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T. Castro a 

a Centro de Ciencias de la Atmósfera, Universidad Nacional Autónoma de México (UNAM), Circuito Exterior s/n, Ciudad Universitaria, Ciudad de 
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A B S T R A C T   

Black carbon (BC), carbon monoxide (CO), and carbon dioxide (CO2) were measured in Mexico 
City (UNAM observatory) with a Photoacoustic Extinctiometer-PAX (BC) and a Cavity Ring-Down 
Spectroscopy analyzer-CRDS (CO and CO2), from November 2014 to July 2016. The objective of 
this study was to determine temporal variations of BC, CO, and CO2, their mutual correlations, 
and evaluation of the Mexico City emission inventory. The highest concentrations of pollutants 
were detected in cold dry season. The average concentrations of BC, CO, and CO2, for the entire 
period, were 2.95 μg m− 3, 0.64 ppm, and 421.81 ppm, respectively. We calculated ΔBC/ΔCO, 
ΔBC/ΔCO2, and ΔCO/ΔCO2 using three methods to obtain a confidence interval for the emission 
ratios. BC, CO, CO2 concentrations, and the ΔBC/ΔCO ratio were maximum in the early morning, 
while the ΔBC/ΔCO2 and ΔCO/ΔCO2 peak was maximum in the afternoon. BC and CO have a 
weekday/weekend difference. The estimated slopes (ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2) 
were compared with the emission ratios (BC/CO, BC/CO2, and CO/CO2) derived of the 2016 
Mexico City emissions inventory. For mobile sources, the emission ratios of BC/CO and BC/CO2 
were within the measurement range of ΔBC/ΔCO and ΔBC/ΔCO2, while CO/CO2 was under-
estimated in the emission inventory.  
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1. Introduction 

Black carbon (BC) is a component of atmospheric particulate material (PM) and one of the most important particles in the at-
mosphere, because it is the most solar radiation absorbent anthropogenic aerosol and the most efficient heater of the atmosphere. 
Thus, BC is known to contribute significantly to the radiative forcing of the atmosphere (IPCC, 2013; Han et al., 2009). BC is a type of 
carbonaceous material that is formed during incomplete combustion and is emitted directly into atmosphere. It is usually found in 
atmospheric aerosol containing other materials, many of which are emitted together with the BC from various sources (IPCC, 2013, 
Bond et al., 2013). Most of the BC is due to anthropogenic activities during the incomplete combustion of fossil fuels, biofuels, and 
biomass (Kondo et al., 2006; Han et al., 2009). BC has a very low chemical reactivity in the atmosphere; its main removal process is 
through wet or dry deposition. BC acts as a warming agent, just like greenhouse gases. It also influences the processes of cloud for-
mation, snow melting and albedo. Reducing BC emissions represents a potential mitigation strategy that could reduce global climate 
forcing of anthropogenic activities in the short term and reduce the rate associated with climate change (Bond et al., 2013). 

Elemental carbon (EC) is an aerosol containing only carbon, carbon that is not bound to other elements, but which may be present 
in one or more allotropic forms. Black carbon is a light-absorbing aerosol composed of carbon (Schwartz and Lewis, 2012; Petzold 
et al., 2013). The concentration of EC is operationally defined through thermal optical methods that separate elemental and organic 
carbon mass concentrations and no single universally agreed upon procedure exists for its measurement. BC concentration is obtained 
from aerosol light absorption measurements where the assumption is that EC is the cause of absorption. EC and BC are loosely 
equivalent, though both are operationally defined due to their measurement methods. 

Carbon dioxide (CO2) is a dominant trace gas in the atmosphere, and it contributes strongly to radiative forcing (IPCC, 2013). The 
increase in CO2 of approximately 110 ppm (40%) above preindustrial levels (about 280 ppm) has been attributed to anthropogenic 
emissions (Keeling, 1983; Seinfeld and Pandis, 2006). The accumulated emissions of CO2 due to human activities were 555 ± 85 peta- 
grams (Pg) between the years 1750 and 2011; these emissions came principally from the combustion of fossil fuels (375 ± 30 Pg) and as 
a result of land-use changes (180 ± 80 Pg). The oceans and terrestrial ecosystems act as CO2 sinks and store approximately the half of 
CO2 emissions; the other half (240 ± 10 Pg) remains in the atmosphere. The tropospheric CO2 has increased from 278 ppm in 1750 to 
390.5 ppm in 2011 (Ballantine et al., 2012; IPCC, 2013). Each year during spring and summer in the Northern Hemisphere, atmo-
spheric CO2 mixing ratios decrease as carbon is incorporated into leafy plants. From October through January, photosynthesis is 
largely confined to the tropics and the Southern Hemisphere. At this time of year, plant respiration and decomposition dominate, and 
CO2 levels increase (Seinfeld and Pandis, 2006). 

Atmospheric carbon monoxide (CO) is produced by the incomplete combustion of fossil fuels. In the large urban areas of developed 
countries, the most important source of CO emissions is light-duty gasoline vehicles (LDGVs). Natural sources of CO include biomass 
burning and oxidation of organic material such as methane and isoprene, biological processes in soils, vegetation and termites, and CO 
from the ocean (Finlayson-Pitts and Pitts, 2000). CO plays an important role in tropospheric chemistry and acts as a useful tracer of 
CO2, CH4, and H2O emissions from fossil fuel combustion and biomass burning (Andreae and Merlet, 2001). 

Studies carried out in Tokyo and Beijing, where elemental carbon (EC) was measured with high temporal resolution, are useful for 
interpreting temporal variations in EC emissions. CO and CO2 are key tracers to characterize EC (or BC) sources because they are also 
produced by the combustion of fossil fuels and biofuels (Kondo et al., 2006; Takegawa et al., 2006; Han et al., 2009). 

In the present study, we performed continuous and simultaneous measurements of the concentrations of BC, CO, and CO2 from 
November 2014 to July 2016. To our knowledge, this study is among the longest continuous and simultaneous observation (21 
months) of the three chemical species BC, CO, and CO2 in Mexico City. However, the Secretariat of the Environment of Mexico City 
(Secretaría del Medio Ambiente de la Ciudad de México, SEDEMA) publishes annual reports of monitoring, among other pollutants, of 
the BC and CO. From 2015 to 2018, the BC trend was increasing (2.46 to 2.8 μg m− 3); while that of CO was decreasing (0.74 to 0.40 
ppm) (SEDEMA, 2016b, 2017, 2018b, 2020). Likewise, Retama et al. (2015) and Peralta et al. (2019) reported BC and CO mea-
surements of 13 months and 24 months, respectively. 

The purpose of this study was to determine significant temporal variations in the concentrations of BC, CO, and CO2 in Mexico City, 
especially in relation to their sources and meteorological conditions. Furthermore, their daily cycles under a weak wind regime and 
their mutual correlations (BC-CO-CO2) are discussed. Also, the slopes (ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2) were estimated using 
three different methods, which were compared with the emission ratios (BC/CO, BC/CO2, and CO/CO2) derived from the emissions 
inventory of Mexico City. This provides a measure of the uncertainty of the emissions inventory. 

2. Material and methods 

2.1. Measurement site 

The concentrations of BC, CO, and CO2 were measured simultaneously during the period from November 2014 to July 2016, at the 
UNAM Atmospheric Observatory, which is part of the University Network of Atmospheric Observatories (Red Universitaria de 
Observatorios Atmosféricos, RUOA). The observatory is located at the building of Center of Atmosphere Sciences (Centro de Ciencias 
de la Atmósfera, CCA) within the main campus of the National Autonomous University of Mexico (Universidad Nacional Autónoma de 
México, UNAM). The campus is located at the southeast quadrant of Mexico City (19◦19′34“ N, 99◦10’34” W) to 2280 m above sea 
level (m. a. s. l) within a residential area with very little industrial activity; however, there is a constant flow of vehicular traffic of 
buses and automobiles in the vicinity of the UNAM observatory. Approximately 400 m to the southeast is an underground metro 
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station (Metro Universidad), from where passenger buses arrive and depart, generating a high traffic density on Av. Delfin Madrigal to 
250 m to the east of observatory (Peralta et al., 2007). Likewise, inside the campus we have the scientific research circuit located 100 m 
east, characterized by having a constant traffic of gasoline vehicles (taxis and private cars) and local buses (Puma Bus). We also show 

Fig. 1. RUOA-UNAM Observatory at the Center for Atmospheric Sciences (CCA) and traffic monitoring site on Avenida Delfín Madrigal, in Mexico 
City. The locations of the PED and HGM stations of the Automatic Atmospheric Monitoring Network (RAMA) are also represented. The polygons in 
gray represent the urban areas of the Mexico City Metropolitan Area. 
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the large parking lot of the UNAM store and the Puma Bus terminal 300 and 200 m to the south east, respectively (Fig. 1). 
Mexico City, with a surface area of 1485 km2, is located on the southwestern part of an elevated basin in the central region of the 

country. The basin covers an area of 9600 km2 (Jáuregui, 1973; Jáuregui, 2002; Fast et al., 2007; SEDEMA, 2018b). Volcanic mountain 
ranges surround the lacustrine plain in the east, south and west. To the north, the basin is limited by discontinuous mountain ranges. 
The lowest portion of the plain has an average elevation of 2250 m.a.s.l (Jáuregui, 1997; Fast et al., 2007). The Mexico City Metro-
politan Area (MCMA) is made up of the 16 delegations of Mexico City (CDMX), 59 municipalities of the State of Mexico and the 
municipality of Tizayuca, of the State of Hidalgo; covering a total area of about 7700 km2 (SEDEMA, 2018a). The Mexico City 
Metropolitan Area (MCMA) extends in an approximate radius of 30 km from its downtown area (19.4◦N, 99.1◦W) (Bravo et al., 2014). 
Hereinafter, Mexico City will refer to the urban area that covers the 16 delegations of CDMX. 

Mexico City has a sub-tropical climate and its meteorology, generally, is classified into three seasons: the cold dry season 
(November–February); the warm dry season (March–April) and the rainy season (May–October). These are due to the two basic 
patterns on the synoptic scale: dry, westerly flow from November to April with anticyclonic conditions, and moist easterly flows due to 
the weaker trade winds for the other half of the year (de Foy et al., 2005; Bravo et al., 2014). The major fluctuations of temperature in 
winter are produced by cold polar outbreaks (cold fronts). The passage of a front is sometimes a rather sharp discontinuity of tem-
perature due to the advection of cold air. The average temperature drop recorded by the passage of each front is 3 ◦C (Jáuregui, 1973, 
2002). During this time, the cold weather produces a uniform cloud cover, often thick which can last several days. At other times, polar 
continental air masses penetrating in the city bring cold but clear weather with very little associated cloud (Jáuregui, 1973, 2002). 
During the rainy season, cloudiness and precipitation are associated with the trade winds, much of the rain falls during thunderstorms 
connected with waves disturbance or with the existence of a hurricane or other tropical depression in the vicinity of either (or both) the 
Pacific or Gulf coasts. 

The complex terrain that surrounds Mexico City produces local and regional circulations that control short-range transportation; 
however, synoptic conditions modulate thermally driven circulations (Fast et al., 2007). Thermally generated local winds in Mexico 
City tend to restrict the ventilation of polluted air near the surface. Convergent surface flow over the city is predominant, mainly at 
night and early in the morning. (Jáuregui, 1988; Fast et al., 2007). In the upper portions of the boundary layer and above, flows from 
Mexico City to the north, northeast or northwest could be expected. Closer to the surface, the winds tend to be lighter and less 
organized (Doran et al., 2007). Carreón-Sierra et al. (2015) identified seven wind circulation patterns (WP) in Mexico City and 
estimated their frequencies of annual occurrence: WP1: Katabatic winds in the early morning (26%), WP2: East winds and from the 
northeast (20%), WP3: Northeast noon winds (11%), WP4: South afternoon winds (9%), WP5. Winds from the west (4%), WP6: North 
winds in the afternoon (13%) and WP7: Katabatic winds at midnight (14%). The effects of the regional topography, the urban heat 
island and the thermal interaction between the city and its surroundings are reflected in the WP1, WP4 and WP7 patterns. 

2.2. Instruments 

2.2.1. The Photoacoustic Extinctiometer (PAX) 
The Photoacoustic Extinctiometer (PAX, Droplet Measurements Technologies) directly and simultaneously measures the scattering 

and absorption coefficients of aerosols, providing also, the extinction coefficient, single scattering albedo and black carbon concen-
tration (BC). This instrument uses an 870 nm wavelength laser diode modulated at 1500 Hz and is highly specific to light absorption by 
black carbon particles, since there is relatively little absorption from gases and non-BC aerosol species at this wavelength. A nominal 1 
l/min aerosol sample flow is drawn into the cell using an internal vacuum pump controlled by a critical orifice. The flow is split 
between the nephelometer and photoacoustic resonator for direct and simultaneous measurement of the scattering and absorption 
coefficients. 

The PAX measures the absorption coefficient of the particles using the photoacoustic method. This method is based on the use of a 
very sensitive microphone to measure the sound (pressure waves) produced when the light absorbing aerosol in the acoustic resonator 
is heated by absorbing laser light and transfer heat to the surrounding air (Arnott et al., 1999, 2000; Paredes-Miranda et al., 2009). The 
values of BC are obtained from dividing the values of the absorption coefficient by mass-specific absorption cross-section (MAC). In the 
present study, we use MAC standard value of 4.74 m2 g− 1 at 870 nm, obtained from MAC value for fresh soot of 7.5 m2 g− 1 at 550 nm, 
using the inverse relationship of the wavelength to the MAC, recommended by Bond and Bergstrom (2006). Retama et al. (2015) 
estimated an uncertainty of approximately 55–60% in the BC concentration; and a 3-σ sensitivity for 1 s of 0.23 μg m− 3. 

The BC observations obtained during the entire study period were obtained with the PAX. Air samples were taken ~15 m above 
ground level (m.a.g.l). A PM 2.5 cyclone was used at the sample inlet, the length of the conductive tubing from the cyclone to the flow 
inlet in the PAX is approximately 3 m. The total flow across the cyclon is 3 LPM, which is within the equipment specifications for a 2.5 
μm cut point. Of that flow, the PAX uses 1 LPM, and the rest goes to another instrument connected to the inlet line. According to the 
photoacoustic method used in the BC measurement, the correct term is equivalent black carbon (EBC) instead of black carbon (BC), 
following the recommendations of Petzold et al. (2013). However, for readability, we will use BC in the manuscript. 

2.2.2. Cavity ring-down spectroscopy (CRDS) analyzer 
A Cavity Ring-Down Spectroscopy analyzer (CRDS) (G2401, Picarro Inc.) was used for continuous and simultaneous measurements 

of atmospheric CO and CO2 at the parts-per-billion (ppb) level. In CRDS, light at a specific wavelength from a semiconductor diode 
laser is directed to a small resonant optical cavity defined by high reflectivity mirrors. The light intensity inside the cavity accumulates 
over time and is monitored through a second partially reflecting mirror. The small amount of light that passes through the second 
mirror travels to a photodetector located outside the cavity. When the accumulation of light in the cavity reaches the required 
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intensity, the laser is turned off and the ring-down measurements are started, measuring the intensity of the light as it decays expo-
nentially with a time constant, τ. The decay time depends on power losses due to the cavity mirrors and absorption by gases in the 
cavity. The ring-down profiles are transformed into an absorption curve with a well-defined line shape (Crosson, 2008; Chen et al., 
2010). 

The wind speed and direction were measured with a Lufft Model WS600-UMB ultrasonic anemometer with three transducers in 
horizontal plane. This has a minimum wind speed detection limit 0.25 m s− 1and direction accuracy <3◦ (Liñán-Abanto et al., 2019). 

Air samples for each instrument were taken from the rooftop of the building (~15 m.a.g.l). The mass concentrations of BC are 
reported in units of μg m− 3 and mixing ratios of CO and CO2 in ppm. The wind speed and direction were recorded in m s− 1 and degrees 
(◦), respectively. All parameters were measured with a temporal resolution of 1 min. Local Time (LT) of Mexico City was used (UTC- 
06:00, and UTC-05:00 in daylight saving). The time change that occurs on the first Sunday in April and the last Sunday in October in 
Mexico City, undoubtedly modifies the daily trends of pollutants, because most human activities are probably more influenced by the 
official time than by natural time. PAX has a system that updates automatically and provides the data at local time. The CRDS analyzer 
is not sensitive to time changes, so we had to synchronize the data. 

2.3. Determination of the slope measurement range 

Changes in the concentration of BC, CO, and CO2 are given by ΔBC, ΔCO, and ΔCO2. The symbol Δ indicates the difference between 
the absolute concentration of the pollutant and its background value; that is: ΔBC = BC – BC0; ΔCO = CO – CO0; and ΔCO2 = CO2 – 
CO2,0. For each season and the entire period, the background values of BC (BC0) and CO (CO0) were statistically estimated as the 
median of the values below the 3-σ range (1.25 percentile of the BC and CO values) (Kondo et al., 2006). The background value of CO2 
(CO2,0) was estimated as the median of the values below the 2-σ range (Han et al., 2009). Values of ΔBC < 0.23 μg m− 3, ΔCO < 30 ppb, 
and ΔCO2 < 200 ppb were not considered in the slope calculations because they were below the detection limits of the PAX and CRDS 
analyzers. 

We calculated the slopes ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2 for each hour using three different methods: (1) the method of 
least squares for the scatterplots BC-CO, BC-CO2, and CO-CO2; (2) The slopes of the least squares fitting of the scatterplots ΔBC-ΔCO, 
ΔBC-ΔCO2, and ΔCO-ΔCO2; and (3) median values of the slopes of each data point (BC – BC0/ CO – CO0, BC – BC0/ CO – CO0, and CO – 
CO0/ CO2 –CO2,0). The fits with a correlation coefficient (R2) less than 0.4 were excluded (Kondo et al., 2006; Han et al., 2009). In 
addition, we calculated the median of the 3 estimated slopes, which in most hours of the daily cycle coincided with the slope obtained 
with the second method. Generally, three different values were obtained for each slope (ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2), 
forming a measurement range. This measurement range can be considered as a confidence interval for the emission ratios (BC/CO, BC/ 
CO2, and CO/CO2) derived from the emissions inventory (Han et al., 2009). 

Finally, to obtain the dimensionless slopes (ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2), we convert the CO and CO2 concentrations of 
ppm to μg m− 3. For that conversion, the values of the atmospheric pressure of 780 hPa (585 mmHg) and an average temperature of 
290 K during the measurement period in Mexico City, were used. It was obtained that 1 ppm of CO (or CO2) is equivalent to 906 (or 
1423) μg m− 3. 

Table 1 
Seasonal statistics and for the whole period, of BC, CO, and CO2 and wind speed in the southwestern of Mexico City.  

Parameter Statistics Season in Mexico City All period 

Cold Dry Warm Dry Rainy 

BC 
(μg m− 3) 

Minimum 0.15 0.24 0.25 0.15 
Mean 3.05 2.68 2.68 2.80 
Median 2.56 2.30 2.39 2.42 
Stand. Dev. 2.09 1.67 1.52 1.76 
Maximum 17.73 14.89 15.89 17.73 

CO 
(ppm) 

Minimum 0.11 0.10 0.09 0.09 
Mean 0.71 0.54 0.52 0.59 
Median 0.60 0.44 0.45 0.49 
Stand. Dev. 0.43 0.34 0.30 0.37 
Maximum 3.27 2.34 2.73 3.27 

CO2 

(ppm) 
Minimum 387.99 393.74 386.22 386.22 
Mean 423.87 418.99 415.98 419.47 
Median 420.08 414.48 410.50 414.55 
Stand. Dev. 20.92 18.14 18.87 19.81 
Maximum 557.83 507.92 525.21 557.83 

Wind Speed 
(m s− 1) 

Minimum 0.25 0.25 0.25 0.25 
Mean 1.26 1.63 1.44 1.40 
Median 0.97 1.18 1.19 1.09 
Stand. Dev. 0.87 1.24 0.89 0.96 
Maximum 6.38 8.18 5.65 8.18  
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Fig. 2. The mean values of the concentrations of BC, CO, and CO2, for the four wind directions at intervals of 0.5 m s− 1 wind speed. Each column is for a different pollutant and the rows depict the three 
seasons (cold dry, warm dry, and rainy). The bars represent the standard deviation of the measurement. 
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3. Results and discussion 

For the analysis of the temporal variations of BC, CO, and CO2 in Mexico City, the hourly averages of these three species were used. 
The hourly data of BC, CO, and CO2 were obtained by averaging the recorded measurements (in seconds or minutes) and grouped in 
two ways: (a) for the entire observation period, and (b) for the seasons that predominate in Mexico City: cold dry (November to 
February), warm dry (March and April), and rainy (May to October). Similarly, the hourly average wind speed was grouped. The 
statistics of the entire period and the three seasons of BC, CO, and CO2, together with the wind speed are shown in Table 1. 

3.1. Wind speed (WS) and concentrations of BC, CO, and CO2 

BC, CO, and CO2 concentrations are strongly dependent on two factors: meteorological conditions and emissions (Han et al., 2009; 
Zhuang et al., 2014; Zhang et al., 2015). Fig. 2 shows the mean values and the standard deviation of the concentrations of BC, CO, and 
CO2 in bins of 0.5 m s− 1 wind speed and separated by wind direction; coming from the northeast, northwest, southeast and southwest, 
during the three seasons in Mexico City. Under weak wind conditions (WS ≤ 2 m s− 1), the concentrations of BC, CO, and CO2 were 
relatively high and exhibited a greater decrease in their concentrations when the wind speed increased. For intermediate speeds (2 m 
s− 1 < WS ≤ 4 m s− 1) the concentrations were lower, and in some directions, there were slight increases, tending to stabilize when the 
wind speed was around 4 m s− 1. For strong wind conditions (WS > 4 m s− 1), an increase in the concentration of BC (to a lesser extent 
CO and CO2) was observed during the three seasons, being greater in the rainy season. This is probably due to the arrival of air masses 
from the north (industrial zone of Mexico City), because the most frequent wind direction, in the rainy season, is from the north (Liñán- 
Abanto et al., 2019). This result suggests that polluted air masses could reach Mexico City, transported approximately between 345 and 
432 km in one day. These distances are estimated under the assumption that the air masses move in a straight line and with a constant 
wind speed of 5 and 4 m s− 1, respectively. We can interpret the concentrations of BC, CO, and CO2 during strong winds as repre-
sentative of the background level of this air masses transported; that is, air masses not influenced by local pollution (Han et al., 2009). 
The background concentration values in the northern air were higher than in southern air (see Fig. 2). This is consistent with the fact 
that emissions are higher in the north (industrial area) than in the south (residential area) of Mexico City. 

Generally, the concentrations of BC, CO, and CO2 tend to be higher with lower wind speed (and vice versa). Relationships between 
BC, CO, and CO2 concentrations and wind speed did not show a significant dependence on wind direction. This result suggests that the 
dilution rate was one of the main control factors affecting the levels of concentrations of these species, and an absence of large point 
sources near the UNAM observatory. For the purposes of this research, which seeks to relate observations of BC, CO, and CO2 with local 
emissions; we are interested in the concentrations of these species under weak wind conditions, since they are strongly controlled by 
local emissions in Mexico City. 

3.2. General characteristics of observed air masses 

The spatial representativeness of the observed air masses can be examined by comparing the time series of the CO mixing ratios of 
the measurement site with other stations around it (Kondo et al., 2006; Takegawa et al., 2006). Fig. 3 shows time series of CO mixing 
ratios, measured during January 2016, at the UNAM observatory and two monitoring stations from the air quality network operated by 
the local government (Red Automática de Monitoreo Atmosférico - RAMA): Pedregal (PED), located in a residential area (~ 3 km 
southwest of UNAM observatory), and Hospital General de México (HGM), located very close to the center of the city (~ 10 km 
northeast of UNAM observatory). 

The time series of the CO mixing ratios for the three observatories followed the same trend. The three CO measurements showed 

Fig. 3. Time series of CO mixing ratios measured at the UNAM observatory (solid line), the Hospital General de México station (HGM), located 
approximately 10 km to the northeast (circles and line, both green) and the Pedregal station (PED) ~ 3 km southwest (open circles and line, both 
red) of the UNAM Observatory. Measurements correspond to January 2016. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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similar temporal variations. By correlating the CO values in UNAM-PED and UNAM-HGM, coefficients of determination (R2) of 0.72 
and 0.52, respectively, were obtained. This result suggests the uniformity of the air mixture of air impacted by different sources (with 
different BC/CO emission ratios) and that the air masses observed in Mexico City were not significantly affected by a particular local 
source (Kondo et al., 2006, Takegawa et al., 2006). 

3.3. Temporal variations of BC, CO, and CO2 

Table 1 shows the seasonal statistics of the average values of BC, CO, and CO2 in Mexico City. The seasonal average of BC was 3.05, 
2.68, and 2.68 μg m− 3 for the cold dry, warm dry, and rainy seasons, respectively. These values were very similar to those reported by 
Retama et al. (2015): 3.1, 2.8, and 2.3 μg m− 3 for the same seasons. The difference observed during the rainy season could be due to the 
fact that the authors consider only the days in which the rain exceeded 2 mm. Likewise, throughout the study period (21 months), the 
average value of BC measurements was 2.80 μg m− 3, consistent with the value of 2.73 μg m− 3 reported by Peralta et al. (2019) for 24 
months of measurements. 

In Fig. 4, the monthly variation of BC, CO, and CO2 is shown throughout the observation period in Mexico City. The month with the 
highest concentration of these three species was December 2015, with average values of 4.10 μg m− 3, 0.80 ppm, and 428.64 ppm for 
BC, CO, and CO2, respectively. Cruz-Núñez (2019) reported the same value (4.10 μg m− 3) of BC concentration in the south of Mexico 
City during the month of December 2015. The lowest monthly concentration of BC occurs in February 2015 with an average value of 
1.78 μg m− 3, which was approximately 43% of its highest monthly value. The lowest monthly CO value of 0.46 ppm was in July 2016, a 
value that is approximately 53% of the highest monthly CO value. The lowest monthly CO2 value of 409.15 ppm occurred in August 
2015, slightly less than the highest monthly CO2 value. 

Fig. 4. Monthly concentrations of (a) BC, (b) CO and (c) CO2 in Mexico City, using all the data obtained during the entire observation period. The 
box-and-whisker plots represent the 5th (bottom whisker), 25th (bottom of the box), 50 (median), 75 (top of the box), and 95th (top whisker) 
percentiles. The colored circles represent the mean values. 
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3.3.1. Seasonal variation of BC, CO, and CO2 
Table 2 and Fig. 5 show the seasonal variation of BC, CO, and CO2 under weak wind conditions in Mexico City. During the cold dry 

season, the average concentrations of BC, CO, and CO2 were 3.23 μg m− 3, 0.76 ppm, and 426.24 ppm, respectively. In the warm dry 
season, BC, CO, and CO2 reached the following averages: 2.86 μg m− 3, 0.60 ppm, and 421.08 ppm, respectively. During the rainy 
season, mean values of 2.77 μg m− 3, 0.55 ppm, and 417.54 ppm were observed for BC, CO, and CO2, respectively. 

The average value of BC during the cold dry season was 13% and 17% higher than the average values in the warm dry and rainy 
seasons, respectively. The CO in the cold dry season was 27% and 38% higher than in the warm dry and rainy seasons. The average 
value of CO2 in the cold dry season was higher by 1% and 2% than in the warm dry and rainy seasons, respectively. 

3.3.2. Diurnal variation of BC, CO, and CO2 
The diurnal variations of BC concentrations are crucial for understanding the role of mesoscale atmospheric processes and the effect 

of local anthropogenic activities (Zhang et al., 2015). The diurnal patterns of atmospheric boundary layer height and structure are 
known to affect the near-surface concentrations of BC, CO, and CO2 over the source regions, because it controls the volume of air into 
which the emitted species are mixed (Han et al., 2009; Zhang et al., 2015, García-Franco et al., 2018). 

Fig. 6 shows the diurnal trends of black carbon (BC) concentration, and the mixing ratios of CO and CO2, during the three seasons in 
Mexico City. The daily seasonal cycles of the BC were similar, have two maxima and two minima (Fig. 6a). BC began to increase 
rapidly, approximately from 03:00–04:00 LT (Local Time) until 07:00–08:00 LT, reaching the maxima values of 5.84, 5.69 and 4.73 μg 
m− 3, for the cold dry, warm dry and rainy seasons, respectively. Then, the BC decreased until reaching a second minimum in the 
afternoon around 15:00–16:00 LT in all seasons. The second daily maximum of BC appeared at night at 22:00–23:00 LT for the seasons, 
cold dry and rainy; and one hour before for the warm dry season. 

The diurnal seasonal pattern of BC can be explained by the combination of the two dominant factors that affect its concentration: 
meteorological conditions and the emissions the heavy-duty diesel vehicles (HDDVs). The increase in BC concentration started in the 
early morning at 03:00–04:00 LT, reaching its maximum value around 07:00–08:00 LT. This increase coincided with the increase in 
vehicular traffic until reaching its maximum density at 07: 00–08: 00 LT (see section 3.7). 

The decrease in BC concentration from its maximum value to a minimum second, coincided with the daily growth of the height of 
the boundary layer, from its minimum value to its maximum height, even when the density of traffic of heavy-duty diesel vehicles 
(HDDVs) was high. The subsequent increase in BC concentration to its second maximum at night coincides with the decrease in the 
height of the mixed layer from its maximum (~ 3 km) around 16:00–17:00 LT in Mexico City (García-Franco et al., 2018). The increase 
in the HDVs/TVs fraction (heavy diesel vehicles/ total vehicles) implies an increase in BC and in the BC/CO emission ratio. The daily 
seasonal trends exhibited by the BC concentration are similar the seasonal patterns shown by the absorption coefficient reported by 
Liñán-Abanto et al. (2019). 

Fig. 6b shows the daily seasonal variation of CO. The daily cycles of CO were very similar to those of BC, with two maxima and two 
minima; given that, under the same meteorological conditions, the concentration of CO depends strongly on the emissions of light-duty 
gasoline vehicles (LDGVs). The daily variation of the CO2 for all seasons in Mexico City, is shown in Fig. 6c. The diurnal seasonal 
variations of CO2 presented two maxima (early in the morning and at night) and a minimum (in the afternoon), unlike the daily cycles 
of BC and CO, which exhibited two maxima and two minima. CO2 reached its first maximum between 07:00–08:00 LT, coinciding with 
the peak of vehicle traffic in Mexico City. Subsequently, the meteorological conditions favored a gradual decrease in CO2 concentration 
until reaching a stable minimum around 16:00–17:00 LT (coinciding with the maximum height of the mixing layer) during the dry 
seasons and one hour later for the rainy season. In the late evening, when the respiration dominates and the mixing layer decreases, the 
CO2 increased and reached a second maximum at 22:00–23:00 LT, staying at these levels until the early morning. 

The seasonal diurnal cycle of BC, CO, and CO2 indicate that the three chemical species have the highest values in the cold dry season 
and the lowest in the rainy season. This was because the vertical mixing in the cold dry season is not as intense as during the rainy 
season, which causes the growth of the height of the boundary layer to be lower in the cold dry season, resulting in a dilution of the BC, 
CO, and CO2 much lower than in the rainy season. 

3.4. Correlations: BC-CO, BC-CO2, and CO-CO2 

Previous studies in urban areas have shown that BC correlates well with CO (Baumgardner et al., 2002; Kondo et al., 2006; Han 
et al., 2009; Retama et al., 2015), because these primary pollutants are emitted during incomplete combustion of carbon-based fuels, 

Table 2 
Average concentrations of BC, CO, and CO2, under weak wind conditions together with background concentrations (BC0, CO0 and CO2,0) during the 
three seasons and the entire observation period in the southwestern of Mexico City.  

Pollutants Cold Dry Warm Dry Rainy All period 

BC (μg m− 3) 3.23 2.86 2.77 2.95 
CO (ppm) 0.76 0.60 0.55 0.64 
CO2 (ppm) 426.24 421.08 417.54 421.81 
BC0 (μg m− 3) 0.60 0.69 0.73 0.68 
CO0 (ppm) 0.19 0.19 0.15 0.17 
CO2,0 (ppm) 398.00 400.56 395.42 396.92  
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Fig. 5. Seasonal variations of (a) BC, (b) CO, and (c) CO2 in Mexico City, under weak wind conditions.  
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Fig. 6. Diurnal variations of (a) BC, (b) CO, and (c) CO2 for cold dry, warm dry, and rainy seasons in Mexico City, under weak wind conditions. Each symbol (blue, red, and green) represents the hourly 
average value of the pollutant during the three seasons. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. Scatterplots of (a) BC-CO, (b) BC-CO2, and (c) CO-CO2 for the three seasons in Mexico City, under weak wind conditions. The slope and determination coefficient (R2) are shown for reference.  
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especially fossil fuels. The correlations between BC and CO depend mainly on the type of emission source, even when they are in the 
same region (Bond et al., 2004). If BC and CO come from the same source, high correlations are expected (Zhuang et al., 2014). 

Fig. 7 shows the scatterplots of a) BC-CO, (b) BC-CO2, and (c) CO-CO2, for the three seasons (cold dry, warm dry, and rainy) under 
weak wind conditions, in Mexico City. We perform a linear fit on the scatter plots. The slopes of the linear regression obtained by the 
method of least squares (ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2) and their respective coefficient of determination (R2) are sum-
marized in Table 3. In general, BC correlated well with CO, with coefficients of determination (R2) of 0.62, 0.71, and 0.54 for the cold 
dry, warm dry, and rainy seasons, respectively. The slopes (ΔBC/ΔCO) in the BC-CO scatterplot did not show significant differences 
during the three seasons, as can be seen in Fig. 7a. The scatterplot of BC-CO2 for the three seasons is shown in Fig. 7b. The correlations 
were good with an R2 of 0.57 and 0.68 for the cold dry and warm seasons, while in the rainy season the R2 falls to 0.44. The slopes 
(ΔBC/ΔCO2) during the dry seasons were ~ 34% higher than in the rainy season. The CO-CO2 scatterplot for the three seasons is shown 
in Fig. 7c. The correlations were good for the dry seasons: cold dry (R2 = 0.62) and warm dry (R2 = 0.59), and regular for the rainy 
season (R2 = 0.41). The lower slope (ΔCO/ΔCO2) of the CO-CO2 correlation during the rainy season can be seen in Fig. 7c. 

3.5. Diurnal variation of ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2 slopes 

Fig. 8 shows the diurnal variations of slopes: (a) ΔBC/ΔCO, (b) ΔBC/ΔCO2, and (c) ΔCO/ΔCO2, under weak wind conditions, using 
the data from all the observation period. Fig. 9 shows the daily trends of slopes (ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2), during the 
three seasons. These slopes were calculated for each hour of the daily cycle. Each hourly value of the slopes was represented by a 
symbol (rectangle) with a different colour to differentiate the method with which it was estimated: black (first method), green (second 
method), red (third method). The blue circles (joined by a curve of the same colour) represent the median value of the three methods. 
In most hours of the daily cycle, the median values coincide with the values estimated by the second method. 

In general, during a daily cycle, the hourly values of the estimated slopes formed a range or interval of values of variable amplitude. 
In the present study, this measurement range was considered as a confidence interval or a measure of the uncertainty of the emissions 
inventory. 

In this paper, we consider that the slopes of the BC-CO- CO2 correlations (ΔBC/ΔCO, ΔBC/Δ CO2 and ΔCO/CO2) resulted from the 
air mixture impacted by many sources with different emission ratios (BC/CO, BC/CO2 and CO/ CO2) due to the high density of both 
diesel and gasoline vehicle traffic in Mexico City. Vehicles are the main and most important source of BC, CO, and CO2 emissions. 
Although the measurements of these three species were made only at the UNAM observatory, these measurements represent those of 
air mixtures impacted by different sources, rather than those strongly influenced by some individual sources located in a specific area. 

3.5.1. Diurnal variation of ΔBC/ΔCO 
The emission ratios of BC/CO are higher for diesel engines than for gasoline engines, because diesel engines emit higher amounts of 

BC compared to CO; while gasoline engines emit more CO than particles (Baumgardner et al., 2002; Bond et al., 2004). To detect 
average changes in BC emissions, ΔBC/ΔCO is more suitable than the absolute value of BC alone, because the changes in BC/CO 
(through mixing with background air) are less than those in BC. It has been suggested that the BC/CO ratio depends on combinations of 
sources; for example, the fraction of diesel heavy-duty diesel vehicles (HDDVs) in the entire fleet, although other factors, such as age 
and the condition of the fleet, can also affect the ratio (Baumgardner et al., 2002; Subramanian et al., 2010). 

Fig. 8a shows the daily cycle of ΔBC/ΔCO for the entire observation period. The ΔBC/ΔCO values increased rapidly from 
02:00–03:00 LT until reaching their maximum values (~ 6 to 9 μg m− 3/ppm) at 05:00–07:00 LT, coinciding with the increase in 
vehicular traffic, especially heavy-duty diesel vehicles (HDDVs), which are the dominant sources of BC during the early morning in 
Mexico City. Subsequently, the ΔBC/ΔCO values decreased to their lowest values (~ 3.5 to 4.5 μg m− 3/ppm) at 09:00–10:00 LT, due to 
the growth of the mixed layer, which before noon, it is dominated mainly by convective activity due to surface heating. Thereafter, it 
slowly increased until it reaches a second maximum between 17:00–18:00 LT, probably due to the increase in the HDDVs/TVs fraction 
(heavy-duty diesel vehicles/total vehicles). A second minimum occurs at 20:00–21:00 LT. 

Fig. 9 shows the daily trends of ΔBC/ΔCO, obtained by the three methods, for the seasons: cold dry (Fig. 9a), warm dry (Fig. 9d), 
and rainy (Fig. 9g). In the three seasons, the ΔBC/ΔCO trends are very similar to those of the entire study period and to the daily cycle 
of the BC. The daily trend of ΔBC/ΔCO values during all seasons showed maxima between 05:00–07:00 LT. The maximum of the 
median of the three methods during the warm dry season (~ 9 μg m− 3/ppm) was higher than the cold dry season (~ 7.5 μg m− 3/ppm) 
and the rainy season (~ 8.5 μg m− 3/ppm). In the cold dry season, ΔBC/ΔCO was generally lower than in the other seasons, especially 

Table 3 
Slopes of BC-CO-CO2 correlations (∆BC/∆CO, ∆BC/∆CO2, and ∆BC/∆CO2 together with the coefficient of determination (R2) under weak 
wind conditions, during the three seasons in the southwestern of Mexico City.  

Correlations / Slopes Cold Dry Warm Dry Rainy 

BC-CO (μg m− 3/ppm) 4.00 4.04 3.63 
R2 0.62 0.71 0.54 
BC-CO2 (μg m− 3/ppm) 8.1 × 10− 2 7.9 × 10− 2 5.4 × 10− 2 

R2 0.57 0.68 0.44 
CO-CO2 (ppm/ppm) 1.7 × 10− 2 1.5 × 10− 2 1.1 × 10− 2 

R2 0.62 0.59 0.41  
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Fig. 8. Diurnal variations of (a) ∆BC/∆CO, (b) ∆BC/∆CO2, and (c) ∆CO/∆CO2 under weak wind conditions, using all the data obtained during the observation period. The symbols black, red, and green 
represent the three different methods and line with the blue symbol is the median of three methods. The slopes with a determination coefficient (R2) less than 0.4 were excluded. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 9. Seasonal diurnal variations of ∆BC/∆CO, ∆BC/∆CO2, ∆CO/∆CO2 under weak wind conditions, in Mexico City. Each column is for a different emissions ratio (∆BC/∆CO, ∆BC/∆CO2, ∆CO/∆CO2) 
and the rows depict the three seasons (cold dry, warm dry, and rainy). The symbols black, red, and green represent the three different methods and line with blue symbol is the median of three methods. 
The slopes with a determination coefficient (R2) less than 0.4 were excluded. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. Diurnal variations of (a) BC, (b) CO, and (c) CO2 for weekdays and weekends in Mexico City, under weak wind conditions. The symbol represents the average value for each hour of BC, CO, and 
CO2 during a weekday (blue) and weekend (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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in the early morning and the validity interval of the ΔBC/ΔCO values was narrower, this may be due to the fact that the BC/CO 
emission rates for vehicles are lower in winter, due to the enhanced CO emissions (Kondo et al., 2006; Han et al., 2009). 

3.5.2. Diurnal variation of ∆BC/ΔCO2 
The fraction of the combustible carbon emitted as a black carbon aerosol can vary by several orders of magnitude, depending on the 

combustion process; i.e., different combustion processes can produce effluents that have characteristic proportions of CO2 to the black 
carbon aerosol (Hansen et al., 1989). BC/CO2 ratios in the range (1000–8000) × 10− 6 ng m− 3/ppb corresponds to emissions from 
diesel trucks, while a gasoline powered vehicle has a BC/CO2 emission ratio in the range (7–400) × 10− 6 ng m− 3/ppb. In an urban area, 
mixed sources prevail. In urban areas of the United States, the range of BC/CO2 ratios ranges from (100–500) × 10− 6 ng m− 3/ppb 
(Hansen et al., 1989). 

The diurnal variations of ΔBC/ΔCO2 for the entire observation period are shown in Fig. 8.b, and for the cold dry, warm dry and 
rainy seasons, in Fig. 9b, Fig. 9e, and Fig. 9h; respectively. The diurnal variations of ΔBC/ΔCO2 in all seasons were similar, with a 
minimum in the early morning around 03:00–04:00 LT and a maximum at 16:00–18:00 LT. The minimum value of ΔBC/ΔCO2 
coincided with the minimum of BC when the CO2 values were almost constant. The maximum value of ΔBC/ΔCO2 coincided with the 
minimum concentrations of CO2 around 16:00–18:00 LT. The maximum of ΔBC/ΔCO2 during the cold dry season was lower than that 
of the rainy season. This is consistent with the fact that the lowest CO2 values were recorded during the rainy season. 

In Mexico City, for the entire study period and the three seasons, the ΔBC/ΔCO2 values estimated with the three methods were very 
close during night hours; however, there was not good agreement between these values during daylight hours, especially around their 
maximum value. This was probably due to the influence of other sources (which affect the concentration of CO2), and whose analysis is 
beyond the scope of this study. 

3.5.3. Diurnal variation of ΔCO/ΔCO2 
The emission ratios for CO/CO2 have been used as a good proxy to evaluate the efficiency of combustion and has been used to 

diagnose the types of emission sources. Low emission ratios (CO/CO2 < 0.02) correspond to high combustion efficiencies, typically 
originated from the burning of liquid fuels or gases well-processed (vehicle engines, natural gas stoves, etc.). High emission ratios (CO/ 
CO2 from 0.03 to 0.1) reflect low combustion efficiency, which come from poorly processed solid fuels (coal stoves or biofuels, biomass 
burning, etc.) (Yokelson et al., 2003; Takegawa et al., 2004). Furthermore, enhancement ΔCO/ΔCO2 ratios can be used to characterize 
the types of emission sources (both anthropogenic and biomass combustion) (Takegawa et al., 2004). 

Fig. 8c shows the diurnal variations of ΔCO/ΔCO2 for the entire observation period; and Fig. 9c, f, and i, show the diurnal variations 
for the cold dry, warm dry and rainy seasons, respectively. The daily trends of ΔCO/ΔCO2 for the three seasons and the entire 
observation period did not show significant differences. They presented minima at 05:00–06:00 LT and maxima between 16:00 and 
18:00 LT. The minimum value of ΔCO/ΔCO2 coincided with the minimum CO and the beginning of a rapid increase in the CO con-
centration at 05:00–06:00 LT. The maximum value of ΔCO/ΔCO2 coincided with the minimum concentrations of CO2 and a slight 
increase in CO towards its second maximum that occurred around 16:00–18:00 LT. Like the trends in the ΔBC/ΔCO2 values, the ΔCO/ 
ΔCO2 values obtained with the three methods, during the entire observation period and the three seasons, showed greater differences 
during the day, with a wide interval close to the value maximum. In contrast, all three methods agree well at night. 

At night, low ΔCO/ΔCO2 ratios (increased CO2 and decreased CO) were observed. The ΔCO/ΔCO2 ratios during nighttime events 
indicated that air masses were affected by sources of high combustion efficiency. Given that these measurements are obtained under 
weak wind conditions, and the height of the mixing layer is low at night, these improvements were probably affected by local emission 
sources; however, the respiration of the vegetation could also have contributed to the increase in CO2 at night. Simultaneous im-
provements in BC, CO, ΔBC/ΔCO and traffic density (discussed later) during nighttime events suggest influences from combustion 
sources. Takegawa et al. (2006) measured low slopes ΔCO/ΔCO2 (~ 0.01) for emissions dominated by diesel/gasoline vehicles in 
Tokyo. Values of ΔCO/ΔCO2 during hours of sunlight exceed 0.02 and the maximum value of ΔCO/ΔCO2 is greater than 0.03, which 
would indicate a strong influence of sources with high values of CO/CO2 emission ratios in the afternoon. It is probably due to the 
burning of biomass or other poorly processed solid fuels. 

3.6. Weekend effect 

The weekend effect of BC, CO, and CO2 is characterized by lower concentrations of these species on weekends compared to 
weekdays, due to a decrease in anthropogenic activities and a lower density of vehicular traffic during the Weekend. Fig. 10 shows the 
diurnal variations of the concentrations of (a) BC, (b) CO, and (c) CO2, for weekdays and weekends (Saturday, Sunday and non- 
working days) under weak wind conditions and for the entire study period in Mexico City. The weekday and weekend daily trends 
for BC, CO, and CO2 were similar except for their maxima. The maxima in a weekend were flatter compared to o weekday. The 
concentrations of BC, CO, and CO2 exhibited a weekend effect that highlighted around their peaks. Furthermore, it was observed that 
the concentrations of CO (and CO2 to a lesser extent) during the early morning were higher during a weekend than on a weekday. This 
was because the nightlife in Mexico City on weekends is very intense compared to a weekday, which is reflected in higher vehicular 
traffic, especially of light-duty gasoline vehicles (LDGVs), which are the most important sources of CO emissions (SEDEMA, 2016b). 

The average value of the concentration of BC decreased by 22% from weekdays to weekend (3.25 to 2.53 μg m− 3). The concen-
tration of CO fell by approximately 16% from a weekday to weekend (0.69 to 0.58 ppm). The average value of the CO2 concentration 
was reduced by approximately 1% from a weekday to a weekend day (425.15 to 420.21 ppm). The differences between the maxima 
concentrations of a weekday and weekend were 39%, 34% and 4% for BC, CO, and CO2, respectively. The daily trends of a weekend 
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and a weekday had simultaneous maxima for CO and CO2, while the peaks of the BC trends for a weekend and weekend lagged one 
hour. This would be due to the reduction and delay of the circulation of HDDV vehicles on weekends in Mexico City (for example, the 
Metrobus starts operating an hour later weekend than on weekday). Vehicle traffic, which is the most important source of primary BC 
and CO emissions, and to a lesser extent CO2, is an indicator of anthropogenic activity. Traffic density in Mexico City presents different 
patterns during a weekday and a weekend, as we will see below. 

3.7. Traffic density in Mexico City 

The increase in the number of gasoline and diesel vehicles implies a greater combustion of these fuels, which increases the 
emissions of pollutants in Mexico City. However, according to the emissions inventory, the vehicle fleet in Mexico City decreased from 
2,412,059 vehicles in 2014 (SEDEMA, 2016a) to 2,322,423 in 2016 (SEDEMA, 2018a), representing a fall of 3.9%. This decrease in 
vehicles was reflected in the fall of 5801 tons. Year − 1 of CO emissions from mobile sources, reported in the emissions inventory of 
Mexico City, 2016. Vehicular traffic is the most important source of anthropogenic emissions of BC, CO, and CO2. In order to estimate 
the number and type of vehicles affecting the area, vehicle traffic was recorded with a video camera, set up on the second floor of a 
house on Delfin Madrigal Avenue (19◦19′42”N, 99◦10′26”W). This traffic monitoring site was located approximately 300 m (north-
east) from the UNAM observatory. 

Fig. 11a shows the daily variations in the total number of vehicles (TVs) and heavy-duty vehicles (HDVs) that circulated on both 
roads of Delfin Madrigal Avenue on a weekday (Monday, August 28, 2017). HDVs include buses, minibuses, city buses and heavy-duty 
diesel trucks (HDDTs). The HDVs number can be considered as the upper limit of heavy-duty diesel vehicle (HDDVs) Light-duty 
gasoline vehicles (LDGVs) were determined as the difference between total vehicles and heavy-duty vehicles, that is: LDGVs = TVs- 
HDVs, (Han et al., 2009). During one weekday, the total number of vehicles (TVs) began to increase from 04:00–05:00 LT and reached 
its main peak between 07:00–08:00 LT. Subsequently, it decreased until 12:00–13:00 LT. Then a second increase began until reaching a 
second maximum at 15:00–16:00 LT, remaining until 19:00–20:00 LT. Heavy-duty vehicles (HDVs) increased from 03:00–04:00 LT to 
07:00–08:00 LT. High HDVs values remain nearly constant until 21:00–22:00 LT. The traffic density shows the same trend as the 
average profile of vehicular traffic in Mexico City during 2015 (SEDEMA, 2016b). In Mexico City the number of vehicles circulating 
remains relatively constant between 07:00–08:00 LT and 19:00–20:00 LT. 

Fig. 11b shows the daily cycle of the total number of vehicles (TVs) and heavy-duty vehicles (HDVs) for a weekend day (Sunday, 

Fig. 11. Diurnal variations of the traffic density of total vehicles (TVs) and heavy-duty vehicles (HDVs) for (a) weekday and (b)weekend. The HDVs/ 
total vehicles fraction for (c) weekday and (d)weekend. The observations were conducted on Monday 28 august and Sunday 03 September 2017. 
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September 3, 2017). TVs increased from 05:00–06:00 LT to 17:00–18:00 LT, while HDV vehicles increased from 04:00–05:00 LT to 
18:00–19:00 LT. Subsequently, both TVs and HDVs decreased. The average daily number of vehicles, TVs and HDVs, on a weekend day 
compared to a weekday, decreased by approximately 46% (2177 to 1182) and 56% (131 to 58), respectively. 

Fig. 11c shows the diurnal variations of the fraction of heavy-duty vehicle to the total number of vehicles (HDVs/TVs) for a 
weekday (Monday, August 28, 2017). The HDVs/TVs fraction (which is a measure of the BC/CO emission ratio) on one weekday, 
presented two pronounced peaks during the early hours, which indicate a dominant contribution of HDV vehicles (higher ΔBC/ΔCO 
slope). The highest peak occurred between 04:00–05:00 LT. At night it is also possible to observe values of this HDVs/TVs fraction that 
exceed its daily average value of 0.065. 

Fig. 11d shows the diurnal variations of the fraction of heavy-duty vehicle to the total number of vehicles (HDVs/TVs) for a 
weekend day (Sunday, September 3, 2017). It was observed that the HDVs/TVs fraction, unlike a weekday, presented a peak during the 
early morning around 05:00–06:00 LT. The daily average value of this fraction is 0.042. 

3.8. Evaluation of emission inventory in Mexico City 

Two basic ways to represent emission information are: emission ratios (that relates the emission of a particular specie to that a 
reference specie, such as CO or CO2), and emission factors (that relates the emission of a particular species to the amount of fuel 
burned) (Andreae and Merlet, 2001; Jiang et al., 2005). Alternatively, the emission ratio can be determined as the regression slope of 
the species concentration versus the reference specie. 

As discussed in Section 2.3, we used three different methods to estimate the slopes of BC-CO-CO2 correlations (ΔBC/ΔCO, ΔBC/ 
ΔCO2 and ΔCO/ΔCO2), resulting a values range, which we consider as a confidence interval for emission ratios (BC/CO, BC/CO2, and 
CO/CO2) derived from emissions inventory. Table 4 summarizes the daily cycles average values of ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ 
ΔCO2 shown in Fig. 8. These values were given in their units of measurement (μg m− 3/ppm or ppm/ppm). They can also be expressed 
in μg m− 3/μg m− 3, after converting CO and CO2 concentrations, from ppm to μg m− 3. 

Table 5 shows the contributions of the different sources of BC, CO, and CO2; derived from the emissions inventory of Mexico City- 
2016 (SEDEMA, 2018a). Annual emissions of BC, CO, and CO2 were estimated 1263 BCE tons, 281 thousand CO tons, and 21 million 
CO2 tons. Transport (mobile sources) contributed with 1105 (87.5%) BC tons, ~243 thousand (86.4%) CO tons, and 16.1 million 
(76.8%) CO2 tons. In addition, the emission ratios BC/CO, BC/ CO2, and CO/ CO2 were presented for three emission sources and total 
emission. The total emission ratio of two species was obtained by relating the emissions from all sources of one species with respect to 
the other. 

To evaluate the emissions inventory of Mexico City, we compared the range of measurement of the slopes (ΔBC/ΔCO, ΔBC/ΔCO2, 
and ΔCO/ΔCO2) with the emission ratios of the mobile sources and all sources (total = point + area + mobile) (see Table 4 and 
Table 5). Total emission ratios for the three species were represented by [BC/CO] total, [BC/CO2] total, and [CO/CO2] total. 

[BC/CO] total emission ratio was 4.5 × 10− 3. The BC/CO emission ratio for mobile sources was 4.6 × 10− 3. These values were within 
the ΔBC/ΔCO measurement range (4.4–6.0) x 10− 3, very close to its lower limit and lower than the median of the three methods (5.4 ×
10− 3). [BC/CO] total and mobile source emission ratios were very close, which would indicate that the contributions of point and area 
sources were not important to the BC/CO emission ratio. This result is reflected in the location of the values of the emission ratios of 
these two sources (Fig. 12a). 

[BC/CO2] total emission ratio was 6.0 × 10− 5, value within the measurement range of ΔBC/ΔCO2 (5.8–7.7) x 10− 5, very close to the 
lower limit of the measurement range. The BC/CO2 emission ratio for mobile sources was 6.9 × 10− 5, a very close value to the median 
of the three methods (6.8 × 10− 5). Again, the contributions of point and area sources were not important for this emission ratio 
(Fig. 12b). 

[CO/CO2] total emission ratio was 1.3 × 10− 2, a value that was not within the measurement range of ΔCO/ΔCO2 (1.8–2.2) x 10− 2, 
being below the limit bottom of the range. The BC/CO2 emission ratio for mobile sources was 1.5 × 10− 2, value outside the mea-
surement range. This result suggests the underestimation of the CO/CO2 emission ratio for mobile sources (Fig. 12c). 

Overall, our results showed that comparing the slope measurement range (ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2) and the 
calculated emission ratios (BC/CO, BC/CO2, and CO/CO2), works very well and is very useful for evaluating the confidence interval of 
emissions inventory. 

Table 4 
Slopes (BC/CO, BC/CO2, and BC/CO2) in μg m− 3/ppm and μg m− 3/μg m− 3, estimated by three methods together with slopes measurement range, 
during the entire observation period in the southwestern of Mexico City.   

∆BC/∆CO ∆BC/∆CO2 ∆CO/∆CO2 

(μg m− 3/ppm) (μg m− 3/μgm− 3) (μg m− 3/ppm) (μg m− 3/μg m− 3) (ppm/ppm) 

Method 1 4.0 4.4 × 10− 3 8.2 × 10− 2 5.8 × 10− 5 1.8 × 10− 2 

Method 2 4.9 5.4 × 10− 3 9.7 × 10− 2 6.8 × 10− 5 2.0 × 10− 2 

Method 3 5.4 6.0 × 10− 3 1.1 × 10− 1 7.7 × 10− 5 2.2 × 10− 2 

Median 4.9 5.4 × 10− 3 9.7 × 10− 2 6.8 × 10− 5 2.0 × 10− 2 

Measurement Range (4.4–6.0) x 10− 3 (5.8–7.7) x 10− 5 (1.8–2.2) x 10− 2  
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3.9. Estimation of ΔBC/ΔCO for vehicle exhausts [(ΔBC/ΔCO) vehicle] 

The high fraction of HDVs/TVs in the early morning for a weekday (August 28, 2017), and the diurnal variation of the ΔBC/ΔCO 
ratios, suggest that diesel vehicles are dominant sources of BC during the early morning. As an exercise, we estimate the ΔBC/ΔCO 
ratios for vehicle exhausts [(ΔBC/ΔCO) vehicle] for weekday in Mexico City, from the following equation proposed by Han et al. (2009): 

(ΔBC/ΔCO) vehicle = FHDV ERHDDV + FLDGV ERLDGV 
Where FHDV and FLDGV are the fractions of heavy-duty vehicles (HDVs) and light-duty gasoline vehicles (LDGVs), respectively. 

ERHDDV and ERLDGV are the emission ratios of heavy-duty diesel vehicles (HDDVs) and light-duty gasoline vehicles (LDGVs). LDGVs =
Total vehicles – HDVs. HDVs can be considered as the upper limit of HDDVs traffic. 

The fractions of heavy-duty vehicles (HDVs) and light-duty gasoline vehicles (LDGVs) were obtained from measurements of traffic 
density during the daily cycle, discussed above. The BC and CO emission factors of the Mexico City vehicle fleet were reported in the 
Calculation Memories of the Mexico City Emissions Inventory for 2014 and 2016, published in 2016 (SEDEMA, 2016c) and 2018 
(SEDEMA, 2018c), respectively. In these reports, they estimated an emission factor according to the type of vehicle and the fuel it burns 
(diesel or gasoline). 

With the purpose of obtaining the emission ratio of two species, we group the entire fleet of vehicles into two large groups: light- 
duty vehicles (cars, taxis, SUVs, Pick Up, motorcycles, combis/wagons, vehicles <3.8 ton) and heavy-duty vehicles (buses, minibuses, 
metrobus, truck-tractors and vehicles >3.8 ton). The average emission factors of all vehicles grouped as light or heavy, is the average 
emission factor of each group of vehicles, differentiated by the fuel they burn. We obtained the average emission ratio of two species, 
dividing the average values of their emission factors, as shown in Table 6. 

Fig. 13a shows the diurnal variations of [(ΔBC/ΔCO) vehicle] estimated for a weekday (Monday, August 28, 2017), together with the 
diurnal cycle of the median of the three slopes (ΔBC/ΔCO) for the entire observation period. The values of (ΔBC/ΔCO) vehicle were high 
during the early morning, low during daylight hours and moderate at night. The daily trend that shows (ΔBC/ΔCO) vehicle correlated 
very well with the daily cycle from the fraction HDV/TV for the same day of the week, shown in Fig. 11c. Considering small seasonal 
variations in traffic (SEDEMA, 2016b), large increases ΔBC/ΔCO during the early morning can be explained by increases in HDV/TV 
fractions. 

Fig. 13b shows the measurement range of the slopes (ΔBC/ΔCO) estimated by three different methods together with the average 
value of [(ΔBC/ΔCO) vehicle]. The average value of [(ΔBC / ΔCO) vehicle] was estimated at 5.4 × 10− 3, this value was within the 
measurement range (4.4–6.0) x 10− 3. This value turned out to be the same as the median of the three slopes (ΔBC/ΔCO). The ΔBC/ 
ΔCO ratios are considered as a measure of the fraction of diesel vehicles for all types of vehicles (Kondo et al., 2006; Han et al., 2009). 
The daily cycle of ΔBC/ΔCO, indicate regular sources of BC during the early morning hours. 

3.10. Comparison with other cities 

In Table 7, we compare the ratios of ΔBC/ΔCO, ΔBC/ CO2 and ΔCO/ΔCO2 in Mexico City with other cities of the world where the 
ratios ΔEC/ΔCO, ΔEC/ CO2 and ΔCO/ΔCO2 have been measured, such as Tokyo and Nagoya in Japan, and Beijing in China (Kondo 
et al., 2006; Han et al., 2009). 

In Tokyo, the average value of EC (1.9 μg m− 3) and the median of CO (0.4 ppm) were 32% and 37% lower than the average of BC 
(2.8 μg m− 3) and CO (0.6 ppm) in Mexico City. In Beijing, the average value of EC (6.9 μg m− 3) and CO (1.1 ppm) were higher than 
Mexico City and Tokyo. In Mexico City, high levels of ΔBC/ΔCO (~ 3.5–7.5 μg m− 3/ppm) and BC maximum values of about 6 μg m− 3 

were observed early morning (02:00–07:00 LT). In Tokyo, high levels of ΔEC/ΔCO were also observed early in the morning 
(04:00–08:00 LT). By contrast, in Beijing, the maximums of EC and ΔEC/ΔCO shifted to midnight. The differences in the hours of the 
maximums of BC and ΔBC/ΔCO in the three cities were due to the differences in the hours of the maximum traffic of diesel vehicles. 
Additionally, the sharp fall of BC and ΔBC/ΔCO after reaching its maximum observed in Mexico City, is not displayed in Tokyo or 
Beijing. In Mexico City, high CO levels were not observed in winter that significantly influence the decrease of ΔBC/ΔCO or an increase 
in ΔCO/ΔCO2, as happens in Tokyo and Beijing. In Beijing, the temperature in winter is lower than that of Tokyo by approximately 
5 ◦C, which generates a more pronounced decrease in the ΔBC/ΔCO ratio and a significant increase in ΔCO/ΔCO2 than in Tokyo. This 
is qualitatively consistent with the seasonal variation of the ΔEC/ΔCO ratio in Beijing (Han et al., 2009). 

A weekend effect was observed for BC and CO, in Mexico City and Tokyo, this is consistent with the changes in the traffic density of 

Table 5 
Emissions of BC, CO, and CO2 and emission ratios of BC/CO, BC/CO2, and CO/CO2 derived from Emission Inventory for Mexico City-2016 (SEDEMA, 
2018a).   

Emission sources (ton/year) Total emissions 

Point Area Mobile 

BC 100.4 58.1 1104.7 1263.2 
CO 904 37,306 242,826 281,036 
CO2 1,075,904 3,804,501 16,115,518 20,995,923 
BC/CO 0.11 1.6 × 10− 3 4.6 × 10− 3 4.5 × 10− 3 

BC/CO2 9.3 × 10− 5 1.5 × 10− 3 6.9 × 10− 5 6.0 × 10− 5 

CO/CO2 8.4 × 10− 4 1.0 × 10− 2 1.5 × 10− 2 1.3 × 10− 2  
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Fig. 12. Measurement range of slopes (ΔBC/ΔCO, ΔBC/ΔCO2, and ΔCO/ΔCO2) and emission ratios of (a) BC/CO; (b) BC/CO2, and (c) CO/CO2. The measurement range was formed with the slope 
estimated with method 1 (lower limit) and method 3 (upper limit). The central value of the slope was obtained with method 2, which generally coincides with the median of the three methods. 
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diesel and gasoline vehicles. In Beijing, the weekend effect was not observed in BC. As can be seen in Table 7, there was no significant 
difference in the ΔBC/ΔCO values in Tokyo, Beijing, and Mexico City; however, when comparing Beijing with Tokyo and Mexico City, 
its ΔBC/ΔCO2 ratio was approximately 2 and 1.5 times higher, while for the ΔCO/ΔCO2 ratio, it was 3 and 2 times higher, respectively. 

4. Summary and conclusions 

The concentrations of BC, CO, and CO2 were measured at the UNAM observatory in Mexico City, from November 2014 to July 
2016. The seasonal variations of the concentrations of BC, CO, and CO2, separated in bins of 0.5 m s− 1 wind speed, were analyzed. The 
concentrations of BC, CO, and CO2 decreased with the increasing of wind speed regardless of the direction. The concentrations of these 
species were higher in the cold dry season. 

In this study we are interested in analyzing the concentrations of BC, CO, and CO2 under a weak wind regime (WS ≤ 2 m s− 1), since 

Table 6 
Emission factors (g km− 1) of BC, CO, and CO2 and emission ratios (g km− 1/g km− 1) of BC/CO, BC/CO2, and CO/CO2 for light-duty vehicles and heavy- 
duty vehicles. The emission ratios are calculated from the range of emission factors (for diesel and gasoline vehicles) derived of the Calculation 
Memories of the Mexico City Emissions Inventory-2016 (SEDEMA, 2018c). The average values are within the parenthesis and in bold.  

Factors/ratios of emission Heavy-Duty Vehicles Light-Duty Vehicles 

Diesel Gasoline Diesel Gasoline 

BC 0.176–0.872 
(0.428) 

0.009–0.019 
(0.014) 

0.001–0.103 
(0.064) 

0.001–0.005 
(0.003) 

CO 2.766–8.03 
(5.699) 

34.763–70.261 
(46.505) 

2.536–10.036 
(4.584) 

4.315–7.720 
(6.256) 

CO2 868.65–1748.11 (1282.56) 768.39–1050.19 (955.75) 335.59–634.18 (526.54) 236.61–440.18 
(367.39) 

BC/CO 0.0479–0.11117 
(0.07510) 

0.00026–0.00038 
(0.00030) 

0.00039–0.01026 
(0.01396) 

0.00014–0.00064 
(0.00048) 

BC/CO2 (20.3–49.9) x10− 5 

(33.4 × 10− 5) 
(1.0–1.8) x10− 5 

(1.4 × 10− 5) 
(0.3–16.2) x10− 5 

(12.1 × 10− 5) 
(0.1–1.0) x10− 5  

(0.7 × 10− 5) 
CO/CO2 0.0030–0.0064  

(0.0044) 
0.0348–0.0676 (0.0487) 0.0055–0.0281 (0.0087) 0.0099–0.0326  

(0.0170)  

Fig. 13. (a) Diurnal variations of the (∆BC/∆CO) vehicle (line and spheres, both red) estimated using the emission ratios of LDGVs and HDVs, 
together with the daily cycle of the median of the three estimated slopes (∆BC/∆CO) for the entire observation period (line and circles, both blue). 
(b) Measurement range of slopes (ΔBC/ΔCO), and average value of diurnal variations of the [(∆BC/∆CO) vehicle]. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 7 
Comparison of ∆BC/∆CO, ∆BC/∆CO2, and ∆BC/∆CO2 ratios in Mexico City with other Cities of world.  

City, Country Period ∆BC/∆CO 
(μgm− 3/ppm) 

∆BC/∆CO2 

(μgm− 3/ppb) 
∆CO/∆CO2 

(ppb/ppm) 
Method 
BC 

Reference 

Tokyo, Japan 2003–2005 5.7 ± 0.9 64 ± 13 11.2 ± 0.4 Thermal-optical Kondo et al. (2006) 
Nagoya, Japan March 2003 6.3 ± 0.5 79 ± 11 12.6 ± 1.5 Light absorption Kondo et al. (2006) 
Beijing, China Nov 2005 to Oct 2006 3.5–5.8 120–190 30.2–43.9 Thermal-optical Han et al. (2009) 
Mexico City, Mexico Nov 2014 to Jul2016 4.0–5.4 82–108 18–22 Photo-acoustic This study 

Kondo et al. (2006) and Han et al. (2009) measured elemental carbon (EC) instead of black carbon (BC). 
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they are strongly controlled by local emissions. The average concentrations of BC, CO, and CO2, for the entire observation period, were 
2.95 μg m− 3, 0.64 ppm and 421.81 ppm. The concentrations of BC, CO, CO2, and ΔBC/ΔCO ratio, reached their maxima in the early 
morning, that coincided with the maximum vehicular traffic. The slopes ΔBC/ΔCO2 and ΔCO/ΔCO2 reached their maxima in the 
afternoon, coinciding with the minimum CO2 concentration. The daily patterns of BC and ΔBC/ΔCO in the three seasons were similar, 
there was an increase in the early morning and remained low during the day until night when they increased again. These daily 
variations indicated regular BC sources throughout the year. 

A weekend effect was observed for BC and CO. The average concentration of BC and CO decreased 21% and 16%, respectively. The 
greater decrease in BC than in CO was linked mostly to a decrease in diesel combustion than gasoline. 

BC/CO ratios for vehicle exhausts, (ΔBC/ΔCO) vehicle, were estimated on a weekday (August 28, 2017). We used the average value 
of BC and CO emission factors for HDVs and LDGVs. The fractions of HDVs and LDGVs were obtained from measurements of traffic 
density. The value of (ΔBC/ΔCO) vehicle during the early morning was higher than during the day. These high ΔBC/ΔCO values were 
due to the increase in the fraction of HDDVs in the early morning in Mexico City. The estimated value of ΔBC/ΔCO for the vehicle 
exhaust (ΔBC/ΔCO) vehicle, was located within the measurement range of the three slopes ΔBC/ΔCO (ΔBC/ΔCO) observed. 

To evaluate the emissions inventory of Mexico City, we compared the range of measurement of the slopes (ΔBC/ΔCO, ΔBC/ΔCO2, 
and ΔCO/ΔCO2) with the emission ratios of the mobile sources and all sources (total = point + area + mobile). Total emission ratios 
for the three species were represented by [BC/CO] total, [BC/CO2] total, and [CO/CO2] total. Overall, we observed:  

✓ The emission ratios of [BC/CO] total and BC/CO for mobile sources were within the ΔBC/ΔCO measurement range. This result 
would indicate that the contributions of point and area sources were not important for this emission ratio.  

✓ The emission ratios [BC/CO2] total and BC/CO2 for mobile sources were located within the measurement range of ΔBC/ΔCO2.  
✓ Underestimation of the emission ratios [BC/CO2] total and CO/CO2 for mobile sources. These emission ratios were below the lower 

limit of ΔCO/ΔCO2 measurement range. 
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SEDEMA, 2016b. Calidad del aire en la Ciudad de México, informe 2015. In: Dirección General de Gestión de la calidad del Aire, Dirección de Monitoreo Atmosférico. 
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