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Research Center, Hampton, Virginia, USA, “Department of Hydrology and Atmospheric Sciences, University of Arizona,
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Abstract This paper presents an aerosol characterization study from 2003 to 2015 for the Mexico City
Metropolitan Area using remotely sensed aerosol data, ground-based measurements, air mass trajectory
modeling, aerosol chemical composition modeling, and reanalysis data for the broader Megalopolis of
Central Mexico region. The most extensive biomass burning emissions occur between March and May
concurrent with the highest aerosol optical depth, ultraviolet aerosol index, and surface particulate matter
(PM) mass concentration values. A notable enhancement in coarse PM levels is observed during vehicular
rush hour periods on weekdays versus weekends owing to nonengine-related emissions such as
resuspended dust. Among wet deposition species measured, PM; s, PM;o, and PMcgarse (PM1o-PM; 5) were
best correlated with NH,*, 5042’, and Ca*, suggesting that the latter three constituents are important
components of the aerosol seeding raindrops that eventually deposit to the surface in the study region.
Reductions in surface PM mass concentrations were observed in 2014-2015 owing to reduced regional
biomass burning as compared to 2003-2013.

1. Introduction

With increasing urbanization, it is expected that 66% of the global population will live in urban conglomera-
tions by 2050 [United Nations, 2015]. This motivates improved understanding of air quality in megacities
around the world. In Mexico, two such megacities are the Mexico City Metropolitan Area (MCMA; 2240 m
above sea level (asl)), which has over 21 million inhabitants, and the larger Mexico “Megalopolis” Area, known
as Megalopolis of Central Mexico, which includes metropolitan zones in the center of Mexico, containing
MCMA (Mexico City and municipalities in Mexico State and Hidalgo) and surrounding metropolitan areas
(Tulancingo, Pachuca, Tula, Tlaxcala Puebla, Cuautla, Cuernavaca, and Toluca), collectively accounting for
over 30 million people (http://www.inegi.org.mx/). Knowledge of the abundance and physicochemical prop-
erties of air pollutants, especially particulate matter (PM), is needed to quantify the nature of their interactions
with solar radiation and water vapor in the Megalopolis, in addition to their effects on public health.
Furthermore, aerosol particles serve as cloud condensation nuclei and ice nuclei, and thus the chemical
signature of precipitation is expected to reflect chemical properties of PM in this region.

Parts of the Mexico Megalopolis have been the subject of field measurement studies, modeling activities, and
remote sensing studies [Livingston et al., 2009; Redemann et al., 2009; Kar et al., 2015]. For example, the
Megacity Initiative: Local and Global Research Observations campaign in 2006 was an international collabora-
tive effort to study the properties, evolution, and transport of atmospheric emissions generated in MCMA
[Molina et al., 2010]. The region has diverse pollutant sources including biogenic emissions, biomass burning,
extensive anthropogenic activity, and the Popocatépetl volcano in the southeastern part of Mexico City
[Molina et al., 2010; Almanza et al., 2012]. Surface measurements of aerosol composition in MCMA suggest
that about half of PM;¢ and PM, 5 is composed of carbonaceous components, with the remaining half split
relatively evenly between dust and secondary inorganic species [Querol et al., 2008; de Foy et al., 2011].
The organic fraction was found to include about half secondary organic aerosol (SOA), with the rest divided
between primary urban emissions and biomass burning emissions [Aiken et al., 2009, 2010]. Modeling has
indicated that about half of the urban organic carbon in particles stems from motor vehicle emissions
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[Stone et al.,, 2008]. Furthermore, microscopy analysis has shown that most particles in MCMA are either
coated or comprise aggregates [Adachi and Buseck, 2008].

Terrain and seasonal factors influence air quality in the Megalopolis. Similar to other major urban centers such
as Los Angeles [Ryerson et al., 2013] and Tehran [Crosbie et al., 2014] where terrain negatively impacts air qual-
ity, mountains on three sides of the MCMA basin trap pollutants, especially during the early morning hours
and in winter [de Foy et al., 2006, 2009, 2011; Molina et al., 2007, 2010]. Anthropogenic pollution reaches its
maximum influence during the winter due to the shallower mixing layer [Molina et al., 2007]. Biomass burning
on the other hand peaks in the spring due to burning in surrounding areas [Bravo et al., 2002; Yokelson
et al,, 2007].

The goal of this study is to expand upon these previous studies focused on the MCMA region by conducting
an updated aerosol characterization study from 2003 to 2015 using remotely sensed aerosol data, surface
monitoring data, air mass trajectory modeling, and chemical transport modeling for the broader
Megalopolis Area. While the studies noted above have examined aerosol characteristics, a new addition of
this study is analysis of how PM is related to precipitation chemistry in the region. This is of interest as it repre-
sents a nontraditional way of examining aerosol-cloud precipitations, and knowledge of precipitation chem-
istry itself has implications for effects on ecosystems after wet deposition. The subsequent analysis is aimed at
addressing the following questions: (i) what are the monthly profiles of parameters related to PM in relation
to meteorology? (i) What are the diurnal and weekly profiles of surface aerosol data? (iii) What is the relation-
ship between PM and wet deposition species concentrations? And (iv) how have pollutant concentrations
changed from 2003 to 2015?

2. Data and Methods

A diverse set of data is used in this work collected between 2003 and 2015 from sources including ground-
based monitoring stations, models, and remote sensors. The central region of Mexico is divided in two nested
spatial domains (Figure 1a). Domain 1 (—95° to —106°W, 15° to 22°N; Figure 1b) is the spatial area over which
remotely sensed fire and vegetative cover data are examined. Domain 2 (—97 to —100°W, 18 to 20°N; Figure 1¢)
includes the Central Megalopolis of Mexico where surface monitoring station data and the remaining satellite
data were obtained. The data sets are summarized below.

2.1. Satellite Remote Sensing Data

Remotely sensed data for aerosol particles and other environmental parameters were downloaded from the
Goddard Earth Sciences Data and Information Services Center via the GIOVANNI v4.19 portal (http://disc.sci.
gsfc.nasa.gov/giovanni). A summary of parameters, instrument data sources, and spatiotemporal resolutions
is in Table 1. It is emphasized that the focus with the remote sensing data is not absolute values but rather
qualitative monthly trends. Daily aerosol optical depth (AOD) data were used from Moderate Resolution
Imaging Spectroradiometer (MODIS-Aqua) Collection 6 [Levy et al., 2013] to represent aerosol abundance
in the study region. AOD data were specifically used from the Deep Blue algorithm, which corrects for pro-
blems associated with bright land surfaces, including those characterized by a combination of vegetative,
arid, and/or urban influence [Hsu et al., 2004, 2013]. As a measure of particle size distribution, Deep Blue
Angstrom Exponent (AE) data were used from MODIS Aqua/Terra. Since the temporal trends of Aqua and
Terra agreed, data are only reported from Aqua. AOD data are also used from the Multiangle Imaging
Spectroradiometer (MISR) [Diner and Hansen, 2012]. Data representative of the abundance of light-absorbing
aerosols (e.g., dust and smoke) was obtained from the Ozone Monitoring Instrument (Aura/OMI) [Torres et al.,
20071 in the form of the ultraviolet aerosol index (UV Al) parameter. There are several important factors that
determine the quality assurance of remote sensing data [Kahn et al., 2010; Li et al., 2009]. Among these factors
are clouds, which introduce bias in retrievals of aerosol parameters [Ostby et al., 2014; Shi et al., 2014]. To
address this issue, we filtered remote sensing data when MODIS-Aqua cloud fraction exceeded 70%.

Intensity, frequency and location of fires between 2003 and 2015 were obtained from the MODIS Collection 6
combined Terra/Aqua (MCD14DL) from the Fire Information for Resource Management System (FIRMS;
https://earthdata.nasa.gov/active-fire-data). MODIS Terra overpasses the study region around 04:30 to
05:30 Greenwich mean time (GMT; ascend) and 17:00 to 18:00 GMT (descend), while MODIS Aqua passes over
between 07:30 to 08:30 GMT (descend) and 19:30 to 20:30 GMT (ascend). The method relies on detection of
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Figure 1. (a) Mexico divided in two nested spatial domains (red and black squares). The blue lines represent political divisions of the six states of the Central
Megalopolis of Mexico. (b) The larger Domain 1 (red box: —95° to —106°W, 15° to 22°N) is examined for fire activity (e.g., red points in June 2011). (c) Amplification

of the smaller Domain 2 (black box: —97° to —100°W, 18° to 20°N) is shown, where the salmon-colored areas correspond to populated urban centers and the markers
represent surface monitoring stations in the Central Megalopolis: SIMAT-Mexico City (orange pentagons), SEMA-Puebla (blue squares), and SEMA-Toluca (light blue
circles). In Figure 1¢, the black airplane symbols represent airports and the red diamond marker shows the location of the Mexico City AERONET site.

thermal anomalies, specifically with the brightness temperature (BT) parameter, for quantification of fire

intensity [Giglio et al., 2016].

As a proxy for the influence of biogenic volatile organic compound emissions on aerosol characteristics in the
study region, data from the normalized difference vegetation index (NDVI) product were used from the
MODIS Terra sensor [Bhandari and Kumar, 2012].

The ensuing discussion of results includes comparisons of data with different spatial resolutions, notably
between satellite data and surface measurements of aerosol particles. The comparisons of different data sets

Table 1. Summary of Satellite Data Set Details Used for This Study in Domain 2 of Figure 1 (—97°to —100°W, 18° to 20°N)®

Temporal Spatial Temporal
Variable Short Name Source Resolution Resolution Range
AOD (550 nm)b MYD08_D3_v6 MODIS-Aqua D 1x1° 2003-2015
AOD (555 nm) MIL3DAE_v4 MISR D 0.5 x 0.5° 2003-2015
AE (412-470 nm)b MYDO08_D3_v06 MODIS-Aqua D 1x1° 2003-2015
UV aerosol index OMTO3d_003 oMl D 1x1° 2004-2015
Cloud fraction MYDO08_M3_v6 MODIS-Aqua D 1x1° 2003-2015
PBLH (m) M2TMNXFLX MERRA M 0.5 x 0.625°  2003-2015
Speciated AOD (550 nm) g5e520m0c GOCART v5 M 1x1.25° 1998-2009
NDVI© MOD13C2v5 MODIS-Terra M 5600 m 2003-2015
FIRMS (MODIS-Terra

BT (K)© MCD14DL and Aqua) M 1 km pixel 2003-2015

#M = monthly, D = daily.

Deep blue for land-only.
“Considers Domain 1: broader spatial domain of —95° to —106°W, 15° to 22°N.
MORA ET AL. ANALYSIS OF AEROSOLS MEXICO MEGALOPOLIS 8707
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Table 2. Summary of Surface Monitoring Station Details

SIMAT (Mexico)
PM, 5, PM1o, Wind Speed, Wind Direction, T, RH, Wet Deposition

Station Name Alias Latitude (°N) Longitude (°"W) Time Range Missing Data®
Merced MER 19.425 —99.120 2003-2015 32.4/20.2
Pedregal PED 19.325 —99.204 2003-2015 24.4/22.4
San Agustin SAG 19.533 —99.030 2003-2015 34.5/22.3
Tlalpan TLA 19.529 —99.205 2003-2015 33.4/22.7
Xalostoc XAL 19.526 —99.082 2003-2015 82.3/22.2

Puebla-SEMA
PM;q, Wind Speed, Wind Direction, T, RH

Station Name Alias Latitude (°N) Longitude (°W) Time Range Missing Data®
Tecnologico TEC 19.057 —98.151 2003-2009 -/58.9
Normal SER 19.067 —98.224 2003-2009 -/67.6
Ninfas NIN 19.041 —98.214 2003-2007; 2011-2014 -/55.4
Agua Santa AGS 18.987 —98.250 2003-2008; 2010-2014 -/33.6
Velodromo VEL 18.987 —98.278 2012-2014 -/84.21

Toluca-SEMA
PM; o, Wind Speed, Wind Direction, T, RH

Station Name Alias Latitude (°N) Longitude (°W) Time Range Missing Data®
Centro CE 19.278 —99.656 2003-2008; 2011-2014 -/27.5
Oxtotitlan OX 19.283 —99.683 2003-2014 -/17.3
Aeropuerto AP 19.334 —99.574 2003-2015 -/57.9
San Cristobal SC 19.327 —99.634 2003-2007; 2009-2014 -/19.6
Metepec MT 19.270 —99.595 2003-2006; 2008-2014 -/30.0
Atenco SM 19.280 —99.542 2003-2015 -/28.0

SENEAM
RH, Precipitation

Station Name Alias Latitude (°N) Longitude (°W) Time Range Missing Data®
Mexico Int Airport S-Mex 19.435 —99.069 2003-2015 NA
Toluca Int Airport S-Tol 19.337 —99.566 2003-2015 NA
Puebla Airport S-Pue 19.158 —98.371 2003-2015 NA

AERONET

AOD, Water Vapor

Station Name Alias Latitude (°N) Longitude (°W) Time Period Missing Data®
Mexico City N/A 19.334 —99.182 2003-2015 NA

aPercentage of missing PM5 5 and PM; data with respect to the entire 2003-2015 period (PM; 5/PM;).

hinge on monthly mean values, which have been shown to improve the correlation between satellite and
surface data [Li et al., 2013, 201443, 2014b]. We assume in the discussion of comparisons of data sets that those
measurements obtained over monthly time scales at the surface are intercomparable with the wider area
around the measurement sites in the study region. This has also been done in earlier work in regions such
as the United States [Li et al., 2015; Lopez et al., 2016].

2.2. Ground-Based Measurements

Figure 1c shows the area corresponding to the Mexico Central Megalopolis. Within this domain, Mexico City is
located in a flat basin that is open and adjoined with Hidalgo, to the north. The remaining three sides are sur-
rounded by high mountains that separate Mexico City from other important urban centers including Puebla
(to the southeast), Toluca (west), Morelos (south), and Tlaxcala (east). Ground-based measurements were
obtained from sites across the Megalopolis that had at least 70% data coverage on a yearly basis for the
2003 to 2015 period. The resulting sites include five in Mexico City affiliated with the Automatic System of
Atmospheric Monitoring (SIMAT; http://www.aire.df.gob.mx), six in Toluca (SEMA-ZMVT), and five in Puebla
(SEMA-Puebla). Table 2 summarizes the meteorological parameters and particulate matter (PM;g,and
PM, 5) measured at each station, which are briefly introduced below.

MORA ET AL.
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2.2.1. Particulate Matter

Particulate matter (PM;q and PM, 5) data from 2003 to 2015 were obtained from the SIMAT network in the
following five zones of Mexico City: Merced (MER) in the central area, Pedregal (PED) to the southeast, San
Agustin (SAG) to the northwest, Tlalpan (TLA) to the north, and Xalostoc (XAL) to the northwest. For the var-
ious sites in Puebla-SEMA and Toluca-SEMA listed in Table 2, only PM;q was measured. As shown in Table 2,
data availability was generally higher for PM,¢ as compared to that for PM; 5. Continuous particulate moni-
tors, Beta Attenuation Particle Monitor 1020, or R&P Model 1400a tapered element oscillating microbalances
were used to measure PM;o, while the Thermo Model 1405-DF Filter Dynamics Measurement Systems
method was used to measure both PM;y and PM, 5 at hourly time resolution. PM ga;se is also discussed in this
work and refers to the following difference: PM;-PM, s.

2.2.2. Meteorology

Ambient temperature, wind speed, wind direction, and relative humidity (RH) data were collected from
Mexico City (SIMAT), Puebla-SEMA, and Toluca-SEMA monitoring networks. Wet deposition chemistry data
were also obtained from the SIMAT monitoring network at weekly time resolution, with speciation including
major water-soluble cations (Ca**, K*, Mg*, Na*, and NH,*) and anions (CI~, NO;~, and SO,°7). Precipitation
data were obtained from the Navigation Services of Mexican Airspace (SENEAM) at airports in Toluca (—99.57°W,
19.34°N), Mexico City (—99.07°W, 19.4°N), and Puebla (—98.37°W, 19.16°N).

2.2.3. AERONET

Aerosol optical depth (AOD) and columnar water vapor data were obtained from the Aerosol Robotic
Network (AERONET, Level 2.0; http://aeronet.gsfc.nasa.gov/) [Holben et al., 1998; Kahn et al., 2005; Perez-
Ramirez et al., 2014] for the period between 2003 and 2015 to compare with monthly patterns of corresponding
satellite remote sensing data. The AERONET monitoring site used for this study is located in the southwestern
part of Mexico City (—99.18°W, 19.33°N; 2268 m asl).

2.3. Air Mass Transport Modeling

To examine air mass source origins impacting the study region, 4 day back trajectories were produced using
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [Stein et al., 2015; Rolph, 2016].
The model was run using the National Center for Atmospheric Research and the National Centers for
Environmental Prediction reanalysis data with the isentropic vertical velocity method. Data were collected
for air masses ending 500 m above the Merced SIMAT station located in central MCMA (19.42°N, 99.12°W;
2245 m asl) between 2003 and 2015. A clustering algorithm [Jorba et al., 2004; Toledano et al., 2009] was used
to construct quarterly (December-February, DJF; March-May, MAM; June-August, JJA; September-
November, SON) trajectory frequency maps, which present the most frequent transport pathways of air end-
ing in the study region. We note that while the study region is in a high-altitude tropical location with three
seasons, as will be discussed further below, annual quarters will be used for discussion of air trajectories to
obtain finer temporal resolution as has been done by others for the region [Carreon-Sierra et al., 2015].

2.4. Goddard Ozone Chemistry Aerosol Radiation and Transport (GOCART) Model

In order to examine the column-integrated abundance of major aerosol constituents in the study region,
GOCART v5 model data for AOD were used for numerous species including dust, sea salt, sulfate, black carbon
(BC), and organic carbon (OC) [Chin et al., 2014]. Data at 1° x 1.25° resolution were examined from 1998 until
2009, the last year of which such data could be obtained. The model uses assimilated meteorological data
from the Goddard Earth Observing System Data Assimilation System to generate an analysis of the initial
state in order to improve agreement between numerical model and available data. The model includes sulfur,
dust, OC and BC, and sea salt emissions [Olivier et al., 1996; Andres and Kasgnoc, 1998; Cook et al., 1999;
Duncan et al., 2003], in addition to transport, chemistry, removal via dry and wet deposition [Wesely, 1989;
Lin and Rood, 1996; Helfand and Labraga, 1988], and consideration of aerosol optical thickness [Chin
et al.,, 2002].

2.5. Modern Era-Retrospective Analysis for Research and Applications Reanalysis Data

The Modern Era-Retrospective Analysis for Research and Applications (MERRA-2) model [Rienecker et al.,
2008] was used to obtain data for planetary boundary layer height (PBLH; M2TMNXFLX_V5.12.4) at
0.5° x 0.625° spatial resolution, over the region in Domain 2 (black box: —97° to —100°W, 18° to 20°N) shown
in Figure 1c.
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Figure 2. Monthly trends of meteorological and thermodynamic data between 2003 and 2015. (a) Precipitation accumula-
tion at Mexico City, Toluca and Puebla airports. (b) AERONET columnar water vapor over Mexico City. (c) Planetary boundary
layer height (PBLH) from MERRA. (d) Area-averaged cloud fraction from MODIS-Aqua. Area-averaged (e) ambient tem-
perature and (f) relative humidity (RH) from Toluca, Puebla, and Mexico City monitoring networks.

3. Results
3.1. Meteorological Context

Owing to the influence of meteorology on air quality, first we discuss the general monthly profile of meteor-
ological parameters. The MCMA basin has been documented [de Foy et al., 2005] as having three seasons:
cold and dry season (November-February), warm and dry season (March—April), and rainy season
(May-October). Figure 2 demonstrates how precipitation accumulation, water vapor, cloud fraction, tempera-
ture, and RH are consistent with this general monthly profile. This behavior is driven on the synoptic scale by
dry westerly flow between March and May and moist easterly flow for the remaining part of the year, which is
supported by the HYSPLIT back trajectory results in Figure 3. During the wet season, precipitation is produced
mainly by convective clouds originating from the gradient of temperature between the surface and the
atmosphere [Jauregui, 1997]. During the dry season, there are isolated and low-intensity rainfall events that
are related to cold fronts [Klaus et al., 1999].

Monthly mean values of PBLH (18° to 20°N, —97° to —100°W) from MERRA are highest in the spring
(March-May) ranging between 0.7 and 0.8 km and lowest in the fall (September-November) with values
around ~0.5 km (Figure 2). It is cautioned that the MERRA PBLH values might be lower limits of their true
values based on a comparison with a study that measured boundary layer depth with a variety of measure-
ment techniques in Mexico City [Shaw et al., 2007]; however, we are concerned only with the qualitative
monthly behavior.

3.2. Remote Sensing Aerosol Data

Remotely sensed aerosol data are presented in Figure 4, which will be contrasted later with the surface aero-
sol measurements. The temporal trends for AOD between MODIS-Aqua, MISR, and AERONET generally agree
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Figure 3. Mean trajectory frequency maps from 2003 to 2015 for (a) March to May (MAM), (b) June to August (JIA),
(c) September to November (SON), and (d) December to February (DJF) using 4 day air mass back trajectories at an

ending point of 500 m in MCMA. The colors indicate the minimum frequency of air parcels at a given point. For reference,
the red box signifies Domain 1 in Figure 1.

with peak values between April and June. The lowest MODIS AOD values were observed between December
and January. Angstrém Exponent (from MODIS-Aqua) exhibits minimum values in May and June, indicative of
larger aerosol particles during that time of the year in contrast to other months when AE exhibited similar
mean values. Values of UV Al are highest between March and April in addition to a secondary peak in
December. Those 3 months presumably have greater influence from absorbing aerosol types such as dust

and smoke, which will be discussed subsequently.
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Figure 4. Monthly profiles of remotely sensed aerosol parameters for the study region (—97° to —100°W, 18° to 20°N; i.e.,
Domain 2 of Figure 1). (a) AOD retrieved from MODIS-Aqua, MISR, and AERONET. (b) Angstr(")m Exponent from MODIS Aqua
and UV Al from the Ozone Monitoring Instrument (OMI). The whiskers represent one standard deviation.
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Figure 5. (a) Monthly and (b) weekly profiles of PM; g, PM5 5, and PMcgarse from ground-based SIMAT station data between
2003 and 2015. The red horizontal lines in Figure 5a correspond to the Mexican guideline for PMq¢ (40 png m_3) and PM 5
(12 pg m ™). The whiskers represent one-fifth standard deviation.

3.3. Surface Aerosol Data

While optical depth measurements provide a quantification of columnar aerosol abundance, the impact of
pollution on public health is best determined by surface measurements within the PBL. Figure 5a shows
the average monthly profile of PM;q, PM; 5, and PMy,se data from five SIMAT monitoring sites in Mexico
City. The annual average of PM;, mass concentration is 51.79 + 12.63 ug m~3, which is 23% higher than
the guideline (NOM-025-SSA1-2014) of the Mexico authorities (40 pg m~3). The mean annual PM, 5 concen-
tration for the same period is 23.22 + 4.72 ug m >, which is above the recommended value of 12 pg m~3,
PMcoarse monthly average concentrations always exceeded that of PM, s with a mean annual value of
28.57 + 8.28 ng m™>. The three parameters generally followed the same monthly trend exhibiting their low-
est values between July and September (minimum in September), owing at least partly to aerosol scavenging
via precipitation during the rainy season.

PM;, follows a weekly pattern pointing to some combination of accumulation of pollutants or increasing
emissions during weekdays, leading to a peak around Thursday and Friday (55.0-55.3 pg m—>) and a mini-
mum on Sunday (43.3 pg m~3; Figure 5b). Although PM,s similarly peaks on Thursday and Friday
(24.1-24.7 pg m ™) with a minimum on Sunday (21.6 ug m ), the overall range of mean values on different
days is small (~3 pg m ™) relative to PMyq (~12 pg m™3) and PMcoarse (~9 g m™3). PMcoarse exhibits its mini-
mum value on Sunday (21.7 ug m ™) and shows similar values during weekdays (28.1-30.9 pg m™3). Potential
signs of anthropogenic influence on temporal patterns of PM are discussed subsequently.

Concentration (mg LY

Figure 6. Monthly concentration profile of species in wet deposition from ground-based SIMAT station data between 2003
and 2015. No data were available for December in any year.
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Figure 7. Spatial frequency of monthly fires over central Mexico (the red-dotted rectangle corresponds to Domain 1 of
Figure 1) based on MODIS FIRMS data between 2003 and 2015. The color is proportional to fire frequency (red = highest).

3.4. Surface Precipitation Data

Figure 6 shows the monthly profile of constituent concentrations in wet deposition in Mexico City between
2003 and 2015 based on SIMAT data, with no data in December any year. Sulfate and NO3~ dominated in
terms of aqueous-phase concentration, with peak levels between January and May and a second smaller
peak in November. The next highest concentrations were for Ca®>* and NH,", which followed the same
monthly profile as SO, and NO5 ™. Accounting for much lower concentrations were CI~, K*, Mg?*, and Na*.

4. Discussion
4.1. Monthly Temporal Profiles

Other studies have shown that there are a range of factors that both govern the monthly profiles of columnar
aerosol parameters (e.g., AOD and UV Al) and explain differences between columnar and surface PM data. It is
pertinent to first note that the intercomparison between columnar spaceborne aerosol data and surface in
situ measurements requires caution due to the different spatial fingerprints of the two types of data. When
assuming that the intercomparison is fair to do, it was shown for the greater Tehran area [Crosbie et al.,
2014] and South Africa [Hersey et al., 2015] that differences in temporal profiles between AOD and surface
PM are due to lower PBLHs concentrating PM in a smaller volume of air leading to higher surface PM,
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UV Al values during that time period.

The MAM months are shown to have
more influence from air masses originating from the west as compared to other quarters (Figure 3), which can
help point to why AOD and UV Al are highest in those months. Biomass burning is a stronger source of PM in
the study region in the MAM months, which overlaps with the warm/dry season. Figure 7 shows the spatial
distribution of fires by month in the study zone (Domain 1) between 2003 and 2015, with each red spot repre-
senting a 1 km grid cell. During the warm/dry months (March-April) and also May, more intense fires occur
near coastal zones on both the western and eastern boundaries of the study domain. Over these areas the
low deciduous forest, pine/oak forest, and high evergreen forest are the dominant types of vegetation
(Figure 1b). During the cold/dry season (November-February), fire activity tends to be more intense in the
central area of the spatial domain, especially next to Michoacan and Jalisco.

Figure 8 shows the monthly averages of brightness temperature (BT, proxy for fire intensity) and number of
light spots between 2003 and 2015, with peak values in the MAM months. Conversely, the combination of the
lowest frequency and intensity of fires occurs between August and October (i.e., during the rainy season). It is
interesting that the total number of light spots (i.e., fires) occurs 1 month after the peak in BT. This may be
explained by more numerous fires lacking intensity in May after the fires of April consume significant biomass
fuel. Figures 7 and 8 help to support that biomass burning emissions contribute substantially to the high
AOD, UV Al, and surface PM values between MAM when PBLH is highest. Soil dust can also contribute to
enhancements of the aforementioned aerosol parameters and reductions in AE in the MAM months; Aiken
et al. [2010] suggested that enhanced dust during periods of high biomass burning are due to independent
emissions in the study region promoted by dry conditions rather than dust being lofted in the buoyant
plumes of fires as shown in other regions [e.g., Maudlin et al., 2015].

With regard to the surface PM concentration results (Figure 5), the reduction in the rainy season months of
June-October is associated to a large extent with reduced biomass burning and increased wet scavenging
(Figure 2a). High levels of surface PM in the colder months (November-February) are linked presumably to
increased emissions from combustion for heating purposes. To remove the influence of PBLH between differ-
ent months, Figure 8 repeats the results of Figure 5 except with the PM concentrations multiplied by the
mean PBLH for each month. The recalculated concentrations follow the trend of BT more closely, peaking
in the warm/dry season, providing support for regional biomass burning emissions in influencing both fine
and coarse aerosol loadings in the study region. This result is in agreement with the recent study of
Tzompa-Sosa et al. [2016].
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Figure 9. Monthly profile of speciated AOD from the Goddard Ozone rate emissions data used by the
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Mexico Megalopolis (Domain 2 of Figure 1) based on data between 2003 and
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5042~ in September relative to the
more fire-active months of May and
June may be associated with the
highest cloud fraction and columnar water vapor (Figure 2) and thus greatest potential for aqueous forma-
tion relative to other times of the year. While the current data set cannot quantify the relative contribution
of different sources to 50,°~ during different times of the year, its major sources are discussed. Major anthro-
pogenic sources of SO, include fossil fuel combustion, industrial activity such as smelting, and biomass burn-
ing [Smith et al., 2011]. Additionally, volcanic emissions are a major source of sulfur emissions worldwide [Graf
et al,, 1997; Ge et al., 2016]. Two active volcanoes are located in the region: Colima, located 470 km west of
Mexico City, and Popocatépetl, located 70 km southeast of Mexico City. Previous analysis of emissions from
the Popocatépetl Volcano showed that the wind direction pointed northwest toward the MCMA for less than
20% of the analysis period [Grutter et al., 2008]. A previous analysis of SO, levels in the MCMA attributed a
significant fraction of its emissions to local cement plants and industrial processes in the Tizayuca region
[Aimanza et al., 2014]. Other studies have demonstrated the impact of SO, emissions from the Tula
Industrial Complex, located northwest of Mexico City [de Foy et al., 2007; Karydis et al., 2011; Ying et al., 2014].

Organics exhibited a peak in April and May, overlapping with the period of strongest biomass burning influ-
ence (Figures 7 and 8). The optical depth associated with BC was similarly highest in April and May, consistent
with more biomass burning emissions. Similar to BC, coarse dust AOD was also highest in April through June,
both of which overlap with the highest UV Al values. Sea salt and fine dust have the smallest AOD values of
the constituents studied, with their peaks also being between March—April and May, respectively.

An important source of aerosol, especially PM, s, is secondary production of aerosol from volatile organic
compounds (VOCs) via gas-to-particle conversion. In a nearby region to the north in southern Arizona, it
was shown that the combination of enhanced biogenic VOC emissions (as inferred from NDVI) and moisture
between July and September resulted in significant SOA formation [Youn et al., 2013]. Figure 10 shows how
NDVI is enhanced between July and October, overlapping with the wettest time of the year and enhanced
plant growth as expected [Salinas-Zavala et al., 2002; Neeti et al, 2012] and thus biogenic emissions
[Silveira and Oxana, 2014]. However, none of the aerosol parameters examined in this work exhibit any
significant enhancement during this time period, which is an interesting finding by itself and worthy of more
investigation. The current data set limits the discussion to presuming reasons as to why (i) the amount of
other aerosol constituents (e.g., anthropogenic SOA) [Molina et al., 2007; Hennigan et al., 2008; Stone et al.,
2008] outweighs that of SOA produced via biogenic emissions and thus cannot be observed with the data
set used here; (ii) the amount of SOA produced is offset by wet scavenging during this portion of the year;
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Figure 10. Monthly profiles of NDVI as retrieved from MODIS-Terra over  with a peak during the morning and
Domain 1 shown in Figure 1 for the period between 2003 and 2015. The evening rush hours (07:00-09:00

whiskers represent one standard deviation. and 17:00-19:00). In contrast, PM, s

exhibits a unimodal profile with a

dominant peak in the late morning
(10:00-12:00). The data suggest that traffic results in some combination of resuspension of PMq,,se (€.9., road
dust) and vehicular emissions enriched with PM gase- The source of PM, s during the late morning may be
associated with secondary production of aerosol via photochemistry as has been shown by others
[Hennigan et al., 2008].

The diurnal profiles of key meteorological parameters are summarized in Figure 11a to help interpret the PM
data. It is shown that RH is highest at around 06:00 (71%) and lowest at 14:00 (32%), which alone cannot help
explain any of the PM diurnal profiles. Moisture promotes production of secondary inorganic (e.g., ammo-
nium nitrate) and organic species, as evident in other megacities such as Los Angeles [Hersey et al., 2011;
Ryerson et al.,, 2013]. Earlier studies [e.g., Hennigan et al., 2008] showed that ammonium nitrate dominated
the inorganic aerosol fraction in Mexico City with rapid morning production and a peak near 11:00, followed
by a rapid midday reduction in concentration owing to boundary layer deepening (and thus dilution) and, to
a lesser extent, volatilization. They also showed similar temporal characteristics for water-soluble organic
carbon, which is also mainly produced via a secondary formation mechanism in Mexico City.
Approximately 75% of the morning concentration increases were said to be due to secondary formation in
that study. Figure 11 shows that temperature exhibits its highest levels between 11:00 and 15:00, which is just
after PM, s peaks at 10:00. Thus, it is likely that secondary production of aerosol species contributes to the
growth in the PM, 5 profile in the morning, and the subsequent reduction can be linked to higher tempera-
tures, concurrent with more volatilization of aerosol, and a deepening boundary layer that dilutes its concen-
trations. The precursor emissions leading to the secondary aerosol have been noted to mainly be from
anthropogenic sources [e.g., Molina et al, 2007; Hennigan et al, 2008], especially vehicular emissions
[Velasco et al., 2007], in the study region. Wind speed does not follow the temporal profile of any of the
PM species and thus is ruled out as a key driver of diurnal PM profiles in the study region.

Figures 11b-11d show diurnal profiles for weekends and weekdays. A clear anthropogenic signature is evi-
dent with higher levels of PM on weekdays at all times of the day except from ~00:00 to 06:00. The
“weekday-weekend” difference for PM;q followed the same bimodal profile as the cumulative PM;4 temporal
profile in Figure 11b, with maximum values of the difference being around the two rush hours:
07:00 = 16.1 pg m~> and 18:00 = 11.5 ug m—>. Expectedly, the same characteristics apply to PMcoarse With
its maximum difference values being during the rush hours: 07:00 = 14.0 pg m~> and 18:00 = 10.1 pg m™>.
For PM, s the differences between weekends and weekdays were less severe, with the maximum values
being between 06:00 and 13:00 (1.2-2.3 pug m~3) and the peak at 08:00. These results indicate that an anthro-
pogenic effect during the vehicular rush hours accounts for a significant amount of PMcg,se €missions (i.e.,
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Figure 11. Diurnal profile of (a) meteorological parameters and (b) PMyg, (c) PM5 5, and (d) PMcgarse from ground-based
SIMAT station data between 2003 and 2015. Figures 11b-11d report profiles for all data (cumulative), weekdays only,
and weekend days only (Saturday-Sunday) with whiskers representing one-fifth of standard deviation.

primary anthropogenic aerosol) and, to a lesser extent, PM; 5. The source of these particles in the PMcoarse
fraction is most likely primary particles unrelated to engines such as resuspended dust.
4.3. Interrelationships Between Precipitation and Aerosol Species

Table 3 displays the correlation matrix between major soluble ions in precipitation and surface PM;o and
PM, s, based on monthly averaged SIMAT data for the period between 2003 and 2015. Correlations
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Table 3. Correlation Matrix Between Major Rainwater lonic Constituents and Surface PM;q and PM, 5 Between 2003 and 2015%

Ca’*:Rain  NO3:Rain NH4":Rain Na‘:Rain Mg®":Rain K":Rain Cl:Rain SO4° - Rain PMss PMiy PMcoarse

Ca": rain 78 78 78 78 78 78 78 73 78 73
NO3: rain 0.71 78 78 78 78 78 78 73 78 73
NH4™: rain 0.81 0.81 78 78 78 78 78 73 78 73
Na™: rain 034 0.44 039 78 78 78 78 73 78 73
Mg>": rain 052 056 0.59 056 78 78 78 73 78 73
K*: rain 0.56 0.67 074 051 076 78 78 73 78 73
Cl™: rain 034 057 0.42 037 038 050 78 73 78

5042 -: rain 0.68 0.80 0.85 047 0.64 0.79 047 73 78 73
PMy.s 074 0.63 0.79 032 051 0.62 041 072 140 140
PM1o 0.85 0.66 0.84 037 054 0.63 031 075 0.89 140
PMcoarse 0.80 059 075 037 058 055 0.66 097 075

*The analysis is based on data collected during periods with coincident precipitation and PM measurements at Mexico City SIMAT stations. The lower left tri-
angular matrix displays r values for the correlations, while the upper right triangular matrix displays the number of samples (n) for each respective correlation.

discussed here and reported in Table 3 are statistically significant based on 95% confidence using a two-
tailed Student’s t test. We note that while the correlations are not proof for causation, they can still be
used to speculate as to what major sources impact precipitation chemistry in the study region. The two
mechanisms by which the subsequently discussed species could partition to rainwater are either via
aerosol scavenging of these species (i.e., activation into drops) or by their gaseous precursors (if they exist,
such as HNO;3 for NO3 ™) transferring into the aqueous phase [Van der Swaluw et al., 2011].

PM10 and PMcoarse exhibit their highest correlations with NH,*, S04, NO; ™, and Ca*. As the highest corre-
lation of PM;o and PMcoarse Was with the dust tracer Ca>*, dust presumably plays a significant role in seeding
the precipitation drops in the study region. A similar result has been shown for the Sonoran Desert to the
north of the Mexico border by southern Arizona [Sorooshian et al., 2013]. This latter study suggested that
the secondary inorganic species (NH,*, $04°~, and NO3 ™) in wet deposition were correlated with fine soil
levels owing likely to partitioning of these species onto coarse aerosol surfaces; it is plausible that the same
explanation could apply to the study region. The data suggest that sea salt is not a major source for CI~ and
Na™ in precipitation because both species exhibit the weakest correlations with PM;q and PMcoarse, and
additionally, the relation between CI~ and Na™ is not very strong (r = 0.37, n = 78).

PM, s was best correlated with NH,*, 50,27, and Ca®* (r = 0.72-0.79, n = 73) among the eight wet deposition
constituents examined. This is suggestive of these three constituents being important components of the
particles seeding precipitation drops. The precipitation species with the lowest correlation with PM, 5
included CI~ and Na*, indicative of little influence from fine sea salt particles. Previous studies in the area
have shown a link between garbage burning and emissions of CI~ and PM, 5 in the MCMA [Li et al., 2012;
Hodzic et al.,, 2012], which may partly help explain the peculiar correlation results for CI~ where it is not
correlated with Na™. Li et al. [2012] found that CI~ contributed a significant fraction (10%) of the PM, 5 mass
emitted through garbage burning in the MCMA.

In terms of interrelationships among precipitation species, SO,°~ and NH,* exhibited the highest correlation
(r = 0.85, n = 78), suggestive of influence from anthropogenic sources leading to their gaseous precursors
(SO, and NHjs, respectively). In addition, NO3~ and 50,2~ exhibited good correlation (r = 0.80, n = 78), in
agreement with Dias et al. [2012]. Ammonium and 5O, often exhibit the same mass size distribution with
peaks in the accumulation mode, indicative of secondary formation via acid-base chemistry [e.g., Maudlin
et al, 2015; Youn et al., 2015]. Sources of NH5 include livestock waste, fertilizer, biomass burning, and vehicu-
lar emissions [Battye et al., 2003].

Some of the next strongest correlations are between NO3™ and either S04%~ (r = 0.80, n = 78) or NH,"
(r=10.81, n = 78). Nitrate's main precursor, nitric acid (formed from NO, emissions), participates in acid-base
chemistry with NH3 and other bases such as amines to form NOs ™ salts, analogous to the process by which
sulfuric acid forms SO, salts. Ammonium sulfate production is thermodynamically more favorable as com-
pared to ammonium nitrate, which is why NO3 ™ is thought to partition more effectively to the aerosol phase
once $O,°~ is fully neutralized [e.g., Stelson et al., 1979]. The main source of NO, in Mexico City is mobile
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Table 4. Interannual Trend Analysis Results for Wet Deposition Species and Surface PM;q, PM5 5, and PMcq 4 se Between
2003 and 2015 as a Function of Annual Quarters Based On SIMAT Data”

DJF MAM JJA SON
% Slope  P-value 2 Slope  P-value 2 Slope  P-value 2 Slope  P-value
PM10 0.01 —-037 0.52 0.02 —-045 0.37 0.00 —0.07 0.80 0.00 -0.19 0.74
PM2.5 0.06 —0.35 0.16 0.04 —-0.24 0.27 0.00 0.03 0.82 003 —0.21 0.30
PMcoarse 0.00 —0.02 0.96 0.01 —0.21 0.58 0.01 —0.10 0.63 0.00 0.03 0.94
Ca*: rain - - - 0.04 —0.08 0.49 0.01 —0.01 0.51 0.07 —-0.07 0.23
Cl :rain - - - 0.18 —0.04 0.13 0.00 0.00 0.80 0.00  0.00 0.80
K*: rain - - - 011 —0.04 0.24 0.10 —0.01 0.06 0.10 —0.01 0.12
M92+: rain - - - 035 —-0.03 0.02 0.11  —0.01 0.05 0.13 —-0.01 0.07
Na®: rain - - - 024 —0.03 0.08 0.00 0.00 0.93 0.01  0.00 0.60
NH4+: rain - - - 0.13  —-0.11 0.20 0.10 —0.05 0.05 0.08 —0.06 0.18
NO3 :rain - - - 0.09 —-0.25 0.30 0.00 0.00 0.99 0.04 —-0.15 0.35

S04%~: rain 009 —0.21 0.29 0.01 —0.03 0.66 0.01 0.05 0.62

Slopes corzrespond to units of ug m—3 yf1 for PM species and mg L yi1 for wet deposition species. The correlation
coefficients (r") and P-values correspond to the line of best fit. No wet deposition data were available for the DJF quarter.

emissions [Karydis et al.,, 2011], with other major sources including biomass burning and industrial activity
[Garg et al., 2001; Reis et al., 2009]. Other studies in the region have shown that these three species, represent-
ing the major secondary inorganic aerosol species in the study region, are fairly similar in concentration with
a regional character owing to their homogeneity, but with enhancements near major industrial/urban
sources [e.g., Salcedo et al., 2006; Querol et al., 2008].

The five species that typically are associated with coarse matter such as sea salt or crustal particles (i.e.,
Ca*?, Na*, CI7, Mg*?, and K*) exhibit significant correlations with one another (r = 0.34-0.76, n = 78).
The dry Texcoco Lake bed to the east of Mexico City is a noteworthy source of these species [Karydis
et al, 2011]. These five species, however, exhibit comparable or even higher correlations with NOs™,
S0,%~, and NH,* than among each other. For example, CaZ" exhibits correlation coefficients between
0.68 and 0.81 with NO3;~, 50,2, and NH,", while it exhibits values between 0.34 and 0.56 with Na®,
Mg?*, K*, and CI™. There are at least two explanations for this result: (i) reactions of acids (e.g., nitric
and sulfuric acids) with coarse aerosol surfaces (most likely dust), which has been documented for other
regions such as southwestern parts of the United States [Sorooshian et al, 2011, 2013], India
[Satyanarayana et al.,, 2010], and by the California coastal zone [Prabhakar et al., 2014], and (i) Ca*",
Na™, CI™, Mg®*, and K* could be major components in PM, 5 (and do not stem mainly from coarse particle
types such as dust and sea salt) and can become internally mixed with particles enriched with NO3~,
50427, and NH,". For example, one possible source of Ca®" is cement plants, which, during a study in
Spain, were linked to increased levels of Ca®* in PM,s [Galindo et al, 2011]. Other point sources, such
as garbage burning, could account for the strong correlations of Ca®*, Na*, CI~, Mg?*, and K" with
NO;~, SO4%~, and NH4" in PM,5 but weaker correlations among one another.

4.4, Interannual Trends

Table 4 presents a summary of how PM species (PM;o, PM, s, and PMqarse) and wet deposition have changed
between 2003 and 2015 as a function of season. For PM; o, PM; 5, and PMc.arse, CONcentrations have generally
decreased over time based on the slopes of best fit lines; the P-values using a two-tailed Student’s t test indi-
cate that the PM trends are not statistically significant with a P-value threshold of 0.15 for any annual quarter
shown. It is worth noting though that the lowest slopes were for the JJA months and the highest ones were
for MAM and DJF.

The wet deposition species concentrations also generally exhibited negative slopes but with lower P-values,
indicative of more statistical significance in the trend over time. Of all wet deposition species, Mg>* exhibited
the lowest P-values (0.02-0.07) with slopes ranging from —0.01 to —0.03 mg L™" y™". In the MAM months,
Na™ exhibited the next most statistically significant reduction (—0.03 mg L™ y_1; P-value = 0.08). In MAM,
50,2~ and NO; ™ exhibited the highest slope of any species in any annual quarter, albeit in the negative direc-
tion (=021 and —025 mg L™' y~', respectively). Lastly, K* also exhibited reductions in JJA
(—=0.01 mgL™"y™") and SON (—0.01 mg L™" y™") with P-values (0.06-0.12) exceeding most other species.

MORA ET AL.

ANALYSIS OF AEROSOLS MEXICO MEGALOPOLIS 8719



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026739

500 T et " BT“ \ Of relevance to air quality, the inter-
480 \ / \\ |~ 40x10 annual profiles of fire-related para-
/ \ meters are evaluated. Figure 12
460 | Lo / \ / \ | 25 reports the interannual variation in
< \\/ — \ // ] \“/. average and maximum BT and total
g 4407 ‘ g number of light spots. The highest
2 ® =X 9 9
§ 420 - 30 ;‘1 values for number of light spots were
E 3 i & observed in 2005, 2011, and 2013,
© . .
@ 330 i while the lowest values were in the
% 25 ‘% most recent years of 2014 and 2015.
-ﬂ%” 328 Although fire frequency varies
1 \ annually, fire intensity (i.e., BT) remains
3261 m® mostly constant, with the mean
annual BT usually being ~327 K. It is
324+ L 15 interesting that slightly lower values
J — .
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(325.5-325.7 K). The maximum inten-
sity of fires, based on BT values, does
not exhibit any relationship with
mean BT or light spots and varied
between 429 and 500 K. Thus, the fire
data do not reveal a clear trend since 2002 other than an interesting reduction in mean BT and light spots in
2014-2015, which warrants additional investigation as to whether this trend continues in upcoming years.

Figure 12. Interannual profile of light spot frequency and brightness tem-
perature (BT) for central Mexico (Domain 1 of Figure 1). The maximum and
standard deviation (divided by 5) of BT is also shown for each year.

A natural question arises as to whether air quality improved in 2014 and 2015 as compared to earlier years
owing to reduced fire activity. Figure S1 in the supporting information further shows changes in PM; s,
PM;q, and PMoarse for the period between before and after the start of 2014, further confirming the reduc-
tions in PM, 5, PM;q, and PMq,se specifically for the latter two parameters. Therefore, even though statisti-
cally significant improvements in surface PM levels were not observed during the study period as a result
of regulatory policies, a noticeable improvement occurred coincident with reduced biomass burning in the
region. Interestingly, more reductions were observed in PMcgarse @s compared to PM,; s, which motivates
more research to identify what the source is of those larger particles and how much of it can be accounted
for by soil dust and other primary particles advected within fire plumes.

5. Conclusions

This study presents a 13 year comprehensive analysis of aerosol characteristics over the Megalopolis of
Central Mexico region, using remotely sensed data, ground-based in situ measurements, and modeling.
The results of this study are as follows following the order of questions posed at the end of section 1:

1. The highest values of AOD and UV Al are observed between March and May, when PBLH is high and
surface PM (PM;q, PM, 5, and PM qarse) CONCentrations are also enhanced relative to most other months.
Analysis reveals that a major contributor to the pollution in those months is biomass burning, especially
near coastal zones to the west of the country, an area that is mainly covered by low deciduous forest,
pine/oak forest, and high evergreen forest. The reduction of PM and remotely sensed AOD values during
the rainy season months is associated with reduced biomass burning and increased wet scavenging.

2. Weekly analysis reveals the lowest values of PM on weekends with an even clearer anthropogenic signa-
ture evident when examining differences in diurnal profiles between weekend and weekdays. A striking
result is the sharp enhancement of PMca,se during the two rush hours on weekdays relative to weekends
owing to nonengine-related vehicular traffic emissions such as dust resuspension. The difference
between weekends and weekdays was less prominent for PM, s.

3. Intercomparison of surface PM and wet deposition chemistry data suggests that NH,", 50,27, and Ca®*
are important components of the aerosol seeding the precipitation drops that eventually fall as wet
deposition in the Megalopolis. Dust in particular is likely an active agent in leading to enhanced Ca®*
levels in precipitation. In contrast, CI~ and Na* were the two wet deposition species exhibiting the
weakest relationship with PM levels.
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4. Interannual analysis between 2003 and 2015 of PM concentrations shows that trends are not statistically sig-
nificant at 95% confidence. Of note though is that PM concentration reductions were observed for 2014-2015
owing to reduced regional biomass burning as compared to 2003-2013 during the warm-dry season.
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Erratum

In the originally published version of this article the first sentence of the acknowledgments was published
incorrectly. The sentence should read as follows:

“This research is supported by the Consortium for Arizona-Mexico Arid Environments (CAZMEX), with funding
from the Consejo Nacional de Ciencia y Tecnologia (CONACYT) and the University of Arizona.”

This error has since been corrected and this version may be considered the authoritative version of record.
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