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Brown carbon (BrC) is a component of particulate matter which has significant impacts on climate forcing
and air quality. To elucidate the current state and sources of BrC in Mexico City, the largest megacity in
North America, the aerosols' ability to scatter and absorb light was evaluated over two years in concert
with detailed chemical speciation of their components during a period of six months. These
measurements made it possible to evaluate the seasonal and diurnal variations of the chemical
composition, optical properties, and origin of BrC. It was found that 67% of the light extinction at
870 nm is due to scattering. Organic aerosols dominate the submicron mass loading (62%), as well as
the light scattering (>50%). Nitrate and sulfate compounds are also important contributors to light
scattering. Among the organic fraction, fresh particles strongly associated with traffic emissions
dominate the light absorption at ultraviolet (UV) wavelengths on days not affected by biomass burning
plumes. Regional wildfires are ubiquitous in the central region of Mexico during the dry-warm season
(March—May) and can drastically increase the light scattering and absorption attributed to the organic
fraction. During wildfire episodes, the organic fraction can contribute up to 80% and 50% to light
scattering and absorption, respectively. Aged organic aerosols have a negligible contribution to light
absorption at UV wavelengths, but secondary organic aerosols of recent formation contribute on
average 24% in days not affected by wildfire plumes. Brown carbon and black carbon (BC) contributed
22% and 78% to the total light absorption in México City, respectively. Brown carbon increases on
average 28% the light absorption over that attributed to BC. This increase can be up to 32% during the
dry-warm season. In summary, vehicular traffic is the main contributor to BrC light absorption on a daily
basis, while biomass burning becomes the major contributor during wildfire episodes.

Changes in urban emission profiles and atmospheric processes derived from new environmental regulations, growing urbanization and a changing climate
modify the way aerosols interact with solar light. Therefore, it is necessary to evaluate the optical properties of aerosols along with their chemical composition,
origin, seasonal variability, and diurnal photochemistry to mitigate their impact on air quality and radiative forcing. This is particularly true in large cities, such
as Mexico City, where policies have failed to reduce the burden of organic and inorganic particles that modulate the extinction of light. Based on the results of
this study, it is essential that programs to improve the urban atmosphere take into account the chemical and optical properties of aerosols.

1. Introduction

hygroscopicity." Therefore, the aerosols’ ability to scatter and
absorb light must be evaluated in conjunction with their

Atmospheric aerosols interact with sunlight and affect air
quality and climate. They absorb and scatter light according to
the optical properties resulting from their mass loading, size
distribution, age, chemical composition, mixing state and
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chemical composition to determine their origin, and thus be
able to design effective policies to mitigate their impact on air
quality and climate forcing.>® For example, in urban atmo-
spheres organic aerosols and inorganic aerosols like sulfates
(SO,>7), nitrates (NO;~) and ammonium (NH,4*) dominate the
scattering of light,* while carbonaceous aerosols, including
black carbon (BC) and some organic aerosols (OA), dominate
light absorption.®

Black carbon is an operational term commonly used to
represent soot-like particulates produced by combustion of
fossil fuel and biomass that strongly absorb light across the
ultraviolet (UV) and visible spectral regions.® However, the
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carbonaceous fraction includes also organic species with
a nonuniform absorption over the spectral range (ie.,
increasing absorption toward the UV region), which gives them
a brownish appearance instead of black, the reason they are
named brown carbon (BrC).” The BrC composition is complex
and depends on the aerosols' origin and atmospheric processes.
Natural and anthropogenic humic-like substances (HULIS) and
tarry material from combustion aerosols are well known sources
of BrC.>*° Brown carbon can be also found as part of secondary
OA (SOA),™ while chemical aging can enhance the formation of
chromophores and produce aerosol bleaching.’?

The abundance of BrC and its complexity makes it necessary
to evaluate in situ the aerosol optical properties to not overlook
the climate and visibility effects of light-absorbing carbon, as
well as to assess the impacts on photochemistry (i.e., produc-
tion of secondary pollutants) triggered by a decreased UV irra-
diance.®* In urban environments, changes in the radiative
balance resulting from aerosol pollution may be strong enough
to alter the local micrometeorology, increase the urban heat
island effect and enhance the accumulation of pollutants, in
addition to affect the diurnal photochemistry."***

The impact of BrC on the optical properties of aerosols in
urban atmospheres has been widely documented in recent
years.'**® However, the light absorption and scattering response
to changes in emission profiles and atmospheric processes that
control the formation of secondary aerosols, as a result of
growing urbanization, new environmental regulations, and
a changing climate is still highly uncertain. An improved
understanding of the origin and optical properties of BrC based
on reliable measurements over periods long-enough to capture
annual and seasonal variabilities is critically important to
design effective emission control policies to improve air quality
and mitigate climate change. For example, an accurate char-
acterization of the BrC contribution to light absorption across
different temporal scales is needed to interpret the aerosol
optical depth (AOD) retrieved from remote sensing data that is
widely used in climate model predictions and air quality
assessments.>"

In such context, this study investigates the diurnal and
seasonal variations of the optical properties and chemical
composition of the atmospheric aerosols in Mexico City, the
largest city in North America, to determine the current state of
BrC, and elucidate its origin and contribution to light absorp-
tion and scattering all year round.

The optical properties of the aerosols in Mexico City were
assessed through studies of short duration (i.e., weeks) in the
past. The Investigacion sobre Materia Particulada y Deterioro
Atmosférico - Aerosol and Visibility Evaluation Research
(IMADA-AVER) campaign in February-March 1997 provided
insights into particulate composition and properties.”*>* The
intensive air quality field campaign Mexico City Metropolitan
Area - 2003 (MCMA-2003) and the Megacity Initiative: Local and
Global Research Observation in 2006 (MILAGRO) provided
valuable information on the optical properties and chemical
composition of the aerosols during the spring season under dry
and warm weather conditions.>**” The optical properties were
associated with combustion of fossil fuels within the city and
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regional biomass burning, as well as with the photochemical
formation of secondary aerosols.”*?° The ability of the aerosols
to scatter and absorb light was linked to both warming of the
atmospheric boundary layer**** and changes in the photo-
chemical production of secondary species.**** Recent studies
have determined the optical properties during longer periods
using ground-based instrumentation,*** and remote-sensing
data,***” but they have not simultaneously evaluated the
chemical composition of the aerosols.

The information presented in this article should help to
design future strategies to improve air quality and mitigate
climate change at local and regional scales, and act as a refer-
ence for other large cities of developing nations facing similar
air quality problems. In terms of local climate, little is known
about the aerosols' role in the warming of the city, despite
a consistent upward trend in ambient temperature.*® Similarly,
poor visibility is a persistent problem that has not received
enough attention. Regarding air quality, Mexico City has not
been able to reduce ambient concentrations of particulate
matter (PM) smaller than 2.5 um in size (PM, s) during nearly
two decades despite important reductions in other key pollut-
ants, such as sulfur dioxide (SO,), carbon monoxide (CO) and
nitrogen oxides (NOy), as well as in a number of volatile organic
compounds (VOCs) associated with anthropogenic emissions.*
Secondary organic aerosols dominate the PM, ;s burden and are
rapidly produced from the atmospheric oxidation of VOCs
through the formation of low-volatility oxidation products,*
thus any change in the VOC budget may affect the formation of
SOA, and in turn the aerosol optical properties.

2. Methods

The aerosol optical properties were monitored using a Photo-
acoustic Extinctiometer (PAX) (Droplet Measurement Technol-
ogies, Boulder, CO, USA) and a Dual-spot Aethalometer® AE33
(Magee Scientific, Berkeley, CA, USA) for 25 months (June 2017
to June 2019). The former instrument was used for simulta-
neous measurements of aerosol scattering and absorption
coefficients, and the latter for measurements of aerosol light
attenuation at different wavelengths. Additional instrumenta-
tion used to investigate the impact of the aerosols' mass
concentration and chemical composition on the variability of
the optical properties included a Tapered Element Oscillating
Microbalance instrument (TEOM Model 1400AB, Rupprecht &
Patashnik Co., Inc., Albany, NY) and an Aerosol Chemical
Speciation Monitor (ACSM, Aerodyne Research Inc., Billerica,
MA, USA). PAX and AE33 collected data every minute, TEOM
provided hourly averages of PM mass concentration, while the
ACSM collected data every ~30 minutes.

The ambient concentrations of CO and NOy were measured
as tracers of specific emission sources (e.g., vehicular traffic),
while concentrations of ozone (O3) were measured as an indi-
cator of photochemical activity. These gaseous pollutants were
measured using continuous monitors based on the United
States Environmental Protection Agency (US-EPA) reference or
equivalent methods. Carbon monoxide was measured by a non-
dispersive infrared analyzer with gas filter correlation (model

© 2022 The Author(s). Published by the Royal Society of Chemistry
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300E, Teledyne API, San Diego, CA), NOx by a chem-
iluminescence analyzer (model 200E, Teledyne API, San Diego,
CA), and O3 by a UV absorption analyzer (model 400E, Teledyne
API, San Diego, CA). These instruments collected data every
minute. The response of each analyzer was verified once per
week, while calibrations were performed every third month
using standard gases.

The Environmental Analysis Laboratory of Mexico City's
Secretariat for the Environment, located 9 km northwest of the
city center (19°29'01.44"N, 99°08'50.21"W, 2243 m above sea
level), was used as monitoring site. A mix of low-rise house-
holds, commercial establishments and light industries
surround the site. Plumes associated with north winds from
a major industrial district and densely populated neighbor-
hoods at the city's outskirts are frequent. The site is affected by
two roads with heavy traffic located both at a distance of 500 m.
A map showing the location of the monitoring site is included
in the ESI (Fig. S17).

This site has been previously used to investigate different
aspects of Mexico City's air pollution.******> The supersite used
to characterize the urban plume during the IMADA-AVER and
MILAGRO field campaigns was located about 700 m to the
north. This area of the city has demonstrated to provide
representative information on the pollutants mix, especially of
fresh emissions of precursor species.

Detailed descriptions of the instruments used in this study,
as well as the data analysis performed to elucidate the optical
properties of the aerosols are provided below. The section starts
with a brief description of Mexico City's climate and its influ-
ence on the aerosols’ burden and properties, then describes the
instruments’ fundamentals and operation, and at the end
explains the approaches followed to determine the absorption
Angstrém exponent, the light absorption associated with BrC
and individual groups of organic aerosols, and the influence of
aerosols chemical composition on light scattering.

2.1 Mexico City's climate

Mexico City has a subtropical highland climate defined by three
distinctive climatological seasons: a dry-warm season from
February to May followed by a rainy season until October, and
a dry-cool season from November to February. The dry-warm
season presents high pressure systems with clear skies, high
solar radiation, and weak wind most of the days, conditions that
enhance the production and buildup of photochemical pollut-
ants such as O; and secondary aerosols. Regional wildfires are
common during this season, especially in croplands since open
field burning is a common practice to remove the stubble after
harvest in Mexico.** The rainy season presents lower levels of
PM pollution, despite intense photochemical activity before the
almost daily afternoon precipitations. The dry-cool season is
characterized by frequent and stronger surface thermal inver-
sions, which enhance the accumulation of primary emitted PM
and gaseous pollutants. Although less frequent, plumes from
cropland fires in the region can also reach the city during this
season. A detailed back trajectory analysis of plumes originated
from regional fires, and time series of the main meteorological

© 2022 The Author(s). Published by the Royal Society of Chemistry
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variables measured during this study are included in the ESI
(Text S1 and Fig. S2,t respectively).

2.2 Instrumentation

2.2.1 Photoacoustic Extinctiometer. The PAX measures
directly the light-absorption and -scattering coefficients, bapg
and Dy, at 870 nm using simultaneously a photoacoustic
resonator and a nephelometer. A complete description of the
instrument is provided by the manufacturer,** while Retama
et al.** describe its operation and performance for Mexico City's
atmospheric conditions. Briefly, for the absorption measure-
ments a laser beam directed through the sample's stream is
modulated at ~1500 Hz. Light-absorbing particles heat up
quickly and transfer heat to the surrounding air producing
sound waves that are detected by a microphone located on the
top of the absorption cell. From the amplitude of the sound
wave, b.,s iS then calculated. In contrast to filter-based
absorption instruments, the PAX directly measures absorption
on the sample while it is suspended in the air, avoiding filter
artifacts. To measure by, the PAX uses a wide-angle (6-174°)
integrating reciprocal nephelometer that responds to all
particle types. The simultaneous measurement of both coeffi-
cients allows to derive the extinction coefficient (bexy = Dscar +
b.ps) and single scattering albedo (SSA = bgcat/bext). The
absorption coefficient is also used to calculate the BC mass
concentration assuming a mass absorption cross-section (MAC)
of 4.74 m* g~ *. The major uncertainty associated with the PAX
for measuring BC comes from the MAC selection, as it does for
any other instrument based on light-absorption, thus the term
equivalent BC (eBC) is a more appropriate term as pointed out
by Petzold et al.® The instrument was factory calibrated at the
beginning of the study, while the flow, clean air response and
operating parameters were continuously verified.

The sample inlet was placed at 1.8 m above roof level (5.2 m
above ground level). The PAX and other particle analyzers were
kept in an air-conditioned room. A sampling system was built
using a 16.67 L min~' PM;, inlet (BGI Inc., Waltham, MA)
coupled to a PM; sharp cut cyclone (SCC 2.229, BGI Inc., Wal-
tham, MA). A diffusion Nafion dryer (Perma Pure LLC, Lake-
wood, NJ) was used to minimize relative humidity effects. An
external pump provided additional flow for the inlet and the
diffusion dryer. Relative humidity was maintained under 35%.
The sampling flow rate was verified every week to maintain the
PAX operating at a flow rate of 1 L min~'. An isokinetic flow
splitter was used to provide sampling flow to both PAX and
Aethalometer.

2.2.2 Dual-spot Aethalometer. A dual-spot Aethalometer
was used for aerosol light attenuation measurements at seven
wavelengths (1 = 370, 470, 520, 590, 660, 880 and 950 nm) under
a sampling flow rate of 2 L min~' and a 1 min temporal reso-
lution. A detailed description of the instrument is provided by
Drinovec et al.*® Briefly, the Aethalometer measures the atten-
uation coefficient (bypn) of a light beam transmitted through
a filter tape loaded with aerosol samples. To compensate the
aerosol loading effect, the dual-spot method measures simul-
taneously the light attenuation on two sample spots with
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different loadings. This approach eliminates the nonlinear
loading effect related to filter aerosol saturation. However, the
multiple scattering of light within the filter material might still
affect the optical attenuation. To account for this artifact
a correction parameter C is used to obtain a representative b,y
value under the assumption that the wavelength dependence of
C is negligible.***

baps(A) = barn/ C W

Based on a series of field and laboratory observations, the
manufacturer suggests a C value of 1.57 for polytetrafluoro-
ethylene (PTFE)-glass fiber filters (TX40-Emfab, tape model
8050) and 1.37 for polyethyleneterephthalate (PET)-glass fiber
filters (tape model 8060). However, to account for scattering
artifacts related to the properties of local aerosols, it is recom-
mended to adjust in situ this correction parameter.**** Thus,
a site-specific multiple-scattering correction factor (Cf) was
obtained for each filter tape used during the study taking as
reference the b,,s measured by PAX, as it is not affected by filter
interferences.

The PAX was considered as reference instrument for deter-
mining b,ps, since it is much less affected by scattering artifacts,
such as those derived from the amount of particles deposited on
the filter and the filter material, which together induce a posi-
tive bias in light attenuation in the case of the AE33 Aethal-
ometer. Kalbermatter et al.>® compared the performance of
different instruments for measuring aerosol absorption with
laboratory-generated soot particles, and found uncertainties
close to zero for the case of PAX and 20-50% for the case of the
AE33 Aethalometer. For the particular case of Mexico City, in
a previous study we determined PAX uncertainties <3 Mm ™",
which are lower than the absorption coefficients typically
observed at ambient level (16-42 Mm ™", see Table 1). This
uncertainty is mainly related to the accuracy of the calibration
and the losses in the inlet system, and triggers errors no larger
than 20%.**

Crer Was calculated using bary readings at 880 nm depicting
attenuations <10% from readings during the previous filter step
(i.e., Abarngso < 10%, barnaiosso), and PAX b,p,s readings at
870 nm approximated to 880 nm (PAX b,ps,ss0)-

Crer = baTNA10,880/PAX baps 880 (2)

The application of a locally derived C, improved the
Aethalometer's performance. A strong correlation (©* = 0.94-
0.99) and slopes close to one between both instruments were
achieved in this manner. The correction factor recommended
by the Aethalometer's manufacturer overestimated by a factor of
two the b,ps values obtained from PAX. Our results suggest that
avalue of 3.5 is acceptable for the multiple-scattering correction
in Mexico City using any type of filter (Table S1f}). Fig. S37
compares the b, values returned by both instruments using C
and C,.r to compensate the Aethalometer readings.

Recent studies have reported shortcomings for measuring
baps at short wavelengths when using the filter tape 8050,°* the
manufacturer recommends using a flow rate of 2 L min~" to
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reduce such errors.” Our Aethalometer was initially equipped
with such tape for a period of one year (June 2016-May 2017),
then it was replaced by filter tape model 8060. As already
mentioned, similar C,s were obtained for both filter tape
models, but the former yielded a slightly higher variability in
the readings of b,,s at 880 nm. Compared to the readings ob-
tained from PAX, the former and latter tape models yielded root-
mean-square deviations of 3.4 and 1.8, respectively.

2.2.3 PM; mass concentration and chemical composition.
A TEOM instrument coupled with an 8500 Filter Dynamics
Measurement System (FDMS) measured continuously mass
concentrations of PM smaller than 1 um (PM;). Samples were
taken from a 7.2 m height inlet equipped with a PM; sharp-cut
cyclone (SCC 2.229, BGI Inc., Waltham, MA) at a flow rate of
16.67 L min .

An ACSM was used for a period of six months (December
2018 to June 2019) to measure mass concentrations of speciated
non-refractory submicron particles (NR-PM, ), including SO,>~,
NO;~, NH,", chloride (C17) and organics. Using an array of
aerodynamic lenses, the ACSM focuses individual particles into
a beam, non-refractory components are vaporized at ~600 °C,
ionized by a 70 eV electron impactor, and analyzed with
a quadrupole mass spectrometer.”® Air was sampled at 5
L min~" through a PM, 5 Teflon coated aluminum inlet (URG
Corporation, Chapel Hill, NC) and dried in a multi-tube Nafion
dryer (model PD-50T-12-MSS, Perma Pure LLC, Lakewood, NJ)
before entering the instrument. The ACSM response factor was
calibrated for NO;~ standard, and the relative ionization effi-
ciencies for NH," and SO,>~ were verified before the measure-
ment period. A collection efficiency factor of 0.5 was used to
account for the incomplete detection of particles.*

The aerosol mass spectra were deconvolved and analyzed
using the Positive Matrix Factorization (PMF) version 4.2 ** and
the PMF Evaluation Tool (PET) version 2.08D.** After inspecting
the spectral profiles and correlations with representative source
emission tracers, four factors of non-refractory organic aerosols
were determined: more oxidized oxygenated organic aerosols
(MO-00A), less oxidized oxygenated organic aerosol (LO-OOA),
biomass burning organic aerosols (BBOA) and hydrocarbon-like
organic aerosols (HOA). The deconvolved mass-spectra are
presented in Fig. S4.f The MO-OOA and LO-OOA groups
represent SOA; the former group is a surrogate of highly aged
aerosols with an important regional character, while the latter is
associated with less photochemical aged aerosols.** HOA
portrays primary aerosols, thus it is correlated with CO, NOy,
and fresh traffic emissions in general. The signals associated
with anhydrous sugars present in biomass smoke were used to
determine the BBOA group as suggested by Alfarra et al>
Fragments of anhydrous sugars, such as levoglucosan (m/z 60
and m/z 73) can also be found in emissions of coal combustion,
and cooking.®®* Coal is not used as fuel in Mexico City, but
cooking does have a contribution that should be addressed in
future studies. Similarly, these molecules are highly oxidized
and can add to the aged aerosols load.*® However, in our case
their contribution to MO-OOA was null, as shown in its resolved
mass spectra (see Fig. S47).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Statistical metrics of the aerosol optical properties measured by the Aethalometer AE33 and PAX instruments, and air pollutants and
meteorological variables measured during the entire study (June 2017 to June 2019). The number of valid hours (N) along with the geometric and
arithmetic means and standard deviations (ug [0l and u £ g, respectively), median, 25th to 75th percentiles, and maximum values are presented

for each parameter

Parameter N e [06] uwto Median 25th to 75th percentiles Max
Aethalometer AE33

Babs 370 (Mm %) 16 958 25.5 [2.1] 33.1 + 27.0 25.2 15.6-41.6 329.3
Babs,az0 (Mm ™) 16 958 19.0 [2.1] 24.8 +20.3 18.6 11.5-31.1 241.9
Dabs,500 (Mm ™) 16 958 16.4 [2.1] 214+ 17.6 16.1 9.9-27.0 202.2
Babs,500 (Mm 1) 16 958 14.3 [2.1] 18.7 £ 15.5 14.0 8.6-23.6 171.8
Babs 660 (Mm ™) 16 958 12.3 [2.1] 16.1 + 13.2 12.0 7.4-20.3 145.8
Babs,ss0 (Mm% 16 958 9.0 [2.1] 11.8 £ 9.8 8.7 5.4-14.9 100.3
Dabs,050 (Mm ™) 16 958 8.4 [2.1] 11.0 £ 9.2 8.1 5.0-13.9 93.7
AAE 16 958 1.18 [1.12] 1.19 £ 0.14 1.16 1.09-1.25 2.56
Photoacoustic extinctiometer

eBC (ug m?) 15 257 2.0 [2.0] 2.6 +2.0 1.9 1.3-3.2 24.2
Babs,s70 (Mm ™) 15257 9.5 [2.0] 12.1 £ 9.5 9.2 5.9-15.2 114.8
Dscat,s70 (MM ™) 14 921 20.6 [2.0] 26.2 + 18.9 21.8 12.9-34.5 242.5
Dext 870 (Mm ™) 14 921 31.6 [1.9] 38.4 & 24.7 33.0 20.4-50.4 304.1
SSA 14 921 0.7 [1.2] 0.7 £ 0.1 0.7 0.6-0.8 0.9
Air pollutants and meteorology

PM, (ug m?) 16 633 17.2 [2.1] 21.4 + 13.5 19.0 11.5-28.6 161.9
CO (ppb) 13 724 331 [2] 459 + 401 330 188-590 3230
NOy (ppb) 15 376 41 2] 57 £ 52 40 22-74 434
O3 (ppb) 14 928 15 [4] 30 £ 30 19 5-47 157
Temperature (°C) 17 473 16.3 [1.4] 17.1 + 4.9 16.5 13.9-20.3 32.6
Relative humidity (%) 17 352 52 [1.6] 57 + 23 57 38-77 100
Wind speed (m s™) 17 622 1.6 [1.8] 1.8 £ 1.0 1.7 1.1-2.5 7.0

2.3 Analysis methods

2.3.1 Absorption Angstrom exponent. The absorption
Angstrém exponent (AAE) describes the wavelength dependence
of b,,s depicted by a power law function as a dimensionless
value derived from measurements of the aerosols thickness at
different wavelengths.®* This exponent responds to the size,
shape, and chemical composition of the particles, thus it can be
used as a tool to identify the aerosols' origin. For example,
aerosols produced by combustion of fossil fuels yield AAE
values of 0.8-1.1,* while those resulting from biomass burning
of 0.9-3.5.° Due to a dominant presence of aerosols from
vehicular traffic, the urban mix of aerosols usually shows AAE
values around one.*>*

The slope obtained from the linear regression between the
log-transformed b,p,s and wavelength spectra was used to obtain
the hourly AAE values. Fig. 1 shows the power law wavelength
dependence of b,,s for the three climatological seasons of
Mexico City.

2.3.2 Brown carbon light absorption. The presence and
abundance of BrC can be assessed through the light absorption
in the UV-visible region following the AAE segregation method
using b,ps data at short and long wavelengths.®*®” This method
derives the BrC absorption (b,psprc) at a specific short wave-
length (e.g., 370 nm) as the difference between the total aerosol
absorption (b,ps370) and the absorptions related to BC at
370 nm (Dabs,pc,370)- We considered the absorption of non-
carbonaceous aerosols (e.g;, mineral dust, biological

© 2022 The Author(s). Published by the Royal Society of Chemistry

materials) as negligible due to its limited contribution to the
submicron fraction.®®

(3)

babsﬂBrC,370 = babs,370 - babs,BCﬂ370

The total baps 370 Was directly measured by the Aethalometer,

while  bapspczzo  Was  extrapolated from  the  bapspc

O Dry-cool season (AAE = 1.21)
1 & Dry-warm season (AAE = 1.24)
O Rainy season (AAE = 1.13)

@ All seasons (AAE = 1.19)

Absorption coefficient (Mm™')
>

T T T T T
500 600 700 800 900 1000

Wavelength (nm)

300 400
Fig. 1 Power law distributions of absorption coefficients for the 370—
950 nm wavelength range as measured by the Aethalometer AE33 for
each climatological season of Mexico City and during the two-year
study. The AAE values are the arithmetic means obtained from the
linear regressions between the log-transformed hourly b,,s records
and wavelength spectra, considering the full study period, and indi-
vidual climatological seasons.
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measurements at 950 nm using the AAE value attributed to BC
(AAEgc). The UV absorption was assumed negligible at this long
wavelength.

Babs,8C370 = bavspcoso X (950/370)AAFre (4)

The choice of AAEg is critical for the correct attribution of
Dabs,Bc,370-°%° An AAEgc value of 1.0 is often adopted, despite
studies have found it might vary according to the BC core,
particle size, morphology, mixing state and coating thickness of
the particles.””* The impact of these variables can be approxi-
mated by the Mie theory using the aerosol size distribution
data.” In the absence of such data, we followed the “two-
wavelength approach” proposed by Al Fischer and Smith™ to
calculate AAEgc from b,,s measurements at 880 and 950 nm, at
which BrC is expected to have a null or very minor contribution:

I <babs.880)
"5
AAEBC _ abs,950

In @
950

A median AAEgc hourly value of 0.88 was obtained along the
2 year study with an interquartile range of 0.84-0.95, after

(5)
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discarding 8 of 16 958 readings in which b,ps g0 > Dabs 050, and
the condition of AAE > 0 was not met.*”

2.3.3 Mass scattering efficiency and single scattering
albedo. The mass scattering efficiency (MSE) is a measure of the
aerosol light scattering per mass of aerosol and has an impor-
tant role in visibility degradation and radiative forcing. It is
defined as the ratio between by, and mass concentration. In
this study, it was obtained from the slope between bgc,¢ 570 and
PM; measured by PAX and TEOM, respectively, and represents
the average efficiency observed during the entire study under
different climatological conditions and particle loads.

The SSA is the fraction of light scattering over the sum of
light scattering and absorption (extinction). It is a critical
parameter to determine the impact of aerosol light-absorbtion
on the radiative balance. The SSA at 870 nm was calculated
from the scattering and extinction coefficients measured by PAX
(see diurnal variability in Fig. 2i and time series of daily means
in Fig. S61). The SSA values range from 0 to 1, a value of 1
represents a purely scattering particle (or population), and
0 represents a purely absorbing one.

2.3.4 Mass absorption contribution by group of organic
aerosols. The mass-weighted absorption efficiency (MAE) is
used as a proxy to relate the particle mass concentration in air
and the absorption coefficient. The individual MAE for each
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Fig. 2 Diurnal cycle of (a) NOy, (b) CO, (c) PM,, (d-f) selected aerosol optical properties obtained from the Aethalometer AE33 and (g—i) PAX
measurements. The box plots show the hourly variability considering the two-year dataset, in each box the middle line, top and bottom are
median value, upper and lower quartile (75th and 25th percentiles), respectively, and whiskers extend 1.5 times the interquartile range. The black
solid line shows the hourly geometric means for the full dataset. The blue, red, and green dashed lines indicate the hourly geometric means for

each climatological season.
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group of organic aerosols as defined by PMF can be obtained
from the correlation factors that determine the total aerosol
light mass absorption as expressed by eqn (6). Considering no
cross-interactions between groups, the correlation factors can
be solved by a multiple linear least-square regression analysis."”
The product of the mean mass concentration (ug m™>) of each
individual group and corresponding MAE (m” g~ ) yields its
contribution to the net mass absorption by OA (Mm ™).

bavs.Brc,370 = MAEoA[HOA] + MAEggoa[BBOA]
+ MAE; 6.00A[LO-O0A]
+ MAEwo.00A[MO-O0A] 6)

2.3.5 Light scattering reconstruction. Particles between 0.1
and 1 pm yield the highest scattering efficiency in the visible
range,” thus a strong correlation between PM,; and the particle
scattering coefficient (Bscar,s70) can be expected. Nitrate, SO,>~,
NH," and the organic fraction in PM; contribute most to light
scattering.” These chemical species interact distinctly with
light depending on the particle's size, composition, water
content and mixing state. In the air, ions form neutral species,
then assuming that the particles are internally mixed, the
correlation between light scattering and the ion-pairing species
can be evaluated including the contribution of inorganic and
organic species through the revised version of the equation
used by the Interagency Monitoring of Protected Visual Envi-
ronments (IMPROVE) program of the US-EPA to determine light
extinction’® in conjunction with a modified ion pairing scheme.

The IMPROVE equation reconstructs the light extinction
based on aerosol mass and size using a multiple linear regression
method that considers the degree to which aerosol light scat-
tering is related to the mass concentration of each component
combined with water uptake. However, in our case the sampling
stream was dried before being analyzed, thus the humidity
influence on the particles’ growth was neglected. The original
equation uses a threshold of 20 ug m ™ to apportion the mass in
large and small particles,”® but it was found it allocates too much
mass into the small size mode, which has a lower dry mass
scattering efficiency leading to a persistent underestimation of
light scattering. To avoid such potential bias, we replaced the
original threshold value by five times the median mass of each
component as suggested by Prenni et al.* The revised IMPROVE
equation also includes contributions of soil and sea-salt, which
we neglected in this study. The NR-organic fraction measured by
the ACSM was used as surrogate of organic mass (OM). The use of
a1 um cut-size inlet excluded soil-related particles, and the city is
far enough from the coast. The equation simplifies as follows for
our case, considering the aerosol concentrations in ug m~* and

the light scattering in Mm™".

bscaL,870 = <22 X [(NH“)ZSO“] small
n (2.4 x [NH4NOj]

+4.8 x [(NH4)ZSO4]large)
+ 5.1 % [NH4NO3]large>

small

+(2.8 % [OM] + 6.1 % [OM], ) @)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Major ions such as ammonium sulfate, (NH,4),SO4, and
ammonium nitrate, NH,NO; were assumed to be fully
neutralized. The concentrations of inorganic components in
eqn (7) were approximated using an ion pairing scheme, in
which 80,>” is neutralized by NH,", and the excess of NH," is
used to neutralize NO; .”””® This scheme was modified to
include the neutralization of NH," by Cl~, since its levels in
Mexico City are not negligible, particularly during the dry-cool
season.””® The ion-paring scheme applied in this study is
summarized as:

NH,50, = maX(O7 Ngo2- — nNH4+),

nNH4H504 = min (2”30427 — nNH,ﬂ y nNH4 i )7

T(NH,),50; = min <max (nNH4+ — Ngp,2, 0), n50427>, (8)
ANH,NO; = min(max (nNH4+ — 2ngg,2-, 0), ”No3+)a

nNH,cl = Min (max (nNH4+ — 2nso4z, — NNog*s 0), ncr>

where n is the number of moles. This scheme must be taken
only as an approximation to the formation of inorganic salts,
the assumption of internal mixing does not adequately describe
the thermodynamic equilibriums, nor the competition between
S0,>7,NO; ™ and Cl~ for NH,", while the role of organic nitrates
is neglected.”””®*!

3. Results and discussion

An initial inspection of the b,,s and by, measurements showed
a positive highly skewed distribution (i.e., lognormal distribu-
tion). We applied the Kolmogorov-Smirnov statistical test to
verify the lack of normality in both datasets (p < 0.05). The use of
geometric averages and standard deviations (ug, o) was chosen
over the use of arithmetic averages and standard deviations (u,
o) to evaluate the variability of the optical coefficients. Unless
otherwise noted in the text, the discussion presented here is
based on geometric parameters; note that o is a multiplicative
factor, and thus dimensionless, it accounts for the range og
[x:|il (i.e., pglog to ug X og). For comparison purposes with
other studies, or when the data follow a normal distribution,
arithmetic averages and standard deviations are used. Table 1
shows both sets of statistical metrics for the aerosol optical
properties and air quality and meteorological variables
measured throughout the study. The statistical metrics for each
climatological season and time series of daily means are avail-
able in the ESI (Table S2 and Fig. S27). The R statistical package
was used for data handling and statistical tests, and the SAS
statistical package for multiple linear regression analyses. All
data are reported in UTC-6 time format (i.e., local standard
time), and no daylight-saving time was applied.

3.1 Aerosol absorption coefficients

The b,,s obtained from both instruments, PAX and Aethal-
ometer AE33, showed diurnal patterns like those observed for
NOy and CO (Fig. 2). The strong correlations observed between
b.ps and these traffic emission tracers (e.g., for AE33 b,,s at
880 nm: r* = 0.77 for NOy, and r* = 0.69 for CO) suggest that
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exhaust particles regulate light absorption. Since these corre-
lations are similar throughout the diurnal course, the magni-
tude of b,,s apparently relies on the airmass origin, and
particles’ dilution into an evolving convective boundary layer, as
previously pointed out by Retama et al** and Baumgardner
et al.*® Local biomass burning is not a contributing factor like in
regions where the burning of wood and coal for domestic
heating is necessary.®»®* However, regional wildfires are
important contributors during the dry-warm season.

The dry-cool season recorded the highest AE33 b,y
geometric means, 33.8 [2.1] (11.6 [2.1]) Mm ™" at 370 (880) nm.
The second highest means were observed during the dry-warm
season, 27.5 [2.0] (9.2 [2.0]) Mm ', while the lowest during the
rainy season, 19.8 [1.9] (7.3 [2.0]) Mm . Significant p-values (p <
0.05) for Mood's median test indicate that not all medians
among seasons were equal. The high values during the dry-cool
season responded to an enhanced accumulation of primary
emitted particles in a generally shallower boundary layer char-
acterized by increased atmospheric stability and frequent
thermal inversions, which prevented the cleaning of the atmo-
sphere by dilution and ventilation.®* A stronger irradiance
during the dry-warm season enhanced the release of heat from
the urban surface along the night and early morning, which in
turn favored the evolution of the boundary layer and pollutants’
dilution. The low values during the rainy season were due to
wind and turbulent conditions that increased atmospheric
instability, thus preventing a significant accumulation of
particles.

Previous studies in Mexico City reported similar diurnal
patterns, but higher b,,s values. For example, Marley et al.*®
reported an arithmetic mean of 37 Mm ™" at 550 nm during the
dry-warm season of 2006 at the nearby supersite equipped for
the MILAGRO field campaign. This value exceeds the 19 and 22
Mm™ " obtained as means in this study at 590 and 520 nm,
respectively. Similarly, Paredes-Miranda et al.®" reported D,ps
values ranging from 22 to 66 Mm ™" at 532 nm for a site at the
southeast of the city in April 2003. More recently, Lifidn-Abanto
et al.® reported arithmetic means essentially equal to those
observed in this study for each climatological season in the
southwest of the city (see Table S2+). The lower light absorption
is consistent with a reduction in emissions of BC as reported by
the official emissions inventory within the political boundaries
of the city during the last decade. In 2008, 1071 tons of BC were
reported, while in 2018, 46% less.®**¢

3.2 Aerosol scattering coefficient

A strong correlation between bga 70 and PM; was observed
throughout the two-year study. The MSE yielded a value of 1.17
m?® g~ (¥ = 0.74), experiencing some variations across the year.
The dry-warm season reported the highest value (1.40 m*> g™, 7
= 0.77), followed by the rainy season (1.21 m*g ™ *, 7* = 0.76) and
the dry-cool season (1.03 m* g, > = 0.71). These MSE values
were lower than those previously reported for a site at the
southwest of the city for PM, 5 of 1.86, 1.35, and 1.88 m* g "
during the cold dry, warm dry and rainy seasons, respectively.*®
The larger cut-size of the particles and the fact that in such
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study* they were not dried prior to analysis explain the
differences.

The light-scattering coefficient at 870 nm showed a consis-
tent diurnal pattern all year round, with higher values in the
morning and lower in the evening (Fig. 2h). Maximums were
attained at 9-11 h, when the photochemical production of
secondary aerosols jump starts and the ambient temperature is
still not high enough to volatilize some aerosol's components;
a similar pattern was observed by Paredes-Miranda et al.*'
During the dry-warm season the maximum values were recor-
ded one and two hours earlier than during the dry-cool and
rainy seasons, respectively. Values were also consistently higher
during the dry-warm season, demonstrating the strong depen-
dence of light scattering on the photochemical production of
secondary aerosols, as well as on aerosol thermodynamics.®”*
The lower by, values during the rainy season corresponded to
frequent cloudiness, which limited the photochemical produc-
tion of aerosols.

3.3 Aerosol single scattering albedo

The aerosol SSA showed an arithmetic mean of 0.67 £ 0.13
throughout the two years of study, and 0.74 4+ 0.11, 0.65 £ 0.14,
and 0.65 + 0.12 during the dry-warm, rainy, and dry-cool
seasons, respectively. The SSA values for the latter two seasons
were similar to those reported by Lifidn-Abanto et al.,** who
found a constant arithmetic mean of 0.66 all year round. The
SSA value reported in this study for the dry-warm season agrees
with the value of 0.73 reported by Marley et al.*® from data
collected in March 2006. The higher SSA values during this
season respond to the ubiquitous wildfires in the central region
of Mexico®” and an increased photochemical activity that
enhances the formation of secondary aerosols,*" both of which
increase the burden of light-scattering capacity aerosols, as
observed in the elevated concentrations of PM; and the SSA
ratio from February to May. Wildfires also emit-light absorbing
particles, but their rapid chemical evolution within the smoke
plume favors the production of light-scattering particles.*

With respect to the diurnal variability, minimum SSA ratios
(0.50-0.60) were observed during the morning rush hour, when
light absorption was maximum and freshly emitted particles
dominated the aerosol's burden, while maximum values were
observed (0.75-0.85) in the early afternoon. The rapid increase
during the morning and peaking around noon responded to the
photochemical formation of secondary aerosols as explained by
Paredes-Miranda et al.*

3.4 Absorption Angstrom exponent

The hourly AAE values obtained from the linear regression
between the log-transformed b,,s and wavelength spectra for
each hour yielded an arithmetic mean of 1.19 £ 0.14 during the
two-year study, while means of 1.21 & 0.14,1.24 + 0.17,and 1.13
£ 0.10 were obtained for the dry-cool, dry warm, and rainy
seasons, respectively (Fig. 1).

The AAE values observed in this study are like those reported

for urban atmospheres highly impacted by vehicular

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00006g

Open Access Article. Published on 05 2022. Downloaded on 09.06.2026 10:58:58.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Environmental Science: Atmospheres
150+ (a) — All seasons (b) 0.5 (C)
R == Dry-cool ~ 301 &
T -— Dry-warm TE 5 0.4
-—— i (%]
g 1001 Rainy s Qg
& @ &
o %) G 00
@ = g 0.2
§ 2 2
© Q
< g R
0.0
rritrrvrrrrvrrrrrrvrrrrrrrrre rT T T T T T T T T T T T T T T T TTT rr1rrrrrrrrrrrrrr1rrTrrTrTTT
00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 12 14 16 18 20 22

Time

Time Time

Fig. 3 Diurnal variability of the light absorption coefficients for (a) BC and (b) BrC, and (c) BrC contribution to the net b,,s at 370 nm. Box plots
show the hourly variability considering the two-year dataset, in each box the middle line, top and bottom are median values, upper and lower
quartiles (75th and 25th percentiles), respectively, and whiskers extend 1.5 times the interquartile range. The black solid lines show the hourly
geometric means for the full dataset. The blue, red, and green dashed lines indicate the hourly geometric means for each climatological season.

traffic,*>*>°*** but lower than those impacted by woodsmoke
and regional biomass burning.”>**

Previous studies in Mexico City based on similar instru-
mentation reported lower AAE values. For example, mean values
of 1.05 (ranging from 0.76 to 1.50) and 0.94 (ranging from 0.63
to 1.40) were observed during the dry-warm seasons of 2003 and
2006, respectively.*® The absence of filter-loading correction
partially explain their lower AAE values. The two dry-warm
seasons covered in this study experienced a large number of
wildfires, which in turn increased the amount of biomass
burning aerosols that reached the city. May 2019 was severely
hit by regional wildfires (Fig. S7t) that affected almost 640
thousand hectares,” and raised the AAE mean to 1.57 + 0.25
during the peak of the episode on May 5-15 with an hourly
maximum of 2.52 on May 14 (Fig. S8f). However, our
measurements yielded lower values all year round than values
for the whole atmospheric column reported by a sun photom-
eter of the Aerosol Robotic NETwork (AERONET) placed on the
southwest of the city from 1999 to 2014 (1.50 £ 0.16 in the 440-
870 nm range).*®

The AAE showed a distinctive diurnal pattern all year round
with clear magnitude differences between climatological
seasons (Fig. 2f). The dry-warm season showed the largest
values along the diurnal cycle, and the rainy season the lowest.
Nighttime values during the dry-cool season were similar to
those of the dry-warm season, and somewhat lower during the
rest of the day. The advection of regional biomass burning
plumes in concert with an intense irradiance and vigorous
evolution of the boundary layer during the dry-warm season
boosted the photochemical production of secondary aerosols,
which in turn increased the AAE value during daytime. The low
values observed during the morning rush hour reflect the
higher absorption capacity of the traffic exhaust particles that
dominate the aerosol burden at that time of the day.

3.5 Light absorption for black carbon and brown carbon

Throughout the diurnal cycle, both baps pc,370 and baps prc,370
showed similar patterns and variabilities, but the former was
consistently 3-4 times higher as shown in Fig. 3. Both coeffi-
cients followed the pattern observed for CO and NOy,

© 2022 The Author(s). Published by the Royal Society of Chemistry

suggesting an important contribution from traffic emissions.
The coefficient for BC showed a stronger correlation with both
pollutant gases (r* = 0.65 and 0.71, respectively) than for BrC (*
= 0.32 and 0.31, respectively), suggesting BrC contributions
from sources other than fossil fuel combustion, and a non-
constant BrC to BC ratio during the diurnal course as a conse-
quence of evolving photochemical processes and traffic
patterns.

The diurnal patterns displayed by bapssc,370 and Daps prc,370
across the climatological seasons are unsurprisingly consistent
with those already described for the net baps 370 and baps sso,
respectively (see Fig. 2). The absorption coefficient for BC and
BrC at 370 nm averaged 19.7 [2.1] and 5.6 [2.1] Mm ™, respec-
tively, during the two-year study. The highest means were
recorded during the dry-cool season, 25.7 [2.1] and 7.7 [2.0]
Mm™ ", followed by those during the dry-warm season, 20.6 [2.0]
and 6.5 [2.1] Mm™ ", and finally by those during the rainy
season, 15.6 [2.0] and 4.1 [1.9], respectively. The Mood's
nonparametric test showed significant differences (p < 0.05) in
the median values among seasons. However, no significant
difference was observed in the fractional contribution of BrC to
the net light absorption (bapsprc,370/Pabsz70) during the dry-
warm and dry-cool seasons, with contributions of 24% and
23%, respectively (Fig. 3c). The contribution decreased some-
what to 21% during the rainy season. Recent studies have re-
ported contributions of 6-46% in cities of China and
Korea‘15,16,96—98

In summary, BrC and BC contribute 22% and 78% to the
total light absorption in Mexico City, respectively. The BrC value
corresponds to an increase of 28% on top of that attributed to
BC in the 370 nm wavelength. This increase can be up to 32%
during the dry-warm season; an increase of 40% had been
previously estimated for this season using data from two
intensive field campaigns in 2003 and 2006.**

3.6 Correlation of light absorption by BrC with NR-PM,
components

The ACMS measurements covered a period of six months,
including two months of the dry-cool season, a full dry-warm
season, and one month of the rainy season. The NR-PM;

Environ. Sci.. Atmos., 2022, 2, 315-334 | 323


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00006g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 05 2022. Downloaded on 09.06.2026 10:58:58.

(cc)

Environmental Science: Atmospheres

View Article Online

Paper

~~
QO
SN

150 - [ | 8042' [ | NH4+ [ | NOs'
& Dry-cool |
1S i
2 !
= 100 !
c :
RS !
5 i
E e
o 50 '
c i
o i
(@]

M CI M Organics B TEOM-PM,

Dry-warm

0
Jan Feb Mar Apr May Jun
Date 2019
(b) Dry-cool Dry-warm Rainy
NR-PM,= 21.3 ug m?

NR-PM,= 25.1 g m

NR-PM,= 15.5 g m?

mcr

ENH ENO, ESO> MBBOA [IHOA CLO-OOA EMO-O0OA

Fig.4 Mass concentration of speciated non-refractory submicron particles and organic groups deconvolved by PMF. The time series by species
include the PM; concentrations measured by TEOM as reference. The green contour in the pie charts groups the factors of organic aerosols

determined by the PMF analysis.

Table 2 Coefficients of determination (r?) between babs,src,370 and each group of organic aerosols as measured and resolved by ACSM and PMF.
The OA is the assemble of the four groups and represents the total non-refractory organic fraction

Organic aerosol ~ Full ACMS measurement

Dry-cool season (December

Dry-warm season Rainy season  Regional wildfires

group period (December 2018-June 2019)  2018-February 2019) (March-May 2019)  (June 2019) (April-May 2019)
OA 0.70 0.52 0.77 0.29 0.80
BBOA 0.68 0.40 0.80 0.11 0.84
MO-O0A 0.10 0.01 0.08 0.13 0.09
LO-O0A 0.33 0.28 0.45 0.19 0.51
HOA 0.37 0.65 0.29 0.41 0.31
BBOA + HOA 0.84 0.69 0.88 0.40 0.90

fraction represented 86% of the total PM; as measured by
TEOM, while including eBC the contribution increased to 97%.
The 3% gap corresponds to both uncounted species such as
heavy metals and crustal elements and inherent measurement
errors. The average concentration of organic aerosols accounted
for 62% of NR-PM;, SO,%~ 15%, NO;~ 12%, NH," 10% and C1~
1%. Four factors were identified from the PMF analysis of the
organic fraction: MO-OOA, LO-OOA, HOA and BBOA. Among
the organics, MO-OOA was the most abundant factor

324 | Environ. Sci.. Atmos., 2022, 2, 315-334

contributing 49% to the organic mass, followed by HOA (21%),
LO-O0A (15%) and BBOA (15%). The time series and mass-
fractional contributions of individual NR-PM; species and
PMF factors are shown in Fig. 4. Similarly, Fig. S91 shows the
time series of the OA mass loadings for each group together
with the BC and BrC light absorption coefficients.

The total mass load of non-refractory OA showed a strong
correlation with b,ps prc 370 (7 = 0.70), with an important vari-
ability between climatological seasons (see Table 2). In contrast,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the other non-refractory ions (i.e., NO;~, NH,", SO,>~ and CI™)
showed poor correlations (** =< 0.16). Each group of organic
aerosols as resolved by PMF yielded different coefficients of
determination against baps 5rc,370, €Xposing the relevance of the
aerosols’ chemical composition and age in their ability to
absorb light.

As expected, the mass loading of HOA yielded strong corre-
lations against pollutant species associated with vehicular
traffic, such as eBC, CO and NOx (r* > 0.60), as well as b,ps sc 370
(** = 0.72). In contrast, the correlation against Dabs,Brc,370 Was
moderate (©* = 0.37), except during the dry-cool season (> =
0.65), when as already indicated, a shallower boundary layer,
increased atmospheric stability, and frequent thermal inver-
sions enhanced the accumulation of pollutants. The highest
abundance, as well as relative contribution of HOA to the total
fraction of OA (26% on average) were observed in this season.

Plumes originating from wildfires and advected over Mexico
City increased the contribution of BBOA in the total burden of
OA to 19% during the dry-warm season. Biomass burning
aerosols are an important source of BrC because numerous
molecular chromophores make them efficient light absorbers at
short wavelengths.® During the six-month period evaluated in
this study we found a high correlation between BBOA and
Dbaps prc,370 (7 = 0.68) that strengthened during the dry-warm
season (©* = 0.80), and even more during the peak of the
regional wildfires (r* = 0.84). Null correlations were observed
between BBOA and AAE, except during the dry-warm season (7
= 0.40). The enhancement of BBOA and their impact on
babs,prc,370 and AAE can be seen in the time series window for
April and May 2019 shown in Fig. 5.

The light absorption in Mexico City is therefore modulated
by the presence of BBOA and HOA. The mass loading of both
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Fig. 6 Diurnal variability of the ambient concentration of Os (red shaded area), degree of oxidation obtained as the ratio between ions m/z 44
and 43 (f44/f43) measured by ACMS, MO-OOA organic mass fraction (MO-OOA/QA), and absorption Angstrém exponent (AAE).
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Table 3 Mass-normalized absorption efficiency (MAE) and percentage contribution to the total BrC light absorption at 370 nm for each group of
organic aerosols derived from the PMF analysis during the six-month period of ACSM measurements. The intercepts and correlation coefficients
of the least-square linear regression used to obtain b, grc based on the estimated MAEs (egn (6)) against the approach based on the difference
between the total aerosol absorption and the absorptions related to BC (eqn (3)) are also included. The numbers at the right of the 4+ symbol
indicate one standard deviation and give an idea of the day-to-day variability

Dry-cool (December 2018- Full period (December

February 2018-June
Group of organic aerosols Dry-warm (March-May 2019) Rainy (June 2019) 2019) 2019)
BBOA (m* g™%) 1.82 + 0.02 (55%) 0.40 =+ 0.14 (6%) 0.83 = 0.09 (14%) 1.73 £ 0.02 (43%)
HOA (m? g™} 1.76 + 0.03 (40%) 1.47 =+ 0.07 (49%) 1.79 + 0.03 (53%) 1.75 = 0.02 (46%)
LO-00A (m? g1 0.01 =+ 0.04 (0.2%)* 0.03 = 0.06 (1%)* 0.97 =+ 0.06 (24%) 0.29 =+ 0.03 (6%)
MO-O0A (m? g~ %) 0.00 = 0.01 (0%)" 0.04 = 0.03 (4%)" —0.14 £ 0.02 (—7%)* —0.00 £ 0.01 (0%)*
Intercept (Mm ) 0.73 £ 0.12 1.51 £ 0.12 1.33 £ 0.17 0.76 = 0.10
r 0.89 0.45 0.74 0.86

¢ Estimated values were statistically not different from zero for a significance level of 5%.

components together (i.e., BBOA + HOA) strengthened the
correlation with bps prc,370 UP to 0.90 during both, dry-warm
and dry-cool seasons. In other words, vehicular traffic is the
main local contributor on a daily basis, while biomass burning
becomes the major contributor during the dry-warm season
affected by wildfires in surrounding regions.

Relative to SOA, MO-OOA represented almost half of the load
of OA. The high contribution of MO-OOA to the total OA mass
did not directly increase the absorption of light; neither had
a relevant contribution to BrC, but its diurnal evolution
apparently modulated the aerosols efficiency to absorb light.
The absorption Angstrém exponent and the MO-OOA fraction
within the OA burden (ie., MO-OOA/OA) followed similar
patterns along the diurnal cycle; after sunrise both increased at
the same rate and peaked simultaneously. Browne et al.'*
observed that the oxidation of biomass burning aerosols by O3
lessens light absorption at longer wavelengths, but not at
shorter wavelengths, increasing AAE as result. This partial
bleaching occurs relatively fast (minutes to hours) at moderate
or high O; concentrations due to an oxidative degradation of the
chromophores absorbing at longer wavelengths. Then the
oxidation process is driven by the hydroxyl radical (OH),
becoming less absorbing with age, decreasing AAE.*>'*® This
mechanism of heterogenous oxidation becomes important in
cites affected by O; pollution, like Mexico City, where over 200
days per year report hourly concentrations >95 ppb (https://
www.aire.cdmx.gob.mx).

We use the ratio between the ions m/z 44 and 43 (fy4/f13)
measured by ACMS to further investigate the effect of chemical
aging on the optical properties of BrC. This ratio defines the
degree of oxidation of the organic fraction.'*>'** Highly aged
aerosols are represented by fy, (CO,", likely from acid groups),
and less aged aerosols by f;; (mostly C,H;0" from non-acid
oxygenates, and C;H," from alkyl groups). The MO-OOA
spectra depict higher f,, and lower f;; than the LO-OOA
spectra, thus higher ratios indicate older particles, chemically
speaking. However, the f,4/f;3 ratio suggests a longer oxidation
period in the afternoon when compared to the MO-OOA organic
mass fraction (Fig. 6). The relative abundance of MO-OOA
peaked at noon, and remained constant until midafternoon
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(16 h), when it started to decrease as a consequence of a major
contribution of freshly emitted particles; but interestingly that
was when the f,,/f4; ratio reached a maximum value. The load of
highly oxidated aerosols started to decrease until two hours
later (18 h), but it was only after sunset (20 h) when the ability of
the particles to absorb light began to increase (i.e., AAE started
to drop). The chemical aging of the particles declined
throughout the night, reaching minimum values the fi,/fi;
ratio, the MO-OOA/OA, and AAE before sunrise (6 h). The strong
photochemical activity depicted by the rapid increase of O;
throughout the morning (6-12 h) was also evident in the
increase of oxidated aerosols, which in turn drastically slowed
down the ability of the particles to absorb light.

The complex mixture of urban aerosols and wide range of
aging processes, in which the rapid heterogeneous oxidation by
O; apparently prevails over a slower OH oxidation, except
during stagnation episodes, act together to alter the BrC optical
properties in the atmosphere of Mexico City. Residence times of
air masses in the basin are relatively short (~12 h) with little
carry-over from day to day and little recirculation.'®

3.7 Mass absorption apportionment by type of organic
aerosol

The MAE for each OA factor as defined by PMF, was obtained
from the model described by eqn (6). The unconstrained
application of this model was able to capture 86% of the
babs,Brc,370 variance for the full study period, and demonstrated
that the OA factors are good predictors to assess the light
absorption by BrC in Mexico City. Table 3 shows the resulting
MAE for each group of OA. The regression's intercepts and
correlation coefficients, also shown in Table 3, indicate the
variability not explained by the model to calculate baps rc,370
using as reference the BrC absorption obtained from the
approach based on the difference between the total aerosol
absorption and the absorptions related to BC, (eqn (3)).

The individual MAE showed distinctive values across
seasons. BBOA and HOA returned the highest coefficients. As
expected, the highest coefficients for BBOA were observed
during the dry-warm season, and the lowest during the rainy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Time series of light-scattering coefficients at 550 nm (bscat,550) Obtained by the revised US-EPA IMPROVE equation for each aerosol

component identified by the proposed ion pairing scheme during the sampling campaign of 2019. (b) Contributions of each aerosol component
to total scattering by climatological season. (c) Diurnal variability of the individual coefficients based on geometric means, the dashed line
corresponds to their sum. (d) Regression plot between the reconstructed bgcat at 550 nm, and b, at 870 nm measured by PAX.

season due to the absence of regional wildfires. The coefficients
for HOA did not vary substantially across seasons, contrary to
the coefficients for LO-OOA, which yielded values statistically
equal to zero during the dry-warm and rainy seasons. MO-OOA
registered consistently the lowest coefficients, even coefficients
with negative values, during the dry-cool season due to the
unconstrained application of the model. This finding, like our
previous results, highlights the weak contribution of highly
oxidized OA to light-absorbtion.

The MAE obtained for BBOA should be taken with caution
since the values estimated in this study varied from season to
season. The regional landscape is quite heterogeneous, and
therefore different types of wildfires can be expected with
a complex variability of emissions in terms of origin, chemical
characterization, emission rates, plume characteristics and age,
and transport patterns relying on synoptic scale meteo-
rology.'**"* In the absence of wildfires, BBOA can be related to
the local burning of trash and the use of biomass as fuel for
cooking by many street-food stalls across the city.*"*°

The MAEs reported in this study are within those found in
urban areas of different characteristics. For example, a coeffi-
cient of 1.67 m> g~ " at 637 nm for HOA was reported for traffic
related sources in Barcelona, Spain,'” while coefficients

© 2022 The Author(s). Published by the Royal Society of Chemistry

ranging from 1.34 to 2.04 m> g~ " at 365-370 nm were reported
for Kanpur, India," Yangzhou, China,'*® and Manaus, Brazil."”
With respect to BBOA, like in our case, a wide variability has
been observed in other places depending on the presence of
biomass burning and the plumes' age.”’

In terms of individual contributions to baps ¢ at 370 nm
obtained from the product of MAE and concentration by group
of OA, HOA was the dominant group during the dry-cool and
rainy seasons with contributions of 53% and 49%, respectively.
BBOA dominated the light absorption during the dry-warm
season with 55%, but contributed only 6% during the rainy
season. LO-OOA contributed 24% during the dry-cool season,
and almost zero during the other two seasons. Negligible
contributions from MO-OOA were observed along the three
seasons due to the presence of highly oxidized non-absorbing
species, including oxidized chromophores that inhibit the
aerosols absorption capacity as observed in similar studies.***”

3.8 Light scattering reconstruction

The application of the modified ion pairing scheme (eqn (8)) to
approximate the concentrations of inorganic compounds ob-
tained from the ACMS measurements showed that the
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inorganic fraction was dominated by (NH,),SO,, NH,NO; and
NH,CI, while H,SO, was not identified and NH,HSO, was
absent most of the time. The mass loadings of the former two
compounds and the loading of the total organic fraction were
used to reconstruct the light-scattering coefficient at 550 nm
applying the revised US-EPA IMPROVE equation (eqn (7)). The
time series of byca 550 With the apportionment of each aerosol
component are shown in Fig. 7. The geometric mean obtained
by this approach returned a bycat 550 = 82.1 [2.2] Mm ™. A strong
correlation against the by, PAX measurements at 870 nm was
found (r* = 0.80).

The organic fraction dominated light scattering with
a contribution of 68%. Ammonium sulfate contributed 19%,
and NH,NO; 13% across the six-month sampling period. Fig. 7
shows the contributions for each climatological season. The
larger contribution of organic aerosols during the dry-warm
season responded to more frequent biomass burning plumes
full of aged particles reaching the city, while the lower contri-
butions portrayed by NH,NO; responded to an increased vola-
tility under warmer conditions. The scattering coefficient for
(NH,4),SO, did not vary essentially between seasons, suggesting
a constant flux of SO, within and outside the city.

As depicted in Fig. 7c, the morning peak in the total bgcat 550
responded to the mix of fresh and aged organic aerosols, while
the contribution of NH,NO; became evident after sunrise as
a consequence of the photochemical activity kick off. The total
light scattering peaked at 9-10 h, then experienced a small
decrease during the next two hours and remained relatively
constant in the early afternoon because of a slight increase of
organic aerosols and a slower depletion rate of NH,NO;.
Ammonium sulfate showed a high background contribution
with a slight morning increase. Previous studies in Mexico City
reported a similar diurnal pattern of light scattering.***

4. Summary and conclusions

A net light aerosol extinction of 31.6 [1.9] Mm " in the near
infrared spectral region was observed during a two-year study
(2017-2019) in Mexico City. Depending on the climatological
season, 65-74% was attributed to light scattering. During the
dry-warm season (February to May) ubiquitous regional wild-
fires increased the burden of high-scattering and high-
absorbing aerosols. On regular days (i.e., not affected by wild-
fire plumes), emissions from vehicular traffic were the driver of
aerosol light extinction. Emissions from cooking and domestic
heating, as well as from industrial activities apparently had
minor contributions. The light scattering and absorption coef-
ficients observed in this study are similar to those reported in
the literature for urban atmospheres highly impacted by traffic
pollution, but lower than those impacted by woodsmoke.

The organic fraction of aerosols dominated both the
submicron mass loading, as measured by mass spectroscopy of
non-refractory components, and light scattering. At least half of
the light scattering can be attributed to organic aerosols during
regular days, and over 80% during wildfire episodes. Nitrates
and sulfates are also important light scattering contributors.
The former has a larger contribution on regular days (20%) than
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during the wildfire season (14%), the opposite is true for the
latter (11% and 22%, respectively).

The light absorption coefficients showed distinctive seasonal
power law distributions as a function of wavelength. The biomass
burning plumes rich in organic aerosols reduced somewhat the
coefficients of light absorption, but because of their abundance,
the biomass burning aerosols exceeded over 50% of the organic
contribution to light absorption at 370 nm during the dry-warm
season. The hydrocarbon-like organic aerosols strongly related to
vehicular traffic were the dominant contributors (~50%) in the
absence of biomass burning plumes. Interestingly, the abun-
dance of aged organic aerosols with an important regional
character, represented by the MO-OOA group, had a null contri-
bution during the three climatological seasons due to the pres-
ence of highly oxidized non-absorbing species. However, less
aged organic aerosols associated with local chemical processes,
represented by the LO-OOA group, showed a contribution of 24%
in periods not affected by biomass burning. These results indi-
cate that vehicular traffic is the main contributor of light
absorption on a daily basis by the direct emission of black carbon
and organic aerosols, and indirect participation in the produc-
tion of secondary organic aerosols through the emission of
precursor species, while biomass burning is the major contrib-
utor during the wildfires season.

A strong correlation (7* > 0.70) between the light absorption
coefficients for brown carbon and the total organic aerosol mass
loadings helps to explain the additional light absorption from
carbonaceous aerosols other than black carbon. Brown carbon
added on average 5.6 [2.1] Mm " to the absorption of 19.7 [2.1]
Mm™ " related only to black carbon at 370 nm, which represents
an additional 28%, that can be higher during wildfire episodes,
e.g., during the episode of April-May 2019 the light absorption
was 40% of that attributed to black carbon.

A comprehensive characterization of the aerosol optical
properties is fundamental to design effective emission control
policies to improve air quality and mitigate climate change. The
results presented in this study provide information to assess the
visibility deterioration within the city, which despite being the
most evident effect of air pollution, has not received the
necessary attention from environmental authorities. In the
same way, the diurnal and seasonal variations of the optical
properties and chemical composition of the atmospheric aero-
sols provide essential information to improve the retrieval of
AOD from satellite and ground-based measurements over
Mexico City and surrounding regions all year round. An accu-
rate interpretation of the AOD will help to address the radiative
forcing and air pollution related to seasonal wildfires, as well as
to evaluate the regional impact caused by the urban plume of
smoke. At the city scale, the impact of brown carbon and its
associated optical properties on atmospheric chemistry and
micrometeorology must be considered to update current air
quality and climate change programs.
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