and ALTZ (0.83 ± 0.57 µg m−3 and 0.63 ± 0.33 µg m−3, respectively).
However, average values during season S2 at both sites were not the highest for 2017
because some rainy days were present during these months (Figure S3), which caused
a lower BC concentration in season S2 than S4. The months of April, May and June cor-
responding to season 2 were characterized by high temperatures and radiation values,
meteorological parameters that probably caused BC particles to undergo external coating,
leading to increased quantification (Table 2). The external coating is when each particle
is made up only of the material from which it was formed initially. The internal coating
is when a BC particle and a non-BC particle (organic and inorganic compounds emitted
and formed by photochemistry) exist together as a mixture [34–36]. The internal coating
results in BC particles becoming more compact and spherical than when uncoated, with an
elongated shape [35,37,38].

Table 2. Monthly temperature (◦C), radiation (Wm−2) and BC concentration (µg m−3) data of JQRO
and ALTZ in 2017.

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

JQRO
Temp 15.48 17.36 18.26 20.35 22.87 21.23 19.06 20.04 18.08 17.34 16.39 14.58
Rad 382.24 456.58 463.96 533.39 487.34 460.86 412.37 448.44 436.59 443.04 499.53 427.87
BC 1.07 0.92 0.73 0.78 1.00 0.70 0.62 - 0.63 0.68 0.88 1.24

ALTZ
Temp 3.96 3.55 3.69 5.78 6.96 6.14 5.04 5.87 5.81 4.98 6.09 4.34
Rad 474.42 500.17 418.57 457.77 404.77 305.11 334.23 369.74 274.70 370.26 498.49 486.82
BC 0.45 0.64 0.55 0.71 0.77 0.42 0.38 0.45 0.46 0.61 0.77 0.77

Moreover, the nucleus of BC particles with an internal coating is not necessarily located
in the center of the new particle [35,38,39]. However, when the BC particle is covered with
other components, it can increase its absorption due to the lensing effect. This effect occurs
when the radiation reaches the external layer of the particle and part of it is diverted to the
BC nucleus, where it is absorbed.

3.2. Average Diurnal and Weekly Cycles of BC

Analysis of the average daily profiles was performed in order to investigate sources of
BC. The results show bimodal behavior for JQRO with two well-defined peaks (Figure 3);
the first peak appeared in the morning hours, between 05:00 and 11:00, with a maximum at
07:00 (1.82 µg m−3), and the second around 19:00 h (0.81 µg m−3). Additionally, a minimum
BC concentration at 12:00 h is present in the average daily profile; this minimum matches
the value when the maximum height of the boundary layer is reached (Figure S4). The
first peak could be associated with vehicular emissions due to routine activities, while the
second peak was likely related to the evening commute. The difference between the BC
concentrations of the two peaks could be attributed to the lengths and variability of the daily
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activities and to the height of the boundary layer, which is probably lower in the mornings.
On the other hand, ALTZ showed a defined peak between 13:00 and 17:00 (Figure 3), with
a maximum value at 15:00 (0.78 µg m−3), which is consistent with the previous report by
Baumgardner et al. [26], who concluded that a large part of the pollutants emitted and
formed in Mexico City are transported to this protected area, [26].
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Figure 3 corresponds to the annual average cycle; however, the daily profiles are
similar for each of the four seasons (Figures S5 and S6).

Figure 4 shows the weekly cycle of BC concentration in both sites. In ALTZ, the cycle is
very similar every day of the week. In contrast, lower concentrations in JQRO are observed
on Sundays, probably due to reduced vehicular activities. This condition reinforces the
correlation between the burning of fossil fuels and BC levels widely documented else-
where [17,18,40]. A significant result in the weekly cycle in JQRO is the evening peak,
which showed a minimal decrease on weekends. This evening peak is probably related to
the highway located approximately 1 km away with heavy-duty traffic. This night traffic is
because trucks usually work at night all week to compensate for the restricted transit hours
and take advantage of the low traffic on their routes.
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Figure 5 shows the average BC concentration associated with wind speed and direction
for JQRO of each season in a polar coordinate system. The color scale represents the
average BC concentration. The polar coordinate system shows that the highest BC levels
were captured when a low-speed wind was blowing from the north, where the Santa Rosa
Jáuregui municipality and Queretaro Industrial Park are located. Otherwise, ALTZ showed
high BC concentrations when the winds were strong and came from the west, northwest
or southeast, i.e., when they came from Mexico City and Puebla (Figure 6). These results
suggest that high BC concentrations at JQRO have a local origin, while those at Altzomoni
result from the transport of pollutants at a regional scale.
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Figure 6. Polar plots of BC concentrations over ALTZ: (a) S1, (b) S2, (c) S3 and (d) S4.

3.3. Comparison of BC Concentrations between 2015 and 2017

Table 1 compares BC concentrations at JQRO and ALTZ in 2015 (Peralta et al. [18]) and
2017. An increase of 12% was observed in JQRO from 2015 to 2017. BC concentration at
ALTZ increased almost 114%, indicating that natural parks are being more affected by the
pollution of neighboring cities. The above is important, given that the BC in the atmosphere
can strongly absorb solar radiation; Bond et al. [7] estimated that the total climate forcing
of BC is +1.1 Wm−2, which may cause temperatures to increase considerably.

For the case of JQRO, the increase in BC concentration from 2015 to 2017 is probably
due to an increase in pollutants emissions, including BC, due to the economic growth of
Queretaro State (8.5% more in 2017 than 2016). Additionally, Santiago de Queretaro, the
municipality of JQRO, presented population growth (7 mil inhabitants) and an increase
in the number of vehicles (105 mil vehicles) from 2015 to 2017 [25,41]. On the other hand,
the high BC concentration in ALTZ is probably because of Mexico City’s and Puebla’s
influences. Both cities have suffered an increase in population and vehicles through time.
Mexico City has 9 million inhabitants and 10 million vehicles, while Puebla has 6 and
3 million inhabitants and vehicles, respectively [25,41]. Furthermore, the 2015 report [18]
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indicated that the wind influence in ALTZ was mainly from Puebla, while in this study,
ALTZ had a more significant influence from Mexico City (Figure 6).

Moreover, comparative analysis between the four seasons in 2015 and 2017 shows a
higher concentration of BC for 2017 in seasons S1, S2 and S4. In season S3 (rainy season),
BC levels decreased in JQRO and ALTZ in 2017 compared to 2015. The BC concentration
decrease is associated with the intensity of the rain at the sampling sites; there was more
precipitation in 2017 than in 2015. For S3-2015, the amount of rain was 151.7 and 302.3 mm,
while in S3-2017 it was 243.9 and 424.1 mm, for JQRO and ALTZ, respectively.

4. Conclusions

The data analysis in this study shows an increase in annual BC concentrations in 2017
compared to 2015 in two sites in Mexico (JQRO and ALTZ). These observed increases are
close to 12% in Juriquilla and 114% in Altzomoni. The results are troubling because BC
concentrations increased regardless of the analyzed site. However, values are lower than
those reported for other urban and semi-urban sites in Mexico.

Two peaks in the diurnal cycle for JQRO are associated with anthropogenic activities.
On the other hand, only a single peak was observed for ALTZ, associated with pollutants
transport of nearby cities. The cities’ influences on ALTZ is probably determined by the
wind speed and direction, which are what allows the transport of pollutants from one place
to another. Regarding different seasons, the highest BC concentration was observed during
S4 (dry-cold) due to the accumulation of atmospheric particles in the boundary layer, and
the season with the lowest concentration was S3, the rainy season.

ALTZ showed high BC concentrations when the winds were strong and came from
the west, northwest or southeast, i.e., when they came from Mexico City and Puebla, while
in JQRO, its increase was associated with local emissions from population growth rather
than from transport.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13020216/s1, Figure S1: Average monthly profile of BC in
(a) JQRO and (b) ALTZ for sampling period. The shading highlights the standard deviation, Figure S2:
Average monthly profile of temperature in (a) JQRO and (b) ALTZ for sampling period. The shading
highlights the standard deviation, Figure S3: Time series of hourly precipitation at (a) JQRO and
(b) ALTZ during 2017, Figure S4: Average daily profiles of the boundary layer in (a) JQRO and
(b) ALTZ for the sampling period. The shading highlights the standard deviation, Figure S5: Average
daily profiles of BC in JQRO of the four-seasons: (a) S1; (b) S2; (c) S3; and (d) S4. The shading
highlights the standard deviation, Figure S6: Average daily profiles of BC in ALTZ of the four-seasons:
(a) S1; (b) S2; (c) S3; and (d) S4. The shading highlights the standard deviation.
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