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Abstract. As part of the MILAGRO 2006 field campaign,
the exchange of atmospheric aerosols with the urban land-
scape was measured from a tall tower erected in a heav-
ily populated neighborhood of Mexico City. Urban submi-
cron aerosol fluxes were measured using an eddy covari-
ance method with a quadrupole aerosol mass spectrometer
during a two week period in March, 2006. Nitrate and am-
monium aerosol concentrations were elevated at this loca-
tion near the city center compared to measurements at other
urban sites. Significant downward fluxes of nitrate aerosol,
averaging−0.2 µg m−2 s−1, were measured during daytime.
The urban surface was not a significant source of sulfate
aerosols. The measurements also showed that primary or-
ganic aerosol fluxes, approximated by hydrocarbon-like or-
ganic aerosols (HOA), displayed diurnal patterns similar to
CO2 fluxes and anthropogenic urban activities. Overall, 47 %
of submicron organic aerosol emissions were HOA, 35 %
were oxygenated (OOA) and 18 % were associated with
biomass burning (BBOA). Organic aerosol fluxes were bi-
directional, but on average HOA fluxes were 0.1 µg m−2 s−1,
OOA fluxes were−0.03 µg m−2 s−1, and BBOA fluxes were
−0.03 µg m−2 s−1. After accounting for size differences
(PM1 vs PM2.5) and using an estimate of the black carbon
component, comparison of the flux measurements with the
2006 gridded emissions inventory of Mexico City, showed

that the daily-averaged total PM emission rates were essen-
tially identical for the emission inventory and the flux mea-
surements. However, the emission inventory included dust
and metal particulate contributions, which were not included
in the flux measurements. As a result, it appears that the in-
ventory underestimates overall PM emissions for this loca-
tion.

1 Introduction

Atmospheric aerosols are complex pollutants having con-
siderable direct and indirect effects on environmental qual-
ity and climate change (Forster et al., 2007). Studies over
the last decade also consistently show statistically signif-
icant correlations between cardiopulmonary mortality and
daily concentrations of particulate matter (PM), PM10 and
in particular of PM2.5 (PM with aerodynamic diameter less
than 10 and 2.5 µm, respectively) and the length of expo-
sure (Pope and Dockery, 2006). Aerosol chemical compo-
nents are classified as primary when they are directly emitted
in the particle phase and secondary when they are formed
in the atmosphere from gaseous precursors. In typical ur-
ban environments, about 25–75 % of the PM2.5 mass is inor-
ganic, mainly composed of the secondary species ammonium
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(NH+

4 ), sulfate (SO2−

4 ), and nitrate (NO−3 ), but it can also in-
clude primary sodium (Na+) and chloride (Cl−) and crustal
elements (Heintzenberg, 1989). Unlike the inorganic aerosol
component, the organic aerosol (OA) is composed of thou-
sands of individual compounds. While a small fraction of in-
organic aerosol components may be associated with organon-
itrates and organosulfates, in this paper we still use inor-
ganic component nomenclature with the charges (e.g. SO2−

4 )
(for more information see Farmer et al. 2010). The Aero-
dyne Aerosol Mass Spectrometer (AMS) (Canagaratna et
al., 2007) has emerged as a valuable tool to provide an in-
dication of the make-up of the organic aerosol (OA) mass.
The application of statistical techniques such as Positive Ma-
trix Factorization (PMF, see Sect. 2.4 below) to the AMS
mass spectra often identifies individual OA components that
are consistent between studies (Ng et al., 2010, 2011). Pri-
mary organic aerosols (POA) are directly emitted from nat-
ural or anthropogenic sources, such as fossil fuel combus-
tion, cooking, and other urban sources. These are usually
identified by an AMS factor referred to as hydrocarbon-like
OA (HOA), but cooking aerosols are increasingly identified
separately (Allan et al., 2010) or as part of the aerosols as-
sociated with biomass burning (BBOA). Secondary organic
aerosols (SOA) are formed by atmospheric oxidation of gas-
phase species (Jimenez et al., 2009) and are identified as oxy-
genated organic aerosols (OOA) due to their characteristic
mass spectrum with high oxygen content. The OOA some-
times can be divided into sub-classes. Low-volatility OOA
(LV-OOA), characterized by a high O:C ratio, is associated
with regional and aged SOA (Jimenez et al., 2009; Cappa and
Jimenez, 2010). Semi-volatile OOA (SV-OOA) has a lower
O:C ratio, and is associated with less photochemically aged
SOA (Jimenez et al., 2009).

A substantial fraction of particulate pollution is produced
by industry and transportation in urban areas and is recog-
nized to influence regional and global atmospheric chemistry
(Lawrence et al., 2007). Anthropogenic pollution problems
have been intensified by the rapid urbanization and the grow-
ing number of megacities (population exceeding 10 million
inhabitants). Currently, about 58 % of the global population
lives in urban areas, which have a population growth rate 18
times higher than in the rural areas (UN, 2010). Thus, in or-
der to reliably predict future impacts on environment and hu-
man health, it is essential to understand the sources, chemical
nature, evolution, and fate of urban pollution. The Megacity
Initiative: Local and Global Research Observations (MILA-
GRO) 2006 field campaign, conducted in Mexico City dur-
ing March 2006, was an international initiative designed to
study these topics (Molina et al., 2010). One research focus
during MILAGRO was the exchange of mass and energy be-
tween the urban surface and the atmosphere. Using fast re-
sponse sensors coupled with eddy covariance (EC) methods,
fluxes of chemically-resolved submicron aerosols, selected
volatile organic compounds (VOCs), CO2, and components
of the energy balance were measured in a typical residen-

tial and commercial neighborhood of Mexico City. Ambient
NOx, CO, and O3 concentrations were also measured. Anal-
yses of fluxes of VOCs and CO2 and the local energy bal-
ance have been reported by Velasco et al. (2009; 2011). In
this work, we present results from the aerosol flux measure-
ments.

Integral aerosol mass and number fluxes have been re-
ported for a few urban sites (Dorsey et al., 2002; Vogt et
al., 2011), This work extends this approach to measure ur-
ban EC fluxes of individual aerosol chemical components
using an Aerodyne Quadrupole Aerosol Mass Spectrometer
(Q-AMS). We follow the approach described by Nemitz et
al. (2008) for Boulder, CO (USA), which has since been ap-
plied to measure chemically resolved fluxes above Gothen-
burg (Sweden), and in London, Manchester, and Edinburgh
(all in the UK) (Thomas, 2007; Nemitz et al., 2008). Here, we
present the first chemically resolved urban aerosol EC fluxes
for an arid, subtropical megacity. The objectives of this study
were to investigate daily patterns of aerosol concentrations
and fluxes over a megacity landscape, identify the sources
and sinks for organic, nitrate and sulfate aerosols, and, to the
extent possible, compare the measurements with the existing
gridded emissions inventory of Mexico City.

2 Methods

2.1 Experimental setup and study period

The flux measurements were conducted in a popu-
lated neighborhood (Escandon district: 19◦24′12.63′′ N,
99◦10′34.18′′ W, 2240 m above sea level) near the center of
Mexico City and surrounded by a dense road network in-
cluding several major avenues (Fig. 1). Following the lo-
cal climate zone classification proposed by Stewart and Oke
(2010), the monitored urban surface corresponds to “com-
pact housing”. The predominant land use is residential and
commercial with 57 % of the surface covered by buildings
of three and four stories high; roadways and other impervi-
ous surfaces accounted for 37 %, and vegetation covered the
remaining 6 %. The site is completely flat with a relatively
homogeneous distribution of roughness elements (i.e., build-
ings and trees) and emission sources (i.e., vehicular traffic).

A 25 m scaffold tower was erected on the roof of a 17 m
tall building housing the headquarters of the local air qual-
ity management agency, SIMAT (see Fig. S1). The aerosol
sample inlet and a 3-D sonic anemometer (Applied Tech-
nologies, Inc., Longmont, CO) were positioned on the end
of a 3 m boom at 42 m above the ground. This height is more
than 3 times the average height of the surrounding buildings
(zh = 12 m) and sufficient to be in the constant flux layer. As
indicated previously, fluxes of selected VOCs, CO2, and sen-
sible and latent heat were measured at this site using EC
methods. Ambient NOx, CO, and O3 concentrations were
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Fig. 1. Aerial photograph of Mexico City showing the MILAGROT0 and SIMAT flux tower (FT) sites with green dots. The white contour
indicates the footprint that accounted for 80 % (F/S0 = 0.8) of the measured aerosol fluxes during the entire study as a function of the wind
direction. The aerial photograph was taken from ArcMap. The insert to the right shows the flux footprint plotted over the area map (Google
Maps) immediately around the tower.

also measured at the roof level. Additional details are given
by Velasco et al. (2009, 2011)

For the aerosol flux measurements, air was drawn at a high
rate (∼60 slpm) through a 1.6 cm (5/8”) outer diameter (OD)
27 m long copper sampling line down to a pump located on
the roof of the building. A second smaller pump was used
to draw sample air from the copper line upstream of the
large pump through a 0.6 cm (1/4′′) OD 1 m long stainless
steel tubing into the Q-AMS (Aerodyne Research, Inc, Bil-
lerica, MA) located in a small penthouse room on the roof.
Data were recorded at 10 Hz for both the Q-AMS and sonic
anemometer using custom Q-AMS flux data acquisition soft-
ware (Nemitz et al., 2008) and LabView (National Instru-
ments) software, respectively.

Aerosol fluxes were measured during the period 12–30
March 2006. However, the week of 18–24 March was ex-
cluded from the data analysis due to unstable instrument op-
erations caused by frequent power outages in the residen-
tial area. The remaining two sampling periods were char-
acterized by different meteorological conditions. In the first
period, conditions were warm and mostly sunny with fre-
quent wildfires in the surrounding mountains (see Fig. S2),
while in the second period, conditions were more humid with
frequent afternoon precipitation and wildfires were strongly
suppressed (Fast et al., 2007; Aiken et al., 2010) (Fig. 2).

The data are presented in local time and ambient condi-
tions. Aerosol concentrations are shown in µg m−3 and fluxes
in µg m−2 s−1. In this article we refer to positive (upward)
fluxes as emissions and negative (downward) fluxes as de-
position although these can include formation or loss of

aerosols within the urban canopy below the measurement
height.

2.2 The Aerodyne Quadrupole Aerosol Mass
Spectrometer (Q-AMS)

The aerosol mass composition was measured using a Q-
AMS. The design and operation of the standard Q-AMS were
introduced by Jayne et al. (2000) and Jimenez et al. (2003)
and are only briefly described here. In this instrument, a sam-
ple stream of ambient air (approximately 1.5 cm3 s−1 during
this study) passes through an aerodynamic lens (of transmis-
sion approximating PM1) that focuses particles into a narrow
beam. As the beam of particles enters a differentially pumped
vacuum chamber, a spinning chopper wheel (2 % opening)
modulates the beam to allow all, a few, or no particles into
the chamber. Particles drift through the vacuum chamber
(particle time-of-flight region) and impact onto a heated sur-
face (∼600◦C) where non-refractory components are flash-
vaporized into gases. The gaseous species are then ionized
by 70eV electron impact, and the ions are mass analyzed
with a quadrupole mass spectrometer (QMS). The concen-
tration and sizing of the Q-AMS were calibrated with stan-
dard procedures (Canagaratna et al., 2007) and the data were
analyzed by the standard Igor-Pro (Wavemetrics, Lake Os-
wego, OR) data analysis software (version Deluxe1.37.ipf)
following Allan et al. (2004).
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Fig. 2. Pressure, wind direction, relative humidity, wind speed, ambient temperature, and precipitation (right axis) data at 30 min time step
measured at the SIMAT site during the observation period.

2.3 Operation modes

During the field campaign, the Q-AMS was operated in al-
ternating modes for 30-min periods to measure either con-
centrations or fluxes, respectively. These modes of operation
have been described in detail by Jimenez et al. (2003) and
Nemitz et al. (2008), and they are only briefly reviewed
here. In the concentration mode (“general alternation” or
GenAlt mode), the instrument alternated among three sub-
modes (20 s in each submode cycled during a 2.5 min aver-
aging period) in order to measure: (i) particle size-resolved
composition (particle time of flight (PToF) submode), (ii) en-
semble composition form/z 12-300 without size resolution
(mass spectrum (MS) submode), and (iii) ensemble compo-
sition at selectedm/z only (jump mass spectrum (JMS) sub-
mode (Crosier et al., 2007). Each submode is described in
more detail below. In the second 30-min mode (Flux mode),
the instrument was used only in the JMS mode to measure
selectedm/z at a rate fast enough for EC flux calculations.
In Flux mode there was a 1-min background measurement
followed by 29 min of ambient measurement. This approach
to splitting each hour yields particle size data and ensem-
ble mass spectra of aerosol composition during one 30-min
period, and fast measurements at selectedm/z suitable for
flux calculations in the second 30-min period. During MILA-
GRO, the ions selected for the PToF and JMS mode analyses
were:m/z 9 (for quantification of drifts on DC level of the
signal);m/z 28 for the airbeam (N+2 , used to track instrument
sensitivity variations);m/z 30 and 46 for nitrate (representing

mostly NO+ and NO+

2 ); m/z 48 and 64 for sulfate (mostly
SO+ and SO+

2 ); andm/z 31, 43, 55 and 57 for organic species
(Jayne et al., 2000). The dominance of the inorganic ions at
the nitrate and sulfate masses during MILAGRO was verified
by Aiken et al. (2009) (see Fig. S18 in that paper).

2.4 Estimation of organic components using Positive
Matrix Factorization (PMF)

To divide the organic aerosol mass into individual compo-
nents, a PMF analysis was performed on the organic mass
spectrum, which was determined from the total Q-AMS
spectrum using the fragmentation table approach (Allan et
al., 2004). PMF solves the bilinear unmixing model in which,
for each sample, the measured data can be reconstructed as
the sum of the products of the representative chemical pro-
files for each component (here, aerosol mass spectrum) and
the mass concentrations of those components (Paatero and
Tapper, 1994; Paatero, 1997). PMF was applied to the or-
ganic portion of the aerosol obtained in the MS submode,
which contain the full structure of the mass spectra and thus
the most chemical information (Ulbrich et al., 2009). The
PMF2 (Paatero, 2007) algorithm (version 4.2) was used in
the robust mode and analysis was performed with the PMF
Evaluation Tool (PET) (Ulbrich et al., 2009). VOC and CO
measurements at the SIMAT site were used to help interpret
and evaluate the PMF results. The PMF analysis of the or-
ganic aerosol identified three components (HOA, OOA, and
BBOA) which are consistent with those identified in previous
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studies in Mexico City (Aiken et al., 2009; Dzepina et al.,
2009; DeCarlo et al., 2010; Ulbrich et al., 2012).

2.5 Eddy covariance flux calculations and system
validation

The fundamentals of flux dynamics and measurements of fine
aerosol and gaseous species are essentially identical in the at-
mospheric surface layer. While there are differences for very
large particles in terms of settling and differences in transport
at the laminar sub-layer, these differences do not affect atmo-
spheric surface layer flux measurements and calculations for
fine aerosols. The raw fluxes (Fm/z) for 10 selected aerosol
m/z (see Section 2.3) were calculated using the standard EC
method as the cross product of the instantaneous deviation
of the vertical wind velocity (w′) and the instantaneous de-
viation of each mass concentration (χ ′

m/z) from their 30-min
means (McMillen, 1988):

Fm/z = w′χ ′
m/z =

1

N

N∑
i=1

w′(ti)χ
′
m/z(ti) (1)

The same method was employed to calculate energy and gas
fluxes measured at this site (Velasco et al., 2009, 2011) and
during a previous Mexico City study at a different site (Ve-
lasco et al., 2005a, b).

The method to calculate the fluxes of aerosol compo-
nents (nitrates, sulfates and organics), using only a few
m/z scanned in the flux mode was developed by Nemitz
et al. (2008). After the raw equivalent mass concentrations
(χm/z) (Zhang et al., 2005) and raw fluxes (Fm/z) of the
individual masses were calculated, the exchange velocity
Vexm/z =Fm/z/χm/z was determined for eachm/z. The com-
parison of theVexm/z calculated for differentm/z derived
from the same compound (e.g.,m/z 48 and 64 for SO2−

4 ) pro-
vides a strong quality control. Because the Q-AMS measures
only a singlem/z at a time, the differentVexm/z reflect differ-
ent particle populations and the comparison of relatedVexm/z

provides information on the uncertainty associated with par-
ticle statistics. Above Mexico City there was a very strong
correlation between relatedVexm/z (Fig. S3). The sulfate and
nitrate aerosol fluxes were then calculated using the total sul-
fate and nitrate concentration obtained from the MS mode
and the subsequent periodVexm/z from JMS mode. Ammo-
nium fluxes typically cannot be determined with the Q-AMS
due to high noise from the interference of HxO+ ions at the
samem/z, and require the use of the high resolution AMS
(Farmer et al., 2011).

The determination of fluxes of the organic components is
more complex because different organic aerosol components
can contribute to the signal for an individualm/z. These frac-
tional contributions are estimated from the PMF analyses. In
terms of aerosol fluxes, the flux of eachm/z (Fm/z) reflects a
linear combination of the fluxes of the different OA compo-

nents (Fi , wherei = HOA, OOA and BBOA):

Fm/z =

∑
m/z

am/z,i · Fi (2)

Here,am/z,i is the fraction of a component’s total signal rep-
resented by a particularm/z. Equation (2) can be inverted
to provide a unique solution for threeFi (i.e. FHOA, FOOA,
andFBBOA) from the measured fluxes of three differentm/z
(Fm/z) (Nemitz et al., 2008). In this study, the factors are de-
rived from the ambient scan mode while fluxes are calculated
from the flux jump mode. This approach assumes that the
mass spectra of the concentration components are also rep-
resentative of the flux components. In this analysis, we used
four m/z in a linear best-fit approach to determine the three
organic aerosol factors, where them/z used were 31, 43, 55
and 57.

To summarize, the fractional contributions of eachm/z to
each organic component were obtained by PMF using the
30-min concentration measurement mode. The fluxes of in-
dividual organic mass elements were obtained from eddy co-
variance analyses using the flux mode data. The fractional
contributions and the individual mass fluxes were used in a
least-squared residual minimization of Eq. (2) to yield the
final organic flux components for HOA, OOA, and BBOA.
Because of them/z selected for flux mode measurements,
decomposition of OOA fluxes into the volatility components
was not included.

The remainder of the flux data reduction method was
based on the approach described by Velasco et al. (2005a, b,
2009). During data reduction, raw data with low AMS sam-
ple flow rates were discarded; in total twelve 30-min peri-
ods were discarded, most of them on 14 March. Hard spikes
and soft spikes in the sonic anemometer data were eliminated
(Schmid et al., 2000). Hard spikes are random electronic
spikes caused by a blocked path between a sonic anemometer
sensor pair (e.g., from precipitation) and are flagged during
the measurements (Vickers and Mahrt, 1997). About 0.05 %
of data points were removed from the data as hard spikes, ap-
proximately 10 points per period. Soft spikes are large short-
lived departures from the 30-min period means; soft spikes
were removed during post processing using a series of filters
corresponding to 3.6, 3.9, and 4.2 times the standard devi-
ation (Højstrup, 1993). About 1 % of data points were re-
moved as soft spikes.

For each 30-min flux mode measurement period, a coordi-
nate rotation was applied to align theux wind component to
the direction of the mean flow (Aubinet et al., 2000). Due to
the travel time through the tubing from the top of the tower
to the instrument, a lag time correction was also applied.
The lag time was calculated by selecting the maximum in
the cross-correlation spectrum of covariance as a function of
time. The results showed relatively consistent time lags in the
range of 4.7–5.5 s, and consistent with the estimated tubing
flow time. Finally, Webb-Pearman-Leuning (WPL) correc-
tions due to density fluctuations associated with water vapor
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fluctuations were applied (Webb et al., 1980) and a high fre-
quency correction was applied to account for high frequency
losses during transport down the sampling line. The WPL
correction was insignificant, less than 0.1 %.

To evaluate the overall operation of the system,
(co)spectral analyses were conducted, and the flux data were
evaluated in terms of meteorological stationarity. The spec-
tral and co-spectral analyses are important as the EC sys-
tem tends to attenuate the true turbulent signal at high and
low frequencies due to physical size limitations of the in-
struments, the instrument separation distances, and their time
response and signal processing (Massman and Lee, 2002).
The spectra showed a good agreement (slope approximately
−5/3) for the temperature and the measured aerosol mass
concentrations. Power co-spectra of instantaneous deviation
of mass fluxes were also calculated (see examplem/z 43,
Fig. S4 in the Supplement). The co-spectral analysis showed
a good agreement with previously reported results from Ne-
mitz et al. (2008).

As described by Aubinet et al. (2000), a stationarity test
helps to identify non-valid sampling periods affected by the
short-term horizontal advection produced by local plumes or
rapidly changing wind or stability conditions. The test was
applied by examining the difference between the 30-min av-
eraged flux and the average of six 5-min average fluxes mea-
sured in Flux mode. Each period was accepted if the two av-
erages were within 60 % of each other (Aubinet et al., 2000).
25 % of the periods were excluded from the analysis based
on this test (Fig. S5 in the Supplement).

It should be noted that with a single point flux measure-
ment, errors due to storage and advection could not be quan-
tified during this study. Moreover, the flux measurement can-
not distinguish between primary emissions, chemical pro-
duction, and condensation below the measurement height
(for upward fluxes), or between deposition and evaporation
below the measurement height (for downward fluxes). All
fluxes reported here should therefore be considered local
fluxes at the measurement height.

A footprint area indicates the size of the area that measured
flux originates from. A source footprint analysis was per-
formed using a simple footprint model (Hsieh et al., 2000).
This model is a one-dimensional Lagrangian stochastic dis-
persion model, based on Gaussian turbulence. The footprint
area that accounted for 80 % of the measured aerosol flux ex-
tended from approximately 0.8 to 1.9 km (Fig. 1). The foot-
print of our measurements includes most of the major roads,
highways, and intersections in the immediate area. Thus,
our measurements appear to be representative of this heav-
ily populated residential and commercial district of Mexico
City.

3 Results and discussion

3.1 Meteorological conditions and aerosol
concentrations

The dry season for central Mexico is from January until June.
The MILAGRO field campaign was conducted during March
to target dry, mostly sunny conditions representative of the
dry season (Yokelson et al., 2007; Molina et al., 2010). Me-
teorological conditions during the measurement period were
averaged to 30 min and are presented in Fig. 2. Temperatures
were in the range of 15 to 30◦C, except in the last week when
conditions cooled and several rainy days occurred. Wind
speeds were low at night and in the range of 2 to 6 m s−1

during the daytime hours.
These meteorological conditions led to changes in wildfire

intensity around Mexico City during March 2006. Aiken et
al. (2010) divided the campaign into three distinct fire peri-
ods: 11–15, 17–23 and 24–29 March. The number of fires
was high during the first and second periods and low during
the third period (Fig. S2). Aiken et al. (2010) showed that at
theT0 site, a MILAGRO urban supersite located about 10 km
north of the SIMAT flux tower (see Fig. 1 for location), non-
fire related gas and particle species showed little change be-
tween the three periods, while levels of fire-related species
were much lower during the 3rd period, compared with the
first two periods. In general, the fire activity during March
2006 was about twice as high as the climatological average
(Molina et al., 2010).

Time series of the 2.5-min average concentrations of chlo-
ride, ammonium, nitrate, sulfate, and organic aerosols in non-
refractory sub-micron particles measured in the MS sub-
mode are shown in Fig. 3 (for the statistics of the aerosol
species, see Table 1). The time series of the aerosol con-
centrations show some similarities among different aerosol
species. For example, peak concentrations among ammo-
nium, nitrate, total organic aerosol (OA), and OOA occurred
during 16 March and again several times during the last week
of the measurement period. In the latter period, these peaks
were also reflected by peaks in the CO2 and HOA concentra-
tions.

The similarities and differences between compounds are
more apparent in the diurnal average graphs in Fig. 4. The
bars indicate the day-to-day variability (one standard devi-
ation). Here, there are three separate diurnal patterns: (1)
broad mid-day maxima with low concentrations at night for
nitrate, OOA, and to a lesser extent OA; (2) a morning rush
hour maxima with lower levels during the rest of the day and
night for HOA and chloride; and (3) somewhat more constant
levels throughout the day and night for sulfate and BBOA
(for a correlation analysis between all the species, see Ta-
ble S1 in the Supplement). Ammonium is associated with
both nitrate and sulfate and therefore shows the midday max-
imum of the nitrate, but larger nighttime concentrations due
to the contribution from sulfate. The broad daytime peaks for
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Fig. 3. Time series of CO2 mixing ratio (ξCO2) (right axis) and mass concentrations (χ ) of AMS non-refractory inorganic and organic

aerosols (OA) components (left axes). Total non-refractory PM1 aerosols (black). Inorganic aerosols: chloride (Cl−) (pink), sulfate (SO2−

4 )

(red), ammonium (NH+4 ) (orange), and nitrate (NO−3 ) (blue). Organic aerosols (OA) (green), hydrocarbon-like (HOA) (grey), oxygenated
(OOA) (dark green), and biomass-burning (BBOA) (brown).

nitrate and OOA suggest photochemical processing of the ur-
ban air mass (Salcedo et al., 2006; Volkamer et al., 2006;
Zheng et al., 2008; Paredes-Miranda et al., 2009). This is
supported by the time lag in the diurnal peaks between NO at
07:00 and NO2 at 10:00 followed by the nitrate aerosol con-
centration peak at 13:30. Similarly, a 6-h time lag was present
between the concentrations of olefins and OOA. We found
a high correlation between the concentrations of nitrate and
ammonium aerosols and OOA (R = 0.86). Similarly, Aiken
et al. (2009) reported a good correlation (R = 0.71) between
OOA and nitrate aerosol concentrations, following diurnal
patterns of CO, CO2 and NO and consistent with the simi-
lar atmospheric processing and formation rates of both OOA
and nitrate aerosol (Dzepina et al., 2009). The sharp peak for
HOA, coinciding with rush hours, reflects fresh, local emis-
sions which is similar to the pattern for CO2 (R = 0.90) as-
sociated with mobile and other urban activities (Velasco et
al., 2009). The more constant concentrations of sulfate and
BBOA suggest broad urban or regional air mass impacts, al-
though there is some indication of a morning peak for sulfate
that occurs after the rush hour peak in HOA, but before the
mid-day peak in nitrate.

Based on the knowledge of different fire activity during
the measurement period, the diurnal averages of aerosol con-
centration data for two week periods were calculated for: (1)
high fire activity (12–17 March); and (2) low fire activity dur-
ing the wetter cooler week (24–30 March). The diurnal pro-

Table 1. Concentration measurement statistics of urban aerosols.
All the components in the table have µg m−3 units and were com-
puted from 2605 (2.5 min average) data points sampled during MS
mode.

Concentration Average Minimum Maximum Standard
deviation

Nitrate 13 0.4 101 15
Sulfate 10 2.6 33 4.2
Ammonium 6 1.4 31 4.3
Chloride 0.6 0 9.7 0.8
OA 46 7.9 142 25
HOA 13 0 102 13
OOA 24 4.3 91 14
BBOA 9 0 69 11
PM1 AMS 76 45 263 12

files of all the species, except BBOA, displayed no difference
in daily trends between the two periods. In contrast, the di-
urnal profiles of BBOA were very different (Fig. 4g) with
much higher concentrations of BBOA during 12–17 March
compared to the low fire period later in the month. Dur-
ing the cooler low fire activity week, the diurnal pattern of
BBOA concentrations followed the trends of HOA and CO2,
suggesting the influence or urban biomass burning or cook-
ing sources during this period. However, during the high fire
activity week the diurnal average concentrations peaked at
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Fig. 4.Average diurnal patterns of ambient mixing ratios of trace gases and mass concentrations of AMS non-refractory submicron inorganic
and organic aerosol components measured during the entire study. Bars indicate one standard deviation.(a) NO−

3 , NO, and NO2, (b) NH+

4 ,

(c) Cl−, (d) SO2−

4 (e) CO2 and HOA,(f) OOA and olefins,(g) BBOA during the dry week 12–17 March (thin solid line), wet week 24–30
March (thin broken line), and both weeks (brown line), and(h) OA (green line) and total non-refractory PM1 aerosols (black line).

night and during the very early morning, which could reflect
nocturnal transport of biomass emissions into the central part
of the city (Aiken et al., 2010). The overall elevated back-
ground concentrations indicate the regional origin of most
BBOA during 12–18 March, consistent with wildfires being
the dominant sources.

For the broad mid-day maximum pattern, average diurnal
cycles peaked at 38 µg m−3 for nitrate, 12 µg m−3 for ammo-
nium, and 45 µg m−3 for OOA. For HOA, the morning peak,
presumably due to the morning rush hour, was 28 µg m−3 and
for Cl−, the peak was less than 2 µg m−3. Sulfate levels aver-
aged 10 µg m−3 with a late morning peak of 12 µg m−3, while
BBOA averaged about 17 µg m−3 during the high fire pe-
riod with nighttime maximum levels of 25 µg m−3 and much
lower average concentrations of 4.6 µg m−3 and late morning
peak of 8.5 µg m−3 during the low fire activity week.

Inorganic aerosol concentrations were larger at the SIMAT
flux tower site, but followed similar diurnal variations as ob-
served at theT0 site (Aiken et al., 2009). In particular, nitrate
and ammonium aerosol concentrations were larger by a fac-
tor of two at the tower site compared toT0. This is attributed
to higher concentrations of precursors (NH3 and NOx) at the

central urban tower location, and the very rapid production
of HNO3 observed in Mexico City (Zheng et al., 2008). The
concentrations of sulfate aerosols were essentially constant
and similar at both sites, consistent with the regional charac-
ter of this species (Salcedo et al., 2006; DeCarlo et al., 2008).
The average relative aerosol composition derived with the Q-
AMS at SIMAT (Fig. S6) confirmed that submicron sulfate
at SIMAT and PM2.5 sulfate atT0 were occupying the same
fraction.

During the measurement period, a few events were
observed with peak concentrations of BBOA at about
60 µg m−3 (Fig. 3). These peaks of BBOA occurred during
the early morning and late night of March 12 in the first fire
period and during the early morning of March 21. BBOA
concentrations decreased substantially in the morning fol-
lowing BBOA events as the planetary boundary layer depth
increased. The BBOA concentrations during the last week of
March were lower with average concentrations of 4 µg m−3.
These findings are consistent with Aiken et al. (2009) who
identified the last week of March as the lowest fire activity
period, and with the increased precipitation and associated
aerosol removal during this period.
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Overall, the OA components at the SIMAT flux tower cor-
relate well with components obtained from a three-factor
PMF solution of the High-Resolution Time-of-Flight AMS
measurements atT0 (Aiken et al., 2009, see their Fig. 3). Our
findings can also be compared with Teflon filter samples col-
lected during consecutive 8-hour periods and analyzed using
a Fourier Transform Infrared (FTIR) spectroscopy technique
(Gilardoni et al., 2009). Gilardoni et al. (2009) estimated a
33 % to 39 % BBOA contribution to the OA at the SIMAT
site using total potassium (K+) concentrations as a tracer.
However, Aiken et al. (2010) showed that total K+ was
strongly influenced by sources other than biomass burn-
ing during MILAGRO, and estimated that BBOA estimates
based on total K+ may be overestimated by about a factor
of two. This supports our findings, which indicate that 19 %
of OA was BBOA. Gilardoni et al. (2009) observed organic
matter (OM) concentrations of 3–35 µg m−3 from filter sam-
ples collected at roof level while we measured OA concen-
trations in the range of 14-45 µg m−3 via the AMS sampling
at 25 m above the roof. Similar differences in concentration
ranges between the two methods were also observed for sim-
ilar measurements at the high altitude Altzomoni site, lo-
cated 60 km southeast from Mexico City Metropolitan Area
(MCMA). These differences may be due to differences in
aerosol size cuts or other differences between the measure-
ment methods and the sampling heights.

Wind rose time-of-day analyses showed that stronger
winds were prevalent from the southeast during early after-
noon and west-northwest during late afternoon and evening
hours (Fig. S7). Higher concentrations of nitrate and ammo-
nium aerosols were associated with winds from the northeast.
HOA concentrations were well distributed, but a few higher
readings occurred during northerly winds. High BBOA con-
centration events were associated with westerly flows in the
direction of a few fires within 15 km (Fig. S2 in the Supple-
ment) during the fire periods. Small increases in OOA and
sulfate aerosol concentrations occurred during periods with
winds from the northwest and northeast.

To summarize, nitrate aerosol concentrations averaged ap-
proximately 13 µg m−3 and ammonium aerosol concentra-
tions averaged 6 µg m−3 and both exhibited strong mid-day
maxima. Sulfate aerosol concentrations averaged approxi-
mately 10 µg m−3, but showed little diurnal pattern compared
to the other aerosol components. Organic aerosol concen-
trations averaged approximately 46 µg m−3 and were com-
prised of HOA (27 %), OOA (53 %), and BBOA (20 %).
HOA aerosol concentrations showed a sharp maximum dur-
ing morning rush hour, while OOA aerosol concentrations
showed a mid-day maximum. BBOA displayed different di-
urnal trends depending on wildfire activity. During the week
of high fire activity the BBOA levels were four times higher,
with elevated nighttime concentrations compared to concen-
tration levels measured during the low fire period when the
concentration followed anthropogenic activity patterns.

Table 2. Flux measurement statistics of urban aerosols. All the
components in the table have µg m−2 s−1 units and were computed
from 170 (30 min average) data points sampled during JMS and MS
mode.

Flux Average Minimum Maximum Standard
deviation

Nitrate −0.02 −2.7 3.5 0.5
Sulfate −0.01 −0.2 0.3 0.1
HOA 0.1 −0.1 2.6 0.2
OOA 0.03 −4.2 0.4 0.3
BBOA −0.03 −0.9 2.1 0.2

3.2 Aerosol fluxes

Fluxes of submicron aerosol chemical components were
highly variable during the measurement period. Figure 5
shows the time series of fluxes of sulfate, nitrate, and OA
components (OOA, HOA, and BBOA), along with the fluxes
of CO2 and sensible heat. Diurnal-averaged profiles of chem-
ically resolved aerosol fluxes and CO2 are presented in Fig. 6,
with bars indicating the standard deviation (for the statistics
of the aerosol species, see Table 2).

CO2 capture by vegetation during daytime was assumed
to be negligible due to the sparse biomass in the mon-
itored neighborhood compared to the strong CO2 mobile
source and other combustion sources. Fluxes of CO2 sig-
nificantly increased in the morning, with maximum fluxes
of 0.8 mg m−2 s−1, and decreased at night (Figs. 5 and 6).
Similar trends were observed for HOA fluxes, reflecting the
dominance of vehicular traffic emissions and associated early
morning human activities (see Fig. 9a in Velasco et al., 2009).
This result is consistent with previous studies based on con-
centrations (Aiken et al., 2009; DeCarlo et al., 2010) and
fluxes (Thomas, 2007; Nemitz et al., 2008). Strong emissions
of HOA were observed with the average diurnal cycle with
maximum emissions of 0.19 µg m−2 s−1; this flux is larger
than those measured in Boulder, Gothenburg, and Manch-
ester. Overall, HOA fluxes were correlated with the diurnal
trend of CO2 fluxes (R = 0.74) (Table S2 in the Supplement).

Fluxes of OOA were small and positive, approximately
0.03 µg m−2 s−1, which suggests that some SOA formation
was occurring below the measurement height. In contrast,
sulfate fluxes were extremely small, but on average exhibited
some deposition during the morning. This is consistent with
the AMS flux measurements above Boulder and European
cities where low-sulfur fuels are used, and with the domi-
nance of volcanoes and refineries/power plants elsewhere in
Central Mexico on the sulfate budget (DeCarlo et al., 2008).

Fluxes of nitrate and BBOA were strongly correlated
(R2

= 0.8, see Table S2 in the Supplement), both showing
deposition on average during the day with a small positive
(emission) peak in late afternoon. The deposition fluxes of
BBOA are consistent with the fact that the dominant source
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Fig. 5. Fluxes (F ) of CO2, sulfate aerosols (SO2−

4 ), nitrate aerosols (NO−3 ), organic aerosol components (OOA, BBOA, and HOA), and
sensible heat (H) fluxes during the campaign.

Fig. 6. Average diurnal patterns of fluxes of organic aerosol components and inorganic aerosols, and CO2 (a) measured during the entire
study. Aerosol component fluxes identified in this study were(b) HOA, (c) OOA, (d) nitrate,(e) sulfate, and(f) BBOA. Bars indicate one
standard deviation.
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Fig. 7.Magnitude of nitrate, sulfate, and organic aerosol component fluxes as a function of the upwind direction.

of BBOA during this period was probably wildfires outside
of Mexico City (Aiken et al., 2010; DeCarlo et al., 2010).
Notably, while the trend and concentrations of BBOA were
significantly different during the two high-fire activity pe-
riods, the BBOA fluxes did not display much difference in
diurnal trends between these two periods. During the field
campaign, deposition of BBOA was observed during the day
at about−0.16 µg m−2 s−1. This is the first time that BBOA
fluxes have been identified in isolation in an urban AMS flux
study. Average nitrate fluxes were small over Edinburgh and
Manchester, while significant upward fluxes were observed
at the higher measurement heights in Gothenburg (in win-
ter) and London (in autumn) with large day-to-day variability
(Thomas, 2007). In contrast, above Mexico City, significant
downward fluxes of nitrate were observed, with a maximum
deposition in the average diurnal cycle of−0.3 µg m−2 s−1.
The causes of the observed deposition may be due to atmo-
spheric dynamics associated with mixing of urban scale ni-
trate downward into the warmer urban canopy where it can
be volatilized or scavenged. The net drivers for volatiliza-
tion are the gradients of the concentrations of precursor gases
in equilibrium with NH4NO3 (i.e., NH3 and HNO3) and the
gradients in temperature and relative humidity, which deter-
mine the equilibrium vapor pressures of the gas-phase pre-
cursors. It appears that in Mexico City, NH4NO3 evaporation
below the measurement height contributed to the downward
fluxes. This could be driven by temperature gradients associ-
ated with sensible heat fluxes (Figs. 2 and 5) that were larger
than those in the European cities. However, further gradient
profile and flux measurements of NH3 and HNO3 would be
required to confirm this.

Previous studies from MILAGRO have established that the
urban area is the dominant source of nitrate, while the forest
fires are a very minor source (DeCarlo et al., 2008). Both the
BBOA and nitrate aerosols displayed a small positive emis-
sion flux during late afternoon (indicative of formation below
the measurement height being proportionally more important
during those periods). However, due to the high day-to-day
variability in the BBOA flux, it implies that these evening

emissions were likely isolated events, possibly attributed to
cooking. Evening nitrate emissions were present during most
of the evenings.

Approximately 80 % of HOA, 60 % of OOA, and 30 % of
individual BBOA flux data points were positive (Fig. S8 in
the Supplement). Overall, during the campaign, 47 % of the
apparent organic emissions were HOA, 35 % were OOA, and
18 % were BBOA. The deposition of organic particulate ma-
terial was strongly dominated by the BBOA (54 %).

Depending on their sign, fluxes were separated into emis-
sions or deposition. Figure 7 shows the magnitude of sul-
fate, nitrate and organic aerosol component fluxes as a func-
tion of the upwind direction. This type of analysis must
be interpreted with care, due to the strong correlation of
wind direction with time of the day. Sulfate aerosol fluxes,
both emission and deposition, were small and independent
of wind direction. Spikes in nitrate emission were observed
only with the flows from northwest and east directions, and
these spikes occurred during instances of high wind speed
during the campaign (Fig. 5). This could suggest that some
spikes are storage/venting events associated with changes in
concentrations related to changes in air mass. BBOA fluxes
were evenly distributed for winds from the east, but showed
more variability for west winds (night and early morning
wind flows) (Fig. S9 in the Supplement). HOA emissions
had the most uniform distribution independent of the wind
direction, with peaks correlated with winds from the south-
west, where the intersection of a few major highways was
located. OOA emissions occurred in a spatial pattern similar
to HOA emissions, while deposition of nitrate, BBOA and
OOA aerosols were predominately associated with northeast-
erly flows (Fig. 7).

3.3 Evaluation of the local gridded emissions inventory
of PM2.5

An important purpose of the EC flux measurements of pol-
lutant gases and aerosols during MILAGRO was to aid in
the evaluation of the local emissions inventory. The inventory
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is based on bottom-up methods and emission factors, which
were either measured locally or taken from the literature. It
covers the entire metropolitan area in cells of 1 km2, with
hourly mass emissions of PM2.5 and other pollutants from
mobile, area, and point sources, using 2006 base data (SMA-
GDF, 2008). The inventory accounts for primary particles
such as black carbon (BC), primary organic aerosol (POA),
dust, and metals, but does not provide speciated information.
Our comparison between the EC fluxes and the local emis-
sion inventory is thus complicated by the imperfect overlap
between the AMS measurements and the emission inven-
tory with respect to particle size cut-off (PM1 vs. PM2.5) and
the chemical components tracked (HOA vs. total particulate
mass). To make a comparison, we first estimated the fraction
of the inventory due to PM1 emissions (80 % of PM2.5) and
second, we assumed the contribution of black carbon (BC)
was 75 % of the measured HOA flux. Querol et al. (2008)
estimated that about 80 % of PM2.5 consists of PM1 at T0,
while Moya et al. (2011) reached the same conclusion for
the T1 suburban site during MILAGRO, as did Salcedo et
al. (2006) for a different urban site in a previous study. Aiken
et al. (2009) reported that BC was approximately 75 % of the
HOA contribution (see their Figure 5a) and, thus, we esti-
mate BC as 75 % of our measured HOA fluxes. With these
two assumptions, we can compare our measured PM1 fluxes
of HOA plus the derived BC emission with the derived PM1
mass emissions from the inventory. The use of the measured
fluxes may lead to an underestimate of the real emissions, as
the deposition of some of the airborne material may partially
cancel the local emissions, resulting in a smaller local net
flux.

Figure 8 shows the daily averaged profiles of the sum of
measured HOA fluxes and estimated BC fluxes, and com-
pares those with the estimated PM1 emissions from the emis-
sions inventory for the grid cells corresponding to the ob-
served footprint at the SIMAT flux tower andT0 sites. The
gray-shaded area indicates the standard deviation-based up-
per and lower limits for the measured data. Overall, the mass
emission rates for the flux measurements (including esti-
mated BC) are in good agreement with the emission rate
for the area around the tower in the emission inventory.
The estimated PM1 emissions from the emissions inven-
tory for the monitored footprint yield an average emission
of 0.16 µg m−2 s−1, compared to the observed average PM1
fluxes of 0.15 µg m−2 s−1. However, it is important to recog-
nize that the inventory emission rate includes dust and metal
contributions, and thus it appears that the inventory underes-
timates the emissions of organic and black carbon aerosols
as derived from the flux measurements. The degree to which
this underestimate occurs cannot be determined from this
comparison. Further, the temporal pattern in the inventory
shows a sharp increase in emissions early in the morning,
missing in our flux measurements, which suggests that the
temporal profile used in the inventory overestimates the tim-
ing and magnitude of early morning emissions.

Fig. 8. Comparison of the diurnal profiles of non-refractory PM1
fluxes (HOA+BC) of primary aerosols (grey solid line, shaded area
is ± one standard deviation) with the diurnal profiles of PM1 emis-
sions extracted and estimated from the 2006 official emissions in-
ventory for the monitored footprint at the SIMAT flux tower site
(black solid line) and theT0 supersite (black solid line with mark-
ers). PM1 emissions were estimated as 80 % of PM2.5.

Aiken et al. (2009) using measured ratios of PM2.5 to CO
at the T0 site concluded that the inventory was low by as
much as a factor of four, and Zavala et al. (2009) also found
that the emission factors used for inventories were too low
based on their on-road measurements. Our results also sug-
gest that the inventory is low, although we cannot estimate
the degree of this error from our results.

4 Conclusions

As part of the Megacity Initiative: Local and Global Re-
search Observations (MILAGRO) 2006 field campaign, we
measured the fluxes (positive emission fluxes and nega-
tive deposition fluxes) of organic and inorganic submicron
aerosol chemical components using an eddy-covariance sys-
tem based on an Aerosol Mass Spectrometer (AMS). The
findings were compared with the official emissions inventory
for the year 2006. These results are the first measured aerosol
component mass fluxes for an arid, subtropical megacity.
With the increasing number of megacities throughout the
world, it is becoming increasingly necessary to character-
ize the particulate emissions in densely populated urban ar-
eas. This work demonstrates a powerful approach to directly
quantify the near-surface fluxes of an important subset of par-
ticulate emissions- non-refractory PM1. While incomplete in
terms of the range of PM species measured, this approach
could provide a useful validation for the emissions invento-
ries that are being implemented for these developing megac-
ities.

The formation of sulfate aerosol from SO2 emissions is
slow and there does not appear to be an emission of partic-
ulate sulfur from traffic sources in Mexico City. However
the urban area does emit a substantial amount of organic
aerosol. The diurnal pattern of concentrations and fluxes of
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hydrocarbon-like organic aerosol (HOA) in the center of
Mexico City follows the diurnal patterns of CO2, suggest-
ing vehicular traffic as the main emission source. Secondary
organic aerosol, identified by the AMS as oxidized organic
aerosol (OOA), also showed net emission, suggesting that
OOA formation below the measurement height due to pho-
tochemical processing exceeded the deposition from SOA
formed aloft and the regional background. Overall, 47 %
of organic emissions are HOA, 35 % are OOA, and 18 %
are BBOA. BBOA deposition to the urban canopy occurs
during the mid-day and the source of these aerosols was
found to be associated with the wildfire activity surround-
ing Mexico City, based on concentration trends during the
high fire activity period. Recurring nitrate aerosol emissions
were observed only during evening rush hours with peak lev-
els of 0.4 µg m−2 s−1. Otherwise, nitrate deposition was ob-
served, possibly reflecting NH4NO3 evaporation in the warm
urban canopy. This has not been observed in more north-
ern cities where similar flux measurements have been com-
pleted. Comparison of the subset of the particulate Mexico
City 2006 emissions inventory for the SIMAT flux tower site
showed that the average fluxes of HOA and estimated BC
were essentially the same as the estimated PM1 portion of
the emission inventory. Since the inventory includes dust and
metals while the observations do not, this quantitative match
suggests that the inventory may in fact be underestimating
the total PM emissions. These results may be biased due to
the short length of the measurement period, and apply only
for the measurement location.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
7809/2012/acp-12-7809-2012-supplement.pdf.
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